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Abstract

Term rewriting is a computation model for equational reasoning. This model
underlies various fields in computer science, including functional programming,
automated theorem proving, and software verification based on equational spec-
ifications. In rewriting there are two fundamental properties. One is termina-
tion, which ensures finiteness of computation steps. The other is confluence.
It guarantees uniqueness of computation results without relying on any spe-
cific computational strategy. For a computational system with non-determinism,
confluence corresponds to consistency of the system. It plays a key role as well-
definedness of function definitions and correctness of specifications.

In this thesis we present a new approach for analyzing confluence of left-
linear term rewrite systems based on compositional confluence criteria. A com-
positional confluence criterion means a sufficient condition that, given a rewrite
system and its subsystem, confluence of the subsystem implies confluence of the
original system. Since such a subsystem can be analyzed by any other (composi-
tional) confluence criterion, compositional confluence criteria can be applied to
subsystems successively. This method enables us to decompose a rewrite system
into its subsystem for showing confluence of the original one.

In order to obtain compositional confluence criteria, we develop a variant of
decreasing diagrams method. It is known that most of confluence criteria for
left-linear rewrite systems can be shown by the method. Exploiting this fact,
we demonstrate how those confluence criteria can be recast into compositional
criteria by adopting a compositional version of the decreasing diagram method
in their proofs. Furthermore we show how existing confluence criteria based
on decreasing diagrams are generalized to ones composable with other crite-
ria. We also show how such a criterion can be used as a reduction method
to remove rewrite rules unnecessary for confluence analysis. Effectiveness of
these approaches is assessed by experimental data based on our confluence tool
Hakusan. In addition to these contributions, we prove that Toyama’s parallel
closedness result based on parallel critical pairs subsumes his almost parallel
closedness theorem.

keywords: term rewriting, confluence, decreasing diagrams, parallel closedness, au-
tomation.
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Chapter 1
Introduction

1.1 Term Rewrite Systems and Confluence

Term rewriting is a computational model for equational reasoning. This model
underlies various fields in computer science, including functional programming,
automated theorem proving, and software verification based on equational spec-
ifications. In term rewriting, terms are rewritten to different terms by using
rewrite rules. This step on terms is called a rewrite step, and computation is rep-
resented by a sequence of rewrite steps.

The following system of rewrite rules (rewrite system) represents arithmetic on
Peano numbers:

1: x+0—x 3: xx0—0
2: s(x)+y—s(x+y) 4: s(x) xy — (xxy)+y

One can compute (s(x) + 0) x 0 by the following rewrite sequence:

(s(x) +0) x 0 =9y s(x) x 0
—>{3} 0
Here —;, denotes a rewrite step with the i-th rule. The first step rewrites the
subterm s(x) + 0 to the term s(x) by using the 1st rule, and the next step rewrites

s(x) x 0 to 0 by using the 3rd rule. This rewrite sequence is not the only way to
compute (s(x) + 0) x 0. For instance, the next rewrite sequence is another one:

(s(x) +0) X 0 =5y s(x+0) x 0
—r 1y s(x) x 0
—33 0
We write (s(x) 4+ 0) x 0 —* 0 if there exists a rewrite sequence from (s(x) +0) x 0
to 0.

In rewriting there are two important properties. One is termination and the
other is confluence. The former ensures finiteness of rewrite sequences, while the



Chapter 1: Introduction

Figure 1.1: All possible rewrite sequences starting from (s(x) 4+ 0) x 0.

latter guarantees uniqueness of computation results without relying on any spe-
cific computation strategy. The introductory example has the confluence prop-
erty. In fact, any maximal rewrite sequence from (s(x) +0) x 0 ends in 0 (see
Fig. 1.1).

Rewriting is used for proving equality on terms. Given terms ¢t and u, a
question is whether t <—* u holds. Here <—" is the reflexive transitive closure of
< U —. The question is decidable if the rewrite relation — is terminating and
has the Church—Rosser property (CR). The role of the property guarantees existence
of a term that can be reached from both t and u by rewriting. This property is
equivalent to confluence. In general, confluence is undecidable.

%
* * /\
: confluence : N Church—Rosser ,

N ’ N ,
N s N ,
Vi 7/

N
L ¥
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1.2 Compositional Approach

confluence criteria transformation methods
—_
CR(R1) unprovable CR(R) <= CR(R))
decomposition methods compositional methods
— 1 (D
— —
CR(S1) &
CR(R) CR(S2) &
CR(S,) CR(R) &= CR(C;) &= CR((y) |

Figure 1.2: Classification of confluence analysis techniques.

1.2 Compositional Approach

Over the last half-century, confluence analysis has been investigated and many
proof techniques for confluence analysis have been developed. We recall the
existing three techniques: confluence criteria, transformation methods, and decompo-
sition methods; see In the figure, a circle means a confluence criterion,
and a box means a rewrite system. If a circle covers a box then the corresponding
confluence criterion can prove confluence of the corresponding system.

The most standard method for proving confluence of a system is applying
confluence criteria to the system directly. Today various powerful confluence crite-
ria are known. Many of them rely on one of two properties: termination [KB70]
and orthogonality [Ros73]. The confluence of the introductory example can be
shown by the criterion based on termination but not orthogonality.

A transformation method is a function on rewrite systems. It transforms a
rewrite system R into another rewrite system R’ whose confluence implies con-
fluence of R. The currying transformation by Kahrs [Kah95] is a typical instance
of this method. Another instance is redundant rule elimination [SH15, NFM15].

In 1987, Toyama proposed modularity [Ioy87]. This research originated a
new confluence analysis based on decomposition methods. Given a rewrite system
R, a decomposition method splits R into its subsystems Rq,..., R, such that
R = R1U---URy. Then under certain condition, R is confluent if and only
if R; is confluent for all 1 < i < n. In this situation we can apply different
confluence criteria to individual subsystems R, ..., Ry.

We give an example of a confluence proof based on a decomposition method.

11



Chapter 1: Introduction

Let’s consider the following rewrite system.

1 x4+0—x 3: if(true, x,y) — x 5: x Ay > yAx
2: s(x)+y—s(x+y) 4: if(false,x,y) =y 6: xVy—yVvx

This can be naturally separated into two subsystems: the subsystem for addition
R1 = {1,2} and the subsystem for Boolean functions R, = {3,4,5,6}. Since
these subsystems share no signature, this decomposition satisfies the condition
of modularity. Therefore the confluence of R is equivalent to the confluence of
R1 and R,. In this case, the confluence of R1 and R, are shown by Knuth-
Bendix criterion [KB70] and orthogonality [Ros73], respectively. Moreover, we
can apply again the decomposition method to R, because {3,4} and {5, 6} share
no signature. Note that neither of the confluence criteria can be applied to the
original system R due to the lack of termination and orthogonality.

Confluence analysis based on decomposition methods is effective in vari-
ous rewrite systems that are unions of independent subsystems. However, the
method is hard to apply to a more realistic setting: one subsystem strongly
depends on another. For instance, consider the introductory system:

1: x+0—x 3: xx0—0
2: s(x)+y—s(x+y) 4: s(x) xy — (xxy)+y

Intuitively, the system can be separated into two subsystems: {1,2} for addition
and {3,4} for multiplication. Unlike the last example, the definition of multi-
plication relies on that of addition. In fact, hierarchical combination [Ohl02] in
the area of modularity guarantees that this hierarchical decomposition is valid
(see [Ohl02, Corollary 8.6.38]). However, the decomposition method strongly
depends on signatures. If we add new multiplication rule 5 which uses addition
on the left-hand side then the method fails:

1: x+0—x xx0—0

3:
2: s(x)+y—s(x+y) 4:  s(x)xy— (xxy)+y
5: (0+y)xz—yxz

Our idea is to establish a confluence analysis that exploits confluence of sub-
systems.

1.3 Compositional Confluence Criteria

In this thesis we propose a new confluence analysis based on compositional conflu-
ence criteria. Given a rewrite system R and a subsystem C of R, a compositional

12



1.3 Compositional Confluence Criteria

confluence criterion Q(R,C) means a sufficient condition for the following im-
plication:
R is confluent <= C is confluent

In other words, compositional confluence criteria are confluence criteria that
exploit confluence of subsystems. For example, by using the compositional cri-
terion [Iheorem 4.2.4 (denoted by Q) the confluence of the above rewrite system
can be reduced to that of the subsystem addition:

{1,2,3,4,5} is confluent < {1,2} is confluent by Q({1,2,3,4,5},{1,2})

Then the confluence of {1,2,3,4,5} follows from the confluence of {1,2}.

This method can be composed to a (compositional) confluence criterion. No-
tably, confluence of a rewrite system R can be shown by successive application
of compositional confluence criteria Q1, ..., Qy+1:

R is confluent <= (; is confluent by Q1(Co,C1)
<= (, is confluent by Q2(C1,C2)
<= (C, is confluent by Qn(Cy-1,Cn)
<= @ is confluent by Qn+1(Cu, @)

Here Cy = R and each C;; is a proper subsystem of C; (i.e., Ciy1 2 C;). Because
the empty system & is trivially confluent, the implications indicate that R is
confluent. For any compositional criterion Q, we can recast it as an ordinary
confluence criterion by taking the empty subsystem, i.e., Q(R, @).

For developing compositional confluence criteria, we introduce a variant of
decreasing diagrams. The decreasing diagram method [vO94, vO08] is a powerful
confluence criterion for abstract rewriting. It is known that a number of conflu-
ence criteria [KB70, Hue80, Toy81), [Toy88, IGra96| vO97, vO08|, HM11, ZFM15] for
(left-linear) rewrite systems can be shown by the method. Therefore, a composi-
tional version of a decreasing diagram criterion is used as a uniform framework
that derives compositional confluence criteria from existing confluence criteria
based on decreasing diagrams.

This thesis studies three compositional confluence criteria that originate from
orthogonality, rule labeling [vOO08| ZEM15|], and critical pair systems [HM11].
When deriving the compositional versions we exploit the notion of parallel critical
pairs.

We demonstrate how compositional methods work. Consider the following
rewrite system:

1: 0xy—0 3:s(x)xy—(xxy)+y 5 (x+y)+z—x+(y+2z2)
2: xx0—>0 4: O0+4+x—x 6: x+(y+z) = (x+y) +z

13



Chapter 1: Introduction

Let Cop = {1,2,3,4,5,6}. First, we take the subsystem C; = {2,4,5,6}. The
confluence of R can be shown from that of C; by the compositional version of
orthogonality (I'heorem 4.2.4):

R is confluent < (; is confluent by [Iheorem 4.2.4| with Cy and C4

Second, in order to show the confluence of C; we take the subsystem C; = {4,5}.
This is done by the compositional version of rule labeling (Theorem 4.3.4).

C1 is confluent <= C; is confluent by |I'heorem 4.3.4| with C; and C;

Third, the confluence of C; follows from the compositional version of critical
pair systems (Theorem 4.4.6) with the empty subsystem @.

C, is confluent <= @ is confluent by [Theorem 4.4.6| with C; and @

Because the empty system is confluent, the confluence of R is concluded.

1.4 Reduction Methods

In order to use a compositional confluence criterion, we need to find a suitable
confluence subsystem from exponentially many subsystems. Therefore, conflu-
ence analysis based on successive application of compositional confluence cri-
teria tend to suffer from a search space problem. If we naively implement it,
search spaces grow super-exponentially with the size of an input system.

Given a rewrite system R and a subsystem C of R, a reduction method
Q(R,C) means a sufficient condition for the following equivalence:

R is confluent <= C is confluent

This method reduces the confluence problem of R to that of the subsystem C.
Due to the equivalence, we do not need to verify confluence of C in advance. In
other words, if C is not confluent then R is not confluent. Consider the following
TRS R:

1: 0xy—0 3:s(x)xy—(xxy)+y 5 (x+y)+z—-x+(y+2)
2: xx0—0 4: O0+x—x 6: x+(y+z)— (x+y) +z

LetCo =R, C;1 ={1,2,4,5,6}, and C; = {4,5,6}. We can reduce the confluence
of R into that of the subsystem C; by the reduction method (Corollary 5.1.4):

R is confluent <= C; is confluent by [Corollary 5.1.4/with Cy and C;
<= (yis confluent by |Corollary 5.1.4 with C; and C;

14



1.5 Contribution

Thus, the confluence of R and that of C, are equivalent. Let C3 = {4,5}. The
confluence proof of C; is similar to the proof presented in the last section.

C, is confluent <= Cj is confluent by [Theorem 4.3.4with C; and C3
<= Oisconfluent  by|Theorem 4.4.6|with C3 and &

1.5 Contribution

Our contributions are summarized as follows:

* We propose a new confluence analysis based on compositional confluence
criteria. In we present a variant of decreasing diagrams for
compositional confluence criteria. By using this, in the subsequent sec-
tions we exemplify this approach by deriving compositional confluence
criteria from orthogonality [Ros73|, rule labeling [vOO08| ZEM15]], and crit-
ical pair systems [HM11]. All of them subsume the original one. Through
these section, we show how existing confluence criteria based on decreas-
ing diagrams are generalized to a compositional form in a systematic way.
In we evaluate these criteria by our prototype confluence tool
Hakusan.

* We present reduction methods for confluence analysis in First
we give a easy sufficient condition for reduction methods based on a signa-
ture extension result. This condition ensures the converse of compositional
confluence criteria. Using the sufficient condition, we introduce two reduc-
tion methods. One is a simple reduction method (Corollary 5.1.4) based
on the compositional version of orthogonality introduced from
This method can be regarded as a transformation method. In [Chapter 7/ we
show that this generalizes a transformation method [NEFM15] for left-linear
rewrite systems. The other reduction method (Corollary 5.1.10) is based on
a compositional criterion for non-left-linear TRSs [KH12|.

For automation, we demonstrate how the former reduction method is en-
coded into linear arithmetic constraints.

e In we elucidate the hierarchy of Huet’s parallel closedness and
its variants by showing that Toyama’s almost parallel closedness [Toy88]
is subsumed by his earlier result based on parallel critical pairs [Toy81].
In summary, the result dated 1981 is more powerful than the more recent
results dated in 1988-1996. It is worth noting that Toyama’s earlier result is

subsumed by rule labeling based on parallel critical pairs (see [Section 4.3).

15



Chapter 1: Introduction

The thesis is based on the papers [SH22, SH]. The research results in Chapters
and (4| are taken from [SH22||, and the results in Chapter |5 are from [SH].

16



Chapter 2

Preliminaries

In this chapter we introduce notions and notations for term rewriting. We as-
sume familiarity with set theory. More details about term rewriting are referred
to books [BN98, (Ohl02, [Ter03]].

2.1 Abstract Rewriting

Binary relation is a fundamental notion for term rewriting. This notion captures
rewrite steps. A pair of a set and a binary relation on the set is called an abstract
rewrite system, and term rewrite systems are considered as their instances. In
this section we introduce properties for abstract rewrite systems, including the
confluence property.

