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Abstract

The idea of an incremental application of different termination techniques as
processors for solving termination problems has shown to be a powerful and efficient
way to prove termination of rewriting. Nowadays, the dependency pair framework
(which develop this idea) is the most succesful approach for proving termination of
rewriting. The DP-framework relies on the notion of dependency pair to decompose
a termination problem into a set of dependency pair termination problems (DP-
termination problems). These problems can be treated independently by appplying
different dependency pair processors (DP-processors). If we prove (disprove) the
termination of all (some) of the DP-problems, we can ensure that the system is

terminating (nonterminating).

Context-sensitive rewriting (CSR [Luc98, Luc02]) is a restriction of rewriting
that forbids reductions on some subexpressions and that has been proved useful
to model and analyze programming language features at different levels. Advances
in dependency pair techniques related with contezt-sensitive rewriting (CSR) are
growing fast in the last years. The definition of a context-sensitive dependency pair
(CSDP) framework for CSR becomes necessary to benefit from these new techniques

and approaches in the realm of CSR termination techniques.

In this thesis, we show how to develop a dependency pair framework for proving

termination of CSR.



Abstract




Introduction

Term rewriting is a branch of theoretical computer science which combines el-
ements of logic, universal algebra, automated theorem proving and functional pro-
gramming. Its foundation is equational logic. The difference between the term
rewriting and the equational logic is that equations are used only in one way, i.e.
the left-hand side can be replaced by the right-hand side, but not vice versa. This
constitutes a Turing-complete computational model which is very close to functional

programming [BN9S§].

Term rewriting techniques are applicable in various fields of computer science:
in software engineering (e.g., equationally specified abstract data types), in pro-
gramming languages (e.g., functional-logic programming), in computer algebra (e.g.,
symbolic computations, Grébner bases), in program verification (e.g., automatically
proving termination of programs), in automated theorem proving (e.g., equational
unification), in algebra (e.g., Boolean algebra, group theory and ring theory) and
in recursion theory (what is and is not computable with certain sets of rewrite
rules). In other words, term rewriting has applications in practical computer science,
theoretical computer science, and mathematics. Roughly speaking, term rewriting
techniques can successfully be applied in areas that demand efficient methods for

reasoning with equations [Ohl02].

One of the major problems one encounters in the theory of term rewriting is
the characterization of classes of rewrite systems that have a desirable property
like confluence or termination. A terminating rewrite system does not permit in-
finite computations, that is, every computation starting from a term must end in
a normal form [BN98]. In many cases, the termination behavior depends on the
rewriting strategy. A rewriting strategy (roughly speaking, a rule for appropiately
choosing rewriting steps to be issued in a computation) is a restriction of the rewrit-

ing relation [TeR03|. Eventually, this can rise problems, as each kind of strategy
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only behaves properly (i.e., it is normalizing, optimal, etc.) for particular classes of
programs. For this reason, the designers of programming languages have developed
some features and language constructs aimed at giving 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 languages such as Clean
[NSEP91], Haskell [HPJWO92], Lisp [McC60], Maude [CDE*07], OBJ2 [FGJMS5],
OBJ3 [GWM™00], CafeOBJ [FN97], etc., to improve the termination and efficiency
of computations. Lazy languages (e.g., Haskell, Clean) interpret them as strictness
annotations 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) avoiding nontermination.

Context-sensitive rewriting (CSR [Luc98, Luc02]) is a restriction of rewriting that
forbids reductions on some subexpressions and that has proved useful to model and
analyze such programming language features at different levels, see, e.g., [BMO06,
DLM*04, DLM*08, GM04, Luc01, LM08]. Such a restriction of the rewriting com-
putations is formalized at a very simple syntactic level: that of the arguments of
function symbols f in the signature F. As usual, by a signature we mean a set of
function symbols fi,..., fs,... together with an arity function ar : 7 — N which
establishes the number of ‘arguments’ associated to each symbol. A replacement
map is a mapping u : F — p(N) satisfying p(f) C {1,...,k}, for each k-ary symbol
f in the signature F [Luc98]. We use them to discriminate the argument positions
on which the rewriting steps are allowed. In CSR we only rewrite p-replacing sub-
terms: every term ¢ (as a whole) is p-replacing by definition; and ¢; (as well as all

its p-replacing subterms) is a p-replacing subterm of f(t1,...,t;) if i € u(f).

Example 1

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(z) — cons(z, from(s(x)))
head(cons(z,y)) — =

if(true,z,y) — =

"Without appropriate rules for defining symbol div, the TRS has no complete computational
meaning. However, we took it here as given in [GM99] for the purpose of comparing different
techniques for proving termination of CSR by transformation.
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if(false, z,y) — y

tail(cons(z,y)) — vy

sieve(cons(zx, y)

filt(s(s(z)), cons(y, 2)

—  cons(z, filt(z, sieve(y)))

y)
)
)
) — if(div(s(s(z)),y), filt(s(s(x)), ), cons(y, filt(s(s(z)), 2)))

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

wu(cons) = u(if) = {1} and u(f) ={1,...,ar(f)} for all f € F — {cons,if}.

This replacement map exemplifies two of the most typical applications of context-

sensitive rewriting as a computational mechanism:

1. The declaration u(if) = {1} allows us to forbid reductions on the two alterna-
tives s and t of if-then-else expressions if(b, s,t) whereas it is still possible to
perform reductions on the boolean part b, as required to implement the usual

semantics of the operator.

2. The declaration u(cons) = {1} disallows reductions on the list part of the
list constructor cons, thus making possible a kind of lazy evaluation of lists.
We can still use projection operators as tail to continue the evaluation when

needed.

1.1. Termination of context-sensitive rewriting

Termination is one of the most interesting practical problems in computation and
software engineering. Ensuring termination is often a prerequisite for essential pro-
gram properties like soundness. Messages reporting (a neverending) “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. Thus, being able to automatically

prove termination of programs is a key issue in modern software development.

Termination is also one of the most interesting problems when dealing with
CSR. With CSR we can achieve a terminating behavior with nonterminating TRSs
by pruning (all) infinite rewrite sequences. For instance, as we prove below, all
context-sensitive computations for the TRS R in Example 1 are terminating when

the replacement map p in the example is considered.
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Recently, proving termination of CSR has been recognized as an interesting prob-
lem with several applications in the fields of term rewriting and programming lan-
guages [DLM 104, DLM™08, GM04, Luc02, Luc06]. Several methods have been de-
veloped for proving termination of CSR under a replacement map u for a given TRS
R (i.e., for proving the p-termination of R). A number of transformations which
permit to treat termination of CSR as a standard termination problem have been
described (see [GMO04, Luc06] for recent surveys). Polynomial orderings and the
context-sensitive version of the recursive path ordering have also been investigated
[BLR02, GL02, Luc04b, Luc05].

1.2. Dependency pairs for context-sensitive rewriting

The dependency pairs method [AG00, GAO02, GTSK04, GTSKF06, HM04, HMO05]
is one of the most powerful techniques for proving termination of rewriting. Roughly
speaking, given a TRS R, the dependency pairs associated to R conform a new TRS
DP(R) which (together with R) determines the so-called dependency chains whose
finiteness or infiniteness characterize termination or nontermination of R.

Given a rewrite rule | — r, we get dependency pairs ! — s? for all subterms s of
r which are rooted by a defined symbol?; the notation t* for a given term t means
that the root symbol f of ¢ is marked thus becoming f* (often just capitalized: F, as
done in our examples). Intuitively, a dependency pair captures a transition between
function calls in our system. If we ensure that all possible function call paths are

finite, then our system is terminating; otherwise, the system is nonterminating.

Example 2
Consider the TRS R in Example 1. According to [AGO00], the set DP(R) of

dependency pairs in R consists of the following pairs:

PRIMES — SIEVE(from(s(s(0)))) (

PRIMES — FROM(s(s(0))) (

FROM(z) — FROM(s(z)) (
SIEVE(cons(z,y)) — SIEVE(y) (1.
SIEVE(cons(z,y)) — FILT(z,sieve(y)) (

FILT (s(s(x)), cons(y, ) — FILT(s(s()), 2) (
FILT (s(s(z)),cons(y,2)) — FILT(z,sieve(y)) (

2A symbol f is said to be defined in a TRS R if R contains a rule f(l1,...,lx) — r.
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Figure 1.1: Dependency Graph for the TRS R in Example 1

FILT(s(s(x)),cons(y,z)) — SIEVE(y) (1.8)
FILT (s(s(x)),cons(y, z)) — IF(div(s(s(z)), ), filt(s(s(x)), 2),
cons(y, filt(s(s(z)), 2))) (1.9)

A chain of dependency pairs is a sequence u; — v; of dependency pairs together with
a substitution o such that o(v;) rewrites to o(u;41) for all i« > 1. The dependency
pairs can be presented as a dependency graph, where the absence of infinite chains can
be analyzed by considering the cycles € in the graph. For instance, the dependency
graph which corresponds to the TRS R in Example 1 is depicted in Figure 1.1. The
cycle consisting of the node (1.3) together with the arc going from this node to itself
witnesses the nontermination of R (viewed as an ordinary rewrite system, without
any restriction on its rewriting relation).

In general, these intuitions are valid for CSR: the subterms s of the right-hand
sides 7 of the rules [ — r which are considered to build the context-sensitive depen-

dency pairs I* — s* must be p-replacing terms now.
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However, this is not sufficient to obtain a correct approach. The following ex-

ample shows the need of a new kind of dependency pairs.

Example 3
Consider the following TRS R:

a — c(f(a)) f(c(z)) — = (1.10)

together with u(c) = @ and p(f) = {1} where subterms at frozen positions have
been underlined in the left- and right-hand sides of the rewrite rule. No p-replacing
subterm s in the right-hand sides of the rules is rooted by a defined symbol. Thus,
there is no ‘regular’ dependency pair. If no other dependency pair is considered,
we could wrongly conclude that R is u-terminating. Roughly speaking: without
dependency pairs no chain of function calls is possible and the system is trivially

p-terminating, which is not true (redexes to be reduced are underlined):
f(a) = flc(f(a)) —u f@) —u -+
Indeed, we must add the following collapsing dependency pair:
F(c(z)) — =z

which would not be allowed in Arts and Giesl’s approach [AG00] because the right-

hand side is a variable.

1.3. Plan of the Thesis

After some preliminaries in Chapter 2, we develop the material in the thesis in

three main parts:

1. We investigate the structure of infinite context-sensitive rewrite sequences.
This analysis is essential to provide an appropriate definition of context-sensitive
dependency pair, and the related notions of chains, graph, etc. Section 3.1 pro-
vides appropriate notions of minimal non-u-terminating terms and introduces
the main properties of such terms. Section 3.2 introduces the notion of hidden
term and hiding context in a CS-TRS. This notion turns to be essential for
the appropriate treatment of collapsing dependency pairs. Section 3.3 investi-
gates the structure of infinite context-sensitive rewrite sequences starting from

minimal non-pu-terminating terms.
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. 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. Chapter 4 introduce the general framework to compute and use context-
sensitive dependency pairs for proving termination of CSR. The introduction of
collapsing dependency pairs leads to a notion of context-sensitive dependency
chain, which is quite differente from the standard one. In Section 4.2 we
prove that our context-sensitive dependency pairs approach fully characterize

termination of CSR.

. We describe a suitable framework for dealing with proofs of termination of CSR

by using the previous results. Chapter 5 provides an adaptation of the depen-
dency pair framework [GTSK04, GTSKF06] to CSR by defining appropriate
notions of CS-termination problem and CS-processor which rely in the notions
and results investigated in the second part of the thesis. Chapter 6 introduces
some CS-processors for removing or transforming collapsing pairs from CS-
termination problems as the use of u-reduction pair ordering to achieve proofs

of termination of CSR.

We end with an experimental evaluation of our techniques in Chapter 7 and Chap-

ter 8 concludes.
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Preliminaries

This section collects a number of definitions and notations about term rewriting.

More details and missing notions can be found in [BN98, Ohl02, TeR03].

2.1. Abstract Reduction Systems

Let A be a set and R C A x A be a binary relation on A. An abstract reduction
system is a pair (A, R). In the literature [BN98, Ohl02, TeR03], the binary relation,
called reduction, is usually represented by an arrow (—). If a,b € A, we write
a R b, a reduces to b in one step, instead of (a,b) € R. A reduction sequence with
respect to R is a finite or infinite sequence ag R a1 R as R az R ---. 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 reduction sequence

a1 Ras Ras---. A reflexive and transitive relation R is a quasi-ordering.

2.2. Signatures, Terms, and Positions

Throughout the thesis, X denotes a countable set of variables and F denotes
a signature, i.e., a set of function symbols {f, g, from, primes,sel...}, each having a
fixed arity given by a mapping ar : F — N. The set of terms built from F and X is
T(F,X). A term is ground (primes, for example) if it contains no variable. 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 rep-
resented by chains of positive natural numbers used to address subterms of . The
empty chain id denoted by A. Given positions p, ¢, their concatenation is denoted
as p.q. Positions are ordered by the standard prefix ordering: p < ¢ if 3¢’ such that
q = p.¢’ If p is a position, and @ is a set of positions, p.QQ = {p.q | ¢ € Q}. The set

of positions of a term ¢ is Pos(t). Positions of nonvariable symbols in ¢ are denoted
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as Posx(t), and Posy(t) are the positions of variables. The subterm at position p
of t is denoted as t|, and t[s], is the term ¢ with the subterm at position p replaced
by s.

t > s is written, read s is a subterm of t, if s = t|,, for some p € Pos(t) and t > s
ift>sand ¢t #s. t ¥ sand ¢ ¥ s is written for the negation of the corresponding
properties. The symbol labeling the root of ¢ is denoted as root(t). A context is a
term C[] € T(F u{0O}, X) with a ‘hole’ O (a fresh constant symbol). C], is written
to denote that there is a (usually single) hole O at position p of C[]. Generally, C|[]
is written to denote an arbitrary context and make explicit the position of the hole

only if necessary. C[] = O is called the empty context.

2.3. Substitutions

A substitution is a mapping o : X — T (F,X). Denote as ¢ the ‘identity’
substitution: e(x) = z for all z € X. The set Dom(c) = {x € X | o(x) # z} is

called the domain of o.

Remark 4 In this thesis, it is not impose that the domain of the substitutions is
finite. This is usual practice in the dependency pairs approach, where a single sub-
stitution is used to instantiate an infinite number of variables coming from renamed

versions of the dependency pairs (see below). [ |

Whenever Dom(c) N Dom(c’') = &, for substitutions o,0’, o U ¢’ is denoted, a
substitution such that (o Uo’)(z) = o(z) if x € Dom(o) and (o U d’)(x) = o'(z) if
x € Dom(c’).

2.4. Renamings and unifiers

A renaming is an injective substitution p such that p(x) € X for all z € X. For
renamings, it is assumed that Var(p) is finite (which is the usual practice) and also
idempotency, i.e., p(p(x)) = p(x) for all z € X.

The quasi-ordering of subsumption < over 7(F,X) is t < t' < Jo. t' = o(t).
The fact that o(x) < ¢’(z) is denoted as o < ¢’ for all z € X, thus extending the
quasi-ordering to substitutions.

A substitution ¢ such that o(s) = o(t) for two terms s,t € T (F,X) is called a
unifier of s and t; it is also said that s and ¢ unify (with substitution o). If two

terms s and ¢ unify, then there is a unique (up to renaming of variables) most general



2.5. Rewrite Systems and Term Rewriting 11

unifier (mgu) @ which is minimal (w.r.t. the subsumption quasi-ordering <) among

all other unifiers of s and ¢.

A relation R C 7T(F,X) x T(F,X) on terms is stable if for all terms s,t €
7 (F,X), and substitutions o, we have o(s) R o(t) whenever s Rt.

2.5. Rewrite Systems and Term Rewriting

A rewrite rule is an ordered pair (I,7), written [ — r, with {,r € T(F,X),l ¢ X
and Var(r) C Var(l). The left-hand side (lhs) of the rule is [ and r is the right-hand
side (rhs). A rewrite rule [ — r is said to be collapsing if r € X. A Term Rewriting
System (TRS) is a pair R = (F, R), where R is a set of rewrite rules. Given TRSs
R = (F,R) and R' = (F',R/), we let RUR’ be the TRS (FUF ,RUR'). An
instance o(l) of a lhs [ of a rule is called a redez. Given R = (F, R), we consider F
as the disjoint union F = C W D of symbols ¢ € C, called constructors and symbols
f € D, called defined functions, where D = {root(l) |l — r € R} and C = F \ D.

Example 5

Consider again the TRS in Example 1. The symbols primes, sieve, from, head,

tail, if and filt are defined, and s, 0, cons, true, false and div are constructors.

For simplicity, we often write [ — r € R instead of | — r € R to express that the
rule [ — r is a rule of R.

A term t € T(F, X) rewrites to s (at position p), written ¢t 2> s (or just t — s,
ort —g s), if t|, = o(l) and s = t[o(r)]p, for some rule I — r € R, p € Pos(t) and
substitution o. We write ¢ ER sif t L s for some q > p. — is written intead of
—p if R is clear for the context. A TRS R is terminating if its one step rewrite

relation —x is terminating.

2.6. Narrowing

Narrowing combines rewriting with unification. Narrowing a term means to
apply to it the minimum substitution such that the resulting term is not in normal
form and then reducing it one step [Hul80].

Given a TRS R = (F,R). A term t narrows to a term s (written t ~»g g ), if
there exists a nonvariable position p € Pos(t), 6 is the most general unifier of ¢,

and [ for some rewrite rule [ — r € R (sharing no variables with ¢), and s = 6(t[r],).
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2.7. Context-Sensitive Rewriting

A mapping p : F — p(N) is a replacement map (or F-map) if Vf € F, u(f) C
{1,...,ar(f)} [Luc98]. Let Mr be the set of all F-maps (or My for the F-maps of
a TRS (F, R)). Let ut be the replacement map given by ur(f) ={1,...,ar(f)} for

all f € F (i.e., no replacement restrictions are specified).

A binary relation R on terms is g-monotonic if whenever ¢t R s means that
fta, . timn,t, o tk) R f(tr,.. . tima,s, .. t,) for all f e F, i € u(f), and
t,s,t1,...,ty € T(F,X). If R is pr-monotonic, then R is monotonic.

The set of p-replacing positions Pos*(t) of t € T(F,X) is: Post(t) = {A}, if
t € X and Pos”(t) = {A} UU,c (root(r)) ©-Pos”(t]i), if t € X. When no replacement
map is made explicit, the u-replacing positions are often called active; and the non-
p-replacing ones are often called frozen. The following result about CSR is often

used without any explicit mention.

Proposition 6 [Luc98] Let t € T(F,X) and p = q.q' € Pos(t). Then p € Pos"(t)
iff ¢ € Post(t) Nq' € Post(t|y)

The p-replacing subterm relation >, is given by ¢, s if there is p € Pos” (t) such
that s = t[,. t>, s is written if t>>,, s and ¢ # s. tys is written to denote that s is a
non-p-replacing (hence strict) subterm of ¢: ¢ ys if there is p € Pos(t)\Post(t) such
that s = t|,. The set of u-replacing variables of a term ¢, i.e., variables occurring
at some p-replacing position in ¢, is Var#(t) = {x € Var(t) | t >, x}. The set
of non-p-replacing variables of ¢, i.e., variables occurring at some non-u-replacing
position in ¢, is Varf(t) = {x € Var(t) | t >y z}. Note that Var*(t) and Varf(t) do
not need to be disjoint.

A pair (R,u) where R is a TRS and p € Mg is often called a CS-TRS. In
context-sensitive rewriting, (only) p-replacing redexes are contracted: t p-rewrites

to s, written t <, s (or t —g, s and even t — s), if t L.z s and p € Post(t).

Example 7

Consider R and p as in Example 1. Then, we have:
from(0) —,, cons(0, from(s(0)) <, cons(0, cons(s(0), from(s(s(0)))

Since in the given system the second argument of cons is not p-replacing, then

2 ¢ Pos*(cons(0, from(s(0))), and the redex from(s(0)) cannot be p-rewritten.
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A term t is p-terminating (or (R, u)-terminating, if we want an explicit reference
to the involved TRS R) if there is no infinite p-rewrite sequence t =t —, to —,
- =y ty =, -+ starting from . A TRS R is p-terminating if <, is terminating.
A term t p-narrows to a term s (written t ~» , ¢ s), if there is a nonvariable
p-replacing position p € Pos'z(t) and a rule | — r in R (sharing no variable with t)

such that ¢|, and [ unify with most general unifier  and s = 0(t[r],).
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Structure of Infinite y-Rewrite
Sequences

In term rewriting, every term in an infinite rewrite sequence has a subterm which
is a minimal nonterminating term [HMO04, HMO07]. By minimal nonterminating we
mean that all its proper subterms are terminating. Hence, this term can be thought
as an appropiate representative of the infinite computation (the infinite sequence).
If we are able to capture these terms, then studying the terminating behavior of a
system becomes easier. In this chapter, we study in depth the structure of minimal

nonterminating terms and infinite y-rewrite sequences starting from these terms.

