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Abstract

Termination is one of the most interesting problems when dealing with context-sensitive rewrite
systems. Although a good number of techniques for proving termination of context-sensitive
rewriting (CSR) have been proposed so far, the adaptation to CSR of the dependency pair ap-
proach, one of the most powerful techniques for proving termination of rewriting, took some
time and was possible only after introducing some new notions like collapsing dependency pairs,
which are specific for CSR. In this paper, we develop the notion of context-sensitive dependency
pair (CSDP) and show how to use CSDPs in proofs of termination of CSR. The implementa-
tion and practical use of the developed techniques yield a novel and powerful framework which
improves the current state-of-the-art of methods for automatically proving termination of CSR.
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1. Introduction

Most computational systems whose operational principle is based on reducing expressions
can be described and analyzed by using notions and techniques from the abstract framework of
Term Rewriting Systems (TRSs [BN98, TeR03]). Such computational systems (e.g., functional,
algebraic, and equational programming languages as well as theorem provers based on rewriting
techniques) often incorporate a predefined reduction strategy that is used to break down the non-
determinism that is inherent to reduction relations. Eventually, this can raise problems, as each
kind of strategy only behaves properly for particular classes of programs (i.e., it is normalizing,
optimal, etc.). For this reason, the designers of programming languages have developed mech-
anisms to give the user more flexible control of the program execution. For instance, syntactic
annotations (which are associated to arguments of symbols) have been used in programming lan-
guages such as Clean [NSEP92], Haskell [HPW92], Lisp [McC60], Maude [CDEL*07], OBJ2
[FGIM85], OBJ3 [GWMEF*00], CafeOBJ [FN97], etc. to improve the termination and efficiency
of computations. Lazy languages (e.g., Haskell, Clean) interpret them as strictness annotations
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evenNs — cons(0, incr(oddNs))
oddNs — incr(evenNs)
incr(cons(x,xs)) — cons(s(x),incr(xs))
take(0,xs) — nil
take(s(n), cons(x, xs)) — consF(x, take(n, xs))
zip(nil,xs) — nil
zip(xs,nil) — nil
zip(cons(x, xs), cons(y,ys)) — cons(frac(x,y),zip(xs,ys))
tail(cons(x, xs)) — xs
rep2(nil) — nil
rep2(cons(x,xs)) —  cons(x, cons(x,rep2(xs)))
add(0,n) — n
add(s(n),m) — s(add(n,m))
prod(0,n) — O
prod(s(n),m) —  add(m,prod(n,m))
prodFrac(frac(x,y), frac(z,f)) — frac(prod(x,z), prod(y,?))
prod0fFracs(nil) — frac(s(0),s(0))
prod0fFracs(consF(p, ps)) — prodFrac(p, prod0fFracs(ps))
halfPi(n) — prodOfFracs(take(n, zip(rep2(tail(evenNs)), tail(rep2(oddNs)))))

Figure 1: Computing Wallis’ approximation to 5

in order to become ‘more eager’ and efficient. Eager languages (e.g., Lisp, Maude, OBJ2, OBJ3,
CafeOBJ) use them as replacement restrictions to become ‘more lazy’, thus (hopefully) avoid-
ing nontermination. Termination is one of the most interesting practical problems in computation
and software engineering. A program or computational system is said to be terminating if it does
not lead to any infinite computation for any possible call or input data. Ensuring termination
is often a prerequisite for essential program properties like correctness. Messages reporting (a
never-ending) “processing”, “waiting for an answer”, or even “abnormal termination” (which are
often raised during the execution of software applications) usually correspond to nonterminating
computations arising from bugs in the program.

Context-sensitive rewriting (CSR [Luc98, Luc02]) is a restriction of rewriting that has proved
useful in investigating some of the aforementioned programming languages, see, e.g., [BMO06,
DLMM*04, DLMM*08, GM04, Luc01, LMO09]. In CSR, the restriction of the rewriting compu-
tations is first imposed on the arguments of function symbols f in the signature . A signature
is a set of function symbols fi,..., f,,... together with an arity function ar : ¥ — N that
establishes the number of ‘arguments’ associated to each symbol. A replacement map is a map-
ping u : ¥ — o(N) that satisfies u(f) C {1,...,ar(f)}, for each symbol f in the signature ¥
[Luc98]. It specifies the argument positions where rewriting is allowed. In CSR, we only rewrite
u-replacing subterms: every term ¢ (as a whole) is u-replacing by definition; and #; (as well as all
its u-replacing subterms) is a u-replacing subterm of f(tq,...,#) if i € u(f).

Example 1. The TRS R in Figure I can be used to compute approximations to 5 by using Wallis’
product: 5 = lim,,_m%%%;—‘ e 23:1 23111. In R, function symbols 0 and s are used to represent
natural numbers in Peano’s notation; we also have the usual arithmetic operations addition
and product. Symbols cons and nil are the standard list constructors which are then used to
build (possibly infinite) lists of natural numbers like evenNs (the infinite list of even numbers)
and oddNs (the infinite list of odd numbers). Function incr increases all the elements of a

list in one unit through the application of s. The function zip merges a pair of lists into a list
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of fractions, and tail returns the elements of a list after removing the first one. The function
take can be used to obtain the components of a finite approximation to 5 which we multiply
with prod0fFracs. Note the explicit use of consF for building finite lists of fractions of nat-
ural numbers by means of take, thus ensuring that the product of their elements computed by
prod0fFracs is well-defined. A call halfPi(s"(0)) for some positive number n > 0 will return
the desired approximation. Since R is nonterminating (due to the first two rules), we should be
careful when choosing the rewrite steps that will be issued to obtain an approximation.

With CSR we can achieve a terminating behaviour for this system. Consider the replacement

map u given by:
u(cons) = {1} and u(f) = {1,...,ar(f)} for all f € F — {cons}

where u(cons) = {1} disallows reductions on the list part of the list constructor cons, thus
making a kind of lazy evaluation of lists possible. Furthermore, the replacement restrictions
imposed by the replacement map u are not an obstacle to obtaining the desired approximations:
the repeated application of context-sensitive rewriting steps to an expression halfPi(s"(0)) will
obtain (disregarding the particular choice of such steps) an expression frac(s?(0), s(0)) repre-
senting the approxlmatlon B X 2, which is obtained by taking the first n terms in Wallis’ formula
(this follows from [Luc98, Theorem 11]).

1.1. Termination of context-sensitive rewriting

Several methods have been developed for proving termination of CSR under a replacement
map u for a given TRS R (i.e., for proving the p-termination of R). Termination of CSR is an
interesting problem with several applications in the fields of term rewriting and in the analysis
of programming languages [AEGL10, DLMM*04, DLMM*08, EH09, Fer05, GM04, Luc02,
Luc06, SGO08]. The development of methods and techniques for automatically proving termina-
tion is, therefore, one of the most interesting and challenging problems when dealing with CSR.
Furthermore, with CSR, we can achieve a terminating behavior with nonterminating TRSs by
pruning (all) infinite rewrite sequences as shown in Example 1. Examples of tools that are able
to automatically prove termination of CSR are AProVE [GSTO06], Jambox [End10], Mu-TERM
[AGILO7, LucO4a], and VMTL [SGO09].

In the nineties, a number of transformations that permit termination of CSR to be treated as a
standard termination problem were developed (see [GMO04, Luc06] for recent surveys). Polyno-
mial orderings and the context-sensitive version of the recursive path ordering were also inves-
tigated [BLRO2, GLO02, Luc04b, Luc05]. In [AGLO06], we adapted the dependency pair method
[AG00, GAO02, HM04], which is a very powerful technique for proving termination of rewrit-
ing, to CSR. In this paper, we develop and improve the original notions in [AGLO06] to incorporate
recent improvements introduced by the Dependency Pair Framework [GTS04, GTSF06], and we
obtain a powerful and modern framework that improves the current state-of-the-art of methods
that can be used to automatically prove termination of CSR. Our tool MU-TERM implements the
methods and techniques described in this paper.

1.2. Dependency pairs for context-sensitive rewriting

A TRS R is terminating if there is no infinite rewrite sequence starting from any term. With
regard to proofs of termination of rewriting, the dependency pair technique focuses on the fol-
lowing idea: the rules that are really able to produce such infinite sequences are those rules [ — r
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ADD(s(n),m) —  ADD(n,m) (D
EVENNS —  INCR(oddNs) )
EVENNS —  ODDNS @3)
HALFPI(n) — EVENNS @)
HALFPI(n) — ODDNS 5)

HALFPI(n) — PRODOFFRACS(take(n,zip(rep2(tail(evenNs)),
tail(rep2(oddNs))))) (6)
HALFPI(n) — REP2(oddNs) ©)
HALFPI(n) — REP2(tail(evenNs)) )
HALFPI(n) — TAIL(evenNs) (O]
HALFPI(n) — TAIL(rep2(oddNs)) (10)
HALFPI(n) — TAKE(n,zip(rep2(tail(evenNs)), tail(rep2(oddNs)))) (11)
HALFPI(n) — ZIP(rep2(tail(evenNs)),tail(rep2(oddNs))) (12)
INCR(cons(x,xs)) —  INCR(xs) (13)
ODDNS — EVENNS 14)
ODDNS —  INCR(evenNs) (15)
PROD(s(n),m) —  ADD(m, prod(n,m)) (16)
PROD(s(n),m) —  PROD(n,m) an
PRODFRAC(frac(x,y), frac(z,f)) — PROD(x,z) (18)
PRODFRAC(frac(x,y), frac(z,f)) — PROD(y,?) (19)
PRODOFFRACS(consF(p, ps)) —  PRODFRAC(p, prod0fFracs(ps)) (20)
PRODOFFRACS(consF(p, ps)) —  PRODOFFRACS(ps) 1)
REP2(cons(x, xs)) —  REP2(xs) (22)
TAKE(s(n), cons(x, xs)) —  TAKE(n, xs) (23)
ZIP(cons(x, xs),cons(y,ys)) —  ZIP(xs,ys) (24)

Figure 2: Dependency Pairs for the TRS in Example 1

such that r contains some defined symbol' g. Intuitively, we can think of these rules as rep-
resenting some possible (direct or indirect) recursive calls. Such recursion paths associated to
each rule / — r are represented as new rules u — v, where u = fﬁ(ll,...,lk) ifl = flly,..., L),
and where v = gﬁ(s], coesSp) if s = g(s1,...,8,) is a subterm of r and g is a defined symbol.
The notation f* for a given symbol f means that f is marked. In practice, we often capitalize f
and use F instead of f* in our examples. For this reason, the dependency pair technique starts
by considering a new TRS DP(R) that contains all these new rules for each [ — r € R. For
instance, according to [AGO00], the set DP(R) of dependency pairs for R in Example 1 consists of
the rules in Figure 2. The rules in R and the rules in DP(R) determine the so-called dependency
chains whose finiteness or infiniteness characterize termination or nontermination of R [AGO00].
A chain of dependency pairs is a sequence u; — v; of dependency pairs together with a substi-
tution o~ such that o(v;) rewrites to o(u;;1) for all i > 1. The dependency pairs can be presented
as a dependency graph, where the infinite chains are represented by the cycles in the graph. For

A symbol g € ¥ is defined in R if there is a rule in R whose left-hand side is of the form g(/1, ..., ).
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Figure 3: Dependency Graph for the TRS in Example 1

instance, the dependency graph that corresponds to the TRS R in Example 1 is depicted in Figure
3. The cycle consisting of nodes (3) and (14) witnesses the nontermination of R.

In general, these intuitions are valid for CSR: the subterms s of the right-hand sides r of the
rules / — r which are considered to build the context-sensitive dependency pairs I* — s* must be
p-replacing terms now.

Example 2. Consider R and p as in Example 1. Only the dependency pairs (1), (4) — (12),
(14) — (21), and (23) in Figure 2 are also context-sensitive dependency pairs.

The following example shows the need for dependency pairs of a new kind.
Example 3. Consider the following TRS R:
a — c(f(a) fle(x) — x

together with u(c) = @ and u(f) = {1}. No u-replacing subterm s in the right-hand sides of the
rules is rooted by a defined symbol. Thus, there is no ‘regular’ dependency pair (in particular
A — A is dismissed due to u(c) = &). If no other dependency pair is considered, we could
wrongly conclude that R is u-terminating, which is not true:

f(a) =y f(c(£(a) =y £(a) =y -
Indeed, we must add the following collapsing dependency pair:
F(c(x)) — x.

Since the right-hand side is a variable, this would not be allowed in Arts and Giesl’s approach
[AGO00].

Collapsing pairs are essential in our approach. They express that infinite context-sensitive rewrite

sequences can involve not only the kind of recursion that is represented by the usual dependency

pairs but also a new kind of recursion that is hidden inside the nonreplacing (or frozen) parts of

the terms involved in the infinite sequence. The activation of such delayed recursions is due to
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the presence of migrating variables within a rule / — r which is used in the sequence. Migrating
variables are those that are not replacing in the left-hand side / but that become replacing in the
right-hand side r.

Example 4. (Continuing Example 2). The following collapsing pairs are context-sensitive de-
pendency pairs for the CS-TRS in Example 1:

TAIL(cons(x, xs)) — xs 25)
TAKE(s(n), cons(x, xs)) — xs (26)

Note that variable xs is u-replacing in the right-hand sides of the rules tail(cons(x, xs)) — xs
and take(s(n), cons(x, xs)) — consF(x, take(n, xs)) but it is non-u-replacing in the corre-
sponding left-hand sides.

1.3. Plan of the paper

We have argued that termination of CSR is an interesting and challenging topic of research
with a good number of practical applications. The results, techniques, and tools that derive from
our work can be of interest to a sufficiently wide audience. The material in this paper will be
more familiar, however, to those specialists who are interested in termination (in general) and
in how to prove termination of CSR in particular. Throughout the paper, however, we made a
serious effort to provide sufficient intuition and informal descriptions for our main definitions
and results.

After Section 2 (Preliminaries), the paper is structured in three main parts:

1. Section 3 provides appropriate notions of minimal non-u-terminating terms and introduces
the main properties of such terms. We introduce the notion of hidden term and investigate
the structure of infinite context-sensitive rewrite sequences starting from minimal non-u-
terminating terms. This analysis is essential in order to provide an appropriate definition
of context-sensitive dependency pair and the related notions of chains, graphs, etc.

2. We define the notions of context-sensitive dependency pair and context-sensitive chain of
pairs and show how to use them to characterize termination of CSR. Sections 4 and 5
introduce the general framework to compute and use context-sensitive dependency pairs
to prove termination of CSR. The introduction of dependency pairs of a new kind (the
collapsing dependency pairs, as in Example 3) leads to a notion of context-sensitive de-
pendency chain, which is quite different from the standard one. In Section 6, we prove that
our context-sensitive dependency pair approach fully characterizes termination of CSR.

3. We describe a suitable framework for dealing with proofs of termination of CSR by us-
ing these results. Section 7 adapts the dependency pair framework [GTS04, GTSF06] to
CSR by defining appropriate notions of CS problem and CS processor that rely on the
results obtained in the second part of the paper. Section 8 introduces the notion of context-
sensitive (dependency) graph and the associated CS processor. Section 9 describes CS
processors for removing or transforming collapsing pairs. Section 10 investigates the use
of term orderings in processors. Section 11 adapts Hirokawa and Middeldorp’s subterm
criterion [HMO4]. Section 12 adapts narrowing transformation of pairs in [GTSFO06].

Experiments are reported in Section 13. Sections 14 and 15 discuss related work. Section 16
concludes.



2. Preliminaries

This section collects a number of definitions and notations about term rewriting. More details
and missing notions can be found in [BN98, Ohl02, TeRO03].

Let A be a set and R € A x A be a binary relation on A. We denote the transitive closure of
R by R* and its reflexive and transitive closure by R*. We say that R is terminating (strongly
normalizing) if there is no infinite sequence a; R a; R a3 - --. A reflexive and transitive relation
R is a quasi-ordering.

Given relations R and R’ over the same set A, we define its composition R o R’ as follows:
foralla,b € A, a(RoR’) bifthereis c € Asuchthata Rcand c R’ b.

2.1. Signatures, Terms, and Positions

Throughout the paper, X denotes a countable set of variables and # denotes a signature, i.e.,
a set of function symbols {f, g, ...}, each having a fixed arity given by a mapping ar : ¥ — N.
The set of terms built from F and X is 7(F,X). Var(t) is the set of variables occurring in a
term ¢. A term ¢ is ground if it contains no variable (i.e., Var(f) = &). A term is said to be linear
if it has no multiple occurrences of a single variable.

Terms are viewed as labelled trees in the usual way. Positions p,q, ... are represented by
chains of positive natural numbers used to address subterms of . We denote the empty chain
by A. Given positions p, g, we denote their concatenation as p.q. Positions are ordered by the
standard prefix ordering: p < ¢ if ¢’ such that g = p.q’. If p is a position, and Q is a set of
positions, then p.Q = {p.q | g € Q}. The set of positions of a term ¢ is Pos(t). Positions of
nonvariable symbols in ¢ are denoted as Pos#(f), and Posx(¢) are the positions of variables. The
subterm at position p of ¢ is denoted as #|,, and #[s], is the term ¢ with the subterm at position p
replaced by s.

We write s & ¢, read t is a subterm of s, if t = s|, for some p € Pos(s) and s > ¢ if s > ¢ and
s # t. We write s [ 7 and s [# 1 for the negation of the corresponding properties. The symbol
labeling the root of ¢ is denoted as root(r). A contextis aterm C € 7 (¥ U {0}, X) with a ‘hole’
O (a fresh constant symbol). We write C[ |, to denote that there is a (usually single) hole O at
position p of C. Generally, we write C[ ] to denote an arbitrary context and make the position of
the hole explicit only if necessary. C[ ] = O is called the empty context.

2.2. Substitutions, renamings, and unifiers

A substitution is a mapping o : X — T (F,X). Denote as ¢ the ‘identity’ substitution:
&(x) = xfor all x € X. The set Dom(o) = {x € X | o(x) # x} is called the domain of o.

Remark 1. We do not impose that the domain of the substitutions be finite. This is usual practice
in the dependency pair approach, where a single substitution is used to instantiate an infinite
number of variables coming from renamed versions of the dependency pairs (see below).

A renaming is an injective substitution p such that p(x) € X for all x € X. A substitution o such
that o(s) = o(¢) for two terms s, € 7 (F,X) is called a unifier of s and #; we also say that s
and ¢ unify (with substitution o). If two terms s and 7 unify, then there is a unique most general
unifier o (up to renaming of variables) such that for every other unifier 7, there is a substitution
6 such that oo = 1.

A relation R € 7(F,X) X 7(F,X) on terms is stable if, for all terms s, € 7 (¥, X) and
substitutions -, we have o(s) R o () whenever s R ¢.
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2.3. Rewrite Systems and Term Rewriting

A rewrite rule is an ordered pair (I, r), written [ — r, with [, r € 7 (¥, X), [ ¢ X and Var(r) C
“Var(l). The left-hand side (lhs) of the rule is /, and the right-hand side (7hs) is r. A rewrite rule
[ — ris said to be collapsing if r € X. A Term Rewriting System (TRS) is a pair R = (¥, R),
where R is a set of rewrite rules. We often use & to denote TRSs whose set of rules R is empty.
Given TRSs R = (F,R) and R' = (F’,R’), we let RUR’ be the TRS (F UF”’, RUR’). An instance
o(l) of a lhs [ of arule is called a redex. Given R = (F, R), we consider ¥ as the disjoint union
F = CWD of symbols ¢ € C (called constructors) and symbols f € D (called defined functions),
where D = {root(l) |l > re R}and C = F — D.

Example 5. Consider again the TRS in Example 1. The symbols evenNs, oddNs, incr, take,
zip, tail, rep2, add, prod, prodFrac, prod0fFracs, and halfPi are defined. Symbols s, O,
cons, consF, nil, and frac are constructors.

We often write [ — r € R instead of [ — r € R to express that the rule / — r is a rule of R.

. .. . p . .
A term s € 7 (¥, X) rewrites to ¢ (at position p), written s —g ¢ (or just s —g t, or s — 1), if
sl, = o() and t = s[o(r)],, for some rule / — r € R, p € Pos(s) and substitution . We write

>p .. q . S . . .
s —g tif s —g t for some ¢ > p. A TRS R is terminating if its one step rewrite relation —g is
terminating.

2.4. Context-Sensitive Rewriting

A mapping 1 : F — @(N) is a replacement map (or F-map) if for all symbols f € F,
u(f) € {1,...,ar(f)} [Luc98]. Let M# be the set of all F-maps (or Mg for the ¥ -maps of a TRS
(F,R)). Let ur be the replacement map given by u+(f) = {1,...,ar(f)} for all f € ¥ (i.e., no
replacement restrictions are specified).

A binary relation R on terms is y-monotonic if, for all f € ¥, i € u(f), and s,t,1,..., 4 €
T(F,X), f(t1,....tic1, 8, tix1, .. ir) R f(t1, ..., tii1, b, ti1, ..., 1) Whenever s R¢. If Ris u--
monotonic, we just say that R is monotonic.

The set of u-replacing positions Pos'(t) of t € T(F,X) is: Pos'(t) = {A}if t € X, and
Post(t) = {A} U Uicuroony 1-P0s"(t];) if t ¢ X. Note that Post(1) (as Pos(t)) is prefix closed.
When no replacement map is made explicit, the p-replacing positions are often called active; and
the non-u-replacing ones are often called frozen. The following results about CSR are often used
without any explicit mention.

Proposition 1. [Luc98] Let t € T(F,X) and p = q.4 € Pos(t). Then p € Pos'(t) iff q €
Post(t) A q' € Pos'(tl,)

The chain of symbols lying on positions above/on p € Pos(¢) is prefix,(A) = root(t), prefix,(i.p) =
rooi(t).prefix, (p). The strict prefix sprefix is sprefix,(A) = A, sprefix,(p.i) = prefix,(p), i.e., the
last symbol in prefix,(p.i) is removed. Although sprefix,(p) is a sequence, when the ordering
of symbols in sprefix,(p) does not matter, we often use the standard set-theoretic notation (e.g.,
inclusion as in sprefix,(p) € ) with the obvious meaning.