We start with binary relations. For emphasizing the direction of a binary
relation, we denote it by an arrow notation —.

Definition 2.1.1. Let —1 and — be binary relations on a set A. The composition
—1 + —p Of —1 and —; is the binary relation {(x,z) | x =1 yand y —, z}. Let —
be a relation on A and n a natural number. We inductively define the n-step relation
—" as follows:

o {idA ifn=0

— - —="~1 otherwise
Here id 4 is the identity relation on A, defined as {(x,x) | x € A}.

Definition 2.1.2. We define closure operators for relations. Let — be a binary relation
on a set A.

* The reflexive closure —~ of — is defined as the union of — and —0.
e The transitive closure —* of — is defined as the union of —' for all i > 1.
* The reflexive transitive closure —* of — is defined as the union of —° and —7.

 The inverse <— of — is defined as the relation {(y,x) | x — y}.

17



Chapter 2: Preliminaries

A A A A

A~ A A~ A
confluence local confluence

Figure 2.1: Confluence on ARSs

® The symmetric closure <= of — is defined as the union of — and <—.

Note that the reflexive transitive closure <—* of a symmetric relation < is an
equivalence relation.

Definition 2.1.3. Let I be a set. An (I-indexed) abstract rewrite system (ARS) A is
a pair (A, {—a}aec1) consisting of a set A and a family of relations —, on A for all
LWASH§

Given a subset | of I, we write x —; y if x —, y for some index a € . The
relation —; is referred to as — 4. Let A and BB be ARSs. A conversion of form
b g+ a —p cis called a local peak (or simply peak) between A and B. We say
that a peak b 4<— a —g c is joinable if b —% - 1< c holds. Then the confluence
property is formalized as follows.

Definition 2.1.4. An ARS A is confluent if j< - =% C —% - j« holds. It is
locally confluent if q<— - — 4 C —7% - < holds.

Example 2.1.5. Let A be the set {a,b,c,d}. Consider the two ARSs Ay and Aj:

Ar = (A, {(a,b),(a,c),(ba)})
Az = (A, {(a,b),(a,c), (b,a), (b,d)}).

The ARS Ay is confluent because x —7 ¢ for all x € A. Hence every x and y with
X fj¢ - =y, ysatisfy x =7 ¢ i< y. However, in the case of A, there is no element
z such that ¢ =% z < d. Thus the ARS Ay does not have the confluent property.

C~—1a

v\

b c~——a b——d
N N
(a) The confluent ARS A, (b) The non-confluent ARS A,

18



2.1 Abstract Rewriting

The confluence property is not decidable but many sufficient conditions for
confluence are known. In the remaining part of this section, we introduce two
notions termination and commutation, and indicate confluence criteria based on
them.

Termination is another fundamental property for abstract rewriting. It repre-
sents finiteness of rewrite steps. A binary relation — is terminating if there exists
no infinite sequence ag — a3 — - - -.

Definition 2.1.6. An ARS A is terminating if — 4 is terminating.

By using termination, confluence can be characterized by local confluence.
The next confluence criterion is known as Newman’s Lemma.

Theorem 2.1.7 ([New42]). A terminating ARS is confluent if and only if it is locally
confluent.

This notion can be generalized to a relative termination on two ARSs. We define
the relative rewrite step — 4,5 as =% - — 4 - =3 for ARSs A and B.

Definition 2.1.8. Let A and B be ARSs. We say that A is relatively terminating
with respect to B, or simply A/ B is terminating, if — 4,5 is terminating.

Note that if -5 C —>j‘4 holds then —>j‘4 /B = —>f4 holds. In the case, ter-
mination of 4 and that of .A/B coincide. Therefore relative termination is a
generalization of termination. Moreover if — 4 = & then termination of A/ B is
trivial because — 4,5 = @. In we discuss confluence criteria based
on relative termination.

The next property is commutation. Commutation is a property that general-
izes confluence. While confluence is a property on an ARS, commutation is a
property on two ARSs. This property distinguishes the direction of rewriting.

Definition 2.1.9. Let A and B be ARSs.
* We say that A and B commute if j< - =5 C =5« 14
* We say that A strongly commutes with B if 4« - —5 C —p5 - ¢
* We say that A and B locally commute if g4« - —5 C —p5 - 14

It is easy to see that an ARS A is confluent if and only if it is self-commuting,
that is, A and A commute. This suggests confluence analysis via commutation.
The next commutation criterion is referred in

Theorem 2.1.10 ([Hin64]). ARSs A and B commute if A strongly commutes with B.

19



Chapter 2: Preliminaries

A B A B

B , A B , A
commutation strong commutation

Figure 2.2: Commutation on ARSs

2.2 Terms and Substitutions

Term rewriting is abstract rewriting whose elements are terms and a relation
is the rewrite relation induced from rewrite rules. In this section, we introduce
notions and notations on terms. Others are presented in the next section.

Terms consist of function symbols and variables. We use symbols F and V for
denoting sets of function symbols and variables, respectively.

Definition 2.2.1. A signature F is a set of function symbols, where each function
symbol f is associated with non-negative integer n, the arity of f. We write f(") when
we need to indicate the arity of f. If c € F has O-arity, we call c a constant.

Definition 2.2.2. Let F be a signature and V a countable set of variables such that
FNV =g. Theset T (F,V) of terms (over F) is defined as follows:

e xeT(F,V)ifxeV, and
o f(ty,...,tn) ET(F,V)if f) € Fandty,... tn € T(F,V).
We usually use letters s, t,u,... for terms and x,y,z, ... for variables.

Throughout this thesis, we fix a countable set V' of variables. We introduce the
notion position, a sequence of positive integers, to represent locations of subterms
on terms. The empty sequence € is called the root position.

Definition 2.2.3. Let p and q be positions.
* p-q (or simply pq) is the concatenation of p and q.
e p<qifp-p = qfor some position p’.

 pand q are parallel if p £ g and q £ p. A set of positions is called parallel if all
pairs of distinct positions in the set are so.

20



2.2 Terms and Substitutions

Definition 2.2.4. Let t be a term.

* The set of all variables and the set of all function symbols in t are denoted by
Var(t) and Fun(t), respectively.

® The set Pos(t) of all positions in t is defined as follows:

Pos(t) = {e} ifteV
{e}U{ip|1<i<nand p € Pos(t;)} ift=f(t1,...,tn)

 The set Posz(t) of all function positions and the set Posy,(t) of variable positions
in t are defined as follows:

BE iftey
Posrt) = {{e}u{iw1<i<nandpe7?osﬂti>} ift =1t tn)
Posy(t) = Pos(t) \ Posx(t)

e The subterm t|, of t at position p is defined as follows:
P iy ifp=i-pandt=ft,. .t )

We say that s is a subterm of t if there exists a position p such that s = t|,. A
subterm t|, of t is called a proper subterm if p # €.

* The term t[u], results from replacing the subterm of t at p by a term u, defined by

Hul, = 4" fr=e
P f(tl,...,ti[u]p/,...,tn) ifp=i-plandt= f(ty,... t;, ..., t)

 The size of t, denoted by |t|, is the number of occurrences of functions symbols
and variables in t.

® The term t is linear if every variable in t occurs exactly once.

In order to compare terms, we introduce notions of substitution and unifica-
tion on terms.

Definition 2.2.5. A substitution is a mapping o : V — T (F,V) whose domain
Dom(o) is finite. Here Dom(c) stands for the set {x € V | o(x) # x}. Let t be a
term. The application to is defined as follows:

w:{a(t) ifteV
f(ho, ... two) ift=f(ty,... tn)

We write 0T for the composition of substitutions o and T, defined by t(ocT) = (to)t
for all terms t.

21



Chapter 2: Preliminaries

We say that a term u is an instance of a term t if u = to for some 0. A
substitution is called a renaming if it is a bijection on variables.

Definition 2.2.6. A unifier o of an equality s ~ t is a substitution such that sc = to.
A unifier o of s and t is a most general unifier if for every unifier o’ of s and t there is
some substitution T such that ot = o’

2.3 Term Rewrite Systems

Rewrite rules are pairs of terms, and they represent transformation steps for
rewriting. A set of rewrite rules, a term rewrite system, establishes these trans-
formation steps. The relation induced from a rewrite system is called a rewrite
relation.

Definition 2.3.1. A term rewrite system (TRS) over a signature F is a set of rewrite
rules. Here a pair ({,r) of terms over F is a rewrite rule (or simply a rule) if { & V
and Var(r) C Var(¢). We write £ — r instead of ({,r).

We call subsets of R subsystems. We use symbols R,S, ... to denote TRSs.

Definition 2.3.2. The rewrite relation — of a TRS R is defined on terms as follows:
s =g tifs|, = Lo and t = s[ro], for some rule { — r € R, position p, and
substitution . We write s Ly t if the rewrite position p is relevant.

We write Fun({ — r) for Fun(¢) U Fun(r), and Fun(R) for the union of
Fun(¢ — r) for all rules £ — r € R. Theset {f | f({1,...,4n) — v € R} is the
set of defined symbols and denoted by Dx. A TRS R is left-linear if ¢ is linear for
all { = reR.

Example 2.3.3. Consider the next TRS R over the signature {a(V),b(1),§(2), g(1)1.

a(x) — b(x) fx,y) — g(f(x,y))
The term f(a(x),a(y)) can be rewritten to three different terms by —x as follows.

e f(a(x),a(y)) —r g(f(a(x),a(y))) is obtained by the second rule with the root
position €, and the substitution o such that o(x) = a(x) and o(y) = a(y).

e f(a(x),a(y)) —r f(b(x),a(y)) is obtained by the first rule with the position 1,
and the identity substitution.

e f(a(x),a(y)) —r f(a(x),b(y)) is obtained by the first rule with the position 2
and the substitution o such that o(x) = y.

Definition 2.3.4. Let F be a signature and R a TRS. The ARS induced from R is
defined by (T (F,V),{—=r})
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2.3 Term Rewrite Systems

We use notions and notations of ARSs for TRSs. For instance, a TRS R over
F is (locally) confluent if the ARS (7 (F,V),{—r}) is so. Similarly, two TRSs
commute if their corresponding ARSs commute. When F = Fun(R), we omit
the signature F from statements.

Local confluence of TRSs is characterized by the notion of critical pair. We say
that a rule ¢; — r; is a variant of a rule ¢, — r; if {1p = {3 and r1p = r for some
renaming p.

Definition 2.3.5. Let R and S be TRSs. Suppose that the following conditions hold:
* (1 — ry and Uy — 1y are variants of rules in R and in S, respectively,
e /1 — r1 and {p — ry have no common variables,
* p € Posg(lr),
* 0 is a most general unifier of {1 and {|,, and
* if p = € then {1 — rq is not a variant of {3 — 15.

The triple ({1 — 11, p,la — 12) is called an overlap between R and S, and the local
peak (020)[r10]p r <& la0 <35 120 is called a critical peak between R and S. When

t » <& s S5 uis a critical peak, the pair (t,u) is called a critical pair. To clarify the

orientation of the pair, we denote it as the binary relation t  <-x g u, see [Der05].

Moreover, we write t <+ X i>5 uift g £ % i>5 u for some position p.

Theorem 2.3.6 ([Hue80]). A TRS R is locally confluent if and only if the inclusion
R XR C =% - A< holds.

Combining it with Newman’s Lemma [New42], we obtain Knuth and Bendix’
criterion [KBZ70].

Theorem 2.3.7 ([KB70]). A terminating TRS R is confluent if and only if the inclusion
R&XR C =% - A< holds.

We define the parallel step relation, which plays a key role in analysis of local
peaks.

Definition 2.3.8. Let R be a TRS and let P be a set of parallel positions. The parallel
step —5—>R is inductively defined on terms as follows:

P o .
* x ++R X if x is a variable and P = &.

o (o —5—>R ra if ¢ — ris an R-rule, o is a substitution, and P = {e}.

® f(s1,.--,51) R, f(t1,...,tn) if f is an n-ary function symbol in F, s; —szén t;
foralll<i<nandP={i-p|l1<i<nandp € P}.

23



Chapter 2: Preliminaries

We write s 5 tifs ﬁ—m t for some set P of parallel positions.

Note that +5 is a reflexive relation and —5 C ++r C —% hold. As the
latter entails —7 = -+, we obtain the following useful characterizations.

Lemma 2.3.9. A TRS R is confluent if and only if +x is confluent. Similarly, TRSs
R and S commute if and only if +=g and -+ g commute.

Example 2.3.10. In order to demonstrate parallel steps, we consider the following TRS
R over the signature {aV),b(1),f(2), g1}

a(x) — b(x) f(a(x),a(y)) — &(f(a(x),a(y)))

By the rewrite step —, the term f(a(x),a(y)) is rewritten to three different terms
g(f(a(x),a(y))), f(b(x),a(y)), and f(a(x), b(y)):

In the case of the parallel step <5, we additionally have the term f(b(x),b(y)) by
rewriting subterms a(x) and a(y) at the same time. This step is valid because positions
1 and 2 are parallel.

f(a(x),a(y))
{e} {1?/ \{\2} {1,2}
(a(x),a(v))) f(b(x),a(y)) f(a(x),b(y)) f(b(x),b(y)

Moreover we can obtain identical step f(a(x),a(y)) £ f(a(x),a(y)). Note that the
next step is invalid as a parallel step because {€,1,2} is not a set of parallel positions.

g(f )

1,2
{e 12}

f(a(x),a(y)) g(f(b(x),b(y)))
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Chapter 3

Parallel Closedness

In this chapter we discuss relationships among confluence criteria: parallel closed-
ness and its variants. The original criterion was introduced by Huet [Hue80], and
it tests confluence by relating critical pairs to parallel steps. Today three variants
of parallel closedness are known: almost parallel closedness [Toy88] , Gramlich’s
criterion [Gra96], and Toyama’s criterion [Toy81]. The last two criteria are based
on parallel critical pairs, which capture parallel local peaks. The subsumption
relationships between three criteria are known except the one between the first
and the last criteria.

In we recall four existing parallel closedness. For the sake of self-
containedness we give a proof for Toyama'’s criterion in[Section 3.2} In[Section 3.3]
we show that Toyama’s criterion subsumes others.

3.1 Parallel Closedness and Variants

Toyama made two variations of Huet’s parallel closedness theorem [Hue80] in
1981 [Toy81] and in 1988 [Toy88]|, but their relation has not been known. In this
section we recall his and related results, and then show that Toyama’s earlier
result subsumes the later one. For brevity we omit the subscript R from — g,

>, and ¢ X —7 when it is clear from the contexts.
Definition 3.1.1 ([Hue80]). A TRS is parallel closed if < x-= C —+ holds.
Theorem 3.1.2 ([Hue80]). A left-linear TRS is confluent if it is parallel closed.

