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Abstract

The most fundamental decision problem in computer science is the halting problem, i.e.,
given a description of a program and an input, decide whether the program terminates
after finitely many steps or runs forever on that input. While Turing showed this problem
to be undecidable in general, developing static analysis techniques that can automatically
prove termination for many pairs of programs and inputs is of great practical interest.

This is true in particular for logic programming, as the inherent lack of direction in the
computation virtually guarantees that any non-trivial program terminates only for certain
classes of inputs. Thus, termination of logic programs is widely studied and significant
advances have been made during the last decades. Nowadays, there are fully-automated
tools that try to prove termination of a given logic program w.r.t. a given class of inputs.
Nevertheless, there still remain many logic programs that cannot be handled by any
current termination technique for logic programs that is amenable to automation.

Another area where termination has been studied even more intensively is term rewrit-
ing. This basic computation principle underlies the evaluation mechanism of many pro-
gramming languages. Significant advances towards powerful automatable termination
techniques during the last decade have yielded a plethora of powerful tools for proving
termination automatically.

In this thesis, we show that techniques developed for proving termination of term rewrit-
ing can successfully be adapted and applied to analyze logic programs. The new techniques
developed significantly extend the applicability and the power of automated termination
analysis for logic programs. The work presented here ranges from adapting techniques
to work directly on logic programs to transformations from logic programs to a special-
ized version of term rewriting. On the logic programming side we also present a new
pre-processing approach to handle logic programs with cuts. On the term rewriting side
we show how to search for certain popular classes of well-founded orders on terms more
efficiently by encoding the search into satisfiability problems of propositional logic.

The contributions developed in this thesis are implemented in tools for automated ter-
mination analysis — mostly in our fully automated termination prover AProVE. The sig-
nificance of our results is demonstrated by the fact that AProVE has reached the highest
score both for term rewriting and logic programming at the annual international Termi-
nation Competitions in all years since 2004, where the leading automated tools try to

analyze termination of programs from different areas of computer science.
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1. Introduction

The most fundamental decision problem in computer science is the halting problem, i.e.,
given a program and an input, decide whether the program terminates after finitely many
steps or whether it runs forever on that input. While [Tur36] showed this problem to be
undecidable in general, developing static analysis techniques that can automatically prove
termination for many pairs of programs and inputs is of great practical interest.

Proving termination is essential for a number of verification techniques. For example,
both theorem proving [BM79] and Knuth-Bendix completion [KB70] require frequent ter-
mination proofs for their correct operation (see [MV06, WSWO06, BKNQT7] for recent work
on applying termination analysis in these areas). In process verification, liveness prob-
lems can often be reduced to termination problems [GZ03], and Microsoft uses termination
analysis to statically verify their device drivers [CPRO5].

Termination analysis is of particular interest in logic programming as the inherent lack
of direction in the computation virtually guarantees that any non-trivial program ter-
minates only for certain classes of inputs. Thus, termination of logic programs is widely
studied (see [DD94] for an overview and [BCG™T07, [CLS05, [CLSS06], [DS02, LMS03, MR03,
MSO07, ND05, NDO7, NGSDO0S, [SD05a), [Sma04] for more recent work) and significant ad-
vances have been made during the last decades. Nowadays, there are fully-automated
tools [LSS97, MBO5, TGC02, [SD03al, [GST06, NDO7, [OCMOQ] that try to prove termina-
tion of a given logic program w.r.t. a given class of inputs. Nevertheless, there still remain
many natural logic programs that cannot be shown terminating by any of these tools.

Another area where termination has been studied even more intensively is term rewrit-
ing (see for example [Der87, [Zan95l [AG00, (GTSF06, [EWZ06]). This basic computation
principle underlies the evaluation mechanism of many programming languages and, in-
deed, transformations from functional programs and logic programs to term rewriting
have yielded powerful termination provers [Ohl01) I(GSST06, [SGST07].

Significant advances towards powerful automatable termination techniques during the
last decade [AGOQ, IGTS05al, HMO05a, [EWZ06] have yielded a plethora of powerful tools
for proving termination of term rewriting automatically [HMO07, [CMUO03|, [End06, [Wal04,
Zan05l, FGK03, BR03|, Kop06), Wul06l, Kor07, [AGILO7, [GST0G6].

The state of the art in automated termination proving is assessed through the annual
international Termination Competition [MZ07], where the leading automated tools try to

analyze termination of programs from different areas of computer science.
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Among these tools, our fully automated termination prover AProVE [GST06] has reached
the highest score for term rewriting in the years 2004, 2005, 2006, and 2007.! Thanks to
the contributions of this thesis and our work on analyzing termination of Haskell programs
[GSST06], AProVE has also reached the highest scores for both logic programming and

functional programming.

Termination of Logic Programs

In the first part of this thesis, we show that techniques developed for proving termination
of term rewriting can successfully be adapted and applied to analyze logic programs.
The newly developed techniques significantly extend the applicability and the power of
automated termination analysis for logic programs. The work presented here ranges from
adapting techniques to work directly on logic programs to transformations from logic
programs to a specialized version of term rewriting. On the logic programming side we
also present a new pre-processing approach to handle logic programs with cuts.

To be more precise, we make the following contributions:

(i) Transformational approaches transform the logic program into a term rewrite system
and then prove termination of the term rewrite system. Existing approaches are

rather limited in their applicability and not very powerful.

We present a novel transformation from logic programs to term rewriting which is
applicable for all definite logic programs and show that it is much more powerful

than existing transformations.

(ii) Direct approaches work directly on logic programs to prove its termination. They
are often efficient, but not very powerful as either they lack modularity or they lack
a constraint-based approach. Here, constraint-based means that one does not fix the
well-founded order beforehand but instead generates a set of symbolic constraints,

which then can be solved by a constraint solver.

We show how to use two popular techniques from term rewriting (dependency pairs
and polynomial interpretations) to obtain a constraint-based modular approach that

is more powerful than existing direct approaches.

(iii) Direct and transformational approaches are incomparable w.r.t. efficiency and power.

Therefore, the best would be a combination of the two.

We introduce a modular variant of our transformation from (i) as a modular tech-
nique in (ii) to obtain a combined approach that subsumes (i) and (ii) when they

are used separately.

!The next competition will take place no earlier than November 2008.



(iv)

The approaches in (i) — (iii) are all limited to universal termination of definite logic
programs. They cannot analyze programs where termination depends on cuts or
negation-as-failure and they cannot show existential termination, i.e., that the first

solution will be found in finite time.

We present a novel pre-processing based on symbolic execution to handle logic pro-
grams with cuts. This allows also for the handling of negation-as-failure and exis-

tential termination as these can be simulated using cuts and meta-programming.

Automating Search by Encoding to SAT

Analyzing the termination of programs by techniques from term rewriting presents a

serious challenge to the efficiency of the search algorithms for well-founded orders.
Since 2006, several publications [CLS06, (CSL™06, [HWO06, EWZ06, FGM™07, STAT07,
ZMOT] have illustrated the huge potential in applying SAT solvers for various types of

termination problems for term rewrite systems (TRSs).

In the second part of this thesis we show how to search for certain popular classes of

well-founded orders on terms more efficiently by encoding the search into satisfiability

problems of propositional logic.

More precisely, our contributions to this part are:

(v)

Recursive path orders are a popular class of orders used in the termination analysis
of term rewriting. They are a useful alternative to polynomial orders (cf. our con-
tributions in [FGM™07]) as they are incomparable w.r.t. power and w.r.t. efficiency.
And indeed, as described in Section the use of a recursive path order together

with Contribution (vi) is essential for some termination proofs of logic programs.

We show how to encode the search for recursive path orders into satisfiability of
propositional logic. In particular, we show how to encode the precedence-based
comparison of terms common to all syntactic path orders, the multiset extension of
the ordering used for comparing arguments, and the lexicographic extension of the
order w.r.t. arbitrary permutations of the arguments. This yields an implementation

that is orders of magnitudes faster than existing dedicated algorithms.

Direct termination proofs for term rewriting using well-founded orders (such as
recursive path orders) are rather weak in practice. Therefore, virtually all tools for
termination analysis of term rewriting combine orders with dependency pairs and,

thus, need to search also for so-called argument filters.

We show how to extend the encoding of Contribution (v) to include argument filters.
In this way, we obtain a powerful implementation that is again orders of magnitude

faster than existing dedicated algorithms.
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Implementation & Evaluation

The theoretical contributions developed in this thesis have been implemented in tools

for automated termination analysis — mostly in our fully automated termination prover
AProVE and partly in Polytool [NDO7]. Altogether, the author of this thesis has con-
tributed approx. 110,000 lines of Java code to the AProVE sources. The author has also

performed extensive experiments to evaluate these implementations.

More precisely, the practical contributions of this thesis are:

(vii)

(viii)

Contributions (i) and (iv) have been implemented as the logic programming frontend

of our termination prover AProVE.

We evaluated our implementation on a set of 296 logic programs (cf. Section and
compared its performance to that of [NDO05, [TGC02, MB05, [(OCMOQ]. Furthermore,

we showed that the heuristics presented in Section [3.4] are successful in practice.

For Contributions (ii) and (iii), a prototypical implementation of the techniques
from [NGSDO0§] in Polytool by Manh Thang Nguyen shows their potential. This
implementation uses our implementation of our results from [FGM™07] in AProVE

to search for polynomial orders.

We evaluated this implementation successfully on the same example set that we

used for Contribution (vii).

For [CSLT06, [FGM™07] we implemented a framework for SAT encodings in our
termination prover AProVE. Building on this framework, we implemented Contri-
butions (v) and (vi) in a modular way such that instead of searching for recursive
path orders and argument filters, we can search for restrictions like, for instance, the
lexicographic path order without argument filters or the multiset path order with

argument filters.

We performed extensive experiments with full recursive path orders with and with-
out argument filters as well as with 14 restricted classes of orders. For each configu-
ration we compared the performance of our new SAT-based implementation to that
of existing dedicated algorithms, and we observed a decrease in runtime by orders

of magnitude.

The significance of our practical contributions is demonstrated by the fact that AProVE

has reached the highest score both for term rewriting and logic programming at the annual

international Termination Competitions in the years 2004 — 2007. Also, Polytool has come

in at a respectable second place for logic programming in 2007.



Published vs. New Contributions

Preliminary versions of some parts of this thesis have already been published by the
author in 20 articles in international journals or conference proceedings [SGST, [TZGS0S,
GTSF06, AEFT08, [FNOT08, [FGM™08, [TGS08, NGSDO0S, ISTAT07, [GTSS07, FGM™07,
CSL™06, [GSST06l, [SGST07, [GST06, [GTS05b, [GTS05al [TGS04], [GTSF04, [GTSF03].
However, this thesis contains numerous substantial novel contributions that have not

been published yet:

e Contribution (ii) is a novel unpublished contribution that extends the technique of
INGSDO0S8]. While [NGSDOS§| is based on the dependency pair approach [AGO0], we

show how to adapt it to the more recent dependency pair framework [GTS05a].
e Contribution (iii) is novel and unpublished.
e Contribution (iv) is novel and unpublished.

e Contribution (i) extends the 15-page conference paper [SGST07] by approx. 30 pages
containing detailed algorithms and heuristics required for a successful implementa-
tion, a formal proof for subsumption of previous transformational approaches, and

more extensive and detailed experiments.

An extended version mostly corresponding to Contribution (i) was submitted to
ACM Transactions on Computational Logic in February 2008 and has been accepted
without revision in July 2008 [SGST] due to very positive reviews which considered

this contribution to be “a milestone in termination analysis of logic programs”.

e Contributions (v) and (vi) are mostly a restructured version of two published papers
[CSLT06L ISTAT07]. Additionally, the contributions of [CSL™06] have been extended

from lexicographic path orders to recursive path orders as used in [STAT07].

Structure of the Thesis

In Chapter [2] we establish some basic notions about terms, logic programming, and term
rewriting that are widely used throughout this thesis. Further notions or differences to
standard definitions are given in the preliminary sections of the respective chapters.

The first part of this thesis about termination of logic programs is divided into three
chapters. In Chapter We present Contribution (i), i.e., the new transformation from logic
programs to term rewriting. Contributions (ii) and (iii) regarding our direct approach and
the combination of our direct and our transformational approaches are presented in Chap-
ter Contribution (iv), i.e., our new pre-processing approach for logic programs with cuts
(and, thus, negation-as-failure, existential termination, and meta-programming), consti-
tutes Chapter [f]
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The second part of this thesis about SAT encodings for efficient automation of search
problems is divided into two chapters. In Chapter |§| we present Contribution (v), i.e.,
our SAT encoding for recursive path orders. This encoding is extended to recursive path
orders combined with dependency pairs and argument filters in Chapter [7, which contains
Contribution (vi).

Details about Contribution (vii) are given in Sections and Section 5.6 Some de-
tails about Contribution (viii) are found in Section 4.4 The implementation and the
experiments for Contribution (ix) are described in Sections and [7.4]

Finally, we conclude in Chapter [§, where we also show how the contributions of this

thesis can be combined to obtain a powerful termination analyzer for logic programs.



2. Preliminaries

In this chapter we establish the basic definitions for termination, term rewriting, and logic
programming used throughout this thesis. Special notations and formalisms relevant to

only one chapter are introduced in the preliminaries section of the respective chapter.

Abstract Reductions, Termination

To model computation steps of a program, we use the concept of abstract reductions.
An abstract reduction system is a pair (A, —) where — is a binary relation over A, i.e.,
— C A x A. For the sake of brevity, instead of (a,b) € — we write a — b.

Now, we model a computation by defining A to be a superset of the program states
and — to be the transition relation from a certain program state to its successor state.

For a given state a € A, we say that that — is terminating w.r.t. a if and only if there
is no infinite reduction a — ag — a; — ... Furthermore, we say that — is terminating if,
and only if, it is terminating for all a € A.

In the remainder of this thesis, the set of program states A and the relation — will
typically be either terms and a suitable term rewriting relation or queries and the left-to-

right resolution used in logic programs.

Terms, Atoms, Substitutions

Both term rewriting and logic programming rely on the basic concepts of (possibly infi-
nite) terms and substitutions built over sets of function symbols and variables. For logic
programming, we additionally need the notion of atoms built from predicates and terms.

This leads to the following formal definition of sets of function and predicate symbols.

Definition 2.1 (Signature). A signature is a pair (3, A) where X and A are finite sets of
function respectively predicate symbols. If A = &, we often just write ¥ instead of (2, ).

FEach symbol in f € ¥ U A has an arity n > 0 and we often write f/n instead of f to
denote that f has arity n.

In the following, we always assume that ¥ contains at least one constant f/0. This is
not a restriction, since enriching the signature by a fresh constant does not change the
termination behavior. This assumption is useful to ensure that we can always build finite

ground terms over a given signature.
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Definition 2.2 (Terms). A term over ¥ is a tree where every node is labeled with a
function symbol from ¥ or with a variable from V = {X,Y,...}. FEvery inner node with
n children is labeled with some f/n € ¥, while leaves are labeled with a variable X €V
or with /0 € ¥. We write f(t1,...,t,) for the term t with root f (denoted root(t) = f)
and direct subtrees ty,...,t,. A term t is called finite if all paths in the tree t are finite,
otherwise it is infinite. A term is rational if it only contains finitely many subterms.
The sets of all finite terms, all rational terms, and all (possibly infinite) terms over 3 are
denoted by T (2,V), T™(2, V), and T™(X,V), respectively. Ift is the sequence ty, ... ty,
then t € T(%,V) means that t; € T®(,V) for all i. T(3,V) is defined analogously.
We write T (3) instead of T (3, @) to denote ground terms, i.e., variable-free terms.

Finally, for any set of variables V' CV and any term t € T>(X,V), let V'(t) be the
set of all variables from V' occurring in t, i.e., V'(X) ={X} for X e V', V'(X) = & for
X gV, and V'(f(ts,... tn) = Ujcicn V' (i)

Given the above definition, the formal definition for atoms is straightforward.

Definition 2.3 (Atom). An atom over (3,A) is a tree p(ty,...,t,), where p/n € A
and ti,...,t, € T®(X,V). A®(X,A,V) is the set of atoms and A™ (X, A, V) (and
A(X,AV), respectively) are the atoms p(ty,...,t,) where t; € T™(X,V) (and t; €
T(X3,V), respectively) for all i. We write A(X, A) instead of A(X, A, D).

To address or replace certain subterms, we introduce the notion of a position. The

intuition is that a position describes a path from the root of the term to the subterm.

Definition 2.4 (Position). For a term t we define the set of positions Occ(t) as the least
subset of N* such that € € Occ(t) and ipos € Occ(t), if t = f(t1,...,tn), 1 < i < n,
and pos € Occ(t;). We denote the subterm of t at position pos as t|,.s where t|. =t and
f(t1, . to)lipes = tilpos- For a position pos € Occ(t) we denote the replacement of t|,es in
t with a term s by t[s]pes wheret[s]c = s and f(t1,...,tn)[S)ipos = f(t1, -, ti[Slposs - - - tn)-

A common operation on terms is the instantiation of a term by a substitution, i.e., the

replacement of all occurrences of certain variables by certain terms.

Definition 2.5 (Substitution). A substitution is a function 6 : V — T>(X,V). We
define the domain of a substitution 0 as Dom(f) = {X € V | 0(X) # X} and similarly
the range of a substitution 6 as Range(d) = {0(X) | X € Dom(0)}.

By abuse of notation, we extend substitutions homomorphically to work on terms,
atoms, etc. by applying them to all variables occurring in these expressions. If 0 is a
variable renaming (i.e., a one-to-one correspondence on V), then 6(t) is a variant of t.

Instead of 0(X) we often write X0. We write 0o to denote that the application of 0 is
followed by the application of o, i.e., X00 = o(0(X)). For Dom(0) = {Xy,...,X,} with
X0 = t;, we often write {X1/t1,..., Xn/ts}.



Logic Programming

A clause c is a formula H «— By,...,By. with k£ > 0 and H,B; € A(X,A,V). H is
called the head of the clause ¢ and By, ..., By is called its body. A finite set of clauses
P ={cy...c,}over (X,A) is a definite logic program. A clause with empty body is a fact

2

and a clause with empty head is a query. We usually omit “«” in queries and just write
“Bi,...,By”. The empty query is denoted O.
To define the evaluation mechanism of resolution, we need the concept of a (most

general) unifier of two atoms or terms.

Definition 2.6 (Most General Unifier). A substitution 6 is a unifier of two atoms or
terms s and t if and only if s6 = t0. We write s ~ t if there s a unifier of s and t. We
call 0 a most general unifier (mgu) of s and t if and only if 0 is a unifier of s and t and

for every unifiers o of s and t there is a substitution y such that o = Q.

We briefly present the procedural semantics of logic programs based on SLD-resolution
using the left-to-right selection rule implemented by most Prolog systems. More details

on logic programming can be found in [Apt97], for example.

Definition 2.7 (Derivation). Let @ be a query Ay, ..., Ay, let ¢ be a clause H «—
Bi,...,By. Then Q' is aresolvent of Q and c using 0 (denoted Q b.o Q') if 0 is the mgu’
of Ay and H, and Q' = (By, ..., Bg, Ag, ..., An)l. We call A; the selected atom.

A derivation of a program P and Q is a possibly infinite sequence Qo, Q1, ... of queries
with Qo = @ where for all i, we have Q; -
some fresh variant c;y 1 of a clause of P. For a deriwation Qq,...,Q, as above, we also

write Qg '_773,91...9” Qn or Qo Fp Qn, and we also write Q; Fp Qiy1 for Qi Fer 0,1 Qiv1-
The query @) terminates for P if all derivations of P and Q) are finite, i.e., if Fp 1is

cir1 00 Qit1 for some substitution 0,4, and

terminating for Q.

If we restrict the substitutions used in derivations to functions from V — 7(3,V), i.e.,
to substitutions for which the range contains only finite terms, the above notion of deriva-
tion corresponds to SLD-resolution using the left-to-right selection rule typically found
in logic programming. Without this restriction, the above notion of derivation coincides
with logic programming without an occur check [Col82] as implemented in common Prolog
systems such as SICStus or SWI.

Finally, we need the concept of answer substitutions that define the results of the

computation of a logic program.

Definition 2.8 (Answer Set). The answer set Answer(Q,P) for a logic program P and
a query Q is defined as the set of all substitutions 0|y(q) such that Q F5, O for some
n € N.

INote that for finite sets of rational atoms or terms, unification is decidable, the mgu is unique modulo
renaming, and it is a substitution with rational terms [Hue76).
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Example 2.9. Consider the predicate double/2 that is true when the second argument
is twice as large as the first one. The following two clauses constitute a logic program P
over ({0,s}, {double}) where 0 and the successor function s are used to represent natural

numbers:

double(0,0). (1)
double(s(X), s(s(Y")) <« double(X,Y). (2)

For the query () = double(s(0), Z) we obtain the following derivation:

double(s(0), Z) F@).{x/0.2/s(s(v)y double(0,Y") F@ (v/0y O

The set of answer substitutions is Answer(Q,P) = {{Z/s(s(0))}}.

Term Rewriting

Now we define term rewrite systems and introduce the notion of term rewriting. For

further details on term rewriting we refer to [BN9S].

Definition 2.10 (Term Rewriting). A term rewrite system (TRS) R is a finite set of
rules ¢ — r with ¢,r € T(3,V) and { ¢ V. The rewrite relation for R is denoted —g:
for s,t € T(3,V) we have s —x t if there is a rule £ — r, a position pos € Occ(s) and a
substitution o : V — T (X, V) with 8|pes = Lo and t = s[ro]pes. Let =1, —2", —k denote
rewrite sequences of n steps, of at least n steps, and of arbitrarily many steps, respectively
(where n > 0). A term t is terminating for R if —x is terminating w.r.t. t. A TRS R

1s terminating if —g is terminating.

Note that the above definition is the standard rewrite relation. One usually requires
V(r) C V(¢) for all rules ¢ — r € R as otherwise the standard rewrite relation is never
well founded. Here, we do not follow this requirement as Chapter [3| introduces a variant
which can be well founded even if V(r) € V({).

Example 2.11 (Term Rewrite System). Consider the following rules R over {double,s, 0}

for the function returning the double value of its argument:

double(0)
double(s(X))

0
s(s(double(X)))

—
—

For the term t = double(s(0)) we obtain the following rewrite sequence where we marked

S|pos by underlining:

double(s(0)) —x s(s(double(0))) —% s(s(0))
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Termination Analysis of Logic Programs






3. Transformational Approach

Termination of logic programs is widely studied. Most automated techniques try to prove
universal termination of definite logic programs, i.e., one tries to show that all derivations
of a logic program are finite w.r.t. the left-to-right selection rule.

Both “direct” and “transformational” approaches have been proposed in the literature
(see, e.g., [DDY4] for an overview and [BCGT07, [CLS05, [CLSS06, [DS02, LMS03, MR03,
MSO7, ND05, ND0O7, NGSDO08, [SD05a, [Sma04] for more recent work on “direct” ap-
proaches). “Transformational” approaches have been developed in [AM93], [AZ95] [CR93,
GW93|, [ KKS98, Mar94, [Mar96, [Raad7] and a comparison of these approaches is given in
[OhlI01]. Moreover, similar transformational approaches also exist for other programming
languages (e.g., see [GSST06] for an approach to prove termination of Haskell-programs
via a transformation to term rewriting). Moreover, there is also work in progress to
develop such approaches for imperative programs.