3.1. Minimal non-y-terminating terms

Given a TRS R = (CWD, R), the minimal nonterminating terms associated to R
are nonterminating terms ¢ whose proper subterms u (i.e., tI>u) are terminating; 75,
is the set of minimal nonterminating terms associated to R. Minimal nonterminating

terms have two important properties:

1. Every nonterminating term s contains a minimal nonterminating term ¢ € 7.

(i.e., s>t), and

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

Vt € T, root(t) € D.

Considering the structure of the infinite rewrite sequences starting from a minimal
nonterminating term ¢ = f(t1,...,t) € 7T is helpful to come to the notion of

dependency pair. Such sequences proceed as follows (see, e.g., [HMO04]):

1. a finite number of reductions can be performed below the root of ¢, thus rewrit-

ing t into t’; then
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2. arule f(l1,...,lx) — r applies at the root of t' (i.e., t' = o(f(l1,...,lx)) for

some substitution o); and

3. there is a minimal nonterminating term u € 75, (hence root(u) € D) at some
position p of o(r) satisfying that p € Posz(r), (i.e., p is a nonvariable position

of r) which ‘continues’ the infinite sequence initiated by ¢ in a similar way.

This means that considering the occurrences of defined symbols in the right-hand
sides of the rewrite rules suffices to ‘catch’ every possible infinite rewrite sequence
starting from o(r). In particular, no infinite sequence can be issued below the vari-
ables of r (more precisely: all bindings o(x) are terminating terms). This is sum-

marized as follows:

Proposition 8 [HM04, Lemma 1] Let R = (CW D, R) be a TRS. For all t € Ty,
there exist | — r € R, a substitution o and a term u € Ty, such that root(u) € D,
g A o(l) A o(r) > u and there is a nonvariable subterm v of r, r > v, such that

u=o(v).

The standard definition of dependency pair relies on (2) and (3) above: after
marking t = f(t1,...,t) as t = fi(t,...,t;), only reductions below the root
of t are possible; then, such rewritings transform ¢* into o(f*(ly,...,1;)) for some
substitution o and rule f(ly,...,lx) — r of the TRS. The set of dependency pairs
fﬁ(ll, o ly) — vf for 1 <4 < n associated to such a rule represent all possible ways

to continue the infinite sequence initiated by ¢ with a minimal nonterminating term

O’(Ui).
3.1.1. Minimal non-u-terminating terms

Before starting our discussion about (minimal) non-p-terminating terms, we pro-

vide an obvious auxiliary result about p-terminating terms.

Lemma 9 Let R = (F,R) be a TRS, u € Mg, and s,t € T(F,X). If t is p-

terminating, then:
1. Ift>, s, then s is p-terminating.
2. Ift (_ﬁzu s, then s is p-terminating.

Proof. In both cases, we proceed by contradiction.
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1. If s is not p-terminating, then there is an infinite p-rewrite sequence starting
from s and, since t B>, s there exists an infinite p-rewrite sequence starting

from t. This leads to a contradiction.

2. If s is not p-terminating, then there is an infinite p-rewrite sequence starting
from s. Since ¢ <—>;“27M s, there exists an infinite py-rewrite sequence starting

from ¢, leading to a contradiction.

Given a TRS R = (F, R) and a replacement map p € Mz, maybe the most straight-
forward definition of minimal non-j-terminating terms is the following: let 75, , be
a set of minimal non-y-terminating terms in the following sense: ¢ belongs to 7,
if ¢ is non-p-terminating and every strict subterm u (i.e., ¢ > w) is p-terminating.

It is obvious that root(t) € D for all t € T ,,. We also have:

Lemma 10 ([AGLO8]) Let R = (F,R) be a TRS, p € My, and s € T(F,X). If

s is not p-terminating, then there is a subterm t of s (s>t) such thatt € T .

Then, if there is an infinite p-rewrite sequence t1 —g , to =R, t3 =Ry -
we can extract a sequence of the form ¢y >t} —g , 55> 1) —g, 5>t —g -

where all terms ¢, are minimal non-p-terminating, i.e., t; € T 1.

Example 11

Consider the TRS R in Example 3. If we have the infinite u-rewrite sequence

(redexes are underlined):
f(a) =, f(c(f(a) =, f(@) —u -+
we can extract the following sequence:
f(a) <, f(c(f(a))) & f(a) <, f(c(f(a))) > f(a) —, - --

where f(a) € 7, ,. Unfortunately, to obtain this sequence we have to pick subterms

from some frozen positions.

This approximation to the context-sensitive case doesn’t seem an appropiate

generalization to the rewriting case. We just show another example.
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Example 12
Consider the following TRS R:

a — c(f(a),b) flc(z),y) — =
b — b

together with p(c) = u(b) = @ and p(f) = {1}. This system is non-p-terminating

and an infinite p-rewriting is (redexes are underlined):
f(a,a) = f(c(f(a, b)), a) —u fa,b) = -
We can extract the following infinite minimal sequence:
f(a,a) = f(c(f(a,b)),a) > b, b b s, - -

where b is a minimal non-p-terminating term that has no incidence in the infinite

u-rewrite sequence.

Therefore, this kind of minimal non-p-terminating terms are not the most natu-
ral ones because they could occur at non-pu-replacing positions, where no p-rewriting
step is possible. So, this simple notion would not lead to an appropriate general-
ization of Proposition 8 to CSR. Still, we use them advantageously below; for this
reason we pay them some attention here.

There is a suitable generalization of Proposition 8 to CSR (see Proposition 26

below) based on the following notion.

Definition 13 (Minimal non-y-terminating term) Let M, be a set of min-
imal non-p-terminating terms in the following sense: t belongs to My, if t is
non-pi-terminating and every strict pi-replacing subterm s of t (i.e., t >, s) is p-

terminating.

Note that 7o ;, © Moo . Obviously, if t € My, then root(t) is a defined symbol.
In the following we often say that terms in 7., are strongly minimal non-p-

terminating terms. Now we have the following.

Lemma 14 ([AGLO8]) Let R = (F,R) be a TRS, p € Mr, ands € T(F,X). If s

is not p-terminating, then there is a p-replacing subterm t of s such thatt € My .

Using the new definition, if there is an infinite p-rewrite sequence starting from a
term t;, we can now extract a sequence of the form ¢, >, ¢} —g, sh >, th —r .

sy >, th g -+ where all terms t; are minimal, ¢; € M .
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Example 15

Now, continuing Example 12, from the non-u-terminating infinite u-rewrite se-

quence:
f(§7 a) “u f(C(f(a, b))v a) “u f(gv b) o
We can extract the following infinite minimal sequence:

f(é’ a) “u f(c(f(a, b))’ a) EM f(c(f(a, b))’ a) “u f(a’ b) E# f(§7 b) “u
f(c(f(a,b)),b) >, f(c(f(a,b)),b) —, f(a,b) >, f(a,b) —, ---

where all subterm steps now can be only given over active positions (in this case all

are at the root positions).

Since p-terminating terms are preserved under p-rewriting (Lemma 9), it follows

that M, is preserved under inner p-rewritings in the following sense.

Lemma 16 ([AGLO8]) Let R = (F,R) be a TRS, p € MF, and t € Moo, If

t &%ﬂ u and u is non-p-terminating, then u € Mqg .

Lemma 16 does not hold for 7, ,: consider the CS-TRS (R, ) in Example 3. We
have that f(a) € 7, ;. Now, f(a) —, f(c(f(a))) and f(c(f(a))) is not u-terminating.
However, f(c(f(a))) € oo, as shown in Example 11.

3.2. Hidden terms and hiding contexts in minimal pu-
rewrite sequences

To go ahead with the study of infinite minimal p-rewrite sequences we need
the definitions of hidden term and hiding context. As we show in the next section,
they play an important role in infinite minimal u-rewrite sequences associated to R.
Given a CS-TRS (R, ) the hidden terms are nonvariable terms occurring on some

frozen position in the right-hand side of some rule of R.

Definition 17 (Hidden symbols and terms) Let R = (F,R) be a TRS and p €
Myr. We say that t € T(F,X)\ X is a hidden term if there is a rulel — r € R
such that r >y t. Let HT (R, p) (or just HT, if R and p are clear for the context)
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,p).
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In the following, we also use DHT = {t € HT | root(t) € D} for the set of hidden

terms which are rooted by a defined symbol. The hiding contexts are formed by

symbols occurring in the right hand side of a rule at frozen positions where one of

its arguments in an active position is a variable or a define symbol.

Definition 18 (Hiding context [AEFT08]) Let R =

(F,R) be a TRS and p €

Myr. We say that the function symbol f hides position i if f(ri,...,7,...,T) €

HT (R, pn), i € u(f), and r; contains a defined symbol or a variable at an active
position (i.e., Poshp(r;) U Posh.(r;) # @). A context C[0] is hiding +f C[0) = O

or ClO| = f(ty,...

hiding context.

Example 19

7ti—1) C/[D]vti-i-l) cee

,tn), where f hides position i and C'[] is a

For R and p as in Example 1, the maximal hidden terms of the CS-TRS are

enclosed in boxes:

primes sieve(from(s(s(0))))

from(x) cons(z,|from(s(z)) |)
head(cons(z,y)) x
if (true, z,y) x
if (false, z, y) Yy
tail(cons(z,y)) Yy

sieve(cons(z,y)) — cons(z,|filt(x, sieve(y)) ‘)
filt(s(s(z)),cons(y, z)) — if(div(s(s(z)),y), filt(s(s(z)), 2),| cons(y, filt(s(s(z)), 2)) ‘)

The hidden symbols are from, filt, sieve, cons and s. Symbol from hides position
1; symbol s hides position 1; symbol filt hides positions 1 and 2; symbol sieve hides

position 1, and symbol cons hides position 1.

Example 20

Consider the following nonterminating TRS R which computes the zip of two
lists by applying the quotient of its components [Bor03]; the auxiliary functions tail

and head are also available through their usual definition by means of rewrite rules.

from(z) — cons(z, from(s(x)))

sel(0,cons(z,zs)) — x
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~—

sel(s(n),cons(z,zs)) — sel(n,xs)

minus(xz,0) — 0O
minus(s(z),s(y)) — minus(z,y)
quot(0,s(y)) — 0
quot(s(x),s(y)) — s(quot(minus(z, ), (1))
zWquot(zs, nil) — nil
2Wquot(nil, zs) — il

zZWaquot(cons(z, zs), cons(y,ys)) — cons(quot(z,y),zWquot(zs, ys))

— X

ys)
head(cons(z, xs)
(z, zs)

tail(cons(z,zs)) — xs

Consider the replacement map p given by p(cons) = {1} and u(f) = {1,...,ar(f)}
for all f € (F\ {cons}) where subterms at frozen positions have been underlined
in the left- and right-hand sides of the rewrite rule. The maximal hidden terms of
the CS-TRS are from(s(z)) and zWquot(zs,ys). The hidden symbols are from, s
and zWquot. Symbol from hides position 1, symbol s hides position 1 and symbol
zWquot hides positions 1 and 2.

The following lemma says that frozen subterms ¢ rooted by a defined symbol in
the contractum o(r) of a redex o(l) which do not contain ¢, are (at least partly)
‘introduced’ by a hidden term with a hiding context in the right-hand side r of the

involved rule [ — r.

Lemma 21 Let R = (F,R) be a TRS and n € Mr. Lett € T(F,X) be such that
root(t) € D, C[O] be a (possibly empty) context with a p-replacing hole, and o be a
substitution. If there is a rule | — r € R such that o(l) ¥ t and o(r) >y Ct], then
there is no x € Var(r) such that o(x) > t. Furthermore, there is a term t' € DHT,
a hiding context C'|0] such that r >y C'lt], ClO] = o(C"[O] and t = o(t').

Proof. By contradiction. If there is x € Var(r) such that o(x) > ¢, then since
variables in [ are always below some function symbol we have o(l) > t, leading to a

contradiction.
Since there is no x € Var(r) such that o(z) > ¢ but we have that o(r) > Ct],

then there are nonvariable positions p,q where p € Posz(r) \ Pos‘}(r) and ¢ €
Pos'z(r|p), such that C[t] = C[tlq = o(r|p) = o(r|pg) = t. Then, we let ¢/ = r|y
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and C'[00] = r|,[0];. Note that ¢’ € DHT and C'[] is formed by hidden symbols.
Furthermore, we have C[0], = o(r],) [0, = o(r|p[0]y) = o(C")[0]q = o(C")[O] and
o(r|pg) =t = o(t') as desired. To prove that C’'[0J] is a hiding context we proceed
by induction on C'[J]:

» If C'[0) =0, then C’[0] is a hiding context, by definition.

 IfC'0) = f(t1, .. tim1, C"[0O], tig1, - - -, ty) then we have U(T)D%J(C”)[O’(tl)] =
C"'[t] where C"'[00] = o(C")[0]. By the induction hypothesis, C”[0] is a hid-
ing context. Since C'[t']q = r|, € HT, i € pu(f), ¢ = i.¢d € Posh(r|p) and
C’[d] is a context with a p-replacing hole, we have that f hides position i, and
hence C'[0)] is a hiding context.

Now, we show how the rules construct the hiding context.

Lemma 22 Let R = (F,R) = (CWD,R) be a TRS and p € Mg. Lett € T(F,X),
C[O] be a context with a p-replacing hole and o be a substitution. If there is a rule
Il — r € R such that | >y, Ty rlp, = C'[z] for a position p € Pos(r) \ Pos*(r),
and o(r|p) = C[t], then C'[0] is a hiding context, C|0] = o(C")[0] and t = o(x).

Proof. By induction on C'[C]]:
» If C'[0) =0, then C’[0] is a hiding context, by definition.

 IfC'O) = f(t1, ..., tim1, C"[O], tig1, - . ., ty) then we have J(T)D%U(C”)[O’(.ﬁ)] =
C"'[t] where C"'[0] = o(C")[d]. By the induction hypothesis, C”[0] is a hiding
context and ¢ = o(x). Since C'[z], = 7|, € HT, i € u(f), ¢ = i.q’ € Posh.(r|p)
and C'[J] is a context with a u-replacing hole, we have that f hides position

i, and hence C'[J] is a hiding context.
u

Then, if we have a minimal non-u-terminating term ¢ in an infinite minimal y-rewrite
sequence with a minimal non-p-terminating term o(¢') at a frozen position, there is

a hiding context C’'[0J] such that ¢ >y a(C[e(t)].

Example 23

Consider the following example:

flx) — glc(f(z)))
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g(c(z)

)
g(z)
(z) — h(e(z))
(x)

o]

h

T

with u(f) = u(g) = w(h) = p(d) = @ and u(c) = p(e) = {1}. If we consider the

sequence starting from f(x), we have that:

f(z) =, g(c(f(2)))

Since ¢ appears in the right hand side of a rule in a frozen position above a defined

symbol, then, c hides position 1. Notice that f(z) € Ms, and Lemma 21 fits.

If we apply the second rule, then, we notice that d is not a hiding context:

g(c(f(2))) —u gld(f(2)))

but, we don’t have to care because the first position of d freeze its argument and

then, if we apply the third rule then:

and no infinite chain can happened.

If instead of applying the second rule, we apply the fourth rule, then e is a hiding

context and Lemma 22 fits:

g(c(f(2))) —u hle(c(f(2))))

If we apply the fifth rule, then the minimal term f(x) appear in an active position

and only a hiding context is above this term.

h(e(c(f(2)))) —u e(c(f(2)))

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

hiding context.
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Lemma 24 Let R = (F,R) be a TRS and yp € My. Let A be a p-rewrite sequence
t1 =ty — - = b, witht; € Mooy foralli, 1 < i < n andn > 1. If there is
aterm t € My, such that t1 ¢ t and t, >y C[t] where C[O] is a context with a
p-replacing hole, then C[t] = o(C")[o(s)] for some s € DHT, hiding context C'[C]]

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 sub-

terms as p-replacing subterms of (instances of) right-hand sides of the rules.

Proposition 25 Let R = (F,R) be a TRS and p € Mr. Let A be a finite or
infinite sequence of the form ty ci 51>, 1 LA\;‘Q“ to A 59>, 14 ‘L@;‘zu t3 -
with t;, t, € Moo, for all i > 1. If there is a term t € My, such that ty ¥ t
and t; >y C[t] for some context C[O] with a p-replacing hole, and some i > 1, then
Clt] = o(C")[o(s)] for some s € DHT, some hiding context C'[0] and substitution

g.

3.3. Infinite y-rewrite sequences starting from minimal
terms

The following proposition establishes that, given a minimal non-u-terminating
term t € M, there are only two ways for an infinite y-rewrite sequence to proceed.
The first one is by using ‘visible’ parts of the rules which correspond to p-replacing
nonvariable subterms in the right-hand sides which are rooted by a defined symbol.
The second one is by showing up ‘hidden’ non-p-terminating subterms with a hiding
context which are activated by migrating variables in a rule | — r, i.e., variables
x € Var*(r) \ Vart(l) which are not p-replacing in the left-hand side ! but become
p-replacing in the right-hand side 7.

Proposition 26 ([AGLO08]) Let R = (F,R) = (CWD,R) be a TRS and € My.

Then for allt € My, there exist | — r € R, a substitution o and a term u € M,

A
such that t dﬁ‘zu o(l) = o(r) >, u and either

1. there is a p-replacing subterm s of r, r >, s, such that u = o(s), or

2. there is © € Vart(r) \ Var*(l) such that o(x) = Clu] for a possible empty
context C[0] with a p-replacing hole.
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Proposition 26 entails the following result, which establishes some properties of

infinite sequences starting from minimal non-pu-terminating terms.

Corollary 27 Let R = (F,R) be a TRS and pn € My. For allt € My, there is

an infinite sequence

A A A A A
t =Sk o1(l) = o1(r) Byt <Sg,, 02(l2) = o2(re) By te SR
where, for all i > 1, l; — r; € R are rewrite rules, o; are substitutions, and terms

t; € Moo, are minimal non-p-terminating terms such that either
1. t; = 04(si) for some s; such that r; >, s;, or

2. oi(x;) = Ci[ti] for some x; € Vart(r;) \ Vart(l;) and some possible empty
context C;[0] with a p-replacing hole.

Since every minimal non-u-terminating term contains a strongly minimal non-u-
terminating subterm (see Lemma 10), in the following we investigate infinite minimal
non-y-terminating sequences starting by one of these terms. In this way, we ensure

the absence of non-u-terminating terms in frozen positions in the initial term.

3.3.1. 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

which are not in Var(t):

» REN¥(z) =y if = is a variable, where y is intended to be a fresh new variable
which has not yet been used (we could think of y as the ‘next’ variable in an

infinite list of variables); and

» RENH(f(t1,...,t)) = f([tﬂ{, cl [tk]i) for evey k-ary symbol f, where given
aterm s € T(F,X), [s]f = RENH(s) if i € u(f) and [s]{ =sifi & u(f).

Note that REN#(t) renames all u-replacing positions of variables in ¢ by new fresh
variables y but keeps variables at non-u-replacing positions untouched. Note that, in
contrast to a renaming substitution (often denoted by p), REN* is not a substitution:
it will replace different p-replacing occurrences of the same variable by different

variables.
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Proposition 28 ([AGLO8]) Let R = (F,R) be a TRS and pp € My. Lett €
T(F,X)\ X be a nonvariable term and o be a substitution such that o(t) € Mo .

Then, REN*(t) is p-narrowable.

In the following, we write NARR(t) to indicate that t is y-narrowable (w.r.t. the
intended TRS R). We also let

NHT (R, u) = {t € DHT | NARR*(REN"(t))}

be the set of hidden terms which are rooted by a defined symbol, and that, after
applying REN”, become p-narrowable. As a consequence of the previous results, we

have the following main result which we will use later.

Theorem 29 Let R = (F,R) be a TRS and jp € My. For allt € T, there is an

nfinite sequence

A A A A A
t=ty ‘;%7# O'l(ll) — 0'1(7"1) EN 1 c>_’7€,,u, 0'2([2) — 0'2(7“2) IZH to (>—>;€,,u, cee
where, for alli > 1, [; — r; € R are rewrite rules, o; are substitutions, and terms

t; € Moo, are minimal non-p-terminating terms such that either

1. t; = 04(si) for some s; such that r; >, s;, or

2. oi(x;) = Ci[ts] for some x; € Vart(r;) \ Vart(l;) and Ci[t;] = 6;(C.[t)]) for
some t; € N'HT, some hidding context C{[J] and substitution 6;.