In 1988, Toyama showed that the closing form for overlay critical pairs, origi-

nating from root overlaps, can be relaxed. We write ¢ CExS uift xS u
holds for some p > e.

Definition 3.1.3 ([Toy88]]). A TRS is almost parallel closed if EXS Can e
and << x5 C —o hold.

Theorem 3.1.4 ([Toy88]||). A left-linear TRS is confluent if it is almost parallel closed.
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Example 3.1.5. Consider the following left-linear and non-terminating TRS, which is
a variant of the TRS in [[Gra96, Example 5.4].

a(x) = b(x) f(a(x),a(y)) — &(f(a(x),a(y)))
f(b(x),y) — &(f(a(x),y)) f(x,b(y)) — g(f(x,a(y)))

Out of the three critical pairs, two critical pairs including the next diagram (i) are closed
by single parallel steps. The remaining pair (ii) joins by performing a single parallel step
on each side:

€

f(a(x),a(y) —— g(f(a(x),a(y))) f(b(x), b(y)) — g(f(b(x),a(y)))

1 J € *
f(b(x),a(y)) ~ g(f(a(x),b(y))) 4+ g(f(b(x),b(y)))
(i) (ii)
Thus, the TRS is almost parallel closed. Hence, the TRS is confluent.

Inspired by almost parallel closedness, Gramlich [Gra96] developed a conflu-
ence criterion based on parallel critical pairs in 1996. Let t be a term and let P be
a set of parallel positions in t. We write Var(t, P) for the union of Var(t|,) for
all p € P. By t[up|,cp we denote the term that results from replacing in ¢ the
subterm at p by a term u,, for all p € P.

Definition 3.1.6. Let R and S be TRSs, { — r a variant of an S-rule, and {Ep —
rp}pep a family of variants of R-rules, where P is a set of positions. A local peak

(Lo) [rpa]pep ré+ Lo Ssro
is called a parallel critical peak between R and S if the following conditions hold:
* P C Posx () is a non-empty set of parallel positions in ¢,
* none of rules £ — r and £y, — rp for p € P shares a variable with other rules,
* 0 is a most general unifier of {£, ~ ({|p) }pep, and
* if P = {e} then lc — r. is not a variant of { — 7.

When t R£+ s Ssuisa Eamllel critical peak, the pair (t,u) is called a parallel critical

pair, and denoted by t <+ x> u. In the case of P ¢ {e} the parallel critical pair is

written as t R@i X< 1. Whenever no confusion arises, we abbreviate <+ X S to
€

X =
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3.1 Parallel Closedness and Variants

Consider a local peak ¢ R<—1+)+ s <5 u that employs a rule ly - rpatp € Pin
the left step and a rule ¢ — r in the right step. We say that the peak is orthogonal
if either PNPosx(f) = &, or P = {e} and ¢ — 1. is a variant of ¢/ — rE| A local

peak t r& s S uis orthogonal if t Rﬁﬂ}— s g u is.

Theorem 3.1.7 ([Gra96])). A left-linear TRS is confluent if the inclusions <X C
-t and S8 xS C —* hold.

Unfortunately, this criterion by Gramlich does not subsume (almost) parallel
closedness.

Example 3.1.8 (Contmued from Example B.1.5). The TRS admits the parallel critical
peak £(b(x),b(y)) 2L f(a(x),a(y)) & e(f(a(x),a(y))). However, the relation

f(b(x),b(y)) —=* g(f(a(x),a(y))) does not hold.

As noted in the paper [Gra96], Toyama [Toy81] had already obtained in 1981
a closedness result that subsumes Theorem His idea is to impose variable
conditions on parallel steps —+-+.

Theorem 3.1.9 ([Toy81]). A left-linear TRS is confluent if the following conditions
hold:

1. The inclusion <+ x> C -+ - *< holds.

2. For every parallel critical peak t <—++ s <5 u there exist a term v and a set P’ of
parallel positions such that t —* v & wand Var(v, P') C Var(s, P).

In the next section we give a proof of [Iheorem 3.1.9} introducing a key lemma
for parallel critical peak analysis.

Example 3.1.10 (Continued from Example [3.1.8). The confluence of the TRS in

\Example 3.1.5 can be shown by [Iheorem 3.1.9, Since condition (1)) of [Theorem 3.1.9

follows from the almost parallel closedness, it is enough to verify condition (2). The
following parallel critical peak, which fails to handle, admits the following
diagram:

1As the name suggests, every local peak R<—Ii+ - S is orthogonal for orthogonal TRSs, see

ection 4.
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Chapter 3: Parallel Closedness

U0 = u

(a) I is orthogonal (b) I is not orthogonal

Figure 3.1: The claims of [Lemma 3.2.1

Because Var(g(f(a(x),b(y))), {1-2}) = {y} € {x,y} = Var(f(a(x),a(y)),{1,2})

holds, the parallel critical peak satisfies condition (2) in [Theorem 3.1.9, Similarly, we
can find suitable diagrams for the other parallel critical peaks. Hence, (2) holds for the

TRS.

3.2 Proof of Toyama’s Parallel Closedness

For the sake of self-containedness, we give a proof of [Theorem 3.1.9 in this
sectionE| The first part of the next lemma is a strengthened version of the Par-
allel Moves Lemma [BN98, Lemma 6.4.4]. Here a variable condition like
is associated. We write o 5 T if xo +>x xT for all variables x.

Lemma 3.2.1. Let R be a TRS and { — r a left-linear rule. Consider a local peak I" of
the form t R<—In)+ S i>{g_>r} u.

1. If T is orthogonal, t i>{7_>r} v 73<—I+J+ u and Var(v, P') C Var(s, P) for some v
and P’

2. Otherwise, there exist a parallel critical peak t Rgrok S0 — {t=sr} Uo and substitu-

. P\Py
tions o and T such that s = soo, t = tyT, U = Ugo, 0 >R T, tgo —+H—>R tT,
and Py C P.

See the diagrams in

Proof. 1. Suppose that I is orthogonal. If s iﬁL (¢ t holds for some variant
¢ — ¥ of ¢ — rthen t = u. Thus, t —= u <+ u. Otherwise, P N Posx({)

2The report is hardly accessible. In fact I fail to access it.
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3.2 Proof of Toyama’s Parallel Closedness

is @. Since s = {¢—r} U holds, there exists a substitution ¢ with s = (¢ and

u = ro. As lo t, ¢ is linear, and P N Posx(f) = O, straightforward
induction on ¢ shows existence of T such that t = /T and ¢ +>5 7. Take
v = rT and define P’ the set:

{p1-p2|p1-p2€P, pi € Posy(r),and 4|, = r|p, for some py € Posy(£)}

Clearly, t = {¢—r} © holds. So it remains to show u —10)+,—>R v and Var(v, P’) C
Var(s, P). Let p’ be an arbitrary position in P’. There exist positions p; €
Posy(L), py € Posy(r), and p, such that p’ = p}-pa, p1-p2 € P, and
l]p, = r|,. Denoting py - p2 by p, we have the identities:

u|p’ = (7"7)|P’1-p2 - (r|P'1(7)|P2 = (£|P1‘7)|P2 = (EU)|P1'P2 - S’P

U‘P' = (”T)|pi-P2 = (r‘p’lr)hﬂz = (£|P1T)|P2 - (ZT)|P1'P2 - t|p

P :
From s -+ t we obtain s|, SR t|p and thus u, SR 0|, Therefore,

u —I;/—>R v is obtained. Moreover, we have Var(v|,y) = Var(t|,) C Var(s|,) C
Var(s, P). As Var(v, P’) is the union of Var(v|,/) for all p’ € P', the desired
inclusion Var(v, P’) C Var(s, P) follows.

. Suppose that I' is not orthogonal. By £, — r, we denote the rule employed
at the rewrite position p € P in s —{iﬂg t. Let Py = PN Posg(f) and
P; = P\ Py. Since P is a set of parallel positions, s 4 tis split into the two

P P
steps s s v +>R t, where v = s[t|plpep,-

. D . . .

First, we show that v <+ s 5 {¢—r} U is an instance of a parallel critical
. oy . €
peak. Let p be an arbitrary position in Py. Because of s —/_,,1 u, we have
s = {p and u = ru for some p. Suppose that £}, — r,, is a renamed variant
of £, — rp with fresh variables. There exists a substitution y, such that
slp = €,up and t|, = rp,pp. Note that Dom(u) N Dom(p,) = &. We define
the substitution v as follows:

o(x) = xpp if p € Pyand x € Var((})
xp  otherwise

Because every ¢, with p € P is linear and do not share variables with each
other, v is well-defined. Since ¢ neither share variables with 6;, we obtain
the identities:
/ /
by = Lopp = slp = Llpp = Lpv

Thus, v is a unifier of E = {{}, = {|,}pep,- Let V denote the set of all
variables occurring in E. According to [Ede85, Proposition 4.10], there
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30

exists a most general unifier v’ of E such that Dom(v') C V. Thus, there is a
substitution ¢ with v = v'o. Let so = £/, tg = (£v') [rpv'] pep,, and ug = rv/".

The peak tg epfk S0 = up is a parallel critical peak, and v 5& s < uis an
instance of the peak by the substitution ¢

so0 =Wo=0lv="Iu=s

tor = (V0) ' Tlyen, = () [Fjlper, = (G0 [Fpiaplyen, = 0

upr=r'c=rw=ru=u

s . . p
Next, we construct a substitution T so that it satisfies ¢ % T and too +x
toT. Given a variable x € Var(¢), we write p, for a variable occurrence of
x in £. Due to linearity of ¢, the position py is uniquely determined. Let

W = Var({) \ Var({,Py). Note that WNV = & holds. We define the
substitution T as follows:

t ifxe W
o) = e HXEV
xo  otherwise

To verify ¢ ++ T, consider an arbitrary variable x. We show xo ¢ xT.
If x ¢ W then xo = x7, from which the claim follows. Otherwise, the
definitions of V and v’ yield the implications:

xeEW = x¢V = x¢ Dom(V') = xv/ =x
So so|p, = x follows from the identities:

solpy = (V) |p, = Llp,v =xv =x

Let Qx = {q | pxg € P1}. As s —If?—m v —I;l—m t implies s]px = v]px —QHi>R t|px,

we obtain xo = so[p,0 = (500)|p, = 5|p, —%‘—m t|p, = xT. Therefore, the
claim is verified.

.. . P
The remaining task is to show tyo e toT. Let p € Pi. As sglp, = x and

P, . .
so R to imply x = to|p,, the equation (so0)|, = (too)|p follows. By the
definition of T we have (to7)|, = t|p,, which leads to (ty7)|, = t|,. Hence,
we obtain the relations

(toc) |y = (500 = 5[~ ], = (boT)],

. . . P
which entails the desired parallel step tyo 5 toT.



3.2 Proof of Toyama’s Parallel Closedness

The following lemma taken from [ZFM15] is used for composing parallel
steps. In order to make the thesis self-contained, we give a proof of it.

Lemma 3.2.2 ([ZEM15, Lemma 51(b)]). If s —5—>R t, c g T, and xo = xT for all
x € Var(t,P) then so -5 tT.

Proof. We show the claim by induction on derivation of —+.

1. If P=@,s € V,and s = t then sc ++ sT = tT by assumption.

2.If P = {e},and s = fv and t = rv for some { — r € R and v then

Var(t,{€}) = Var(t). By assumption xc = x7 holds for all x € Var(t), and
thus to = t1. Because of sc = ({v)o and to = (rv)o, the relation

so =L(vo) 4og r(vo) =to = tT
holds.

.U PZ{e}thenwehave P={ip|1<i<nandp € P}, s = f(s1,...,5n),

<
t = f(t1,...,tn), and s; Ay t; for all 1 < i < n. It is enough to show the
claim that every s; satisfies s;c + t;7. Because Var(t;, P;) C Var(t, P) holds,
xo = x7 for all x € Var(t;, P;). According to the induction hypothesis we
have s;c + t;T.

Now we give a proof for [Iheorem 3.1.9] Note that|Fig. 3.2|illustrates diagrams
of the proof.

Proof (of [Theorem 3.1.9). In order to show confluence, we show that — strongly

commutes with —+. Let T: t % s > u be a local peak. We perform structural
induction on s. Depending on the shape of I', we distinguish six cases.

1. If P is empty then we are done.

2. If ¢ = € and T is orthogonal then we have t —* v <+ u for some v by

Lemma 3.2.

.If P = {€} and T is orthogonal then t <~ s — u holds. Since s — u

yields t <~ s > u, we obtain t —+ - =< u by [Lemma 3.2.1[(T). Hence

t —* . <+ u follows from —= C —+.

. If g = e and T is not orthogonal then there exists a parallel critical peak
P _—
to ¢+ so — up and substitutions ¢ and T such that s = so0, t = toT, u =

P\P, . !
Ugo, 0 —+> T, too —\H1> tot, and @ # Py C P. By assumption ty —* vy 1
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for some vy and P} with Var(vg, Pj) C Var(so, Py). Since the rewrite steps
are closed under substitutions, the following relations are obtained:

P/
t=tyT =" 0T VT g = U

Since too|, = toT|, holds for all p € Py, the identity xc = x7 holds for
all X, € Var(so, Py). Therefore xo = xt for all x € Var(so, Py). Because

ug + vy, ¢ - 7, and xo = x7 for all x € Var(vy, P}) hold, [Lemma 3.2.2

yields upo ++ vopt. Hence t = tgT —* vgT <+ ugo = u is obtained.

5. If P = {e} and T is not orthogonal then t <= s % 1 holds. Since the peak

can be regarded as t < s iﬁ}—) u, by [Lemma 3.2.1 él) there exist a parallel

.y P e
critical peak ¢ty & 5o -+ up and substitutions ¢ and T such that s = s0,
P\P
t=tyo, U = UugT, 0 +> T, UgT Pl upt, and @ # Py C {g}. Then Py = {q}
and ¢ = 7 hold, and hence t; < s 1, ug is a critical peak. By assumption

there exists a term vy such that t) —* vy <+ ug. Because rewrite steps are
closed under substitutions, the desired relation is obtained:

t = tgo —" Voo <+ UNT = UYT = U

6. If P ¢ {e} and q = i-¢q for some i € N then s, t, and u can be written

as f(s1,.--,Si,---,5n), f(t1,... ti,..., ty), and f(s1,...,Uj, ..., Uuy) respec-

tively. We denote the subset {i-p | i-p € P} of P by P; for each i. Then

ti&siq%uiholdsforsomelgign. Here Q; = {p | i-p € Pi}. By

the induction hypotheses we have t; —* v; <+ u; for some Q! and v;. Let
P'=(P\P)U{i-p' | p’ € Qi}. Since i is parallel for all positions in P \ P;,
P/

the set P’ is a set of parallel positions. Hence u = f(sy,...,uj,...,5y) =+
f(t1,...,0i,...,ty) holds. Therefore, we obtain the desired relations:

t:f(tl,...,tn) —* f(tl,...,v,',...,tn) ka(sl,...,ui,...,sn) =1u

Since — strongly commutes with -+, they commute by [Theorem 2.1.10, Because
of =" = +*, we conclude that — is self-commuting. Thus — is confluent. |

3.3 Comparison

As we have already seen in [Section 3.1} [Theorem 3.1.4{ subsumes [Theorem 3.1.2,
Now we show that [Theorem 3.1.9] even subsumes [Theorem 3.1.4 The next
lemma is irrelevant here but will be used in the subsequent sections. Note that
the second part corresponds to [ZEM15, Lemma 55].
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For almost parallel closed TRSs the above statement is extended to local peaks

. P, .
<+ - =+ of parallel steps. In its proof we measure parallel steps s ++ t in such
a local peak by the total size of contractums |t|p, namely the sum of |(t|,)| for all
p € P. Note that this measure attributes to [OO97, [L]14].