In order to be successful for termination analysis of logic programs, transformational
methods

(I) should be applicable for a class of logic programs as large as possible and

(IT) should produce TRSs whose termination is easy to analyze automatically.

Concerning (I), the above existing transformations can only be used for certain subclasses
of logic programs. More precisely, all approaches except [Mar94, Mar96] are restricted to
well-moded programs. The transformations of [Mar94, [Mar96] also consider the classes of
simply well-typed and safely typed programs. However in contrast to all previous trans-
formations, we present a new transformation which is applicable for any (definite) logic
program. Like most approaches for termination of logic programs, we restrict ourselves to
programs without cuts and negation. While there are transformational approaches which
go beyond definite programs [Mar96], it is not clear how to transform non-definite logic
programs into TRSs that are suitable for automated termination analysis, cf. (II). In order
to handle cuts and negation we refer to the pre-processing introduced in Chapter 5
Concerning (II), one needs an implementation and an empirical evaluation to find out
whether termination of the transformed TRSs can indeed be verified automatically for a
large class of examples. Unfortunately, to our knowledge there is only a single other ter-
mination tool available which implements a transformational approach. This tool TALP
[OCMOQ] is based on the transformations of [AZ95, [CR93, (GW93] which are shown to be
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equally powerful in [Ohl01]. So these transformations are indeed suitable for automated
termination analysis, but consequently, TALP only accepts well-moded logic programs.
This is in contrast to our approach which we implemented in our termination prover
AProVE [GST06]. Our experiments on large collections of examples in Section show
that our transformation indeed produces TRSs that are suitable for automated termina-
tion analysis and that AProVE is currently the most powerful termination provers for logic
programs.

To illustrate the starting point for our research, we briefly review related work on
connecting termination analysis of logic programs and term rewrite systems. We start by
recapitulating the classical transformation of [AZ95, [CR93, (GW93| [OhI01] Then, we give

an overview on the structure of the remainder of this chapter.

The Classical Transformation

Our transformation is inspired by the transformation of [AZ95, [CR93, (GW93, [OhI01]. In
this classical transformation, each argument position of each predicate is either determined
to be an input or an oulput position by a moding function m. So for every predicate
symbol p of arity n and every 1 < i < n, we have m(p,i) € {in, out}. Thus, m(p,i)
states whether the i-th argument of p is an input (in) or an output (out) argument.

As mentioned, the moding must be such that the logic program is well moded [AE93].
Well-modedness guarantees that each atom selected by the left-to-right selection rule is
“sufficiently” instantiated during any derivation with a query that is ground on all input
positions. More precisely, a program is well moded if, and only if, for any of its clauses
H «— By, ..., B, with k > 0, we have

(a) Vout(H) Q Vm(H> U Vout(Bl) U...uU Vout(Bk> and
(b) V1n<Bz) g Vln(H> U Vout(-Bl) Uu...u Vout(Bifl) fOI' all 1 S 7 S k
Vin(B) and Ve, (B) are the variables in terms on B’s input and output positions.

Example 3.1. Consider the following variant of a small example from [OhI0]].

p(X, X).
p(f(X),g(Y)) < p(f(X),f(2)),p(Z.g(Y)).

Let m be a moding withm(p, 1) = in and m(p,2) = out. Then the program is well moded:
This is obvious for the first clause. For the second clause, (a) holds since the output
variable Y of the head is also an output variable of the second body atom. Similarly, (b)
holds since the input variable X of the first body atom is also an input variable of the
head, and the input variable Z of the second body atom is also an output variable of the

first body atom.
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In the classical transformation from logic programs to TRSs, two new function symbols
Pin and pyy are introduced for each predicate p. We write “p(s, f)” to denote that s and

¢ are the sequences of terms on p’s in- and output positions.
e For cach fact p(5,t), the TRS contains the rule py,(5) — pout(t).

e For each clause c of the form p(3,1) « pi(51,t1), ..., pr(5k, 1), the resulting TRS

contains the following rules:

Pin(3) — ue1(p1,, (51), V(5))
Ue 1 (P10 (1), V() = tiea(pa,,, (32), V(5) UV(H1))

qu(pkout(E;f)’ V(g) U V(Fl) U...u V(E;c—l)) - pout(ﬂ

Here, V(3) are the variables occurring in §. Moreover, if V(8) = {z1,...,z,}, then

“Ue1(p1,, (51), V(5))” abbreviates the term u.1(p1,, (51), 21, ..., Ty), ete.

If the resulting TRS is terminating, then the original logic program terminates for any
query with ground terms on all input positions of the predicates, cf. [Ohl01]. However,

the converse does not hold.

Example 3.2. For the program of Example the transformation results in the follow-
ing TRS R.

Pin (X

pin (F(X)

u1(Pout (f(2)), X
u2(Pout(8(Y)), X, Z

— Pout(X)

— i (pin(f(X)), X)
— us(pin(2), X, Z2)
— Pout(8(Y"))

~— ~— —

The original logic program is terminating for any query p(ty, ty) where t; is a ground term.

However, the above TRS is not terminating:
pm(f(X)) —R ul(pin(f<X))aX) —R ul(ul(pin(f(X))aX)aX) —R -

In the logic program, after resolving with the second clause, one obtains a query starting
with p(f(...),f(...)). Since p’s output argument f(...) is already partly instantiated,
the second clause cannot be applied again for this atom. However, this information is
neglected in the translated TRS. Here, one only regards the input argument of p in
order to determine whether a rule can be applied. Note that many current tools for
termination proofs of logic programs like cT| [MB05], TALP [OCMO00], TermiLog [LSS97],
and TerminWeb [CT99] fail on Example[3.1]
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So this example already illustrates a drawback of the classical transformation: there are
several terminating well-moded logic programs which are transformed into non-terminating
TRSs. In such cases, one fails in proving the termination of the logic program. Even worse,
most of the existing transformations are not applicable for logic programs that are not

well moded.!

Example 3.3. We modify Example by replacing g(Y') with g(W) in the body of the

second clause:
p(X, X).

p(f(X),8(Y)) — p(f(X),f(2)),p(Z, g(W)).
Still, all queries p(ty,t2) terminate if t; is ground. But this program is not well moded, as
the second clause violates Condition (a): Vet (p(f(X),g(Y))) = {Y} € Vi (p(f(X),g(Y)))U
Vour (P(F(X), f(2))) UVout(p(Z,g(W))) = {X, Z, W}. Transforming the program as before
yields a TRS with the rule us(pout(g(W)), X, Z) — pouw(g(Y)). So non-well-moded pro-
grams result in rules with variables like Y in the right- but not in the left-hand side. Such
rules are usually forbidden in term rewriting and they do not terminate, since Y may be

instantiated arbitrarily.

Example 3.4. A natural non-well-moded example is the append-program with the clauses

append([|, M, M).
append([X|L], M,[X|N]) <« append(L, M,N).

and the moding m(append,1) = in and m(append,2) = m(append,3) = out, i.e., one
only considers append’s first argument as input. Due to the first clause append([], M, M),
this program is not well moded although all queries of the form append(ty,ts,t3) are

terminating if t| is ground.

Term Rewriting Techniques for Termination of Logic Programs

Recently, several authors tackled the problem of applying termination techniques from
term rewriting for (possibly non-well-moded) logic programs. A framework for integrat-
ing orders from term rewriting into direct termination approaches for logic programs is
discussed in [DS02]. But in contrast to [DS02], transformational approaches like the
one presented in this chapter can also apply more recent termination techniques from
term rewriting for termination of logic programs (e.g., refined variants of the dependency
pair method like [GTS05a, (GTSE06, [HMO05a], semantic labelling [Zan95], matchbounds
[GHWO04], etc.). However, the automation of this framework is non-trivial in general. As

an instance of this framework, the automatic application of polynomial interpretations

'Example is neither well moded nor simply well typed nor safely typed (using “Any” and “Ground”)
as required by the transformations of [AM93] [AZ95] [CRI3| [GW93| [KKS98| [Mar94] [Mar96l [Raa97].
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(well-known in term rewriting) to termination analysis of logic programs is investigated
in [NDO5, NDQO7]. Moreover, in Chapter 4 we extend this work further by also adapt-
ing the dependency pair framework [AGOQ, (GTS05a, [GTSE06] from TRSs to the logic
programming setting.

Instead of integrating each termination technique from term rewriting separately, in
the current chapter we want to make all these techniques available at once. Therefore,

we choose a transformational approach. Our goal is a method which
(A) handles programs like Example [3.1 where the classical transformation fails,

(B) handles non-well-moded programs like Example [3.3] where most previous transfor-

mational techniques are not even applicable,

(C) allows the successful automated application of techniques from term rewriting for
logic programs like Example [3.1] and [3.3] where tools based on direct approaches fail.

For larger and more realistic examples we refer to the experiments in Section

Structure of the Chapter

We start by introducing a modified notion of term rewriting in Section [3.1], so-called
“infinitary constructor rewriting”. Then, in Section [3.2] we modify the transformation
from logic programs to TRSs to achieve (A) and (B). So restrictions like well-modedness,
simple well-typedness, or safe typedness are no longer required.

Section shows that the existing termination techniques for TRSs can easily be
adapted in order to prove termination of infinitary constructor rewriting. For a full
automation of the approach, one has to transform the set of queries that has to be
analyzed for the logic program to a corresponding set of terms that has to be analyzed
for the transformed TRS. This set of terms is characterized by a so-called argument
filter and we present heuristics to find a suitable argument filter in Section [3.4] Section
gives a formal proof that our new transformation and our approach to automated
termination analysis are strictly more powerful than the classical one. We present and
discuss an extensive experimental evaluation of our results in Section which shows
that Goal (C) is achieved as well. In other words, the implementation of our approach
can indeed compete with modern tools for direct termination analysis of logic programs
and it succeeds for many programs where these tools fail. Finally, we summarize the
contributions of this chapter in Section [3.7]

3.1. Preliminaries

Our new transformation from Section |3.2|results in TRSs where the notion of “rewriting”

has to be slightly modified: we regard a restricted form of infinitary rewriting, called
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infinitary constructor rewriting. The reason is that logic programs use unification, whereas
TRSs use matching.

To illustrate this difference, consider the logic program p(s(X)) < p(X) which does
not terminate for the query p(X): Unifying the query p(X) with the head of the variable-
renamed rule p(s(X;)) < p(X;) yields the new query p(X;). Afterwards, unifying the
new query p(X;) with the head of the variable-renamed rule p(s(X3)) < p(Xs) yields the
new query p(Xs), etc.

In contrast, the related TRS p(s(X)) — p(X) terminates for all finite terms. When
applying the rule to some subterm ¢, one has to match the left-hand side ¢ of the rule
against t. For example, when applying the rule to the term p(s(s(Y’))), one would use
the matcher that instantiates X with s(Y"). Thus, p(s(s(Y"))) would be rewritten to the
instantiated right-hand side p(s(Y)). Hence, one occurrence of the symbol s is eliminated
in every rewrite step. This implies that rewriting will always terminate. So in contrast
to unification (where one searches for a substitution 6 with t0 = ¢6), here we only use
matching (i.e., we search for a substitution § with ¢ = ¢, but we do not instantiate the
term ¢ that is being rewritten).

However, the infinite derivation of the logic program above corresponds to an infinite
reduction of the TRS above with the infinite term p(s(s(...))) containing infinitely many
nested s-symbols. So to simulate unification by matching, we have to regard TRSs where
the variables in rewrite rules may be instantiated by infinite constructor terms. It turns
out that this form of rewriting also allows us to analyze the termination behavior of logic
programming with infinite terms, i.e., of logic programming without occur check.

Thus, we consider infinite substitutions 0 : V — T°°(X,V) for the derivations defined
in Definition 2.7 such that derivation coincides with logic programming without an occur
check. Since we consider only definite logic programs, any program which is terminating
without occur check is also terminating with occur check, but not vice versa. So if
our approach detects “termination”, then the program is indeed terminating, no matter
whether one uses logic programming with or without occur check. In other words, our
approach is sound for both kinds of logic programming, whereas most other approaches

only consider logic programming with occur check.

Example 3.5. Regard a program P with the clauses p(X) < equal(X,s(X)), p(X) and
equal(X, X). We obtain p(X) +% p(s(s(...))) F% p(s(s(...))) F% ..., where s(s(...)) is
the term containing infinitely many nested s-symbols. So the finite query p(X) leads to
a derivation with infinite (rational) queries. While p(X) is not terminating according to
Definition 2.7], it would be terminating if one uses logic programming with occur check.
Indeed, tools like ¢TI [MB05] and TerminWeb [CT99] report that such queries are “ter-
minating”. So in contrast to our technique, such tools are in general not sound for logic
programming without occur check, although this form of logic programming is typically

used in practice.
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Now we introduce the notion of infinitary constructor rewriting.

Definition 3.6 (Infinitary Constructor Rewriting). Given a TRS R C (7(3,V) \ V) x
T(3,V), we divide the signature into defined symbols Xp = {f | ¢ — r € R,root({) = [}
and constructors Yo = 3\ Xp.

The infinitary constructor rewrite relation for R is denoted Sg: fors,t € T *(%,V) we
have s g t if there is a rule £ — r, a position pos and a substitution o : V — T>®(3¢, V)
With $|pes = Lo and t = s[ro]es. Let g%, gin, 2% denote rewrite sequences of n steps,
of at least n steps, and of arbitrary many steps, respectively (where n > 0). A term t is
S-terminating for R if Sz is terminating for t. A TRS R is S-terminating if Sz is

terminating.
The above definition of % differs from the standard rewrite relation —x in two aspects:
(i) We only permit instantiations of rule variables by constructor terms.
(ii) We use substitutions with possibly non-rational infinite terms.

In Examples [3.8] and in the next section, we will motivate these modifications and
show that there are TRSs which terminate w.r.t. the usual rewrite relation, but are non-

terminating w.r.t. infinitary constructor rewriting and vice versa.

3.2. Transforming Logic Programs into Term Rewrite

Systems

Now we modify the classical transformation of logic programs into TRSs to make it
applicable for arbitrary (possibly non-well-moded) programs as well. In this section we
first present the new transformation and then prove its soundness. Later in Section

we formally prove that the classical transformation is strictly subsumed by our new one.

The Improved Transformation

Instead of separating between input and output positions of a predicate p/n, now we keep

all arguments both for p;, and pyy; (i-e., pi, and py, have arity n).

Definition 3.7 (Transformation). A logic program P over (3, A) is transformed into the
following TRS Rp over Xp = XU A{pin/n, pout/n | p/n € Ay U{u,; | c € P,1 <1<k,

where k is the number of atoms in the body of ¢ }.

e For each fact p(5) in P, the TRS Rp contains the rule pin(5) — Dout(S).
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e For each clause c of the form p(S) < p1(51),...,pk(5k) in P, Rp contains:

pm(g) — Uc,1 (plm(_)l)7 V(g))
Ue1 (Pl (51), V(8)) — tea(p2,, (52), V(5) UV(51))

Uek (Phoue (8), V() UV(81) U .. UV(85-1)) = Pour(8)

The following two examples motivate the need for infinitary constructor rewriting in
Definition B.7, i.e., they motivate Modifications (i) and (ii) in Section [3.1]

Example 3.8. For the logic program of Example the transformation of Definition [3.7]
vields the following TRS.

Pin (X, X) = Pour (X, X) (1)

Pin(F(X),8(Y)) — ui(pin(f(X),(2)), X, Y) (2)

U1 (pout (f(X),£(2)), X, Y) — ua(pin(Z,8(Y)), X, Y, Z) (3)
us(Pout(Z, 8(Y)), X, Y, Z) — pout(f(X), 8(Y)) (4)

This example shows why rules of TRSs may only be instantiated with constructor terms
(Modification (i)). The reason is that local variables like Z (i.e., variables occurring in
the body but not in the head of a clause) give rise to rules { — r where V(r) € V()
(cf. Rule (2)). Such rules are never terminating in standard term rewriting. However, in
our setting one may only instantiate Z with constructor terms. So in contrast to the old
transformation in Example now all terms py,(t1,t2) X -terminate for the TRS if t; is
finite, since now the second argument of p;, prevents an infinite application of Rule @
Indeed, constructor rewriting correctly simulates the behavior of logic programs, since the
variables in a logic program are only instantiated by “constructor terms”.

For the non-well-moded program of Example one obtains a similar TRS where g(Y")
is replaced by g(W) in the right-hand side of Rule (@ and the left-hand side of Rule @)
Again, all terms p;, (11, t2) are ~>-terminating for this TRS provided that t, is finite. Thus,
we can now handle programs where the classical transformation of [AZ95, (CR93, (GW93,
OLI01] failed, cf. Goals (A) and (B) in Section [3

Derivations in logic programming use unification, while rewriting is defined by match-
ing. Example shows that to simulate unification by matching, we have to consider

substitutions with infinite and even non-rational terms (Modification (ii)).

Example 3.9. Let P be ordered(cons(X,cons(s(X), XS))) < ordered(cons(s(X), XS)). If
one only considers rewriting with finite or rational terms, then the transformed TRS

Rp Is terminating. However, the query ordered(YS) is not terminating for P. Thus,
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to obtain a sound approach, Rp must also be non-—-terminating. Indeed, the term
t = ordered;,(cons(X, cons(s(X), cons(s*(X), ...)))) is non->-terminating with Rp’s
rule: ordered;, (cons(X, cons(s(X), XS))) — u(ordered;,(cons(s(X), XS)), X, XS). Here,

the non-rational term t corresponds to the infinite derivation with the query ordered(YS).

Soundness of the Transformation

We first show an auxiliary lemma that is needed to prove the soundness of the transfor-

mation. It relates derivations with the logic program P to rewrite sequences with the
TRS Rp.

Lemma 3.10 (Connecting P and Rp). Let P be a program, let t be terms from T (%, V),
let p(t) . Q. If Q =0, then pin(t)o ﬁ%:i Pout(t)o. Otherwise, if Q is “q(¥),...”, then

co=>n .. —
pin(t)o — g, I for a term r containing the subterm g, (7).

Proof. Let p(f} =QoFa - Feno, Qn=Q with o =6;...0,. We use induction on n.
The base case n = 0 is trivial, since Q = p(f) and pin () ﬁ;)% pm(f)

Now let n > 1. We first regard the case )y = O and n = 1. Then ¢; is a fact
p(5) and 6, is the mgu of p(¢) and p(5). Note that such mgu’s instantiate all variables
with constructor terms (as symbols of ¥ are constructors of Rp). We obtain p;, (£)6; =
pm(g)91 S”RP pout<§)01 = pout(ﬂ‘gl where o = 0.

Finally, let @1 # O. Thus, ¢ is p(5) < p1($1),...,pr(sk) and Qq is p1($1)04,. ..,
pr(5i)01 where 6; is the mgu of p(t) and p(5). There is an 7 with 1 < i < k such that for
all j with 1 < j <4 —1 we have p;(5;)og...0,_1 I—;QJ;U], 0. Moreover, if Q = O then we
can choose i = k and p;(8;)oq ... 051 Fp, 0. Otherwise, if @ is “q(v),...”, then we can
choose i such that p;(8;)og.. .01 |_7>a q( U),... Here, n =ny+...4+n;+1, o9 = by,
o1="0s...0h41,...,and 0, =0p 4 4, 142 Opiv. 4n;41. SO0 =0¢...0;.

By the induction hypothesis we have p;, (5;)o0...0; ﬁ:;ﬂ Pjous (55)00 - .. 0 and thus
also pj, (5;)o E%Zj Piow (5i)0. Moreover, if @ = O then we also have p;, (Si)o ﬁ:;’
PDigw (Si)o where i = k. Otherwise, if @ is “q(7),...”, then the induction hypothesis

implies p;, (S;)o g;n, r’, where 1’ contains g, (). Thus

pin(H)o = pin(5)o Zr, Uey 1(p1,, (51), V(5))o
= ey (1,0, (51), V()0
SRp Ue, 2(P2;,, (52), V(5) UV(51))o
E’7227;2 Ucl,z(onu (52

oo >n3+..+n;_1
_)’R,p ucly

V(5) UV(81))o
(HUV(E) UL UV(Si))o

/\
=3

&

3

A
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Moreover, if () = O, then i = k and the rewrite sequence yields pout(f)a, since

0o 21

Uey i (Pi,, (5), V(S U...UV(Sim1))o0 =R, Ueyi(Din, (5:), V() U ... UV(51))o
E>7373‘ pout(g)o- = pout(£>0-~
Otherwise, if @ is “q(¥),...”, then rewriting yields a term containing g;,(?):

Uey i (Di,,, (8:), V(S) U ... UV(S;-1))o 272;: Uy (T, V(8)o U ... UV(5i_1)0).

For the soundness proof, we need another lemma which states that we can restrict

ourselves to non-terminating queries which only consist of a single atom.

Lemma 3.11 (Non-Terminating Queries). Let P be a logic program. Then for every
infinite derivation Qo tp Q1 Fp ..., there is a Q; of the form “q(¥),...” with i > 0 such

that the query q(v) is also non-terminating.

Proof. Assume that for all ¢ > 0, the first atom in ); does not have an infinite derivation.
Then for each (); there are two cases: either the first atom fails or it can successfully be
proved. In the former case, there is no infinite reduction from ); which contradicts the
infiniteness of the derivation from ()g. Thus for all 7 > 0, the first atom of (); is successfully
proved in n; steps during the derivation Qg Fp Q1 Fp ... Let m be the number of atoms
in (1. But then Q14y, 1. 4n,, is the empty query O which again contradicts the infiniteness
of the derivation. ]

We use argument filters to characterize the classes of queries whose termination we
want to analyze. Related definitions can be found in, e.g., [AG00, [LS96].

Definition 3.12 (Argument Filter). A function m: XU A — 2% 4s an argument filter 7
over a signature (X, A) if and only if 7(f/n) C {1,...,n} for every f/n € SUA. We
extend 7 to terms and atoms by defining w(x) = x if x is a variable and w(f(t1,...,t,)) =
f(m(tsy),...,m(t,)) if (f/n) = {i1,... ik} with iy < ... < iy. Here, the new terms
and atoms are from the filtered signature (X, Ay) where f/n € 3 implies f/k € X and
likewise for A,. For a logic program P we write (Xp,, Ap,) instead of (Xp)x, (Ap)x). For
any TRS R, we define m(R) = {n({) — n(r) | { — r € R}. The set of all argument filters
over a signature (X, A) is denoted by AF(X,A). We write AF(X) instead of AF(3, D)
and speak of an argument filter “over X7. We also write w(f) instead of w(f/n) if the
arity of f s clear from the context.

An argument filter 7' is a refinement of a filter © if and only if ©'(f) C w(f) for all
feXUA.
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Argument filters specify those positions which have to be instantiated with finite ground
terms. Then, we analyze termination of all queries () where 7(Q) is a (finite) ground atom.
In Example 3.1, we wanted to prove termination for all queries p(t1,ty) where ¢; is finite
and ground. These queries are described by the filter w(h) = {1} for all h € {p,f,g}.
Thus, we have 7(p(t1,t2)) = p(m(t1)).