Proposition 2. [Luc98] If p € Pos(t)NPos(s) and sprefix,(p) = sprefix (p), then p € Pos"(t) &
p € Pos"(s).



The p-replacing subterm relation >, is given by s >, ¢ if there is p € Pos"(s) such that ¢ = s],,.
We write s >, ¢t if s>, t and s # t. We write s >,  to denote that ¢ is a non-u-replacing
(hence strict) subterm of s: s 1> ¢ if there is p € Pos(s) — Pos”(s) such that t = s|,. The set
of u-replacing variables of a term ¢, i.e., variables occurring at some p-replacing position in ¢,
is Vart(t) = {x € Var(t) | t >, x}. The set of non-u-replacing variables of ¢, i.e., variables
occurring at some non-u-replacing position in ¢, is (Var’/(t) ={xeVar@®) | t> # x}. Note that

Var*(t) and War’ﬂt) do not need to be disjoint (when ¢ is not linear).
A pair (R, ) where R is a TRS and u € Mg is often called a CS-TRS. In context-sensitive

.. . . . P
rewriting, we (only) contract p-replacing redexes: s p-rewrites to ¢, written s =g, t (0r § g,
e P
t,s <, tand even s < 1), if s =g t and p € Pos"(s).
Example 6. Consider R and u as in Example 1. Then, we have:

evenNs <, cons(0, incr(oddNs)) <, cons(0, incr(incr(evenNs)))

Since the second argument of cons is not y-replacing, we have 2 ¢ Pos(cons(0, incr(oddNs))).
Thus, redex oddNs cannot be u-rewritten.

A term ¢ is u-terminating (or (R, u)-terminating, if we want an explicit reference to the involved
TRS R) if there is no infinite u-rewrite sequence t = t; =g, th SRy ~*° SRy In DRy
starting from ¢. A TRS R is py-terminating if <>g, is terminating.

A term s p-narrows to a term t (written s ~»g ¢ t), if there is a nonvariable u-replacing
position p € Pos‘L;(s) and arule / — r in R (sharing no variable with s) such that s|, and / unify
with the most general unifier § and ¢ = 6(s[r],). The following definition is used in Section 10.2
below.

Definition 1. [GL02] Let F be a signature and u € Mg. The u-replacing projection TRS
Emb(F) consists of the following rules:

{f(XI,.-.,Xk)—)xl'|f67:,i€ﬂ(f)}

3. Minimal non-y-terminating terms and infinite u-rewrite sequences

Given a TRS R = (C W D, R), the minimal nonterminating terms associated to R are nonter-
minating terms ¢ whose proper subterms u (i.e., # I> u) are terminating; 7 is the set of minimal
nonterminating terms associated to R [HM04, HMO07]. Minimal nonterminating terms have two
important properties:

1. Every nonterminating term s contains a minimal nonterminating term ¢t € 7, (i.e., s > 1),

and

2. minimal nonterminating terms ¢ are always rooted by a defined symbol f € D: Vt €

T w0, Foot(t) € D.

As discussed in [HMO04], considering the structure of the infinite rewrite sequences starting from
a minimal nonterminating term ¢ € 7, can be helpful to come to the notion of dependency pair
[AGO0]. Such sequences proceed as follows:

Proposition 3. [HMO04, Lemma 1] Let R = (C W D,R) be a TRS. For all t € T, there exist

. . >A A
|l — r € R, a substitution o and a term u € T, such that root(u) € D, t —* o(l) —» o(r)>u,
and there is a nonvariable subterm v of r, r > v, such that u = o(v).

In the following, we show how to generalize these notions and results to CSR.
9



3.1. Minimal non-u-terminating terms
Before starting our discussion about (minimal) non-y-terminating terms, we provide an ob-
vious auxiliary result about u-terminating terms?.

Lemma 1. Let R = (F,R) be a TRS, u € My, and s,t € T (F,X). If s is u-terminating, then:

1. If s, t, then t is u-terminating.
2. If s <—>;’ﬂ t, then t is pu-terminating.

Given a TRS R = (¥, R) and a replacement map u € My, maybe the simplest extension to CSR
of the notion of minimal term for unrestricted rewriting (i.e., 7), is the following: let 7, be
a set of minimal non-u-terminating terms in the following sense: ¢ belongs to 7, if # is non-u-
terminating and every strict subterm u (i.e., ¢ I> u) is y-terminating. It is obvious that root(t) € D
for all t € 7w ,. We also have the following:

Lemma 2. Let R = (F,R) be a TRS, u € My, and s € T (F,X). If s is not u-terminating, then
there is a subterm t of s (s > t) such that t € T .

Unfortunately, there can be non-y-terminating terms having no p-replacing subterm in 7o .

Example 7. Consider the CS-TRS (R, ) in Example 3 and s = £(c(£(a))). Note that s is not
p-terminating, but s ¢ T, because £(c(£(a))) > £(a) and £(a) is not u-terminating. Note that
f(c(f(a))) > £(a). The only u-replacing strict subterm of s is c(£(a)), which is u-terminating,
ie, c(f(a)) ¢ Toop

Therefore, minimal non-u-terminating terms are not the most natural ones because they could
occur at non-u-replacing positions, where no y-rewriting step is possible. Thus, this simple
notion would not lead to an appropriate generalization of Proposition 3 to CSR. There is a
suitable generalization of Proposition 3 to CSR (see Proposition 5 below) based on the following
notion.

Definition 2 (Minimal non-y-terminating term). Let M., , be a set of minimal non-u-terminat-
ing terms in the following sense: t belongs to Me,, if t is non-u-terminating and every strict
p-replacing subterm t' of t (i.e., t >, t') is u-terminating.

Note that 7o, € Mooy In the following, we often say that terms in 7, are strongly minimal
non-y-terminating; we use them in Section 3.4 below. Now, we have the following:

Lemma 3. Let R = (F,R) be a TRS, u € My, and s € T(F, X). If s is not pu-terminating, then
there is a pi-replacing subterm t of s such that t € Me .

Obviously, if t € M, then root(z) is a defined symbol. Since u-terminating terms are preserved
under p-rewriting (Lemma 1), it follows that M., is preserved under inner p-rewritings in the
following sense.

Lemmad4. LetRbeaTRS, u € Mg, andt € M .. If t SN wand uis non-y-terminating, then
u€ M
Lemma 4 does not hold for 7 ,: consider the CS-TRS (R, 1) in Example 3. Note that f(a) €

7 ooy and f(a) Ci f(c(£(a))). Although f(c(£(a))) is not u-terminating, f(c(f(a))) ¢ ooy, as
shown in Example 7.

2For the sake of readability, the missing proofs of the technical results in this section have been moved to the appendix.
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3.2. Hidden terms in minimal pi-rewrite sequences

Given a CS-TRS (R, i), the hidden terms are nonvariable terms occurring on some frozen
position in the right-hand side of some rule of R. As we show in the next section, they play an
important role in infinite minimal p-rewrite sequences associated to R.

Definition 3 (Hidden symbols and terms). Let R = (¥, R) be a TRS and u € Mg. We say that
t € T(F,X) — X is a hidden term if there is a rule | — r € R such that r >, t. Let HT (R, 1)
(or just HT, if no confusion arises) be the set of all hidden terms in (R, u). We say that f € F
is a hidden symbol if it occurs in a hidden term. Let H(R, ) (or just H) be the set of all hidden
symbols in (R, w).

In the following, we also use DHT (R, u) = {t € HT (R, u) | root(t) € D} for the set of hidden
terms which are rooted by a defined symbol.

Example 8. For R and u as in Example 1, the maximal hidden terms are incr(oddNs), incr(x),
zip(xs,ys), and cons(x, rep2(xs)). The hidden symbols are incr, oddNs, incr, zip, cons, and
rep2. Finally, DHT (R, 1) = {0ddNs, incr(oddNs), incr(x), zip(xs, ys), rep2(xs)}.

The following lemma says that frozen subterms ¢ in the contractum o(r) of a redex o (I) that do
not contain ¢ are (at least partly) ‘introduced’ by a hidden term in the right-hand side r of the
involved rule [ — r.

Lemma 5. Let R = (F,R) be a TRS and u € Mg. Let t € T(F,X) and o be a substitution. If
there is a rule | — r € R such that o(l) ¥ t and o(r) > t, then there is no x € Var(r) such that
o(x) > t. Furthermore, there is a term ' € HT such that r D,}; ! and o(f') = t.

The following lemma establishes that minimal non-u-terminating and non-u-replacing subterms
that occur in a y-rewrite sequence involving only minimal terms come directly from the first term
in the sequence or are instances of a hidden term.

Lemma 6. Let R be a TRS and u € Mg. Let A be a u-rewrite sequence t| — tp < -+- < I,
with t; € Moy forall i, 1 < i < n. If there is a term t € My, such that t ¥ t and t, >¢ t, then
t = o(s) for some s € DHT and substitution o

We use the previous results to investigate infinite sequences that combine pu-rewriting steps on
minimal non-y-terminating terms and the extraction of such subterms as u-replacing subterms of
(instances of) right-hand sides of the rules.

Proposition 4. Let R be a TRS and u € Mg. Consider a finite or infinite sequence of the form

A A A A . . .
= s>yt SN I = s>, 1) oy t3-0- witht;, t; € Mwy foralli > 1. If there is a
term t € Me, such that t; D,}; t for some i > 1, then t; D,}; tort = o(s) for some s € DHT and
substitution o.

3.3. Infinite u-rewrite sequences starting from minimal terms

The following proposition establishes that, given a minimal non-y-terminating term ¢t €
Mo, there are only two ways for an infinite y-rewrite sequence to proceed. The first one is
by using ‘visible’ parts of the rules that correspond to u-replacing nonvariable subterms in the
right-hand sides that are rooted by a defined symbol. The second one is by showing up ‘hid-
den’ non-u-terminating subterms that are activated by migrating variables in a rule [ — r, i.e.,
variables x € Var*(r) — Var'(l) that are not u-replacing in the left-hand side / but become
p-replacing in the right-hand side r.
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Proposition 5. Let R be a TRS and i € Mg. Then, for all t € My, there exist] — r € R, a

.o A A )
substitution o, and a term u € Mo, such that t Sl o() = o(r) >, uand either

1. there is a nonvariable yi-replacing subterm s of r, r &, s, such that u = o(s), or
2. there is x € Vart(r) — Vart(l) such that o(x) >, u.

Proor. Consider an infinite u-rewrite sequence starting from ¢. By definition of Mo, ,, all proper
p-replacing subterms of ¢ are u-terminating. Therefore, ¢ has an inner reduction to an instance
o(I) of the left-hand side of arule [ — rof R: ¢ A, a() & o (r) and o(r) is not y-terminating.
Thus, we can write t = f(ty,...,%) and o(l) = f(ly,...,I;) for some k-ary defined symbol f, and
t; =" o(l;) forall i, 1 < i < k. Since all #; are u-terminating for i € u(f), by Lemma 1, o(I;)
and all its p-replacing subterms are also y-terminating. In particular, o(y) is u-terminating for
all y-replacing variables y in I: y € Var*(l). Since o(r) is non-u-terminating, by Lemma 3, it
contains a u-replacing subterm u € Mo, 0 0°(r) >, u, i.e., there is a position p € Pos"(o(r)) such
that o(r)|, = u. We consider two cases:

1. If p € Pos#(r) is a nonvariable position of r, then there is a p-replacing nonvariable
subterm s of r (i.e., p € Posj;(r) and s = |, ¢ X), such that u = o(s).

2. If p ¢ Poss(r), then there is a u-replacing variable position g € Post(r) N Posx(r) such
that ¢ < p. Let x € Var*(r) be such that r|, = x. Then, o(x) >, u, and o(x) is not u-
terminating: since u € M., is not y-terminating, by Lemma 1, o(x) is not y-terminating.
Since o(y) is p-terminating for all y € Var*(l), we conclude that x € Var*(r) — Var*(l).

O

Proposition 5 entails the following result, which establishes some properties of infinite sequences
starting from minimal non-u-terminating terms.

Corollary 1. Let R be a TRS and u € Mg. For all t € M, there is an infinite sequence

>A A >A A >A
t =" o(l)) = o) Byt =" oal) = o) By 1 —" -

where, for all i > 1, l; = r; € R are rewrite rules, o; are substitutions, and terms t; € M, are
minimal non-u-terminating terms such that either

1. t; = oi(s)) for some nonvariable subterm s; such that r; >, s;, or
2. oi(x;) By t; for some x; € Vart(r;) — Vart(ly).

Remark 2. The (<, Ul ,)-sequence in Corollary 1 can be easily viewed as an infinite j1-rewrite
sequence by just introducing appropriate contexts C;[ 1, with p-replacing holes: since oi(r;)>,t;,
there is p; € Pos'(oi(r,)) such that oi(r;) = o(r)[ti1,,; just take C;[ 1,, = o(r)[O],,. Hence:

t =" o) = Ciltly, =" Ciloab)]y, = ClGlnlpl, <" -

Note that, e.g., p1.p2 € Pos*(Ci[Calt2],,1p,) (use Proposition 1).
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3.4. Infinite u-rewrite sequences starting from strongly minimal terms

In the following, we consider a function REN* which independently renames all occurrences
of p-replacing variables within a term ¢ by using new fresh variables that are not in Var(?):

e REN“(x) = y if x is a variable, where y is intended to be a fresh new variable that has not
yet been used; and

o ReN“(f(t1,...,t) = f([tl]{, R [tk]'[) for evey k-ary symbol f, where given a term s €
T(F, X), [s]] = Ren“(s) if i € p(f) and [s1] = sif i ¢ u(f).

Note that REN*(f) keeps variables at non-u-replacing positions untouched. Note also that Ren
is not a substitution: it replaces the n(x) different u-replacing occurrences of the same variable
x by different variables xi, ..., x,). Clearly, t = O(RenN“(¢)) for some substitution § which just
identifies the variables introduced by Ren” (i.e., 6(x;) = x for all 1 < i < n(x)). The use of REx*
together with y-narrowability yields a necessary condition for reducibility of terms under some
instantiations which is used in our development.

Proposition 6. Let R = (F,R) be a TRS and y € Mg. Lett € T(F,X) — X be a nonvariable

term and o be a substitution. If o(t) A o (l) for some (possibly renamed) rule | — r € R, then
REeN“(?) is u-narrowable.

. >A >A >A
Proor. We can write the sequence from o (¢) to o(/) as follows: o(f) =t} =t = -+ —>
ty, = o(l) for some m > 1. We proceed by induction on m.

1. If m = 1, then o(f) = o(l). Since t ¢ X, t is u-narrowable (at the root position) using the
rule I — r. Since t = O(REN"(¢)) for some substitution 8, we have o () = o(O(REN"(1))) =
o (/). Since we can assume that the new variables instantiated by 6 are not in /, we have
o(@()) = o(l). Thus, Ren“(¢) and [ unify with mgu o o 6. Since ¢t ¢ X, implies that
ReN*(1) ¢ X, REN“(7) is u-narrowable at the root position using the same rule / — r.

>A A . .
2. If m > 1, then we have t{ — 1, BN o(l). We consider two cases according to the

position p € Pos"(t;) where the u-rewrite step t >;A> t, is performed (note that #; = o (¢)
by assumption).

(a) If p € Pos@i(t), then there is a rule '’ — 7’ and a substitution @ such that o(¥)|, =
o(tl,) = 6(I'). Again, we have o(t],) = o(I'), i.e., tis y-narrowable at position p using
rule I’ — r’ and (reasoning as above), we conclude that REn*(f) is pu-narrowable.

(b) If p ¢ Posi (1), then there is a p-replacing variable position g € Posy (1) of  such that
tly = x € Var'(t), g £ p and o(x) =, t|,. Therefore, t; = o(t[x],) = o@®)[o(X)],
and ©, = o(D[tlyl, = o’ (') for a term ¢ = t[y], where y is a new fresh variable
y ¢ Var(t) and a substitution o’ given by o’(y) = #l, and 0’'(z) = o(z) for all
z € Var(t) (including x). Clearly,

o) = d'(tlyly) = 7 Ol W]y = cOlnalgly = 1.

By the induction hypothesis, REn*(#') is u-narrowable. Since ¢ and ¢’ only differ in
a single variable, we can assume that Ren“(t') = Ren“(f). Thus, we conclude that
REN*(?) is u-narrowable as well.
O
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Corollary 2. Let R = (F,R)be a TRS and u € My. Lett € T (F,X) — X be a nonvariable term
and o be a substitution such that o(t) € M. Then, REN'(¢) is u-narrowable.

o . o A
Proor. By Proposition 5, there is a rule / — r and a substitution o such that o(¢) ‘>—>;{” a(l)
(since we can assume that variables in / and variables in ¢ are disjoint, we can apply the same
substitution o to ¢ and / without any problem). By Proposition 6, the conclusion follows. O

In the following, we write NARR’%(z‘) (or just NaArRr#(?)) to indicate that ¢ is y-narrowable w.r.t. the
(intended) TRS R. We also let

NHT (R, 1) = {t € DHT (R, ) | NARR/;Q(REN”(Z‘))}

be the set of hidden terms that are rooted by a defined symbol, and that after applying Ren*
become p-narrowable.

Example 9. Since all terms t € DHT (R, u) for R and u as in Example 8 are u-narrowable
(even without applying ReN*), we have NHT (R, 1) = DHT (R, ).

As a consequence of the previous results, we have the following main result, which we use later.

Theorem 1. Let R be a TRS and 1 € Mg. For all t € T, there is an infinite sequence

>A A >A A >A
t=ty =" o) = oi(n) Byt =" 02l = o) Byt -

where, for all i > 1, l; — r; € R are rewrite rules, o; are substitutions, and terms t; € M, are
minimal non-u-terminating terms such that either

1. t; = oi(s;) for some nonvariable term s; such that r; >, s;, or
2. oi(x;) By t; for some x; € Vart(r;) — Var'(l) and t; = 6,(t)) for some t. € NHT and
substitution 6;.

Proor. Since 7w, € My, by Corollary 1, we have a sequence

>A A >A A >A
t=ty =" o) = oi(n) Byt =" 02l = o) Byt -

where, for alli > 1, [; — r; € R, o are substitutions, #; € M, and either (1) #; = oi(s;) for
some nonvariable term s; such that r; >, s; or (2) o7(x;) &, #; for some x; € Var“(r;) — Var'(l;)
(and hence o (I;) > t; and o(r;) >, t; as well). We only need to prove that terms ¢; are instances
of hidden terms in' NH7 whenever (2) holds. By Proposition 4, for all such terms f;, we have
that either (A) o (l}) >¢ tior (B) t; = 6;(}) for some . € DHT and substitution 6;. In case (B),

. . . . A
we just consider Corollary 2, which ensures that 7 € NHT . In case (A), since ¢ SN o1(ly)
and o (/1) is not u-terminating, by Lemma 4, all terms u; in the u-rewrite sequence

>A >A >A
f=u “—>uy = --- >um:0—1(ll)

belong to M ,: uj € My, forall j, 1 < j < m. Since t € Ty, all its strict subterms
(disregarding their u-replacing character) are u-terminating. Since ¢#; is not y-terminating, ¢ ¢ ;.
By Lemma 6, #; = 6;(t)) for some t; € DHT and substitution 6;. By Corollary 2, t; € NHT . O
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4. Context-Sensitive Dependency Pairs

By Lemma 2 every non-u-terminating term so contains a strongly minimal subterm 7 € 7,
which, by Theorem 1, starts an infinite u-rewrite sequence. In such a sequence, a number of
u-rewriting steps below the root of t are performed. Then a rule [ — r is applied at the topmost
position of the obtained reduct. According to Proposition 5, the application of such a rule either

1. introduces a new minimal non-y-terminating subterm u having a prefix s which is a non-
variable u-replacing subterm of r. By Corollary 2, REN*(s) is u-narrowable. Otherwise,
2. takes a minimal non-y-terminating and non-y-replacing subterm u and
(a) brings it up to an active position by means of the binding o(x) for some migrating
variable x inl — r.
(b) At this point, we know that u, which is rooted by a defined symbol due to u € M.,
is an instance of a hidden term v’ € NHT .

Afterwards, further inner u-rewritings on u lead to a matching with the left-hand-side I’ of a
new rule // — r’ and everything starts again. This process is abstracted in the definition of
context-sensitive dependency pairs and in the definition of chain below.

Given a signature ¥ and f € ¥, we let f* be a new fresh symbol (often called fuple symbol
or DP-symbol) associated to a symbol f [AG00]. Let 7¥ be the set of tuple symbols associated
to symbols in F. Asusual, fort = f(t1,...,%) € T (F,X), we write # to denote the marked term
f“(tl, ..., ty). Conversely, given a marked term ¢ = fﬁ(tl, ..., ), where tq,...,t; € T(F,X), we
write 7% to denote the term f(z1, ..., 1) € T(F, X).

Definition 4 (Context-Sensitive Dependency Pairs). Let R = (F,R) = (CW D,R) be a TRS
and u € Mg. Let DP(R, 1) = DP#(R, 1) U DPx(R, ) be the set of context-sensitive dependency
pairs (CSDPs) where:

DP#(R, 1)
DPx(R, )

(P> st|l>reRr >, s,root(s) € D, 1, s, NaRr" (REN"(5))}
{IF > x|l > reR,xeVart(r) — Var'(l))

We extend u € My into 4 € My gy by f(f) = p(f) if f € F, and yi*(f*) = u(f) if f € D.

The CSDPs u — v € DPx(R, ) in Definition 4, consisting of collapsing rules only, are called
the collapsing CSDPs.