Lemma 3.3.1. Consider a left-linear almost parallel closed TRS. If t & s 23 u then

P/
o t —* vy <+ u for some vy and P| with Var(v1, P}) C Var(s, Py), and

/

P
o t 5 vy *<— u for some vy and P} with Var(vy, Py) C Var(s, Py).

Proof. LetT': t & s B2 1 be alocal peak. We show the claim by well-founded
induction on (|f|p, + |u| p,, ) with respect to . Here (m,s) > (n,t) if either
m > n,or m = n and t is a proper subterm of s. Depending on the shape of T,
we distinguish six cases.

34

1. If P; or P, is empty then the claim follows from the fact: Var(v,P) C

Var(w, P) if w 4 0.

. If Py or P, is {e} and T is orthogonal then Lemma [3.2.1(1) applies.

. If P, = P, = {e} and T is not orthogonal then T is an instance of a critical

peak. By almost parallel closedness t —* vy & yandt B vy "4 u for
some v1, U2, Q1, and Q,. For each k € {1,2} we have s —* vy, so Var(v;) C
Var(s) follows. Thus, Var(vg, Qx) € Var(vx) C Var(s) = Var(s,{€}). The
claim holds.

. If Py € {e}, P, = {€}, and T is not orthogonal then there is p € P; such

that s’ <& s = u is an instance of a critical peak and s’ Afrl —H— t follows by

1(2) where P = {p}. By the almost parallel closedness s’ LeN
for some P’ Since P; is a set of parallel positions in u, we have |u[;, =
ul > |u!p§- As |”|{e} > |ulp; and [t|p, > [t|p)\(py yield [tp + |uley >
|t|p\{p} + |1|pj, we obtain the inequality:

(Itlp, + [ulpy, 8) = ([tlpp\gpy + [l s")

Thus, the claim follows by the induction hypothesis for ¢ SMpE o By
and Var(s', P; \ {p}) € Var(s, P1) and Var(s', P;) C Var(s, {e}).

. If Py = {e}, P, € {€}, and T is not orthogonal then the proof is analogous

to the last case.



3.3 Comparison

6. If P, ¢ {€} and P, ¢ {€} then we may assume s = f(s1,...,5,), t =

Pi P
f(t,. . tn), u = f(uy,...,uy), and s+ u; foralll < i < n
Here P, denotes the set {p | i-p € P}. For eachi € {1,...,n}, we have
|t|p1 = |ti|p1i and |1/l|p2 = |ui|Pé-, and therefore |f|p1 + |1/l|p2 = |ti|P{ + |ui|P£.
So we deduce the following inequality:

(¢py + [u]py 5) = ([tilpi + |uil pj, 5:)

Consider the i-th peak t; élji S —Iié+ u;. By the induction hypothesis it

admits valleys of the fqrms ti —* vi grlk u; and t; —%2—> vé *4— u; such that
Var (v, Qp) € Var(s;, P;) for both k € {1,2}. For each k, define Qi = {i-q |

1<i<nandqe€ Q.}and vy = f(v},...,0}). Then we have t —* v &y

and ¢t —%2—) vy *<— u. Moreover,

Var(vk, Qk) = U Var(v;{, Q;() - U Var(s,-, P]i) = Var(s, Pk)
i=1 i=1

holds. Hence, the claim follows.

Theorem 3.3.2. Every left-linear and almost parallel closed TRS satisfies conditions
and (2) of Theorem In other words, Theorem subsumes Theorem |3.1.4

Proof. Since (parallel) critical peaks are instances of <+ - -+, Lemma entails
the claim.

Note that Theorem does not subsume Theorem as witnessed by the
TRS consisting of the four rules

f(a) > c a—b f(b) = b c—b

Therefore, [Theorem 3.1.9|is the most general theorem among parallel closedness
theorems. In[Section 4.3 we will see that[Theorem 3.1.9]is subsumed by a variant
of rule labeling.

Finally we compare [Theorem 3.1.9| with Huet’s another closedness result. The
following criterion is known as strong closedness. We say that a TRS R is linear if
¢ and r are linear for all / — r € R.

Theorem 3.3.3 ([Hue80]). A linear TRS is confluent if t —* - <~ uand t =~ - "¢
uforall t x5 u.
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Chapter 3: Parallel Closedness

We show that|[Theorem 3.1.9/and this criterion are not comparable even if only
linear TRSs are considered. To see it, consider the TRS R;:

f(a,y) — gy) a—b f(b,y) — h(y) g(y) — h(y)

The only one critical pair of the TRS is f(b,y) <X g(y), and it is closed
by the sequence f(b,y) < h(y) < g(y). Thus R, satisfies the condition of
Theorem 3.3.3, However, because of Var(h(y),{€}) € Var(f(b,y),{1}), this does
not satisfy the condition of [Iheorem 3.1.9]

Conversely, [Theorem 3.3.3| does not subsume [Theorem 3.1.9| for even linear
TRSs. Consider the next TRS R, that contains no variables:

c —f(a,a) c — f(b,b) a—c b—c

There are two critical pairs: f(a,a) < x— f(b,b) and f(b,b) < x- f(a,a). They
are joinable by not only —2 - 2« but also + - «+. The former does not
satisfy the condition of [Theorem 3.3.3| whereas the latter satisfies all conditions
of [Theorem 3.1.9] Hence the confluence of R, can be shown by [Theorem 3.1.9|

but not [Theorem 3.3.3|
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Chapter 4

Compositional Confluence Criteria

In this chapter we discuss our main topic. The first section introduces a vari-
ant of decreasing diagrams that takes commuting ARSs as parameters. The next
section demonstrates how the orthogonality result can be enhanced to a compo-
sitional confluence criterion by the variant. Adopting this approach, we derive
two powerful compositional confluence criteria from the existing confluence cri-
teria based on rule labeling and critical pair systems. These are presented in the
remaining two sections.

4.1 Decreasing Diagrams with Commuting
Subsystems

We make a variant of decreasing diagrams [vO94, vO08], which will be used
in the subsequent sections for deriving compositional confluence criteria for
term rewrite systems. First we recall the commutation version of the tech-
nique [vOO08]. Let A = (A, {—14}ac1) and B = (A, {—25}pes) be I-indexed
and J-indexed ARSs on the same domain, respectively. Let > be a well-founded
order on IUJ. By Ya we denote the set { € IUJ | « > B}, and by Yap we
denote (Ya) U (YB). We say that a local peak b 144 a — g c is decreasing if

holds. Here <= stands for the union of 1, < and —;, for all v € K. The ARSs
A and B are decreasing if every local peak b 144 a —, g c with (a,) € I x | is
decreasing. In the case of A = B, we simply say that A is decreasing.

Theorem 4.1.1 ([vOO8]]). If two ARSs are decreasing then they commute.

We present the abstract principle of our compositional criteria. The idea of
using the least index in the decreasing diagram technique is taken from [JL12,
FvO13, DFJL22].
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Chapter 4: Compositional Confluence Criteria

Theorem 4.1.2. Let A = (A, {—1a}ac1) and B = (A, {—25}pc1) be I-indexed
ARSs equipped with a well-founded order > on I. Suppose that 1 is the least element
in I and =1, and —, | commute. The ARSs A and B commute if every local peak
1 - —rop with (a, B) € I*\ {(L, L)} is decreasing.

Proof. We define the two ARSs A" = (A, {=14}aer) and B’ = (A, {=24 }ac1) as

follows:
Sy = {—ﬁ/“ ifao=_1

—ia Otherwise

Since —% = =7 and —3 = =3, the commutation of A and B follows from
that of A" and B’. We show the latter by proving decreasingness of A" and B’
with respect to the given well-founded order >. Let I' be a local peak of form
1La= - =2,5. We distinguish four cases.

¢ If neither « nor B is L then decreasingness of I" follows from the assump-
tion.

* If both « and B are L then the commutation of —1 | and —; | yields the
inclusion:

== C = - =

L 21 ~ 2L 1,1
Thus I' is decreasing.
e If > a = L then we have 1,4 - =25 C _>2:ﬁ . H% Therefore, easy

induction on 7 shows the inclusion ; /< - —2,p C _>2:ﬁ = 8 forall n €
IN. Thus,

e
26 VB 26 YB

holds, where <= stands for 1 ;<= U =5 ;. Hence I' is decreasing.

* The case that « > B = _L is analogous to the last case.
i

Because confluence is characterized by self-commutation, we obtain the fol-
lowing corollary from [Theorem 4.1.2

Corollary 4.1.3. Let A = (A,{—a}ner) be an I-indexed ARS equipped with a well-
founded order > on 1. Suppose that L is the least element in I and — | is confluent.
The ARS A is confluent if every local peak o< - —g with (x,B) € I*\ {(L, L)} is
decreasing.
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4.2 Orthogonality

4.2 Orthogonality

As a first example of compositional confluence criteria for term rewrite systems,
we pick up a compositional version of Rosen’s confluence criterion by orthog-
onality [Ros73|]. Orthogonal TRSs are left-linear TRSs having no critical pairs.
Their confluence property can be shown by decreasingness of parallel steps. We
briefly recall its proof. Left-linear TRSs are mutually orthogonal if g+ x-g = &
and s x5z = . Note that orthogonality of R and mutual orthogonality of
R and R are equivalent.

Lemma 4.2.1 ([BN98| Theorem 9.3.11]). For mutually orthogonal TRSs R and S the
inclusion g+ - +>g C +>g - g+ holds.

Theorem 4.2.2 ([Ros73]). Every orthogonal TRS R is confluent.

Proof. Let A = (T(F,V),{-+~1}) be the ARS equipped with the empty order

> on the index set {1}, where ++1= —+»%. According to [Lemma 2.3.9 and
Theorem 4.1.1} it is enough to show that A is decreasing. Since [Lemma 4.2.1

yields 14+ - ++1 C +31 - 14+, the decreasingness of A follows. 1

The theorem can be recast as a compositional criterion that uses a confluent
subsystem C of a given TRS R. For this sake we switch the underlying criterion
from [Theorem 4.1.1| to [Theorem 4.1.2|and |Corollary 4.1.3 setting the relation of
the least index | to +>¢.

Theorem 4.2.3. A left-linear TRS R is confluent if R and R \ C are mutually orthog-
onal for some confluent TRS C with C C R.

Proof. Suppose that C C R and C is confluent. Let A = (T (F, V), {-+>0, +>1})
be the ARS equipped with the well-founded order 1 > 0, where ++y = ¢
and —+»; = —+rg\c- Since C is confluent, C and C commute. So -+ and —+>
commute too. According to [Lemma 2.3.9) and [I'heorem 4.1.2} it is sufficient to
show that all local peak ;<+ - —; with (i,j) # (0,0) are decreasing. Since R
and R \ C are mutually orthogonal, R \ C and R \ C as well as C and R \ C are
mutually orthogonal. Therefore, yields the following inclusions:

R\CEH - HPR\C C HPR\C T R\CEH céH - HR\C C HPR\C * CEH

SO jét - 3y C =3y - k4 holds for all (k,m) € {0,1}?\ {(0,0)}, from which
the decreasingness of A follows. Hence, |The0rem 4.1.2| applies.

We can derive a more general criterion by exploiting the flexible valley form
of decreasing diagrams. We will adopt parallel critical pairs. It causes no loss of
confluence proving power of [Theorem 4.2.3| as g <+ X5 = @ is equivalent to
R X 5 s = .
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Theorem 4.2.4. A left-linear TRS R is confluent if g <+ x5 C <= ( holds for some
confluent TRS C with C C R.

Proof. Recall the ARS used in the proof of Theorem 4.2.3| According to[Lemma 2.3.9
and [Theorem 4.1.2] it is sufficient to show that every local peak

I’:t<—1+3+s—90—>u
k m

with (k,m) # (0,0) is decreasing. To this end, we show t =3, - < - &+ u
by structural induction on s. Depending on the shape of I', we distinguish five
cases.

[

. If P or Q is empty then the claim is trivial.

2. If Por Qis {e} and T is orthogonal then [Lemma 3.2.1((1) yields f —

C kS U

3. If P # @, Q = {e}, and T is not orthogonal then by [Lemma 3.2.1(2) there

exist a parallel critical peak ty x4+ sp £, n 1o and substitutions ¢ and T such
that s = so0, t = tgT, u = upo, and ¢ -+ 7. The assumption ty <=/ ug
yields toT <+ ugT because — is closed under substitutions and — C .
Therefore, t = tgT <+ ugT x<+ ugor = u follows.

4. If P = {e}, Q # &, and T is not orthogonal then the proof is analogous to
the last case.

5. f P ¢ {e} and Q ¢ {€} then s, t, and u can be written as f(s,...,su),
f(t1,...,tn), and f(uy,...,u,) respectively, and moreover, t; <+ S; >y U;
holds for all 1 < i < n. For every i the induction hypothesis yields t; ++
v; <> w; g+ u; for some v; and w;. Therefore, the desired conversion
t <3, U <+ w ¢+ u holds for v = f(vq,...,vy) and w = f(wy, ..., wy).

From Takahashi’s proposition [Tak93] (see also [Ier03, Proposition 9.3.5]) we

can deduce that g¢+x—p C = is equivalent to <X S» C =. Thus,

subsumes [Theorem 4.2.3] Note that when C = &, [Theorem 4.2.4]
simulates the weak orthogonality criterion.
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4.2 Orthogonality

{e}
S0 H Upo = u
::k i
i’oU’ #k
::k :
t=1toT <--------- T
0

Figure 4.1: Proof of Theorem .