Note that argument filters also operate on function instead of just predicate symbols.
Therefore, they can describe more sophisticated classes of queries than the classical ap-
proach of [AZ95, [CRI3, IGW93, [Ohl01] which only distinguishes between input and output
positions of predicates. For example, if one wants to analyze all queries append(t1, ta, t3)
where t; is a finite list, one would use the filter 7(append) = {1} and 7(e) = {2}, where
“e” is the list constructor (i.e., o(X, L) = [X]|L]). Of course, our method can easily prove
that all these queries are terminating for the program of Example [3.4]

Now we show the soundness theorem: to prove termination of all queries ) where 7(Q)
is a finite ground atom, it suffices to show ~S-termination of all those terms p,(t) for
the TRS Rp where m(p;(t)) is a finite ground term and where ¢ only contains function
symbols from the logic program P. Here, m has to be extended to the new function

symbols p;, by defining 7 (p;,) = m(p).

Theorem 3.13 (Soundness of the Transformation). Let P be a logic program and let w
be an argument filter over (X,A). We extend m such that ©(pi,) = w(p) for all p € A.
Let S = {pm(@) | p € A, '€ T=(,V), nlpmn(t) € T(Sp,)}. If all terms s € S are
= -terminating for Rp, then all queries Q € A" (X, A, V) with 7(Q) € A(Xs, A;) are

terminating for P.?

Proof. Assume that there is a non-terminating query p(f) as above with p(f} Fr Q1 Fp

Q)2 Fp ... By Lemma[B.I1] there is an i; > 0 with Q;, = ¢(71),... and an infinite

derivation q, (7)) Fp Q) Fp Q4 Fp ... From p(t) F%,ao ¢1(v), ... and Lemma B.I0l we get
o0 =t . S

pin(B)og —>R; r1, where 7 contains the subterm ¢, (v7).

By Lemma [3.11] again, there is an iy > 0 with Qj, = ¢2(7), ... and an infinite derivation

, g
¢@(0a) Fp QF Fp ... From q(v1) 3, q2(02), . .. and Lemma [3.10l we get pm(ﬂaoal 37_;;
o0 >ia . ’ .
7101 —g, T2, where ry contains the subterm gy, (¥2).
Continuing this reasoning we obtain an infinite sequence og, o1, . . . of substitutions. For

each j > 0, let i; = 0 041 ... result from the infinite composition of these substitutions.?

2Tt is currently open whether the converse holds as well. For a short discussion see Section

3The composition of infinitely many substitutions og, o1, ... is defined as follows. The definition ensures
that togoy ... is an instance of toy .. . oy, for all terms (or atoms) ¢ and all n > 0. It suffices to define
the symbols at the positions of togo; ... for any term ¢t. Obviously, pos is a position of togo ... if, and
only if, pos is a position of toy . ..o, for some n > 0. We define that the symbol of togoy ... at such
a position pos is f € X if, and only if, f is at position pos in tog. ..o, for some m > 0. Otherwise,
(too...0n)|pes = Xo € V. Let n = iy < i1 < ... be the maximal (finite or infinite) sequence with
Uij+1(Xj) =...= O—ij+1—l(Xj) = Xj and Uij+1(Xj) = Xj+1 for all ] We require Xj 7é Xj+1, but
permit X; = X otherwise. If this sequence is finite (i.e., it has the form n =iy < ... < 4,,), then we
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Since r;u; is an instance of r;o0;...0, for all n > j, we obtain that pm(f)uo is non->-
terminating for Rp:

oo i1 oo >i2 oo >3

Pz‘n(f)ﬂo TRp "ML TR T2H2 TRy -

As 7(p(t)) € A(Z, Ay) and thus 7(pi(f) = m(pim (o) € T(Ep,), this is a contradic-
tion. [l

3.3. Termination of Infinitary Constructor Rewriting

One of the most powerful methods for automated termination analysis of rewriting is the
dependency pair (DP) method [AGO0] which is implemented in most current termination
tools for TRSs. However, since the DP method only proves termination of term rewriting
with finite terms, its use is not sound in our setting. Nevertheless, we now show that only
very slight modifications are required to adapt dependency pairs from ordinary rewriting
to infinitary constructor rewriting. So any rewriting tool implementing dependency pairs
can easily be modified in order to prove termination of infinitary constructor rewriting as
well. Then, it can also analyze termination of logic programs using the transformation of
Definition B.7.

Moreover, dependency pairs are a general framework that permits the integration of
any termination technique for TRSs [GTS05a, Thm. 36]. Therefore, instead of adapting
each technique separately, it is sufficient only to adapt the DP framework to infinitary
constructor rewriting. Then, any termination technique can be directly used for infinitary
constructor rewriting. In this section we first adapt the notions and the main termination
criterion of the dependency pair method to infinitary constructor rewriting and then
we show how to automate this criterion by adapting the “DP processors” of the DP

framework.

Dependency Pairs for Infinitary Rewriting

Let R be a TRS. For each defined symbol f/n € Xp, we extend the set of constructors
Y by a fresh tuple symbol f¥/n. We often write F instead of f* For t = g(f) with
g € ¥p, let t* denote g#(t).

Definition 3.14 (Dependency Pair [AG00]). The set of dependency pairs for a TRS R
is DP(R) = {{* =" | { —r € R, t is a subterm of r, root(t) € ¥p}.

define (to¢o1 .. .)|pos = Xpm. Otherwise, the substitutions perform infinitely many variable renamings.
In this case, we use one special variable Z,, and define (togo1...)|pos = Zoo. S0 if 0p(X) =Y,
01(Y) =X, 02(X) =Y, 03(Y) = X, etc., we define Xogo1...=Yo00p01... = Zeo.
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Example 3.15. Consider again the logic program of Example which was transformed
into the following TRS R in Example[3.8,

-
=]

Pin(X, X) = pout (X, X)
Pin (F(X),8(Y)) — u1(pin (f(X), f
Y)
)

N
i
=
N =
2 ®

u1 (pout (F(X), f(2)), X — Uz(pin(Z, 8(Y
U2<pout(Z g(Y)) X Y Z) — pout( (X)ag(y

=

For this TRS R, we have Xp = {pjn, u1,us} and DP(R) is

) ()
) (6)
) = Pin(Z,8(Y)) (7)
) (8)

While Definition B.14] is from [AGO0Q], all following definitions and theorems are new.
They extend existing concepts from ordinary to infinitary constructor rewriting.

For termination, one tries to prove that there are no infinite chains of dependency
pairs. Intuitively, a dependency pair corresponds to a function call and a chain represents
a possible sequence of calls that can occur during rewriting. Definition B.16] extends the
notion of chains to infinitary constructor rewriting. To this end, we use an argument filter
7 that describes which arguments of function symbols have to be finite terms. So if 7
does not delete arguments (i.e., if 7(f) = {1,...,n} for all f/n), then this corresponds to
ordinary (finitary) constructor rewriting and if = deletes all arguments (i.e., if 7(f) = &
for all f), then this corresponds to full infinitary constructor rewriting. In Definition 3.16],

the TRS D usually stands for a set of dependency pairs. (Note that if R is a TRS, then
DP(R) is also a TRS.)

Definition 3.16 (Chain). Let D, R be TRSs and 7 be an arqument filter. A (possibly

infinite) sequence of pairs sy —ty,s9—ta,... from D is a (D, R, w)-chain if, and only if,

e foralli > 1, there are substitutions o; : V — T>°(X¢, V) such that t;o; g% Sit10i41,

and

o for alli > 1, we have w(s;0;),m(t;o;) € T(X;). Moreover, if the rewrite sequence
from tio; to s; 110,41 has the form t;o; = qo RSBk g = Sit10i41, then for
all terms in this rewrite sequence we have m(qo), ..., 7(qm) € T(X:) as well. So
all terms in the sequence have finite ground terms on those positions which are not

filtered away by 7.

In Example |3.15)] “@, ” is a chain for any argument filter 7: if one instantiates X
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and Z with the same finite ground term, then @’s instantiated right-hand side rewrites
to an instance of ’s left-hand side. Note that if one uses an argument filter 7 which
permits an instantiation of X and Z with the infinite term f(f(...)), then there is also an
infinite chain “@, , @, , o

In order to prove termination of a program P, by Theorem [B.13] we have to show
that all terms p;,(f) are S>-terminating for Rp whenever 7(py,(f)) is a finite ground
term and ¢ only contains function symbols from the logic program (i.e., ¢ contains no
defined symbols of the TRS Rp). Theorem [B.17 states that one can prove absence of
infinite (DP(Rp), Rp, 7' )-chains instead. Here, 7’ is a filter which filters away “at least
as much” as m. However, 7’ has to be chosen in such a way that the filtered TRSs
©'(DP(Rp)) and 7' (Rp) satisfy the “variable condition”, i.e., V(7'(r)) C V(n'({)) for all
¢ — r € DP(Rp) URp. Then the filter 7" detects all potentially infinite subterms in
rewrite sequences (i.e., all subterms which correspond to “non-unification-free parts” of

P, i.e., to non-ground subterms when “executing” the program P).

Theorem 3.17 (Proving Infinitary Termination). Let R be a TRS over ¥ and let 7 be
an argument filter over . We extend m to tuple symbols such that w(F) = n(f) for
all f € ¥p. Let ' be a refinement of © such that #'(DP(R)) and ©'(R) satisfy the
variable condition.* If there is no infinite (DP(R), R, 7')-chain, then all terms f(t) with
e T(2c, V) and n(f(1) € T(S,) are S-terminating for R.

Proof. Assume there is a non-"3-terminating term f(#) as above. Since ¢ does not contain
defined symbols, the first rewrite step in the infinite sequence is on the root position with
arule ¢ = f({) — r where loy = f(f). Since o1 does not introduce defined symbols,
all defined symbols of ro; occur on positions of r. So there is a subterm r’ of r with
defined root such that r'o; is also non->-terminating. Let 7/ denote the smallest such
subterm (i.e., for all proper subterms r” of 7/, the term 7”0, is ~>-terminating). Then
¢* — 7" is the first dependency pair of the infinite chain that we construct. Note that
m(¢oy) and thus, m(lfoy) and hence, also 7/ (ffoy) = 7'(F(t)) is a finite ground term by
assumption. Moreover, as £* — 7 € DP(R) and as 7'(DP(R)) satisfies the variable
condition, 7’/(r"o) is finite and ground as well.

The infinite sequence continues by rewriting r’o;’s proper subterms repeatedly. During
this rewriting, the left-hand sides of rules are instantiated by constructor substitutions
(i.e., substitutions with range 7°°(X¢,V)). As '(R) satisfies the variable condition, the

terms remain finite and ground when applying the filter 7. Finally, a root rewrite step is

4To see why the variable condition is needed in Theorem B.I7, let R = {g(X) — f(X),f(s(X)) — f(X)}
and m = 7’ where 7'(g) = &, «'(f) = #'(F) = #'(s) = {1}. R’s first rule violates the variable
condition: V(7'(f(X))) = {X} € V('(g(X))) = @. There is no infinite chain, since 7’ does not
allow us to instantiate the variable X in the dependency pair F(s(X)) — F(X) by an infinite term.
Nevertheless, there is a non->5-terminating term g(s(s(...))) which is filtered to a finite ground term

™ (g(s(s(-- ) = &
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performed again. Repeating this construction infinitely many times results in an infinite
chain. O

The following corollary combines Theorem [3.13] and Theorem B.17. It describes how

we use the DP method for proving termination of logic programs.

Corollary 3.18 (Termination of Logic Programs by Dependency Pairs).

Let P be a logic program and let m be an arqgument filter over (3, A). We extend 7 to Xp
and to tuple symbols such that 7(pin) = ©(Pim) = 7(p) for allp € A. For all other symbols
f/n that are not from X or A, we define w(f/n) ={1,...,n}. Let " be a refinement of
7 such that T (DP(Rp)) and ©'(Rp) satisfy the variable condition. If there is no infinite
(DP(Rp), Rp,n')-chain, then all queries Q € A™ (X, A, V) with 7(Q) € A(Xx, Ay) are

terminating for P.

Example 3.19. We want to prove termination of Example[3.]] for all queries ) where
7(Q) is finite and ground for the filter w(h) = {1} for all h € {p,f,g}. By Corollary
it suffices to show absence of infinite (DP(R), R, n')-chains. Here, R is the TRS
{(@,..., @} from Example[3.§ and DP(R) are Rules (5) — (§) from Example[3.15 The
filter 7' has to satisfy n'(h) C w(h) = {1} for h € {f,g} and moreover, ©'(p;,) and
7'(P;n) must be subsets of m(pin) = 7(Pi,) = m(p) = {1}. Moreover, we have to choose
7’ such that the variable condition is fulfilled. So while 7 is always given, ' has to be
determined automatically. Of course, there are only finitely many possibilities for ’.
In particular, defining 7'(h) = & for all symbols h is always possible. But to obtain
a successful termination proof afterwards, one should try to generate filters where the
sets m'(h) are as large as possible, since such filters provide more information about
the finiteness of arguments. We will present suitable heuristics for finding such filters
7 in Section [3.4 In our example, we use 7'(py,) = @(Psn) = 7'(f) = ©'(g) = {1},
' (pout) = 7'(u1) = ©'(Uy) = {1,2}, and 7'(uz) = 7'(Uz) = {1,2,4}. For the non-well-
moded Example[3.3 we choose 7'(g) = @ instead to satisfy the variable condition.

So to automate the criterion of Corollary [3.18], we have to tackle two problems:

(a) We start with a given filter 7 describing the set of queries whose termination should
be proved. Then we have to find a suitable argument filter 7’ that refines 7 in such a
way that the variable condition of Theorem [3.17is fulfilled and that the termination
proof is “likely to succeed”. This problem will be discussed in Section [3.4}

(b) For the chosen refined argument filter 7/, we have to prove that there is no infinite
(DP(Rp), Rp,n')-chain. We show how to do this in the following subsection.
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Automation by Adapting the DP Framework

Now we show how to prove absence of infinite (DP(R), R, 7)-chains automatically. To this
end, we adapt the DP framework of [GTS05a] to infinitary rewriting. In this framework,
we now consider arbitrary DP problems (D, R,n) where D and R are TRSs and 7 is an
argument filter. Our goal is to show that there is no infinite (D, R, 7)-chain. In this case,
we call the problem terminating. Termination techniques should now be formulated as
DP processors which operate on DP problems instead of TRSs. A DP processor Proc
takes a DP problem as input and returns a new set of DP problems which then have
to be solved instead. Proc is sound if for all DP problems d, d is terminating whenever
all DP problems in Proc(d) are terminating. So termination proofs start with the initial
DP problem (DP(R),R,n). Then this problem is transformed repeatedly by sound DP
processors. If the final processors return empty sets of DP problems, then —-termination
for R is proved.

In Theorem [3.22] [3.24], and [3.26|we will recapitulate three of the most important existing
DP processors [GTS05a] and describe how they must be modified for infinitary constructor
rewriting. To this end, they now also have to take the argument filter 7 into account. The
first processor uses an estimated dependency graph to estimate which dependency pairs

can follow each other in chains.

Definition 3.20 (Estimated Dependency Graph). Let (D, R, ) be a DP problem. The
nodes of the estimated (D, R, 7)-dependency graph are the pairs of D and there is an arc
from s — t to u — v if, and only if, CAP(t) and a variant v’ of u unify with an mgu
p where m(CAP(t)p) = w(u'w) is a finite term. Here, CAP(t) replaces all subterms of t
with defined root symbol by different fresh variables.

Example 3.21. For the DP problem (DP(R),R,n’) from Example[3.19 we obtain:

B—0_ ®—6

For example, there is an arc (6) — (7)), as CAP (U (pin(f(X),f(2)), X,Y)) = U1(V, X,Y)
unifies with Uy (pou(f(X),f(Z2")), X", Y") by instantiating the arguments of U, with fi-
nite terms. But there are no arcs — or — (6), since P, (f(X),f(Z)) and
Pin(f(X'),g(Y")) do not unify, even if one instantiates Z and Y’ by infinite terms (as
permitted by the filter ©'(P;,) = {1}).

Note that filters are used to detect potentially infinite arguments, but these arguments
are not removed, since they can still be useful in the termination proof. In Example [3.21]
they are needed to determine that has no outgoing arcs.

If s - t,u — visa (D,R,n)-chain then there is an arc from s — ¢ to u — v in the

estimated dependency graph. Thus, absence of infinite chains can be proved separately
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for each maximal strongly connected component (SCC) of the graph. This observation is
used by the following processor to modularize termination proofs by decomposing a DP
problem into sub-problems. If there are n SCCs in the graph and if D; are the dependency
pairs of the i-th SCC (for 1 < i < n), then one can decompose the set of dependency
pairs D into the subsets Dy,...,D,.

Theorem 3.22 (Dependency Graph Processor). For a DP problem (D, R, 7), let Proc
return {(D1, R, 7),...,(Dy, R,m)} where Dy, ..., D, are the sets of nodes of the SCCs in
the estimated dependency graph. Then Proc is sound.

Proof. We prove that if s — ¢, u — v is a chain, then there is an arc from s — t to
u — v in the estimated dependency graph. This suffices for Theorem [3.22] since then
every infinite (D, R, 7)-chain corresponds to an infinite path in the graph. This path
ends in an SCC with nodes D; and thus, there is also an infinite (D;, R, 7)-chain. Hence,
if all (D;, R, ) are terminating DP problems, then so is (D, R, ).

Let s — t, u — v be a (D, R, w)-chain, i.e., toy 3; uoy for some constructor substi-
tutions oy, 0y where 7(toy) and m(uos) are finite. Let posy, ..., pos, be the top positions
where ¢ has defined symbols. Then CAP(t) = t[Yi]pos, - - - [Yn]pos, for fresh variables Y.
Moreover, let the variant u' result from u by replacing every X € V(u) by a fresh variable
X'. Thus, the substitution o with o(X’) = 09(X) for all X € V(u), 0(X) = 01(X) for
all X € V(t), and o(Y)) = uoslps, unifies CAP(t) and u’. So there is also an mgu u
where o = pr for some substitution 7. Moreover, since 7(uoy) = 7(uw'o) is finite, the
term m(u/p) is finite, too. Hence, by Definition [3.20] there is indeed an arc from s — ¢ to

U — . O

Example 3.23. In Example|3.21|, the only SCC of the dependency graph consists of
@ and @ Thus, the dependency graph processor transforms the initial DP problem
(DP(R),R,«') into ({(6), (1)}, R, '), i.e., it deletes the dependency pairs (3)) and (8).

The next processor is based on reduction pairs (27, =) where - and > are relations on
finite terms. Here, - is reflexive, transitive, monotonic (i.e., s 77 ¢ implies f(...s...)
f(...t...) for all function symbols f), and stable (i.e., s 7 ¢ implies so 77 to for all
substitutions o) and > is a stable well-founded order compatible with 2= (i.e., 77 o = C >
or = o2 C >). There are many techniques to search for such relations automatically
(recursive path orders, polynomial interpretations, etc. [Der87)).

For a DP problem (D, R,7), we now try to find a reduction pair (27, >) such that all
filtered R-rules are weakly decreasing (w.r.t. 27) and all filtered D-dependency pairs are
weakly or strictly decreasing (w.r.t. = or =).> Requiring w(¢) = 7(r) for all { - r € R

ensures that in chains s; — t,8y — t,... with t;0; —% s;110:41 as in Definition B.16]

5We only consider filtered rules and dependency pairs. Thus, > and > are only used to compare those
parts of terms which remain finite for all instantiations in chains.
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we have 7(t;0;) 22 m(s;+104+1). Hence, if a reduction pair satisfies the above conditions,
then the strictly decreasing dependency pairs (i.e., those s — t € D where 7(s) = 7(t))
cannot occur infinitely often in chains. So the following processor deletes these pairs from
D. For any TRS D and any relation >, let D, _={s —t € D | n(s) > n(t)}.

Theorem 3.24 (Reduction Pair Processor). Let (72, >) be a reduction pair. Then the

following DP processor Proc is sound. For (D, R,n), Proc returns
[ ] {(D \ ’D>'777R7 7T)}, /[;f’D>.ﬂ_ U ID?JW = D a’n,d Riﬂ' e R
e {(D,R,7)}, otherwise

Proof. We prove this theorem by contradiction, i.e., we assume that (D, R, ) is non-
terminating and then proceed to show that (D \ D._,R,w) has to be non-terminating,
too.

From the assumption that (D, R, 7) is non-terminating, we know that there is an infinite
(D, R,m)-chain s; — t1,89 — ta,... with t;0; g;; Si+10;+1. For any term t we have
7(to) = w(t)w (o) where 7(0)(x) = w(o(z)) for all x € V. So by stability of > and 2z,
D, . UDs_ =D implies

m(si04) = m(s;)mw(0y) (?\j) 7(t;)m(oy) = w(tio;). 9)

Note that 7(s;0;) and m(t;0;) are finite. Thus, comparing them with 2Z is possible.

Similarly, by the observation 7(to) = 7(t)w(0) we also get that t;0; 2; Si110441 implies
m(to;) ﬁ:(n) T(8i+10i11). As Ry, = R means that 7(R)’s rules are decreasing w.r.t.
=, by monotonicity and stability of = we get m(t;0;) 7= T(si+10:41). With (9), this
implies 7(s101) 2 m(t101) T m(s202) Z,m(teo2) Z ... As > is compatible with 7 and
well founded, 7(s;o;) > 7(t;0;) only holds for finitely many i. So s; — t;, ;41 — tj41, ...
is an infinite (D \ D,._, R, ) chain for some j and thus, the DP problem (D \ D, _,R,7)

is non-terminating. O

Example 3.25. For the DP problem ({(6). (7)}, R, ') in Example[3.23, one can easily
find a reduction pair® where the dependency pair @ is strictly decreasing and where (@

and all rules are weakly decreasing after applying the filter ':

Pm(f(X)) r>\_./ Ul(pzn(f(X))>X) pm(X) r>\_./ pout<X>X)
Ul(pout(f(X)7f<Z))7X) ~ Pm(Z) pm(f(X)) i: Ul(pm(f(X>),X)
u1<pout(f(X)7f<Z))7X) «>\: U2(Pm(Z)aXa Z)
u2(pout(Z>g(Y))>Xa Z) r>\_.1 pout(f(X)>g(Y))
6For example, one can use the polynomial interpretation |P;,(t1)] = |pin(t1) [Ui(t1,t2)] =

| =
lup(t1,t2)] = [ua(ts, t2, t3)| = [t1], Pout(t1,t2)| = [t2], [f(t1)| = [t1] + 1, and [g(t1)] = O.
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Thus, the reduction pair processor can remove ([7]) from the DP problem which results in
({@}, R,7'). By applying the dependency graph processor again, one obtains the empty
set of DP problems, since now the estimated dependency graph only has the node @ and
no arcs. This proves that the initial DP problem (DP(R),R,n') from Example(3.19 is
terminating and thus, the logic program from Example[3.1] terminates for all queries Q
where 7(Q)) is finite and ground. Note that termination of the non-well-moded program
from Example can be shown analogously since finiteness of the initial DP problem can
be proved in the same way. The only difference is that we obtain g instead of g(Y') in the

last inequality above.