Proof. Since 7o, € Mooy, by Corollary 27, we have a sequence

t=ty =5 o1(l) D or(r) Byt DL oa(la) D oalra) Byt D
where, for all @ > 1, [; — r; € R, o; are substitutions, t; € My, ,, and either
(1) t; = 04(s;) for some s; such that r; >, s; or (2) oi(x;) = Ci[t;] for some z; €
Vart(r;) \ Vart(l;) (and hence o(l;) >y ti and o(r;) >, t; as well) and some context
C;[d] with a p-replacing hole. We only need to prove that for the terms C;[¢;], terms
t; are instances of hidden terms in N’H7T and contexts C;[0J] are instances of hiding
contexts whenever the second condition holds. By Proposition 25, for all such terms
t;, we have that either (A) o1(ly) > ti or (B) Ct;) = 6;(C"[t}]) for some t, € DHT,
hiding context C/[J] and substitution ¢;. In the second case (B), we are done by
just considering Proposition 28, which ensures that t; € N'H7. In the first one (A),
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since ¢ ‘LA’;%H o1(l1) and o1(ly) is not p-terminating, by Lemma 16 all terms u; in

the p-rewrite sequence

t:ulﬂug?—/\w--&um:al(h)
for m > 1, belong to My 40 u; € Moy, for all j, 1 < 5 < m. Since t € Too y,
all its strict subterms (disregarding their p-replacing character) are p-terminating.
Therefore, t ¥ t; (because t; is not p-terminating) and by Lemma 24, C[t;] =
0;(C"[t]) for some t; € DHT, hiding context C/[0] and substitution ;. Again, by
Proposition 28 we have ¢, € N'HT. n
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Context-Sensitive Dependency
Pairs

Lemma 10 and Theorem 29 are the basis for our definition of Context-Sensitive
Dependency Pairs (and the corresponding chains). Together, they show that every
non-u-terminating term s has an associated infinite p-rewrite sequence starting from
a strongly minimal subterm ¢ € 7, (i.e., s >t). Such a sequence proceeds by
first performing some p-rewriting steps below the root of t to obtain a term ¢’ (i.e.,
t ‘LA%# t') and then applying a rule [ — r at the topmost position of ¢’ (i.e., t' = o(I)
for some matching substitution o). According to Proposition 26, the application of

such a rule either

1. introduces a new minimal non-y-terminating subterm u having a prefix s which
is a p-replacing subterm of r (i.e., 7>, s and u = o(s)). Furthermore, by

Proposition 28, REN#(s) must be p-narrowable; or else

2. takes a minimal non-u-terminating and non-p-replacing subterm u of ¢ (i.e.,

t >y u) and

a) brings it up to an active position by means of the binding o(z) for some
migrating variable x inl — r, o(x) = C[u] for some z € Var#(r)\ Vart(l)
and a context C[0] with a p-replacing hole.

b) At this point, we know that u, which is rooted by a defined symbol due
to u € My, is an instance of a hidden term v’ € N'HT and C[O]
is an instance of a hiding context C'[0J]: C[u] = 6(C")[#(u')] for some
substitution 6.

c¢) Afterwards, further inner p-rewritings on u lead to match the left-hand-

side I’ of a new rule I’ — 7’ and everything starts again.
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This process is abstracted in the following definition of context-sensitive dependency
pairs and in the definition of chain below.

Given a signature F and f € F, we let f* be a new fresh symbol (often called
tuple symbol or DP-symbol) associated to a symbol f [AG00]. Let F* be the set of
tuple symbols associated to symbols in F. As usual, for t = f(t1,...,tx) € T(F, X),
we write t# to denote the marked term f%(ty,...,t;). Conversely, given a marked
term t = f(t1,..., 1), where ty,....t;, € T(F,X), we write t? to denote the term
flty, ..., th) € T(F,X). Let THF,X) = {t* | t € T(F, X)\ X} be the set of marked

terms.

Definition 30 (Context-Sensitive Dependency Pairs) Let R = (F,R) = (CW
D,R) be a TRS and p € Mr. We define DP(R, ) = DP£(R, 1) UDPx (R, 1) to be
the set of context-sensitive dependency pairs (CSDPs) where:

DP£(R,un) = {lﬁ — st |l — 7€ R,r>,s,root(s) € D,l b, s, NARR*(REN*(s))}

| D ifNHT =2

DPx(R, 1) = { (P —a|l—reReeVark(r)\ Varr(l)} if NHT + 2

We extend p € My into pu* € Mg p: by p*(f) = u(f) if f € F, and p#(f*) = u(f)
if feD.

The CSDPs u — v € DPx(R, 1) in Definition 30, consisting of collapsing rules only,
are called the collapsing CSDPs.

If we apply in an infinite minimal p-rewrite sequence a rule [ — r € R with a
migrating variable x instantiated to an infinite minimal term with a substitution
o, we know that this instantiated variable has the form o(x) = CJt], where ¢ is
an instance of a hidden term ¢’ and C[] is an instance of a hiding context C'[]].
Hence, if there is no any narrowable hidden term, then it is impossible to have an
infinite minimal p-rewrite sequence where a rule with a migrating variable is applied
and the migrating variable is instantiated to a minimal non-u-terminating term.

A rule I — r of a TRS R is p-conservative if Var#(r) C Vart(l), i.e., it does
not contain migrating variables; R is p-conservative if all its rules are (see [Luc96,

Luc06]). The following fact is obvious from Definition 30.

Proposition 31 ([AGLO06]) LetR be a TRS and p € Mg. If (R, u) is p-conservative,
then DP(R, ) = DP£(R, p).

Therefore, in order to deal with p-conservative TRSs R we only need to consider

the ‘classical’ dependency pairs in DP£(R, p).
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Example 32

Consider the following TRS R:

glx) — h(z) h(d) — glc)

c — d

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

G(z) — H(z) H(d) — G(c)

with 1#(G) = pf(H) = 2.

If the TRS R contains non-p-conservative rules, then we also need to consider de-

pendency pairs with variables in the right-hand side.

Example 33

For the CS-TRS (R, 1) in Example 1, we have six CSDPs: (1.1), (1.2), and (1.9)
as in Example 2 plus the following three collapsing CSDPs:

TAIL(cons(z,y)) — (4.1)
IF(true,z,y) — = (4.2)
IF(false,z,y) — vy (4.3)

Example 34
For the CS-TRS (R, 1) in Example 20, we have six CSDPs:

SEL(s(n), cons(z,zs)) — SEL(n,ws) (4.4)
MINUS(s(z),s(y)) — MINUS(z,y) (4.5)
QUOT(s(z),s(y)) — QUOT(minus(z,y),s(y))  (4.6)
QUOT(s(z),s(y)) — MINUS(z,y) (4.7)
) (4.8)
) (4.9)

ZwQUOT (cons(x, zs),cons(y,ys)) — QUOT(z,y)

ys)
TAIL(cons(z,y)

- Y
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4.1. Chains of CSDPs

An essential property of the dependency pairs method is that it provides a char-
acterization of termination of TRSs R as the absence of infinite (minimal) chains
of dependency pairs [AG00, GTSKF06]. As we prove in Section 4.2, this is also
true for CSR when CSDPs are considered. First, we have to introduce a suit-
able notion of chain which can be used with CSDPs. As in the DP-framework
[GTSK04, GTSKF06], where the procedence of pairs does not matter, we rather
think of another TRS P which is used 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 P = DP(R, u).

Definition 35 (Chain of pairs - Minimal chain) Let R = (F,R) and P = (G, P)
be TRSs and € Mryg. A (P, R,p)-chain is a finite or infinite sequence of pairs
u; — v; € P, together with a substitution o satisfying that, for alli > 1:

1. if vy & Var(u;) \ Vart(u;), then o(v;) —% , 0(uiy1), and

M
2. if v; € Var(u;) \ Vart(u;), then there is s; € T(F,X) and a context C;[O] with
a p-replacing hole such that o(v;) = Cy[s;] and s? SR 0(Uit1).

As usual, we assume that different occurrences of dependency pairs do not share any

variable (renaming substitutions are used if necessary).

A (P, R, u)-chain is called minimal if for all i > 1,

1. if vi € Var(u;) \ Vart(u;), then o(v;) is (R, u)-terminating, and

2. if v; € Var(w;) \ Vart(u;), then SE is (R, p)-terminating, 35; € NHT (R, 1)
and a hiding context C;[0] such that C;[s;] = o(C;i[3i]).

Note that the condition v; € Var(u;) \ Var*(u;) in Definition 35 implies that v; is
a variable. Furthermore, since each u; — v; € P is a rewrite rule (i.e., Var(v;) C
Var(u;)), v; is a migrating variable in the rule u; — v;. In the following, the pairs
in a CS-TRS (P, ), where P = (G, P), are partitioned according to its role in

Definition 35 as follows:
Py ={u—wveP|veVar(u)\ Var*(u)} and P; = P\ Py

Remark 36 (Notation for chains) In general, a (P, R, x)-chain can be written

as follows:

o(uy) P O EEL t1 <—>;‘€’u o(ug) Py O Eﬁ to <_>;z’“
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where, for all > 1 and u; — v; € P,
1. if u; — v; € Py, then t; = o(v;),
2. if u; — v; € Py, then t; = s? for some term s; such that o(v;) >, s;.
The relation EEL is defined as follows:
" s Eﬁt is equivalent to s>, t* if s € 7(F,X) and t € T#(F, X), and
=5 E,ﬁi t is equivalent to s = t for s,t € TH(F, X).
[ ]

In the following, we let NHT p(R, ) C NHT (R, ) (or just NHT p if R and

are clear from the context) be as follows:
NHTp(R,p) = {t e NVHT (R, p) | Ju — v € P, 30,0, 0() —%, 0/ (u)}

This set contains the narrowable hidden terms which ‘connect’ with some pair in P.

The following proposition establishes some important ‘basic’ cases of (absence

of) infinite context-sensitive chains of pairs which are used later.

4.2. Characterizing termination of CSR using chains of
CSDPs

The following result establishes the soundness of the context-sensitive depen-
dency pairs approach. As usual, in order to fit the requirement of variable-disjointness
among two arbitrary pairs in a chain of pairs, we assume that appropriately renamed

CSDPs are available when necessary.

Theorem 37 (Soundness) Let R be a TRS and p € Mg. If there is no infinite
minimal (DP(R, ), R, puf)-chain, then R is p-terminating.

Proof. By contradiction. If R is not p-terminating, then by Lemma 10 there is
t € Ts,u- By Theorem 29, there are rules [; — r; € R, matching substitutions oy,

and terms t; € My, for @ > 1 such that

A A A A A
t=to =S, 01(lh) = o1(r) Byt Sxy, 02(l2) = 02(r2) By te TSR,

where either (D1) ¢; = 04(s;) for some s; such that r; >, s; or (D2) o4(x;) = C;[t;]
for some z; € Var*(r;) \ Vart(l;), Ci[t;] = 6;(C![t;]) for some t; € N'HT and some
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hiding context C/[CJ]. Furthermore, since ¢;_; @A%” oi(l;) and t;_1 € My, (in
particular, tg =t € T )y © Moo ), by Lemma 16, 0;(1;) € Moo, for all i > 1. Note
that, since t; € My ,,, 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(t*) is

not a defined symbol of R.

First, note that DP(R, ) is a TRS P over the signature G = F U D! and uf €
Mz g as required by Definition 35. Furthermore, Pg = DPx(R,u) and Py =
DPx (R, ). We can define an infinite minimal (DP(R, u), R, u*)-chain using CSDPs

u; — v; for i > 1, where u; = lg and

1. v; = sg if (D1) holds. Since t; € My, we have that root(s;) € D and, because
t; = 0i(si), by Proposition 28 REN*(s;) is p-narrowable. Furthermore, if we
assume that s; is a p-replacing subterm of I; (i.e., l; >, s;), then o;(l;) >, 0i(s;)
which (since 0;(s;) = t; € M) contradicts that o;(l;) € M. Thus,
li ¥, si. Hence, u; — v; € DP#(R,p). Furthermore, tg = oi(v;) is p-
terminating. Finally, since t; = o4(s;) Lj»‘;‘zu 0is1(li11) and pf extends p to
FUD! by pf(f*) = u(f) for all f € D, we also have that o;(v;) = O'Z'(SE) c_)%,uﬁ

Ui+1(ui+1)-

2. v; = x; if (D2) holds. Since NHT # @ (by asumption), we have that u; —
v; € DPx(R,u). As discussed above, tg is p-terminating. Since o;(z;) =
Ci[ti], we have that o;(v;) = Cj[t;] for a context C;[0J] with a p-replacing hole.
Finally, since t; 4\;‘3“ oi+1(li+1), again we have that uf (_ﬁz,m Oit1(Uit1).
Furthermore, C;[t;] = 6;(C![t]) for some t; € N'HT and some hiding context

c[0.

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(z) = o4(z)
whenever x € Var(u;) for ¢ > 1. From the discussion in points (1) and (2) above,
we conclude that the CSDPs u; — v; for ¢ > 1 together with ¢ define an infinite

minimal (DP(R, i), R, u*)-chain which contradicts our initial assumption. ]

Now we prove that the previous CS-dependency pairs approach is not only correct

but also complete for proving termination of CSR.

Theorem 38 (Completeness) LetR be a TRS and pn € M. If R is p-terminating,
then there is no infinite (DP(R, ), R, uu*)-chain.
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Proof. By contradiction. If there is an infinite (DP(R, ), R, u#)-chain, then there
is a substitution o and dependency pairs u; — v; € DP(R, 1) such that

1. If u; — v; € DP£(R, 1), then o(v;) SR o(uit1), and

2. if u; — v; = u; — x; € DPx(R, ), then there is s; € T(F,X) and a context
C;[0] with a p-replacing hole such that o(x;) = Cji[s;] and s? —% i o(uir1).

for ¢ > 1. Now, consider the first dependency pair u; — v1 in the sequence:

1. If uy — vy € DP£(R, u), then vti is a p-replacing subterm of the right-hand-
side 71 of a rule I; — 71 in R. Therefore, r1 = Dl[vli]pl for some p; €
Post(r1) and we can perform the p-rewriting step t1 = o(u1) —r, o(r1) =
O'(Dl)[O'(’Ui)]pl = s1, where U(Ui)ﬁ =o(v1) R o(ug2) and o(ug) initiates an

infinite (DP(R, 1), R, u*)-chain. Note that p; € PosH(s1).

2. If uy — = € DPx(R, ), then there is a rule Iy — 71 in R such that u; =
l’{, and z € Vart(ry) \ Var*(l1), i.e., 1 = Di[z]q for some ¢1 € Pos*(r1).
Furthermore, since there is a subterm s and a context C1[J] with a p-replacing
hole such that o(z) = C4[s] and s* SR o(uz). Therefore, we can perform the
p-rewriting step t1 = o(l1) —g,, o(r1) = o(D1)[Ci[s]] = s1 where s* SR
o(ugz) (hence s &%M ug) and o(ug) initiates an infinite (DP(R, u), R, uf)-

chain.

Since uf(f*) = u(f), and C; is a context with a p-replacing hole, we have that
$1 =%, telo(us)]p, = t2 and p1 € Pos’(t2). Therefore, we can build in that way an

infinite p-rewrite sequence
tl (_>R7N S1 c_>f;€’lu t2 (_>R7M .o
which contradicts the p-termination of R. ]

Corollary 39 (Characterization of p-termination) Let R be a TRS and u €
Mpg. Then, we have that R is u-terminating if and only if there is no infinite
minimal (DP(R, i), R, u*)-chain.
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Mechanizing proofs of
u-termination using CSDPs

During the last ten years, the dependency pairs method has evolved to a pow-
erful technique for proving termination of TRSs in practice. From the already clas-
sical Arts and Giesl’s article [AG00] to the last developments corresponding to the
so-called dependency pair framework [GTSK04, GTSKFO06, Thi07] many new im-

provements have been introduced.

In the DP-approach [AGO00], the starting point is a TRS R from which a set of
dependency pairs DP(R) is obtained. Then, such dependency pairs are organized
in a dependency graph DG(R) and the cycles of the graph are analyzed to show
that no infinite chains of DPs can be obtained from them. The dependency pairs
approach emphasizes (at least theoretically) a ‘linear’ (although somehow modular,
see [GAOO02]) procedure for proving termination. In this sense, the treatment of
strongly connected components of the graph (SCCs) instead of cycles, as suggested
by Hirokawa and Middeldorp [HM04, HMO05]|, brought an important improvement
in its practical use because it provides a way to make the proofs more incremental
without running out of the basic DP-approach. In the DP-approach, dependency
pairs are considered as components of the chains (or cycles). Since they only make
sense when an underlying TRS is given as the source of the dependency pairs,
transforming DPs is possible (the narrowing transformation is already described in
[AGO00]) but only as a final step because, afterwards, they are not dependency pairs
of the original TRS anymore.

The dependency pair framework solves these problems in a clean way, leading to

a more powerful mechanization of termination proofs.
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5.1. Mechanizing termination proofs with the depen-
dency pair framework

An appealing aspect of the DP-framework [GTSKO04, GTSKFO06] is that the
procedence of pairs does not matter; they can be independent from the considered
TRS. The notion of chain is parametric on both a TRS R and a set of pairs P
(a TRS, actually) which are connected by using R-rewrite sequences. Regarding
termination proofs, the central notion now is that of DP-termination problem: given
a TRS R and a set of pairs P, the goal is checking the absence (or presence) of
infinite (minimal) chains. Termination of a TRS R is addressed as a DP-termination
problem where P = DP(R). The most important notion regarding mechanization
of the proofs is that of processor. A (correct) processor basically transforms DP-
termination problems into (hopefully) simpler ones, in such a way that the existence
of an infinite chain in the original DP-termination problem implies the existence of
an infinite chain in the transformed one. Here ‘simpler’ usually means that fewer
pairs are involved. Often, processors are not only correct but also complete, i.e., there
is an infinite minimal chain in the original DP-termination problem if and only if
there is an infinite minimal chain in the transformed problem. This is essential if

we are interested in disproving termination.

Processors are used in a pipe (more precissely, a tree) to incrementally simplify
the original DP-termination problem as much as possible, possibly decomposing it
into smaller pieces which are then independently treated in the very same way. The
trivial case of this iterative process 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 DP-termination problem which is propagated upwards to the original problem
in the root of the tree. In some cases it is also possible to witness the existence
of infinite chains for a given DP-termination problem; then a negative answer no
can be provided and propagated upwards. Of course, DP-termination problems are
undecidable (in general), thus don’t know answers can also be generated (for instance
by a time-out system which interrupts the usually complex search processes which
are involved in the proofs). When all answers are collected, a final conclusion about

the whole DP-termination problem can be given:

1. if we have positive answers (yes) for all problems in the leaves of the tree, then

we conclude yes as well;

2. if a negative answer (no) was raised somewhere and the DP-processors which
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were used in the path from the root to the node producing the negative answer

were complete, then we conclude no as well;
3. Otherwise, the conclusion is don't know.

The notions of graph, cycles, SCCs, etc., are also part of the framework but (1)
they are incorporated as processors now, and (2) they do not refer to dependency
pairs anymore, but rather to the pairs in the (different) sets of pairs which are
obtained through the process sketched above. In this way, we obtain a much more
flexible framework to mechanize termination proofs and also to benefit from new

future developments which could lead to the introduction of new processors.

In the following, we adapt these ideas to CSR to provide a suitable framework

for mechanizing proofs of termination of CSR using CSDPs.

5.2. C(CS-termination problems and processors

The following definition adapts the notion of (DP-)termination problem defined
in [GTSKF06] to CSR. In our definition, we prefer to avoid ‘DP’ because, as dis-
cussed 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 not dependency pairs of the under-

lying TRS anymore.

Definition 40 (CS-termination problems) A CS-termination problem 7 is a
tuple T = (P, R, i), where R = (F,R) and P = (G, P) are TRSs and n € Mr,g. A

CS-termination problem is finite if there is no infinite minimal (P, R, u)-chain.

Finite CS-termination problems correspond to those generating a positive answer
yes in the full proof process sketched above. Accordingly, CS-termination problems

which are not finite correspond to a negative answer no.

Remark 41 According to Corollary 39, we can say now that a TRS R is u-
terminating if and only if the CS-termination problem (DP(R,u),R,uf) is finite.

[
The following definition adapts the notion of processor [GTSKF06] to CSR.

Definition 42 (CS-processor) A CS-processor Proc is a mapping from CS-ter-

mination problems into sets of CS-termination problems. A CS-processor Proc is
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» sound if for all CS-termination problems T, T is finite whenever 7’ is finite for

all 7' € Proc(7).

= complete if for all CS-termination problems T, whenever T is finite, then 7’ is

finite for all 7" € Proc(r).

In the following sections we describe a number of sound and (most of them) complete

CS-processors.



CS-Termination Processors

In this chapter, we develop different processors that allow us to solve CS-ter-
mination problems. As explained in the previous chapter, these processors can be
combined to treat CS-termination problems in such a way that after a finite number

of processing steps we (hopefully) get a final response (finite or infinite).