Remark 3. The notion of CSDP in Definition 4 differs from the standard definition of depen-
dency pair [AG00, GTSF06] in two additional requirements:

1. As in [HMO04], which follows Dershowitz’s proposal in [Der04], we require that subterms
s of the right-hand sides r of the rules | — r which are considered to build the dependency
pairs I* — s* are not subterms of the left-hand side (i.e., | Py s)

2. As in [LMO8], we require u-narrowability of REn"(s): NARRY (REN"(s)).

But the crucial difference, which is specific for context-sensitive rewriting, is the introduction
and use of collapsing dependency pairs.

A rule [ — r of a TRS R is u-conservative if Var'(r) € Var'(l), i.e., there is no migrating vari-
able; R is p-conservative if all its rules are u-conservative (see [Luc96, Luc06]). The following
fact is obvious from Definition 4.
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ADD(s(n),m) —  ADD(n,m) (1)

HALFPI(n) —  EVENNS (C))

HALFPI(n) —  ODDNS )

HALFPI(n) —  PRODOFFRACS(take(n,zip(rep2(tail(evenNs)), tail(rep2(oddNs))))) (6)

HALFPI(n) — REP2(oddNs) (7

HALFPI(n) — REP2(tail(evenNs)) (8)

HALFPI(n) —  TAIL(evenNs) (O]

HALFPI(n) —  TAIL(rep2(oddNs)) (10)

HALFPI(n) —  TAKE(n,zip(rep2(tail(evenNs)), tail(rep2(oddNs)))) (11)

HALFPI(n) —  ZIP(rep2(tail(evenNs)),tail(rep2(oddNs))) (12)

ODDNS —  EVENNS (14)

ODDNS —  INCR(evenNs) (15)

PROD(s(n),m) —  ADD(m, prod(n,m)) (16)

PROD(s(n),m) —  PROD(n,m) a7)
PRODFRAC(frac(x,y), frac(z,t)) —  PROD(x,7) (18)
PRODFRAC(frac(x,y), frac(z,f)) —  PROD(y,?) (19)
PRODOFFRACS(consF(p, ps)) —  PRODFRAC(p, prodOfFracs(ps)) (20)
PRODOFFRACS(consF(p, ps)) —  PRODOFFRACS(ps) 21)
TAKE(s(n), cons(x, xs)) —  TAKE(n, xs) (23)
TAIL(cons(x,xs)) —  xs (25)
TAKE(s(n), cons(x, xs)) —  xs (26)

Figure 4: Context-Sensitive Dependency Pairs for the CS-TRS in Example 1

Proposition 7. If R is a u-conservative TRS, then DP(R, ) = DP#(R, ).

Therefore, in order to deal with u-conservative TRSs R we only need to consider the ‘classical’
dependency pairs in DP#(R, u).

Example 10. Consider the following TRS R:

gx) — h(x) h(d) — g(c)

c — d

together with u(g) = uth) = & [Zan97, Example 1]. Note that R is pu-conservative. DP(R, 1)
consists of the following (noncollapsing) CSDPs:

G(x) — Hx) Hd) — G(c)
with u”(G) = /ﬁi(H) =a.

If the TRS R contains non-u-conservative rules, then we also need to consider dependency pairs
with variables in the right-hand side.

Example 11. As discussed in Examples 2 and 4, for the CS-TRS (R, u) in Example 1, we have
the CSDPs in Figure 4.
5. Chains of CSDPs

An essential property of the dependency pair method is that it provides a characterization of
termination of TRSs R as the absence of infinite (minimal) chains of dependency pairs [AGO00,
GTSF06]. As we prove in Section 6, this is also true for CSR when CSDPs are considered. First,
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we have to introduce a suitable notion of chain that can be used with CSDPs. As in the DP-
framework [GTS04, GTSF06], where the origin of pairs does not matter, we use another TRS #
together with R to build the chains. Once this more abstract notion of chain is introduced, it can
be particularized to be used with CSDPs, by just taking = DP(R, w).

Definition 5 (Chain of pairs - Minimal chain). Let R = (F,R) and P = (G, P) be TRSs and

1€ Mgyg. A (P, R, p)-chain is a finite or infinite sequence of pairs u; — v; € P, together with a
substitution o : X = T(F U G, X) satisfying that, for all i > 1:
1. ifv; ¢ Var(u;) — Var*(u;), then o(v;) ‘_);?,/J o (uiy1), and

2. if vi € Var(u)) — Var'(u;), then o(v;) = Ci[s;ly, for some s; and Ci[ 1,, such that p; €
Pos'(Cil 1), sprefixc, y, (p) € F, and s} <z, o(tts1).

As usual, we assume that different occurrences of pairs do not share any variable (renaming
substitutions are used if necessary). A (P, R, p)-chain is called minimal if for all i > 1,
1. ifv; ¢ Var(u;)) — Var*(u;), then o(v;) is (R, u)-terminating, and
2. ifvi € Var(u;) — Var*(u;), then s? is (R, w)-terminating and As; € NHT (R, 1) such that
Si = 0'(§,').

Note that the condition v; € Var(u;) — Var(u;) in Definition 5 implies that v; is a variable.
Furthermore, v; is a migrating variable in the rule u; — v;.

Remark 4 (Conventions about P). The following conventions about the component P = (G, P)
of our chains will be observed during our development:
1. According to the usual terminology [GTSF06], we often call pairs the rules u — v € P.
2. We have to mark terms s; € T (¥, X) before connecting them to the instance o (u;.1) of the
left-hand side of the next pair. Since marked symbols f* are fresh (w.rt. the signature & of
the TRS R), we also assume that DNF =Fand DF C G.
3. We assume that P contains a finite set of rules. This is essential in many proofs.

In the following, the pairs in a CS-TRS (P, i), where P = (G, P), are partitioned according to
their role in Definition 5 as follows:

Py ={u—-veP|veVar(u)—Var'(u)}and Pg = P — Px

Remark 5 (Collapsing pairs). Note that all pairs in Px = (G, Px) are collapsing. The rules in
Pg = (G, Pg) can be collapsing as well: a rewrite rule f(x) — x € P with u(f) = {1} does not
belong to Px but rather to Pg because x is not a migrating variable.

Despite this fact, we refer to Py as the set of collapsing pairs in P because its intended role
in Definition 5 is capturing the computational behavior of collapsing CSDPs in DP x(R, ).

Remark 6 (Notation for chains). In general, a (P, R, 1t)-chain can be written as follows:
o(ur) —py o Eﬁ t Sg, TU2) ey o0 Eﬁ R,
where, foralli > 1 and u; — v; € P,
L. ifu; > v; & Px, thent; = o(vy),
2. ifu; = vi € Px, then t; = s? for some term s; such that o(v;) = Ci[s;],, for some Ci[ 1,
such that p; € Pos"(Cil 1y,), and sprefixc | (pi) € F.

This is denoted in a compact way by o(u;)) —p, © Eﬁ t; emphasizing that there is a P-step
followed by either an equality step (as in (1)) or by u-replacing projection steps (restricted to
symbols in F ) plus a marking operation (as in (2)) depending on the considered pair u; — v;.
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5.1. Properties of some particular chains

In the following, we let NHT (R, 1) € NHT (R, ) (or just NHT p) be as follows:
NHT p(R,u) ={t e NHT (R, 1) | Ju — v € P, 30, ¢, 0% L);{ﬂ 0’ (n)}
This set contains the narrowable hidden terms that ‘connect’ with pairs in P.

Remark 7. Note that NHT p(R, ) is not computable, in general, due to the need for checking
the reachability of & (u) from 6(t*) using CSR. Suitable (over)approximations are discussed
below (see Remark 10).

We let P}( denote the subTRS of £y containing the rules whose migrating variables occur on
non-y-replacing immediate subterms in the left-hand side:

Pl=A{fur,....wm) = x€Px | i, 1 <i<kigu(f),x e Var(u)}

Proposition 8. Let R = (F,R) and P = (G, P) be TRSs and u € Myyg.

1. FNHT p = @, then every infinite minimal (P, R, u)-chain is an infinite minimal (Pg, R, w)-
chain and there is no infinite minimal (Px, R, w)-chain.
2. If P = P{l\,, then there is no infinite (P, R, p)-chain.

Proor.

1. By contradiction. Assume that there is an infinite minimal (?, R, i)-chain containing any
u; — v; € Px. By Definition 5, such a pair must be followed by a pair u;;; — vy € P such
that 0,-(5?) f—>,}}# o (uiy1) for some 5; € NHT and substitution ;. Therefore, t; € NHT p,
but NHT » = &, leading to a contradiction.

2. By contradiction. Assume that there is an infinite chain that only uses dependency pairs
up — Xx; € P/l\, for all i > 1. Let f; = root(u;) for i > 1. Then, by definition of P!, for all
i>1,thereis j; € {1,...,ar(f})} — u(f;) such that u;|; > x;. According to Definition 5, we

:

D* € Gand D' N F = @ (Remark 4), no y-rewriting step is possible at the root of sf.

Thus, root(s?) = root(ui+1) = fir1 and i1 € p(fix1). Since no u-rewriting step is possible

have that o(u;)|j, > 0(x;) &, 5; for some term s; such that s =—>;‘{” o(uiy1). Since root(sf) €

on the j;;-th immediate subterm s?l jin Of s?, it follows that s?l i = Wikl B 0 (Xir1),
i.e., o(x;) > o(x;41) for all i > 1. We get an infinite sequence o (x1) > o(xp) > - -+ which
contradicts well-foundedness of >.

O

The following proposition establishes some important ‘basic’ cases of (absence of) infinite context-
sensitive chains of pairs which are used later.

Proposition 9. Let R = (F,R) and P = (G, P) be TRSs and u € Myyg.

1. If P = O, then every (P, R, p)-chain is empty.
2. If R = O, then there is no infinite (Px, R, u)-chain.
3. Letu — v € Pg be such that v = 6(u). Then, there is an infinite (P, R, u)-chain.
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Proor.

1. Obvious, by Definition 5.

2. By contradiction. If there is an infinite (Pyx, R, y)-chain, then, since there is no rule in R,
there is a substitution o such that

o) Spy (X)) Bh 1 = o) opy 0 (x2) Bty = o(us) -

where t; = sf for some terms s; € 7 (F, X) such that o(x;) = Ci[s;],, for some C;[ ],, and
pi € Pos'(Ci[ 1,,) such that sprefix(p;) € F for i > 1. Since x; € Var(y;) and u; is not
a variable, we have u; > x;; hence, o(u;) > o(x;) (by stability of >) and also o(u;) &> s;
for all i > 1. Since s; and o (u;4;) only differ in the root symbol, we can actually say that
s; > s;41 for all i > 1. Thus, we obtain an infinite sequence sy > s, I> - - - that contradicts
the well-foundedness of >.

3. Trivial.

O

The following example shows that Proposition 9(2) does not hold for TRSs # with arbitrary
rules.

Example 12. Consider P = {F(x) — x,G(x) — F(g(x))} together with a TRS R with an emtpy
set of rules: R = ({g}, @). Let u be given by u(f) = @ forall f € ¥ U G. Note that Px consists
of the pair F(x) — x because x € Var(F(x)) — Var*(F(x)). Then, we have an infinite chain

F(g(x) p, 8(0) B G(x) op, Flg(x) opy -

Since NHT = &, g(x) is not an instance of any term in NHT . Thus, the chain is not minimal.

5.2. Chains of CSDPs vs. chains of DPs

The definition of chain of CSDPs differs from the one for DPs. First, we use —* instead
of —* for connecting pairs. Also, we require y-termination instead of termination for minimal
chains. However, the most important difference concerns the treatment of collapsing pairs. In
general (and in sharp contrast with the DP approach), the connection between the right-hand
side of a collapsing pair (which is a variable, e.g., x) and the left-hand side u of the next pair
in the chain depends on whether a marked narrowable hidden term (which is introduced by a
previous p-rewriting step) u-rewrites into o(u). Dealing with collapsing pairs, hidden terms can
be thought of as playing the role of hidden or delayed recursive paths. This fits the guiding idea
of the DP approach as an analysis of rewriting-based recursion paths in function calls (as briefly
discussed in the introduction).

6. Characterizing termination of CSR using chains of CSDPs
The following result establishes the soundness of the CSDP approach.

Theorem 2 (Soundness). Let R be a TRS and u € Mg. Then, R is u-terminating if there is no
infinite minimal (DP(R, w), R, ,uﬁ)-chain.
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Proor. By contradiction. If R is not u-terminating, then there is ¢ € 7, (Lemma 2). By
Theorem 1, there are rules /; — r; € R, substitutions o7, and terms #; € Mo, for i > 1 such that

*

>A A >A A >A
t=ty —" o) = o(n) By tp =" oa(l) = o) By ty — -

where either (D1) #; = o(s;) for some s; such that ; >, s; or (D2) oi(x;) >, ; for some x; €
Var'(r)) — Vart(l;) and t; = 6;(t)) for some t; € NHT . Furthermore, since #;_ Ay oi(l;) and
ti-1 € Mooy (in particular, fp = t € Ty © Moo y), by Lemma 4, o(l;) € M, forall i > 1. Note
that, since t; € M., we have that tf is p-terminating (with respect to R), because all p-replacing
subterms of ¢; (hence of tf as well) are p-terminating and root(tf) is not a defined symbol of R.
First, note that DP(R, i) is a TRS % over the signature G = ¥ U D* and Ut e Mgyg as
required by Definition 5. Furthermore, Pg = DP#(R, 1) and Px = DPx(R, ). We can define an

infinite minimal (DP(R, u), R,yﬁ)-chain using CSDPs u; — v; fori > 1, where u; = l? and

1. v = slj if (D1) holds. Since #; € M, we have that root(s;) € D and, because t; = o(s;),
by Corollary 2, REN“(s;) is -narrowable. Furthermore, if we assume that s; is a u-replacing
subterm of /; (i.e., [; >, s;), then o(l;) >, o(s;). Since o7i(s;) = t; € Mo, this contradicts
that (i) € M. Thus, [; £, s;. Hence, u; — v; € DP#(R, ). Furthermore, tf = oi(v)

is p-terminating. Finally, since #; = o7;(s;) A oir1(lix1) and p” extends u to F U Df by
(%) = u(f) for all f € D, we also have that o;(v;) = o-i(sg) r_);/ﬂ‘ Tis1(Uig1).

2. v; = x; if (D2) holds. Clearly, u; — v; € DPx(R,u). As discussed above, t? is u-

terminating. Since o(x;) € 7(F,X) and oi(x;) B>, #;, we have that o(v;) = Ci[t;]),
for some Ci[ 1, and p; € Pos"(Ci[ 1) such that sprefixc ]pi(pi) € ¥ . Finally, since
>A . # ®
t; =" oiy1(li+1), again we have that #; —n

t; € NHT and substitution 6;.
Regarding o, w.l.o.g. we can assume that Var(l;) N Var(l;) = & for all i # j, and therefore
Var(u;)) N Var(u;) = @ as well. Then, o is given by o(x) = o;(x) whenever x € Var(u;) for
i > 1. From the discussion in (1) and (2) above, we conclude that the CSDPs u; — v; together
with o define an infinite minimal (DP(R, ), R, u*)-chain. This leads to a contradiction. O

Let DP;((R, M P{l\, for # = DP(R, u). By Theorem 2 and Propositions 8 and 9, we have the
following.

y 0 i+1(#ir1). Furthermore, #; = 6;(¢)) for some

Corollary 3 (Basic y-termination criteria). Let R be a TRS and u € Mg.

1. If DP(R,u) = &, then R is u-terminating.
2. If NHT ppr (R, 1) = @ and DP#(R, ) = @, then R is u-terminating.
3. IfDP(R, ) = DP}((R, W), then R is u-terminating.

Example 13. Consider the following TRS R [Luc98, Example 15]:

and(true,x) — x add(0,x) — x
and(false,y) — false add(s(x),y) — s(add(x,y))
if(true,x,y) — x from(x) — cons(x,from(s(x)))
if(false,x,y) — y first(0,x) — nil
first(s(x), cons(y,z)) — cons(y,first(x,z))
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together with the canonical replacement map u(cons) = u(s) = p(from) = &, pu(add) =
p(and) = p(if) = {1}, and u(first) = {1, 2}, which ensures completeness of CSR for com-
puting head-normal forms® with R (see [Luc98, Luc02]). Then, DP(R, 1) = DP{I\,(R, ) is:

AND(true,x) — x IF(true,x,y) — X
ADD(0,x) — «x IF(false,x,y) — y

Note also that NHT ppryy = . Thus, by either of the last two statements of Corollary 3, we
conclude the u-termination of R.

The following example shows that Corollary 3(3) does not hold for chains consisting of arbitrary
collapsing CSDPs.

Example 14. Consider the CS-TRS (R, u) in Example 3. Note that DP(R, i) = DPx(R, 1) (both
DP#(R, u) and DP{I\,(‘R, ) are empty!). We have the following infinite (DP(R, 1), R, u)-chain.:

F(a) g F(c(£(a))) —ppruut F(@) g

Now, we prove that the previous CS-dependency pair approach is not only correct but also com-
plete for proving termination of CSR.

Theorem 3 (Completeness). Let R be a TRS and u € Mg. If R is u-terminating, then there is
no infinite (DP(R, w), R,y”)-chain.

Proor. By contradiction. If there is an infinite (DP(R, ), R, ,uﬁ)—chain, then there are a substitu-
tion o~ and dependency pairs u#; — v; € DP(R, i) such that

1. o(vy) f—>;{#u o(uir1), if u; = v; € DP#(R, 1), and
2. ifuj = v; = uj — x; € DPx(R, p), then there is s; € 7(F, X) such that o(x;) >, s; and

i
s H;w o (Uis1).

for i > 1. Now, consider the first dependency pair #; — v, in the sequence:

1. If u; — vi € DP#(R, u), then vu1 is a u-replacing subterm of the right-hand-side r; of a rule
Iy = ryin R. Therefore, r; = C, [vhl],,l for some position p; € Pos”(r1) and context Cy[],,,
and we can perform the y-rewriting step t; = o(u;) =g, o(ry) = O'(Cl)[(r(vhl)],,] = 5,
where a'(vki)ji =o(v) H;M o(uy) and o (uy) initiates an infinite (DP(R, ), R, ,u”)-chain.
Note that p; € Pos"(sy).

2. If uy —» x € DPx(R,u), then there is a rule /; — r; in R such that u; = lf, and x €
Var'(r)) = Var'(ly), ie., ri = Ci[x],, for some q; € Pos"(r;). Furthermore, since
o(x) = C{[sl]y, for some term s, C[ 1,; and p| € Pos"(C’[ 1) such that st %;M o(uy),
we can perform the y-rewriting step t; = o(l1) >, 0(r1) = o(C[C] [s],,/l]q, = 51 where

*

Rou
Note that p; = g1.p] € Pos"(s1) (use Proposition 1).

sh %; y o(uy) (hence s Zh, u;) and o(u,) initiates an infinite (DP(R, 1), R, u*)-chain.

3 A head-normal form is a term that cannot be rewritten to a redex.
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Since *(f* = u(f), and p; € Post(s;), we have that s p, blow)], = 6 and py €
Pos"(t,). Thus, we can build an infinite y-rewrite sequence t; =g, $1 %;{” ty =g, -+ which

contradicts the u-termination of R. O
Proposition 9(3) suggests a simple checking of non-u-termination.

Corollary 4 (Non-u-termination criterion). Let R = (¥,R) be a TRS and yu € My. If there is
u — v € DP#(R, ) such that v’ = 6(u) for some substitution 8 and renamed version v' of v, then
R is not u-terminating.

As a corollary of Theorems 2 and 3, we have:

Corollary 5 (Characterization of y-termination). Let R be a TRS and u € Mg. Then, R is
u-terminating if and only if there is no infinite minimal (DP(R, p1), R, u*)-chain.

7. Mechanizing proofs of y-termination using CSDPs

Over the last ten years, the dependency pair method has evolved to a powerful technique for
proving termination of TRSs in practice. In the DP-approach [AG00], the starting point is a TRS
R from which a set of dependency pairs DP(R) is obtained. Then, these dependency pairs are
organized in a dependency graph DG(R) whose nodes are the pairs in DP(R) and where the arcs
are obtained by investigating possible rewriting connections between (instances of) the right-
hand sides of the pairs and (instances of) the left-hand sides of other (not necessarily distinct)
pairs. The cycles of the graph are analyzed to show that no infinite chains of DPs can be obtained
from them [GAOO2]. In this sense, the treatment of strongly connected components of the graph
(SCCs) instead of cycles [HM04, HMO0S5] brought an important improvement to the practical use
of this approach.

In the DP-approach, the components u; — v; of the chains (or cycles) are dependency pairs,
ie., u; = v; € DP(R) for all i > 1. Since they only make sense when an underlying TRS R is
given as the source of the dependency pairs, transforming DPs is possible (the narrowing trans-
formation is already described in [AGO0]) but only as a final step because, afterwards, they are no
longer dependency pairs of the original TRS. The dependency pair framework [GTS04, GTSF06]
solves this problem in a clear way, leading to a more powerful mechanization of termination
proofs. The central notion now is that of DP problem [GTSFO06, page 158]: given a TRS R and
a set of pairs P, the goal is to verify the absence of infinite (minimal) chains. In this case, the
DP problem is called finite. Termination of a TRS R is addressed as a DP problem* (P, R) where
P = DP(R): R is terminating if this problem is finite. The most important notion regarding the
mechanization of the proofs is the notion of processor. Formally, a DP processor is a function
Proc that takes a DP problem as input and returns a new set of DP problems that then have to
be solved instead. Alternatively, it can also return “no” [GTSF06, page 159]. In the following
we adapt the notions of [GTSF06] to CSR.