As in Theorem B.22 and [3.24] many other existing DP processors [GTS05a] can easily
be adapted to infinitary constructor rewriting as well. Finally, one can also use the fol-
lowing processor to transform a DP problem (D, R, ) for infinitary constructor rewriting
into a DP problem (7(D),n(R),id) for ordinary rewriting. Afterwards, any existing DP
processor for ordinary rewriting becomes applicable.” Since any termination technique for
TRSs can immediately be formulated as a DP processor [GTS05a, Thm. 36], now any ter-
mination technique for ordinary rewriting can be directly used for infinitary constructor

rewriting as well.

Theorem 3.26 (Argument Filter Processor).  Let Proc((D,R,w)) = {(m(D),7(R),id)}
where id(f) = {1,...,n} for all f/n. Then Proc is sound.

Proof. 1f s; — tq, 89 — to,... is an infinite (D, R, w)-chain with the substitutions o; as in
Definition B.16 then 7(s1) — m(t1), w(s9) — 7(ta), ... is an infinite (7(D), 7(R), id)-chain
with the substitutions 7(o;). The reason is that ¢;0; ﬁ; Sit10:41 implies 7(t;)w(0;) =
7(t;04) 3;(73) 7(8i410541) = m(si11)7(0441). Moreover, by Definition B.16] all terms in

the rewrite sequence m(t;0;) ﬁ;m) 7(si110:11) are finite. O

3.4. Refining the Argument Filter

In Section [3.2) we introduced a new transformation from logic programs P to TRSs Rp and
showed that to prove the termination of a class of queries for P, it is sufficient to analyze
the termination behavior of Rp. Our criterion to prove termination of logic programs was
summarized in Corollary [3.18]

The transformation itself is trivial to automate and as shown in Section [3.3] existing
systems implementing the DP method can easily be adapted to prove termination of in-

finitary constructor rewriting. The missing part in the automation is the generation of a

If (D, R, m) results from the transformation of a logic program, then for (w(D), 7 (R), id) it is even sound
to apply the existing DP processors for innermost rewriting [GTS05al, [GTSF06]. These processors
are usually more powerful than those for ordinary rewriting. The framework presented in [GTS05a]
even supports constructor rewriting.
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suitable argument filter from the user input, cf. Task (a) in Section . In this section,
after presenting the general algorithm to refine argument filters, we introduce suitable
heuristics. Finally, we extend the general algorithm for the refinement of argument filters
by integrating a mode analysis based on argument filters. This allows us to handle logic
programs where a predicate is used with several different modes (i.e., where different oc-
currences of the same predicate have different input and output positions). The usefulness
of the different heuristics from this section and the power of our mode analysis will be
evaluated empirically in Section

Refinement Algorithm for Argument Filters

In our approach of Corollary [3.18] the user supplies an initial argument filter 7 to describe
the set of queries whose termination should be proved. There are two issues with this
approach. First, while argument filters provide the user with a more expressive tool
to characterize classes of queries, termination problems are often rather posed in the
form of a moding function for compatibility reasons. Fortunately, it is straightforward to
extract an appropriate initial argument filter from such a moding function m: we define
m(p) = {i | m(p,i) = in} for all p € A and «(f/n) = {1,...,n} for all function symbols
f/nex.

Second, and less trivially, the variable condition V(7 (r)) C V(m({)) for all rules ¢ —
r € DP(Rp)URp does not necessarily hold for the argument filter 7. Thus, a refinement
7’ of m must be found such that the variable condition holds for #’. Then, our method
from Corollary can be applied.

Unfortunately, there are often many refinements 7’ of a given filter 7w such that the
variable condition holds. The right choice of ©’ is crucial for the success of the termination
analysis. As already mentioned in Example the argument filter that simply filters
away all arguments of all function symbols in the TRS, i.e., that has n’'(f) = @ for all
f € Y¥p, is a refinement of every argument filter 7 and it obviously satisfies the variable
condition. But of course, only termination of trivial logic programs can be shown when

using this refinement 7’

Example 3.27. We consider the logic program of Example[3.1 As shown in Example

the following rule results (among others) from the translation of the logic program.

pm(f(X)vg<Y)) - Ul(pin(f<X>7f(Z)>7X7 Y) "

Suppose that we want to prove termination of all queries p(ty,ts) where both t; and t,
are (finite) ground terms. This corresponds to the moding m(p,1) = m(p,2) = in, i.e.,
to the initial argument filter m with w(p) = {1,2}.

In Coro]]ary we extend T to p;, and P;, by defining it to be {1,2} as well. In order
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to prove termination, we now have to find a refinement 7" of m such that 7'(DP(Rp)) and
7'(Rp) satisty the variable condition and such that there is no infinite (DP(Rp), Rp, 7')-
chain.

Let us first try to define 7' = w. Then 7' does not filter away any arguments. Thus,
' (pin) = {1,2}, 7' (u1) = {1,2,3}, and 7'(f) = 7'(g) = {1}. But then clearly, the variable
condition does not hold as Z occurs in 7'(r) but not in 7'(¢) if ¢ — r is Rule (g) above.

So we have to choose a different refinement n’. There remain three choices how we can
refine w to @' in order to filter away the variable Z in the right-hand side of Rule @:
we can filter away the first argument of f by defining 7'(f) = &, we can filter away p;,’s
second argument by defining 7(p;,) = {1}, or we can filter away the first argument of u;
by defining m(uy) = {2, 3}.

The decision which of the three choices above should be taken must be done by a
suitable heuristic. The following definition gives a formalization for such heuristics. Here
we assume that the choice only depends on the term ¢ containing a variable that leads
to a violation of the variable condition and on the position pos of the variable. Then
a refinement heuristic p is a function such that p(¢, pos) returns a function symbol f/n
and an argument position ¢ € {1,...,n} such that filtering away the i-th argument of
f would erase the position pos in the term t. For instance, if ¢ is the right-hand side
u1(pin (F(X),f(Z)), X,Y) of Rule (2) and pos is the position of the variable Z in this term
(i.e., pos = 121), then p(t, pos) can be either (f, 1), (pin,2), or (ug, 1).

Definition 3.28 (Refinement Heuristic). A refinement heuristic is a partial mapping
p:T(Ep, V) xN* — ¥p x N such that whenever p(t, pos) = (f,i), then there is a position
pos’ with pos’i being a prefix of pos and root(t|pes) = f.

Given a TRS Rp resulting from the transformation of a logic program P and a refine-
ment heuristic p, Algorithm [I| computes a refinement 7" of a given argument filter 7w such
that the variable condition holds for DP(Rp) and Rp.

Termination of this algorithm is obvious as Rp is finite and each change of the argument
filter in Step 2.2 reduces the number of unfiltered arguments. Note also that p(r, pos)
is always defined since pos is never the top position €. The reason is that the TRS Rp is
non-collapsing (i.e., it has no right-hand side consisting just of a variable). The algorithm
is correct as it only terminates if the variable condition holds for every dependency pair
and every rule.

Note that if 7'(F') = 7'(f) for every defined function symbol f and if we do not filter
away the first argument position of the function symbols u.;, i.e., 1 € 7'(u.;), then
the satisfaction of the variable condition for Rp implies that the variable condition for
DP(Rp) holds as well. Thus, for heuristics that guarantee the above properties, we only

have to consider Rp in the above algorithm.
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Input: argument filter 7, refinement heuristic p, TRS Rp
Output: refined argument filter 7’ such that 7’'(DP(Rp)) and 7'(Rp) satisfy the
variable condition

1. =7

2. If there is a rule £ — r from DP(Rp) U Rp
and a position pos with r|,,s € V(7'(r)) \ V(7'({)), then:

2.1. Let (f,4) be the result of p(r, pos), i.e., (f,i) := p(r, pos).

2.2. Modify 7’ by removing ¢ from «'(f), i.e., 7'(f) := 7'(f)\
{i}.

For all other symbols from Yp, 7’ remains unchanged.

2.3. Go back to Step 2.

Algorithm 1: General Refinement Algorithm

Simple Refinement Heuristics

The following definition introduces two simple possible refinement heuristics. If a term ¢
has a position pos with a variable that violates the variable condition, then these heuristics
filter away the respective argument position of the innermost resp. the outermost function

symbol above the variable.

Definition 3.29 (Innermost/Outermost Refinement Heuristic). Let ¢t be a term and let
“posi” resp. “bpos” be a position in t. The innermost refinement heuristic p;, is defined

as follows:

Pim(t, pos i) = (100t (t]pes), 1)

The outermost refinement heuristic p,,, is defined as follows:

Pom(t, @ pos) = (root(t), 1)

So if ¢ is again the term uy (p;, (f(X),f(Z)), X, Y), then the innermost refinement heuris-
tic would result in p;,(t,121) = (f,1) and the outermost refinement heuristic gives
Pom(t,121) = (uy, 1).

Both heuristics defined above are simple but problematic, as shown in Example [3.30
Filtering the innermost function symbol often results in the removal of an argument
position that is relevant for termination of another rule. Filtering the outermost function
symbol excludes the possibility of filtering the arguments of function symbols from the
signature X of the original logic program. Moreover, the outermost heuristic also often
removes the first argument of some u,;-symbol. Afterwards, a successful termination

proof is hardly possible anymore.
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Example 3.30. Consider again the logic program of Example which was transformed
into the following TRS in Example[3.8

Pin (X, X) = pout (X, X)
Pin (F(X),8(Y)) — u1(pin (f(X), f
Y)
)

-
=]

(2)),X,Y) ()
ul(pout(f(X) ( )) HuQ(F)m(Z g(Y> X7Y7Z) "

U2<pout(Z g(Y)) X Y Z) — pout( (X)ag(y

Pin(f(X),g(Y)) — Pin(f(X),f(2)) ()
Pin(f(X),8(Y)) — Ui(pin(f(X),(2)), X, Y) (@)
U1 (pout (F(X), £(2)), X, V) — Pin(Z,g(Y)) )
U1(pout (f(X), £(2)), X, Y) — Ua(pin(Z,8(Y)), X, Y, Z) ()

As in Example [3.27 we want to prove termination of p(ty,ts) for all ground terms t; and
ty. Hence, we start with the argument filter m that does not filter away any arguments,
ie, n(f/n) ={1,...,n} for all f € Xp. We will now illustrate Algorithm (1| using our

two heuristics.

Using the innermost refinement heuristic p;,, in the algorithm, for the second DP (@
we get pim (Ui (pin (f(X),f(2)), X,Y),121) = (f, 1). This requires us to filter away the only
argument of f, i.e., 7'(f) = @. Now Z is contained in the right-hand side of the third
DP @, but not in the filtered left-hand side anymore. Thus, we now have to filter away
the first argument of Py,, i.e., @'(P;,) = {2}. Due to the DP (6)), we now also have to
remove the second argument X of Uy, i.e., 7'(U;) = {1,3}. Consequently, we lose the
information about finiteness of p’s first argument and therefore cannot show termination
of the program anymore. More precisely, there is an infinite (DP(Rp), Rp,n’)-chain
consisting of the dependency pairs @ and @ using a substitution that instantiates the
variables X and Z by the infinite term f(f(...)). This is indeed a chain since all infinite
terms are filtered away by the refined argument filter ©’. Hence, the termination proof

fails.

Using the outermost refinement heuristic p,,, instead, for the second DP (@ we get
Porm (U1 (pin (F(X),f(2)), X,Y),121) = (Uy, 1), i.e, ©'(Uy) = {2,3}. Considering the third
DP @ we have to filter away the first argument of P,,, i.e., 7'(P;,) = {2}. Due to the
DP (6)), we now also have to remove the second argument of Uy, Le., 7'(U;) = {3}. So we
obtain the same infinite chain as above since we lose the information about finiteness of

p’s first argument. Hence, we again cannot show termination.
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A slightly improved version of the outermost refinement heuristic can be achieved by

disallowing the filtering of the first arguments of the symbols u.; and U.;.

Definition 3.31 (Improved Outermost Refinement Heuristic). Let ¢ be a term and pos

be a position in t. The improved outermost refinement heuristic p,,, is defined as:

. Pom (t|i, pos) if i =1 and either root(t) = u.; or root(t) = U,
Pom (L, pos) =
(root(t),1) otherwise

Example 3.32. Reconsider Example [3.300 Using Algorithm [I] with the improved outer-
most refinement heuristic, for the second rule (2) we get pom (u1 (pin (f(X),f(Z2)), X,Y),121)
= Pom (Pin(F(X),f(Z2)),21) = (pin,2) requiring us to filter away the second argument of
Pin, 1.€., ™ (pin) = {1}. Consequently, the algorithm filters away the third arguments
of both uy and ug, ie., 7'(u;) = {1,2} and 7'(uz) = {1,2,4}. Now the variable con-
dition holds for Rp. Therefore, by defining ©'(P;,) = 7'(pi), ©'(u1) = 7'(Uy), and
7'(uy) = 7'(Uy), the variable condition also holds for DP(Rp). (As mentioned above,
by filtering tuple symbols F' in the same way as the original symbols f and by ensuring
1 € 7'(u.;), it suffices to check the variable condition only for the rules Rp and not for
the dependency pairs DP(Rp).) This argument filter corresponds to the one chosen in
Example and as shown in Section one can now easily prove —-termination.

Type-Based Refinement Heuristic

The improved outermost heuristic from Section only filters symbols of the form p,,
DPout; Pin, and P,,;. Therefore, the generated argument filters are similar to modings.
However, there are cases where one needs to filter function symbols from the original
logic program, too. In this section we show how to obtain a more powerful refinement

heuristic using information from inferred types.

There are many approaches to (direct) termination analysis of logic programs that
use type information in order to guess suitable “norms” or “ranking functions”, e.g.,
[BCF92, BCGT07, DDF93, IMKS96]. In contrast to most of these approaches, we do not
consider typed logic programs, but untyped ones and we use types only as a basis for a
heuristic to prove termination of the transformed TRS. To our knowledge, this is the first
time that types are considered in the transformational approach to termination analysis

of logic programs.

Example 3.33. Now we regard the logic program from Example[3.3. The rules after the
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transformation of Definition [3.7 are:

-
=

Pin (X, X) = pout (X, X)

Pin(F(X), 8(Y)) — u1(pin(f(X), (2)), X, Y)
u1 (Pout (F(X), (2)), X, Y) — ua(pin(Z,8(W)), X, Y, Z)
u2(Pout(Z, 8(W)), X, Y, Z) — Pout(f(X), g(Y))

~—
—~~

—_ —_ ~
R Y
~_ ~— =

Using the improved outermost refinement heuristic p,,,» we start off as in Example
and obtain 7'(p;,) = {1}, 7'(u1) = {1, 2}, and 7'(us) = {1,2,4}. However, due to the last
rule we now get Poms (Pout (F(X), 8(Y)), 21) = (pout, 2), i.e., ™' (pout) = {1}. Considering
the third rule (@), we have to filter p;, once more and obtain 7'(p;,) = &. So we again
lose the information about finiteness of p’s first argument and cannot show termination.
Similar to Example[3.30, the innermost refinement heuristic which filters away the only

argument of f also fails for this program.

So in the example above, neither the innermost nor the (improved) outermost refine-
ment heuristic succeed. We therefore propose a better heuristic which is like the innermost
refinement heuristic, but which avoids the filtering of certain arguments of original func-
tion symbols from the logic program. Close inspection of the cases where filtering such
function symbols is required reveals that it is not advisable to filter away “reflexive”
arguments. Here, we call an argument position ¢ of a function symbol f reflezive (or
“recursive”), if the arguments on position ¢ have the same “type” as the whole term
f(...) itself, cf. [Wal94]. A type assignment associates a predicate p/n with an n-tuple
of types for its arguments and, similarly, a function f/n with an (n + 1)-tuple where the

last element specifies the result type of f.

Definition 3.34 (Types). Let © be a set of types (i.e., a set of names). A type assign-
ment 7 over a signature (3,A) and a set of types © is a mapping T : XU A — O such
that 7(p/n) € O™ for all p/n € A and 7(f/n) € O™ for all f/n € . Let f/n € X be a
function symbol and T be a type assignment with T(f) = (61,...,0n,0,11). Then the set
of reflexive positions of f/n is Reflexive (f/n) ={i|1<i<n and 0; = 0,41}.

To infer a suitable type assignment for a logic program, we use the following simple
algorithm. However, since we only use types as a heuristic to find suitable argument filters,
any other type assignment would also yield a correct method for termination analysis. In
other words, the choice of the type assignment only influences the power of our method,
not its soundness. So unlike [BCGT0T7], the correctness of our approach does not depend
on the logic program or the query being well-typed. More sophisticated type inference
algorithms were presented in [BGV05] [CP98, [GP02, [JB92], [Lu00, VB02], for example.

In our simple type inference algorithm, we define ~ as the reflexive and transitive

closure of the following “similarity” relation on the argument positions: Two argument
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positions of (possibly different) function or predicate symbols are “similar” if there exists
a program clause such that the argument positions are occupied by identical variables.
Moreover, if a term f(...) occurs in the i-th position of a function or predicate symbol
p, then the argument position of f’s result is similar to the i-th argument position of p.
(For a function symbol f/n we also consider the argument position n + 1 which stands
for the result of the function.) After having computed the relation ~, we then use a type
assignment which corresponds to the equivalence classes imposed by ~. So our simple type
inference algorithm is related to sharing analysis [BDB™96, [CF99, [LS02], i.e., the program
analysis that aims at detecting program variables that in some program execution might

be bound to terms having a common variable.

Example 3.35. As an example, we compute a suitable type assignment for the logic

program from Example (3.3

p(X, X).
p(f(X), g(Y)) « p(f(X),f(Z)),p(Z,g(W)).

Let p; denote the i-th argument position of p, etc. Then due to the first clause we obtain
p1 =~ p2, since both argument positions are occupied by the variable X. Moreover, since
Z occurs both in the first argument positions of f and p in the second clause, we also have
p1 =~ f;. Finally, since an f-term occurs in the first and second argument of p and since
a g-term occurs in the second argument of p we also have fy ~ py >~ py and go =~ ps. In
other words, the relation ~ imposes the two equivalence classes {p1, ps, f1, f2, g2} and {g1 }.
Hence, we compute a type assignment with two types a and b where a and b correspond
to {p1, p2, f1, 2, g2} and {g1}, respectively. Thus, the type assignment is defined as 7(p) =
7(f) = (a,a) and 7(g) = (b, a).

Note that the first argument of f has the same type a as its result and hence, this
argument position is reflexive. On the other hand, the first argument of g has a differ-
ent type than its result and is therefore not reflexive. Hence, Reflexive (f) = {1} and
Reflezive .(g) = @.

Now we can define the following heuristic based on type assignments. It is like the
innermost refinement heuristic of Definition [3.29] but now reflexive arguments of function

symbols from ¥ (i.e., from the original logic program) are not filtered away.

Definition 3.36 (Type-based Refinement Heuristic). Let t be a term, let “posi” be a
position in t, and let T be a type assignment. The type-based refinement heuristic pj, s

defined as follows:

(100t (t|pos ), 1) if ToOt(t|pos) & X or i ¢ Reflexive, (100t (t|p0s))
po(t, pos) otherwise

pip(t, posi) = {
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Note that the heuristic pj, never filters away the first argument of a symbol u,; or U,;
from the TRSs DP(Rp) and Rp. Therefore, as mentioned above, we only have to check

the variable condition for the rules of Rp, but not for the dependency pairs.

Example 3.37. We continue with the logic program from Example[3.3 and use the
type assignment computed in Example above. The rules after the transformation
of Definition [3.4 are the following, cf. Example[3.33

pm(X X - pout(X X)
)

)
Pin (f(X), g(Y)) = w1 (pin(f(X), f(2)), X, Y)
U1 (Pout (F(X), (2)), X, Y) — u2(pin(Z, g(W)), X, Y, Z)
U2(p0ut(ng(W>) X Y Z) - pout( ( )7g(y))

El=l=

—
—
—_

Due to the occurrence of Z in the right-hand side of the second rule @), we compute:

pzb(ul(pin(f(X%f(Z)%X’ Y)’ 121)
= pp(ui(pin(f(X),f(2)),X,Y),12) asf e X and 1 € Reflezive,(f)
= (Pin,2) as pin € X

Thus, we filter away the second argument of p;,, i.e., m'(pin) = {1}. Consequently, we
obtain 7'(u1) = {1,2} and 7'(us) = {1, 2,4}.
Considering the fourth rule we compute:

P (Pout (F(X), 8(Y)), 21)
= (g, 1) as 1 & Reflexive_(g)

Thus, we filter away the only argument of g, i.e., 7'(g) = &. By filtering the tuple symbols
in the same way as the corresponding “lower-case” symbols, now the variable condition
holds for Rp and therefore also for DP(Rp). Indeed, this is the argument filter chosen
in Example[3.19 With this filter, one can easily prove termination of the program, cf.
Section [3.3.

For the above example, it is sufficient only to avoid the filtering of reflexive positions.
However, in general one should also avoid the filtering of all “unbounded” argument
positions. An argument position of type € is “unbounded” if it may contain subterms
from a recursive data structure, i.e., if there exist infinitely many terms of type 6. The
decrease of the terms on such argument positions might be the reason for the termination
of the program and therefore, they should not be filtered away. To formalize the concept
of unbounded argument positions, we define the set of constructors of a type 6 to consist
of all function symbols whose result has type . Then an argument position of a function

symbol f is unbounded if it is reflexive or if it has a type 6 with a constructor that has an
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unbounded argument position. For the sake of brevity, we also speak of just unbounded

positions when referring to unbounded argument positions.

Definition 3.38 (Unbounded Positions). Let 6 € © be a type and T be a type assignment.
A function symbol f/n with 7(f/n) = (01,...,0n,0,11) is a constructor of 0 if, and only
if, Oni1 = 0. Let Constructors.(0) be the set of all constructors of 0.

For such a function symbol f /n, we define the set of unbounded positions as the smallest
set such that Reflexive (f/n) C Unbounded.(f/n) and such that i € Unbounded.(f/n) if
there is a g/m € Constructors,(0;) and a 1 < j < m with j € Unbounded,(g/m).

In the logic program from Examples and we had 7(p) = 7(f) = (a,a) and
7(g) = (b,a). Thus, Constructors,(a) = {f,g} and Constructors,(b) = @. Since the first
argument position of f is reflexive, it is also unbounded. The first argument position of g
is not unbounded, since it is not reflexive and there is no constructor of type b with an
unbounded argument position. So in this example, there is no difference between reflexive
and unbounded positions.

However, we will show in Example that there are programs where these two notions
differ. For that reason, we now improve our type-based refinement heuristic and disallow

the filtering of unbounded (instead of just reflexive) positions.