6.1. Context-Sensitive Dependency Graph

CS-termination problems focus our attention on the analysis of infinite minimal
(P, R, u)-chains. In general, an infinite sequence S = ay,ag, ..., an, ... of objects a;
belonging to a set A can be represented as a path in a graph G whose nodes are the
objects in A, and whose arcs among them are appropriately established to represent
S (in particular, an arc from a; to a;4+; should be established if we want to be able
to capture the sequence above). Actually, if A is finite, then the infinite sequence
S defines at least one cycle in G: since there is a finite number of different objects
a; € Ain S, there is an infinite tail S’ = a,, ami1, ... of S where all objects a; occur

infinitely many times for all ¢ > m. This clearly corresponds to a cycle in G.

In the dependency pairs approach [AG00], a dependency graph DG(R) is associ-
ated to the TRS R. The nodes of the dependency graph are the dependency pairs in
DP(R); there is an arc from a dependency pair u — v to a dependency pair v’ — v’

if there are substitutions # and 6’ such that 6(v) —% 0'(u').

In more recent approaches, the analysis of infinite chains of dependency pairs as
such is just a starting point. Many often, chains of dependency pairs are transformed
into chains of more general pairs which cannot be considered dependency pairs
anymore. This is the case for the narrowing or instantiation transformations, among
others, see [GTSKF06] for instance. Still, the analysis of the cycles in the graph

build out from such pairs is useful to investigate the existence of infinite (minimal)
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chains of pairs. Thus, a more general notion of graph of pairs DG(P, R) associated to
a set of pairs P and a TRS ‘R is considered; the pairs in P are used now as the nodes
of the graph but they are connected by R-rewriting in the same way [GTSKF06,
Definition 7].

In the following section we take into account these points to provide an appro-

priate definition of context-sensitive (dependency) graph.

6.1.1. Definition of the context-sensitive dependency graph

According to the discussion above, our starting point are two TRSs R = (F, R)
and P = (G, P) togheter with a replacement map u € Mz g. Our aim is obtaining
a notion of graph which is able to represent all infinite minimal chains of pairs as

given in Definition 35.

When considering pairs u — v € Pg, we can proceed as in the standard case to
define appropriate connections to other pairs v’ — v’ € P: there is an arc from u — v
to u’ — o' if O(v) —% , 0'(u') for some substitutions ¢ and ¢". When considering
collapsing pairs u — v € Py, we know that such pairs can only be followed by a
pair v/ — v’ € P such that () R 0'(u) for some t € N'HT and substitutions
0 and 0 (see Definition 35).

Definition 43 (Context-Sensitive Graph of Pairs) Let R = (F,R) and P =
(G, P) be TRSs and pu € Mr,g. The context-sensitive (CS-)graph associated to R
and P (denoted G(P, R, 1)) has P as the set of nodes and arcs which connect them

as follows:

1. There is an arc from u — v € Pg to u' — v’ € P if there are substitutions 6
and 0" such that 0(v) <% , 0'(u).

2. There is an arc from u — v € Py to v’ — v’ € P if there ist € NHT (R, )
and substitutions 6 and ' such that 0(t%) R 0'W).

In termination proofs, we are concerned with the so-called strongly connected com-
ponents (SCCs) of the dependency graph, rather than with the cycles themselves
(which are exponentially many) [HMO05]. A strongly connected component in a
graph is a mazximal cycle, i.e., a cycle which 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.
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Theorem 44 (SCC processor [AGLO8]) Let R = (F,R) and P = (G, P) be
TRSs and € Myyg. Then, the processor Procsco given by

Procscc (P, R, 1) = {(Q,R, ) | Q contains the pairs of an SCC in G(P, R, u)}

18 sound and complete.

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

graph.

Definition 45 (Context-Sensitive Dependency Graph) Let R = (F,R) be a
TRS and u € M. The Context-Sensitive Dependency Graph associated to R and
p is DG(R, p) = G(DP(R, ), R, ji*).

6.1.2. Estimating the CS-dependency graph

In general, the (context-sensitive) dependency graph of a TRS is not computable:
it involves reachability of @'(u/) from @(v) (for u — v € Pg) or O(t*) (for t €
NHT p) using CSR; as in the unrestricted case, the reachability problem for CSR is
undecidable. So, we need to use some approximation of it. Following [AG00], we

describe how to approximate the CS-dependency graph of a CS-TRS.

Given a set A of ‘defined’ symbols, we let CAP/\ be as follows:

CaPi(z) = =z ifzis a variable
if feA
CAPE (f(tr,... 1) = 47 !
APA(f(tr, - 1)) { f([tl]{, e [tk]{) otherwise

where y is intended to be a new, fresh variable which has not yet been used and
given a term s, [s]{ = CapPl(s) if i € p(f) and [s]{ =sifi e pu(f).

Function CAP/ is intended to provide a suitable approximation of reachability
problems 6(s) <% , 0'(t) by means of unification. The idea is obtaining the maximal
prefix context C[] of s (i.e., s = Cls1,...,sy] for some terms s1,...,s,) which we
know (without any ‘look-ahead’ for applicable rules) that cannot be changed by
any reduction starting from s. Furthermore, terms si,..., s, above must be rooted
by defined symbols (i.e., root(s;) € A for i € {1,...,n}). Now, we replace those
subterms s; which are at p-replacing positions (i.e., s; = slp, for some p; € Post(s))

by some variable x, and we leave untouched the non-u-replacing ones.
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The following result whose proof is similar to that of [AG00, Theorem 21| (we
only need to take into account the replacement restrictions indicated by the replace-

ment map ) formalizes the soundness of this approach.

Proposition 46 ([AGLO08]) Let R = (F,R) = (CWD,R) be a TRS and n € Mg.
Let s,t € T(F,X) be such that Var(s) N Var(t) = @ and 0,0" be substitutions. If
0(s) =%, 0'(t), then REN*(CAPH(s)) and t unify.

Example 47

Consider the well-known Toyama’s example [Toy87]. Note that REN* is neces-

sary to simulate reachability. Otherwise:

f(a,b,z) — f(z,z,2)
c — a

c — b
The only dependeny pair for this system is:
F(a,b,z) — F(z,z,x)

Without considering REN, F(x, z, x) does not unify with F(a, b, y), but it is possible

to rewrite F(c,c,c) into F(a,b,c).

According to Proposition 46, given terms s,t € 7 (F, X) and substitutions 6, ¢’, the
reachability of §'(¢) from 0(s) by p-rewriting can be approzimated as unification of

REN*(CAPH(s)) and t. So, we have the following.

Definition 48 (Estimated Context-Sensitive Graph of Pairs) Let R = (F, R)
and P = (G, P) be TRSs and p € Mryg. The estimated CS-graph associated to R
and P (denoted EG(P, R, 1)) has P as the set of nodes and arcs which connect them

as follows:

1. There is an arc from u — v € Pg to v’ — v’ € P if REN*(CAPL(v)) and '

unify.

2. There is an arc from u — v € Py tou' — v € P if there ist € NHT (R, )
such that REN*(CAPY(t%)) and v’ unify.

According to Definition 43, we would have the corresponding one for the estimated
CSDG: EDG(R, i) = EG(DP(R, i), R, ui#).
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B

Figure 6.1: Estimated CSDG for the CS-TRS (R, 1) in Example 49

Example 49

Consider the following TRS R [Zan97, Example 4]:

(x) — cons(z,f(g(x))) sel(0,cons(z,y)) — =
g(0) — s(0) sel(s(z),cons(y, z)) — sel(z,z2)
g(s(z)) — s(s(g(x)))

with ©(0) = @, u(f) = u(g) = wu(s) = p(cons) = {1}, and pu(sel) = {1,2}. Then,
DP(R, i) is:

G(s(z)) — G(x) (6.1) SEL(s(z),cons(y,z)) — =z (6.3)
SEL(s(x),cons(y,z)) — SEL(z,z2) (6.2)

and NHT = {f(g(z)),g(x)}. Regarding pairs (6.1) and (6.2) in DP£z(R, p),
there is an arc from (6.1) to itself and another one from (6.2) to itself. Regard-
ing the only collapsing pair (6.3), we have that REN*(CaP},(F(g(z)))) = F(y) and
REN*(CAPL(G(z))) = G(y). Since F(y) does not unify with the left-hand side of
any pair, and G(y) unifies with the left-hand side G(s(z)) of (6.1), there is an arc
from (6.3) to (6.1), see Figure 6.1. Thus, there are two cycles: {(6.1)} and {(6.2)}.

Note that Proposition 46 also provides a way to estimate the set NHT p: if t €
NHT p, then REN*(CAPH(#)) and u unifiy for some u — v € P. In the following,

our presentations of N'H7 p in the examples are computed in this way.

Example 50

Consider again the CS-TRS (R, 1) in Example 1. Note that

NHT ppr,u)(R, pf) = {filt(x, sieve(y)), filt(s(s(x)), 2)}
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The CSDG is shown in Figure 6.2 and has no cycle. By Theorem 44 we transform
the CS-problem (DP(R, i), R, u*) into a singleton {(@,R,uf)} containing a finite

CS-termination problem. Thus, we conclude that R is p-terminating.

() ®

Figure 6.2: Context-Sensitive Dependency Graph for the CS-TRS (R, i) in Exam-
ple 1

Example 51
Consider again the CS-TRS (R, 1) in Example 20. Note that

NHTDP(R,/L) (Ra //Jﬁ) = {ZWC]UOt(l‘S, yS)}

The CSDG is shown in Figure 6.3 and has three cycles. By Theorem 44 we transform
the CS-problem (DP(R, i), R, u*) into a set {(P1, R, u*), (P2, R, u*), (P3, R, u¥)} of

three CS-termination problems where:
P = {{SEL(s(n),cons(z,xs)) — SEL(n,xs)}
Py = {MINUS(s(x),s(y)) — MINUS(z,y)}
Ps = {QUOT(s(x),s(y)) — QUOT(minus(z,y),s(y))}}
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Figure 6.3: Context-Sensitive Dependency Graph for the CS-TRS (R, i) in Exam-
ple 20

6.2. Treating collapsing pairs

The following result introduces a sound and complete CS-processor to transform
collapsing pairs into noncollapsing ones. In order to appropiatelly formulate it,
we first define the notion of hiding replacement map. Given a CS-TRS (R, u), it
collects the arguments which are hidden by each symbol in the signature F of R
(see Definition 18).

Definition 52 (Hiding replacement map) Let R = (F,R) be a TRS and p €
Mgz. We define the hiding context map px R, as a mapping R, @ F — ©(N)
such that:

prru(f) ={i|i€ u(f) and f hides position i in (R, pn)}

Note that pxr , C p.

Theorem 53 (Collapsing pairs transformation processor) Let R = (F,R)
and P = (G, P) be TRSs and 1 € Mz g.

Let u — x € Py and

P, = {u—U(@)} U {U(f(z1,...,2%) = U(z) | f € F,i€puru(f)}
U{U(t) = th |t e NHTp}

where U is a new fresh symbol. Let P' = (GU{U}, P’) where P’ = (P\{u — z})UP,,
and p' which extends p by 1/ (U) = @.
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Then, the processor Proc.coy given by
ProceColl (P7 Ra /'L) = {(7)/7 Ra /'L/)}
18 sound and complete.

Proof. Soundness. We prove first that the existence of an infinite minimal (P, R, u)-
chain implies the existence of an infinite minimal (P’, R, ')-chain.

First, note that P’ is well-defined as a TRS. Consider an infinite minimal (P, R, u)-
chain A:

o(u1) —py 0 Bhty Sk, o(ug) —p o Bhty =5 o(ug) —py o

for some substitution o, where, for all i > 1, ¢; is p-terminating and, (1) if u; —
v; € Pg, then t; = o(v;) and (2) if u; — v; = u; — x; € Py, then t; = 5? for
some s; such that o(x;) = CJ[s;] and Cls;] = 0;(C[5;]) for some 5 € N'HT, some
hiding context C[(J] and substitution 6;; actually, since t; = sg = 0,(5)" = Z(Eg)

and ¢; <—>f,‘z7u o(u;j+1), we can further say that 5; € NNH7 p. Hence, we obtain:

o (ui)
A
—pr . U(o(x;)) a collapsing pair is applied
= U(C[si]) CIO] is an instance of a hiding context
A *
TP/’MI U(s;) we remove the hiding context with the U rules

—pr S s; is an instance of a term in N'HT

Thus, we obtain an infinite minimal (P, R, i)-chain, as desired. In particular, we
note that all steps with P, are performed at the root, we do not require any reduction

below symbol U, hence p/(U) = & is enough to perform them.

Completeness. By contradiction. If there is an infinite (P’, R, u’)-chain, then

there is a substitution ¢ and pairs u; — v; € P’ such that

1. Ifu; — v; € P'\P, and o(v;) C_ﬁ%,u o(ujy1), then u; — v; € P and o(v;) <7

R,p
o(uit1),

2. if u; — v; = u; — U(z;) € P and o(u) C_>>7k3,u o(viy1) where o(vi41) =

U(vj, ), then there is a pair u; — x; € P such that o(x;) = vj_,

3. if wp — v; = U(f(z1,...,20)) — U(z;) € P’ and o(v;) <%, o(vit1) where
o(v;) = U(vj) and o(viy1) = U(vjy,), then i € uy g, (f) and v; = Ci[vj ]

where C/[0J] is an instance of a hiding context, and
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4. if u; — v; = U(t) — t* € P’ and o(v;) —% , o(uit1), then there is t € NHT

7
such that o(t)? SR 0(Uit1).

Hence, we can build in that way an infinite minimal (P, R, u)-chain which contradicts

the p-termination of R. [

Example 54
Consider the following TRS [AEFT08]:

gt(0,y) — false p(0) — 0
gt(s(z),0) — true p(s(z)) — =
gt(s(x),s(y)) — sgtlz,y)  minus(z,y) — if(gt(y,0), minus(p(x), p(y)), z)
if(true,z,y) — = div(0,s(y)) — O
if (false, z,y) — vy div(s(x),s(y)) — s(div(minus(z,y),s(y)))
with p(if) = {1} and pu(f) = {1,...,ar(f)} for all other symbols f.
We obtain the following CS-DPs.
GT(s(x),s(y)) — GT(z,y) (6.4)
DIV(s(x),s(y)) — MINUS(z,y) (6.5)
DIV(s(z),s(y)) — DIV(minus(z,y),s(y)) (6.6)
IF(true,z,y) — = (6.7)
IF(false,z,y) — vy (6.8)
MINUS(z,y) — GT(y,0) (6.9)
MINUS(z,y) — IF(gt(y,0), minus(p(z), p(y)), x) (6.10)

Applying the SCCs processor to the CS-problem (DP(R,u), R, uf), we obtain
the graph shown in Figure 6.4. And the resulting problems is a set of CS-problems
{(P1, R, b, (Pa, R, if), (P3, R, iu¥)} where set Py = {(6.4)}, set Py = {(6.6)}, and
set P3 = {(6.7),(6.8),(6.10)}. If we apply the collapsing pairs transformation pro-
cessor to the CS-termination problem (Ps3,R,uf), we obtain the CS-termination

problem ({(6.10)} UP,, R, ') where P, is formed by the following pairs:

IF(true,z,y) — U(x) (6.11)
IF(false, z,y) — U(y) (6.12)
MINUS(z,y) — GT(y,0) (6.13)
MINUS(z,y) — IF(gt(y,0), minus(p(z),p(y)), x) (6.14)

Up(z)) — U(x) (6.15)
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Figure 6.4: Dependency Graph for the CS-DPs in Example 54

U(p(y)) — U(y) (6.16)
U(minus(z,y)) — U(z) (6.17)
U(minus(p(z),p(y))) — MINUS(p(z),p(y)) (6.18)
U(minus(z,y)) — U(y) (6.19)
U(p(z)) — P() (6.20)

where 4/ extends pf with p/(U) = @.

6.3. Use of u-reduction pairs

A reduction pair (2, J) consists of a stable and monotonic quasi-ordering 2,
and a stable and well-founded ordering 1 satisfying either 2 0 JC Jor Jo 2 C
[KNT99].

The absence of infinite chains of (dependency) pairs can be ensured by finding a
reduction pair (2, 3J) which is compatible with the rules and the dependency pairs
[AGOO0]: [ 2 r for all rewrite rules [ — r and v 2 v or w 3 v for all dependency
pairs v — v. In the dependency pair framework [GTSK04, GTSKF06] (but also
in [GAO02, HM04, HM05, HMO07]), they are used to obtain smaller sets of pairs
P’ C P by removing the strict pairs, i.e., those pairs v — v € P such that v 3 v.

Stability is required both for 2 and J 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
1), the chains of pairs involve instances o(l), o(r), o(u), and o(v) of rules and pairs

and we aim at concluding (1) 2 o(r), and o(u) 2 o(v) or o(u) 1 o(v), respectively.
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Monotonicity is required for 2 to deal with the application of rules | — 7 to an
arbitrary depth in terms. Since the pairs are ‘applied’ only at the root level, no
monotonicity is required for I (but, for this reason, we cannot compare the rules
in R using ). Recently, Endrullis et al. noticed that transitivity is not necessary
for the strict component 1 because it is somehow ‘simulated’ by the compatibility

requirement above [EWZ08].

In our setting, since we are interested in u-rewriting steps only, we can relax the

monotonicity requirements as follows.

Definition 55 (u-reduction pair) Let F be a signature and p € Mr. A p-
reduction pair (2, ) consists of a stable and p-monotonic quasi-ordering 2 and
a well-founded stable relation 3 on terms in T (F,X) which are compatible, i.e.,
ZodCTJorJoz CO.

We say that (2, 3) is p-monotonic if 1 is u-monotonic.

Reduction pairs are often used in combination with argument filterings, which dis-
card subexpressions from constraints s 2 ¢ or s I ¢ in such a way that 7(s) 2 m(t)
(resp. m(s) O m(t)) is often simpler to prove [AG00, GTSKF06].

6.3.1. Argument filterings for CSR

An argument filtering 7 for a signature F is a mapping that assigns to every
k-ary function symbol f € F an argument position i € {1,...,k} or a (possibly
empty) list [i1,...,iy] of argument positions with 1 < i; < -+ < iy, < k [KNT99].
In the following, by the trivial argument filtering w1 for F, we mean the one given
by 71(f) =[1,...,k] for each k-ary symbol f € F. It corresponds to the argument
filtering which does nothing.

We can use an argument filtering 7 to ‘filter’ either the signature F or any

replacement map u € M. In the following, we assume that:

1. The signature F, consists of all function symbols f such that «(f) is some
list [i1,...,%m], where, in F,, the arity of f is m. As usual, we give the same

name to the version of f € F which belongs to F;.

2. The replacement map u, € Mg, is given as follows: for all f € F such that
feFrand n(f) =[i1,...,im):

Mw(f):{je{lw")m}|Z‘j€:u(f)}
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An argument filtering induces a mapping from 7 (F, X) to 7 (Fy, X)), also denoted
by

t if t is a variable
m(t) = w(t;) ift= f(t1,...,tx) and 7w(f) =1
Fr(ti)s- oy m(ti)) it = F(ta,. o 1) and 7(f) = [ir, . im]

Note that, for the top filtering 71, we have that 7. = F, pr, = p for all p € Mr,
and 71 (t) =t for all t € T(F, X).

In the following, given a substitution ¢ and an argument filtering 7, we let o, be
the substitution defined by o, (x) = m(o(x)) for all x € X. The following auxiliary

results are used later.

Lemma 56 ([AGLO8]) Let F be a signature, w be an argument filtering for F and
o be a substitution. Ift € T(F,X), then, w(c(t)) = ox(7(t)).

Proposition 57 ([AGLO8]) Let R = (F,R) be a TRS, u € Mgz, and © be an
argument filtering for F. Let (Z,3) be a pr-reduction pair such that w(l) 2 w(r)
foralll - r € R, and let s,t € T(F,X). If s =% , t, then w(s) Z 7(t).

6.3.2. Removing pairs using p-reduction orderings

For a given TRS R = (F, R), set of pairs P = (G, P), and replacement map
w € Mgryg, checking the absence of infinite minimal (P, R, u)-chains can often be
‘simplified’ to checking the absence of infinite minimal (P’, R, u)-chains for a proper
subset P’ C P by finding appropriate p-reduction pairs (=, 3). The presence of
collapsing pairs u — v = u — = € Py imposes some additional requirements on the

p-reduction pairs. Basically,

1. We need to ensure that the quasi-ordering 2 is able to ‘look’ for a u-replacing
subterm s € 7 (F, X) inside the instantiation o(x) € 7(F,X) of a migrating
variable z: we know that o(x) = C|[s] where C[0J] is an instance of a hiding
context. Hence we require that for all f € F and for all position i € iy .(f)

we have that f(x1,...,zi,...,2,) 2 z;, where ar(f) = n.