Example 4.2.5. By successive application of [Theorem 4.2.4| we show the confluence of
the left-linear TRS R (COPS [HNM18|l number 62), taken from [[OO03]I:

1: x—0—x 10: ged(x,0) —

2: 0—x—0 11: ged(0,x) —

3: s(x)—s(y) > x—y 12: ged(x,y) — gcd(y, mod(x,y))
4: x <0 — false 13: if(true, x,y) —

5: 0 <s(y) — true  14: if(false, x,y) —

6: ()<s(y)—>x<y

7: mod(x,0) —

8:  mod(0,y) —

9: mod(x,s(y)) — |f(x < s(y),x,mod(x —s(v),s(y)))

Let C = {5,7,8,10,11,13}. The six non-trivial parallel critical pairs of R are

(x,gcd(0, mod(x,0))) (0,if(0 < s(y),0,mod(0 —s(y),s(y))))
(v, gcd(y, mod(0,y)))

and their symmetric versions. All of them are joinable by C. So it remains to show that
C is confluent. Because C only admits trivial parallel critical pairs, o<+ X3¢ C <=
holds. Therefore, the confluence of C is concluded if we show the confluence of the empty
system. The latter claim is trivial. This completes the proof.

It is worth noting that C is the smallest and confluent suitable subsystem of R. The
other suitable subsystems are supersets of C or non-confluent subsystems. For example,
the subsystem C' = {8,9,10,11,12} satisfies <+ XSy C <& because all critical
pairs are originated from rules in C', but C' is not confluent.
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Chapter 4: Compositional Confluence Criteria

[Theorem 4.2.4]is a generalization of Toyama’s unpublished result:

Corollary 4.2.6 ([Toy17]). A left-linear TRS R is confluent if RN C 5
holds for some terminating and confluent TRS C with C C R.

4.3 Rule Labeling

In this section we recast the rule labeling criterion [vOO08, [ZEM15, [DFJL22] in a
compositional form. Rule labeling is a direct application of decreasing diagrams
to confluence proofs for TRSs. It labels rewrite steps by their employed rewrite
rules and compares indexes of them. Among others, we focus on the variant of
rule labeling based on parallel critical pairs, introduced by Zankl et al. [ZEM15].

Definition 4.3.1. Let R be a TRS. A labeling function for R is a function from R
to IN. Given a labeling function ¢ and a number k € IN, we define the TRS Ry as

follows:
Rox={—reR [Pl —1) <k}

The relations —x ok and +>x o € abbreviated to —g and g y. Let ¢ and i be

labeling functions for R. We say that a local peak t flt s % u is (¢, ¢)-decreasing
, ,m

i
f * * P! *
> —H VD U
Yk ¢pm Ykm ¢k Ym
and Var(v, P') C Var(s, P) for some set P' of parallel positions and term v. Here <k
stands for the union of g y<— and —y i for all k € K.

The following theorem is a variant of the rule labeling method based on par-
allel critical pairs.

Theorem 4.3.2 ([ZEM15, Theorem 56]). Let R be a left-linear TRS, and ¢ and ¢
its labeling functions. The TRS R is confluent if the following conditions hold for all
k,m € IN.

 Every parallel critical peak of form t ;Hk_ s % u is (¢, p)-decreasing.
) m

’

* Every parallel critical peak of form t ?H— s ﬁ) u is (¢, P)-decreasing.
o g,

With a small example we illustrate the usage of rule labeling.
Example 4.3.3. Consider the left-linear TRS R:
(x+y)+z—x+(y+2) x+(y+z)— (x+y)+z

We define the labeling functions ¢ and i as follows: ¢p({ — r) =0and p({ —r) =1
forall £ — r € R. All parallel critical peaks can be closed by — g o-steps, like the
following diagram:
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4.3 Rule Labeling

s=((x+y)+z)+w o (x+y)+ (z+w)
{1} # ¢,0 @%4;,0
(et () b wess (rhy) +2) b (4 y) + (et w) =0

¢,0

As Var(v,2) = @ C {x,y,z} = Var(s,{1}), this parallel critical peak is (,p)-
decreasing. In a similar way the other peaks can also be verified. Hence, the TRS R is
confluent.

We make the rule labeling compositional. The next theorem is a compositional
version of the rule labeling criterion. Note that by taking C := Ry = Ry it
can be used as a compositional confluence criterion parameterized by C.

Theorem 4.3.4. Let R be a left-linear TRS, and ¢ and 1 its labeling functions. Suppose
that Ry and Ryo commute. The TRS R is confluent if the following conditions hold
for all (k,m) € N2\ {(0,0)}.

* Every parallel critical peak of form t ?}? s IIJL> u is (P, ¢)-decreasing.
/ ,M

e Every parallel critical peak of form t ?H— s ﬁ u is (¢, )-decreasing.
,m ,

Proof. Consider the ARSs (T (F, V), {-+g¢xtren) and (T (F, V), { =+ ypmfmen)-
According to [Lemma 2.3.9|and [Theorem 4.1.2} it is sufficient to show that every
local peak

T: telihs—(ﬁ)%u
¢,k lp/m

with (k,m) # (0,0) is decreasing. To this end, we perform structural induction
on s. Depending on the shape of I', we distinguish five cases.

1. If P or Q is empty then the claim is trivial.

2. If Por Qis {e} and T is orthogonal then |Lemma 3.2.1|(1) yields

P —H—> - <+ Uu.
Pp,m ¢k

3. If P # &, Q = {€}, and T is not orthogonal then by [Lemma 3.2.12) there

. .t p e .
exist a parallel critical peak £ <—+]1:,— so — ug and substitutions ¢ and T
4)/

pm
P\P
such that K’ <k, t = tgT, u = ugo, o _HI? T, too —\Hki> toT, and P; C P. We
4)/ 4)1

distinguish two subcases If ¥ = 0and m = 0 then ¢, ez-;r—> ug. As -+ is

IThe preliminary version of this thesis [SH22| lacks this case analysis.

43



Chapter 4: Compositional Confluence Criteria

44

closed under substitutions, )T ng% uoT follows. The step can be written

as toT Jf]j upT because (k,m) # (0,0) and m = 0 imply k > 0. Summing
Y

them up, we obtain the sequence

t:toTé-iHuoTH-i—u()O':u
Yk ¢k
from which we conclude decreasingness of I'. Otherwise, K'>0o0rm >0
holds. The assumption yields

PI
Fo <>« —Hy > D e Wy > U
YK m Yk'm ¢k Ym
and Var(vg, P{) C Var(so, P1) for some vy, wp, and Pj. Since k' < k and
the rewrite steps are closed under substitutions, the following relations are
obtained:

* * *
foT 5 + —= - <+ UT WO <+ UQT
Yk $m  Ykm Ym

Since tgo|, = toT|, holds for all p € Py, the identity xo = x7 holds for all
X € lyar(s(), Py). Therefore, xo = xT holds for all x € Var(v, P). Because
wo —4]? Vo, O —H]? 7, and xo = x7 for all x € Var(vy, P{) hold, [Lemma 3.2.2

¢ ¢,
yields woo —> 0T Hence, the decreasingness of I' is witnessed by the

’

following sequence:

* * *
E = 19T <+ - —H=> - <H= 0T <+ W0 <+ U0 = U
Yk ypm Ykm ¢k Ym

Note that the construction is depicted in

. If P ={e}, Q # &, and T is not orthogonal then the proof is analogous to

the last case.

I P & {e} and Q ¢ {e} then s, t, and u can be written as f(s,...,su),

f(t1,...,tn), and f(uq,...,u,) respectively, and moreover, t; <+ s; —+— u;

¢k P,m
holds for all 1 < i < n. By the induction hypotheses we have ¢; Jfl? : ;H—>
Y /m

Cs e - e u; for all 1 < i < n. Therefore, we obtain the desired
Ykm ¢k Ym

relations:

b= f(ty, ... tn) 0 - =t - s - b - b fug, .. up) = U

Hence I is decreasing.
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{e}
So0

H Ugo =1u
/m A
|
|
=Ym
*\
v
Pl ::4),1( wOO'\
: ~
! A\
Pl=gk
tor <--4--" Y ZJ*(T \' k
< - —-4--- > -===-H---> <--H--- > 0 < 0,
0 Yk o Ykm To
! I
! /
Tk Lok
| /
v .
t=t0T <--4---> - ----H---> - <--4---> V9T ©
0 ,m Ykm

Figure 4.2: Proof of Theorem H

The original version of rule labeling (Theorem 4.3.2) is a special case of
Suppose that labeling functions ¢ and ¢ for a left-linear TRS R satisfy

Ul —r)=¢(l—7r)+1

Y l—=r)=9p{l—r)+1
Theorem 4.3.4|applies for ¢', ¥/, and the empty TRS C.

rem 4.3.4) with Knuth-Bendix’ criterion (Theorem 2.3.7).

Example 4.3.5. Consider the left-linear TRS R:

1: 0+x—x 2: (x+y)+z—x+(y+2)

3: x+(y+z)— (x+y)+z
Let C = {1,2}. We define the labeling functions ¢ and i as follows:

ift -recC

4><Hr>=¢<mr>={°

1 otherwise

For instance, the parallel critical pairs involving rule 3 admit the following diagrams:
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The next example shows the combination of our rule labeling variant



Chapter 4: Compositional Confluence Criteria

X (0+2) (0 +z (e (Erw) e (vy) + (W)
2} 0.0 90 {2} 00 9.0
i {2} i
X+z <77(])7,(7)77x+(0+z) x+((]/+z)+w) <—a+1——x—|—(y+(z—|—w))

They fit for the conditions of [Theorem 4.3.4, The other parallel critical pairs also admit
suitable dingrams. Therefore, it remains to show that C is confluent. Since C is terminat-

ing and all its critical pairs are joinable, confluence of C follows by Knuth and Bendix’
criterion (Theorem 2.3.7). Thus, Ry and Ry commute because Ry = Rypo = C.
Hence, by [Theorem 4.3.4)we conclude that 'R is confluent.

While a proof for [Theorem 4.2.4 is given in [Section 4.2 here we present an
alternative proof based on [Iheorem 4.3.4

Proof of [Theorem 4.2.4, Define the labeling functions ¢ and ¢ as in[Example 4.3.5t

Then |The0rem 4.3.4| applies.

We conclude the section by stating that rule labeling based on parallel criti-
cal pairs (Iheorem 4.3.2) subsumes parallel closedness based on parallel critical
pairs (Theorem 3.1.9): Suppose that conditions (a) and (b) of [Theorem 3.1.9/hold.
We define ¢ and ¢ as the constant rule labeling functions ¢(¢{ — r) = 1 and
(¢ — r) = 0. By using structural induction as well as Lemmata [3.2.1| and [3.2.2|
we can prove the implication

P Py
t <t s +>u = t — v <+ uand Var(v, P]) C Var(s, P;) for some P]
(P’l lp'O wro 4)/1

Thus, the conditions of [Iheorem 4.3.2| follow. As a consequence, our composi-
tional version (I'heorem 4.3.4) is also a generalization of parallel closedness.

4.4 Critical Pair Systems

The last example of compositional criteria in this thesis is a variant of the conflu-
ence criterion by critical pair systems [HMI11]. It is known that the original cri-
terion is a generalization of the orthogonal criterion (Theorem 4.2.2) and Knuth
and Bendix’ criterion (Theorem 2.3.7)) for left-linear TRSs.

Definition 4.4.1. The critical pair system CPS(R) of a TRS R is defined as the TRS:

{s = t,s = u|t g s g uisacritical peak}
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Theorem 4.4.2 ([HM11l]). A left-linear and locally confluent TRS R is confluent if
CPS(R)/R is terminating (i.e., CPS(R) is relatively terminating with respect to R).

The theorem is shown by using the decreasing diagram technique (Theo-
rem 4.1.1), see [HM11].

Example 4.4.3. Consider the left-linear and non-terminating TRS R:

s(p(x)) = p(s(x)) p(s(x)) — x 00 — 5(c0)

The TRS 'R admits two critical pairs and they are joinable:
x))) p(s(p(x)))
p(s(s(x

s(p(s(
s(x) _ ) p(p(s(x) p(x)

~ - ~ -

The critical pair system CPS(R) consists of the four rules:
s(p(s(x))) = s(x) p(s(p(x))) — p(p(s(x)))
s(p(s(x))) = p(s(s(x))) p(s(p(x))) = p(x)

The termination of CPS(R)/R can be shown by, e.g., the termination tool NaTT (cf.

. Hence the confluence of R follows by [I'heorem 4.4.2

We argue about the parallel critical pair version of CPS(R):

PCPS(R) = {s — t,s = u | t gé¢+ s —>x u is a parallel critical peak}

Interestingly, replacing CPS(R) by PCPS(R) in[Theorem 4.4.2|results in the same
criterion (see [ZEM15]). Since —cpsir) & —pcps(r) & —*cps(r) - = holds,
—cps(R)/R = —*pcps(r),/R follows. So the termination of PCPS(R) /R is equiv-
alent to that of CPS(R)/R. However, a compositional form of [Theorem 4.4.2|
may benefit from the use of parallel critical pairs, as seen in

Definition 4.4.4. Let R and C be TRSs. The parallel critical pair system of R modulo
C, written as PCPS(R, C), is defined as the TRS:

{s = t,5 = u| t g+ s S uis a parallel critical peak but not t <} u}

Note that PCPS(R, @) C PCPS(R) holds in general, and PCPS(R, @) C
PCPS(R) when R admits a trivial critical pair.
The next lemma relates PCPS(R, C) to closing forms of parallel critical peaks.

Lemma 4.4.5. Let R be a left-linear TRS and R, Ry, and C subsets of R, and let
P = PCPS(R,C). Suppose that g+x -z C —% - péholds. If t g <+ s g, U
then
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(i) t +R, - <20 - R SH U, OF

(ii) t g+t pi—s —pu' g, uand t' =%, - F< u' for some t' and u'.

Proof. LetT: t Rlelzk s “%Rz u be a local peak. We use structural induction on s.
Depending on the form of I', we distinguish five cases.

1. If P or Q is the empty set then [(i)| holds trivially.

2. If Por Qis {e} and T is orthogonal then |(i)| follows by [Lemma 3.2.1().

3. If P # &, Q = {e}, and T is not orthogonal then we distinguish two cases.

e If there exist Py, to, 1o, and o such that “Py C P, t g, <+ too ngﬂ-
S i>732 uoor = u, and ty pé+X—p uy” but not f < up. Take
t' = too and u' = ugo. Then tyT g, <+ too p<— s —p ugor = u holds
and by the assumption #' —7%, - 5+« u also holds. Hence ((ii)| follows.

¢ Otherwise, whenever Py, to, up, and o satisfy the conditions quoted
in the last item, tp <=/ up holds. Because I' is not orthogonal, by
there exist Py, to, g, 0, and T such that Py C P, t =
toT Ry toor ngf.)._ S i>732 Ugo = u, and o R, T. Thus to Hé Ug
follows. Therefore, t = tyT <—p upT g,¢+ upc = u, and hence
holds.