Definition 3.39 (Improved Type-based Refinement Heuristic). Let t be a term, let “posi”
be a position in t, and let T be a type assignment. The improved type-based refinement

heuristic pj,, is defined as follows:

(100t (t|pos ), 1) if T0Ot(t]pos) & X or i ¢ Unbounded,(root(t|pes))
Py (t, pos) otherwise

p;frb’ (t> pos Z) = {

Example 3.40. The following logic program inverts an integer represented by a sign (neg
or pos) and by a natural number in Peano notation (using s and 0). So the integer number
1 is represented by the term pos(s(0)), the integer number —1 is represented by neg(s(0)),
and the integer number 0 has the two representations pos(0) and neg(0). Here nat(t) holds
if, and only if, t represents a natural number (i.e., if t is a term containing just s and 0)
and inv simply exchanges the function symbols neg and pos. The main predicate safeinv
performs the desired inversion where safeinv(ty,ty) only holds if t; really represents an

integer number and t, is its inversion.

inv(neg( (X))

inv(pos(X), neg(X))

safeinv(X,neg(Y)) < inv(X, neg(Y)),nat(Y).
(Y))

safeinv(X, pos(Y — inv(X, pos(Y)),nat(Y).



3.4. Refining the Argument Filter 41

The rules after the transformation of Definition [3.7 are:

nat;, (0) — naty,:(0) (12)

nat;,(s(X)) — ui(nat;,(X), X) (13)

ug(natyy: (X), X) — natyu(s(X)) (14)

inv;, (neg(X), pos(X)) — invyy (neg(X), pos(X)) (15)
Vi (pOS(X ), neg(X)) — invou(pos(X ), neg(X)) (16)
safeinv;, (X, neg(Y)) — ua(inv, (X, neg(Y)), X, Y) (17)

Uz (invou (X, neg(Y)), X, Y) — ug(nat, (¥), X, Y) (18)
ug(naty, (Y), X, Y) — safeinv,, (X, neg(Y)) (19)
safeinv;, (X, pos( )) — ua(inv, (X, pos(Y)), X,Y) (20)

Uy (inveu (X, pos(Y)), X, Y) — us(nat;, (V), X, Y) (21)
us(naty (YY), X, Y) — safeinv,,. (X, pos(Y)) (22)

Let us assume that the user wants to prove termination of all queries safeinv(t,ts)
where t; is ground. So we use the moding m(safeinv, 1) = in and m(safeinv,2) = out.
Thus, as initial argument filter m we have w(safeinv) = {1} and hence (safeinv;,) =
w(SAFEINV,,) = {1}, whie =n(f/n) = A{l,...,n} for all f ¢ {safeinv,
safeinv;,, SAFEINV,,,}. In Rule one has to filter away the second argument of inv,
or the only argument of neg in order to remove the “extra” variable Y on the right-
hand side. From a type inference for these rules we obtain the type assignment 7 with
7(s) = (b,b), 7(0) = (b), and 7(neg) = 7(pos) = (b,a). So “a” corresponds to the type of
integers and “b” corresponds to the type of naturals. The constructors of the naturals are
Constructors,(b) = {s,0}. This is a recursive data structure since s has an unbounded
argument: 1 € Reflexive (s) C Unbounded,(s). Thus, while neg’s first argument position
of type b is not reflexive, it is still unbounded, i.e., 1 € Unbounded,(neg). Hence, our
improved type-based heuristic decides to filter away the second argument of inv, (asinvy,

is not from the original signature 3). Now termination is easy to show.

If one had considered the original type-based heuristic instead, then the non-reflexive
first argument of neg would be filtered away. Due to Rule (17), then also the last argument
of uy has to be removed by the filter. But then the variable Y would not occur anymore in
the filtered left-hand side of Rule (@ So to satisfy the variable condition for Rule @,
we would have to filter away the only argument of nat,. Similarly, the only argument of
the corresponding tuple symbol NAT;,, would also be filtered away, blocking any possibility

for a successtul termination proof.
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Mode Analysis based on Argument Filters and an Improved

Refinement Algorithm

In logic programming, it is not unusual that a predicate is used with different modes
(i.e., that different occurrences of the predicate have different input and output posi-
tions). Uniqueness of moding can then be achieved by creating appropriate copies of

these predicate symbols and their clauses for every different moding.

Example 3.41. Consider the following logic program for rotating a list taken from
[Cod07]. Let P be the append-program consisting of the clauses from Example[3.4 and

the new clause
rotate(N, O) « append(L, M, N),append(M, L, O). (23)

with the moding m(rotate, 1) = in and m(rotate, 2) = out. For this moding, the program
is terminating.

But while the first use of append in Clause supplies it with a ground term only on
the last argument position, the second use in is with ground terms only on the first
two argument positions. Although the append-clauses are even well moded for both kinds
of uses, the whole program is not.

The logic program is transformed into the following TRS. As before, “{X|L]” is an

abbreviation for e(X, L), i.e., e is the constructor for list insertion.

— append,;([], M, M) 24

— uy(append,, (L, M,N), X, L, M,N) 25

- appendout(.(X7 L)aMa.(Xv N)) 26
(

append,,,([], M, M) (24)
) (25)
) (26)
) — us(append,,, (L, M, N), N, O) (27)
0O) (28)
) (29)

appendin(.(Xv L) ( )
uy(append,,, (L, M,N), X, L, M, N
@)

rotate;, (IV,

out

uz(append,,, (L, M, N), N,O) — us(append,, (M, L,0), L, M, N, O) 28
us(append,,(M, L,0), L, M, N, O) — rotate,,:(N, O) 29

Due to the “extra” variables L and M in the right-hand side of Rule and the “extra”
variable O in the right-hand side of Rule @,8 the only refined argument filter which
would satisfy the variable condition of Coro]]ary is the one where T(append,,) = @.7
As we can expect, for the queries described by this filter, the append-program is not

terminating and, thus, our new approach fails, too.

8In the left-hand side of Rule 1' the variable O in the second argument of rotate;,, is removed by the
initial filter that describes the desired set of queries given by the user. Consequently, one also has to
filter away the last argument of us. Hence, then O is indeed an “extra” variable in the right-hand
side of Rule .

9 Alternatively, one could also filter away the first arguments of us and uz. But then one would also have
to satisfy the variable condition for the dependency pairs and one would obtain 7(APPEND;,,) = @.
Hence, the termination proof attempt would fail as well.
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The common solution [Apt97] is to produce two copies of the append-clauses and to
rename them apart. This is often referred to as “mode-splitting”. First, we create labeled
copies of the predicate symbol append and label the predicate of each append-atom by
the input positions of the moding in which it is used. Then, we extend our moding
to m(append™® 3) = m(append!’?} 1) = m(append™?, 2) = in and m(append®™ 1) =
m(append{g}, 2) = m(append{l’Q}, 3) = out. In our example, termination of the resulting
logic program can easily be shown using both the classical transformation from Section 3|

or our new transformation:

rotate(N, O) — append™ (L, M, N),append™? (M, L, 0).
append™® ([], M, M).

append™ ([X|L], M,[X|N]) «— append® (L, M N).

append M2 ([], M, M).

append™ ([X|L], L, [X|N]) « append™?} (L, M, N).

In the example above, a pre-processing based on modings was sufficient for a successful
termination proof. In general, though, this is insufficient to handle queries described by

an argument filter. The following example demonstrates this.

Example 3.42. Consider again the logic program P from Example which is trans-
lated to the TRS Rp = {([24)), ..., (29)}. This time we want to show termination for all
queries of the form rotate(t1,ty) where t; is a finite list (possibly containing non-ground
terms as elements). So t, is instantiated by terms of the form e(r1, e(r2,...e(Tn,[])...))
where the r; can be arbitrary terms possibly containing variables.!?

To specify these queries, the user would provide the initial argument filter © with
m(rotate) = {1} and m(e) = {2}. Now our aim is to prove termination of all queries
that are ground under the filter m. Thus, the first argument of rotate is not necessarily a
ground term (it is only guaranteed to be ground after filtering away the second argument
of ).

Therefore, if one wanted to pre-process the program using modings, then one could not
assume that the first argument of rotate were ground. Instead, one would have to use the
moding m(rotate, 1) = m(rotate, 2) = out. Therefore, in the calls to append, all argument
positions would be considered as “out”. As a consequence, no renamed-apart copies of

clauses would be created and the termination proof would fail.

10Gych a termination problem can also result from an initial termination problem that was described by
modings. To demonstrate this, we could extend the program by the following clauses.

p(X,0) — s2¢(X,N),rotate(N, O).
s20(0,[])-
s20(s(X),[Y|N]) « s20(X,N).

To prove termination of all queries described by the moding m(p,1) = in and m(p,2) = out, one
essentially has to show termination for all queries of the form rotate(¢1,t2) where ¢; is a finite list.
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In general, Algorithm [1] aims to compute an argument filter that filters away as few
arguments as possible while ensuring that the variable condition holds. In this way we
make sure that the maximal amount of information remains for the following termination

analysis.

But as Examples and above demonstrate, there are cases where we need to
create renamed-apart copies of clauses for certain predicates in order to obtain a viable
refined argument filter. To this end, a first idea might be to combine an existing mode
inference algorithm with Algorithm [, However, it is not clear how to do such a combi-
nation. The problem is that we already need to know the refined argument filter in order
to create suitable copies of clauses. At the same time, we already need the renamed-
apart copies of the clauses in order to compute the refined argument filter. Thus, we
have a classical “chicken-and-egg” problem. Moreover, such an approach would always
fail for programs like Example [3.42| where there exists no suitable pre-processing based

on modings.

Therefore, we replace Algorithm [I] by the following new Algorithm [2]that simultaneously

refines the argument filter and creates renamed-apart copies on demand.

The idea of the algorithm is the following. Whenever our refinement heuristic suggests
to filter away an argument of a symbol p;,, then instead of changing the argument filter
appropriately, we introduce a new copy of the symbol p;,. To distinguish the different
copies of the symbols p;,, we label them by the argument positions that are not filtered

away.

In general, a removal of argument positions of p;, can already be performed by the initial
filter  that the user provides in order to describe the desired set of queries. Therefore,

if (p) does not contain all arguments {1,...,n} for some predicate symbol p/n, then we

7(

already introduce a new symbol p; * ) and new copies of the rewrite rules originating from

)

p. In these rules, we use the new symbol pﬂp instead of p;,.

Let us reconsider Example [3.42] To prove termination of all queries rotate(t, o) with
a finite list #;, the user would select the argument filter 7 that eliminates the second
argument of rotate and the first argument of the list constructor e. So we have 7 (rotate) =
{1}, m(e) = {2}, and 7w(append) = {1,2,3}. Then in addition to the rules - for

{

the symbol rotate;, we also introduce the symbol rotateil}. Moreover, in order to ensure

n
that rotate;{;} does the same computation as rotate;,, we add the following copies of the
rewrite rules - originating from the predicate rotate. Here, all root symbols of

left- and right-hand sides are labeled with {1}.

rotatel{i}(N, 0) — ui" (append,,, (L, M, N), N, O) (30)
u$" (append,, (L, M, N), N, 0) — u (append,,, (M, L,0), L, M, N,0)  (31)
ut (append, (M, L, O), L, M, N,0) — rotate: .} (N, O) (32)

out
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Input: argument filter 7, refinement heuristic p, TRS Rp
Output: refined argument filter 7" and modified TRS R’
such that 7'(R}) satisfies the variable condition

1. Ry i =RpU{r® — @) | ¢ — 1 € Rp(p), p/n € A, n(p) € {1,...

7(f), for all f € X (i.e., for functions of P)
2. ©(f) =< I, for all f =p! withpe A
{1,...,n}, for all other symbols f/n

3. If there is a rule £ — 7 from R}
and a position pos with r|,.s € V(7'(r)) \ V(7' (¢)), then:

3.1. Let (f,4) be the result of p(r, pos), i.e., (f,i) := p(r, pos).

3.2. We perform a case analysis depending on whether f has
the form p! for some p € A. Here, unlabeled symbols of
the form p;,/n are treated as if they were labeled with
I={1,...,n}.

o If f = pl | then we must have r = u(p! (...),...)
for some symbol u. We introduce a new function
symbol pfg{i} with W’(pf,s{i}) = I\ {i} if it has not
yet been introduced. Then:

o We replace p! by pfg{i} in the right-hand side
of ¢ —r:

Rpp = R\ {£ = r} U {£ -7},

where 7 = u(pﬁ{i}(...), c).

o Ry =Ry U{sM} — M} | s ¢t € Ri(p)}.
If this introduces new labeled function symbols
f/n where 7’ was not yet defined on, we define

©(f)=A{1,...,n}.

o Let ¢/ — 1" be the rule in R}, with ¢ =

I\{i
u(pl(...),...). We now replace p! , by pm\i}

in the left-hand side of ¢ — r':
Ry i=Rp \ {0 — YU {ll — '},
where (/ = u(pi)éz}(), cl)

e Otherwise (i.e., if f does not have the form p;, or
pl ), then modify 7’ by removing i from 7’(f), i.e.,

m'(f) =7 ()i}

3.3. Go back to Step 3.

Algorithm 2: Improved Refinement Algorithm

7n}}
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So in Step 1 of the algorithm, we initialize R/, to contain all rules of Rp. But in
addition, R’ contains labeled copies of the rules resulting from those predicates p/n
where 7(p) € {1,...,n}. In these rules, the root symbols of left- and right-hand sides are
labeled with m(p).

Formally, for every predicate symbol p € A, let Rp(p) denote those rules of Rp which
result from p-clauses (i.e., from clauses whose head is built with the predicate p). So

Rp(rotate) consists of the rule for rotate;, and the rules for uy and us, i.e., Rp(rotate) =
{7, @), @D}

Then for a term ¢t = f(t1,...,t,) and a set of argument positions I C N, let ¢/ denote
FI(t1, ... ta). So for t = rotates, (N, 0) and I = {1}, we have t/ = rotate!J (N, 0). Hence
if m(rotate) = {1}, then we extend R’ by copies of the rules in Rp(rotate) where the root
symbols are labeled by {1}. In other words, we have to add the rules {£7®) — r™®) | f —

r € Rp(rotate)} = {(30)), (31)), (32) }.

In Step 2, we initialize our desired argument filter 7’. This filter does not yet eliminate
any arguments except for original function symbols from the logic program and for symbols
of the form p! . Since in our example, the initial argument filter 7 of the user is 7(rotate) =
{1}, we have 7'(rotate;,) = {1, 2}, but W’(rotatel{i}) = {1}. So for symbols p/ , the label
I describes those arguments that are not filtered away. However, this does not hold for

the other labeled symbols. So the labelling of the symbols ui', uf" w

, and append,,; only
represents that they “belong” to the symbol rotate;{i}. But the argument filter for these
symbols can be determined arbitrarily. Initially, 7" would not filter away any of their
arguments, i.e., W’(uél}) = {1,2,3}, W’(uél}) = {1,2,3,4,5}, and ﬂ’(rotate;{,g) = {1,2}.
The filter for original function symbols of the logic program is taken from the user-
defined argument filter 7. So since the user described the desired set of queries by setting

7(e) = {2}, we also have /() = {2}.

In Steps 3 and 3.1, we look for rules violating the variable condition as in Algorithm
[l Again, we use a refinement heuristic p to suggest a suitable function symbol f and
an argument position ¢ that should be filtered away. As before, we restrict ourselves to
refinement heuristics p which never select the first argument of a symbol u.;. In this
way, we only have to examine the rules (and not also the dependency pairs) for possible

violations of the variable condition.

If f is not a (possibly labeled) symbol of the form p;, or p! , then we proceed in Step
3.2 as before (i.e., as in Step 2.2 of Algorithm [I)). But if f is a (possibly labeled) symbol
of the form p;, or p! , then we do not modify the filter for f. If I are the non-filtered
argument positions of f, then we introduce a new function symbol labeled with 7\ {i}
instead and replace f by this new function symbol in the rule that violated the variable

condition.
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In our example, we had R = {(24)), ..., (29). (30). . ([32)} and ' was the filter that

does not eliminate any arguments except for 7 (rotate ) {1} and 7'(e) = {2}.

The rules , , and violate the variable condition. In the following, we mark
the violating variables by boxes. Let us regard Rule first:

append,, (e(X, L), M, (X, N)) — uy(append,, (L, M,N),[ X ] L, M,N) [25)

To remove the variable X from the right-hand side, in Step 3.1 any refinement heuristic
must suggest to filter away the second argument of u;. As u; does not have the form p? |
we use the second case of Step 3.2. Thus, we change 7’ such that 7'(u;) = {1,2,3,4,5}\

{2} = {1,3,4,5}. Indeed, now this rule does not violate the variable condition anymore.

We reach Step 3.3 and, thus, go back to Step 3 where we again choose a rule that
violates the variable condition. Let us now regard Rule :

rotate{ }(N 0) — u2 (appendm(, , N), N, @) (30))

To remove the first violating variable L, in Step 3.1 our refinement heuristic sug-
gests to filter away the first argument of the symbol append;,. But instead of chang-
ing 7'(append,,), we introduce a new symbol appendl{j’g} with W’(appendz{s’?’}) = {2,3}.
Moreover, we replace the symbol append,,, in the right-hand side of Rule by the new
symbol appendl{j’g}. Thus, Rule is modified to

rotatel{i}(N, 0) — uf! }(appendz{j’g’}(L,, N),N,[0)). (33)

To make sure that append;-{i’g'} has rewrite rules corresponding to the rules of append,,, we

now have to add copies of all rules that result from the append-predicate. However, here
we label every root symbol by {2,3}. In other words, we have to add the following rules

to Rp:

append(>} (], M, M) — append{i*([], M, M) (34)
append >® (o(X, L), M, o(X, N)) — ul** (append,, (L, M, N), X, L, M, N) (35)
ut**) (append,, (L, M, N), X, L, M, N) — append’;” (o(X, L), M, o(X, N)) (36)

Now the result of rewriting a term appendz{s’?’}(. ..) will always be a term of the form
appendiut }(. ..). Therefore, we have to replace append,,, by appendout in the left-hand

side of Rule (since is the rule that always “follows” (B0)). So the original rule
(31)

ul (append, (L, M, N), N, O) — ul" (append,, (M, L,O), L, M, N, O) B1)

out
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is replaced by the modified rule
u" d23 (L, M, N), N,0) — ufV d;n(M,L,0), L, M,N,O 7
(appen out ( ) ) — U3 (appen m( L) )7 ) LA ) (3 )

Thus, after the execution of Step 3.2, we have R} = { — —, — , (137)),
.} In this way, we have introduced three new labeled symbols append{2’3}, {2’3}, nd

appendout % On the unlabeled symbols, the argument filter 7’ did not change, but we now
additionally have 7 (appendz{n }) = {2,3}, 7'(u ? 3}) ={1,2,3,4,5},and 7 (append({mt })
{1,2,3}.

We reach Step 3.3 and, thus, go back to Step 3 where we again choose a rule
that violates the variable condition. Let us again regard Rule (30)), albeit in its mod-
ified form as Rule . The variable M still violates the variable condition. In Step
3.1, the refinement heuristic suggests to filter away the second argument of the symbol
append;-{s’ b Tnstead of changing 7/, we again introduce a new symbol, namely append{g}
with W’(append-{g}) = {3}, and replace the symbol append{ 3 in the right-hand side of
Rule (33]) by append{B}. Thus, we obtain a further modification of Rule 1)

rotatel{i} (N,0) — uél} (appendl{s} (L,M,N),N, @) (38)

Again, we have to ensure that append;-{s} has rewrite rules corresponding to the rules of
append,,. Thus, we add copies of all rules that result from the append-predicate where
every root symbol is labeled by {3}:

append? (], M, M) — append(3} (], M, M) (39)
append!)’ (o(X, L), M, o(X, N)) — u{* (append,,,(L, M, N), X, L, M,N)  (40)
uf” (append, (L, M, N), X, L, M, N) — append{;,} (s(X, L), M, o( X, N)) (41)

We also have to replace appendout 3 by appendowt in the left-hand side of Rule (since
(B7) is the rule that always “follows” (33)). So the rule is replaced by the modified
rule

u§" (append(} (L, M, N), N, O) — uf! (append,, (M, L,0), L, M,N,0)  (42)

out

Thus, after the execution of Step 3.2, we have R, = {(24) — —([29). (38) — . .
—. . .} Again we have introduced three new labeled symbols appendm , u‘1{3},
and appendgu]t’ On the unlabeled symbols, the argument filter 7’ did not change, but we
now additionally have W’(appendz{s’}) = {3}, W/(UP}) ={1,2,3,4,5}, and W’(appendiii) =
{1,2,3}.

We reach Step 3.3 and, thus, go back to Step 3 where we again choose a rule that
violates the variable condition. We again regard Rule , albeit in its modified form
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as Rule . The variable O still violates the variable condition. In Step 3.1, any
refinement heuristic must suggest to filter away the third argument of the symbol uél}.
As ugl} does not have the form p! | we use the second case of Step 3.2. Thus, we change
7’ such that W’(Uél}) = {1,2,3} \ {3} = {1,2}. Indeed, now Rule does not violate
the variable condition anymore.

We reach Step 3.3 and, thus, go back to Step 3 where we again choose a rule that

still violates the variable condition. Let us now regard Rule (42)):
uj't(appendfy} (L, M, N), N, 0) — uf" (append;, (M, L[O)), L, M, N.[0]) (2]

Here our refinement heuristic suggests to filter away the third argument of the symbol
append,, in order to remove the extra variable O. Instead of changing 7', we again
introduce a new symbol, namely appendz{ig} with W’(appendl{ig}) = {1, 2}, and replace the
symbol append,, in the right-hand side of Rule by append;{i’z}. Thus, we obtain a
further modification of Rule (42)):

ui (append!®} (L, M, N), N, 0) — u{" (append*? (M, L,0), L, M, N,[O])  (43)

Again, we have to ensure that append;-{;’Q} has rewrite rules corresponding to the rules of
append,,,. Thus, we add copies of all rules that result from the append-predicate where

every root symbol is labeled by {1, 2}:

append{” ([], M, M) — appendl ([1, M, M) (44)
append'? (o(X, L), M, o(X, N)) — ul"* (append,, (L, M, N), X, L, M, N) (45)
ul (append, (L, M, N), X, L, M, N) — append'-? (o(X, L), M, o(X, N)) (46)

We also have to replace append,,,, by appendiif} in the left-hand side of Rule (since
is the rule that always “follows” ) So the rule is replaced by the modified
rule

ugl}(appendiif}(]\/[, L,0),L,M,N,0) — rotateiii(]\f, 0) (47)

Thus, after the execution of Step 3.2, we now have R, = {——, —, —

—, ——, } Again we have introduced three new labeled symbols appendz{i’Q},

uil’Q}, and appendilltf}. On the unlabeled symbols, the argument filter 7’ did not change,

but we now additionally have w’(appendl{i’z}) = {1,2}, (it = {1,2,3,4,5}, and
' (append!,”) = {1,2,3}.

Note that now we have indeed separated the two copies of the append-rules where

appendz{j} corresponds to the version of append that has the third argument as input and
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appendz{,}b’Q} is the version where the first two arguments serve as input. This copying
of predicates works although the initial argument filter already filtered away arguments
of function symbols like “o” (i.e., the initial argument filter was already beyond the
expressivity of modings).