2. We need to connect the marked version s* of s (which is known to be an
instance of a hidden term t € N'HT p, i.e., s = §(t) for some substitution 6)
with an instance o(u) of the left-hand side u of a pair; hence the requirement

t > tf or t ¢! for all t € N'HT p which, by stability, becomes s > s* or s 7 st
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The following theorem formalizes a generic processor to remove pairs from P by

using argument filterings and p-reduction pairs.

Theorem 58 (u-reduction pair processor) Let R = (F,R) and P = (G, P) be
TRSs, u € Mgyg. Let m be an argument filtering for F UG and (Z,2) be a pir-

reduction pair such that
1. 7(R) €2z, n(P)C 2 U, and
2. whenever NHT p # @ and Px # &, we have that

a) forall f € F, either n(f) = [i1,...,im] and pyr . (f) S w(f), orw(f) =
i and p(f) = {i},

b) w(f(z1,...,xi...,xy)) 2= x; for all f € F and for all position i €
trRu(f), and

c) m(t) (2 U ) n(th) for allt € NHT p,

Let Po={u—v e P|n(u) I7n(v)}. Then, the processor Procgp given by

{(P\P5,R,p)} if (1) and (2) hold

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

1s sound and complete.

Proof. We have to prove that there is an infinite minimal (P, R, u)-chain if and
only if there is an infinite minimal (P \ P—, R, u)-chain. The if part is obvious.
For the only if part, 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 can assume that there is @ C P such that A has a
tail B

o(ur) —gu o Bhty =k, o(ug) oy 0Bty =k, o(ug) g 0, -

for some substitution o, where all pairs in Q are infinitely often used, and, for all
i>1, (1) if u; — v; € Qg, then t; = o(v;) and (2) if u; — v; = u; — z; € Qu,
then t; = sg for some s; and some context C[0] with a p-replacing hole such that
o(x;) = Clsi], and C[s;] = 6;(C[5;]) for some 3; € N'HT, some hiding context C[J]
and substitution 6;; actually, since t; = sg = 0;(5,)F = Qi(gg) and t; (_);27/! o(uit1),
we can further say that 5, € NH7 o.

Since 7(u;) (2 U 3) 7(v;) for all u; — v; € Q C P, by stability of > and 3, we
have o (m(u;)) (2 U 0) ox(m(v;)) for all i > 1.
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No pair u — v € Q satisfies that 7(u) J 7(v). Otherwise, we get a contradiction

by considering the following two cases:

L. If u; — v; € Qg, then t; = o(v;) =% , o(ui+1) and by Proposition 57, 7(t;) 2
m(o(ui+1)). By Lemma 56, 7(t;) 2 or(m(uit1)). Since we have o (m(u;)) (2
U ) ox(m(v;)) = m(o(v;)) = 7(t;) (using Lemma 56), by using transitivity of
2 and compatibility between 2 and T, we conclude that o (7(w;)) (2 U 3
) ox(m(tir1)).

2. If uj — v; = u; — x; € Qu, then o(v;) = o(x;) = CJs;] for some context
C[0] with a p-replacing hole. Since C[] is an instance of a hiding context
ClO] and i € ppr,u(f) implies that i € 7(f), we can say that 7(o(z)) =
ox(x) = Cx[n(si)]. Since 7(f(z1,...,%4 ..., 2n)) 2 w(x;) for all f € F and
all position i € py g u(f) we have by stability or(m(w;)) (2 U 3J) ox(m(v;)) =
or(x;) 2 7(s;). Furthermore, we are assuming that 7(t) (= U 1) n(t*) for all
t € NHT o C NHTp. Since s; = 6;(5;), we have that 7(s;) = 7(6;(5;)) =
0; »(7(5;)) (using Lemma 56 again) and, similarly, w(s?) = Hiﬂ,r(w(gg)). By
stability we have that 7(s;) (2 U 0) W(Sg). Hence, by transitivity of 2 (and
compatibility of 2 and 1), we have o (7(v;)) = ox(z;) (2 U 0) 7T(8§>. Finally,

#

since m(s;) = m(t;) and t; —% , o(ui+1) for all i > 1, by Proposition 57 and
Lemma 56, 7(t;) 2 ox(m(uit+1)). Therefore, again by transitivity of 2 and

compatibility of 2 and T, we conclude that o (m(u;)) (2 U 3) or(m(uit1)).

Since v — v occurs infinitely often in B, there is an infinite set Z C N such that
ox(m(u;)) O or(m(uig1)) for all i € Z. And we have o (m(u;)) (2 U 0) or(m(uit1))
for all other u; — v; € Q. Thus, by using the compatibility conditions of the
ur-reduction pair, we obtain an infinite decreasing TJ-sequence which contradicts
well-foundedness of .

Therefore, @ C (P \ P5), which means that B is an infinite minimal (P \

P, R, u)-chain, thus leading to a contradiction. ]

The following example shows that the ‘compatibility’ between %, and the argu-
ment filtering 7 which is required when collapsing pairs are present is necessary in
Theorem 58.

Example 59
Consider the following TRS:

a — c(h(f(a),b))
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f(c(z)) — =

together with the replacement map u given by u(f) = pu(h) = {1} and u(c) = @.
Then, DP(R, i) consists of a single (collapsing) CSDP:

Flc(z)) — =
and NHT pp(r,) = {f(a),a}. Note that R is not u-terminating:
f(a) — f(c(h(f(a), b)) — h(f(a),b) — ---

However, by using the argument filtering 7 given by w(h) =[], n(F) = «(f) = [1]

and 7(c) = 1, we would get the constraints:

m@) = a 2 h = mw(c(h(f(a),b)))
m(fc(z)) = f(@) 2 2 = =(z)
7(F(c(z))) = Flx) O3 =z = =(z)

which are easily satisfiable (by an RPO with precedence a > h, for instance). Thus,
we would wrongly conclude p-termination of R. Note that w(c) = 1 but p(c) = @
and that w(h) = [| but u(h) = {1}. Note also that u.(f) = u-(F) = {1} and
pn(@) = ix(h) = 2.

Example 60
Consider the TRS R [Zan97, Example 5]:

if(true, z,y) — =« f(x) — if(x,c,f(true))
if(false,z,y) — y

with p(if) = {1,2}. Then, DP(R, ) consists of a CSDP in DPx(R, ) and another
one in DPx (R, p):

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

with pf(F) = {1} and u(IF) = {1,2}. The p-reduction pair (>, >) induced by the

polynomial interpretation

[c] = [true]
[false]

0 [f](x

) @
1 [if](z,, 2)

xr+z

x [F]()
T+y+z [IF](z,y, 2)

can be used to prove the p-termination of R. Consider P = DP(R, ). We have
NHTp = {£(true)}. Since no symbol f hides any position i, we don’t have to
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impose that the quasi-ordering fullfills any subterm condition. Now we can see that

the condition on the only hidden term in N'H7 p 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(z)] = T > x = [if(z,c,f(true))]
[if(true,z,y)] = z+y > = = [z]
if(false,z,y)] = z+y > y = [y

[F(z)] = T > z = [IF(z,c f(true))]

(IF(false,z,y)] = y+1 > y = [y

So, we remove the pair IF(false, z,y) — y from P. With the remaining pair F(z) —

IF(x,c, f(true)) no infinite chain is possible. Thus, the u-termination of R is proved.

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 N'H7 p, then we

can remove all collapsing pairs at the same time.

Theorem 61 (u-reduction pair processor for collapsing pairs) Let R = (F, R)
and P = (G, P) be TRSs, pn € Mz g. Let m be an argument filtering for F UG and
(2,3) be a pr-reduction pair such that

1. 7(R) €2, n(P)C 2 UO, and
2. w(t) D n(th) for allt € NHT p and

a) forall f € F, either w(f) = [i1,...,im]| and pr g u(f) C7(f), orn(f) =
b and p(f) = (i}

b) w(f(z1,...,xi...,xy)) 2= x; for all f € F and for all position i €
R (f)-

Then, the processor Procgp. given by

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

Procgpc(P, R, ) = { {(P,R,pn)}  otherwise

18 sound and complete.

Proof. As in the proof of Theorem 58, we proceed by contradiction. We assume

that there is an infinite minimal (P, R, u)-chain A, but that there is no infinite
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minimal (Pg, R, u)-chain. Thus, there is @ C P such that Q NPy # & and A has
a tail B as in the proof of Theorem 58. Now, we assume the notation as in the first
paragraph of such a proof.

We have o, (7(w;)) (2 U 2O) w(t;) and m(t;)
v € Pg. Ifuy — v; = u; — x; € Qu, then by applying the considerations in

2 op(m(uiyy1)) for all pairs u; —
the corresponding item of the proof of Theorem 58 and taking into account that
7(t) 3 w(t*) for all t € N'HT p, we have now that o (m(u;)) (= U 1) ox(z;) 3
7(t;) 2 op(m(ui+1)). Since pairs u; — v; € Qy occur infinitely often in B, by

using the compatibility conditions of the pr-reduction pair, we obtain an infinite

decreasing J-sequence which contradicts well-foundedness of 1. [

6.3.3. Usable Rules for CSR

Until now, we are imposing that all the rules of the CS-termination problem must
be included in 2 to apply a u-reduction pair processor, but it is desirable to consider
only the necessary rules to capture all possible infinite sequence instead of all the
rules in the CS-termination problem. Usable rules [AG00, HM04, TGSKO04] allow
us to obtain this 'minimal’ set. To prove that this set of rules is enough to prove the
absence of minimal (P, R, u)-chains, we are going to develop one interpretation that
allows us to simmulate every infinite minimal (P, R, i1)-chain as a chain over the set
of the usable rules. As in rewriting [HM04, TGSKO04], we need C.-compatibility to
this task, i.e. g(z,y) 2 = and g(z,y) = y for a fresh symbol g.

Usable rules were introduced by Arts and Giesl in [AG00] in connection with in-
nermost termination. Hirokawa and Middeldorp [HM04] and (independently) Thie-
mann et al. [TGSK04] showed how to use them to prove termination. The difference
between usable rules in rewriting and in context-sensitive rewriting are related di-
rectly with the associated replacement map. The replacement map function changes
the normal path, forbidding certain reductions (on non-replacing positions). For that

reason, the set of usable rules is different.

Definition 62 (Direct dependency [HMO04]) Given a TRS R = (F, R), we say
that f € F directly depends on g € F, written f >q g, if there is a rulel - r € R
with

» f =root(l) and

= g occurs in .
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The set of defined function symbols in a term ¢ is DFun(t) = {f | Ip € Pos(t), f =

root(t|,) € D}. Let > be the transitive and reflexive closure of >4 . Then, we have:

Definition 63 (Usable rules [HMO04]) For a set A of symbols we denote by R |
A the set of rewriting rules | — r € R with root(l) € A. The set U(R,t) of usable
rules of a term t is defined as R | {g | f >} g for some f € DFun(t)}. If P is a set
of pairs then

UR,P)= J UR,r)

l—reP

The set U(R,P) can be used instead of R when looking for a reduction pair that
proves termination of R [HM04, TGSKO04].

Unfortunately, this does not work with CSR.

Example 64

Consider the CS-TRS R in Example 3. We have only one CS-termination prob-

lem:
({F(c(z)) — 2}, R, 1)

where U(R,{F(c(z)) — x}) = @ according to Definition 63. It is very easy to
find a polynomial interpretation inducing a p-reduction pair which is compatible
with the pair of the CS-termination problem and thus, wrongly suggesting that the

CS-termination problem is finite:

F(a) = F(c(f() = (Fic()—appu F@) B4 F(@) Srp -

In the following, we discuss suitable notions of usable rules for CSR.

Basic usable rules for CSR

A first attempt to give a notion of usable rules in proofs of termination of (inner-
most) context-sensitive rewriting has been given in [AL07]. Although the results in
[ALO7] are not completely general, they show that the straightforward adaptation
to CSR of the standard notion of usable rules (see Definition 66 below) applies to

prove termination of conservative CS-termination problems.
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The application of these rules are related with the appearance of new symbols.
These symbols only appear in the right hand side of the DPs in the infinite chain.
Rules headed by those symbols are usable.

With conservative CS-termination problems we can relax the previous depen-

dency relation for some symbols thanks to the replacement map.

Then, the u-dependency relation is:

Definition 65 (Basic y-dependency) Given a TRS R = (F,R) and a replace-
ment map p € Mr, we say that f € F has a basic u-dependency on g € F, written
f®»aug, if thereis | — r € R with

» f=root(l) and

= g occurs in r at a pu-replacing position.

This leads to a straightforward extension of Definition 63. The set of u-replacing de-
fined function symbols in a term ¢ is DFunt(t) = {f | Ip € Pos"(t), f = root(t|,) €
D}. Then, we have

Definition 66 (Basic context-sensitive usable rules) Let R = (F,R) and P =
(G, P) be TRSs and p € Myug. The setUp(R, p,t) of basic context-sensitive usable
rules of a term t is defined as R | {g | f >’§7“ g for some f € DFunt(t)}, where
>37H is the transitive and reflexive closure of »q,. If (P,R,p) is a CS-termination

problem then:

Up (Rv Ky P) = U Up (Rv s T)

l—reP
Example 67
Consider the following CS-TRS R:
f(a,z,z) — f(z,b,b) (6.21) b — a (6.22)

together with u(f) = @. We have the following CS-termination problem:
({F(a,z,2) — F(z,b,b)}, R, 1)

Since b is at frozen positions in the right-hand side of the pair, there is no usable

rule following Definition 66.
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However, in sharp contrast with [AL07], Definition 65 does not lead to a correct

approach for proving termination of CSR, even for conservative TRSs.

Example 68
Consider the following TRS R [ALO7]:

flc(x),x) — flz,z) (6.23) b — c(b) (6.24)

together with u(f) = {1,2} and p(c) = @. Note that R is p-conservative. We have

the following CS-termination problem:

({F(c(2), 2) — F(z,2)}, R, )

where U(R, pu,{F(c(z),z) — F(z,x)}) = @ according to Definition 66. We can
find a polynomial interpretation inducing a p-reduction pair which is compatible
with the pair of the CS-termination problem and thus, wrongly suggesting that the

CS-termination problem is finite:

F(C(b)7 b) {F(c(z),2)—F(z,z)},p F(b7 b) TR.u F(C(b)7 b) {F(c(z),x)—F(z,z)}p """

Termination with basic usable rules

According to the discussion in the previous subsection, the notion of basic usable
rule is not correct even for conservative systems. Still, since Up(R, 1, P) is contained
(and is usually smaller than) U(R,P), it is interesting to identify a class of CS-TRSs
where basic usable rules can be safely used. Then, we consider a more restrictive
kind of conservative CS-TRSs: the strongly conservative CS-TRSs, in which the
problem illustrated by Example 68 is not possible.

Definition 69 (Strongly conservative [GLUO0S8]) Let R = (F, R) be a TRS and
w € Mg, A rulel — r € R is strongly conservative if it is conservative and

Vart(l) N Vark(l) = Vart(r) N Varf(r) = @.

Linear CS-TRSs trivially satisfy Var*(1)\Var# (1) = Vart(r)NVar#(r) = @. Hence,
linear conservative CS-TRSs are strongly conservative. For instance, Example 67 is
strongly conservative, but Example 68 is not.

Theorem 79 below shows that basic usable rules in Definition 66 can be used

to improve proofs of termination of CSR for strongly conservative CS-TRSs. In
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[GTSK04, HMO04], an interpretation of terms as sequences of their possible reducts is
used!. The definition of the transformation requires adding new fresh (list construc-
tor) symbols L, g ¢ F and the (projection) rules C. = {g(x,y) — z,g(z,y) — y}. In
this way, infinite minimal (P, R)-chains can be represented as infinite (P,U(R,P)U

Cc)-chains. We recall here the interpretation definition.

Definition 70 (Interpretation [GTSK04, HMO04]) Let R = (F,R) be a TRS
and A C F. Let > be an arbitrary total ordering over T(FU{L,g}, X) where L
18 a new constant symbol and g is a new binary symbol. The interpretation Ia is a
mapping from terminating terms in T (F,X) to terms in T(FU{L,g}, X) defined

as follows:

t if teX
Ian(t) =< f(Ia(t1),...,Ia(tn)) if t=f(t1...ty) and f ¢ A
g(f(Ia(tr), -, Ia(tn)), ) of t=f(t1...tn) and f € A

where  t' = order ({Ia(u) | t = u})
L,

order(T) yr=2

1\ g(t,order(T\ {t})) ift is minimal in T w.r.t. >

The set of symbols A C F in Definition 70 is intended to represent the set of ‘non-
usable symbols’, i.e., symbols which do not occur in the usable rules of the considered

set of pairs P.

We provide an interpretation of terms akin to Hirokawa and Middeldorp’s [HM04]
with the difference that we treat M, ;,. Hence, we pay special attention to non-y-

replacing positions where possibly infinite p-rewrite sequence might occur.

Definition 71 (Basic p-interpretation) Let R = (F,R) be a TRS, u € My and
A C F. Let > be an arbitrary total ordering over T(FU{L,g}, X) where L is
a new constant symbol and g is a new binary symbol. The interpretation I’A,# 18
a mapping from p-terminating terms in T (F,X) into T(FU{L, g}, X) defined as

follows:

t if teX
/A,u@) = f(I’A’H’fyl(tl),...,I’A,#,fm(tn)) if t=f(t1...ty) and f ¢ A
g(f(I’A%fyl(tl),...,I’A’%ﬁn(tn)),t’) if t=f(t1...ty) and fe€A

!This method goes back to [Gra94].
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/ () ifi
where Ty, ¢i(t) :{ tA’ y z’jfci ; ZE%

t' = order ({I,A7M(U) |t —ru

order(T) = L fT=2
| g(t,order(T\ {t})) ift is minimal in T w.r.t. >

In contrast to [Gra94, HM04, Urb04], we do not interpret non-u-replacing positions
since we deal only with strongly conservative CS-TRSs.

The interpretation of a term ¢t = f(t1,...,t,), where f € A, is a sequence of
its interpreted one-step-u-reducts. It is possible to reach any of them by using a
suitable <=, o <1 -sequence where Cl ={g(z,y) — 2} and C? = {g(x,y) — y}.

It is easy to prove that the basic u-interpretation is well-defined (finite) for all p-

terminating terms.

Lemma 72 (Well-definition of I)y ) For each u-terminating term t, Iy (t) is
finite.

Proof. By well-founded induction based on the fact that u-replacing subterms are
p-terminating. The interpretation of frozen positions is always finite (they are not
developed). Interpretation of active positions is always finite because there is no

infinite p-reduction for these subterms. Hence Iy ,(¢) is finite. ]

For the proof of our next theorem, we need some auxiliary definitions and results.

Definition 73 Let R = (F,R) be a TRS, u € Mg, o be a substitution and A € F.
We denote by o, T(F,X) — T(F,X) a function that, given a term t replaces
occurrences of x € Var(t) at position p in t by either I (o(x)) if p € Pos”(t), or
o(x) if p & Post(t).

The following technical proposition is obvious from Definition 73.

Proposition 74 Let R = (F,R) be a TRS, n € Mg, o be a substitution and
A C F. Lett be a term such that Var*(t)N\Vark(t) = @. Let Tr, ot be a substitution

given by
{ aplo(z) if x € Vart(t)

o1y (%) = o(z) otherwise

Then, EIIA“wt(t) =0la, (t).
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Lemma 75 Let R = (F,R) be a TRS, p € My and A C F. Lett be a term and
o be a substitution. If o(t) is terminating, then Iy (o(t)) —¢_, o, (t). If t does

not contain A-symbols, then Iy (o(t)) = O'I/Aﬂu(t).
Proof. By structural induction on t:
= If ¢ is a variable then Iy  (o(t)) = or, (t).
w If t = f(t1,...,t,) then

o If f ¢ AthenIy (0(t) = f(In,;1(0(t1)),. . Tx , n(0(tn))). Terms
o(t;) are p-terminating for ¢ € p(f). By induction hypothesis, for all

terms ¢; s.t. i € p(f), wehave Iy .. (0(t;)) =T ,(0(ti)) —¢, , o1, #(ti).
And for all ¢; s.t. @ & p(f), we have I)y |, +;(o(t;)) = o(t;). By definition
of oy, ~we have O'I/A#(f(tl, tn)) = f(t, ... 1), where tp =T, (#) if
i€ p(f) and t; = o(t;) if i & p(f). Hence, Iy ,(0(t)) —¢_, O'I/Au(t).

o If fe ATy, (0) = g(f(Ty, a(o(tr)), T pn(o( ), ) for
some t'. Using one step of Ce (—c. . f(Ia, p1(0(t1))s - Ta 10 (0(t0))))
and the preceding result we get I)y (o(t)) —¢_, o1, u(t).