4. If P = {€}, Q € {€}, and T is not orthogonal then the proof is analogous
to the last case.

5. If P ¢ {e} and Q ¢ {e} then s, t, and u can be written as f(s1,...,5n),
f(ti, ..., tn), and f(uq,...,u,) respectively, and I';: t; g, ¢+ s; +>g, U;
holds for all 1 < i < n. For every peak I'; the induction hypothesis yields (i)
or (ii). If[(1) holds for all T'; then [(i)|is concluded for I'. Otherwise, some T;

satisfies By taking t' = f(s1,...,ti,...,sp) and ' = f(s1,...,u;,...,Sn)
we have t g <+ t' p<—s —p u' +>p u. From t; =% - F< u; we obtain
t' =% - p<u'. Hence T satisﬁes

The next theorem is a compositional confluence criterion based on parallel
critical pair systems.

Theorem 4.4.6. Let R be a left-linear TRS and C a confluent TRS with C C R.

The TRS R is confluent if gé+x-3r C —% - g and P /R is terminating, where
P = PCPS(R,C).
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4.4 Critical Pair Systems

Proof. Let L be a fresh symbol and let I = T(F,V)U{L}. We define the
relation > on [ as follows: &« > fifa # L = Bora —>7JS/R B. Since P/R is
terminating, > is a well-founded order. Let A = (T (F,V), {+>4}acr) be the
ARS where -+, is defined as follows: s —+>, t if either « = | and s —+¢ {,
ora # L and &« =% s +>p\c . Since the commutation of C and C follows
from confluence of C, yields the commutation of — | and — .
According to [Lemma 2.3.9|and [Theorem 4.1.2} it is sufficient to show that every
local peak

I:t s —g» u
with (a, ) € I\ {(L, L)} is decreasing. By the definition of A we have s +x, t

and s —+»g, u for some TRSs Ry, R, € {R\C,C}. Using [Lemma 4.4.5, we

distinguish two cases.

1. Suppose that [Lemma 4.4.5 holds for I'. Then t ++g, t' <=5 u' g <+

u holds for some t' and u’. If R; = R\ C then t —=g t' follows from
B =% s =R t +og\c t'. Otherwise, Ry = C yields t +> | t'. In either
case t g |y t' is obtained. Similarly, u —+>, |} u' is obtained. Moreover,
t' <+* o’ follows from t' <=5 u'. Since (a,8) # (L, 1) yields L €
Yap and the reflexivity of -, yields 5y © ==y - -+ for any J,
we obtain the desirable conversion t < ' <+ u’ €+ u. Hence, I' is

B Yap
decreasing.

2. Suppose that [Lemma 4.4.5((ii)) holds for I'. We have t g <+ t' p<—s —p
u' +g, uand t' =% v 5 u' for some t/, v/, and v. As («,B) # (L, 1),
we have a =% s —=p t' or B =% s —p t/, from which a > ' or g >
t' follows. Thus, t' € YaB. If Ry = R\C then t' -+, t. Otherwise,
R, = C yields t' - t. So in either case t' —+>y,p t holds. Next, we
show t' <7, 5 v. Consider terms w and w’ with t' =% w =g w' =% 0.
We have w -3y w' or w -+ w'. So w —+>y,p w' follows by {t/, L} C
YapB. Summing up, we obtain t <+,p tf Ht—)’%‘ﬁ v. In a similar way

!/ * : . / X * /
U typp U 4T, 0 U S obtained. Therefore t <+ t' —— v <+ u' —+— u,
and hence I' is decreasing. Yepoovep o Yep vep

We claim that [Theorem 4.4.2 is subsumed by [Iheorem 4.4.6, Suppose that
C is the empty TRS. Trivially C is confluent. Because PCPS(R,C) is a subset
of PCPS(R), termination of PCPS(R,C)/R follows from that of PCPS(R)/R,
which is equivalent to termination of CPS(R)/R. Finally, any confluent TRS

satisfies the inclusion <+ X7 C —% + <. Thus, whenever Theorem 4.4.2
applies, [Theorem 4.4.6 applies.
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Chapter 4: Compositional Confluence Criteria

[Theorem 4.4.6| also subsumes [Theorem 4.2.4] Suppose that C is a confluent
subsystem of R. If g¢#+x-r C <% then PCPS(R,C) = @, which leads to
termination of PCPS(R, C)/R. Hence, Theorem 4.4.6|applies. Note thatif C = R
then PCPS(R,C) = @.

Example 4.4.7. Consider the left-linear TRS R:

1: s(p(x)) = x  3: x+0—x 5: x+s(y) = s(x+y)
2: p(s(x)) »x  4: 0+x—=x+0  6: x+p(y) = p(x+y)

We show the confluence of R by the combination of [Theorem 4.4.6| and orthogonality.
Let C = {3}. The TRS PCPS(R,C) consists of the eight rules:

0+s(x) = s(0+x) x+s(p(y)) = s(x+p(y))
0+s(x) —s(x)+0 x+s(p(y)) = x+y
0+ p(x) = p(0+x) x+p(s(y)) = p(x+s(y))
0+p(x) = p(x)+0 x+p(s(y)) = x+vy

The termination of PCPS(R,C)/R can be shown by, e.g., the termination tool NaTT.
Since C is orthogonal and all parallel critical pairs of R are joinable by R,
applies. Note that the confluence of R can neither be shown by ITheorem 4.3.2| nor
The former theorem fails due to the lack of suitable labeling functions for

the following diagrams:

xs(p(y)) st p(y) X+ p(s(y) Pt s(y))
(2)+1 0 @2 E
XY s(p(x oY) XY e bl )

The latter fails due to the non-termination of CPS(R)/R. The culprit is the idempotent
rule 040 — 0+ 0 in CPS(R), originating from the critical peak 0 <— 0+ 0 — 0+ 0.
In contrast, the rule does not belong to PCPS(R, C) because the conversion 0 <=3 0+ 0

holds.
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Chapter 5
Reduction Method

We present reduction methods for confluence problems. A reduction method is
a compositional confluence criterion that, given a TRS R and its subsystem C,
confluence of R implies that of C. In this situation confluence of R is equivalent
to that of C. In other words, reduction methods can remove rewrite rules from
TRSs, that are redundant for confluence. We introduce two reduction methods
and an automation technique based on SMT solvers.

5.1 Reduction Methods

Compositional confluence criteria address the ‘if” direction. Our question here
is how to guarantee the reverse direction. First we develop a simple criterion
that exploits the fact that confluence is preserved under signature extensions. In
order to establish the ‘only-if” direction, we show that if TRSs R and C satisfy
Rlc € —( then confluence of R implies confluence of C. Here R stands for
the following subsystem of R:

Ric={¢—reR|Fun(¢) C Fun(C)}

The following auxiliary lemma explains the role of the condition R[, C —.
Note that we do not assume C C R.

Lemma 5.1.1. Suppose R[; C —.
1. If s =g tand Fun(s) C Fun(C) then s — t and Fun(t) C Fun(C).
2. Ifs =% tand s € T(Fun(C),V) then s —} t.

Proof. We only show the first claim, because then the second claim is shown by
straightforward induction. Suppose s € 7 (Fun(C),V) and s — t. There exist a
rule / — r € R, a position p € Posx(s), and a substitution ¢ such that s|, = (o,
t = s[ro]p, and Fun(lo) € Fun(s) € Fun(C). Then Fun(xc) € Fun(C) for all
x € Var({). Moreover Fun(xc) C Fun(C) holds for all x € Var(r) because ¢ — r
is a rewrite rule. We distinguish two cases:
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Chapter 5: Reduction Method

e If { = r € Rlc then Fun(£) C Fun(C). Since R[, € —{ holds, we have
s —¢ tand Fun(r) € Fun(C). From the latter Fun(rc) € Fun(C) holds.
Thus the inclusion Fun(t) = Fun(s[rc],) C Fun(C) is obtained.

e Otherwise, Fun({) € Fun(C). However, we have Fun(¢) C Fun(s) C
Fun(C), so this case does not happen.

As a consequence of Lemma 5.1.1(2), confluence of R carries over to conflu-
ence of C, when the inclusion R[; € —{ holds and the signature of C is Fun(C).
The restriction against the signature of C can be lifted by the fact that confluence
is preserved under signature extensions:

Proposition 5.1.2. A TRS C is confluent if and only if the implication
to—s =pu = t =50 U
holds for all terms s, t,u € T (Fun(C), V).

Proof. Toyama [Toy87] showed that the confluence property is modular, i.e., the
union of two TRSs R and R, over signatures F; and F, with /1 N F, = D is
confluent if and only if both R; and R, are confluent. Let C be a TRS over a
signature F. The claim follows by taking R1 = C, Ry, = @, F1 = Fun(C), and
Fr=F\ Fi.

Now we are ready to show the main claim.
Theorem 5.1.3. Suppose R|c C —(. If R is confluent then C is confluent.

Proof. Suppose that R is confluent. It is enough to show the implication in
[Proposition 5.1.2| for all s,t,u € T (Fun(C),V). Suppose t < s —5 u. By con-

fluence of R we have t —7, v ;< u for some v. By assumption [Lemma 5.1.1(2)
yields t =% v 4 u. i

A reduction method can be obtained by combining a compositional confluence
criterion with [Theorem 5.1.3| Here we present the combination of [Theorem 4.2.4]
with [Theorem 5.1.3|and its automation technique.

Corollary 5.1.4. Let C be a subsystem of a left-linear TRS R such that +x - C
<5 and Rle € — 5. The TRS R is confluent if and only if C is confluent.

The following example illustrates how [Corollary 5.1.4|is used for automating
confluence analysis.

52



5.1 Reduction Methods

Example 5.1.5. We show the confluence of the following left-linear TRS R:

1: x+0—x 3: 04+y—y 5: s(x)+y—s(x+y)
2: xx0—0 4: s(x) x0—0 6: s(x) xy— (xxy)+y

Applying the reduction method of |Corollary 5.1.4| repeatedly, we remove rules unneces-
sary for confluence analysis.

1. The TRS R has four non-trivial parallel critical pairs and they admit the following

diagrams:
s(x)+0 s(x)+0
XN X\
s(x+0) s(x+0) s(x)

‘\1/ \_1/

s(x) x0
/ \ N

(xx0)+0 (xx0)+0
PN N
X X

Therefore, R(—-H-Ni)']g C <=, holds for Co = {1,2}. As Fun(Co) = {0,+, x},
we have Rlc, = {1,2,3}. However Rlc, © —¢, does not hold due to 0+y 755
y. So we extend Cy to C = Co U {3}. Then Rlc ={1,2,3} C —} holds. Because
C is a superset of Cy, the inclusion g+x-—g C <{ holds too. According to
\Corollary 5.1.4} the confluence problem of R is reduced to that of C.

2. Since C only admits a trivial parallel critical pair, it is closed by the empty system
&. Moreover, the inclusion C |, = & C —; holds. Hence, by [Corollary 5.1.4|the
confluence of C is reduced to the confluence of the empty system &.

3. The confluence of the empty system & is trivial.

Hence we conclude that R is confluent. Note that in the first step all subsystems C’
including Coy or {1,4,6} satisfy the inclusion p<+x->g C <% but some of them
(e.g., {1,4,6}) are non-confluent. The additional requirement R[cr C — 7, excludes
such subsystems.

We give another application of [Theorem 5.1.3l Because the theorem has no
linearity restriction, we can obtain a reduction method for non-left-linear TRSs
by employing a compositional criterion that supports non-left-linear TRSs. Here
we use the result of [KH12].
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Chapter 5: Reduction Method

Definition 5.1.6. Given a term t, we write REN(t) for the linear term results from
replacing each variable occurrence by a fresh variable. Given a TRS R, REN(R) denotes
the set {REN(¢) —r | ¢ —r € R}.

In general REN(R) is not a TRS. In fact, if R contains a rule ¢ — r that has
at least one variable in r then REN({) — r is not a rewrite rule, because the
inclusion Var(r) C Var(REN()) does not hold. We call such a rule an extended
rewrite rule. Formally, a pair (¢,r) of terms is an extended rewrite rule if ¢ ¢ V.
A set of extended rewrite rule is called an extended TRS (eTRS).

Definition 5.1.7. Let R1, Ry, and £ be eTRSs. Suppose that the following conditions
hold:

* (1 — ry and ¥y — 1y are variants of rules in Rq and in Ry, respectively,

by — r1 and Uy — vy have no common variables,

p € Posz(l),
* 0 is a substitution that satisfies {10 <% {5 |,0, and
* if p = € then {1 — rq is not a variant of {; — 1».

The triple (1 — r1,p, 0o — 1) is called an E-overlap between Ry and R, and
the pair ((£20)[r10]p, r20) is called an E-extended critical pair between Ry and R,.
As in the case of ordinary critical pairs, we denote an extended critical pair (t,u) by

tR<—g><li>R U.

Note that a number of £-extended critical pairs may exist for an £-overlap
in this definition. Moreover we cannot assume finiteness of £-critical pairs. If
& = @ then ¢ is a most general unifier of £ and /#5|,.

Definition 5.1.8. Let R and C be a TRSs. We say that ‘R and C are strongly non-
overlapping if there is no @-overlap between REN(R) and REN(C), and REN(C) and
REN(R), respectively.

Theorem 5.1.9 ([KH12, Theorem 2]). Let R and S be TRSs. Suppose that S is
confluent, R /S is terminating, and R and S are strongly non-overlapping. The TRS

R US is confluent if and only if pé—sXr C =% s * pust

Note that the criterion subsumes [Theorem 4.2.2| If R is orthogonal then R
trivially satisfies all conditions by taking S = @. Now we give a reduction
method for non-left-linear TRSs.

Corollary 5.1.10. Let C be a subsystem of a TRS R and P = R\ C. Suppose that
P /C is terminating, P and C are strongly non-overlapping, p—cx-—p C —5 R
and R|c = C. The TRS R is confluent if and only if C is confluent.
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Under the assumption, the conditions R [, = C and R[; C — are equivalent.
We briefly describe the reason. Assume to contrary there is { — r € R[.\C
such that ¢ —>2 r. If £ = r then P/C is not terminating. Otherwise, P and C are
strongly non-overlapping because { — r € P and £ —y_,,, - —( 1 for some
¢ — " €C. Hence Rl, =C.

This reduction method is useful to remove redundant non-left-linear rules
from TRSs. The following proposition helps us to check joinability of £-critical
pairs.