Step 3 is repeated until the variable condition is not violated anymore. Note that
Algorithm [2] always terminates since there are only finitely many possible labeled variants

for every symbol. In our example, we obtain the following set of rules R’:

append,,,([], M, M) — append,,;([], M, M)

append,;,,(e(X, L), M, o(X )) — uq(append,,, (L, M,N), X, L, M, N)
uy(append, (L, M,N), X, L, M, N) — append,,,,(e(X, L), M, o(X, N)) (126)
rotate;,, (N, 0) — up(append>) (L, M, N)), N, O) (48)

us(append'®} (L, M, N), N, 0) — us(append,,, (M, L,0), L, M, N, O) (49)
uz(append, (M, L,0),L,M,N,O) — rotateout(N 0) (129)
rotate{ }(N 0) — u2 (append{g}(L M,N),N,O)

uél}(appendiii@ M,N),N,0) — u‘i{,,l}(appendf{l’Q}(M,L,O),L,M7 N,0)
uél}(appendiif}(M L,0),L,M,N,0O) — rotateiui(N 0)
append>” ([], M, M) — appendl” (], M, M) (&)

append > (o(X, L), M, o(X )) — ui?® (append!** (L, M, N), X, L, M, N) (50)

ul®¥ (append!2* (L, M, N), X, L, M, N) - appendf,u; Y(o(X, L), M, o(X,N)) (51)
append!} ([, M, M) — append(3} ([], M, M) (9

append'® (o(X, L), M, o(X )) — ul® (append® (L, M, N), X, L, M, N) (52)

ul®} (append 3 (L, M, N, X, L, M, N) — append!?) (o(X, L), M, o(X, N)) (53)
appendy, ) ([], M, M) — append}, (], M, M) 3

append " (o(X, L), M, o(X )) — ui*? append!: ¥ (L, M, N), X, L, M, N) (54)
u‘1{1’2}(appendiit2}(L M,N),X,L,M, N) — append({)u’t }( (X,L), M, e(X,N)) (55)

The refined argument filter 7’ is given by

'(append;,) = {1,2,3} ﬂ’(rotate{l}) = {1} w’(append;{j’?’}) = {2,3}

'(append,,,) = {1,2,3}  «'(ui) = {12} (appendZ) = {1,2,3}

‘(o) = {2} ' (u§') = {1,2,3,4} @) = {1,4,5}

(uy) = {1,3,4,5}  w(append:"?) = {1,2} ' (ul®h = {1,5}

'(rotate;,) = {1,2} W’(appendii’f}) = {1,2,3} w’(u{m}) = {1,3,4}
w’(rotateiﬁ) = {1,2}

append,’) = {3}
appendiui) = {1,2,3}
us) = {1,2,3,4,5}

'
'
'
'
'
7' (uz) = {1,2,3}
m'(
m'(
™ (
7' (rotateyy:) = {1,2}
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Termination for R’ w.r.t. the terms specified by 7’ is now easy to show using our results
from Section 3.3

If one is only interested in termination of queries rotate(tq,ts) for a specific predicate
symbol like rotate, then one can remove superfluous (copies of) rules from the TRS before
starting the termination proof. For example, if one only wants to prove termination of
queries rotate(y,t2) for finite lists ¢;, then it now suffices to prove X -termination of the
{1}

above TRS for those “start terms” rotate;,’(...) that are finite and ground under the
filter 7 and where the arguments of rotate;{i} do not contain any function symbols except

e and []. Since the rules for rotate;,, append,,, and append;{s’?’} (i.e., the rules 1) -

, , , and — ) are not reachable from these “start terms”, they can

immediately be removed. In other words, for the queries rotate(t, t5) we indeed need rules

for rotate!!} append;-{i’Q}, and append;{s}, and append*?

mn m

but the rules for rotate;,,, append,,,,
are superfluous.

Note however that such superfluous copies of rules are never problematic for the ter-
mination analysis. If the rules for appendz{j} are —-terminating for terms that are finite

d23h

and ground under the filter 7/, then this also holds for the appen and the append,, -

rules, since here 7’ filters away less arguments. A corresponding statement holds for the
connection between the rotatez{i}— and the rotate;,-rules.

The following theorem proves the correctness of Algorithm [2 More precisely, it shows
that one can use 7’ and R instead of m and Rp in Theorem B.13l So it is sufficient
to prove that all terms in the set S = {pIP(#) | p € A, £ € T=(,V), ©(PIP @) €

T (Zp,)} are S-terminating w.r.t. the modified TRS R/. In Example [3:42, S" would
{1}

be the set of all terms rotate;,’(¢1,%2) that are ground after filtering with 7’. Hence, this
includes all terms where the first argument is a finite list.

If all terms in S’ are S-terminating w.r.t. R’, we can conclude that all queries Q €
A™(E, A, V) with 7(Q) € A(X,, A,) are terminating for the original logic program. Since
7’ satisfies the variable condition for the TRS R’ (and also for DP(R%) if 1 € 7'(uc,)
for all symbols of the form u.;), one can also use 7" and R/, for the termination criterion
of Corollary In other words, then it is sufficient to prove that there is no infinite

(DP(R%), R}, ')-chain.

Theorem 3.43 (Soundness of Algorithm . Let P be a logic program and let © be an
argument filter over (£,A). Let 7' and R’ result from © and Rp by Algorithm[9 Let
S ={pn@) | peA teT%V), t(pmd) € T(Sp,)}. Furthermore, let S’ =
rP@) | p e A, T e TRV, PErP(1) € T(Zp,)}. All terms s € S are S-

terminating for Rp if all terms s' € S' are =-terminating for Rlp.

Proof. We first show that every reduction of a term from S with Rp can be simulated by

the reduction of a term from S’ with R’,. More precisely, we show the following proposition
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where S" = {t | pin(t) ﬁ;;) t for some p € A, £ € T(%,V), and 7(pin(®)) € T(Xp.) }
and §' = {t | pI? (1) ﬁ;g) t for some p € A, £ € T=(%, V), and W’(p;:fp)(f)) cT(Xp,)}

m

If s € S” and s’ € S’ with Unlab(s') = s, then s g, t implies

- 56
that there is a ¢’ with Unlab(t') =t and s =g t'. (56)

Here, Unlab removes all labels introduced by Algorithm [2}

if s = fl(s1,...,s,
Uniab(s) = 47 (Umab(sa)so Undabls)), s = f(s1,. )

s, otherwise

We prove by induction on n. There are three possible cases for s and for the rule
that is applied in the step from s to t.

Case 1: n =0 and thus, s = p;,,(3)
So s € S and there is a rule { — r € Rp with ¢ = pzn(3 such that s = o and ¢t = ro for

some substitution o with terms from 7°(X%, V).

Let 5" € §' with Unlab(s") = s. Thus, we also have s’ € §" where s’ = p?rfp)(g) (since a
term with a root symbol p!, cannot be obtained from S’ if one has performed at least one
rewrite step with R/,). Due to the construction of R’ there exists a rule (*® — 1" € R/,
where Unlab(r') = r. We define ' to be r'o. Then we clearly have s’ = (7P ﬁpr r'o =t
and Unlab(t') =t.

Case 2: n > 1 and s = u.i(5,q), § Srp t, t = uei(t, Q)
Since s € S”, there exists a pi,(5) with 5 € 7°°(2, V) such that ps,(5) ﬁ;p 5,ie,5€8S™

for some m € N. Since the reduction from p;,(5) to s is shorter than the overall reduction

that led to s, we obtain that m < n.

Let s € §' with Unlab(s') = s. Hence, we have s’ = ul,(s',¢) for some label I
and Unlab(s') = 5. Since s’ € §, there exists a p;.(5) with § € T°°(X,V) such that
pi.(3) 3;/? s'. Hence, s’ € S’ as well. Now the induction hypothesis implies that there
exists a ¢’ such that s ﬁngj " and Unlab(t') = t. We define t' = u/,(#,7). Then we
clearly have ¢’ ﬁR;’ t" and Unlab(t') = t.

Case 3: n > 1 and s = U ;(pout(5), 7)

Here, there exists a rule { — r € Rp with ¢ = u.;(pout(¢), ¥) such that s = fo and t = ro.

Let s’ € S’ with Unlab(s') = s. Hence, we have s’ = ul;(p7,,(5),q) for some labels I
and J. Since s’ € §', s’ resulted from rewriting the term u/ ,(p;,(5), ¢) which must be an
instantiated right-hand side of a rule from R%. Due to the construction of R’ then there
also exists a rule ¢/ — 1’ € R, where ¢’ = uii(pgut(z), Z) and Unlab(r') = r. We define

t' = r'o. Then we have ' = ('o 37% r’'o =t" and clearly Unlab(t') = t.
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We now proceed to prove the theorem by contradiction. Assume there is a term sy € .S
that is non->-terminating w.r.t. Rp, i.e., there is an infinite sequence of terms sg, s1, 52, . . .
with s; Sz, sip1. We must have sg = py,, (1) with £'€ 7°°(2, V) and 7(pi (1)) € T(Zp,).
Let s, = pr®(£). Then s, € S, since 7' (pf P (1)) € T (Xp_,). The reason is that 7 (pr®) =
7(p) = m(pin) and for all f € ¥ we have 7'(f) C 7(f).

So by (B6), s, € S" and Unlab(s)) = so imply that there is an s with Unlab(s}) = s;
and s ﬁpr sy. Clearly, this also implies s} € S'. By applying repeatedly, we

. . . . o
therefore obtain an infinite sequence of labeled terms sy, s, s5, ... with s, =g/ si.,. O
P Tit

3.5. Formal Comparison of the Transformational

Approaches

In this section we formally compare the power of the classical transformation with the
power of our new approach. In the classical approach, the class of queries is character-
ized by a moding function whereas in our approach, it is characterized by an argument
filter. Therefore, the following definition establishes a relationship between modings and

argument, filters.

Definition 3.44 (Argument Filter Induced by Moding). Let (3,A) be a signature and
let m be a moding over the set of predicate symbols /. Then for every predicate symbol
p € A we define the induced argument filter 7, over ¥p as 7, (pin) = Tm(Pim) = {i |
m(p,i) = in} and 7, (pour) = {i | m(p,i) = out}. All other function symbols f from ¥p
are not filtered, i.e., m,(f/n) ={1,...,n}.

Example 3.45. Regard again the well-moded logic program from Example|3.1].

p(X, X).
p(f(X).g(Y)) < p(f(X).f(2)),p(Z g(Y)).

We used the moding m with m(p,1) = in and m(p,2) = out. Thus, for the induced
argument filter m,, we have 7, (pin) = Tm(Pin) = {1} and 7, (pout) = {2}

As the classical approach is only applicable to well-moded logic programs, we restrict
our comparison to this class. For non-well-moded programs, our new approach is clearly
more powerful, since it can often prove termination (cf. Section [3.6]), whereas the classical
transformation is never applicable.

Our goal is to show the connection between the TRSs resulting from the two transfor-
mations. If one refines 7, to a filter n/, by Algorithm (1| using any arbitrary refinement
heuristic, then the TRS of the classical transformation corresponds to the TRS of our

new transformation after filtering it with /.
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Example 3.46. We continue with Example|3.45, The TRS Rp resulting from our new

transformation was given in Example[3.8:

Pin (X, X) = Pour (X, X)

pin(f(X), g(Y)) — ui(pin(f(X),f(2)), X, Y)

U1 (Pout (f(X), £(2)), X, Y) — ua(pin(Z,8(Y)), X, Y, Z)
Uz (Pout(Z, 8(Y)), X, Y, Z) — Pout (f(X), g(Y)

9 © =

)

£

If we apply the induced argument filter m,,, then we obtain the TRS 7,,(Rp):

Pin(X) — Pout(X)

pin(f(X)) — u1(pin(f(X)), X, Y)

u1(Pout (f(2)), X, Y) — ua(pin(2), X, Y, )
o801, X.¥.2) — poa(5(7)
The second rule has the “extra” variable Y on the right-hand side, i.e., it does not
satisfy the variable condition. Thus, we have to refine the filter m,, to a filter w, with
7 (uy) =7 (Uy) = {1,2} and 7/, (u2) =« (Us) = {1,2,4}. The resulting TRS 7/ (Rp)
is identical to the TRS R%? resulting from the classical transformation, cf. Example[3.2;

p'Ln(X) - pout(X)

pin(F(X)) = u1(pin(f(X)), X)

U1 (Pout(f(Z)), X) — u2(pin(2), X, Z)
Z) (

);
U2(pout( ( )) - pout(g Y))

The following theorem shows that our approach (with Corollary[3.18)) succeeds whenever

the classical transformation of Section |3 yields a terminating TRS.

Theorem 3.47 (Subsumption of the Classical Transformation). Let P be a well-moded
logic program over a signature (X, A) w.r.t. the moding m. Let R34 be the result of
applying the classical transformation of Section [3 and let Rp be the result of our new
transformation from Definition[3.7. Then there is a refinement of «, of 7, such that
(a) w (Rp) and wl,(DP(Rp)) satisfy the variable condition and (b) if RE? is terminat-
ing (with ordinary rewriting), then there is no infinite (DP(Rp), Rp,w,,)-chain. Thus,
in particular, termination of R%¢ implies that Rp is X _terminating (with infinitary con-
structor rewriting) for all terms pgy, () withp € A, '€ T(S,V), and 7(pin(t) € T(Ep, ).

Proof. Let m/, result from Algorithm |1 using any refinement heuristic p which does not

filter away the first argument of any u.;.

We now analyze the structure of the TRS 7/ (Rp). For any predicate symbol p € A,
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let “p(s, ﬂ” denote that §and ¢ are the sequences of terms on p’s in- and output positions
w.r.t. the moding m.

When Algorithm [1]is applied to compute the refinement 7/ of 7,,, one looks for a rule
¢ — r from 7, (Rp) such that V(r) € V(¢). Such a rule cannot result from the facts of

the logic program. The reason is that for each fact p(5, 1), m,,(Rp) contains the rule

pzn(g) - pout(l?}
and by well-modedness, we have V() C V(5).
For each rule ¢ of the form p(5,t) «— pi(51,t1),....pe(5k. %) in P, the TRS

Tm(Rp) contains:

Pin(8) = uea(pr,, (51), V(5) UV(H))
et (P10 (1), V(H) UV(D)) = 2 (pa,, (32), V(3) UV(E) UV(31) UV(H))

Ue e (Dhue (E), V(S) UV(E) UV(51) U V(1) U .. UV(55m1) U V(1)) = Pour(t)

For the first rule, by well-modedness we have V(5;) C V(§) and thus, the only “extra”
variables on the right-hand side of the first rule must be from V(¢). There is only one
possibility to refine the argument filter in order to remove them: one has to filter away the
respective argument positions of u. ;. Hence, the filtered right-hand side of the first rule is
Ue1(p1,,(51),V(5)) and the filtered left-hand side of the second rule is . (p1,,, (t1), V(5)).

Similarly, for the second rule, well-modedness implies V(55) U V(5) U V(5,) U V() C
V(t1) UV(5). So the only “extra” variables on the right-hand side of the second rule
are again from V(f) As before, to remove them one has to filter away the respective
argument positions of u.s. Moreover, since V(51) C V(5) we obtain the filtered right-
hand side w5 (pa,, (52), V(5) U V(1)) for the second rule and the filtered left-hand side
Ue.2 (P2, (t2), V(5) UV(H)) side in the third rule.

An analogous argument holds for the other rules. The last rule has no extra variables,
since V() C V(5) UV(t1) U...UV(t) by well-modedness.

So for any rule ¢ of the logic program P, 7, (Rp) has the following rules:

pin(3) —  Uca(pr,, (51), V(5))
Uet (Pl (1), V(5)) = ttep(pa,, (52), V(5) U V(1))

uc,k(pkout (ﬁ:)’ V(gj U V(ﬁ) u...u V(t_;c—l)) - pout(fj

Hence, 7/ (Rp) = R%4. Since the refined argument filter 7/, does not filter away the
first argument of any w.;, by defining «],(U.;) := 7, (uc;), then the variable condition is

satisfied for both 7/ (Rp) and 7,,(DP(Rp)) and, thus, (a) is fulfilled.
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Now to prove (b), we assume that R%? is terminating. We have to show that then there

is no infinite (DP(Rp), Rp, m,,)-chain. By the soundness of the argument filter processor
(Theorem [3.26), it suffices to show that there is no infinite (7, (DP(Rp)), 7., (Rp),id)-

chain.

Note that 7, (DP(Rp)) = DP(7,,(Rp)). The reason is that all u.; only occur on the
root level in Rp. Moreover, all p;,-symbols only occur in the first argument of a u.; and
1 € 7w, (uc;). In other words, occurrences of defined function symbols are not removed by

the filter 7/,. So we have

u—vem, (DP(Rp))

if, and only if, thereis a rule { — r € Rp with u = 7/ (¢*),v = 7! (%)
for a subterm ¢ of r with defined root

if, and only if, there is a rule £ — r € Rp with u = (7/,(0)) v =
(7 (£))F
for a subterm =, (t) of w], (r) with defined root

if, and only if, there is arule { — r € 7/ (Rp) with u = #,v = ¢

for a subterm ¢ of r with defined root

if, and only if, u— v € DP(n (Rp))

Hence, 7/, (Rp) = R%* and 7/, (DP(Rp)) = DP(n,(Rp)) = DP(R%?). Thus, it suffices
to show absence of infinite (DP(R%?), R%?, id)-chains. But this follows from termination
of RE cf. [AGO0, Thm. 6], since (P,R,id)-chains correspond to chains for ordinary

(non-infinitary) rewriting.

Hence by Theorem B.I7 termination of R%¢ also implies that all terms pm(f) with
pe A i e TV, and n(pin()) € T(Sp,) are S-terminating w.r.t. Rp (using

infinitary constructor rewriting). O

The reverse direction of the above theorem does not hold, though. As a counterex-
ample, regard again the logic program from Example 3.1], cf. Example [3.46] As shown
in Example [3.2] the TRS resulting from the classical transformation is not terminating.
Still, for the filter 7/, from Example there is no infinite (DP(Rp), Rp, m,,)-chain
and thus, our method of Corollary succeeds with the termination proof. In other
words, our new approach is strictly more powerful than the classical transformation, even

on well-moded programs.

Thus, a termination analyzer based on our new transformation should be strictly more
successful in practice, too. That this is in fact the case will be demonstrated in the next

section.
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3.6. Experiments and Discussion

We integrated our approach (including all refinements presented) in the termination tool
AProVE [GSTO06] which implements the DP framework. To evaluate our results, we
tested AProVE against four other representative termination tools for logic programming;:
TALP J[OCMO0] is the only other available tool based on transformational methods (it uses
the classical transformation of Section [3)), whereas Polytool [NDO7], TerminWeb [CT99],
and ¢TI [MB05] are based on direct approaches. We now describe the results of our

experimental evaluation and then discuss the limitations of our approach.

Experimental Evaluation

We ran the tools on a set of 296 examples in fully automatic mode.!* This set includes all
logic programming examples from the Termination Problem Data Base [TPD07] which
is used in the annual international Termination Competition [MZ07]. It contains collec-
tions provided by the developers of several different tools including all examples from the
experimental evaluation of [BCGT07]. However, to eliminate the influence of the transla-
tion from Prolog to logic programs, we removed all examples that use non-trivial built-in
predicates or that are not definite logic programs after ignoring the cut operator. All
tools were run locally on an AMD Athlon 64 at 2.2 GHz under GNU /Linux 2.6. For each
example we used a time limit of 60 seconds. This is similar to the way that tools are
evaluated in the annual competitions for termination tools. For every tool we give the
number of LPs which could be proved terminating (denoted “Successes”), the number of
examples where termination could not be shown (“Failures”), the number of examples for
which the timeout of 60 seconds was reached (“Timeouts”), and the total running time

(“Total”) in seconds.

AProVE Polytool TerminWeb cTl TALP
Successes 232 204 177 167 163
Failures o7 82 118 129 112
Timeouts 7 10 1 0 21
Total 1471.4 622.7 95.3 10.4 413.5

As shown in the table above, AProVE succeeds on more examples than any other tool.
The comparison of AProVE and TALP shows that our approach improves significantly
upon the previous transformational method that TALP is based on, cf. Goals (A) and
(B). In particular, TALP fails for all non-well-moded programs.

VWe combined termsize and list-length norm for TerminWeb and allowed 5 iterations before widening
for cTl. Apart from that, we used the default settings of the tools. For both AProVE and Polytool we
used the (fully automated) original executables from the Termination Competition 2007 [MZ0T]. To
refine argument filters, this version of AProVE uses the refinement heuristic py from Definition [3.391
For a list of the main termination techniques used in AProVE, we refer to [GTS05al [IGTSF06]. Of
these techniques, only the ones in Section were adapted to infinitary constructor rewriting.
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While we have shown our technique to be strictly more powerful than the previous
transformational method, due to the higher arity of the function symbols produced by
our transformation, proving termination could take more time in some cases. However,
in the above experiments this did not affect the practical power of our implementation.
In fact, AProVE is able to prove termination well within the time limit for all examples
where TALP succeeds. Further analysis shows that while AProVE never takes more than
15 seconds longer than TALP, there are indeed 6 examples where AProVE is more than
15 seconds faster than TALP.

The comparison with Polytool, TerminWeb, and cTl demonstrates that our new trans-
formational approach is not only comparable in power, but usually more powerful than
direct approaches. In fact, there is only a single example where one of the other tools
(namely Polytool) succeeds and AProVE fails. This is the rather contrived example from
(2) in Section which we developed to demonstrate the limitations of our method.
Polytool is only able to handle this example via a pre-processing step based on partial
evaluation [NBDLOG, [SD0O3bl [TC04]. In this example, this pre-processing step results in
a trivially terminating logic program. Thus, if one combined this pre-processing with
any of the other tools, then they would also be able to prove termination of this par-
ticular example.'? Integrating some form of partial evaluation into AProVE might be an
interesting possibility for further improvement. For all other examples, AProVE can show
termination whenever at least one of the other tools succeeds. Moreover, there are several
examples where AProVE succeeds whereas no other tool shows the termination. These in-
clude examples where the termination proof requires more complex orders. For instance,
termination of the example SGST06/hbal tree.pl can be proved using recursive path
orders with status and termination of talp/apt/mergesort_ap.pl is shown using matrix

orders.!3

Note that 52 examples in this collection are known to be non-terminating, i.e., there are
at most 244 terminating examples. In other words, there are only at most 12 terminating
examples where AProVE did not manage to prove termination. With this performance,
AProVE won the Termination Competition with Polytool being the second most powerful

tool. The best tool for non-termination analysis of logic programs was NTI [PMO0G].

However, from the experiments above one should not draw the conclusion that the trans-
formational approach is always better than the direct approach to termination analysis of
logic programs. There are several extensions (e.g., termination inference [CT99, IMBO05],
non-termination analysis [PM06], handling numerical data structures [SD04, [SD05b]) that

can currently only be handled by direct techniques and tools.