Then we conclude Iy ,(o(t)) ¢, or, (t). The second part of the lemma is
5 £ N

easily proved by structural induction and using Definition 71. [

Lemma 76 Let R = (F,R) be a TRS, pn € Mz, A C F and C[] a context with n
p-replacing holes. Ift = Clty,. .., t,] is p-terminating and the context C[] contains
no A-symbols then Iy ,(C[t1, ... tn]) = C[Iy ,(t1), ... Ix ,(ta)].

Proof. By structural induction on t:

= If O[] has no holes then I’y ,(C[]) = C[].

» If the context C[] = f(s1,...,sk) then f ¢ A, where 1 <k < ar(f). We have
that C[] = C'[s;] for a position 1 < j < k and sj = C"[t1,...,t,):

e If j ¢ u(f) then the holes are non-p-replacing, contradicting the hypoth-
esis.

e If j € u(f) then by Definition 71 we have that Iy  (C’[s;]) = C'[I ,(s;)]-
Now, applying the induction hypothesis, Iy ,(s;j) =Ix ,(C"[t1,... tn]) =
C'[Ix ,(t1), - In L (80)]-
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And we can conclude that Iy  (C[t1,...,ta]) = C[Ix ,(t1), ..., Ix ,(tn)].
[

The interpretation of a term ¢t = f(t1,...,t,), where f € A, is a sequence of
its interpreted one-step-u-reducts. It is possible to reach any of them by using a
suitable —,-sequence. In particular, we have the following result which is easily

proved by structural induction:

Proposition 77 Let R = (F,R) be a TRS, i € Mz g and A C F. For all terms

te T(fa X)? /AJ,L(t) (_>z€,,u t.

Proof. By structural induction. ]

Lemma 78 Let R = (F,R) be a TRS, pn € My and l — r € R is strongly con-
servative. Let A C F such that if root(l) ¢ A then DFun*(r) ¢ A. If terms
s,t € T(F,X) are p-terminating with respect to (R,p) and s —yg_,y , t, then

Au(8) %EHT}UCE# Apu(t) if root(l) & A or Iy ,(s) c_%;u Au(t) otherwise.

Proof. Let p € Pos”(s) be the position of the rewrite step s <—x , t. There are

two cases:

» If there is a function symbol from A at a position above or in p, we can
write s = C[s1,...,84,...,8,] and t = C[s1,...,t;,...,8,), with s; —gr , t;,
where s; and ¢; are at a p-replacing hole, root(s;) € A and the context con-
tains no A-symbol. We have Iy ,(si) —c.u order(USi%R’Hu A (). Since
si “»Rru ti, applying appropriate C.-steps we extract I/A#(ti) from the term
order(Usi(_}RYMu A1), so Iy, (s:) <—>(’3:7u Au(ti). By Lemma 76 we get

Au®) = Tau(0)-

» Otherwise, we can write s = C[sy,...,Si,...,8p] and t = Cls1,...,t;, ..., Sp)
A

with s; —g,, t;, where root(s;) ¢ A and the context C[] contains no A-

symbols. Since root(s;) ¢ A let o be the substitution with Dom(o) C Var(l)

*

Ce,p
o, (I). Since right-hand side of r do not contain A-symbols in u-replacing

s.t. s; = o(l) and t; = o(r). By lemma 75 we have Iy ,(s;) =T, ,(o(1)) —

positions, the same lemma yields Iy #(ti) = oy, (r). By strong conservative-
) N7

ness of | — r (in particular since Var#(r) N Var#(r) = @), by Proposition 74,

Ty o 18 well-defined and EI/A,MT(T‘) = oy, , (r). Let x € Var(l), we have two

cases:
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1. If z € Var#(r), then o1, r(z) = oy, (), and by conservativeness of

[ — r (in particular because Var#(r) C Vart(l)), we get € Var#(l).

2. If z ¢ Var’(r), then oy, M’T(:r) =o(z).

By Proposition 77, JI/AH(J?) =TIy ,(o(z)) —¢_, o(x). According to 1 and 2
above, by structural induction on [ we easily get oy (1) —¢ , oy .(1). Here,
A p &1 A,
the fact that Var#(l) N Varf(l) = @ (which is part of the definition of strong
conservativeness) ensures that a non-p-replacing variable z (at position ¢) in
[ is not instantiated to or, () by Tr, in which case we could not rewrite
S o
o, (Dl = ofx) into Ty (Dl = T ,(0(x)). Since Ty (1) —=p—ry,
EI/A”WT(T) = O'I/A‘L(T‘), we obtain I/A#(Si) <—>{+Z_W}ch’u I/A,u(ti)' By Lemma 76

we conclude that I)y ,(s) c_){+l—>T’}UCS7H/ I/A,u(t)-

Theorem 79 (Basic usable rules processor) Let R = (F,R) and P = (G, P)
be TRSs and n € Mzyg. If PUUB(R, u, P) is strongly conservative and there exists
a p-reduction pair (2, 3) such that

(1) Up(R,u, P)UC. CZ and P C2 U 1.

Let P ={u—v € P|udv}. Then, the processor Procgpy,, given by

Procgppur (P, R, 1) = { }277;’\7527)?7 )} Z}iéiwfizids

is sound and complete.

Proof. We have to prove that there is an infinite minimal (P, R, u)-chain if there
is an infinite minimal (P \ P, R, u)-chain. The if part is obvious. For the only
if part, 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 can assume that there is @ C P such that A has a tail B

o(ur) =ou o(v1) =R,y o(u2) —ou 0(v2) =Ry o(uz) —ou -+

for some substitution o, where all pairs in Q are infinitely often used. No pair
u — v € Q satisfies that v 3 v. Otherwise, we get a contradiction.

Let A be the set of defined symbols of R \ Up(R, 1, P). We show that after
applying the basic u-interpretation Iy , we obtain an infinite (Q,Up(R, u, P)UC:, p)-
chain. All terms in the infinite (Q, R, u)-chain are p-terminating with respect to

(R, 1) and hence we can indeed apply the basic p-interpretation I’A7 - Let ¢ > 1.
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» First consider the dependency pair step. There is a context-sensitive depen-
dency pair u; — v; € Q and a substitution o such that o(u;) —¢ o(v;). We
may assume that Dom(o) C Var(u;). o(z) is p-terminating for every variable
x € Var#(u;). Using Lemma 75 we have Iy  (o(u;)) —¢_, o, , (u;). Since
right-hand sides of dependency pairs in Q lack A-symbols, the same lemma
also yields Iy ,(o(v;)) = oy, (vi). By strong conservativeness of the rule
u; — v; (in particular by using the fact that Var*(v;) N Varf(v;) = @) and
by Proposition 74 we know that EI/A,;NW is a well-defined substitution and that
Tl (v;) = or, (vi). As in the proof of Lemma 78, according to Item 1 and
Item 2, by structural induction on u; we easily get or, (wi) —=¢. EI/AWW(U@-).
Here, we need to use the fact that Var#(u;) N Var# (u;) = @ (which is also part
of the definition of strong conservativeness) to ensure that a non-p-replacing
variable x (at position ¢) in wu; is not instantiated to or, (z) by the substitu-

tion &y, ., in which case we would not be able to rewrite oy, (ui)|g = o(x)
W N

into Ty i (ui)lg = I ,(o(z)). Since L (Ui) = ug(RouP) EIrvai(vi) =

V4
oy, (vi), we conclude:
S
Iy pulo(w)) =t on (W) =g, T ()
—Q
oy o) = oy () = Ty (o)
= Next consider the rewrite sequence o(v;) —% , 0(ui1). All terms in it are

p-terminating, then we get Iy  (o(v;)) Ul (R P)UCe gt In (0 (uit1)) by re-

peatedly applying Lemma 78.
So we obtain the infinite py-rewrite sequence:

o(ur) —gu o(vi) ;)ZtB(R,u,P)ucg,u o(uz) —ou o(v2) ;)ZtB(R,u,P)ucg,u T

Using the premise of the theorem, it is transformed into an infinite sequence consist-
ing of 2 and infinitely many 1 steps. Using the stability condition, this contradicts
the well-foundedness of 1. Therefore, @ C (P \ P5), which means that B is an
infinite (P \ P, R, u)-chain, thus leading a contradiction. ]

Example 80

Consider the CS-TRS in Example 20. The CS-termination problems after ap-
plying the SCC processor are:

({SEL(s(n), cons(z,y)) — SEL(n,y)}, R, i) (6.25)
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({MINUS(s(z),s(y)) — MINUS(z,y)}, R, i) (6.26)
({QUOT(s(z),s(y)) — QUOT (minus(x,y),s(y))}, R, 1) (6.27)

Whereas the CS-termination problems (6.25) and (6.26) are easily shown harmless
by using the subterm criterion (see 6.4), this is not possible with the CS-termination
problem (6.27). Since this pair is conservative and left-linear, it is strongly conserva-
tive. Furthermore, the set Up(R, 1, {QUOT (s(x),s(y)) — QUOT (minus(z,y),s(y))})
of basic usable rules for CS-termination problem (6.27) contains the following rules
{minus(z,0) — 0, minus(s(x),s(y)) — minus(x,y)} which are strongly conserva-
tive as well. The following polynomial interpretation proves the absence of infinite

(C3, R, u)-chains, and hence CS-termination problem (6.27) is finite:

0 = 0 [minus|(z,y) =
s(z)] = 1 [QUOT|(z,y) = =

Basic usable rules with collapsing pairs

Collapsing dependency pairs are strongly conservative by definition, but in an
infinite minimal chain they are treated in a different way. Then, we can use an

extended notion of basic usable rule if these pairs fullfill some properties.

The idea behind is that if all the terms in the set of t € NHT p, Vart(t) = @,
then there is no migrating variable in the application of the collapsing pair and
hence, we can maintain as usable only those rules of symbols appeared in u-replacing
positions in the chain. Then, to capture the usable rules of a collapsing pairs is

equivalent to capture the usable rules of the following set.

Definition 81 (marking rules set) Let R = (F,R) and P = (G, P) be TRSs and
w € Mgpyg. We define the set Pyt as:

Pynr ={t —t' |t e NHT p}

Definition 82 (Extended basic CS-usable rules) Let R = (F,R) and P =
(G,P) be TRSs and p € Mryg. The set U.p(R, 1, t) of extended basic context-

sensitive usable rules of a term t is defined as R | {g | f >4, g for some f €
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DFun*(t)}, where »j , is the transitive and reflexive closure of ®q,. If (P, R, p)
is a CS-termination problem and Py # & then:

ueB(Rauap) = U Z/[eB(R,,LL,T)

l—=rePgUPNHT

Our processor is extended in the same way:

Theorem 83 (Extended basic usable rules processor) Let R = (F,R) and
P = (G,P) be TRSs and n € Mryg. If Pg U Pynr UUp(R,p, P) is strongly

conservative and there exists a p-reduction pair (2, 2) such that
(1) Uep(R,pu, P) UC: CZ and P C2 U 1,
(2) whenever NHT p # @ and Px # &, we have that

(a) f(x1,...,%5...,2n) Z x5 for all f € F and for all position i € upr ,(f),

and

(b) t (= U )t for allt € NHT p.

Let P4 ={u—v € P|udv}. Then, the processor Procgpepyr given by

{(P\P—,R,p)} if (1) and (2) hold

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

is sound and complete.

Proof. We have to prove that there is an infinite minimal (P, R, p)-chain if and
only if there is an infinite minimal (P \ P—, R, )-chain. The if part is obvious.
For the only if part, we proceed by contradiction. Assume that there is an infinite
minimal (P, R, p)-chain A, but that there is no infinite minimal (P\ P, R, u1)-chain.
Due to the finiteness of P, we can assume that there is @ C P such that A has a
tail B

o(ur) —ou 0Bk t1 =k, o(ug) =g, 0Bty =k, o(uz) —gp 0Bk -

for some substitution o, where all pairs in Q are infinitely often used, and, for all
i>1, (1) if uy — v; € Qg, then t; = o(v;) and (2) if u; — v; = u; — x; € Quy,
then t; = sg for some s; and some context C; with a p-replacing hole such that
o(x;) = Ci[si] and C;[s;] = 0;(C;[5;]) for some 5; € N'HT, hiding context C;[(J] and
substitution 6;; actually, since t; = 5§ = 0,(5)" = i(E@

i) and t; =% o(uiy1), we
can further say that 5, € NHT o.
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Since u; (2 U O) v; for all u; — v; € Q@ C P, by stability of 2 and I, we have
o(u;) (2 U ) o(v) for all ¢ > 1.
No pair u — v € Q satisfies that « J v. Otherwise, we get a contradiction.

Let A be the set of defined symbols of R \ Uep(R, i1, P). We show that after
applying the p-interpretation Iy , we obtain an infinite (Q,Ues(R, p, P) U Ce, p)-
chain. All terms in the infinite (Q, R, u)-chain are p-terminating with respect to

(R, pt) and hence we can indeed apply the p-interpretation I’y e Let i > 1.

= First consider the step u; —g o Eﬁ t;. We have two possibilities:

1. If there is u; — v; € Qx, we follow the proof in Theorem 79.

2. If there is an u; — v; = u; — x € Qy and a substitution o such
that o(z) = Cl[tf] As in the proof of Lemma 78, according to Item 1
and Item 2, by structural induction on wu; we easily get o, (u;)) =
Tl (u;). Since x is a migrating variable, I (x) = o(x). We have
that Ty s (x) = C; [tf] We know that C;[0J] is an instance of a hiding
context C;[0], t? is an instance of a hidden term 5; € NHT o, Var#(s;) =
@, and DFun”(5%) ¢ A, then o(s)) = Ty (5 = v m(51?) =

_ 1
A,p,87

O—I/A,M(Eg) =TI, ,(t:). We obtain:

hu(w) =71 (i) oy a1, (2) = o(x) = Cilt]]

and
ti=o(F) =y (5) =0y (5) =T, ,0) =Ty ,t)

A5y

= Next consider the rewrite sequence t; —% , o(uj+1), we follow the proof in

Theorem 79.

S

So we obtain the infinite rewrite sequence:

I/A,#(U(ul)) —Qou° Eﬁ IlA,u(tl) c_)z{eB(vai»'P)UC&N I/A#(J(W)) N BBL o

Using the premises of the theorem, by monotonicity and stability of 2, we would
have that Iy ,(t;) 2 I ,(0(uiy1)) for all ¢ > 1. By stability of 3 (and of 2), we
have that Iy ,(o(u;))(Z U DI ,(t;) for all i > 1 and Ty ,(o(u;)) D Ty (%) for all
j € J for an infinite set J = {j1,...,jn, ...} of natural numbers j; < jo < -+ < jp, <
--+-. We would obtain an infinite sequence consisting of infinitely many J-steps, a
contradiction to the well-foundedness of 1. Therefore, @ C (P \ P), thus leading

a contradiction. ]
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Usable rules for arbitrary CS-termination problems

In this section, we consider arbitrary CS-termination problems. In rewriting
and in the previous subsection, when considering infinite minimal (P, R)-chains or
(P, R, u)-chains, we only deal with terminating terms over R or (R, ). The inter-
pretations in Definition 70 and 71 is defined only for p-terminating terms because
non-pu-terminating terms would yield an infinite term which, actually, does not be-
long to 7 (FU{L,g}, X).

Similarly, we aim at defining a p-interpretation I , that allows us to associate
an infinite (P,U(R,u, P) U Ce, p)-chain to each infinite minimal (P, R, u)-chain.

Actually, the main problems are:

» (P, R, p)-chains contain non-p-terminating terms in frozen positions which are
potentially able to reach u-replacing positions: subterms at an active position
are p-terminating, but we do not know anything about subterms at frozen

positions.

» The interpretation of nonterminating terms (independently if they are p-

terminating or not) generates infinte terms.

Hence, we have to define our p-interpretation Ia , both on p-terminating and non-

p-terminating terms and avoid to interpret these nonterminating terms.

Intuitively, terms at frozen positions in the right-hand side of the rules are essen-
tial to track infinite minimal (P, R, u)-chains involving collapsing CS-DPs. These
terms, by definition, are formed by hidden symbols. This observation gives us the
key to properly generalize Definition 70. Following Definition 70, a u-terminating
but nonterminating term generates an infinite list. For this reason, Io and I’A’ u (as

a mapping from finite into finite terms) are not defined for nonterminating terms.

Regarding our p-interpretation, if we consider the rules headed by hidden sym-
bols (and those captured by the dependy relation) as usable and non-p-terminating
term ¢ (at a frozen position) is treated as if its root symbol does not belong to A,
because if it occurs in the (P, R, 11)-chain at a p-replacing position, then ¢ >, s and

s' becomes the next term in the chain. Our new p-interpretation is:

Definition 84 (u-interpretation) Let R = (F,R) be a TRS, u € My and A C
F be such that AN H(R,u) = @. Let > be an arbitrary total ordering over
T(FU{Ll,g}, X) where L is a new constant symbol and g is a new binary sym-
bol (with p(g) = {1,2}). The p-interpretation Ia, is a mapping from arbitrary
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terms in T (F,X) to terms in T(FU{L, g}, X) defined as follows:

¢ if tex
Fdau(t), .- Iau(tn)) if t=f(t1...ty) and f ¢ A
In,(t) = or t is non-p-terminating

g(f(Tap(tr), ... Iau(tn)),t) if t=f(t1...tp) and f € A
and t is p-terminating

where t' = order ({IA,u(U) | t T(R.p) u})
_[ L T =9
order(T) = { g(t,order(T\ {t})) ift is minimal in T w.r.t. >

Now, we prove that Ia , is well-defined. The most important difference (and es-
sential in our proof) among our p-interpretation and all previous ones [Gra94,
GTSKO04, HM04, Urb04] is that In , is well-defined both for p-terminating and

non-u-terminating terms.

Lemma 85 (Well-definition of Ia ,) Let R = (F,R) be a TRS, € Mz and let
A C F\H. Then, Ia , is well-defined.

Proof. According to Definition 84, the only way to get an infinite term as the
output of I ,(t) for a given term ¢ is performing an infinite number of applications
of the third item of the definition of I ,, as part of the recursive calls to Ia , when
computing Ia ,(t). This means that, without loosing generality, we can assume
that ¢ is u-terminating and that there exists an infinite sequence of the form t =
uy >ty =g u2 >ty =g, ug - - where root(t;) € A and t; is p-terminating for all
i > 1. We can assume minimality of this sequence without loss of generality, that
is, for all 7 > 1 there is no s; such that t; > s; and s; generates an infinite sequence
leading to an infinite definition of I ,. Since ¢;;1 is not a subterm of ¢; then there is
a rule | — r and a position p, such that t; = Clo(l)], —r.u Clo(r)]p = wit1 B tis1.

We have only two possibilities:

» tit1 > o(r). Then ujp1 >, tip1 because o(r) is at an active position.

» o(r) > o(s) = ti+1 for some s such that s ¢ X and r > s. Since root(s) € A
and ANH = @ we have that root(s) ¢ H and r >, s, hence w11 >, tit1.

Then, the resulting sequence is: ¢ = uy >, t1 —r , uz >, to =g, ug---, which
can be considered as an infinite y-rewrite sequence starting from ¢, thus contradicting

the p-termination of ¢. ]
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Now, we define an appropriate notion of direct u-dependency. This is not straight-

forward as shown in the next example.

Example 86

Consider the following conservative TRS R:
a(z,y) — b(z,xz) (6.28) d(z,e) — a(z,z) (6.30)
b(x,c) — d(z,z) (6.29) c — e (6.31)

with p(a) = p(d) = {1,2}, u(b) = {1} and pu(c) = p(e) = @. We have the following

CS-termination problem:

D(z,e) — A(z,z)},R,un)

According to Definition 66, we have no usable rules because the right-hand sides of

the dependency pairs have no defined symbols.

Without considering the rule ¢ — e we may conclude on termination of this

CS-termination problem, but there is the following infinite (P, R, u)-chain:

A(c,c) =p Blc,c) —pu D(c,c) —ycep,u D(c, ) —pu Alc,c) —py -

Hence, a first extension is to handle this problem in the dependency definition:

Definition 87 Given a TRS R = (F,R) and u € My, we say that f € F directly
p-depends on g € F, written f>q, g, if there is a rule | — r € R with

1. f=root(l) and
2. g occurs in r at a p-replacing position or

3. g occurs in l at a non-p-replacing position.

Remarkably, condition (3) in Definition 87 is not very problematic in practice be-
cause most programs are constructor systems, which menas that no definied symbols

occur below the root in the left-hand side of the rules.

Now, we are ready to define our notion of usable rules. To have a well-founded

interpretation, the necessity of adding the rules related with hidden symbols as
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usable is mandatory, as we see in Proposition 85. The set of non-replacing defined
function symbols in a term ¢ is DFunf(t) = {f | Ip € Pos(t) and p ¢ Pos"(t), f =
root(t|,) € D}.