Proposition 5.1.11 ([KH12, Lemma 12 and Theorem 15]). Let R and £ be TRSs.
If € is confluent, R and £ are strongly non-overlapping, and g+ x5 C —% i
then gé—c X C —% « A
Example 5.1.12 ([KH12, Example 10]). Consider the following non-left-linear TRS
R:

1: eq(n, xs, xs) — true 3: nats — 0 : inc(nats)

2: eq(s(n),x:xs,x:ys) — eq(n,xs,ys) 4: inc(x:xs) — s(x) :inc(xs)

We apply (Corollary 5.1.10|to {1,2,3,4} by taking C = {3,4}. Let P = R\ C. Suppose
that REN(R) is the following eTRS:

1: eq(xq, x2, x3) — true 3: nats — 0 : inc(nats)

2: eq(s(x1),x2: x3,x4 : X5) — eq(x,xs,ys) 4: inc(xy:x) — s(x) :inc(xs)
If the confluence of C holds then we can show that R and C satisfy conditions of
as follows:

* The termination of P/C can be shown by, e.g., the termination tool NaTT.

® The TRSs P and C are strongly non-overlapping because C-overlaps (1,€,2) and
(2,€,1) on REN(R) are overlaps on P.

e Because there are only two overlaps (1,€,2) and (2,¢€,1) on P, critical pairs on
P are:

true p4—X-—p eq(n, xs, xs) eq(11, X5, X5) pé—X—>p true

Both are joinable by rule 1. Since the confluence C is assumed, and P and C
strongly non-overlapping, by |Proposition 5.1.11|all C-extended critical pairs on P
are joinable.

On the other hand it is easy to show that R and C satisfy[Theorem 5.1.3 In fact we have
Rl¢ = C because eq ¢ Fun(C) holds. Hence R is confluent if and only if C is so.

We again apply |Corollary 5.1.10/to C with &. Since C is orthogonal, C and & satisfies
Because of C|, = @, by [Corollary 5.1.10| the confluence of C and &
coincide.

Therefore we conclude that R is confluent.
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5.2 Automation

ICorollary 5.1.4] can be automated as follows. Suppose that we have found a
subsystem Cp of a given left-linear TRS R such that RN C <—>Z§O. We
extend Cp to C so that (i) Cp € C € R and (ii)) Rfs C —>§k for a designated
number k € IN. This search problem can be reduced to a SAT problem. Let
Sk(¢ — r) be the following set of subsystems:

Sk(£ = 1) ={{B1,---,Bu} | £ —p, -+ —p, rand n <k}

In our SAT encoding we use two kinds of propositional variables: x,_,, and yy.
The former represents { — r € C, and the latter represents f € Fun(C). With
these variables the search problem for C is encoded as follows:

A xa A omxa AN (ﬁx,x\/ /\(a)yf)

aeCy a€R x€R feFun
AV Ve A )
a€R\Cy ~ SeSi(a) feFun()

Here x5 = x5, A -+ Axg, for S = {B1,...,Bu}. Itis easy to see that the first two
clauses encode condition (i) and the third clause characterizes Fun(C). The last
clause encodes condition (ii).

Example 5.2.1 (Continued from [Example 5.1.5). Recall that g+ x-» C e,
holds for Cy = {1,2}. Setting k = 5, we compute Si(«) for each rule « € R\ Cy =
{3,4,5,6}:

Sk(3) = {{3}} Sk(4) = {{2},{1,2,6},{2,3,6}} Sk(5) ={{5}} Sk(6)={{6}}

The SAT encoding explained above results in the following formula

(x1 A XZ) AN (—|X1 VeV —|x6)
A(=x1V (Yo A y+))
A (=x2 V (Yo A yx))
A (=x3 V (Yo A y+)) A(x3 vV =(yo A y+))
A(=xa V(o Ays Ayx)) A(XV =(ys Ao Ayx))
A (=xs5 V (ys A y+)) A (x5 vV =(ys Ay+))
A (=x6 V (Ys Ay+ Ayx)) A (x6 V = (s A yx))

with X = xp V (x1 Ax2 Axg) V (x2 A x3 A xg). The formula is satisfied if we assign
true to xq, X2, X3, Yo, Y+, and yx, and false to the other variables. This assignment
corresponds to C = {1,2,3}. Note that for this formula there is no other solution.
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Chapter 6

Confluence Tool — Hakusan

In order to evaluate presented approaches in Chapters [ and [5, we developed a
confluence tool Hakusan. The tool supports the main three compositional con-
fluence criteria (Theorems 4.2.4} |4.3.4, and |4.4.6) and their original versions (The-
orems and [4.4.2). Moreover the reduction method (Corollary 5.1.4) is
available.

In the subsequent sections we describe the usage and features of the tool, and
then we report experimental data for these implemented criteria. Note that the
descriptions about the tool of experimental data below are based on version 0.8
of Hakusan.

6.1 Usage

Hakusan is a confluence tool written in Haskell. It automatically solves a con-
fluence problem for a given TRS file. The source code of the tool is available
at:

https://www.jaist.ac.jp/project/saigawa/

The input file is a text file written in the TRS format [MNS21] and the output
is a (non-)confluence proof of the input TRS. The tool runs on a command line
interface with options and an input TRS.

hakusan [configurations] [criterion] <input.trs>

The optional argument [criterion] specifies the (compositional) confluence cri-
terion to be used. Some criteria require external tools, which can be specified by
preceding optional arguments [configurations].

The basic usage of Hakusan is just typing the command:

hakusan <input.trs>
Then Hakusan starts confluence analysis. There are three patterns of outputs.

* YES means that confluence of an input TRS was proved.
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(VAR x y z)

(RULES
+(+(x,y),2z) -> +(x,+(y,z))
+(x,+(y,2)) -> +(+(x,y),2)
+(0,x) -> x

)

Figure 6.1: The TRS in |Example 4.3.5}

* NO means that non-confluence of an input TRS was proved.

* MAYBE means that nothing was concluded.

In addition, the first two statuses are followed by the corresponding proof scripts.
Moreover, MAYBE contains two cases: one is not provable theoretically, and the
other is an inadequacy of the specified method and parameters (see the first
example below).

A short usage is available in help messages by running the tool with no input.

hakusan

More details can be found in the next section. In the subsequent parts, we briefly
show several usages of Hakusan with a few examples of input and output.

Confluence checking by a specified criterion. In order to demonstrate this
feature, we recall the confluence proof of the TRS R in|Example 4.3.5| The input
is a text file listed in

Since the confluence of the TRS is shown by the combination of parallel rule
labeling (Theorem 4.3.4] with Knuth-Bendix’s criterion (Theorem 2.3.7), we can
obtain a confluence proof by the following command:

hakusan -prl-pcps 5 <input.trs>

The option -prl-pcps k stands for parallel rule labeling with parallel critical pair
systems. Here the number k is the maximum length of rewrite steps used in
each criterion. When this option is specified, Hakusan tries to find a subsystem
C such that R with C satisfies the condition of parallel rule labeling, and C with
@ satisfies the condition of parallel critical pair systems.

The result of the command is the status YES and a proof text, see
As mentioned above, the status means that confluence of the input TRS was
successfully proved, and the proof text is a sequence of individual proofs cor-
responding to each applications of compositional confluence criteria. In this
case, the proof text consists of two applications of the compositional confluence
criteria mentioned above.

Note that the command hakusan -prl-pcps 1 <input.trs> outputs MAYBE.
The cause is that k-steps length 1 is too short to find join sequences of (parallel)
critical pairs on the problem.
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YES
# Compositional parallel rule labeling (Shintani and Hirokawa 2022).
Consider the left-linear TRS R:

+(+(x,y),2) -> +(x,+(y,z))

+(x,+(y,2)) -> +(+(x,y),2)

+(0(),x) ->x

Let C be the following subset of R:

+(+(x,y),2z) -> +(x,+(y,z))
+(0(),x) -> x

All parallel critical peaks (except C’s) are decreasing wrt rule labeling:

phi(+(+(x,y),z) -> +(x,+(y,z))) =0
phi(+(x,+(y,z)) -> +(+(x,y),z)) =1
phi(+(0(),x) -> x) =0

psi(+(+(x,y),z) -> +(x,+(y,z))) =0
psi(+(x,+(y,z)) -> +(+(x,y),z)) =1

psi(+(0(),x) ->x) =0

Therefore, the confluence of R follows from that of C.

# Compositional parallel critical pair system (Shintani and Hirokawa 2022).

Consider the left-linear TRS R:

+(+(x,y),2) -> +(x,+(y,z))
+(0(),x) -> x

Let C be the following subset of R:

(empty)
The parallel critical pair system PCPS(R,C) is:
1.1,x1_2),y2),y3) -> +(+(x1_1,+(x1_2,y2)),y3)
1.1,x1.2),y2),y3) -> +(+(x1.1,x1.2),+(y2,y3))

,¥2),y3) -> +(y2,y3)
,¥2),y3) -> +(0(),+(y2,y3))

— — X X

All pairs in PCP(R) are joinable and PCPS(R,C)/R is terminating.
Therefore, the confluence of R follows from that of C.

# emptiness

The empty TRS is confluent.

Figure 6.2: The proof of [Fig. 6.1
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(VAR x y z)
(RULES
+(x,0) -> x
*(x,0) -> 0
+(0,x) -> x
*(s(x),0) -> 0
+(s(x),y) -> s(+(x,y))
*(s(x),y) -> +(*x(x,y),y)
)

Figure 6.3: The TRS in [Example 5.1.5}

Confluence checking with the reduction method. We use [Example 5.1.5| to
demonstrate the reduction method feature. The TRS in the example is formal-
ized as a text file (Fig. 6.3). Identically, we use [Corollary 5.1.4] as a reduction
method to prove the confluence of the input TRS. The next command consists of
the configuration for the reduction method and a criterion option:

hakusan -reduce 5 -orthogonal+ 5 <input.trs>

By activating the reduction method with the option -reduce k, the method is
inserted before an application of each (compositional) confluence criterion. The
criterion option -orthogonal+ k orders Hakusan to use successive application
of [Iheorem 4.2.4 as confluence criterion. Then the reduction method is tested
before each application of [Theorem 4.2.4, The common parameter k is the same
as the previous example.

The output proof is available at The proof structure is same as the
last one.

Non-confluence checking. Hakusan also supports a feature for non-confluence
checking. Consider the following TRS:

X-e—>X x-x e
e-xX — X xlox—e
The TRS file [Fig. 6.5|is a representation of it. Since the TRS has a non-joinable
peak e < e-e~! — e~!, it is not confluent.
For non-confluence TRSs, Hakusan may output the status NO with a witness
of non-confluence if the non-confluence feature is activated by the configuration
option -noncr. Here is an example command:

hakusan -noncr <input.trs>

In this case, Hakusan outputs NO, and the non-joinable peak is displayed as a

witness of the non-confluence (Fig. 6.6).
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YES

# parallel critical pair closing system (Shintani and Hirokawa 2022, Section 8
in LMCS 2023)

Consider the left-linear TRS R:

*(x,0()) -> 0()
+(x,0()) -> x
+(0(),x) -> x

The TRS R is left-linear and all parallel critical pairs are joinable by C.
Therefore, the confluence of R is equivalent to that of C.

# parallel critical pair closing system (Shintani and Hirokawa 2022, Section 8
in LMCS 2023)

Consider the left-linear TRS R:

*(x,0()) -> 0()
+(x,0()) -> x
+(0(),x) -> x

Let C be the following subset of R:
*(x,0()) -> 0()

The TRS R is left-linear and all parallel critical pairs are joinable by C.
Therefore, the confluence of R is equivalent to that of C.

# parallel critical pair closing system (Shintani and Hirokawa 2022, Section 8
in LMCS 2023)

Consider the left-linear TRS R:
*(x,0()) -> 0()

Let C be the following subset of R:
(empty)

The TRS R is left-linear and all parallel critical pairs are joinable by C.
Therefore, the confluence of R is equivalent to that of C.

# emptiness

The empty TRS is confluent.

Figure 6.4: The proof of [Fig. 6.3
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Figure 6.5: The non-confluent TRS.

NO
peak

e()

*<-

-(-(e()),e())

->%

-(e())

is not joinable

Figure 6.6: The proof of [Fig. 6.5

6.2 Features

We explain more detailed features of Hakusan. First, we explain how to spec-
ify external tools and how to enable the reduction method. Next, we describe
detailed descriptions of all criterion options.

Configurations must be placed before criterion options. Here is a configura-
tion example of Hakusan.

hakusan -ttx /path/to/tool -noncr -reduce 5 <input.trs>

External tools. Hakusan requires two external tools for the following criterion
options: -cps, -pcps, -prl, -pcps-X, and -prl-X. The parameter X is explained
later. The following list is instructions on external tools and corresponding cri-
terion options.

e -ttx <path>: This option specifies the path of an external termination tool
for the XML formatﬂ A passed termination tool is used for testing relative
termination for [Theorem 4.4.2| and [Theorem 4.4.6| (-cps, -pcps, -pcps-X,
and -prl-pcps options). The default termination tool is NaTT [YKT14], the
default path is NaTT.exe.

1See the web site https://termination-portal.org/wiki/TPDB
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Table 6.1: Main options for configurations.

-ttx <path> use external termination tool <path> with the XML format.
-tt <path> use external termination tool <path> with the WST format.
-smt <path> use external SMT solver <path>.

-reduce <k> enable reduction method with at most k-rewrite steps.

* -tt <path>: This option is same as -ttx, but it specifies the path of an
external termination tool for the WST format. I Other descriptions are
equivalent to the option -ttx.

e -smt <path>: This option specifies the path of an external SMT solver for
the SMT-LIB 2 format [BFT17]. This solver is used for solving linear arith-
metic constraints of [[Theorem 4.3.4{(-pr1, -pr1-X, and -pcps-prl options).
The default SMT solver is Z3 [dMBO08]], the default path is z3.

Non-confluence checking. The non-confluence checking feature of Hakusan is
based on the TCAP approximation [ZEM11]. The feature is activated by the
option -noncr. Non-confluence of input TRSs are tested before applications of
a (compositional) confluence criterion. If non-confluence of an input TRS is
proved then the status NO is output with a witness.

Reduction Method. The option -reduce <k> activates the reduction method
(Corollary 5.1.4). If this option is specified then the reduction method is inserted
before each application of confluence criteria. Note that the reduction method is
successively applied similarly to[Example 5.1.5| Due to the performance, suitable
subsystems for [Theorem 4.2.4] are calculated from rewrite rules that are used in
join sequences for each parallel critical pair on the original system. Joinability
of each parallel critical pair (¢, u) is tested by the relation:

<5 <5
t— - <—u

Contrary to compositional confluence criteria described later, this feature only
tests a first candidate of suitable subsystems.

Criterion options. These options enable corresponding (compositional) con-
fluence criteria. If several criterion options are specified at once then the one of
criterion options is used with the internal priority of options. Main options for

(compositional) confluence criteria are listed in
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Table 6.2: Main options for confluence criteria.