12Gimilarly, with such a pre-processing the existing “direct” tools would also be able to prove termination
of the program in Example
13For recursive path orders with status and matrix orders see [Les83] resp. [EWZ06].
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Regarding the use of term rewriting techniques for termination analysis of logic pro-
grams, it is interesting to note that the currently most powerful tool for direct termination
analysis of logic programs (Polytool) implements the framework of [ND05, NDOT7] for ap-
plying techniques from term rewriting (most notably polynomial interpretations) to logic
programs directly. This framework forms the basis for further extensions to other TRS-
termination techniques. For example, it can be extended further by adapting also the
dependency pair framework to the logic programming setting as demonstrated in Chap-
ter 4 of this thesis.

So transformational and direct approaches both have their advantages and the most
powerful solution would be to combine direct tools like Polytool with a transformational
prover like AProVE which is based on the contributions of this section as demonstrated in
Chapter [4l But it is clear that it is indeed beneficial to use termination techniques from
TRSs for logic programs, both for direct and for transformational approaches.

In addition to the experiments described above (which compare different termination
provers), we also performed experiments with several versions of AProVE in order to eval-
uate the different heuristics and algorithms for the computation of argument filters from
Section [3.4f The following table shows that indeed our improved type-based refinement
heuristic (tb") significantly outperforms the simple improved outermost (om’) and inner-
most (im) heuristics. In fact, all examples that could be proved terminating by any of

the simple heuristics can also be proved terminating by the type-based heuristic.

AProVE tb’ | AProVE om’ | AProVE im
Successes 232 218 195
Failures o7 76 98
Timeouts 7 2 3

So far, for all experiments we used Algorithm [2]in order to compute a refined argument
filter from the initial one. To evaluate the advantage of this improved algorithm over
Algorithm |1}, we performed experiments with the two algorithms (again using the type-
based refinement heuristic tb’). The following table shows that Algorithm [2 is indeed
significantly more powerful than Algorithm [I}

AProVE Algorithm [2| | AProVE Algorithm|]
Successes 232 - 212 B
Failures 57 74
Timeouts 7 10

Preliminary versions of parts of this chapter appeared in [SGST07]. However, the table
below clearly shows that the results of Section [3.4] (which are new compared to [SGST07])
improve the power of termination analysis substantially. To this end, we compare our

new implementation that uses the improved type-based refinement heuristic (tb’) and the
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improved refinement algorithm (Algorithm from Sectionwith the version of AProVE
from the Termination Competition 2006 that only contains the results of [SGST07]. To
find argument filters, it uses a simple ad-hoc heuristic which turns out to be clearly

disadvantageous to the new sophisticated techniques from Section

AProVE tb’ AProVE [SGSTOT]
Successes 232 208
Failures 57 69
Timeouts 7 19

To run AProVE, for details on our experiments, and to access our collection of examples,

we refer to http://aprove.informatik.rwth-aachen.de/eval/TOCL/.

Limitations

Our experiments also contain examples which demonstrate the limitations of our ap-
proach. Of course, our implementation in AProVE usually fails if there are features out-
side of definite logic programming (e.g., built-in predicates, negation as failure, meta-
programming, etc.). A novel approach for the handling of meta-logical features such as

cuts and meta-programming is presented in Chapter [5]

In the following, we discuss the limitations of the approach when applying it for definite

logic programming. In principle, there could be three points of failure:

(i) The transformation of Theorem [3.13] could fail, i.e., there could be a logic program
which is terminating for the set of queries, but not all corresponding terms are —-
terminating in the transformed TRS. We do not know of any such example. It is

currently open whether this step is in fact complete.

(ii) The approach via dependency pairs (Theorem B.17) can fail to prove ~>-termination
of the transformed TRS, although the TRS is =>-terminating. In particular, this
can happen because of the variable condition required for Theorem [3.171 This is

demonstrated by the following logic program P:
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The resulting TRS Rp is
Pin(X) — u1(qm(f(Y)), X)
ul(qo (f( ))’ ) - U2(pm(Y)’X7 Y)
U2(Pout(Y), X, Y) — pout(X)
pin(g ( )) — us(pin(X), X)
(pout( ) X) - pout(g(X))
4in(8(Y)) — dour(g(Y))
and there are the following dependency pairs.
Pin(X) — Qin(f(Y)) (57)
Pin(X) — Ui(qin(f(Y)), X) (58)
1(Qout(F(Y)), X) — Pin(Y) (59)
1(q0ut<f(Y))’ X) - UQ(pm (Y)7 X? Y) (60)
Pin(g(X)) — Pin(X) (61)
Pin(g(X)) = Us(pin(X), X) (62)

We want to prove termination of all queries p(t) where ¢ is finite and ground (i.e.,

m(p, 1) = in). Looking at the logic program P, it is obvious that they are all

ter-

minating. However, there is no argument filter 7 such that 7(Rp) and 7(DP(Rp))

satisfy the variable condition and such that there is no infinite (DP(Rp), Rp

chain.

T

To see this, note that if 7(P;,) = @ or 7(g) = & then we can build an infinite chain

with the last dependency pair where we instantiate X by the infinite term g(g(. .

So, let m(P;,) = m(g) = {1}. Due to the variable condition of the dependency

).

pair

we know 7(f) = m(qow) = {1} and 1 € w(U;). Hence, to satisfy the variable

condition in dependency pair (58)) we must set m(q;,) = &. But then the last

of m(Rp) does not satisfy the variable condition.

rule

(iii) Finally it can happen that the resulting DP problem of Theorem [3.17is terminating,

but that our implementation fails to prove it. The reason can be that one should

apply other DP processors or DP processors with other parameters. After all,

ter-

mination of DP problems is undecidable. This is shown by the following example

where we are interested in all queries f(¢1,¢2) where ¢; and ¢, are ground terms:

f(X,Y) — g(s(s(s(s(s(X))))),Y).
f(s(X),Y) — f(X,Y).
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X _termination can (for example) be proved if one uses a polynomial order with
coefficients from {0,1,2,3,4,5}. But the current automation does not use such

polynomials and thus, it fails when trying to prove termination of this example.

While the DP method can also be used for non-termination proofs if one considers
ordinary rewriting, this is less obvious for infinitary constructor rewriting. The reason is
that the main termination criterion is “complete” for ordinary rewriting, but incomplete
for infinitary constructor rewriting (cf. the counterexample to the completeness of
Theorem B.17above). Therefore, in order to also prove non-termination of logic programs,
a combination of our method with a loop-checker for logic programs would be fruitful.
As mentioned before, a very powerful non-termination tool for logic programs is NTI
[PMO6]. Our collection of 296 examples contains 233 terminating examples (232 of these
can be successfully shown by AProVE), 52 non-terminating examples, and 11 examples
whose termination behavior is unknown. NTI can prove non-termination of 42 of the 52
non-terminating examples. Hence, a combination of AProVE and NTI would successfully

analyze the termination behavior of 274 of the 296 examples.

3.7. Summary

In this chapter, we developed a new transformation from logic programs P to TRSs Rp.
To prove the termination of a class of queries for P, it is now sufficient to analyze the
termination behavior of Rp on a corresponding class of terms w.r.t. infinitary constructor
rewriting. This class of terms is characterized by a so-called argument filter and we showed
how to generate such argument filters from the given class of queries for P. Our approach is
even sound for logic programming without occur check. To prove termination of infinitary
rewriting automatically, we showed how to adapt the DP framework of [AG00, [GTS054),
GTSF06] from ordinary term rewriting to infinitary constructor rewriting. Then the DP
framework can be used for termination proofs of Rp and thus, for automated termination
analysis of P. Since any termination technique for TRSs can be formulated as a DP
processor [GTS05al, now any such technique can also be used for logic programs.

In addition to the results presented in [SGST0T7], we showed that our new approach sub-
sumes the classical transformational approach to termination analysis of logic programs.
We also provided new heuristics and algorithms for refining the initial argument filter that
improve the power of our method (and hence, also of its implementation) substantially.

Moreover, we implemented all contributions in our termination prover AProVE and
performed extensive experiments which demonstrate that our results are indeed applicable
in practice. More precisely, due to our contributions, AProVE has become the currently

most powerful automated termination prover for logic programs.
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As we have seen in the previous chapter, termination analysis for logic programming
traditionally aims at proving that a given logic program terminates w.r.t. a specific set of
queries. So far we have only discussed transformational approaches, i.e., non-termination
preserving transformations from logic programming to term rewriting.

In contrast, direct termination proofs are usually performed by finding ranking functions
that map the sequence of program states to a sequence of elements of a well-founded
domain such that the sequence is decreasing w.r.t. a well-founded order of the domain.
Practically, it is sufficient to consider only the states that are involved in loops of the
program.

Direct techniques in termination analysis of LPs can be divided into two groups: the
global approach versus the local approach [BCGT07, [CG03, [CT99, [DSVB92, DDV99,
DLSS01, INDO5]. In the global approach, one wants to find only one ranking function for
all loops [DSVB92, DDV99, [ND05|]. In contrast, techniques in the local approach apply
different ranking functions for different loops [BCGT07, [CGO03|, [CT99, [DLSS01]. Some
automated techniques in the global approach are based on a constraint-based framework
to search for a suitable ranking function. This is done by first generating a set of symbolic
constraints from all termination conditions. Then, a constraint solver is used to solve the
set of constraints, yielding a suitable ranking function for the proof. In the local approach,
most techniques use a given small set of norms, and try to prove that (a combination of)
these norms can be applied for the termination proof of the program. Unfortunately, by
restricting the norms that can be used, implementations are considerably less powerful in
practice than the theory allows. It is unclear at this stage whether a search for arbitrary
norms in the local approach could also be automated using a constraint-based technique
like [DDV99].

While the constraint-based global approach is very suitable for automation, it has some
drawbacks. Since it generates the constraints for all termination conditions and solves
them at once, it may be very time-consuming, especially for non-terminating programs.
This is because the time for solving a set of constraints often increases exponentially with
its size. Moreover, if a complex well-founded order is needed for the termination proof
(e.g., a lexicographical combination of orders), it is often difficult to find such an order

using the constraint-based global approach.



64 Chapter 4. Direct Approach

Example 4.1 (ack). Consider a logic program P computing the Ackermann function.
We use a variant with a predecessor predicate p/2 in order to illustrate how our technique
handles local variables. We want to prove termination of this program w.r.t. the set of
queries S = {ack(ty,ta,t3) | t1 and ty are ground terms }.

p(s(X), X).

ack(0, X, s(X)).

ack(X,0,7) «— p(X,Y),ack(Y,s(0), Z).
ack(s(X),s(Y), Z) « ack(s(X),Y, Z'),ack(X, Z', Z).

Proving termination of this example based on the local approach involves two ranking
functions: the first one measures the size of the first argument and the other one measures
that of the second argument of the predicate ack/3. However, with the constraint-based
global approach, it is impossible to find a single ranking function for the termination
proof (if one is restricted to ranking functions based on polynomial interpretations). As a
matter of fact, both the tool ¢TI [MB05] and the tool Polytool [ND05, INDO7| fail to prove

termination of this example.

In spite of the success of the new transformational method presented in Chapter [3]
there remain LPs whose termination can currently only be proved by tools working with
direct approaches. An example is the “der”-program from [DS02, NDO05]. On the other
hand, there are also many LPs where currently only transformational tools succeed (e.g.,
the example “LP/SGST06-shuffle” from the Termination Problem Data Base (TPDB)
[TPDO7]). In [NGSDOS], we developed a new approach which solves this problem by
adapting TRS-techniques so that they can be applied to LPs directly. In this way, we
intended to combine the advantages of direct and transformational approaches. Indeed,
a first prototypical implementation shows that our approach from [NGSDO§| can handle
both the examples “der” and “shuffle” above as well as other examples that could not be
handled by any tool up to now (e.g., “LP/SGST06-snake” from the TPDB).

In this chapter we introduce a novel modular framework for termination analysis of LPs
that extends and generalizes our approach of [NGSDO0S]|. To this end, instead of adapting
the dependency pair approach of [AG00], we adapt the dependency pair framework that we
introduced in [GTS05al, [GTSF06] to the LP context. With this new technique, termination
analysis of programs like Example can be performed by decomposing them into several
simple sub-problems. Each of them can be solved independently by using any suitable
well-founded order or indeed any of the modular techniques formulated in the framework.

The main difference to our work in [NGSDO§| is that instead of a fixed combination of
dependency graph analysis and polynomial orders, in the new framework any technique
can be applied to the current modular problem at any time. Due to this flexible approach,
we can propose a modular transformation from sub-problems in this new framework to

our infinitary constructor dependency pair framework from Section [3.3]
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This chapter is organized as follows. In Section {.1], we provide some preliminaries
about call sets and orders. In Section [£.2] we introduce the new modular framework for
proving termination of LPs based on the dependency pair framework. We instantiate
this framework with three modular techniques in Section [£.3] Finally, we summarize the
contributions of this chapter in Section [4.4]

4.1. Preliminaries

A quasi-order on a set S is a reflexive and transitive binary relation 2~ over S. In this
chapter, we use quasi-orders comparing atoms with each other and comparing terms with
each other. We define the associated equivalence relation =~ as s ~ t if, and only if, s 7~ t
and t 77 s. A well-founded order on S is a transitive relation > where there is no infinite
sequence sg > $1 > ... with s; € S. A reduction pair (27, >) consists of a quasi-order -
and a well-founded order = that are compatible (i.e., t; 7= ty = t3 implies t; = t3).!

Let P be a logic program and let S be a set of atomic queries. The call set, Call(S,P),
is the set of all atoms A, such that a variant of A is the selected atom in some derivation
for P and @) for some ) € S. In this chapter, we use ranking functions and reduction pairs
built from norms and level mappings [BCF94]. A norm is a mapping || -] : 7(%,V) — N.
A level mapping is a mapping | - | : A(X,A,V) — N. An interargument relation for a
predicate p/n is a relation R,/ = {p(ti,...,tn) | ti € T(X,V) A @p(ty,. .. t,)}, where
(1) @p(t1,...,t,) is a formula of an arbitrary Boolean combination of inequalities, and
(2) each inequality in ¢, is either s; 7 s; or s; > s;, where s;,s; are constructed from
t1,...,t, by applying function symbols of P. R,/ is valid if, and only if, for every
p(ti, ... tn) € AZ,AV): p(ty,...,t,) b5 O implies p(ty,...,t,) € Rpy/m. A reduction
pair (77, >) is rigid on a term ¢ or an atom A if for all substitutions o, we have ¢ ~ to
and A ~ Ao, respectively. A reduction pair (27, >) is rigid on a set of terms or atoms if

it is rigid on all its elements.

Example 4.2 (call set, norm, and level mapping for ack). We again regard the program
P and the set of queries S in Example([4.1. Then we have Call(P,S) = S U {p(t1,t2) |
ty is a ground term, to is a variable }. Consider the reduction pair (27, >) which is in-
duced® by a norm |[0]] = 0, ||s(t)|| = 1+ ||t||, [|X]|| = O for all variables X, and by
an associated level mapping |p(t1,t2)| = 0 and |ack(ty,ts,t3)] = ||t1]]. Thus, we have
s(0) = 0, ack(s(0), X,Y) > ack(0, X,Y"), and ack(0, X,Y") =~ ack(0,0,0). Note that (=, >)
is rigid on Call(P,S). An example for a valid interargument relation w.r.t. (2Z,>) is

Rz = {p(t1,t2) | t1 > 12}

n contrast to the definition of “reduction pairs” in term rewriting (cf. Section , for the theoretical
results in Section we do not require 27 and > to be closed under substitutions.

2So for terms t1, to we define ¢, (i)tg if, and only if, ||¢;] > |lt2]] and for atoms A;, As we define A; (i)AQ
if, and only if, [A1] >,[Az]|.

K
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4.2. Dependency Triple Framework

Definition [4.3] adapts the notion of dependency pairs [AGO0] (cf. Definition B.14]) from
TRSs to the LP setting. Note that in term rewriting one uses nested terms for calling
auxiliary functions, while in logic programming auxiliary calls are implemented by in-
termediate body atoms. Thus instead of descending into right-hand sides of rules for
building dependency pairs, for building dependency triples we have to consider all atoms
in the body of a clause. Furthermore, here we need to keep track of the intermediate body

atoms up to the atom that we are currently considering.

Definition 4.3 (Dependency Triple). A dependency triple is a clause H « I, B where
H and B are atoms and I is a list of atoms. For a logic program P, we define the set
DT(P) of all dependency triples as DT(P) ={H «— I,B|H «— I,B,... € P}.

For any finite logic program P, the set of dependency triples DT'(P) is a finite set. To
see this, let k£ be the number of clauses in P and let m be the maximal number of atoms
in the body of a clause. Then the number of dependency triples in DT'(P) is bounded by

k *m and, thus, finite.

Example 4.4 (dependency triples of ack). Reconsider the program from Example[4.]]
The dependency triples DT(P) of the program are:

ack(X,0,2) «— p(X,Y). (1)
ack(X,0,7) «— p(X,Y),ack(Y,s(0), Z). (2)
ack(s(X),s(Y), Z) « ack(s(X),Y, Z"). (3)
ack(s(X),s(Y), Z) « ack(s(X),Y, Z"),ack(X, Z', Z). (4)

Intuitively, a dependency triple H < I, B represents that a call that is an instance of
H can be followed by a call that is an instance of B if the corresponding instance of I can
be proven. The idea how to use dependency triples for termination analysis is to show

that one cannot have infinite “chains” of such calls.

Definition 4.5 (Chain). Let D and P be sets of clauses. Let C be a set of atoms. A
(possibly infinite) list of dependency triples (Hy < Iy, Bo), (Hy < I1, B1),... from D is a
D-chain w.r.t. C and P if, and only if, there are substitutions 6;,0; and an A € C such
that 8y = mgu(A, Hy) and for all i, o; € Answer(1;0;, P), 0;11 = mgu(B;0;0;, Hi11), and
B;0,0; € C.

The above definition of a chain corresponds closely to the notion of chain introduced in
Definition B.16l Each dependency triple with % intermediate body atoms corresponds to

k + 1 dependency pairs. In Theorem [£.22] we use this relation to transform dependency
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triples into a number of dependency pairs. The substitution 6;0; corresponds to the
substitutions used to instantiate the corresponding k& + 1 dependency pairs. Finally, the
set C of atoms could be represented by, e.g., an argument filter (cf. Definition B.12]) defining
which parts of an atom must be ground. Then the condition that B;0;0;, € C corresponds
to the condition of Definition that all terms in the chain have to be finite ground

terms after application of the argument filter.

Example 4.6 (chain of ack). Again we consider P and S from Example [4.1} The list of
triples ([2), (3) is a DT(P)-chain w.r.t. Call(S,P) and P. To see this, consider the substi-
tutions 6y, 0¢, 01 with 8y = {X/s(s(0)), Z/0}, o0 = {Y/s(0)}, and 6, = {X/0,Y/0, Z/0}.
Then, for A = ack(s(s(0)),0,0) € S we have Hyfy = ack(X, 0, Z)0y = ack(s(s(0)),0,0) =
A = Afy. Furthermore, oy € Answer(p(X,Y)0y) = Answer(p(s(s(0)),Y)) and Bybfyoo =
ack(s(0),s(0),0) = ack(s(X),s(Y), Z)0, € Call(S,P).

Now we adapt the notion of dependency pair problems as the modular problems of the

dependency pair framework [GTS05a] to the concept of dependency triple problems.

Definition 4.7 (Dependency Triple Problem). A dependency triple problem is a triple
(D,C,P) where D and P are finite sets of clauses and C is a set of atoms. We say that
a problem (D,C,P) is terminating if, and only if, there are no infinite D-chains w.r.t. C

and P. We say that a problem is non-terminating if, and only if, it is not terminating.

Based on these problems and on the notion of termination, we can now show that our

new dependency triple framework is sound and complete.

Theorem 4.8 (Soundness, Completeness). A logic program P is terminating w.r.t. a set
of atomic queries S if, and only if, the dependency triple problem (DT (P),Call(S,P),P)

1S terminating.

Proof. For soundness, assume that P is not terminating w.r.t. Call(S,P). Then there is
an infinite derivation @y, @1,... with Qo € § and Q; 5, Qi+1. W.lLo.g. assume that
the clause ¢; has the form H; «+ A}, ... ,Afi. Let 5 > 0 be the minimal index such that
the first atom A in ); starts an infinite derivation. Such a j always exists as shown in
Lemma [3.11l As we started from an atomic query, there must be some mg such that
A= AJ601...8;1. Then Hy « A}, ... AJ°~" Ay € DT(P) is the first dependency
triple in our DT (P)-chain w.r.t. Call(S,P) and P with 6y = dy and 09 = 61 ...0;-1. As
A is the selected atom in some derivation for P and Qo € S, we have A € Call(S,P).
We repeat this construction starting from A and obtain H, « Al,... AT~ A™ ¢
DT(P) such that 6; = §; = mgu(A;™®, A7"). By repeating this construction over and
over, we obtain an infinite DT (P)-chain w.r.t. Call(S,P) and P. Thus, the problem
(DT(P),Call(S,P),P) is not terminating.
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For completeness, assume that (Hy < Iy, By), (Hy < 11, By),... is a non-terminating
DT(P)-chain w.r.t. Call(S,P) and P. Thus, there are substitutions 6;, o; and an
A € Call(8,P) such that 6y = mgu(A, Hy) and for all i, o; € Answer([;0;,P) and
0;1 = mgu(B;0;0;, Hi11). Due to the construction of DT'(P) there is a clause ¢y € P
with ¢g = Hy «— Iy, By, Ry for a list of atoms Ry and the first step in our deriva-
tion is A 0, loBo, Bobo, Robo. From oy € Answer(lyfy, P) we obtain the derivation
Ioby F;, O and, consequently, Ioby, Bobl, Robo F, Bobooo, Rotho. Together with the
first step we obtain the derivation Qo tg,0, Bobooo, Robooo. Now, as Bybyood; = H16,
and as there is a rule ¢ = H; <« I,B1,R; € P, we continue the derivation with
Bobooo, Roboog Fo, 1101, B101, Rybyooby1, Ri161. Due to o1 € Answer(l;601,P) we continue
with 116y, B161, Ro0ooob1, R161 o, B16101, Rybyoobi01, R1610;.

By continuing this construction, we obtain an infinite chain A g, Bofooo, Robooo Fo, o,
By61o1, Robooob101, R16101 Foyoy Babaos, ... Foy 0y - ... Thus, the logic program P is not
terminating w.r.t. Call(S,P). From A € Call(S,P) we know there is a () € S such that
a variant A’ of A is the selected atom in some derivation for P and (). As the termination

behavior of A and A’ is identical, we obtain that P is not terminating w.r.t. Q € S. [

Finally, we adapt the notion of dependency pair processors to our framework in order

to formalize the modular techniques to be used in our framework.

Definition 4.9 (Dependency Triple Processor). A dependency triple processor Proc
1s a function that takes a dependency triple problem as input and returns a set of de-
pendency triple problems, i.e., for any problem (D,C,P) we have Proc((D,C,P)) =
{(D1,C1,P1),...,(Dn,Cpn,Pr)}.