Definition 88 (Context-sensitive usable rules) Let R = (F,R), P = (G, P)
be TRSs, n € Mrug. The set U(R, u, P) of context-sensitive usable rules for the
CS-termination problem (P, R, u) is given by

UR,pP)= | UR, 1 — r)Ulh(R, )
l—rep

where  U(R,p,l —r) = RI[{g|fr], g for some f € DFun(r) UDFun#(l)}
Un (R, p) = RI[{g|fr>g,9 for some f € H(R, pu)}

Note that U(R, u,l — r) extends the notion of usable rules in Definition 66, by
taking into account not only dependencies with symbols on the right-hand side of the
rules, but also with some symbols in proper subterms of the left-hand sides. On the
other hand, Uy (R, 1) is the set of usable rules corresponding to the hidden symbols.
Now, we are ready to formulate and prove our main result in this subsection, using

auxiliary results first:

Lemma 89 Let R = (F,R) be a TRS, p € My and let A C F\ 'H. Ift does not
contain any A-symbol in a frozen position then Ia u(o(t)) —¢_ , o1, (1) and if ¢

does not contain A-symbols then Ia ,(o(t)) = o1, , (1)

Proof. By induction on t. If ¢ is a variable then Ia ,(o(t)) = o1, ,(t). Let
t = f(t1,...,ty). By induction hypothesis Ia u(o(t:)) —¢. , 015, (i) for 1 < i <
n. Moreover, by hypothesis: whenever i ¢ p(f) then t; contains no A-symbol.
Then Ia u(o(ti)) = o1, ,(ti) for all i & u(f) by induction hypothesis, and hence

Fau(a(t)), - Iau(o(tn))) =¢, 0 Flo1a, (8), s 01a () = 014, (1)

w If f ¢ A ortis non-p-terminating, In ,(0(t)) = f(Ia,u(o(t1)), ... Ia u(o(tn)))
then In (0 (t)) —¢. , flo1a,(t1)s - 014, (tn)) = 014, (D).
And, if there are no A-symbols in ¢, then, Ia ,(o(ti)) = o1, ,(t;) for all i,
1 <i <n, hence Ia ,(o(t)) = o1, , (1)

» If f € A and t is p-terminating, then Ia ,(o(t)) = g(t',t") —c., t' for
some term t”, with ¢ = f(Ia u(co(t1)),...,Iau(c(tn))). Hence, Ia ,(t) —¢

Ola, (t).

£,
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Lemma 90 Let R = (F,R) be a TRS, p € My, A C F\'H and C[] a context with
n p-replacing holes. If t = C[ty, ..., t,] and the context C[] contains no A-symbols

then IA,M(C[tl, - ,tn]) = C[IA#(tl), - 7IA,u(tn)]~

Proof. By structural induction. Similar to the proof of Lemma 76. [

Lemma 91 Let R = (F,R) be a TRS, u € Mg, andl — r € R. Let A C F\'H such
that if root(l) ¢ A then DFun#(l) ¢ A and DFun(r) ¢ A. If terms s,t € T(F, X)
are pi-terminating with respect to (R, ) and s g, t then Ia ,(s) <—>j{l_>r}uce’ﬂ
Iau(t) if root(l) ¢ A orIa u(s) c_%&u Ia,,u(t) otherwise.

Proof. Let s —gr, t occur at p € Pos(s). There are two cases:

= If there is a function symbol from A at a position above or in p, we can write
s =C[s1,...,8,...,85) and t = C[s1,...,t;,...,8,), with s; —x , t;, where
s; and t; are at a p-replacing hole, root(s;) € A and the context contains no

A-symbol. We have Ia ,,(s;) —¢.,u order(J (u)). Since s; =g, ti;

SiTR,uU IAz,u'
appropriate Ce-steps extract Ia ,(t;) from the term order(USi(_)R,Mu Ia (),

50 Ia ;(s4) ‘—ﬁ,u Iau(t;). By Lemma 90 we get Ia ,(s) <—>(J/587H In,(t).

» Otherwise, we may write s = C[s1,...,8i,...,8,] and t = C[s1,...,t;, ..., Sp]
with s; <, ti, where the context C[] only contains non-A-symbols. Then,
root(s;) ¢ A. Let o be a substitution with Dom(o) C Var(l) s.t. s; = o(l) and
t; = o(r). By definition, symbols in [ at frozen positions are not in A. Then
by Lemma 89: Ia ,(si) = Iau(o(l)) —¢., o15,(0). Since right-hand side
of rule do not contain A-symbols, Lemma 89 yields Ia ,(t;) = Ia u(o(r)) =
01, (1); 015, (1) = —ryp O1a, (1), thus Ta . (s;) —lruc. Ia,u(ti). Then,

In () e IA,,(t) using Lemma 90.

]
Example 92
Consider the following non-conservative CS-TRS R:
f(c(z),y) — h(z,y) (6.32) d — c¢(b) (6.34)

h(c(z),y) — f(c(y),y) (6.33) a — d (6.35)
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together with u(f) = p(h) = {1,2} and p(c) = p(b) = u(d) = p(a) = @. We
have the following CS-termination problem after applying the SCC processor:

({F(c(z),y) — H(z,y), H(c(z),y) — Flc(y),y)} R, 1)

If we want to capture the chain:

H(a,a) — H(d,a) — H(d,d) — H(c(b),d) — F(c(d),d) — H(d,d) — - - -

Our interpretation will be:

Ia(H(a,a)) = H(g(a, g(d, g(c(b), 1)), g(a, g(d, g(c(b), 1))))

and the infinite chain:

Theorem 93 (Usable rules processor) LetR = (F,R) and P = (G, P) be TRSs,
€ Mgyg. If there exists a p-reduction pair (2, 3) such that

(1) U R,pu, PY)UC. €=, P C= U, and
(2) whenever NHT p # & and Py # &, we have that

(a) f(x1,..., 24 ...,2n) 2 x; for all f € F and all position i € pnr . (f),

and

(b) t (= U )t for allt € NHT p,

Let Po={u— v € P|udv}. Then, the processor Procgpy, given by

{(P\P—,R,u)} if (1) and (2) hold

Procgpur(P, R, ) = { {(P,R,p)} otherwise

1s sound and complete.
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Proof. We have to prove that there is an infinite minimal (P, R, p)-chain if and
only if there is an infinite minimal (P \ P—, R, )-chain. The if part is obvious.
For the only if part, we proceed by contradiction. Assume that there is an infinite
minimal (P, R, p)-chain A, but that there is no infinite minimal (P\ P, R, u1)-chain.
Due to the finiteness of P, we can assume that there is @ C P such that A has a
tail B

o(ur) —ouoBhty SRk, o(ug) —ou 0Bty =%, o(ug) —g 0k -

for some substitution o, where all pairs in Q are infinitely often used, and, for all
i>1, (1) if u; — v; € Qg, then t; = o(v;) and (2) if u; — v; = u; — z; € Qx,
then t; = sg for some s; and some context C; with a u-replacing hole such that
o(x;) = Ci[si] and C;[s;] = 0;(C;[5;]) for some 5; € N'HT, hiding context C;[(J] and
substitution 6;; actually, since t; = sg = 0;(5)" = Z(Eg) and t; %3}7# o(uiy1), we
can further say that 5, € NHT o.

Since u; (2 U 1O) v; for all u; — v; € Q@ C P, by stability of 2 and I, we have
o(u;) (2 U3d)o(v) for all ¢ > 1.

No pair u — v € Q satisfies that u J v. Otherwise, we get a contradiction.

Let A be the set of defined symbols of R \ U(R, u, P). We show that after
applying the p-interpretation I , we obtain an infinite (Q,U(R, i, P) UCc, p1)-chain.
All terms in the infinite (Q, R, )-chain are p-terminating with respect to (R, 1) and

hence we can indeed apply the p-interpretation Ia ,. Let i > 1.

= First consider the step u; —g o Efl t;. We have two possibilities:

1. There is u; — v; € QF and a substitution o such that ¢; = o(r). By
definition of minimality, o(z) is p-terminating for every = € Vart(u;).
The right-hand sides of of dependency pairs in QF have no A-symbols.
Thus, we have Ia ,(0(vi)) = o1, ,(v:) by Lemma 89. The same Lemma
yields Ia (0 (u;)) = o1, , (u;) because the definition of ¢/ implies that all

symbol at a frozen position in u; are usable. Hence:
Inu(o(wi)) =¢, 4 o1a, (W) =0 015, (Vi) = 1a (0 (vi)) = 1a,u ()

2. Thereis an u; — v; = u; — = € Qx and a substitution o such that o(z) =
Ci [tf-]p. All terms o(z)|, for a position A < ¢ < p are non-pu-terminating,
and by Definition 84, we have o1, ,(7) = Ia u(o(x)). Hence, o1, ,(z) =
Inp(o(z)) = C’i[IA#(tE)]p. We know that root(tE) € H. Lemma 89 also
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yields Ia ,(o(u;)) = o1, , (u;) because the definition of U/ implies that all
symbol at a frozen position in u; is usable. Hence:

Inu(o(ui)) =¢, o1s, (W) —oy 014, () = 014, (Ci[5i])
and

01, (51) = Inu(0(5) = Iau(ts)
» Next consider the rewrite sequence ¢; =% u o(u;1+1). By repeated applications

of Lemma 91 we obtain Ia . (t:) =5 r . pyuc. p Ol (Wit1) = Iau(o(tiy1)).

So we obtain the infinite rewrite sequence:

Inu(o(ur)) —guo E;ﬁt Iau(t) (_’Z{(R,M,P)ucg,u Inu(o(uz)) —opu o Eﬁ o

Using the premises of the theorem, by monotonicity and stability of 2, we would
have that Ia ,(t;) 2 Iau(0(uig1)) for all ¢ > 1. By stability of J (and of 2), we
have that Ia ,(o(u;))(Z U 3)Ia u(ts) for all ¢ > 1 and Ia (o (u;)) 3 1a,u(t;) for all
j € J for an infinite set J = {j1,...,jn, ...} of natural numbers j; < jo < -+ < jp <
--+-. We would obtain an infinite sequence consisting of infinitely many J-steps, a
contradiction to the well-foundedness of 1. Therefore, @ C (P \ P), thus leading

a contradiction. ]

Theorem 94 (Usable rules processor for collapsing pairs) Let R = (F,R)
and P = (G, P) be TRSs, p € Mryg. If there exists a p-reduction pair (2, 3) such
that

(1) UR, 1, P)UC. C2, P C2 U T, and
(2) t 3 t* for allt € NHT p,
(3) f(x1,. ., 2., xn) 2 x; for all f € F and for all position i € pxr,.(f), and

Then, the processor Procgrpey, given by

_J AP, R, 1)} if (1), (2) and (3) hold
Procgpeur (P, R 1) = { {(P?R,u)} otherwise

1s sound and complete.
Proof. As in the proof of Theorem 93, the if part is obvious and for the only if

part, 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, x)-chain. Thus,
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there is @ C P such that @NPy # & and A has a tail B as in the proof of Theorem
93. Now, we assume the notation as in the first paragraph of such a proof.

We have o(u;) (2 U 0) t; and t; 2 o(ui41) for all pairs u; — v; € Pg. If u; —
v; = u; — x; € Qu, then by applying the considerations in the corresponding item
of the proof of Theorem 93 and taking into account that ¢ 7 t¥ for all t € N'HT p, we
have now that o(u;) (2 U 3J) o(x;) Jt; 2 o(uit+1). Since pairs u; — v; € Qx occur
infinitely often in B, by using the compatibility conditions of the y-reduction pair,
we obtain an infinite decreasing TJ-sequence which contradicts well-foundedness of

1. |

6.4. Subterm criterion

In [HM04, HMO07], Hirokawa and Middeldorp introduce a very interesting subterm
criterion which permits to ignore certain cycles of the dependency graph without
paying attention to the rules of the TRS. Hirokawa and Middeldorp’s result applies
to cycles in the dependency graph. Recently, Thiemann has adapted it to the DP-
framework [Thi07, Section 4.6]. The adaptation to CSR is made in [AGLO08]. Here,

we improve the two specific subterm processors which only apply to CSR.

Definition 95 (Root symbols of a TRS [AGLO08]) Let R = (F,R) be a TRS.

The set of root symbols associated to R is:
Root(R) = {root(l) |l = r € R} U{root(r) |l = r e R,r & X}

Definition 96 (Simple projection [AGLO8]) Let R be a TRS. A simple pro-
jection for R is a mapping 7 that assigns to every k-ary symbol f € Root(R)
an argument position i € {1,...,k}. The mapping that assigns to every term
t = f(t1,...,tg) with f € Root(R) its subterm m(t) = t[rs) is also denoted by

m; we also let m(x) =x if v € X.

The following result provides a kind of generalization of the subterm criterion to

simple projections which only take non-u-replacing arguments.

Theorem 97 (Non-u-replacing projection processor) Let R = (F,R)=(CWY
D, R) and P = (G, P) be TRSs such that Pg contains no collapsing rule, Root(P) N
D=9, and u € Mryg Let 2 be a stable quasi-ordering on terms whose strict and

stable part > is well-founded and ™ be a simple projection for P such that

1. for all f € Root(P), n(f) & u(f),
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2. w(P) C 2, and,
3. whenever NHT p # @ and Px # &, we have that

w f(x1,..,%,.,n) 2 forall f € F and for all position i € pyn g u(f),

and

w i Z t’w(root(t)ﬁ) fO?" all t € NHT'])

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

{(P\Ps,R,1)} if (1), (2), and (3) hold

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

is sound and complete.

Proof. We have to prove that there is an infinite minimal (P, R, ut)-chain if and only
if there is an infinite minimal (P \ P>, R, pt)-chain. The if part is obvious. For the
only if part, we proceed by contradiction. Assume that there is an infinite minimal
(P, R, u)-chain A but there is no infinite minimal (P \ Ps, R, u)-chain. Since P is
finite, we can assume that there is @ C P such that A has a tail B

A A
o(ur) Souoll ti ok, olu) Sou ol tr =R, -
for some substitution o and pairs u; — v; € Q, and
1. if v; € X, then t; = o(v;), and

2. if v; = x; € X, then z; &€ Var*(u;) and t; = sg for some s; and some con-
text C;[0J] with a p-replacing hole such that o(x;) = Ci[s;] and Cj[s;] =
0;(C;)[0(5;)]) for some 5; € N'HT p, some hiding context C;[(J] and substi-

tution 6;.

Furthermore, all pairs in Q are used infinitely often in B. For all i > 1, root(t;) €
Root(P), m(t;) —% , m(o(ui+1)) and also root(t;) = root(u;41) for all i > 1.
No pair u — v € Q satisfies that m(u) > 7(v). Otherwise, by applying the simple

projection 7 to the sequence B, for all 1 > 1 we get a contradiction as follows:

1. Since 7(f) & u(f) for all f € Root(Q), for all i > 1, n(t;) = w(o(uit1)) =
o(m(ui+1)), because no p-rewritings are possible on the 7(root(¢;))-th imme-

diate subterm 7(¢;) of ¢;, and

2. Due to m(u;) 2 m(v;) and by stability of 2, we have that w(o(u;)) = o(m(u;)) =

~

o(m(v;)). Now, we distinguish two cases:
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a) If u; — v; € Qg, then 7(t;) = w(o(v;)) = o(mw(v;)). Thus, 7(o(u;)) 2
W(ti).

b) If u; — v; € Qu, then o(n(v;)) = o(x;). Since o(x;) = Cj[s;], we have
that o(x;) 2 s; (because f(x1,...,2i,...,2y) 2 x; for all symbols f € F
and position i € puy g ,(f) and C;[0] is an instance of a hiding context
Ci[]). Let f = root(u;1) = root(t;) = root(s?). Since t > e (root(t)?)
for all t € N'HTp, by stability, we have s; = 0;(5;) 2 0i(5il=(s)) =
0:(8i)lx(s) = Silx(r)- Since si|r(pty = tilz(pry = m(ti), we have s; Z m(t;).
Hence, m(o(u;)) 2 7(t;).

Thus, we always have 7(o(u;)) 2 7(t;). Therefore, we obtain an infinite 2 sequence
m(o(u1)) Z w(tr) = w(o(ug)) Z 7(t2) -

Since the dependency pairs in Q occur infinitely many, this sequence contains in-

finitely many > steps starting from (o (uy)). This contradicts the well-foundedness

of >.

Therefore, @ C P\ P, which means that B is an infinite minimal (P\ P>, R, u1)-
chain, thus leading to a contradiction with our initial assumption. [
Example 98

Consider the CS-TRS (R, 1) in Example 32. DP(R, p) is:
G(z) — H(z) H(d) — G(o)

where 1#(G) = pf(H) = @. The dependency graph contains a single cycle including
both of them. The only simple projection is 7(G) = m(H) = 1. Since 7(G(z)) =
7(H(z)), we only need to guarantee that 7(H(d)) = d > ¢ = 7(G(c)) holds for a
stable and well-founded ordering >. This is easily fulfilled by, e.g., a polynomial

ordering.

Theorem 99 (Non-u-replacing projection processor II) Let R = (F,R)
= (CWD,R) and P = (G, P) be TRSs such that Pg contains no collapsing rule,
Root(P)ND = @, and p € Mrug Let 2 be a stable quasi-ordering on terms whose

strict and stable part > is well-founded and m be a simple projection for P such that

1. for all f € Root(P), n(f) & u(f),
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2. n(P) C 2, and,
3. whenever NHT p # @ and Px # &, we have that

w f(x1,.. 2, .., 20) 2 @ forall f € F and for all position i € py g u(f),

and

w {> t’ﬂ(root(t)u) fOT all t € NHTP

Then, the processor Procyrpa given by

{(P\Px,R,n)} if (1), (2), and (3) hold

Procnrpe (P, R, p) = { {(P,R,p)} otherwise

1s sound and complete.
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Experiments

The processors described in the previous sections have been implemented as
part of the tool MU-TERM [AGIL07, Luc04a]. We have tested the impact of the
CSDP-framework in practice on the 90 examples in the Context-Sensitive Rewriting

subcategory of the 2007 Termination Competition:
http://www.lri.fr/~marche/termination-competition/2007
which are part of the Termination Problem Data Base (TPDB, version 4.0):
http://www.lri.fr/~marche/tpdb
We have addressed this task in three different ways:

1. We have compared CSDPs with previously existing techniques for proving

termination of CSR: transformations, CSRPO, and polynomial orderings.

2. We have compared the improvements introduced by the different CS-processors

which have been defined in this thesis.

3. We have participated in the CSR subcategory of the 2007 International Ter-

mination Competition.

Tool Version Proved Total Time Average Time
CSDPs 68/90 0.43s 0.01s
CSRPO 37/90 0.21s 0.01s
Polynomial Orderings 27/90 0.06s 0.01s
Transformations 56,/90 5.59s 0.10s

Table 7.1: Comparison among CSR Termination Techniques
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7.1. CSDPs vs. other techniques for proving termina-
tion of CSR

Several methods have been developed to prove termination of CSR for a given

CS-TRS (R, pt). Two main approaches have been investigated so far:

1. Direct proofs, which are based on using p-reduction orderings (see [Zan97])
such as the (context-sensitive) recursive path orderings [BLR02| and polyno-
mial orderings [GL02, Luc04b, Luc05]. These are orderings > on terms which
can be used to directly compare the left- and right-hand sides of the rules in

order to conclude the p-termination of the TRS.

2. Indirect proofs which obtain a proof of the u-termination of R as a proof of ter-
mination of a transformed TRS R{ (where © represents the transformation).
If we are able to prove termination of R (using the standard methods), then

the p-termination of R is ensured.

We have used MU-TERM to compare all these techniques with respect to the afore-
mentioned benchmark examples. The results of this comparison are summarized
in Table 7.1. From the benchmarks summarized in Table 7.1, we clearly conclude
that the CSDP-framework is the most powerful and fastest technique for proving
termination of CSR. Actually, all examples which were solved by using CSRPO or
polynomial orderings were also solved using CSDPs. Regarding transformations,
there is only one example (namely, Ex9_Luc06, which can be solved by using trans-
formation GM) that could not be solved with our current implementation of the
CS-processors but, as it is shown in [AEFT08], this CS-problem can be solved us-
ing the instantiation processor (that it is not implemented in the current version of

MU-TERM).