-orthogonal apply [Theorem 4.2.2,

-orthogonal+ <k> successively apply [Theorem 4.2.4

-prl <k> apply [Theorem 4.3.2

-pri-<X> <k> consecutively apply [Theorem 4.3.4| with <X>.
-cps <k> apply [Theorem 4.4.2,

-pcps-<X> <k> consecutively apply [Theorem 4.4.6/ with <X>.

Here k is the maximal length of rewrite steps and X is one of orthogonal, prl,
pcps, or empty.

We list individual options for the aforementioned (compositional) confluence

criteria in [Chapter 4
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* -orthogonal: If the option is specified then Hakusan checks orthogonality

of an input TRS (see [Theorem 4.2.2).

-orthogonal+ <k>: Hakusan applies the confluence criterion that is ob-
tained by successive application of [Theorem 4.2.4|(see [Example 4.2.5). Join-
ability of each parallel critical pair (t, 1) is tested by the relation:

<k <k
t— - <—u

Every subsystem C is searched by enumeration.

-prl <k> and -prl-<X> <k>: For the former option, Theorem 4.3.2|is ap-
plied. For the latter option, Hakusan applies [Theorem 4.3.4) with a corre-
sponding criterion <X>. The decreasingness of each parallel critical peak of
the form ¢ ¢,k+£" s ih/,,m u is tested by existence of a conversion of the form

R RN SEIWEY Uj2<—Pi-/i—-j1<—M
Yk P,m Ykm Ykm ¢k Ym
such that i, i3, j1,/3 € N, i, o € {0,1}, i1 +ia+i3 < k, 1 +j2a+j3 <k
and Var(v,P’) C Var(s, P) holds. This is encoded into linear arithmetic
constraints [HM11], and they are solved by a configured SMT solver.

For the option -prl-<X>, every subsystem C is searched by enumeration,
and confluence of C is proved by the corresponding criterion <X>.

-cps <k>: If the option is given then Hakusan applies [Theorem 4.4.2 Join-
ability of critical pairs is tested by the same relation of -orthogonal+.




6.3 Experiments

* -pcps <k> and -pcps-<X> <k>: If these options are given then Hakusan
applies [Theorem 4.4.6, For the first option, the criterion is used as an
ordinary confluence criterion, that is C = @. In the latter case, confluence
of subsystem C is proved by the corresponding criterion <X>. Joinability of
each parallel critical pair (¢, u) is tested by the relation:

<k <k
f— - <—u
In order to determine termination of R/C, a configured termination tool
is used.

Every subsystem C is searched by enumeration.

In both of -prl-<X> and -pcps-<X>, a confluence criterion X is the one of prl,
pcps, orthogonal, and empty. The first three are equivalent to the corresponding
criterion options. Here empty is a confluence criterion that checks only emptiness
of TRSs.

When no criterion option is specified, Hakusan automatically enables configu-
ration options -noncr and - reduce 5, and the criterion options -prl-pcps 5and
-pcps-prl 5. These specified criteria are applied sequentially, i.e., -pcps-prl
is enabled when -prl-pcps outputs MAYBE. Hence the result of the command
hakusan <input.trs> is identical to the union of the following results of two
commands:

hakusan -noncr -reduce 5 -prl-pcps 5 <input.trs>
and

hakusan -noncr -reduce 5 -pcps-prl 5 <input.trs>

The comparison of the default parameter k can be found in|Fig. 6.8 in|Section 6.3

6.3 Experiments

In order to evaluate the aforementioned techniques, we compare Hakusan (ver-
sion 0.8) with existing methods and tools by experimental results. The experi-
mental data are available at the project page:

https://www.jaist.ac.jp/project/saigawa/

The problem set used in experiments consists of 462 left-linear TRSs taken
from the confluence problems database COPS [HNM18]. Out of the 462 TRSs, at
least 191 are known to be non-confluent. The tests were run on a PC with Intel
Core i7-1165G7 CPU (2.80 GHz) and 16 GB memory of RAM. summa-
rizes the results. The columns in the table stand for the following confluence
criteria:
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Table 6.3: Comparison for individual methods.

o R C OO0 RC CR roo rRC rCR
# of proved TRSs 20 135 59 88 152 143 91 153 146
timeouts 0 20 9 12 84 34 9 82 43
errors 0 1 1 3 2 2 3 2 2

O: Orthogonality (I'heorem 4.2.2).

R: Rule labeling (I'heorem 4.3.2).

C: The criterion by critical pair systems (Theorem 4.4.2).

00: Successive application of Theorem 4.2.4{ (see [Example 4.2.5).

RC: [Theorem 4.3.4) where confluence of a subsystem C is shown by
with the empty subsystem.

* CR:[Theorem 4.4.6 where confluence of a subsystem C is shown by
with the empty subsystem.

* r0O, rRC, and rCR: They are same as 00, RC, and CR but |Corollary 5.1.4|
is always used repeatedly before a (compositional) confluence criterion is
applied.

In the table, the row “# of proved TRSs” is the number of YES problems. The
row “timeouts” is the number of problems with neither YES, NO, nor MAYBE. The
last row is the number of run-time errors.

We briefly explain configurations of this run. Timeouts are 150 seconds and
the maximal length k of rewrite steps is 5. These numbers are intended to max-
imize the number of proved TRSs (see Figure 6.8/ and [6.7). In both charts x-axis
indicates the number of proved TRSs and y-axis indicates timeouts in seconds
and length of rewrite steps, respectively. Relative termination, required by Theo-
rems {4.4.2|and |4.4.6| is checked by employing the termination tool NaTT (version
2.3) [YKT14]. The SMT solver z3 (version 4.8.7) is used for solving SAT problems
for [Theorem 4.3.4{and the reduction method (Corollary 5.1.4).

As theoretically expected, in the experiments O, R, and C are subsumed by
their compositional versions 00, RC, and CR, respectively. Moreover, OO is
subsumed by R, RC, and CR. Due to timeouts, CR misses three systems of which
R can prove confluence. While the union of R and C amounts to 145, the union
of RC and CR amounts to 153. Differences between RC and CR are summarized
as follows:
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Figure 6.7: The numbers of proved problems in run time.
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Figure 6.8: The number of proved problems in maximal length of rewrite steps.
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¢ Three systems (COPS numbers 994, 1001, and 1029) are proved by RC but
not by CR nor R. One of them is the next TRS (COPS number 994). RC uses
the subsystem {2,4,6} whose confluence is shown by C.

1: a(b(x)) — a(c(x)) 3: c(b(x)) — a(b(x)) 5: c(
2: a(c(x)) — c(b(x)) 4: b(c(x)) — alc(x)) 6: c(c(x)) — c(b(x))
7:

0O
o
=
1
(@)
o
(@]
=
N—

* The only TRS where CR is advantageous to RC is COPS number 132:

Loy o (0 +(y) 3 = (-0 e
2: (x+y)+z—>x+(y+2z) 4: x+y—>y+x

Its confluence is shown by the composition of [Theorem 4.4.6 and
the latter of which proves the subsystem {1,2,4} confluent.

The columns rOO, rRC, and rCR in show that the use of the reduc-
tion method (Corollary 5.1.4) basically improves the power and efficiency of the
underlying compositional confluence criteria. Close inspection of experimental
data reveals the following facts.

* The confluence proving powers of rOO and OO are theoretically equivalent,
because the reduction method as a compositional confluence criterion is an
instance of 00. In the experiments rOO handled three more systems. This
is due to the improvement of efficiency. The same argument holds for the
relation between rRC and RC.

¢ While the use of the reduction method improves the efficiency in most of
cases, there are a few exceptions (e.g., COPS number 689). The bottleneck
is the reachability test by — <.

¢ The reduction method and C are incomparable with each other. Hence rCR
is more powerful than CR. In the experiments, rCR subsumes CR and it
includes three more systems. As a drawback, rCR has four more timeouts.

* Among rOO, rRC, and rCR, the second criterion is the most powerful. As
in the cases of their underlying criteria, the results of rOO are subsumed
by both rRC and rCR, and COPS number 132 is the only problem where
rCR outperforms rRC.

For the sake of comparison the results of the following confluence tools are

included in All tools are taken from the TRS category of the annual
confluence competition (CoCo) [MNS21] held in 2022.
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Table 6.4: Comparison for confluence tools.

Hakusan ACP ColLL CONFident CSI

# of proved TRSs 154 198 177 97 215
timeouts 77 49 167 43 3
errors 3 5 4 0 0

* ACP [AYTQ9] is the first modern automated confluence prover. The main
feature is supporting several divide-and-conquer methods, including mod-
ularity and commutative decompositions. We use version 0.62 which is
participated in CoCo 2022.

* CONFident [GL20] is a confluence prover for context sensitive and condi-
tional term rewrite systems. The tool boils down confluence problems
to corresponding logical problems such as joinability and feasibility. Ex-
ported logical problems are solved by external tools. We use CoCo 2022
version of CONFident. Note that the main targets of CONFident are exten-
sions of ordinary TRSs. So this experimentation unfits the tool.

* CSl is an automated confluence prover employing decomposition meth-
ods [ZEM11] and transformation methods [NEM17]. This tool won the
TRS category of CoCo 2022. We use version 1.25 which is participated in
CoCo 2022.

* ColL-Saigawa is the predecessor of Hakusan. This tool consists of two dif-
ferent confluence tools: CoLL [SH15] and Saigawa [Hir14]. The former is
used for left-linear problems and the latter is used for other problems. We
abbreviate ColLL-Saigawa to CoLL. We use version 1.6 which is participated
in CoCo 2022.

The result of Hakusan is the union of the results of rRC and rCR. The former
proves 153 problems out of 154 problems. Among them, the three systems COPS
numbers 994, 1001, and 1029 are newly proved by Hakusan. All results of rCR
are subsumed by other tools.
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Chapter 7

Conclusion

We studied how compositional confluence criteria can be derived from con-
fluence criteria based on the decreasing diagrams technique, and showed that
Toyama’s almost parallel closedness theorem is subsumed by his earlier theorem
based on parallel critical pairs. We conclude this thesis by mentioning related
work and future work.

Commutation version of compositional criteria. In this thesis we presented
several compositional confluence criteria. However, the underlying abstract the-
orem [Theorem 4.1.2 of them is a decreasing diagram method based on com-
mutation. So compositional commutation criteria are naturally considered. Re-
casting compositional commutation is straightforward for [Iheorem 4.2.4] and
[Theorem 4.3.4, Other criteria, including reduction methods, need to be investi-
gated.

Simultaneous critical pairs. van Oostrom [vO97] showed the almost devel-
opment closedness theorem: A left-linear TRS is confluent if the inclusions

EXSCT D e 84S C o
hold, where - stands for the multi-step [Ter03, Section 4.7.2]. Okui [Oku98]
showed the simultaneous closedness theorem: A left-linear TRS is confluent if
the inclusion
o-X— C S5 4o

holds, where <e—x— stands for the set of simultaneous critical pairs [Oku98].
As this inclusion characterizes the inclusion <e— - —+ C —* . <e—, simultane-
ous closedness subsumes almost development closedness. The main result in

Section 3.1|is considered as a counterpart of this relationship in the setting of
parallel critical pairs.

Critical-pair-closing systems. A TRS C is called critical-pair-closing for a TRS

R if
R X C =p
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holds. It is known that a left-linear TRS R is confluent if C4/R is terminating for
some confluent critical-pair-closing TRS C with C C R, see [HNvOO19]. Here C4
denotes the set of all duplicating rules in C. [Theorem 4.2.4/ imposes closedness
by C on all parallel critical pairs in return to removal of the relative termination
condition. Investigating whether the latter subsumes the former is our future
work.

Rule labeling. Dowek et al. [DFJL22, Theorem 38] extended rule labeling
based on parallel critical pairs [ZEM15] to take higher-order rewrite systems. If
we restrict their method to a first-order setting, it corresponds to the case that a
complete TRS is employed for C in [Theorem 4.3.4, and thus, it can be seen as a
generalization of [Corollary 4.2.6/by Toyama [Toy17].

Critical pair systems. Hirokawa and Middeldorp [HM13] generalized
by replacing CPS(R) by the following subset:

CPS'(R) = {s — t,s — u | t g4 5 <> u is a critical peak but not t -+ u}

This variant subsumes van Oostrom’s development closedness theorem [vO97].
We anticipate that in a similar way our compositional variant (Theorem 4.4.6)) is
extended to subsume the parallel closedness theorem based on parallel critical
pairs (Theorem 3.1.9).

Redundant rules. Redundant rule elimination by Nagele et al. [NFM15, Corol-
lary 9] can be regarded as a compositional confluence criterion. It states that a
TRS R is confluent if there exists a confluent subsystem C such that R\ C C <=}
holds. When R is left-linear, the criterion is subsumed by [Theorem 4.2.4, This is
verified by the following trivial fact:

Fact 7.0.1. Let C be a subsystem of a TRS R. If R\ C C <—(, then g ¢+ X Sr C e

The converse does not hold in general. To see it, consider the one-rule TRS
R consisting of a — b. The empty TRS C = @ satisfies g <+ X Sr C < but
R\ C C <=} does not hold as a <~ / b. There is another form of redundant
rule elimination ([NEM15| Corollary 6] and [SH15]). It states that a TRS R is
confluent if and only if R € —/ for some confluent C C R. This criterion is
regarded as a reduction method for confluence analysis. In fact, it is an instance
of (Corollary 5.1.4 for left-linear TRSs, since R[; € R and RN C e
hold. We want to stress that a reduction method is obtained by any combination
of a compositional confluence criterion with [Theorem 5.1.3|
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Certification. Bugs of implementation make tools unreliable. How to verify
the correctness of a proof generated by a tool? One solution is a certified proof.
CeTA [TS09] is a certifier for rewriting, which is based on an Isabelle/HOL li-
brary IsaFoR. It provides a variety of certification interfaces for termination, com-
plexity, confluence, etc. We plan to support CeTA with Hakusan.

Modularity and automation. Last but not least, we discuss relations between
modularity and reduction methods. Organizing compositional criteria as a re-
duction method is a key for effective automation. Therefore, developing a gen-
eralization of [Iheorem 5.1.3| is our primary future work. Ohlebusch [OhI02]
showed that if the union of composable TRSs R and C is confluent then both R
and C are confluent. When C is a subsystem of R, this result is rephrased as fol-
lows: If Dg\¢ N Fun(C) = & then confluence of R implies that of C. Therefore,
this can be used as an alternative of [Theorem 5.1.3, Unfortunately, R, C C
follows from Dg\¢ N Fun(C) = @. So composability as a reduction method is
still in the realm of our criterion (Iheorem 5.1.3). Similarly, we can argue that
the theorem also subsumes the persistency result [AT97] as a base criterion for
reduction methods. Yet, we anticipate that this work benefits from studies of
more advanced modularity results such as layer systems [FMZvO15].
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