4The original definition in [GTSFO06] includes an extra parameter e, which specifies two kinds of problems: e = t for
termination problems, and e = i for innermost termination problems.
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7.1. CS problems, CS processors, and the CSDP-framework

In our definition of DP problem for CSR, we prefer to avoid ‘DP’ because, as discussed
above, dependency pairs (as such) are relevant in the theoretical framework only for investigating
a particular problem (termination of TRSs), whereas some transformations can yield sets of pairs
which are no longer dependency pairs of the underlying TRS.

Definition 6 (CS problem). A CS problem 7 is a tuple T = (P, R, u), where R and P are TRSs
and p € Mgyp. The CS problem 7 is finite if there is no infinite minimal (P, R, u)-chain. The CS
problem T is infinite if R is non-u-terminating or there is an infinite minimal (P, R, u)-chain.

Remark 8. As in the standard DP framework (see the discussion and further motivation in
[GTSF06, page 159]), the inclusion of the case when R is nonterminating as part of the defini-
tion of infinite problem is essential for dealing with some specific transformations of CS problems
(see Theorems 8 and 16 below)

Definition 7 (CS processor). A CS processor Proc is a mapping from CS problems into sets of
CS problems. Alternatively, it can also return “no”. A CS processor Proc is

e sound if for all CS problems T, we have that (1) T is finite whenever Proc(t) # no and (2)
V1’ € Proc(t), 7’ is finite.

e complete if for all CS problems T, we have that (1) T is infinite whenever Proc(t) = no or
(2) A7" € Proc(t) such that T’ is infinite.

A (sound) processor transforms DP problems into (hopefully) simpler ones, in such a way that the
existence of an infinite chain in the original DP problem implies the existence of an infinite chain
in the transformed one. Here, ‘simpler’ usually means that fewer pairs are involved. Soundness
is essential for proving termination. Completeness is necessary for proving nontermination.

Processors are used in a divide and conquer scheme to incrementally simplify the original
CS problem as much as possible, possibly decomposing it into smaller pieces which are then
independently treated in the very same way. The trivial case comes when the set of pairs P
becomes empty. Then, no infinite chain is possible, and we can provide a positive answer yes to
the CS problem which is propagated upwards to the original problem in the root of the decision
tree. In some cases, it is also possible to witness the existence of infinite chains for a given CS
problem; then a negative answer no can be provided and propagated upwards.

Theorem 4 (CSDP-framework). Let R be a TRS and u € Mg. We construct a tree whose nodes
are labeled with CS problems or “yes” or “no”, and whose root is labeled with (DP(R, 1), R, u?).
For every inner node labeled with 7, there is a sound processor Proc satisfying one of the follow-
ing conditions:

1. Proc(t) = no and the node has just one child that is labeled with “no”.

2. Proc(t) = @ and the node has just one child that is labeled with “yes”.

3. Proc(t) # no, Proc(t) # &, and the children of the node are labeled with the CS problems
in Proc(1).

If all leaves of the tree are labeled with “yes”, then R is p-terminating. Otherwise, if there is
a leaf labeled with “no” and if all processors used on the path from the root to this leaf are
complete, then R is not y-terminating.
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Propositions 8 and 9 are the basis for the following sound and complete processors, which pro-
vide some base cases for our proofs of termination of CSR.

Theorem 5 (Basic CS processors). Let R = (¥,R) and P = (G, P) be TRSs and u € Mgyg.
Then, the processors Procg;, and Procy,y given by’

‘ (o fP=0VP=P,VR=3AP=Px);and
Procrin(®, R, 1) = { {(P,R, 1)} otherwise

no if v=_0(u)
Proc,s (P, R, 1) = for some u — v € Pg and substitution 0; and

{(P,R, 1)} otherwise

are sound and complete.

In the following sections we describe several sound and (most of them) complete CS processors.

8. Context-Sensitive Dependency Graph

In the dependency pairs approach [AG00], a dependency graph DG(R) is associated to the
TRS R. The nodes of DG(R) are the dependency pairs in DP(R); there is an arc from a depen-
dency pair u — v to a dependency pair u’ — V' such that Var(u) N Var(w') = & if 0(v) -5 0(u')
for some substitution 6. In [GTSFO06], a more general notion of graph of pairs DG(P, R) asso-
ciated to a set of pairs £ and a TRS R is considered. Pairs in  are now used as the nodes of
the graph, but they are connected by R-rewriting in the same way [GTSF06, Definition 7]. The
analysis of the cycles in the graph that is built from such pairs is useful for investigating the ex-
istence of infinite (minimal) chains of pairs. In the following section we take into account these
points to provide an appropriate definition of context-sensitive (dependency) graph.

8.1. Definition of the context-sensitive dependency graph

Given TRSs R and # and a replacement map u € Mgup, We want to obtain a notion of graph
that is able to represent all infinite minimal chains of pairs as given in Definition 5.

Definition 8 (Context-Sensitive Graph of Pairs). Let R and P be TRSs and u € Mgyp. The
context-sensitive (CS-)graph G(P, R, u) has P as the set of nodes. Given u — v,u’ — V' € P,
there is an arc fromu — vtou — V' ifu — v,u' — V' is a minimal (P, R, u)-chain for some
substitution o.

In termination proofs, we are concerned with the so-called strongly connected components (SCCs)
of the dependency graph, rather than with the cycles themselves (which are exponentially many)
[HMO5]. A strongly connected component in a graph is a maximal cycle, i.e., a cycle that is
not contained in any other cycle. The following result justifies the use of SCCs for proving the
absence of infinite minimal (P, R, u)-chains.

SIn the following, we often write Proc(P, R, ut) instead of Proc((P, R, 1)) to avoid duplicated parentheses.
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Theorem 6 (SCC processor). Let R and P be TRSs and u € Mgyp. Then, the processor
Procscc given by

Procscc(P, R, 1) = {(Q, R, 1) | Q are the pairs of an SCC in G(P, R, u)}
is sound and complete.

Proor. We prove soundness by contradiction. Assume that Procgcc is not sound. Then, there is
a CS problem 7 = (P, R, u) such that, for all 7 € Procgcc(7), 7’ is finite but 7 is not finite. Thus,
there is an infinite minimal (P, R, u)-chain A. Since # contains a finite number of pairs, there
is £’ C P and a tail B of A, which is an infinite minimal (', R, 1)-chain where all pairs in £’
are infinitely often used. According to Definition 8, this means that #’ is a cycle in G(P, R, ).
Hence %’ belongs to some SCC with nodes in @, i.e., 7’ € Q. Thus, B is an infinite minimal
(Q, R, w)-chain, i.e., 7" = (Q, R, u) is not finite. Since 7" € Procgcc(7), we obtain a contradiction.

With regard to completeness, since Q C P for some SCC in G(P, R, 1) with nodes in Q, every
infinite minimal (Q, R, u)-chain is an infinite minimal (P, R, u)-chain. Hence, the processor is
complete as well. O

As a consequence of this theorem, we can separately work with the strongly connected com-
ponents of G(P, R, 1), disregarding other parts of the graph. Now we can use these notions to
introduce the context-sensitive dependency graph.

Definition 9 (Context-Sensitive Dependency Graph). Let R be a TRS and u € Mg. The Con-
text-Sensitive Dependency Graph (CSDG) for R and u is DG(R, 1) = G(DP(R, 1), R, i).

8.2. Estimating the CS-dependency graph

In general, the context-sensitive graph is not computable: it involves reachability of o-(u")
from o(v) (foru — v € Pg) or o () (fort € NHT p) using CSR. Since the reachability problem
for CSR is undecidable, we need to use some approximation of it.

Remark 9. Several estimations of the dependency graph were investigated in [AG00, HMOS,
GTS05, Mid01, Mid02]. The first one, introduced in [AGO0], was adapted to CSR in [AGL0O6].

Following [GTS05], we describe how to approximate the CS-dependency graph of a CS-TRS.
Given a TRS R and a replacement map y, we let TCAP/;Q be as follows:

TcAPR(x) = y if xis a variable, and

f([tl]f, o [tk]i) if f([tl]{7 e [tk]b does not unify
1Al (f (11, ..., 1))

with [ for any / — rin R
y otherwise

where y is intended to be a new, fresh variable that has not yet been used and given a term s,
[s]lf = TCAP;L{(S) if i € u(f) and [s]lf = sif i ¢ u(f). We assume that / shares no variable with

f ([tl]{ ey [tk]i ) when the unification is attempted. Function TCAP/;e is intended to provide a suit-
able approximation of the aforementioned (R, u)-reachability problems by means of unification.
The following result formalizes the correctness of this approach.

Proposition 10. Let R = (F,R) be a TRS and u € Mg. Let t,u € T(F,X) be such that
Var(t) N Var(u) = . If 0(t) —* 0(u) for some substitution 6, then TCAP{;{(Z‘) and u unify.
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Proor. In the following, we let s = TCAP’;Q(I). Note that, since Var(t) N Var(u) = &, we also
have Var(s) N Var(u) = @. Clearly, t = o(s) for some substitution o~. We proceed by induction
on the length m of the sequence from 6(¢) to 6(u).

1. If m = 0, then 6(¢) = 0(c(s)) = 6(u). Since Var(s) N Var(u) = &, we can write 6(u) =
(o (u)), i.e., s and u unify.

2. If m > 0, then we have 6(t) — ' —* 8(u). Let p € Pos"(6(¢)) be the position where the
p-rewrite step () < ¢’ is performed. By definition of TCAPI;Q, s = s[z], for some fresh
variable z and position ¢ such that g < p. We can write 6(¢) = 6(s). Furthermore, since z is
a fresh variable, we can write ¢ = 6(s) if we assume that 6(z) = ¢’|;. Thus, 6(s) <" 6(u)
in m — 1 steps. By the induction hypothesis, TcaPj(s) and u unify. Since TcAPj(s) =
TCAPA (TCAPY (1)) and TCAPY(TCAP (1)) is just a renaming of TcaP (1), the conclusion follows.

O
According to Proposition 10, given terms ¢, u € 7 (7, X) that share no variable, and a substitution

6, the reachability of 8(u) from 6(¢) by u-rewriting can be approximated as unification of TCAP;Q(I)
and u. Thus, taking into account Definitions 5 and 8, we have the following.

Definition 10 (Estimated Context-Sensitive Graph of Pairs). Letr R and P be TRSs and u €
Mgyp. The estimated CS-graph associated to R and P (denoted EG(P, R, u)) has P as the set of
nodes and the arcs that connect them as follows:

1. Thereis an arc fromu —v € Pgtou — v € P l'fTCAPI,;Q(V) and u’ unify.
2. There is an arc fromu — v € Pxtou' — V' € P if there ist € NHT (R, 1) such that
TCAP (1) and w’ unify.

As a consequence of Proposition 10, we have the following.

Corollary 6 (Approximation of the context-sensitive graph). Let R and P be TRSs and u €
Mgyp. The estimated CS-graph EG(P, R, u) contains the CS-graph G(P, R, ).

Therefore, we have the following estimated CSDG: EDG(R, i) = EG(DP(R, 1), R, u#).

Remark 10. Proposition 10 also provides estimations for NHT p: ift € NHT p, then TCAP’;{(l‘ﬁ)
and u unify for some u — v € P. In the following, we compute NHT p in this way.

Example 15. Consider again the CS-TRS (R, ) in Example 1. Note that
N?{TDP(R,#)(R,uﬁ) = {oddNs, incr(oddNs), incr(x), zip(xs,ys), rep2(xs)}

The (estimated) CSDG in Figure 5 has four cycles, each of which contains a single pair. We
transform the CS problem (DP(R, 1), R, i) into a set

Procscc(DP(R, 1), R, i) = { (DL R 1), (AL R 1), (DL R 1), (123)} R 1) |

which contains four new (but very simple) CS problems.

Remark 11 (CSDG vs. DG). Consider again R and p as in Example 1. Pairs (9) and (10)
belong to both DG(R) (see Figure 3) and DG(R, ) (see Figure 5). However, they are not equally
connected in DG(R) and DG(R, ). The reason is that the collapsing pair (25), that is not a node
of DG(R), originates an incoming arc from both (9) and (10).
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Figure 5: Context-Sensitive Dependency Graph for the CS-TRS in Example 1

9. Treating collapsing pairs

The following result shows how to safely transform collapsing pairs into noncollapsing ones
in some particular cases.

Theorem 7 (Removing collapsing pairs). Let R = (F,R) and P = (G, P) be TRSs and u €
Mgyg. Let P = (G, P') where P’ = (P — Px) U Q for Q = {u — #flu— xePx,t e NHT p},
G =GifO=0,andG =F UGif Q # &. Then, the processor ProCoyur given by

(P, R} ifNHT p(R, 1) €T (F)

Procenur (P, R, 1) ={ (P, R, 1)} otherwise

is sound.

Proor. First, note that #’ is a TRS: the new rules in Q are of the form u — ¢* for r € NHT p.
Since NHT » C 7(¥), we trivially have YVar(?*) € Var(u), i.e., u — is a rewrite rule.
Furthermore, whenever Q # @, G’ is the union of ¥ and G to reflect the use of symbols in
¥ coming from terms * for t € NHT p(R, ). Since we assume that D* C G (Remark 4),
root(fye DFCcGC G

We prove that the existence of an infinite minimal (P, R, 1)-chain implies the existence of an
infinite minimal (?’, R, p)-chain. Consider an infinite minimal (P, R, u)-chain:

T(u1) Sy 0 Bkt S, 0U2) Sy 0 Bh S, oUz) Spy 0 >k

for some substitution o, where, according to Definition 5, for all i > 1, ¢; is u-terminating and,
D ifu; - vi e Pg, thent; = o(v;) and 2) if u; = vi = u; = x; € Px, thent; = s? for some
S; such that o(x;) >, s; and s; = 6; (E,-) for some 5; € NHT and substitution ;. Actually, since
t = s = 0,5)F = 6 (Yﬁ) and t; — o-(ui+1), we can further say that 5; € NHT p.

In case (2), since NHT7 » C 7'(7-'), we have t; = sf = 0,-(5?) = Ef, ie., t; € NHT p. Thus, we
can use u; — t; € Q instead of u; — x; € Px, because we still have ¢; =—>;‘{# 0 (U;+1). In this way,
by replacing each u; — x; € Py by the corresponding u; — t; € Q, each step o(u;) —p,, © Eﬁ t;

27



becomes a step o(u;) —¢r, t;, whereas steps o(u;) —p, o(v;) = t; for u; — v; € Pg remain
unchanged. Thus, we obtain an infinite minimal (', R, u)-chain, as desired. O

Note that no pair in £’ in Theorem 7 is collapsing. Unfortunately, Procgygr is not complete.
Example 16. Consider the following TRS:

b —  f(c(b)
fx) —» x

together with the replacement map u given by u(f) = u(c) = &. DP(R, u) is:

B — F(c(b)
F(x) — «x

and NHT ppryy = {b). There is no infinite (P, R, ut)-chain for P = DP(R, p), i.e., (DP(R, p), R, i)
is finite and R u-terminating. However, with P’ as in Theorem 7:

B — F(c(b))
Fx) — B

we have an infinite minimal (%', Ruﬂ)-chain, ie (P, R,,uﬂ) is not finite.

The following processor provides a sound and complete transformation of collapsing pairs into
noncollapsing pairs.

Theorem 8 (Transforming collapsing pairs). Let R = (F,R) and P = (G, P) be TRSs and
HE Mgyug. Letu — x € Px and

P, = {u—-> U}
U{U(f(x1s .- x) = Ua) | f € i € p(f)}
UU®@) — |t € NHT p}

where U is a fresh symbol. Let P = (G U {U}, P’) where P’ = (P — {u — x}) U P,, and u’ which
extends p by (' (U) = @. The processor ProC,.c,; given by

Proc.cou(P, R, ) = {(P", R, 1)}
is sound and complete.

Proor. With regard to soundness, we proceed by contradiction. If Proc, ¢,y is not sound, then
there is an infinite minimal (P, R, p)-chain but there is no infinite minimal (', R, u’)-chain A.
Since P is finite, we can assume that there is Q C P such that A has a tail B

*

A # A #
o) Squoly i O, o) Squoly g,

for some substitution o~ and pairs #; — v; € Q, and, for all i > 1,

1. ifv; ¢ X, thent; = o°(v;), and
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2. ifv; = x; € X, then x; ¢ Var“(y;), and o(x;) = Cils;],, for some context Cy[ ],,, such that
pi € Pos"(Cil 1), sprefixc, 1, (Pi) € F, s; = 0;(5;) for some 5, € NHT o and substitution
f

it

6,and t; = s

For ‘steps’ o (u;) &Q# o Eﬁ t; such that u; — v; # u — x, we have u; — v; € £’. By minimality
of B, t; is (R, u)-terminating. Since t; € 7(F UG, X) and p/(f) = p(f) forall f €e F UG, t;
is (R, ¢')-terminating, too. On the other hand, if u; — v; = u — x, then, since G;[ 1,, € F,
pi € Pos*(Cil 1p,), and by definition of P,, we get

) = p,y U@m) = U(Cilsilp) =, 0 Uls) = UG() = G(UG)) —p,w 66D = sF =1,

where all terms of the form U(s) in the sequence above are (R, u’)-terminating: since u’(U) = @
and U does not belong to F, U(s) is in (R, u’)-normal form. Furthermore, by minimality of
B, t; is (R, p)-terminating and, since p'(f) = u(f) for all f € ¥ UG, 1; is (R, ¢')-terminating.
Therefore, we obtain an infinite minimal (', R, i’)-chain, leading to a contradiction.

For completeness, we consider two cases: if R is not u-terminating, then all termination
problems are infinite (both before and after the application of Proc,.c,;) and there is no prob-
lem. Therefore, assume that R is p-terminating and that (P, R, 1) is finite but there is an infinite
(P’, R, 1’)-chain. Again, we can assume that there is @ C %’ such that A has a tail B

i >
o (uy) Qu °© =y

Sy ) Sau 0B b,
for some substitution o~ and pairs u; — v; € Q where t; = o(v;) is (R, ¢’)-terminating for i > 1.
Without loss of generality, we can assume that o(x) € 7(¥ U G, X) for all x € X, i.e., o does not
introduce any symbol U. It is not difficult to see that, for each (', R, u’)-chain which is based on
a substitution o’ whose bindings o”'(x) contain symbols U, there is a (', R, u’)-chain which uses
the same pairs in £’ and rules in R for the rewriting steps, but which is based on a substitution o
where the U’s have been just removed from all bindings o”(x) to obtain o(x) instead.

If u; — v; € P,, then, without loss of generality, we can assume that #; = v and v; = U(x).
Since u(U) = &, there is n > 0 such that

o) Spp oUW) = V@) = o)
A
e W) = 0(Uir2)
A
c_)P’,y’

A

e 0Wisn) = o(U(Sitns1)
A

Spu 0(s) =00
;);{#/ O (Uitn+2)

where, forall j,i+1 < j<i+n,u = U(fj(xl,...,x,-j,...,xkj)), vi = Ux), ij € u(fy),

and s;,41 € NHT » (by definition of Proc.c,;). Therefore, from the n rewriting steps that

remove the f; € ¥ for 1 < j < n, we know that 0(x) = Ci[tisn+1]p, With p; € Pos”(Cil 1,,)
A

and sprefixc, 1 (pi) € F. Thus, according to Definition 5, we have: o(u;) —p, © Eﬁ t; and

t; ;);?u 0 (Uitn+2). Furthermore, ¢; is y-terminating (because R is p-terminating). On the other
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. A . . .. .
hand, if u; — v; € P — {u — x}, then we have o(u;) —p, © Dﬁ t; satisfying the conditions in
Definition 5. We obtain an infinite minimal (P, R, )-chain, leading again to a contradiction. O

Example 17. The use of Proc.c,; with (DP(R, u), R, ,u”) in Example 16 yields (P, R, u’) where
P’ consists of the following pairs:

B — F(c(b)) F(x) — Ux)
Ub) — B

It is not difficult to see now that there is no infinite minimal (P, R, u’)-chain.

10. Use of p-reduction pairs

A reduction pair (2, 1) consists of a stable and monotonic quasi-ordering 2, and a stable and
well-founded ordering 7 satisfying either 2 o 3 C Jor 1 o 22 € 11 [KNT99]. The absence of
infinite chains of pairs can be ensured by finding a reduction pair (=, 1) that is compatible with
the rules and the pairs: [ 2 r for all rewrite rules [ — r and u 2 v or u 1 v for all dependency
pairs u — v [AGO00]. In the dependency pair framework they are used to obtain smaller sets of
pairs £’ C P by removing the strict pairs, i.e., those pairs u — v € P such that u 7 v.

Stability is required for both 2 and 1 because, although we only check the left- and right-
hand sides of the rewrite rules [ — r (with 2) and pairs u — v (with 2 or 0), the chains of
pairs involve instances o(l), o(r), o(u), and o (v) of rules and pairs, and we aim to conclude
o(l) 2 o(r) and also o(u) 2 o(v) or o(u) 3 o(v). Monotonicity is required for 2 to deal with
the application of rules / — r to an arbitrary depth in terms. Since the pairs are ‘applied’ only at
the root level, no monotonicity is required for JJ (but, for this reason, we cannot compare the rules
in R using 7). Endrullis et al. noticed that transitivity is not necessary for the strict component
71 because it is somehow ‘simulated’ by the compatibility requirement above [EWZ08].

In our setting, since we are interested in y-rewriting steps only, we can relax the monotonicity
requirements as follows.

Definition 11 (u-reduction pair). Let F be a signature and p € M. A p-reduction pair (=, )
consists of a stable and u-monotonic quasi-ordering 2 and a well-founded stable relation 1 on
terms in T (¥, X) that are compatible, i.e., 2 0 1C Jor J o 2 C 1. We say that (Z,0) is
p-monotonic if 1 is u-monotonic.

The following result allows us to use a u-monotonic p-reduction pair to remove some rewrite
rules from the original rewrite system R before starting a termination proof.