7.2. Contribution of the different CS-processors

Our implementation of the CSDP-framework implements the CS-processors de-
scribed in this thesis and the processors described in the technical report [AGLOS].
We have considered the 32 versions of MU-TERM which are obtained by susing all

possible combinations (see Table 7.2). This CS-processors are:

= The CS-processor that transforms collapsing pairs into noncollapsing pairs:

Procecoy (first column).
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Non-p-
Tool Version U symbols Usable Narrowing replacing Su.bte.rm
rules subterm criterion
criterion

CSDPs

1 NO NO NO NO NO

2 NO NO NO NO YES

3 NO NO NO YES NO

4 NO NO NO YES YES

5 NO NO YES NO NO

6 NO NO YES NO YES

7 NO NO YES YES NO

8 NO NO YES YES YES

9. NO YES NO NO NO

10. NO YES NO NO YES

11. NO YES NO YES NO

12. NO YES NO YES YES

13. NO YES YES NO NO

14. NO YES YES NO YES

15. NO YES YES YES NO

16. NO YES YES YES YES

17. YES NO NO NO NO

18. YES NO NO NO YES

19. YES NO NO YES NO

20. YES NO NO YES YES

21. YES NO YES NO NO

22. YES NO YES NO YES

23. YES NO YES YES NO

24. YES NO YES YES YES

25. YES YES NO NO NO

26. YES YES NO NO YES

27. YES YES NO YES NO

28. YES YES NO YES YES

29. YES YES YES NO NO

30. YES YES YES NO YES

31. YES YES YES YES NO

32. YES YES YES YES YES
CSRPO
33.
Transformations

34. NO NO NO

35. NO NO YES

36. NO YES NO

37. NO YES YES
Polynomial Orderings
38.

Table 7.2: Comparison among CSR Termination Techniques and CS-processors (Ver-
sions)

= The CS-processors involving pu-reduction pairs with usable rules: Procgpy,,

Procgpeur, Procrppur and Procgpepyr (second column).

s The CS-processor Proc,, that use the narrowing transformation (third col-

umn).

= The CS-processors that use the subterm criterion over non-u-replacing posi-

tions: Procygp and Procygpe (fourth column).
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Tool Version Proved Total Time Average Time

CSDPs

1. 54/90 3.00s 0.05s

2. 62/90 0.55s 0.01s

3. 57/90 0.82s 0.01s

4. 65/90 0.49s 0.01s

5. 54/90 4.22s 0.08s

6. |  62/90 2.64s 0.04s

7. 57/90 1.27s 0.02s

8. 65/90 0.31s 0.00s

9. 67/90 1.54s 0.02s

10. 67/90 0.80s 0.01s

11. 67/90 0.72s 0.01s

12. 67/90 0.51s 0.01s

13. 67/90 1.06s 0.01s

14. 67/90 0.67s 0.01s

15. 67/90 0.89s 0.01s

16. 67/90 0.53s 0.01s

17. 54/90 0.83s 0.01s

18. 62/90 0.29s 0.00s

19. 57/90 0.70s 0.01s

20. 66/90 0.71s 0.01s

21. 54/90 0.96s 0.02s

22. 62/90 0.27s 0.00s

23. 57/90 0.73s 0.01s

24. 66/90 0.32s 0.00s

25. 67/90 0.77s 0.01s

26. 68/90 0.44s 0.01s

27. 67/90 0.58s 0.01s

28. 68/90 0.59s 0.01s

29. 67/90 1.13s 0.02s

30. 68/90 0.59s 0.01s

31. 67/90 0.69s 0.01s

32. 68/90 0.43s 0.01s
CSRPO

33. 37/90 0.21s 0.01s
Transformations

34. 48/90 3.52s 0.07s

35. 56/90 3.74s 0.04s

36. 48/90 2.82s 0.06s

37. 56/90 5.59s 0.10s
Polynomial Orderings

38. 27/90 0.06s 0.01s

Table 7.3: Comparison among CSR Termination Techniques and CS-processors

s The CS-processors that use the classical subterm criterion: Procg,,con and

Procgupsnoou (fifth column).

The performance of these implementations have been tested and summarized in

Table 7.3. Our benchmarks show that the CS-processors described in this thesis
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Termination Tool Total CSDPs CSRPO Transf. Average time
MU-TERM 68 67 0 1 2.87s
AProVE 64 0 0 64 6.90s

Table 7.4: Results of the 2007 termination competition

play an important role in our proofs. The subterm processors Procgsncoon and
Procsupcon are quite efficient, but the ones which are based on simple projections
for non-p-replacing arguments (Procyrp and Procygpz) also increase the power
and the speed of the CSDPs technique. Furthermore, these two groups of CS-
processors are complementary: the extra problems which are especifically solved
by them are different. Narrowing is useful to simplify the graph, but it doesn’t
play an important role in the benchmarks, because it only applies to solve two
examples (which can be solved without narrowing as well). Furthermore, we have
to carefully use it because recomputing the graph can be expensive in that case.
The implementation of usable rules CS-processors is shown in the experiments as a
very poweful processor, subsumming in these experiments other powerful techniques
as the subterm processors. The CS-processor which transforms collapsing pairs has

been shown very useful in many cases, obtaining simpler problems.

7.3. CSDPs at the 2007 International Termination Com-
petition

Nowadays, AProVE [GSKTO06] is the only tool (besides MU-TERM) which imple-

ments specific methods for proving termination of CSR.

Both AProVE and MU-TERM participated in the CSR subcategory of the 2007
International Termination Competition. AProVE participated with a termination
expert for CSR which, given a CS-TRS (R, ), successively tries different transforma-
tions O for proving termination of CSR (i.e., © € {C,FR,GM,L,sGM,Z}, see [Luc06]
for a complete description of these transformations) and then uses (on the obtained
TRS R’é) a huge variety of different and complementary techniques for proving
termination of rewriting (according to the DP-framework). Actually, AProVE is
currently the most powerful tool for proving termination of TRSs and implements
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, as shown in Table 7.3, thus witnessing that CSDPs are actually a

very powerful technique for proving termination of CSR.
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Conclusions

We have investigated the structure of infinite context-sensitive rewrite sequences
starting from minimal non-pu-terminating terms (Theorem 29). This knowledge is
used to provide an appropriate definition of context-sensitive dependency pair (Def-
inition 30), and the related notion of chain (Definition 35). In sharp contrast to the
standard dependency pairs approach, where all dependency pairs have tuple symbols
f* both in the left- and right-hand sides, we have collapsing dependency pairs hav-
ing a single variable in the right-hand side. These variables reflect the effect of the
migrating variables into the termination behavior of CSR. At the level of minimal
chains, though, this contrast is somehow recovered by a nice symmetry arising from
the central notion of hidden term (Definition 17) and hiding context (Definition 18):
a noncollapsing pair u — v is followed by a pair v’ — v if o(v) p-rewrites into o (u’)
for some substitution o; a collapsing pair u — v is followed by a pair v/ — o if
there is a hidden term t with a hiding context C such that o(v) = o(C)[o(t)] and
o(t*) p-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 presence or absence of infinite chains of dependency pairs from

DP(R, i) characterizes the p-terminaton of R (Theorems 37 and 38).

We have provided a suitable adaptation of Giesl et al.’s dependency pair frame-
work to CSR by defining appropriate notions of CS-termination problem (Definition
40) and CS-processor (Definition 42). In this setting we have described a number of
sound and (most of them) complete CS-processors which can be used in any practi-
cal implementation of the CSDP-framework. In particular, we have also described
some CS-processors for using p-reduction pairs (Definition 55) and argument filter-
ings to ensure the absence of infinite chains of pairs (Theorems 58 and 61). We have
introduced a suitable notion of usable rules which is helpful to find u-reduction pairs

(Theorems 79, 83, 93 and 94). We have defined a CS-processor that transforms col-
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lapsing pairs into noncollapsing ones. We have also introduced two new processors
which work in a similar way to the subterm processor, but use a very basic kind of
orderings instead of the subterm relation (Theorems 97 and 99). We have imple-
mented these ideas as part of the termination tool MU-TERM [AGILO7, Luc04a]. The
implementation and practical use of the developed techniques yield a novel and pow-
erful framework which improves the current state-of-the-art of methods for proving
termination of CSR. Actually, CSDPs were an essential ingredient for MU-TERM in
winning the context-sensitive subcategory of the 2007 competition of termination

tools.



Bibliography

[AEF108] B. Alarcén, F. Emmes, C. Fuhs, J. Giesl, R. Gutiérrez, S. Lucas,

[AGOO]

P. Schneider-Kamp, and R. Thiemann. Improving Context-Sensitive De-
pendency Pairs. In I. Cervesato, H. Veith, and A. Voronkov, editors, Proc.
of XV International Conference on Logic for Programming, Artificial In-
telligence and Reasoning, LPAR’08, volume to appear of Lecture Notes in

Computer Science, page to appear. Springer-Verlag, 2008.

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

[AGIL07] B. Alarcén, R. Gutiérrez, J. Iborra, and S. Lucas. Proving Termination

of Context-Sensitive Rewriting with MU-TERM. FElectronic Notes in The-
oretical Computer Science, 188:105-115, 2007.

[AGLO06] B. Alarcén, R. Gutiérrez, and S. Lucas. Context-Sensitive Dependency

Pairs. In S. Arun-Kumar and N. Garg, editors, Proc. of XX VI Conference
on Foundations of Software Technology and Theoretical Computer Science,
FSTETCS 06, volume 4337 of Lecture Notes in Computer Science, pages
297-308. Springer-Verlag, 2006.

[AGLO8] B. Alarcén, R. Gutiérrez, and S. Lucas. Context-sensitive dependency

[ALO7]

[BLRO2]

pairs. Technical report, Universidad Politécnica de Valencia, 2008. Avail-
able as Technical Report DSIC-I1/10/08.

B. Alarcéon and S. Lucas. Termination of Innermost Context-Sensitive
Rewriting Using Dependency Pairs. In F. Wolter, editor, Proc. of VI Inter-
national Symposium on Frontiers of Combining Systems, FroCoS’07, vol-
ume 4720 of Lecture Notes in Computer Science, pages 73-87, Liverpool,
United Kingdom, 2007. Springer-Verlag.

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, volume 2392 of Lecture Notes in Artificial
Intelligence, pages 314-331, Copenhagen, Denmark, 2002. Springer-Verlag.



92 8. Bibliography

[BM06] R. Bruni and J. Meseguer. Semantic Foundations for Generalized Rewrite
Theories. Theoretical Computer Science, 360(1):386-414, 2006.

[BN98] F. Baader and T. Nipkow. Term Rewriting and All That. Cambridge
University Press, 1998.

[Bor03] C. Borralleras. Ordering-Based Methods for Proving Termination Auto-
matically. PhD thesis, Departament de Llenguatges i Sistemes Informatics,

Universitat Politecnica de Catalunya, Barcelona, Spain, 2003.

[CDET07] M. Clavel, F. Durdn, S. Eker, P. Lincoln, N. Marti-Oliet, J. Meseguer,
and C. Talcott. All About Maude — A High-Performance Logical Frame-
work, volume 4350 of Lecture Notes in Computer Science. Springer-Verlag,

2007.

[DLM*04] F. Durdn, S. Lucas, J. Meseguer, C. Marché, and X. Urbain. Proving
Termination of Membership Equational Programs. In Proc. of 2004 ACM
SIGPLAN Symposium on Partial Evaluation and Program Manipulation,
PEPM’04, pages 147158, Verona, Italy, 2004. ACM Press.

[DLM™08] F.Duran, S. Lucas, C. Marché, J. Meseguer, and X. Urbain. Proving Op-
erational Termination of Membership Equational Programs. Higher Order
Symbolic Computation, 21(1-2):59-88, 2008.

[EWZ08] 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.

[FGJMS85] K. Futatsugi, J. A. Goguen, J.-P. Jouannaud, and J. Meseguer. Principles
of OBJ2. In Proceedings of the 12th ACM SIGACT-SIGPLAN Symposium
on Principles of Programming Languages, POPL’85, pages 52—66, New
York, NY, USA, 1985. ACM.

[FN97] K. Futatsugi and A. Nakagawa. An overview of CAFE Specification
Environment—An algebraic approach for creating, verifying, and maintain-
ing formal specifications over networks. In Proceedings of the 1st Interna-
tional Conference on Formal Engineering Methods, ICFEM ’97, page 170,
Washington, DC, USA, 1997. IEEE Computer Society.



8.0. Bibliography 93

[GAOO02] J. Giesl, T. Arts, and E. Ohlebusch. Modular Termination Proofs for

[GLO2]

Rewriting Using Dependency Pairs. Journal of Symbolic Computation,
34(1):21-58, 2002.

B. Gramlich and S. Lucas. Simple Termination of Context-Sensitive Rewrit-
ing. In B. Fischer and E. Visser, editors, Proc. of IIl ACM SIGPLAN
Workshop on Rule-Based Programming, RULE’02, pages 29-41, New York,
United States of America, 2002. ACM Press.

[GLUO8] R. Gutiérrez, S. Lucas, and X. Urbain. Usable Rules for Context-Sensitive

[GM99]

[GMO4]

[Gra94]

Rewrite Systems. In A. Voronkov, editor, Proc. of XIX International Con-
ference on Rewriting Techniques and Applications, RTA’08, volume 5117
of Lecture Notes in Computer Science, pages 126-141, Hagenberg, Austria,
2008. Springer-Verlag.

J. Giesl and A. Middeldorp. Transforming Context-Sensitive Rewrite Sys-
tems. In P. Narendran and M. Rusinowitch, editors, Proc. of X Interna-
tional Conference on Rewriting Techniques and Applications, RTA’99, vol-
ume 1631 of Lecture Notes in Computer Science, pages 271-285, Trento,
Italy, 1999. Springer-Verlag.

J. Giesl and A. Middeldorp. Transformation Techniques for Context-
Sensitive Rewrite Systems. Journal of Functional Programming, 14(4):379—
427, 2004.

B. Gramlich. Generalized Sufficient Conditions for Modular Termination
of Rewriting. Applicable Algebra in Engineering, Comunication and Com-

puting, 5:131-151, 1994.

[GSKTO06] J. Giesl, P. Schneider-Kamp, and R. Thiemann. AProVE 1.2: Automatic

Termination Proofs in the Dependency Pair Framework. In U. Furbach
and N. Shankar, editors, Proc. of III International Joint Conference on
Automated Reasoning, IJCAR’06, volume 4130 of Lecture Notes in Artifi-
cial Intelligence, pages 281-286, Seattle, United States of America, 2006.
Springer-Verlag. Available at http://www-1i2.informatik.rwth-aachen.
de/AProVE.

[GTSKO04] J. Giesl, R. Thiemann, and P. Schneider-Kamp. The Dependency Pair

Framework: Combining Techniques for Automated Termination Proofs. In



94

8. Bibliography

F. Baader and A. Voronkov, editors, Proc. of XI International Conference
on Logic for Programming Artificial Intelligence and Reasoning, LPAR’04,
volume 3452 of Lecture Notes in Artificial Intelligence, pages 301-331, Mon-
tevideo, Uruguay, 2004. Springer-Verlag.

[GTSKFO06] J. Giesl, R. Thiemann, P. Schneider-Kamp, and S. Falke. Mechaniz-

ing and Improving Dependency Pairs. Journal of Automatic Reasoning,
37(3):155-203, 2006.

[GWM™00] J. A. Goguen, T. Winkler, J. Meseguer, K. Futatsugi, and J. P. Jouan-

[HMO4]

[HMO5]

[HMO?7]

naud. Software Engineering with OBJ: Algebraic Specification in Action,
chapter Introducing OBJ. Kluwer, 2000.

N. Hirokawa and A. Middeldorp. Dependency Pairs Revisited. In V. van
Oostrom, editor, Proc. of XV International Conference on Rewriting Tech-
niques and Applications, RTA’04, volume 3091 of Lecture Notes in Com-
puter Science, pages 249-268, Aachen, Germany, 2004. Springer-Verlag.

N. Hirokawa and A. Middeldorp. Automating the Dependency Pair
Method. Information and Computation, 199:172-199, 2005.

N. Hirokawa and A. Middeldorp. Tyrolean Termination Tool: Techniques
and Features. Information and Computation, 205(4):474-511, 2007.

[HPJW92] P. Hudak, S. L. Peyton-Jones, and P. Wadler. Report on the Functional

[Hul80]

Programming Language Haskell: a non—strict, purely functional language.
Sigplan Notices, 27(5):1-164, 1992.

J.-M. Hullot. Canonical Forms and Unification. In Proceedings of the 5th
Conference on Automated Deduction, CADE’80, pages 318-334, London,
UK, 1980. Springer-Verlag.

[KNT99] K. Kusakari, M. Nakamura, and Y. Toyama. Argument Filtering Transfor-

[LMOS]

mation. In G. Nadathur, editor, Proc. of International Conference on Prin-
ciples and Practice of Declarative Programming, PPDP’99, volume 1702 of
Lecture Notes in Computer Science, pages 47-61, Pittsburgh, Pennsylva-
nia, United States of America, 1999. ACM Press.

S. Lucas and J. Meseguer. Operational Termination of Membership Equa-

tional Programs: the Order-Sorted Way. In G. Rosu, editor, Proc. of



8.0. Bibliography 95

[Luc96]

[Luc9g]

[LucO01]

[Luc02]

the 7th International Workshop on Rewriting Logic and its Applications,
WRLA’08, volume to appear of FElectronic Notes in Theoretical Computer
Science, pages 189-205. Elsevier, 2008.

S. Lucas. Termination of context-sensitive rewriting by rewriting. In
F. Meyer auf der Heide and B. Monien, editors, Proc. of the 23rd. Interna-
tional Colloquium on Automata, Languages and Programming, ICALP’96,
volume 1099 of Lecture Notes in Computer Science, pages 122—-133, Berlin,
Germany, 1996. Springer-Verlag.

S. Lucas. Context-Sensitive Computations in Functional and Functional
Logic Programs. Journal of Functional and Logic Programming, 1998(1):1—
61, 1998.

S. Lucas. Termination of on-demand rewriting and termination of OBJ
programs. In Proc. of Il Internatinal Conference on Principles and Prac-
tice of Declarative Programming, PPDP’01, pages 82-93, Florence, Italy,
2001. ACM Press.

S. Lucas. Context-Sensitive Rewriting Strategies. Information and Com-
putation, 178(1):293-343, 2002.

[LucO4a] S. Lucas. MU-TERM: A Tool for Proving Termination of Context-Sensitive

Rewriting. In V. van QOostrom, editor, Proc. of XV International Con-
ference on Rewriting Techniques and Applications, RTA’04, volume 3091
of Lecture Notes in Computer Science, pages 200-209, Aachen, Germany,
2004. Springer-Verlag. Available at http://www.dsic.upv.es/~slucas/

csr/termination/muterm.

[Luc04b] S. Lucas. Polynomials for Proving Termination of Context-Sensitive

[Luc05]

Rewriting. In I. Walukiewicz, editor, Proc. of VII International Con-
ference on Foundations of Software Science and Computation Structures,
FOSSACS’04, volume 2987 of Lecture Notes in Computer Science, pages
318-332, Berlin, Germany, 2004. Springer-Verlag.

S. Lucas. Polynomials over the Reals in Proofs of Termination: from Theory
to Practice. RAIRO Theoretical Informatics and Applications, 39(3):547—
586, 2005.



96

8. Bibliography

[Luc06]

S. Lucas. Proving Termination of Context-Sensitive Rewriting by Trans-

formation. Information and Computation, 204(12):1782-1846, 2006.

[McC60] J. McCarthy. Recursive Functions of Symbolic Expressions and their Com-

putation by Machine, Part I. Communications of the ACM, 3(4):184-195,
1960.

[NSEP91] E. G. J. M. H. Nocker, J. E. W. Smesters, M. C. J. D. van Eekelen, and

[Oh102]

M. J. Plasmeijer. Concurrent Clean. In E.H.L. Aarts, J. Leeuwen, and
M. Rem, editors, Proc. on Parallel Architectures and Languages Furope,
PARLE’91, pages 202219, New York, NY, USA, 1991. Springer-Verlag.

E. Ohlebusch. Advanced Topics in Term Rewriting. Springer-Verlag, 2002.

[TeR03] TeReSe. Term Rewriting Systems. Cambridge University Press, 2003.

[TGSKO04] R. Thiemann, J. Giesl, and P. Schneider-Kamp. Improved Modular Ter-

[Thi07]

[Toy87]

[Urb04]

[Zan97]

mination Proofs Using Dependency Pairs. In D. Basin and M. Rusinowitch,
editors, Proc. of II International Joint Conference on Automated Reason-
ing, IJCAR’04, volume 3097 of Lecture Notes in Artificial Intelligence,
pages 7590, Cork, County Cork, Ireland, 2004. Springer-Verlag.

R. Thiemann. The DP Framework for Proving Termination of Term
Rewriting. PhD thesis, RWTH Aachen University, Aachen, Germany, 2007.
Available as Technical Report AIB-2007-17.

Y. Toyama. Counterexamples to Termination for the Direct Sum of Term

Rewriting Systems. Information Processing Letters, 25:141-143, 1987.

X. Urbain. Modular & Incremental Automated Termination Proofs. Jour-

nal of Automated Reasoning, 32(4):315-355, 2004.

H. Zantema. Termination of Context-Sensitive Rewriting. In H. Comon,
editor, Proc. of VII International Conference on Rewriting Techniques and
Applications, RTA’97, volume 1232 of Lecture Notes in Computer Science,
pages 172-186, Sitges, Spain, 1997. Springer-Verlag.