Proposition 11 (Removing strict rewrite rules). Let R be a TRS and yu € Mg. Let (Z,2) be a
p-monotonic p-reduction pair such that 1 (Z U D) rforalll > r€R. Let R4 ={l—>reR |l
r}and § = R — R+. Then, R is u-terminating if and only if S is u-terminating.

Proor. Since S C R, the only if part is obvious. For the if part, we proceed by contradiction. If
R is not u-terminating, then there is an infinite y-rewrite sequence A:

tl L}R!” tZ ;)'RYH . 'tn HR,,U S

where an infinite number of rules in R have been used; otherwise, there would be an infinite
tail t,, sy tms1 sy -+ for some m > 1 where only rules in S are applied, contradicting the
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p-termination of S. Let J = {ji, ja, ...} be the infinite set of indices indicating u-rewrite steps
tj gy tier in A, forall j € J, where rules in R have been used to perform the y-rewriting step.
Since [ 3 r for all | — r € R, by stability and p-monotonicity of T, we have that 7;, 3 #;,4.
Since! 2 rforalll — r € S, by stability and y-monotonicity of 22, we have that ¢;,; 2 tj,.,. By
compatibility between 2 and 1, we have ¢;, 1 ¢;,, for all i > 1. We obtain an infinite sequence
tj, Jtj, 3 .-+ which contradicts well-foundedness of 1. O

10.1. Argument filterings for CSR

An argument filtering « for a signature 7 is a mapping that assigns to every k-ary function
symbol f € ¥ an argument position i € {1,...,k} or a (possibly empty) list [ii,...,i,] of
argument positions with 1 < i} < --- < i, < k [KNT99]. The trivial argument filtering ¢ is
given by m+(f) = [1, ..., k] for each k-ary symbol f € . It corresponds to the argument filtering
which does nothing. In the dependency pair method, argument filterings x provide a simple way
to remove parts of the syntactic structure of a rule s — ¢. Argument filterings (recursively) drop
immediate subterms of terms and can produce terms from a new signature where the arity of
symbols has been decreased if necessary. In this way, we obtain simpler expressions that are
(hopefully) easy to compare. In the following, we adapt the argument filtering technique to our
CSDP framework. In Section 10.2, we investigate their use together with u-reduction pairs. We
can use an argument filtering x to “filter’ either the signature # or any replacement map u € M.
In the following, we assume that:

1. The signature 7, consists of all function symbols f such that 7(f) is some list [iy, ..., i;],
where, in 7, the arity of f is m. As usual, we give the same name to the version of f € ¥
that belongs to 7.

2. The replacement map u, € Mg, is given as follows: for all f € F such that f € ¥, and
a(f) = [i1, ..., il

px(f) =i ell,....m}|ij € u(f)}

An argument filtering 7 induces a mapping from 7 (¥, X) to 7 (¥, X), also denoted by x:

t if ¢ is a variable
n(t) =< n(t;) ift = f(t,....x) and n(f) =i
f@x@), ..., n(t,)) ift=f(t,....4) and 7(f) = [i1,...,0n]

Note that, for the trivial argument filtering 7+, we have that ¥,, = ¥ and u,, = u for all
u € Mg. Furthermore, 7 (¢) = ¢ for all t € 7(5, X). In the following, given a substitution o~ and
an argument filtering 7, we let o, be the substitution defined by o(x) = n(co(x)) for all x € X.
The following auxiliary results are used below.

Lemma 7. Let ¥ be a signature, m be an argument filtering for F, and o be a substitution. If
t € 7(F,X), then n(o (1)) = o (n(1)).

Proor. By structural induction.

1. Base case: ¢ is a variable or a constant symbol. If t = x € X, then n(x) = x and n(0(x)) =
0(x) = ox(m(x)). If ¢ is a constant symbol, then 7(¢) = ¢ and o(t) = t = 0,(t). Hence,
m(o(1) = n(t) =t = (1) = Tx(n(1)).

2. If t = f(t1, ..., 1), then we consider the two possible cases according to 7(f):
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(a) If n(f) = i for some i € {I,..

., k}, then n(f) = n(¢;). By the induction hypothe-

sis, (o (t;)) = o(n(t;)). Therefore, n(o(¢)) = a(f(o(ty),...,0(t))) = n(o(t;)) =
(1)) = o (@(f(t1 - .. 1)) = To(7(D)).

(b) If n(f) = [i1,...,im], then n(t) = f(n(t;,),...,n(t;,)). By the induction hypothesis,
n(o(t;;)) = ox(n(t;,)) for all j € {1,...,m}. Thus, x(c(r)) = n(f(o(t1),...,0(H%))) =
S (i), ..., n(0 () = f(ox(7(ti)), ..., 02(x(t;,))) = o2(f(7(t;)), ..., 7(t;,))) =

T (7 (D).

O

Proposition 12. Let R = (F,R) be a TRS, u € My, n be an argument filtering for ¥, and
s,t € T(F,X). Let 2 be a u,-monotonic quasi-ordering such that n(l) 2 n(r) foralll — r € R.

If s =™ t, then n(s) 2 n(2).

Proor. By induction on the length n of the u-rewrite sequence.

1. If n = 0, then s = ¢ and, trivially, n(s) = n(¢). Since 2 is reflexive, we have n(s) = n(%).

2. If n > 0, we can write s — s’ <" ¢, where the length of the sequence from s’ to 7 is
n — 1. Let p € Pos"(s) be the p-replacing position where the u-rewriting step s < s is
performed. We prove that s < s” implies (s) 2 n(s") by induction on the structure of p.

(a) If p = A, then s = o(l) and s’ = o(r) for some rewrite rule / — r and matching sub-
stitution 0. By Lemma 7, n(s) = (o (1)) = ox(n(])) and 7(s") = n(o(r)) = ox(7(r)).
Since n(l) Z n(r), by stability of = we conclude 7(s) = o ((])) 2 o (n(r)) = n(s’).

(b) If p = i.q, then we can write s = f(s1,...,8;,...,5) and s" = f(s’l,...,s;,...,s,'()
for some nonconstant symbol f (i.e., ar(f) > 0) and we know that i € u(f), s; = s;
at position ¢, and s; = s} for all j # i. By the induction hypothesis, 7(s;) 2 7(s).
We consider the two possible cases according to m(f):

i. If 7(f) = j for some j € {1,.

.., k}, then ni(s) = n(s;). If i # j, then s;. = s5;. By

reflexivity of 2, we have n(s;) 2 n(s;). If i = j, then we know from above that
n(s;) 2 n(s?). Therefore, n(s) = n(s;) 2 ﬂ(s;.) = n(s’).

ii. If 7(f) = [i1,...,inl, then we have that n(s) = f(n(s;)),...,n(s;,)) and 7(s’) =
f(n(slf]), ... ,n(slfm)). Consider i; for some j € {1,...,m}. We have two cases:
A. If ij = i, then by the induction hypothesis, 7(s;,) 2, 7T(Sl’./_) and, by definition

of uz, j € un(f).

B. Ifi; # i, then 5] = s; and we have n(s;;) = n(sl’./_).
J

Note that 7i(s;,) is the j-th immediate subterm of 7(s). By u,-monotonicity of 2,

n(s) =

IV I

a(f(s1s- -5 S0)
S Csi)s oo m(siy), ... 7(si,)
f(siy), ... ,7r(sl'.j), oo m(si,))
f(n(slfl), ... ,n(sl’./_), ... ,n(slfm))
m(f (s}, 8)

n(s’)

where we assume that i; = i for some j € {1,...,k}. If no such j exists, then we
would have 7(s) = n(s"), which also implies 7(s) = (s”) because 2 is reflexive.
Thus, we have proved that s < 5" implies 71(s) 2 n(s") as desired.
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Therefore, n(s) 2 n(s’) and, by the induction hypothesis, 7(s") 2 n(f). By transitivity of
=, we conclude n(s) = n(s).

O

Remark 12. We often use argument filterings to transform (sets of) rules S as follows: n(s —
t)=n(s) > n(t)forarule s - t,and n(S) = {n(s - 1) | s >t € S}. Givena TRS R = (¥,R),
we write n(R) to denote the filtered TRS (F, 7(R)).

10.2. Removing pairs using p-reduction pairs

Given TRSs R = (F,R) and P = (G, P), and u € Mgg, checking the absence of infinite
minimal (P, R, 1)-chains can often be ‘simplified’ to checking the absence of infinite minimal
(%', R, u)-chains for a proper subTRS #’ of P by finding appropriate u-reduction pairs (2, J).
The presence of collapsing pairs u — v = u — x € Px imposes some additional requirements
on the u-reduction pairs:

1. We need to ensure that the quasi-ordering 2 is able to ‘look’ for a u-replacing subterm
s inside the instantiation o<(x) of a migrating variable x: since o(x) = C[s], for some
context C[ ], and u-replacing position p € Pos"(C[ ],) such that sprefixq ,(P) € F, we
can obtain s out from C[s], by applying the projection rules in Emb*(F) (Definition 1).
Hence, we require Emb* (F)C 2.

2. We need to connect the marked version s# of s (which is an instance of a hidden term
t € NHT p, i.e., s = 6(t) for some substitution §) with an instance o-(u) of the left-hand
side u of a pair; hence, we require r > * or t 7 ¢ for all r € NHT p which, by stability,
becomes s > s* or s 7 s.

The following theorem formalizes a generic processor to remove pairs from # by using argument
filterings and p-reduction pairs.

Theorem 9 (u-reduction pair processor). Let R = (¥,R) and P = (G, P) be TRSs and u €
Mgyg. Let w be an argument filtering for ¥ U G and (2, J) be a py-reduction pair such that

1. 7(R) €2, n(P) C 2> U 3, and

2. whenever NHT p # @ and Px + &, we have that
(a) forall f € F, either n(f) = [iy,...,in] and u(f) C n(f), or n(f) =i and u(f) = {i},
(b) Emb*"(Fr)C 2, and

=

() n(t) (U ) n(t*) for all t € NHT p,

Let P4 ={u — v e P|a(u) 3 n(v)}. Then, the processor ProCgp given by

{P—-P, R,y if(1)and(2) hold

Procgp(P, R, ) = { {(P,R, 1)} otherwise

is sound and complete.

Proor. Completeness is obvious, since  — P € P. Regarding soundness, we proceed by
contradiction. Assume that there is an infinite minimal (P, R, u)-chain A, but that there is no
infinite minimal (P — P, R, u)-chain. Due to the finiteness of P, we assume that there is Q C P
such that A has a tail B

o(u1) —qu © Efl t Sg, TU2) Squ © E,ﬁ, H g, 0U3) Squ ° Eﬁ
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for some substitution o, where all pairs in Q are infinitely often used. Also, for all i > 1, (1) if
up = v; € Qg, thent; = o(v)) and 2) if u; - v; = u; > x; € Qx, thent; = s? for some s; such
that o(x;) = Cy[si],, for some C[ 1, and p; € Pos"(Ci[ 1,,) such that sprefixc, I (p;)) € F and
s; = 0;(5;) for some 5; € NHT and substitution 6;. Actually, since t; = sf = 9,-(§,4)’i = 01-(§§) and
t; H;}# o (uiy1), we can further say that 5; € NHT q.
Since n(u;) (= U ) ni(v;) for all u; — v; € Q C P, by stability of = and 3, we have
ox((u)) (2, U 0) ox(n(vy)) for all i > 1.
No pair u — v € Q satisfies that 7(«) 1 n(v). Otherwise, we get a contradiction by consider-
ing the following two cases:
I. fu; = v; € Qg, then t; = o(v;) ;);iu o (u;+1) and by Proposition 12, ni(t;) 2 n(o(uir1)).
By Lemma 7, 71(t;) 2, 0x(m(u;41)). Since we have o (m(;)) (2, U 2) o (w(v;)) = n(o(v;)) =
n(t;) (using Lemma 7), by using transitivity of 2> and compatibility between = and 1, we
conclude that o (7(;)) (Z U 3) o (m(uir1)).
2. Ifu; — vi = u; = x; € Qx, then o(v;) = o(x;) = Ci[si]p,. Since i € u(f) implies that
i € n(f), we can say that 7(c(x)) = o(x) = n(Cy)[r(s)], for some g; € Pos' (n(C;))
and sprefix,c,(q:) S Fr. Since Emb*" (F) C >, we have o(7(v;)) = ox(x;) = n(s)).
Furthermore, we are assuming that 7(¢) (> U 3) 2(t*) for all € NHT @ € NHT p. Since
s; = 6,(5;), we have that 7(s;) = m(60,(5;)) = 6; 2(n(5;)) (using Lemma 7 again) and, similarly,
(s’ = 6,2(x(5"). By stability we have that #(s;) (> U 2) n(s"). Hence, by transitivity
of > (and compatibility of 2> and 1), we have o (7(v;)) = o(x;) (Z U 0) n(s?). Finally,
since ﬂ(sg) = n(t;) and ¢ ‘—>;‘W o(u;41) for all i > 1, by Proposition 12 and Lemma 7,
n(t;) 2 ox(n(uir1)). Therefore, again by transitivity of > and compatibility of 2> and 1,
we conclude that o (7(u;)) (2, U 0) 0 (7m(i11)).
Since u — v occurs infinitely often in B, there is an infinite set 7 C N such that o, (n(1;)) 3
o r(m(uiyy)) for all i € I. And we have o, (n(u;)) (2, U 1) 0r(n(u;y1)) for all other u; — v; €
Q. Thus, by using the compatibility conditions of the p,-reduction pair, we obtain an infinite
decreasing J-sequence that contradicts the well-foundedness of J.
Therefore, Q C £ — P, which means that B is an infinite minimal (P — £, R, u)-chain, thus
leading to a contradiction. O

Example 18. Consider the TRS R [Zan97, Example 5]:

if(true,x,y) — x f(x) — if(x,c,f(true))
if(false,x,y) — y

with u(f) = {1} and u(if) = {1,2}. Then, DP(R, u) consists of the following CSDPs:

F(x) — IF(x,c,f(true)) IF(false,x,y) — y

with uﬁ(F) = {1} and ,uﬂ(IF) = {1,2}. The u-reduction pair (>,>) induced by the polynomial
interpretation®

[c] = [true] 0 [£1(x) x [F1(x) x
[false] = 1 [ifl(x,y,2) = x+y+z [TFl(x,y,2) = x+z

6See [Luc05] for more information about the automatic generation of polynomial (quasi-)orderings with monotonicity
requirements specified by means of replacement maps.
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can be used to prove the u-termination of R. For P = DP(R, u), we have NHT ¢ = {f(true)}.
First, we can see that the quasi-ordering is compatible with the rules in Emb" (F):

[f)] = x > x = [«]
[if(x,y,2)] = x+y+z = x = [x]
[if(x,y,2)] = x+y+z =2 y = Dl

Now we can see that the condition on the only hidden term in NHT ¢ is also fulfilled:
[f(true)] = 0 > 0 = [F(true)]

Finally, for the three rules in R and the two pairs in P, we have:

[f(x)] = X > x = [if(x,c,f(true))]
[if(true, x,y)] = xX+y > x = [x]
[if(false,x,¥)] = x+y+1 = y = [y]
[F(x)] = X > x = [IF(x,c,f(true))]
[IF(false,x,y)] = y+1 >y = [y

We remove the ‘strict’ pair IF(false, x,y) — y from P to obtain P'. With (P',R,,uﬂ), the
application of Procscc leads to an empty set of CS problems. Thus, the u-termination of R is
proved.

The ‘compatibility’ between the replacement map u and the argument filtering &, which is re-
quired when collapsing pairs are present, is necessary in Theorem 9.

Example 19. Consider the following TRS R:

a — c(h(f(a),b))
fle(x)) — «x

together with the replacement map u given by u(f) = u(h) = {1} and u(c) = @. DP(R, ) is:
Fc(x)) — x
and NHT ppwr ) = {£ (a)}. Note that R is not u-terminating:
f(a) = f(c(h(f(a),b))) <= h(f(a),b) = ---

For the argument filtering m given by n(a) = n(th) = [], #(F) = n(f) = [1] and n(c) = 1,
Fr consists of the constants a,h and symbols £,F of arity 1. Also, ,ufr(f) = /,t,ﬁr(F) = {1} and
yg(a) = ,u,ﬁr(h) = &. We get the constraints:

na) = a 2 h = n(c(h(f(a),b))
af(c®) = fx 2 x = 7k
fx) 2 x
Fx) 2 «x
n(f(@) = f(a) 2 F@ = n(F(a)
aF(c(x)) = Fkx) O x = ax)

which are easily satisfiable (by a polynomial interpretation, for instance). We would wrongly
conclude u-termination of R. Note that n(c) = 1 but,uﬁ(c) = &, and that n(h) = [] butﬂﬁ(h) ={1}.
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The next processor is useful when all (filterings of) terms in NHT ¢ are ground. The advantage
is that the quasi-ordering = of the u-reduction pair does not need to impose compatibility with
the rules in Emb* (F).

Theorem 10 (u-reduction pair processor for ground hidden terms). Let R = (F,R) and P =
(G,P) be TRSs and 1 € Mgyg. Let w be an argument filtering for ¥ U G such that, for all
t € NHT p, n(t) is ground. Let (2, 1) be a uy-reduction pair such that

1. 7(R) €2, n(Pg) €2 U 1, and

2. forallu »vePyxandallt e NHT p, n(u) (Z U 1) Ptid)
Let Po ={u »vePg|nu) Jaw)Ufu - vePx|Vte NHT p,n(u) 1 a(*)). Then, the
processor Procgp, given by

{(P—-P,R,w)} if(1)and(2) hold

PrOCRpg(P, R, p) = { (P, R, 1)} otherwise

is sound and complete.

Proor. The proof is analogous to that of Theorem 9. Assume the facts and notation in the first
paragraph of such a proof. Again, we proceed by contradiction and assume that a pairu — v € Q
is in Po. Again, we have 0 (7(1;)) (2 U ) 0 x(n(u;41)) for all pairs u; — v; € Qg.

Now, if u; = v; = u; = x; € Qx, then since 7(1;) (> U 2)x(i*) forallt e NHT g € NHT p,
by stability we have that o (7(«;)) (Z U 1) O',,(ﬂ(l‘ﬂ)). Since 7(¢) is ground, we have o (7(¢;)) (2
U 7) 71(#*). Therefore, since s; € NHT g and #; = s?, we have o (7(y;)) (= U 1) n(t;). Finally,
since s? =t;and t; (_,;{# o (u;41) for all i > 1, by Proposition 12 and Lemma 7, we have that
n(t;) 2 ox(n(uir1)). Thus, we also have o, (n(1;)) (2 U 1) 0 x(m(uiz1))-

Since u — v occurs infinitely often in B, by using the compatibility conditions of the -
reduction pair, we obtain an infinite decreasing J1-sequence that contradicts well-foundedness of
3. In particular, if u — v € Qx N P, then n(u) T n(*) for all r € NHT g, so each time that
u — v is used, a strict decrease occurs. O

Theorem 10 can succeed when Theorem 9 fails.

Example 20. Consider the TRS R:

a — f(d(c(a))) 27
flc(x) — x (28)
d(c(x)) — b (29)
and the replacement map u given by u(c) = & and u(£f) = u(d) = {1}. There are three CSDPs:
A — F(d(c(a)) 30)
A — D(c(a) 3D
F(c(x)) — «x (32)

ProcscC(DP(R,,u),R,,uu) vields a single CS problem (P,R,u) with P = {(30),(32)}. Since
NHT p = {a} # & and F(c(x)) — x is a collapsing CSDP, according to Theorem 9 we would
require that any p-reduction ordering used in the theorem satisfy Emb* (F) C 2 (assume the triv-
ial filtering n+ here) and that a (2, U 1) A. In this case, though, since d(c(a)) >, c(a), we must
have d(c(a)) 2 c(a); by u-monotonicity of 2, F(d(c(a))) 2 F(c(a)). Now, one of the following
two cases must hold:
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1. A O F(d(c(a))) and F(c(x)) (= U O) x. By stability of 2 and 1, we have F(c(2))(Z U 0)a.
Thus,
AJF(d(c(2) 2 Flc(a) (R UDa(z UI)A.

By compatibility of 2, and J, we have A 1 --- 1 A, contradicting the well-foundedness of
.
2. A(Z U O)F(d(c(a))) and F(c(x)) O x. Hence,

A(Z UID)F((c(a) 2 Fc(a)) TJa(z V) A

Again, by compatibility of 2 and 3, we have A 1 --- 1 A,

Thus, Theorem 9 cannot be used with this example. Since NHT ¢ C T(F), Theorem 10 is ap-
plicable here. The u-reduction pair (>,>) induced by the following polynomial interpretation’ :

[a] = 1 [b] = 0 [c]lx) = x+1 [d](x) = %x
[f1(x) = x [A] = 1 [Flx) = O

can be used to remove (30) from P. For the three rules in R and the two pairs in P, we have:

[a] = 1 = 5 = [fd(c@)]
[fcG)] = x+1 > x = [x]
[d(c(x)] = x+3 > 0 = [b]

A = 1 > 1 = [Fdc@))]
[Fc(x))] = x+1 > 1 = [A]

We remove (30) from P to obtain P’ = {(32)}. Now, Procscc(P’, R, 1) = @ because NHT ¢ = &
and EG(P’, R, u) contains no cycle. Thus, the u-termination of R is proved.

Nevertheless, even with NHT » C 7 (F), Theorem 9 can be helpful when Theorem 10 fails.

Example 21. Consider R and u as in Example 16. Theorem 10 cannot be used here because,
reasoning as in Example 16, we would obtain constraints that are incompatible with the well-
Sfoundedness of 1 for any strict component 1 of a u-reduction pair (2, 3). However, the -
termination of R can be easily proved with Theorem 9. The u-reduction pair (>, >) generated by
the following polynomial interpretation:

[b] 1 [c](x)
B] = 2 [F](x)

0 [flx) = x
x+1

satisfies the requirements of Theorem 10 and can be used to show a weak decrease of the rules
and a strict decrease of the two CSDPs which can both be removed.

Our last result establishes that if we are able to provide a strict comparison between unmarked
and marked versions of the (filtered) hidden terms in NHT », then we can remove all collapsing
pairs at the same time.

7See [Luc05, Luc07] for details about the use of polynomial intepretations with rational coefficients.
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Theorem 11 (u-reduction pair processor for collapsing pairs). LetR = (F,R) and P = (G, P)
be TRSs and j1 € Myg. Let w be an argument filtering for ¥ U G and (Z, 1) be a p-reduction
pair such that
1. 7(R) €2, n(P) € > U 7O, and
2. 7(t) 2 a(@®) forallt € NHT p and
(a) forall f € F, either n(f) = [iy,...,in] and u(f) C n(f), or n(f) =i and u(f) = {i},
(b) Emb*"(F)C 2.
Then, the processor ProCgp. given by

{(Pg, R, 1)} if (1) and (2) hold

ProcRPc(P,‘R,#)={ {(P,R,)}  otherwise

is sound and complete.

ProoF. As in the proof of Theorem 9, we proceed by contradiction. We assume that there is an
infinite minimal (P, R, u)-chain A, but that there is no infinite minimal (Pg, R, 1t)-chain. Thus,
there is Q C P such that Q N Px # & and A has a tail B as in the proof of Theorem 9. Now, we
assume the notation as in the first paragraph of such a proof.

We have o,(n(y;)) (Z U J) n(t;) and 71(t;) 2 0x(m(u;sr)) for all pairs u; — v; € Pg. If
u; = v; = u; — x; € Qy, then by applying the considerations in the corresponding item of the
proof of Theorem 9 and taking into account that 7(#) n(tﬁ) for all t € NHT p, we now have
that o (m(&;)) (2 U 10) 0x(x;) 3 7(t;) 2 o p(mw(uir1)). Since pairs u; — v; € Qx occur infinitely
often in B, by using the compatibility conditions of the u,-reduction pair, we obtain an infinite
decreasing J-sequence that contradicts the well-foundedness of 1. O

11. Subterm criterion

In [HMO04], Hirokawa and Middeldorp introduce a subterm criterion that permits certain
cycles of the dependency graph to be ignored without paying attention to the rules of the TRS.
Their result applies to cycles in the dependency graph. Thiemann has adapted it to the DP-
framework [ThiO7, Section 4.6]. In our adaptation to CSR, we take ideas from both works. Our
first definition is inspired by Thiemann’s head symbols [Thi07, Definition 4.36].

Definition 12 (Root symbols of a TRS). Let R = (F,R) be a TRS. The set of root symbols
associated to R is:

Root(R) = {root(l) | | > r € R} U{root(r) |l > reR,r ¢ X}

The following result relates Root(P) and the set Hp of hidden symbols occurring at the root of
terms in NHT p(R, p). It is silently used in the statements of some theorems below.

Lemma$8. Let R = (F,R) = (CWD,R) and P = (G, P) be TRSs such that Root(P) N D = &,
and 1t € Myyg. For all f € Hp, we have f* € Root(P).

Proor. If f € Hp, then there is t € NHT p such that f = root(t). Therefore, there are

substitutions @ and & such that 6(r*) %;{” ¢’ (u) for some u — v € P. Since f* ¢ F, p-rewritings

on Q(tﬁ) using R do not remove it. Thus, root(u) = fﬁ and fji € Root(P). O

Thiemann uses argument filterings (see Section 10.1) instead of simple projections [HMO04, Def-
inition 10]. We find it more convenient to follow Hirokawa and Middeldorp’s style, so we gen-
eralize their definition to be used with TRSs rather than cycles in the dependency graph.

38



Definition 13 (Simple projection). Let R be a TRS. A simple projection for R is a mapping n
that assigns to every k-ary symbol f € Root(R) an argument positioni € {1, ..., k}. The mapping
that assigns a subterm n(t) = tlx(y) to every termt = f(t, ..., ) with f € Root(R) is also denoted
by ; we also let m(x) = xif x € X.

Given a simple projection 7 for a TRS R, we let 7(R) = {n(l) = #n(r) | - r e R}.

Theorem 12 (Subterm processor for noncollapsing pairs). Let R = (¥,R) = (C W D, R) and
P = (G, P) be TRSs such that P contains no collapsing rule, i.e., for allu — v € P, v ¢ X, and
Root(P) N D = . Let u € Myyg and let rt be a simple projection for P. Let Prp., = {u —> v €
P | n(u) >, n(v)}. Then, the processor ProCgpncon given by

_J AP = Prp . R} ifn(P) Sy
Procasncon(®, R, 1) = { (P, R, ) otherwise

is sound and complete.

Proor.  Completeness is obvious because P — Py, € P. For soundness, we proceed by
contradiction. Assume that there is an infinite minimal (#, R, u)-chain A but there is no infinite
minimal (P — P,,,DM, R, p)-chain. Since P is finite, we can assume that there is Q C P such that
A has a tail B that is an infinite minimal (Q, R, u)-chain where all pairs in Q are infinitely often
used. Assume that B is as follows (since Qx = &, we use a simpler notation):
* A * A *
o gy 51 2Qu I gy 52 PQu gy,
where there is a substitution o such that, for all i > 1, s; = o(u;) and t; = o(v;) for some
u; — v; € Q. Furthermore, w.l.o.g. we also assume that #y = o-(vg) for some uy — vy € P.
Note that, for all i > 1, root(s;) € Root(P) because root(u;) € Root(P). Since root(v;) ¢ X,
we have that root(v;) € Root(P). Then, for all i > 0, root(t;) € Root(P). Therefore, we can apply
mto s;y and ¢; for all i > 0. Moreover, since #; %;‘W s;41 for all i > 0 and Root(P) N D = @,

. >A o -
we can actually write t; <7 = s;41 because y-rewritings with R cannot change root(t;). Hence,
n(t;) f—>j;z# 7(si+1) and also root(t;) = root(s;.1) for all i > 0. Finally, since n(u;) &>, (v;) for all
i > 0, by stability of I>,,, we have

n(s;) = m(o(w)) = o(n(u;)) &, o(7w(vy) = n(o(vy) = n(t;)

forall i > 1. No pair u — v € @ satisfies that (1) >, 7(v). Otherwise, we get a contradiction in
both of the following two complementary cases:

1. if n(f) ¢ u(f) for all f € Root(@Q), then, for all i > 0, n(t;) = n(s;+1), because no u-
rewritings are possible on the m(root(t;))-th immediate subterm 7(#;) of #;. Since n(siy1) >,
n(ti+1), we have that 71(t;) >, 7(t;,() for all i > 0. Furthermore, since we assume 7(u) >, m(v)
for some u — v € Q which occurs infinitely often in B, and by stability of >, there is a
maximal infinite set J = {ji, j2,...} € N such that 7(¢;) >, 7(¢;,+1) for all i > 1. We obtain
an infinite sequence n(z;,) >, m(¢;,) >, - - - which contradicts the well-foundedness of .

2. if n(f) € u(f) for some f € Root(Q), then, since root(t;) = root(s;y1) and all pairs in
Q occur infinitely often in B, we can assume that root(ty) = f. Furthermore, since A is
minimal, we can assume that 7 is p-terminating (w.r.t. R). Since n(t;) %;;’# n(siy1) and
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7(sip1) By 7(tiyr) for all i > 0, the sequence B is transformed into an infinite <>g, U -
sequence

n(ty) g, 7(s1) By w(t) g, w(s2) By w(tn) Sp, -

containing infinitely many > ,-steps, due to m(u) >, n(v) for some u — v € Q which
occurs infinitely often in B. Since >, is well-founded, the infinite sequence must also
contain infinitely many g ,-steps. By making repeated use of the fact that >, o g,
C <>, © >, we obtain an infinite <> ,-sequence starting from n(tp). Thus, 7(#o) is not
u-terminating with respect to R. Since 7(f) € u(f) and hence ) >, n1(ty), this implies that
to is not u-terminating (use Lemma 1(1)). This contradicts y-termination of #,.

Hence, Q € P — P,~ and B is an infinite minimal (P — Pr.>,» R, p)-chain. This contradicts our

initial argument. O

Example 22 (Proof of termination of the main example). Consider the termination problems
obtained in Example 15 for the CS-TRS in Example 1:

= (LR, 2= (UDLR ), 75 = {QDL R, 1h), and 74 = ({(23)}, R, 1)

We apply ProCguncon to all such problems. For Ty, with n(ADD) = 1, we have n(ADD(s(n), m)) =
s(n) >, n = n(ADD(n, m)). Now, ProCsuncon(t1) = {(9, R, ,uu)}. With Procg;, we conclude that T,
is finite. Since this can be done for 15, T3, and T4, the p-termination of R is proved.

The following examples show that if # contains collapsing rules, then Theorem 12 does not hold.
Example 23. Consider the two TRSs
R : h(x) - f(ghKx) and P : £f(gx) —x

Let p be given by u(f) = {1,...,k} for all symbols f. Note that, Root(P) = {£} and D = {h} are
disjoint. By using the projection n(f) = 1, we get n(£(g(x))) = g(x) >, x. After removing the pair
in P, a finite CS problem (&, R, u) is obtained. However, (P, R, ) is not finite:

f(g(h(x) —pu h(x) —ry £(ghx) —py, -

In the following theorem, we show how to use the subterm criterion to remove all collapsing
pairs from P.

Theorem 13 (Subterm processor for collapsing pairs). Let R = (F,R) = (CW D,R) and P =
(G, P) be TRSs such that Pg contains no collapsing rule, Root(P) N D = &, and y € Mgyg. Let
7 be a simple projection for P such that

1. n(P) € >,, and
2. whenever Px # @, we have n(f*) € u(f*) N u(f) for all f € Hp.

Then, the processor ProCgpcon given by

{(Pg, R, 1)} if (1) and (2) hold

Procsucon(®, R, 1) = { (P, R, 1)} otherwise

is sound and complete.
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Proor. Completeness is obvious because Pg C P. For soundness, we proceed by contradic-
tion. Assume that there is an infinite minimal (#, R, u)-chain A but there is no infinite minimal
(Pg, R, u)-chain. Since P is finite, we can assume that there is Q C # such that A has a tail B
which is an infinite minimal (Q, R, )-chain where all pairs in Q are infinitely often used and Q
contains some collapsing pair u — x € Qx. Assume that B is

A A .

* # * #
o Dry St euoby i Ory $2 Deu ol g

u T

where there is a substitution o~ such that, forall i > 1, s; = o(u;) for some u; — v; € P, and

1. ifv; ¢ X, then t; = o(v;), and
2. ifv; = x; € X, then x; ¢ Var*(u;) and t; = r? for some r; € 7(F,X) such that o(x;) =

Cilrilp, for some Ci[ 1, and p; € Pos"(Ci[ 1,,) such that sprefixc 1, (Pi) € F and ri = 0,(7:)
for some 7; € NHT g and substitution 6;.

Since we can freely choose the starting term of B, w.l.o.g. we assume that 7, is a particular case

of the second alternative above, i.e., there is a collapsing pair uy — xo such that o(xo) >, ro and

to = rg. Note that, for all i > 1, root(s;) € Root(P) because root(u;) € Root(P). Furthermore, for

all i > 0, root(t;) € Root(P) because:

1. If u; — v; € Qg, then root(v;) € Root() and t; = o (v;).
2. If u; = v; € Qx, then root(t;) € DF; since ; ‘—>j;€” sipand DFNF = o (see Remark
4), rewritings with R cannot remove the marked root symbol in ¢#; hence, we can further

conclude root(t;) = root(s;11) € Root(P).
Therefore, we can apply 7 to s;,; and ¢; for all i > 0. Moreover, since t; <—>;;ﬂ sis1 foralli > 0

and Root(P) N D = &, we can actually write f; A;{’” si+1. Hence, n(t;) ‘—>;‘w n(s;+1) and also
root(t;) = root(s;y1) forall i > 0.

Since u — x € Qyx and B is infinite, it must be Hg # @ (hence Hp # &). Thus, we have
a(f*%) e u(f) for all f € Hg C Hp. Then, since root(t;) = root(si,) and all pairs in Q occur
infinitely often in B, we can assume that root(fy) = f. Furthermore, since A is minimal, we
can assume that #, is y-terminating. We have that 7(x;) >, n(v;) for all u; — v; € Q. Now we
distinguish two cases:

1. If u; = v; € Qg, then s; = o(;) and t; = o(v;). By stability of >>,, we have n(s;) >, n(t;).

2. If u; = vi = u; = x; € Qx, then s; = o°(;) and there is a term r;, such that o(x;) >, r; and

r# = t;. Since m(u;) >, x;, by stability of >, we have

1

n(s;) = m(o(u) = o(@(u;)) By o(x;) By ri

Note that f; = root(r;) = root(r;) € Hp. Since n(t;y1) = = r?l =r and

(fH) (fH) (fH)

(%) € u(f;), we have that r; >, () and thus 7(s;) >, 7(t;).

Therefore, by applying the simple projection x, the sequence B is transformed into an infinite
—ru U D>, -sequence B’

(to) g, 7(s1) By () g, 1(s2) By n(t2) g, -

Since u — x occurs infinitely often in B, and by case (2) above, B’ contains infinitely many
>, steps, starting from 7(%p). Since >, is well-founded, the infinite sequence must also contain
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infinitely many <> ,-steps. By making repeated use of the fact that >, o g, C —>g, o>,
we obtain an infinite <> ,-sequence starting from n(fy). Thus, 7 (fy) is not u-terminating with
respect to R. Since 7( %) € u(f*) and hence # >, 7(f), this implies that fy is not y-terminating
(use Lemma 1(1)). This contradicts u-termination of 7. Therefore, Q cannot contain collapsing
pairs. This contradicts our initial assumption # — x € Q. O

Remark 13. The use of Theorem 13 only makes sense if P C Pg U P}(. Ifu—-xePyx- 7’}(, for
some u = f(uy,...,uy), then for alli € {1,...,k}, whenever x € Var(u;) we have i € u(f) and
u; D// x. Thus, there is no simple projection rr such that m(u) >, x.

Example 24. Consider the following TRS R:

glx,y) — £f(x,y)
fc(x),y) — gxg0.y)

together with the replacement map u given by p(c) = u(g) = {1} and u(f) = &. The CSDPs are:

Gx,y) — F(xy) (33)
F(c(x),y) — G(x,g(y,y) (34)
Flc(x),y) — x (35)

and all of them are part of the only SCC P = {(33), (34), (35)} in the CSDG of (R, i). Note that
NHT ¢ = {g(y,y)}; hence Hp = {g}. Consider the simple projection nt given by n(F) = n(G) = 1.
Note that n(G) € /vtﬁ(G) N /vtﬁ(g) as required by Theorem 13. We have

o 1(G(x,y)) = x B, x = 7(F(x,y))
o 7(F(c(x), ) = c(x) >y x = 7(G(x, g(y, ), and
o 1(F(c(x),y)) = c(x) >y x = 7(x)
We use ProCgupcon to remove (35) from P and obtain a new problem ({(33), (34)}, R, ,u”). Then,

Procsuncon applies and yields ({(33)}, R, ,u”). With Procscc, we conclude the u-termination of R.

The following result provides a kind of generalization of the subterm criterion to simple projec-
tions that only take non-u-replacing arguments.

Theorem 14 (Non-u-replacing projection processor). Let R = (¥,R) = (CW D,R) and P =
(G, P) be TRSs such that Pg contains no collapsing rule, Root(P) N D = &, and pu € Mgyg. Let
2 be a stable quasi-ordering on terms whose strict and stable part > is well-founded and r be a
simple projection for P such that

1. forall f € Root(P), n(f) ¢ u(f),

2. n(P) C 2, and,

3. whenever NHT p # & and Px # 3, we have that Emb"(F)C 2 and t 2, ooy for all

te NHT .

Let Ps. ={u — v e P|n(u) > n(v)}. Then, the processor ProCygp given by

(AP -P R} if (1), (2), and (3) hold
Procyep(P, R, 1) = { (P, R, )} otherwise

is sound and complete.
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Proor. Completeness is obvious because £ — - C P. For soundness, we proceed by contradic-
tion. Assume that there is an infinite minimal (P, R, u)-chain A but there is no infinite minimal
(P —P-, R, u)-chain. Since P is finite, we can assume that there is Q C P such that A has a tail B

A \>n " A I>n «
o(ur) —qu° Puht Ogy o(Uz) —qu© g 5} R T

for some substitution o~ and pairs #; — v; € Q, and

1. if v; ¢ X, then t; = o(v;), and

2. ifv; = x; € X, then x; ¢ Var*(y;) and t; = sf for some s; such that o(x;) = C,[s;],, for
some Ci[ ], and p; € Pos"(Ci[ ],,) such that sprefixc, 1, (pi) € F and s; = 6,(5;) for some
5; € NHT p and substitution 6;.

Furthermore, all pairs in Q are used infinitely often in B. As discussed in the proof of Theorem
12, for all i > 1, root(t;) € Root(P), n(t;) '—>;{’ﬂ (o (uir1)) and also root(t;) = root(u;,) for all
i > 1. No pair u — v € Q satisfies that (1) > 7(v). Otherwise, by applying the simple projection
7 to the sequence B, we get a contradiction as follows:

1. Since n(f) ¢ u(f) for all f € Root(Q), no p-rewritings are possible on the subterm () of
t;. Therefore, for all i > 1, n(t;) = n(o(uiy1)) = c(M(Uiy1)).
2. Due to n(u;) 2 n(v;) and by stability of =, we have that n(o(i;)) = o (n(w;)) 2 o (n(v;)).
Now, we distinguish two cases:
(@) Ifu; = v; € Qg, then n(t;) = n(c(v;)) = o(w(v;)). Thus, n(o(w;)) 2 n(t;).
(b) If u; = v; € Qx, then o-(n(v;)) = o(x;). We have that o-(x;) 2= s; (because Emb*(F)C
2). Let f = root(uir1) = root(t;) = root(f?). Since ¢ 2, o010y for all t € NHT p,
by stability, we have s; = 6;(5;) 2 9,'(§,'|,r(f)) = 9,‘(5,')|,,(f) = S,'|,T(f). Since si|n(fﬂ) =
tile(sty = 7(t:), we have s; 2 n(t;). Hence, n(o(u;)) 2, #(t:).

~

Thus, we always have n(o(u;)) = 7(;). We obtain an infinite > sequence
n(o(ur)) 2 n(t) = n(o(uz)) 2 n(t2) -

Since pairs in Q occur infinitely often, this sequence contains infinitely many > steps starting
from 7(o-(u1)). This contradicts the well-foundedness of >.

Therefore, Q € P — P, i.e., B is an infinite minimal (P — P-, R, w)-chain. This contradicts
our initial assumption. O

Example 25. Consider the CS-TRS (R, ) in Example 10. DP(R, p) is:

G(x) — Hx) Hd) — G(c)

where u#(G) = pf(H) = @. The dependency graph contains a single cycle that includes both
pairs. The only simple projection is 1(G) = n(H) = 1. Since n(G(x)) = n(H(x)), we only need to
guarantee that n(H(d)) = d > ¢ = n(G(c)) holds for a stable and well-founded ordering > (e.g.,
an RPO with d > c).

Theorem 15 (Non-u-replacing projection processor II). Let R = (F,R) = (C W D,R) and
P = (G, P) be TRSs such that Pg contains no collapsing rule, Root(P)ND = &, and p € Mgg.
Let 2, be a stable quasi-ordering on terms whose strict and stable part > is well-founded and let
7 be a simple projection for P such that
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1. forall f € Root(P), n(f) ¢ u(f),

2. n(P) C 2, and,

3. whenever NHT p # @ and Px # @, we have that Emb*(F)C 2, and t > t],,p010 for all
te NHT p.

Then, the processor ProCygps given by

{(Pg. R,y if (1), (2), and (3) hold

Procngpz(P, R, 1) = { {(P, R, 1)}  otherwise

is sound and complete.

12. Narrowing Transformation

The starting point of a proof of u-termination of a TRS R is the computation of the CSDG
EDG(R, u) followed by the use of the SCC processor (Theorem 6). The estimation of the graph
can lead to overestimating the arcs that connect two CSDPs.

Example 26. Consider the following example [Luc06, Proposition 7]:

£(0) — cons(0,1£(s(0))) ps(x)) — x
£(s(0)) — £(p(s(0))

together with u(f) = u(p) = u(s) = pu(cons) = {1} and u(0) = @. DP(R, u) consists of the pairs:

F(s(0)) — F(p(s(0)) (36)
F(s(0)) — P(s(0) (37

The estimated CS-dependency graph contains one cycle: {(36)}. However, this cycle does not
belong to the CS-dependency graph because there is no way to u-rewrite F(p(s(0))) into F(s(0)).

As already observed by Arts and Giesl for the standard case [AGOO0], in our case, the overes-
timation comes when a (noncollapsing) pair u; — v; is followed in a chain by a second one
w1 — vy and v; and w4 are not directly unifiable, i.e., at least one u-rewriting step is needed
to p-reduce o (v;) to o(u;+1). Then, we always have o (v;) DR o(v) %;‘QM o(uiy1). Then, v
is a one-step p-narrowing of v;, and we could require »; 3 v} (which could be easier to prove)
instead of u; 1 v;. Furthermore, we could discover that v; has no u-narrowings. In this case, we
know that no chain starts from o (v;).

We can be more precise when connecting two pairs © — v and ¥’ — V' in a chain if we
perform all the possible one-step p-narrowings on v in order to develop the possible reductions
from o(v) to o(u’). Then, we obtain new terms vy, ..., v,, which are one-step y-narrowings of v
using unifiers 6; (i.e., v~ g, v;) fori € {1,...,n}, respectively. These unifiers are also applied
to the left-hand side u of the pair # — v. Therefore, we can replace a pair u — v by all its
(one-step) u-narrowed pairs 61(u) — vi,..., 0,(1) = v,.

As in [AG00, GTSF06], a pair u — v € P can only be replaced by its u-narrowings if
the right-hand side v does not unify with any left-hand side «’ of a (possibly renamed) pair
u — v € P (note that this excludes pairs u — v with v € X). Moreover, the term v must be
linear. We need to demand linearity instead of (the apparently more natural) u-linearity (i.e.,
something like “no multiple u-replacing occurrences of the same variable are allowed”).
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Example 27. The following TRS is used in [AGO0] to motivate the requirement of linearity.

f(s(x)) — £(glx,x)
g(0,1)) — s(0)
0 — 1

We make it a CS-TRS by adding a replacement map u given by u(f) = u(s) = {1}, and u(g) = {2}.
The only cycle in the CSDG consists of the CSDP

F(s(x)) — F(g(x, x)).

If linearity of the right-hand sides is not required for u-narrowing CSDPs, then this pair will be
removed, since F(g(x, x)) and the (renamed version of) the left-hand side F(s(x")) do not unify.
Thus, there are no u-narrowings. However, the system is not y-terminating:

£(s(0)) = £(g(0,0)) — £(g(0,1)) — £(s(0))...

The problem is that the u-reduction from o(F(g(x, x))) to o(F(s(x"))) takes place ‘in o’, and,
therefore, it cannot be captured by p-narrowing. Note that F(g(x, x)) is “p-linear”.

Another restriction to take into account when g-narrowing a noncollapsing pair u — v is that the
p-replacing variables in v have to be u-replacing in u as well (this corresponds with the notion
of conservativeness). Furthermore, they cannot be both p-replacing and non-u-replacing at the
same time. This corresponds to the following definition.

Definition 14 (Strongly Conservative [GLUOS8]). Let R be a TRS and u € Mg. A rule |l — r is
strongly p-conservative if it is p-conservative and Vart(I) N (Var’/(l) = Var*(r)n (Var‘fé(r) =0.

The following result shows that, under these conditions, the set of CSDPs can be safely replaced
by their u-narrowings.

Theorem 16 (Narrowing processor). Let R and P be TRSs and yu € Mgyp. Letu — v € P be
such that

1. vis linear, and
2. forallu' — V' € P (with possibly renamed variables), v and u’ do not unify.

Let Q=P - {u - v) U - vV | u — V' isayu-narrowing of u — v}. Then, the processor
Proc,, given by

_J @R .w} if(1)and(2) hold
PrOCuarr (P, R, 1) _{ {(P,R, 1)} otherwise

1. sound whenever u — v is strongly conservative, and
2. complete in all cases.

Proor. The proof of this theorem is analogous to the proof of [GTSF06, Theorem 31], which
we adapt here. For soundness, we prove that given a minimal (P, R, y)-chain ..., u; — vi,u —
v,uy — Vvp,...7, there is a y-narrowing v' of v with the mgu 6 such that “... u; — v, 0(u) —
Vi, up = vy,...” is also a minimal (@, R, u)-chain. Hence, every infinite minimal (P, R, u)-chain
yields an infinite minimal (Q, R, u)-chain.

If“..,u; = vi,u = v,up — v,,...” is aminimal (P, R, u)-chain, then there is a substitution
o such that for all pairs s — 7 in the chain,
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1. if s = t € Pg, then o (¢) is u-terminating and it u-reduces to the instantiated left-hand side
o (s’) of the next pair s’ — ¢’ in the chain

2.if s - t = 5 - x € Py then, o(x) has a u-replacing subterm so, o-(x) >, so such that
sf) is u-terminating and it u-reduces to the instantiated left-hand side o(s”) of the next pair

s’ — t’ in the chain; furthermore, there is 5) € NHT (R, ) such that 5o = 6y(5¢) for some

substitution 6.

Assume that o is a substitution satisfying the above requirements and such that the length of the
sequence o(v) '—>,}}# o (up) is minimum. Note that the length of this y-reduction sequence cannot
be zero because v and u, do not unify, that is, o°(v) # o(u2). Hence, there is a term ¢ such that
o(V) >ru q %;{” o (uy). We consider two possible cases:

1. The reduction o-(v) <>, q takes place within a binding of o, i.e., there is a term r, a
p-replacing variable position p € Poy‘i,(v), and a p-replacing variable x € Vart(v) such
that v|, = x, ¢ = o(v[r],) and o(x) =g, r. Since v is linear, x occurs only once in v.
Thus, g = o”’(v) for the substitution o’ with o”(x) = r and o”(y) = o(y) for all variables
y # x. As we assume that all occurrences of pairs in the chain are variable disjoint, o’ (x)
behaves like o for all pairs except u — v. We have o (z) C—>;‘W o’ (z) for all z € X. Since
u — v is strongly conservative, we also have o (u) Lﬂl‘w o’ (u) because all occurrences of
x in u must be y-replacing. Hence, if u; — v; € Pg we have

o' () = o) Sg, oW) =k, o)
and if u; — v; € Py, then there is s; € 7 (¥, X) such that
o' () = o(v) B, 51 and st ok o) Sk, o )

and, in both cases,
T W) = q S, o) = 0 (w).

Note that, by minimality and because u — v € Pg, o(v) is (R, p)-terminating and, since
o(v) —r, g, the term g is (R, u)-terminating as well. Therefore, 0/ (x) = g is (R, u)-
terminating and ¢ satisfies the two conditions above. Since the length of the sequence
a’(v) ‘—>;‘W o’ (up) is shorter than the sequence o (v) ‘—>;‘Q’# o (u»), we obtain a contradiction
and we conclude that the y-reduction o(v) <=, g cannot take place in a binding of 0.

2. The reduction o(v) =g, g ‘touches’ v, i.e., there is a nonvariable position p € Pos‘}(v),
and a rewrite rule / — r € R such that o(v|,) = p(!), for some substitution p and

o) = cWloWlpl, = cWMlpD], =ru cO)e(], =g

Since we can assume that variables in [ are fresh, we can extend o to behave like p on
variables in I. Thus, o<(/) = o(v|,), i.e, l and v|, unify and there is a mgu 6 and a substitution
7 satisfying o-(x) = 7(6(x)) for all variables x. We have that v u-narrows to 6(v)[6(r)], = V'
with unifier 6. Again, we can extend o to behave like 7 on the variables of () and v'.
Therefore, if u; — v| € Pg we have

o(v1) =g, o) = 1(0w)) = o(0(u))
and if u; — v; € Py, then there is s; € 7 (F, X) such that

o) = o(x) >, s; and s’i =—>;{” o(u) = 7(0(n)) = o(6(u))
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and
o(v) =1() = 7(@O)[TO)], = cWo()], = cWp(N], = g =%, (1)

Hence, “...,u; — v1,0(u) > v/, up — v,,...” is also a minimal chain.

Completeness is also analogous to the ‘completeness’ part of [GTSF06, Theorem 31]. If (Q, R, )
is infinite and R is non-u-terminating, then (P, R, u) is infinite as well. If R is y-terminating, then
let “...,u; — v,0(u) — V,u; — v,,...” be an infinite minimal (Q, R, u)-chain where V' is a

one-step p-narrowing of v using the mgu . We prove that “...,u; = vi,u = v,up — vp,...” 18
an infinite minimal (P, R, u)-chain. There is a substitution o~ such that

o(vy) ~’—>;{ﬂ o(Bw)) if u; - v € Pg, and

o(vy) = o(x) >, s; and sq f—)i}w o(0w)) ifu; —» v € Px

Finally, we also have
o) g, ou).

Since the variables in the pairs are pairwise disjoint, we may extend o to behave like o (6(x)) on
x € Var(u) then (1) = 0(6(u)) and therefore

o(vy) H;}’” o(u) ifu; — v, € Pg, and

*

o(v) >, st and s’i Ry o) ifu; — vy € Py

Moreover, by definition of y-narrowing, we have 6(v) <g, v'. This implies that o(8(v)) g,
o ('), and since o (v) = 0(6(v)), we obtain

o(v) Dry 00 og , oU2).

29

Since R is u-terminating, o(v) is (R, u)-terminating. Hence, “...,u; — vj,u = v,uy = va,...
is a minimal infinite (P, R, u)-chain as well. O

Example 28. Since the right-hand side of pair (36) in Example 26 does not unify with any (re-
named) left-hand side of a CSDP (including itself) and it can be pu-narrowed at position 1 (notice
that u(£)={1}) by using the rule p(s(x)) — x, we can replace it by its u-narrowed pair:

F(s(0)) — F(0) (38)
Now, Procscc({(38)}, R, u) = @ and the u-termination of R is proved.

The following example shows that strong conservativeness cannot be dropped for the pair u — v
to be pu-narrowed. This requirement was not taken into account in [AGL0O7, Theorem 5.3].

Example 29. Consider the following® TRS R:

cle(x)) — d(x,x)
a — e(a)

8We thank Fabian Emmes for providing this example.
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and P consisting of the following pair:
F(d(x, x)) — F(c(x))
together with i(c) = u(d) = u(F) = {1} and u(e) = @. There is an infinite (P, R, y)-chain:
F(c(a)) gy F(c(e(a)) “py F(d(a,2)) o, F(c(@) gy -

Since F(c(x)) does not unify with any left-hand side of another pair, we can pu-narrow the pair in
P. We obtain P’ consisting of the u-narrowed pair

F(d(e(x), e(x))) — F(d(x, x))

No infinite (P, R, n)-chain is possible now. Note that P is u-conservative, but it is not strongly
u-conservative (the variable x is both u-replacing and non-u-replacing in F(d(x, x))).

Remark 14 (Implementing the narrowing processor). In our current implementation, we ap-
ply the narrowing processor only if, after computing the (one-step) u-narrowings of the right-
hand side v of a pair u — v € P, the new CS-dependency graph does not increase the number of
arcs. More sophisticated strategies like (the corresponding adaptations of) the safe transforma-
tions in [GTSFO06, Definition 33] could be considered in the future.

13. Experiments

The processors described in the previous sections were implemented as part of the tool
MU-TERM. We tested the CSDP-framework in practice on the 90 examples in the Context-Sensitive
Rewriting subcategory of the 2007 International Termination Competition:

http://www.lri.fr/~marche/termination-competition/2007/
These 90 examples are part of the Termination Problem Data Base (TPDB, version 4.0):
http://www.lri.fr/~marche/tpdb/

We addressed this task in three different ways:

1. We compared CSDPs with previously existing techniques for proving termination of CSR.

2. We compared the improvements introduced by the different CS processors which have
been defined in this paper.

3. We participated in the CSR subcategory of the 2007 Termination Competition.

In the following subsections, we provide more details about this experimental evaluation.

13.1. CSDPs vs. other techniques for proving termination of CSR

Several methods have been developed to prove termination of CSR for a given CS-TRS (R, u).
Two main approaches have been investigated so far:

1. Direct proofs, which are based on using u-reduction orderings (see [Zan97]) such as the
(context-sensitive) recursive path orderings [BLR02] and polynomial orderings [GLO02,
Luc04b, Luc05]. These are orderings > on terms that can be used to directly compare the
left- and right-hand sides of the rules in order to conclude the u-termination of the TRS.
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2. Indirect proofs, which obtain a proof of the u-termination of R as a proof of termination
of a transformed TRS R’é (where O represents the transformation). If we are able to prove
termination of R’é (using the standard methods), then the u-termination of R is ensured.

‘We used Mu-TERM to compare all these techniques with respect to the aforementioned benchmark
examples. The results of this comparison are summarized in Table 1.

Remark 15. A number of transformations ® from TRSs R and replacement maps u that produce
TRSs 7{% have been investigated by Lucas (transformation L [Luc96]), Zantema (transforma-
tion Z [Zan97]), Ferreira and Ribeiro (transformation FR [FR99]), and Giesl and Middeldorp
(tmnsformations9 GM, sGM, and C [GM99, GM04]), see [GMO04, Luc06] for recent surveys
about these transformations which also include a thorough analysis about their relative power.
All these transformations were considered in our experiments, so the item ‘“Transformations” in
Table 1 concentrates the joint impact of all of them.

Tool Version Proved Total Time Average Time
CSDPs 65/90 0.31 sec. 0.00 sec.
CSRPO 37/90 0.21 sec. 0.00 sec.
Polynomial Orderings 27/90 0.06 sec. 0.00 sec.
Transformations 56/90 5.59 sec. 0.10 sec.

Table 1: Comparison among CSR Termination Techniques

From the benchmarks summarized in Table 1, we clearly conclude that the CSDP-framework is
the most powerful technique for proving termination of CSR. Actually, all the examples that were
solved by using CSRPO or polynomial orderings were also solved using CSDPs. With regard to
transformations, there is only one example (namely, Ex9_Luc06, which can be solved by using
transformation GM) that could not be solved with our current implementation.

Example 30. The following nonterminating TRS R can be used to compute the list of prime
numbers by using the well-known Erathostenes sieve'® [GM99]:

primes — sieve(from(s(s(0))))
from(x) — cons(x,from(s(x)))
head(cons(x,y)) — «x
sieve(cons(x,y)) — cons(x,filt(x,sieve(y)))
tail(cons(x,y)) — y
if(true,x,y) — x
if(false,x,y) — ¥
filt(s(s(x)), cons(y,z)) — if(div(s(s(x)),y),filt(s(s(x)),z),cons(y,filt(s(s(x)),2)))

Consider the replacement map p for the signature F given by:

p(cons) = u(if) = {1} and u(f) = {1,...,ar(f)} forall f € ¥ —{cons, if}.

9The labels for these transformations correspond to the ones introduced in [Luc06].

10Without appropriate rules for defining symbol div, the TRS has no complete computational meaning. However, we
take it here as given in [GM99] for the purpose of comparing different techniques for proving termination of CSR by
transformation.
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From the termination point of view, this example is interesting because, since its introduction in
Giesl and Middeldorp’s paper [GM99], no automatic proof of termination has been reported.
In sharp contrast, termination of CSR for this TRS and replacement map u is easily proved by
using the techniques developed in this paper. In particular, the context-sensitive dependency
graph contains no cycle.

Non-u-
V&?})ﬂ Narrowing Rep}acing Subterm Proved Total Time Average Time
; Projection
1. No No No 54/90 3.00 sec. 0.05 sec.
2. No No Yes 62/90 0.55 sec. 0.01 sec.
3. No Yes No 57/90 0.82 sec. 0.01 sec.
4. No Yes Yes 65/90 0.49 sec. 0.01 sec.
5. Yes No No 54/90 3.22 sec. 0.06 sec.
6. Yes No Yes 62/90 2.64 sec. 0.04 sec.
7. Yes Yes No 57/90 1.27 sec. 0.02 sec.
8. Yes Yes Yes 65/90 0.31 sec. 0.00 sec.

Table 2: Comparison among CS processors

13.2. Contribution of the different CS processors

In our implementation of the CSDP-framework, besides processor Procscc, the subterm pro-
cessors in Section 11 and the p-reduction-pair CS processors in Section 10 are the most fre-
quently used (in this order). The impact of the CS processors in Sections 11 and 12 is summa-
rized in Table 2. Our benchmarks show that the CS processors described in Section 11 play an
important role in our proofs. The subterm processors ProC,,sncon and Procg,,c.; are quite effi-
cient, but the ones that are based on simple projections for non-u-replacing arguments (Procygp
and Procygp,) also increase the power and the speed of the CSDP technique. Furthermore, these
two groups of CS processors are complementary: the extra problems that are specifically solved
by them are different. Narrowing is useful for simplifying the graph, but it doesn’t play an im-
portant role in the benchmarks because it is only applied to solve two examples (which can be
solved without narrowing as well). Furthermore, it must be used carefully because recomputing
the graph can be expensive in that case. Complete details of our experiments can be found here:

http://zenon.dsic.upv.es/muterm/benchmarks/csdp/

13.3. CSDPs at the 2007 International Termination Competition

In 2007, AProVE [GSTO06] was the only tool (besides Mmu-TERM) implementing specific meth-
ods for proving termination of CSR. Both AProVE and mu-TerM participated in the CSR sub-
category of the 2007 International Termination Competition. AProVE participated with a ter-
mination expert for CSR which, given a CS-TRS (R, y), successively tries different transfor-
mations ® for proving termination of CSR (which are enumerated in Remark 15, ie., ® €
{C,FR,GM,L,sGM,Z}). It then uses a huge variety of different and complementary techniques
to prove termination of rewriting (according to the DP-framework) on the obtained TRS R‘é.
Actually, AProVE is currently the most powerful tool for proving termination of TRSs and im-
plements most existing results and techniques regarding DPs and related techniques.

However, mu-TERM’s implementation of CSDPs was able to beat AProVE in the CSR category
(MuU-TERM was able to prove 68 of the 90 examples; AProVE proved 64), thus demonstrating that
CSDPs are actually a very powerful technique for proving termination of CSR.
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14. Related work

The first presentation of the context-sensitive dependency pairs was given in [AGL06]. This
paper is an extended and revised version of [AGL06, AGL07]. We provide complete proofs for
all results'!, and also present many examples about the use of the theory. The main conceptual
differences between [AGL06, AGLO7] and this paper are the following:

1.

In this paper, we have investigated two different notions of minimal non-y-terminating
terms: the so-called strongly minimal terms (7w, which are introduced in this paper) and
the minimal terms (Mc ), which were introduced in [AGL06] and further investigated in
[AGLO7]. The combined use of these notions leads to a better development of the theory.
This has brought new essential results, remarkably Theorem 1, which is the basis (at the
level of pure context-sensitive rewriting) of the new notions of CSDP and minimal chain.
Although most of the ideas in this first part of the paper (Section 3) were present in
[AGLO7, Section 3], we make some aspects explicit that were only implicit there. For
instance, the essential notion of hidden term (a consequence of Lemma 5 which is further
developed in Lemma 6 and Proposition 4) was implicit in [AGLO7, Section 3], but only
the notion of hidden symbol was made explicit. Actually, the proofs of the aforementioned
results in this paper correspond (with minor changes) to those of Lemma 3.4, Lemma 3.5,
and Proposition 3.6 in [AGLO07], respectively.

. The notion of context-sensitive dependency pairs was first introduced in [AGLO06, Defi-

nition 1], but the narrowing condition that we have now included for the noncollapsing
CSDPs is new. This condition is inspired in the recent extension of the DP-method to
Order-Sorted TRSs [LMOS]. In this paper, we have elaborated it in depth to show that it
is actually a natural requirement (see Section 3.4). In [LMOS], it has already been shown
that including ‘narrowability’ in the usual definition of dependency pair can be useful to
automatically prove termination of rewriting. Similar considerations are valid for CSR.

In [AGLO6], a notion of minimal chain was introduced but not really used in the main
results. Actually, the notion of minimal chain in this paper is completely different from
the old one and is a consequence of the analysis of infinite y-rewrite sequences developed
in Section 3. Furthermore, in this paper, the notion of minimal chain of pairs is essential
for the definition of the context-sensitive dependency graph and the development of the
CSDP-framework in Section 7.

. The notion of context-sensitive dependency graph was first introduced in [AGLO06] and

further refined in [AGL07] thanks to the introduction of the hidden symbols. The definition
in this paper introduces a new refinement through the notion of ‘narrowable hidden term’
and shows a nice symmetry between the arcs associated to noncollapsing and collapsing
pairs. Furthermore, the new definition leads to a great simplification of the computed
graph: for the CS-TRS in Example 1, compare the graph in Figure 6 (corresponding to
[AGLO06]) with the new graph in Figure 5.

. The estimation of the CSDG in [AGL06, AGLO7] was an adaptation of the one by Arts

and Giesl [AGO00] to the context-sensitive setting. In this paper, we have defined a new
estimation of the CSDG on the basis of the most recent proposal by Giesl et al. [GTS05].

"TWe report and fix some bugs in previous papers.
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Figure 6: Context-Sensitive Dependency Graph of Example 1 following [AGLO6]

7. The definition of a CSDP-framework for the mechanization of proofs of termination of
CSR using CSDPs is new. A number of processors introduced here had a kind of counter-
part in [AGLO6] (for instance, the use of u-reduction orderings was formalized in [AGL06,
Theorem 4] and the subterm criterion for noncollapsing pairs was formalized in [AGLO6,
Theorem 5]) or in [AGLO7] (for instance, the narrowing transformation in [AGLO7, Theo-
rem 5.3]), but they were not formulated as processors.

8. This paper introduces a number of new processors that can be used for proving termination
of CSR: the SCC processor'? the processors for filtering or transforming collapsing pairs
(see Section 9), the use of argument ﬁlterings”, the use of the subterm criterion with
collapsing pairs (Theorem 13), etc.

9. Finally, for the first time, we have considered how to disprove termination of CSR within
the CSDP framework (processor Proc,s in Theorem 5).

14.1. CSDPs vs. DPs and a piece of history

The first attempt to develop a theory of dependency pairs for CSR started more than ten years
ago when the third author of this paper asked Thomas Arts (who was preparing the first presen-
tation of the dependency pair method [Art97]) about the possibility of extending the dependency
pair approach to CSR. Arts immediately noticed that the main problem of extending the existing
results for ordinary rewriting to CSR was the possibility of having variables that are not replacing
in the left-hand sides of the rules but that become replacing in the corresponding right-hand side.
This is what we now call migrating variables. After this first failed attempt, the focus moved to
transformations of CS-TRSs (R, u) into ordinary TRSs R’é (where O represents the transforma-
tion) in such a way that termination of R’é implies the y-termination of R [GMO04, Luc06].

During the spring of 2006, Mu-TERM was being revised in preparation for its participation
in the 2006 International Termination Competition, which was organized by Claude Marché.
The idea of adapting DPs to CSR came up again. A first correct version of context-sensitive
dependency pairs that did not at the time consider collapsing pairs was the following:

12This is mentioned in [AGL06, Section 4.2] but without any formal description.
3 This was briefly mentioned at the end of [AGL06, Section 4.2] but was never formalized.
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Definition 15 (First preliminary version of CSDPs). Ler R = (F,R) = (CW D,R) be a TRS
and u € Mg. Let

DP(R, 1) {IF > s* |1 > reRr>, s root(s) € D,1 P, s}

{I* — MUSUBTERM(x) | [ — r € R, x € Var“(r) — Var'(l)}
{MUSUBTERM(f(x1, ..., X)) — MUSUBTERM(x;) | f € F,i € u(f)}
{

MUSUBTERM( f(x1, ..., xx) — fH(x1,...,x0) | f € D}

cccCcl

with g (f) = u(f) if f € F, ub(f*) = u(f) if f € D, and p*(MUSUBTERM) = .

We handle migrating variables x by enclosing them inside a term MUSUBTERM (x) which (after
instantiating x by means of a substitution o-) would be able to start the search for a y-replacing
subterm s = f(sy,...,s;) which (after marking its root symbol f as f¥) is able to connect with
the left-hand side of the next CSDP in a sequence. The notion of chain of CSDPs that was used
here was essentially the standard one. All pairs were treated in the very same way and the only
difference was that pairs were connected by using CSR instead of ordinary rewriting.

The implementation of the CSDPs in Definition 15 did not work very well in practice. The
structure of pairs which dealt with migrating variables introduced many arcs in the corresponding
graph and, therefore, many cycles. Thus, the following proposal was considered instead.

Definition 16 (Second preliminary version of CSDPs). Let R = (¥,R) = (CW D, R) be a TRS
and p € Mg. Let DPy(R, u) = DPy#(R, 1) U DP, x(R, 1) where:

DPy.#(R, )
DPx(R, 1)

{lﬂ — st |l = reR,r>, s root(s) € D,l P>, s}
{# - Uipx(x) |l > r€eR, feD,xeVark(r) — Var(])}

WU (fX X)) = frxr, o xe)
|l > reR, feD,xeVar*(r) — Var* ()}

C

and p(f) = u(f) if f € F, b = p(f) if f € D, and pf(Uz) = {1) for all rules | — r,
symbols f, and variables x originating one of these symbols.

Here, migrating variables x are enclosed inside a term U s .(x) which (after instantiating x by
means of a substitution o-) would be able to connect any u-replacing subterm s = f(sy,..., Sx)
(with f a defined symbol) with the left-hand side of the next CSDP in a sequence. Note that no
explicit u-replacing subterm search is possible with this new definition of CSDP. Instead, this
requirement was moved to the definition of chain. Now, although these dependency pairs still
remain as the ‘traditional ones’, a clear distinction was made between two kinds of CSDPs: those
that were obtained from the nonvariable parts of the right-hand sides of the rules (DP, #(R, 1)
in Definition 16) and those that were introduced to treat the migrating variables (DP; x(R, ) in
Definition 16). Both kinds of CSDPs were clearly distinguished in the new definition of chain
and the p-subterm requirement was used to describe how chains of such CSDPs are built.

A version of Mu-TERM that implemented the CSDPs in Definition 16 was submitted for partici-
pation in the Context-Sensitive (sub)category of the 2006 International Termination Competition
(June 2006). We are grateful to Claude Marché for providing a copy of the folder where the
MU-TERM outcome was stored. It is now available at the following URL.:

zenon.dsic.upv.es/muterm/benchmarks/ic10/muterm-2006/benchmarks.html
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A further evolution led to the definition of CSDP which was finally published in [AGLO06]. In
sharp contrast to the standard dependency pair approach, where all dependency pairs have tuple
symbols f* both in the left- and right-hand sides, we finally took the definitive step to also
consider collapsing pairs having a single variable in the right-hand side as the most elegant,
concise and expressive way to reflect the effect of the migrating variables in the termination
behavior of CSR. This is one of the most important and original contributions of the paper.

15. CSDPs vs. noncollapsing CSDPs

In [AEFG™*08], a transformation of collapsing pairs into ‘ordinary’ (i.e., noncollapsing) pairs
is introduced. The transformation uses the following notion.

Definition 17 (Hiding Context [AEFG*08, Definition 7]). Let R be a TRS and u € Mg. The
Sfunction symbol f hides the argument i if there isa rule | — r € Rwithr > f(ri,...,Fiy... 1),
i € u(f), and r; contains a defined symbol or a variable at an active position. A context C is
hiding iff C = O or C has the form f(t\,...,ti-1,C’,tir1,...,t,) Where f hides the argument i
and C’ is a hiding context.

The notion of CSDPs that is given in [AEFG*08] is the following:

Definition 18. [AEFG*08, Definition 9] Let R be a TRS and u € Mg. If DPx(R,u) # &, we
introduce a fresh unhiding tuple symbol U and the following unhiding DPs:

o 5 — U(x) for every s — x € DPx(R, p),

o U(f(x1,...,Xiy..., X)) = U(x;) for every function symbol f of any arity n and every 1 <
i < nwhere f hides position i, and

e U(t) — ¢ for every hidden term t.

Let DP,(R, 1) be the set of all unhiding DPs (where DP,(R, u) = @ whenever DPx(R, u) = 9).
Then DP’(R, ) = DP#(R, 1) U DP, (R, ).

The corresponding definition of chain is, essentially, the standard one [AGOO0], but u-rewriting
(with R) is used for connecting pairs.

Definition 19. [AEFG*08, Definition 11] Let P and R be TRSs and let u be a replacement map.
We extend p to tuple symbols by defining u(f*) = u(f) for all f € D and u(V) = @. A sequence
of pairs u; — vi,uy — va,... from P is a (P,R,u)-chain if there is a substitution o with
a(v;) C—>;{’H o(uir1) and o(v;) is (R, p)-terminating for all i.

Using these definitions, a characterization of termination of CSR is given.

Theorem 17. [AEFG*08, Theorem 12] A TRS R is p-terminating if and only if there is no infinite
(DP’(R, 1), R, p)-chain.

On the basis of these definitions and results, [AEFG*08, Section 4] develops a CSDP framework.
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15.1. Comparing CSDPs and noncollapsing CSDPs

As discussed in Section 14.1, the idea of providing a definition of CSDPs that does not use
collapsing pairs cannot be considered as the main contribution of [AEFG*08]: in 2006 there was
an implementation of CSDPs without collapsing pairs (namely the one which corresponds to
Definition 16). Actually, Definition 18 is very close to Definition 15 (i.e., the first correct notion
of CSDP developed in 2006) if we write U instead of MUSUBTERM in Definition 15. The crucial
differences between Definition 15 and Definition 18 are the use of hiding contexts (Definition 17)
and the use of hidden terms (Definition 3). As discussed in [AEFG* 08, Section 3], the notion of
hiding context is a refinement of the notion of hidden term described in this paper (and previously
approached in [AGL07]), see Section 3.2.

Indeed, the notion of hiding context is the most important contribution of [AEFG*08] from
the theoretical side. The notion of hiding context can be easily integrated in the CSDP framework
discussed in this paper. This has been carried out in [Gut08, GL09a, GL09b], where an extension
of our CSDP framework was developed to appropriately integrate this notion. Within this new
approach, Definition 18 could be incorporated to the CSDP framework by using the following
modified version of Theorem 8, which defines the appropriate CS processor.

Theorem 18. Let R = (¥,R) and P = (G, P) be TRSs and i € Mgyg. Let u — x € Px and

P, = {u->UWx)}
ULU(f(x1,...,x) 2 Ux) | fe€F,1 <i<ar(f)and f hides i}
U{U®@) — | 1 € NHT )

where U is a fresh symbol. Let P' = (G U {U}, P"), where P’ = (P — {u — x}) U P, and u’ which
extends u by u'(U) = @. Then, the processor ProCcy, given by

Proc/’lClX(Ps Rs ﬂ) = {(P,, R’ IJ’)}
is sound and complete.

The proof of this result would be analogous to the one for Theorem 8 with the proviso, in our
definition of chain of pairs (Definition 5), that the contexts C;[ ],, which are used for handling col-
lapsing pairs are now hiding contexts. In contrast to processor Proc,.c,; in Theorem 8, Procycs,
has the advantage of introducing fewer rules due to the use of the notion of hiding in Definition
17. Obviously, this could lead to simpler proofs when it is used.

In this paper, we have shown that collapsing pairs are an essential part of the theoretical
description of termination of CSR. Actually, Definition 18 explicitly uses them to introduce
the new unhiding pairs. This shows that the most basic notion when modeling the termination
behavior of CSR is that of collapsing pair and that unhiding pairs should be better considered as
an ingredient for handling collapsing pairs in proofs of termination (as implemented by processor
Proc,c;. above).

15.2. Use of CSDPs and noncollapsing CSDPs

The application of Definition 18 at the very beginning of the termination analysis of CS-
TRSs (as done in [AEFG*08]) often leads to obtaining a more complex dependency graph. For
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Figure 7: Context-Sensitive Dependency Graph of Example 1 according to [AEFG*08]

instance, we would replace the collapsing CSDPs (25) and (26) by the following ones:

TAIL(cons(x,xs)) — U(xs) 39)
TAKE(s(n), cons(x, xs)) — U(xs) (40)
U(incr(x)) — Ux) 41
U(incr(oddNs)) — INCR(oddNs) 42)
U(oddNs) — ODDNS (43)

U(rep2(x)) — U(x) (44)
U(zip(x,y)) — U(x) (45)
U(zip(x,y) — U() (46)
U(cons(x,y)) — U(x) (47)

to obtain the graph in Figure 7, which should be compared with the CSDG for the same example
in Figure 5. On the other hand, if # contains no collapsing pairs (as happens if Definition
18 is used to compute the dependency pairs of a CS-TRS), then Definition 19 is subsumed by
our notion of chain of pairs (Definition 5). This means that, after using processor Proc.c.;
in Theorem 8 to remove collapsing pairs in the component # of a CS problem (P, R, 1), we
could use all CS processors developed in [AEFG*08], some of which have not been discussed
in our paper (for instance, the instantiation processor [AEFG*08, Theorem 24]). Also, the CS
processors that are developed here can be used in any implementation following [AEFG*08].

Remark 16. Note that, although the definition of chain in [AEFG*08] (see Definition 19) is
apparently closer to the standard one [GTSFO06, Definition 3], this does not mean that we can
use or easily ‘translate’ existing DP-processors (see [GTSF06]) to be used with CSR.

The narrowing processor provides a striking example. Example 29 shows that the application
of the narrowing processor to the TRSs P and R in the example is not correct due to the lack
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of strong p-conservativeness of the u-narrowed pair in P. Since P has no collapsing pair, one
could think (following a naive interpretation of [AEFG™*08]) that the narrowing processor of the
DP-framework (see [GTSF06, Theorem 31]), which does not take into account the replacement
restrictions, should work with CSR without difficulties, which is not the case.

Thus, a CSDP framework that is based on Definitions 18 and 19 does not boil down to the
DP-framework, and a careful consideration of the replacement restrictions is necessary before
being able to use any DP-processor with CSR.

15.3. Experimental evaluation

We have performed an experimental evaluation of the use of CSDPs vs. the ones in Definition
18 as follows: we prepared two versions of MU-TERM: MU-TERM-LPARO8 and mu-TERM-IC. The
tool mu-TERM-LPAROS first applies Theorem 18 to remove all collapsing pairs (as one would do
when working within the approach described in [AEFG*08]) and then uses the CS processors
described in both this paper and in [AEFG*08] to achieve termination proofs. On the other hand,
MU-TERM-IC implements the CSDP framework that we have described here (with the modifica-
tions developed in [Gut08, GL09a, GL09b]).

On a collection of 109 examples, both tools succeeded on the very same ones (94 proofs of
termination). However, Mmu-TERM-IC performed globally faster. Furthermore, we did not need to
use Procyc;, in the proofs with mu-terM-IC. This suggests that (in contrast to what we claimed in
[AEFG*08] when the integration of the notion of hiding context into the CSDP framework was
pending), collapsing pairs do not represent any drawback for automatically proving termination
of CSR. Detailed benchmarks are at the following URL:

zenon.dsic.upv.es/muterm/benchmarks/ic10/muterm-2009/benchmarks.html

Table 3 shows the use of the different processors in these benchmarks. The interpretation of the

Processors Applied in
SCC Processor (Section 8) 94/94 problems
Processors based on subterm criteria (Section 11) 56/94 problems
Processors based on reduction pairs (Section 10) 50/94 problems
Basic Processors (Section 7) 28/94 problems
Narrowing processor (Section 12) 3/94 problems

Table 3: Summary of processors used in MU-TERM-IC

frequency of use for the different processors should take into account the following strategy for
invoking them in mu-TERM-IC when CS problems are treated: first, we try the basic (infinite and
finite) processors. If some of them succeed, we are done; otherwise, we continue as follows:

1. SCC processor.
2. Subterm criterion processors.

3. Reduction pair (RP) processors with polynomial and matrix interpretations over the reals
[ALNO9a, ALNO9b, Luc05, Luc07].
4. Narrowing processor.

Interestingly, all processors are used at least once during the proofs.
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16. Conclusions

We have analyzed the structure of infinite context-sensitive rewrite sequences starting from
minimal non-u-terminating terms (Theorem 1). This knowledge is used to provide an appropriate
definition of context-sensitive dependency pair (Definition 4), and the related notion of chain
(Definition 5). In sharp contrast to the standard dependency pair approach, where all dependency
pairs have tuple symbols f* in both the left- and right-hand sides, we have collapsing dependency
pairs that have a single variable in the right-hand side. These variables reflect the effect of the
migrating variables on the termination behavior of CSR. At the level of minimal chains, however,
the contrast with the ordinary DP approach is somehow recovered by a nice symmetry arising
from the central notion of hidden term (Definition 3): a noncollapsing pair u — v is followed
by a pair #' — V' if o(v) u-rewrites into o (1) for some substitution o-; a collapsing pair u — v
is followed by a pair ' — V' if there is a hidden term t such that o-(t)” u-rewrites into o(u") for
some substitution o-. We have shown how to use the context-sensitive dependency pairs in proofs
of termination of CSR. As in Arts and Giesl’s approach, the absence of infinite minimal chains
of dependency pairs from DP(R, 1) characterizes the u-termination of R (Theorems 2 and 3).

We have provided a suitable adaptation of the dependency pair framework to CSR by defin-
ing appropriate notions of CS problem (Definition 6) and CS processor (Definition 7). We have
described a number of sound and (most of them) complete CS processors that can be used in
any practical implementation of the CSDP-framework. In particular, we have introduced the
notion of (estimated) context-sensitive (dependency) graph (Definitions 8 and 10) and the asso-
ciated CS processor (Theorem 6). We have also described some CS processors for removing or
transforming collapsing pairs from CS problems (Theorems 7 and 8). We are also able to use u-
reduction pairs (Definition 11) and argument filterings to ensure the absence of infinite chains of
pairs (Theorems 9, 10, and 11). We have adapted Hirokawa and Middeldorp’s subterm criterion
which permits concluding the absence of infinite minimal chains by paying attention only to the
pairs in the corresponding CS problem (Theorems 12 and 13). Following this appealing idea, we
have also introduced two new processors that work in a similar way but use a very basic kind of
ordering instead of the subterm relation (Theorems 14 and 15). Narrowing context-sensitive de-
pendency pairs have also been investigated. It is helpful to simplify or restructure the dependency
graph and eventually simplify the proof of termination (Theorem 16).

We have implemented these ideas as part of the termination tool mu-TErM [AGIL07, Luc0O4al].
The implementation and practical use of the developed techniques yield a novel and powerful
framework that improves the current state-of-the-art of methods for proving termination of CSR.
Actually, CSDPs were an essential ingredient for Mmu-TERM in winning the context-sensitive sub-
category of the 2007 competition of termination tools.

For future work, we plan to extend the basic CSDP-framework described in this paper with
further CS processors integrating the usable rules for CSR [GLUO8] and proofs of termination
of innermost CSR using CSDPs [ALO7].

Acknowledgements

We thank Jiirgen Giesl and his group of the RWTH Aachen (especially Fabian Emmes,
Carsten Fuhs, Peter Schneider-Kamp, and René Thiemann) for many fruitful discussions about
CSDPs. We also thank the anonymous referees for many useful remarks.

58



References

[AEFG*08]

[AEGL10]
[AGO0]
[AGILO7]

[AGLO6]

[AGLO7]

[ALO7]

[ALNQ9a]

[ALNO9b]

[Art97]

[BLRO2]

[BMO6]

[BN98]
[CDEL*07]

[Der04]

[DLMM™*04]

[DLMM*08]

[EHO9]

[End10]
[EWZ08]
[Fer05]

[FGIMSS5]

[FNO7]

B. Alarcén, F. Emmes, C. Fuhs, J. Giesl, R. Gutiérrez, S. Lucas, P. Schneider-Kamp and R. Thiemann,
Improving Context-Sensitive Dependency Pairs, in: 1. Cervesato, H. Veith and A. Voronkov, editors,
Proc. of 15th International Conference on Logic for Programming, Artificial Intelligence and Reason-
ing, LPAR’08, LNAI 5330:636-651, Springer-Verlag, Berlin, 2008.

M. Alpuente, S. Escobar, B. Gramlich, and S. Lucas. On-Demand Strategy Annotations Revisited: An
Improved On-Demand Evaluation Strategy Theoretical Computer Science 411(2):504-541, 2010.

T. Arts and J. Giesl. Termination of Term Rewriting Using Dependency Pairs. Theoretical Computer
Science, 236(1-2):133-178, 2000.

B. Alarcén, R. Gutiérrez, J. Iborra, and S. Lucas. Proving Termination of Context-Sensitive Rewriting
with MU-TERM. Electronic Notes in Theoretical Computer Science, 188:105-115, 2007.

B. Alarcén, R. Gutiérrez, and S. Lucas. Context-Sensitive Dependency Pairs. In S. Arun-Kumar and
N. Garg, editors, Proc. of XXVI Conference on Foundations of Software Technology and Theoretical Com-
puter Science, FST&ETCS 06, LNCS 4337:297-308, Springer-Verlag, Berlin, 2006.

B. Alarcén, R. Gutiérrez, and S. Lucas. Improving the Context-Sensitive Dependency Graph. Electronic
Notes in Theoretical Computer Science, 188:91-103, 2007.

B. Alarcén and S. Lucas. Termination of Innermost Context-Sensitive Rewriting Using Dependency Pairs.
In B. Konev and F. Wolter, editors, Proc. of 6th International Symposium on Frontiers of Combining
Systems, FroCoS’07, LNAI 4720: 73-87, Springer-Verlag, Berlin, 2007.

B. Alarcén, S. Lucas, R. Navarro-Marset. Proving Termination with Matrix Interpretations over the Reals.
In A. Geser and J. Waldmann, editors Proc. of 10th International Workshop on Termination, WST’09.
pages 12-15, June 2009.

B. Alarcén, S. Lucas, R. Navarro-Marset. Using Matrix Interpretations over the Reals in Proofs of Termi-
nation. In F. Lucio, G. Moreno, and R. Pefia, editors, Proc. of the 9th Spanish Conference on Programming
and Computer Languages, PROLE’09, pages 255-264, Universidad del Pais Vasco, 2009.

T. Arts. Automatically Proving Termination and Innermost Normalisation of Term Rewriting Systems.
PhD Thesis, Universiteit Utrecht, 1997.

C. Borralleras, S. Lucas, and A. Rubio. Recursive Path Orderings can be Context-Sensitive. In
A. Voronkov, editor, Proc. of XVIII Conference on Automated Deduction, CADE’02, LNAI 2392:314—
331, Springer-Verlag, Berlin, 2002.

R. Bruni and J. Meseguer. Semantic foundations for generalized rewrite theories. Theoretical Computer
Science 351(1):386-414, 2006.

F. Baader and T. Nipkow. Term Rewriting and All That. Cambridge University Press, 1998.

Clavel, M., F. Durén, S. Eker, P. Lincoln, N. Marti-Oliet, J. Meseguer, and C. Talcott. All About Maude —
A High-Performance Logical Framework. Lecture Notes in Computer Science 4350, 2007.

N. Dershowitz. Termination by Abstraction. In B. Demoen and V. Lifschitz, editors, Proc. of 20th
International Conference on Logic Programming, ICLP’04, LNCS 3132:1-18, Springer-Verlag, Berlin,
2004.

F. Durén, S. Lucas, C. Marché, J. Meseguer, and X. Urbain. Proving Termination of Membership Equa-
tional Programs. In Proc. of 2004 ACM SIGPLAN Symposium on Partial Evaluation and Program Ma-
nipulation, PEPM’04, pages 147-158. ACM Press, 2004.

F. Durén, S. Lucas, C. Marché, J. Meseguer, and X. Urbain. Proving Operational Termination of Mem-
bership Equational Programs. Higher-Order and Symbolic Computation, 21(1-2):59-88, 2008.

J. Endrullis and D. Hendriks. From Outermost to Context-Sensitive Rewriting. In R. Treinen, editor, Proc.
of 20th International Conference on Rewriting Techniques and Applications, RTA’09, LNCS 5595:305-
319, Springer-Verlag, Berlin, 2009.

J. Endrullis. Jambox, Automated Termination Proofs For String and Term Rewriting. Available at http:
//joerg.endrullis.de/jambox.html.

J. Endrullis, J. Waldmann, and H. Zantema. Matrix Interpretations for Proving Termination of Term
Rewriting. Journal of Automated Reasoning 40(2-3):195-220, 2008.

M.-L. Fernandez. Relaxing monotonicity for innermost termination. Information Processing Letters,
93:117-123, 2005.

K. Futatsugi, J. Goguen, J.-P. Jouannaud, and J. Meseguer. Principles of OBJ2. In Conference Record
of the 12th Annual ACM Symposium on Principles of Programming Languages, POPL’85, pages 52-660,
ACM Press, 1985.

K. Futatsugi and A. Nakagawa. An Overview of CAFE Specification Environment — An algebraic ap-
proach for creating, verifying, and maintaining formal specification over networks — In Proc. of Ist
International C