A processor Proc is sound if, and only if, whenever all (D;,C;, P;) are terminating, then
also (D, C,P) is terminating. A processor Proc is complete if, and only if, whenever there

is some non-terminating (D;,C;, P;), then (D,C,P) is also non-terminating.

The intuition behind such a processor is that it takes a dependency triple problem and
splits it up into sub-problems, returns a simplified problem, or shows termination of the
given problem by some other means.

Now we have all the ingredients needed in our framework for analyzing termination of
logic programs. The idea for termination analysis is to apply sound processors repeatedly
to the initial dependency triple problem and to the resulting sub-problems and simplified
problems. If we can show termination of all sub-problems, i.e., for each leaf of our proof
tree some processor returns the empty set, then we have shown termination of the original
logic program. While soundness is essential to be able to conclude termination of the
original problem, completeness is essential to allow the development of modular techniques

for non-termination analysis, e.g., by adapting the techniques of [GTS05bl, PMOG].
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4.3. Dependency Triple Processors

Note that while we now know the basic components of our framework, i.e., dependency
triple problems and dependency triple processors, we are still missing concrete instances
of dependency triple processors that can be used to split, simplify, and solve dependency
triple problems. First, we will introduce a processor based on the so-called dependency
graph. To this end, we adapt the notion of the (estimated) dependency graph [AGQ0] from
TRSs to LPs.> While “dependency triples” are related to the “binary clauses” of [CT99],
our notion of dependency graphs for LPs is similar to the “atom dependency graph” of
[DLSS01]. But in contrast to [DLSS01], we use dependency graphs to modularize termi-
nation proofs such that several different reduction pairs can be used in the termination

proof of one program.

Definition 4.10 (Dependency Graph). Let (D,C,P) be a dependency triple problem. The
dependency graph for (D,C,P) is a directed graph whose vertices are the clauses of D

and there is an arc from a vertex N to a vertex M if, and only if, N, M 1is a D-chain

w.r.t. C and P.

As the real dependency graph is not computable, we need an estimation. Here, we
adapt the idea of [AGO0]. Note that in this estimation, we ignore the intermediate body
atoms, which corresponds closely to the use of the CAP function in [AG00]. * °

Definition 4.11 (Estimated Dependency Graph). Let (D,C,P) be a dependency triple
problem. The estimated dependency graph for (D,C,P) is a directed graph whose vertices
are the clauses D and there is an arc from a vertex H; < I;, B; to a vertex H; <+ I;, B;,
if, and only if, B; unifies with H; and there are atoms A;, A; € C such that A; unifies
with H; and A; unifies with H;.

Example 4.12 (dependency graph for ack). The following graph shows the dependency
graph for the ack-program from Example [4.1

ack(X,0,Z) — p(X,Y). ack(X,0, Z) — p(X,Y), ack(Y,s(0), Z).
(@) ack(s(X),s(Y), Z) < ack(s(X),Y; Z"). @) ack(s(X),s(Y), Z) < ack(s(X),Y; Z'),ack(X, Z', Z).

9) 9)

Note that for this example, the estimated dependency graph coincides with the real
dependency graph. This is, for instance, not the case for ({p < q(a), p},{a(b)},{p}).

30ur notion should not be confused with the notion of the “(predicate) dependency graph” from [BAK91],
DLSS01, [P1ii90] that simply represents the dependencies between different predicate symbols.

4In [NGSDOS] we did not distinguish between the real and the estimated dependency graph. There, the
dependency graph corresponds to the estimated one here.

For the dependency graphs in term rewriting, better estimations have been developed (cf. [HMO05a,
GTS05b]). Similar improvements should be possible in our new framework when taking the interme-
diate body atoms of the dependency triples into account.
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To be able to use the estimated dependency graph in general, we need to prove that it
is an overapproximation of the real dependency graph, i.e., that the former contains at

least all edges of the latter.

Lemma 4.13 (Estimated Dependency Graph is an Over-Approximation). The estimated
dependency graph for (D,C,P) overapproximates the real dependency graph for (D,C,P),
1.€., whenever there is an arc between a vertexr N and a vertex M in the real graph, there

18 also a vertex in the estimated graph.

Proof. If there is an arc from N = H; < I;, B; to M = H; < I;, B; in the real graph,
we know that (H; «— [;,B;),(H; < I;, B;) is a D-chain w.r.t. C and P. Thus, there
are substitutions 6y, 6;, and oy and some A € C such that 6y = mgu(A, H;), 6, =
mgu(B;0y00, H;) and B;6y0y € C. As we assume B; and H; to be variable disjoint, we
can define a new substitution ¢ such that é|y(s,) = oo and 6|y(x;) = 01. Then, clearly,

0 is a unifier of B; and H; and there is an arc in the estimated dependency graph. O]

Now, every infinite derivation of the program has to have an infinite suffix that corre-
sponds to a strongly connected component (SCC) of the dependency graph. The basic idea
of the processor based on the dependency graph is to split the dependency triple prob-
lem into sub-problems corresponding to the SCCs of the dependency graph. In this way,
dependency triples that are not part of an SCC can be deleted and (mutually) recursive

clusters of dependency triples can be analyzed separately.

Example 4.14 (SCCs for ack). The dependency graph in Example [4.12] contains exactly
one SCC: {, , } This implies that cannot occur infinitely often in an infinite

chain and can be deleted.

Before we introduce the processor based on the dependency graph formally, we note
that all processors deleting elements from D, C, or P are always complete. This follows

directly from the following lemma.

Lemma 4.15 (Completeness of Reducing Problems). Let (D,C,P) and (D',C',P’) be
dependency triple problems with D' C D, C' C C, and P' C P. Then (D,C,P) is non-

terminating whenever (D',C',P’) is non-terminating.

Proof. Let (Hy < Iy, By), (Hy < I, By), ... be a non-terminating D’-chain w.r.t. C' and
P’. Thus, there are substitutions 6;,0; and an A € C’ such that 6y = mgu(A, Hy) and for
all i, o; € Answer(1;0;, P'), 0;11 = mgu(B;0;0;, Hi11), and B;6,0; € C'.

From D' C D we know that H; < I;,B; € D, from C' C C we obtain A € C and
B;0;0; € C, and, finally, from P’ C P we get o; € Answer([;0;,P). O

Now we can formulate our first processor based on the dependency graph. This is a
straightforward adaption of the one in [AG00] and Definition [3.22]
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Theorem 4.16 (Dependency Graph Processor). Let Proc((D,C,P)) = {(D:,C,P),...,
(D,,C,P)}, where Dy,...,D, are the SCCs of the (estimated) dependency graph for
(D,C,P). Then Proc is sound and complete.

Proof. For soundness, we proceed by contradiction. Assume that (D, C, P) is non-terminat-
ing, i.e., there is an infinite D-chain w.r.t. C and P. By definition of the dependency graph,
this infinite chain corresponds to an infinite path in the real dependency graph. From the
finiteness of D it follows that a suffix of that path must be contained entirely in one of the
SCCs. To see this, assume that the path leaves every SCC that it enters at some time.
Then there must be an infinite number of SCCs and, thus, an infinite number of vertices
in the dependency graph. But this is a contradiction to the finiteness of D. Without loss
of generality, assume that this suffix is contained in (Dy,C,P). Then there is an infinite
D;-chain w.r.t. C and P and (D;,C,P) is non-terminating. According to Lemma [4.13]
the estimated dependency graph contains the real dependency graph and, consequently,
the application of Proc also yields a non-terminating dependency triple problem.

For completeness, we observe that D; C D for all 1 < i < n. Using Lemma .15 we

immediately obtain the completeness of Proc. O]

Example 4.17 (dependency graph processor on ack). For the dependency triple problem
(DT (P),Call(S,P), P) where P is the logic program from Example [£.1) and Proc is the

processor from Theorem [£16] by applying Proc we obtain one new dependency triple

problem ({(), B), @}, Call(S,P),P), i.e., we delete (1) from DT (P).

While we now can use the dependency triple processor based on the dependency graph to
delete some dependency triples, for those that are part of a strongly connected component,
we need a different dependency triple processor. One of the most useful dependency pair
processor from [GTS05al, (GTSF06] is the processor based on reduction pairs.

The basic idea is to inspect each SCC of the dependency graph separately and to
find a reduction pair (77, >) such that some dependency triples of the SCC are strictly
decreasing (i.e., w.r.t. >) and all others are weakly decreasing (i.e., w.r.t. 22). The following
definition formalizes when a dependency triple is considered to be “decreasing”. It relies
on interargument relations for the predicates of the program. We have explained how
to synthesize such interargument relations and how to find reduction pairs automatically
that make dependency triples “decreasing” in our paper [NGSDOS§].

Note that the interargument relations are needed to approximate the semantics of the
intermediate body atoms I in our dependency triples H < I, B. This corresponds closely
to demanding that all rules in R in our dependency pairs (D, R, ) are weakly decreasing
w.r.t. (2Z,>). In both cases, we need to ensure that the derivation of the intermediate
body atoms of the triples and the evaluation of nested terms in the right hand sides of
dependency terms, respectively, do not lead to a strict increase in the size of arguments

considered by our reduction pair.
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Definition 4.18 (decreasing dependency triples). Let P be a logic program. Let (5, >)
be a reduction pair and R = {R,,, ..., R, } be a set of interargument relations based on
(=, =) for the predicates py,...,p defined in P. Let N = H « py(t1), ..., pn(ts), B be a
dependency triple in DT (P).

N is weakly decreasing (denoted (72,R) = N ) if Ho 72 Bo holds for any substitution
o where (2, =) is rigid on Ho and where pi(11)0 € Ry, - -, pu(tn)o € R,,. Analogously,
N is strictly decreasing (denoted (=,R) = N ) if Ho >~ Bo holds for any such o.

Example 4.19 (decreasing dependency triples for ack). Consider the reduction pair
(zZ,>) from Example[d.2] Let 2R be the set of valid interargument relations where
Rack/z = {ack(t1, ta, t3) | t1,t2,t3 € T(X,V)} and where R, 5 is defined as in Example [4.2]
Then we have (>-,9R) = (2). The reason is that for any substitution o where (7, >) is
rigid on ack(X,0,Z)o (i.e., where Xo is a ground term) and where p(X,Y)o € Ry)»
(i.e., where Xo > Yo), we have ack(X,0, Z)o > ack(Y,s(0), Z)o. Similarly, we also have

(2. M) = @) and (-, R) = {@).
We can now formulate our second dependency triple processor.

Theorem 4.20 (Reduction Pair Processor). Let (7, >) be a reduction pair and R =
{Rp1s-- - Ry} be a set of valid interargument relations for the predicates py, . . ., py defined
in P. Then the following processor Proc is sound and complete. Here, Proc((D,C,P)) =

o {<D\D>7C7,P)}; Zf
~ (z,>) is rigid on C and

— there is a non-empty subset Dy C D such that (=,R) = N for all N € D,
and (Z,R) = N for all N € D\ D+

e {(D,C,P)}, otherwise

Proof. The definition of Proc has two cases. First, if Proc((D,C,P)) = {(D,C,P)}, Proc
is trivially sound and complete.

Second, we consider soundness of the case when Proc((D,C,P)) = {(D\ D.,C,P)}.
Then there is a set of valid interargument relations R, a reduction pair (2, >) that is rigid
on C, and a non-empty set D, C D such that (>=,R) = N forall N € D, and (Z,R) = N
for all N € D\ D,. Assume that (D \ D.,C,P) is terminating while (D,C,P) is non-
terminating. Then there is an infinite D-chain w.r.t. C and P. Now, if no clause from D,
appears infinitely often, there is an infinite suffix which forms a (D\ D, )-chain w.r.t. C and
P and (D\D.,C, P) is non-terminating, which contradicts our assumption. Thus, at least
one clause from D, must appear infinitely often in the chain. Without loss of generality,
let this chain be (Hy <« Iy.By), (Hy < I1, By), ... with A € C and substitutions 6;, o; such
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that 6y = mgu(A, Hy) and for all i, o; € Answer(1;0;,P), 0;11 = mgu(B;0;0;, H;1+1), and
B;0;0; € C. We can now build the sequence

H0; =~ (by rigidity, since H;0; = B;_10;_10;_10;

and B;_10;_ 10,1 € C)
Hi9i019¢+1
Bib;0i0; 11

Y

Hi+10i+1 ~ (by I'lgldlty, since Hi—l—lei—i-l = BZHZUZHZ«H
and Bﬂlal € C)

Y

H¢+191+1Ui+19i+2

B¢9i+102'+191+2 =

where infinitely many 2—-steps are “strict” (i.e., we can replace infinitely many 7--steps by
>—-steps). This contradicts the well-foundedness of >.
For completeness, we observe that D\ D. C D. Using Lemma [.15 we immediately

obtain the completeness of Proc. O

Example 4.21 (finishing the proof for ack). After applying the reduction pair processor,
we are left with the dependency triple problem ({(3)}, Call(S,P),P).

Now, consider the reduction pair (77, >) which is induced by a norm ||s(t)|| = 1 + ||¢]|,
| X|| = 0 for all variables X, and by an associated level mapping |ack(ty, t2,t3)| = ||t2]|.
Then, we have (>, R) = (3).

For the remaining dependency triple problem (&, Call(S,P),P) we can use the de-
pendency graph processor Proc: Proc((@,Call(S,P),P)) = @. Thus, we have indeed

proven termination of the logic program from Example 4.1}

In this way, our method can use different reduction pairs for different SCCs of the
dependency graph. Moreover, one can also use several different reduction pairs in the
termination analysis of one single SCC, since SCCs are handled in an incremental way by
removing dependency triples one after another.

However, in our approach we may only use reduction pairs (27, =) that are rigid on
Call(S,P). This prevents an increase of atoms and terms due to further instantiations in

subsequent derivation steps. For details, we refer to [NDO05].

Modular Transformation to Term Rewriting

With the processors based on the dependency graph and on reduction pairs, we have intro-
duced a powerful and useful framework for direct termination analysis of logic programs
that subsumes our contribution in [NGSDOS].
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The full power of our transformational method from Chapter |3| depends on being able
to use all the other modular techniques available for term rewriting, though. For instance,
this includes semantic labelling [Zan95] and matchbounds [GHWO04].

While some of these techniques as well as further more sophisticated processors from
[GTS05al, I[GTSF06] might be adapted to our new framework, it would be very interesting
to reuse existing techniques developed for term rewriting directly. Additionally, the use
of reduction pairs based on path orders (for example recursive path orders [Les83|) is not
possible with our framework yet, as it is open how to specify interargument relations for
syntactic orders in a general way.

For these cases, we present another dependency triple processor based on the transfor-
mation of Chapter

Theorem 4.22 (Transformation Processor). Let (D,C,P) be a dependency triple problem
over the signature (3, A). Let me be an argument filter such that we have me(A) € A(X, A)
for all A € C and we(p) = me(pin) for all p € A. Let Rp and Rp result from D resp. P
by the transformation of Definition[3.7. Let w, be a refinement of e such that m,(Rp)
and w,(Rp) satisfy the variable condition.

Then Proc with Proc((D,C,P)) = &, if (DP(Rp), Rp, ) is a terminating dependency
pair problem, and Proc((D,C,P)) = {(D,C,P)}, otherwise, is a sound and complete

dependency triple processor.

Proof. For the case Proc((D,C,P)) = {(D,C,P)}, soundness and completeness hold triv-
ially. For the case Proc((D,C,P)) = @ completeness holds trivially, too, while soundness
can be proved by contradiction. Assume there is an infinite D-chain w.r.t. C and P.
Without loss of generality, this chain has the form (Hy < Iy, By), (Hy < 11, B1), ... and
there is a substitution 6y such that 6y = mgu(A, Hy) for some A € C. From the soundness
of the transformation (in particular Lemma [3.10) and the definition of 7/, we know there
are terms o, s1, ... and o, {1, ... such that sp € Sy, and sg gDp(RD) to g;) S1 f@p(RD)
t ﬁ;P .... As all substitutions only use constructor symbols and 7,(Rp) and 7, (Rp)
satisfy the variable condition, this implies that (DP(Rp), Rp,7) is non-terminating,

which is a contradiction. O

By this transformation we are guaranteed to have the best of both worlds. We can use
the direct (and, in general, more efficient) dependency triple framework to solve as many
sub-problems as possible. If we cannot solve a particular hard sub-problem, we can use
the transformation and obtain a problem in the dependency pair framework for infinitary
constructor rewriting which is already reduced compared to the problem we would obtain

from directly transforming the original logic program.

Example 4.23 (translation for ack). After applying the dependency triple processor

based on the dependency graph and the dependency triple processor based on reduction
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pairs to the initial dependency triple problem for Example 4.1| once, we are left with
the dependency triple problem ({ack(s(X),s(Y), Z) « ack(s(X),Y, Z’).}, Call(S,P), P).
The result of our new processor based on transformation would be the infinitary construc-
tor rewriting dependency pair problem (DP(Rp), Rp, 7T,Ca”( S’P)) where the set DP(Rp)
contains the two dependency pairs ACK;,(s(X),s(Y), Z) — U(acki(s(X),Y,2"), X,Y, Z)
and ACK;,(s(X),s(Y), Z) — ACKin(s(X), Y, Z') and for mg,, s py We have, in particular,
Teait(s,p)(3CKin) = Teay(s,p) (ACKn) = {1, 2} and w5 ) (U) = T s,p)(s) = {1}-

By applying the dependency pair processor based on the dependency graph from
Theorem [3.22] once, we can delete the first dependency pair and obtain the new depen-
dency triple problem ({ACK;,(s(X),s(Y), Z) — ACK;,(s(X), Y, Z')}, Rp, Toa(s.p))- One
application of the dependency pair processor based on reduction pairs from Theorem [3.24]
with for example any recursive path order deletes this pair, too. Then, by applying
Theorem [3.22] once more, we have successfully shown termination of the dependency pair
problem (DP(Rp), Rp, 7T,Ca”( 3,73)) and, thus, termination of the dependency triple prob-
lem (DT(P),Call(S,P),P), i.e., termination of P w.r.t. S.

Automating the Framework

Last but not least, we show how to automate our new framework. The one main ingredient
needed is the following general strategy that defines which processors should be used on

the initial dependency triple problem in what order.
1. For a logic program P, start with the problem (DT (P),Call(S,P),P).

2. Apply the processor based on the dependency graph from Theorem [4.16]

If there are no further sub-problems, return “Success”.

3. Apply the processor based on reduction pairs from Theorem If some triples
have been deleted, go to Step 2.

4. Apply the processor based on transformation from Theorem [£22 If some triples
have been deleted, go to Step 2.

5. Return “Failure”.

We are left with explaining how the termination analysis technique based on polynomial
interpretations from [NDO5, [NDO7] can be applied to the framework. The basic idea
is that instead of fixing a polynomial interpretation and interargument relations before
performing the termination proof, we only fix the degree of the polynomials used in the
polynomial interpretation (e.g., linear or quadratic ones). Then we can automatically
generate symbolic constraints and try to solve them afterwards. In this way, polynomial
interpretations and interargument relations can be synthesized fully automatically. For a
detailed description of how to do this, we refer to [NGSDO0S8, Section 4.2].
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4.4. Summary

We have introduced a new framework for termination analysis of LPs: the dependency
triple framework. Our contribution is threefold: (1) like our earlier work in [NGSDOS], it
results in a weaker condition for verifying termination of LPs, where the decrease condition
is established for parts of the strongly connected components of the dependency graph,
and not at the clause level, as it has been done before; (2) it introduces a modular
approach in which termination conditions can be separated into different groups, each of
which can be treated independently by automatically searching for different suitable well-
founded orderings; (3) it combines direct and transformational approaches by allowing

for modular application of transformations.

A difference between the dependency pair framework for TRSs and our approach is that
instead of separating between defined symbols and constructors as for TRSs, we separate
between predicate and function symbols of the LP. Another main difference is that in
the dependency pair method for TRSs, one requires a weak decrease for the rules of the
TRS in order to take the effect of “nested” functions in recursive arguments into account.
In the LP-context, these nested functions correspond to body atoms preceding recursive
calls. We store these atoms in an additional component of the dependency pair (yield-
ing dependency triples) and take their effect into account by considering interargument
relations.

The author of this thesis was involved in the implementation of two of the most pow-
erful automated termination analyzers for LPs (Polytool, which follows the approach of
INDO5, INDO7, NGSD08], and AProVE |[GST06], which uses the transformation from Chap-
ter|3|to transforms LPs to TRSs and then tries to prove termination of the resulting TRS.)
AProVE was the most successful termination prover for logic programs, functional pro-
grams, and term rewrite systems in all annual International Competitions of Termination
Tools 2004 — 2007 [MZQT], where Polytool obtained a close second place for logic programs
in the 2007 competition. As mentioned in Chapter [3] there exist many LPs where ter-
mination can currently only be proved by transformational tools like AProVE, but there
are also examples where the termination proof only succeeds with direct tools like Poly-
tool. The results of this chapter combine the advantages of both approaches by adapting
TRS-techniques like dependency pairs to direct termination approaches for LPs and even
allowing for transformations to be applied at a modular level.

A first prototypical implementation of the techniques described in [NGSDO§| and this
chapter (excluding the dependency triple processor based on transformation) already
proves termination for 220 out of 296 examples under conditions identical to the ex-
perimental setup of Chapter [3] In the table below, we refer to the new implementation

as Polytool 2 to distinguish it from the version of Polytool that implements [ND05].
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AProVE Polytool 2 Polytool TerminWeb cTl TALP
Successes 232 220 204 177 167 163
Failures 57 65 82 118 129 112
Timeouts 7 11 10 1 0 21
Total 1471.4 1517.4 622.7 95.3 104 413.5

This implementation also shows that in this way one can handle (a) examples that could
up to now only be solved with direct tools such as [ND0O5, “der”], (b) examples that could
up to now only be solved with transformational tools based on dependency pairs such
as [TPDO7, “LP/SGSTO06-shuffle”], as well as (c) examples like [TPDO7, “LP/SGST06-
snake”] that could not be solved by any tool up to now.

Our modular transformation from Theorem and the general strategy outlined at
the end of the previous section yield an approach that is more powerful than the one of
Chapter [3] and more powerful than the one of this chapter without Theorem .22l To see
this, consider the logic program with consists of all clauses from [NDO5, “der”] and all
clauses from [TPDOT7, “LP/SGST06-shuffle”]. This program cannot be shown terminating
by either approach.

Using the dependency triple processor from Theorem [4.16, though, we can split the
initial dependency triple problem into four problems, one for d from der and three for
append, reverse, and shuffle from shuffle. The problems for d, append, and reverse can be
handled by the processors from Theorems and [4.20] For shuffle, we need to apply the
processor from Theorem [4.22 The resulting dependency pair problem can then easily be
solved by the techniques from Chapter [3]

Future Work

Note that the current formulation of our new framework assumes unification with occur
check. Future work should be to investigate how this new framework can be adapted to
the case of unification without occur check. This requires to keep track of potentially
infinite terms similar to the way this is handled in Chapter [3]

While this chapter only adapted basic concepts of the dependency pair method to the
LP setting, it would be interesting to adapt further more sophisticated dependency pair
processors [GTS05al, [GTSF06] to our dependency triple framework as well. One could
also develop completely new processors in this framework that rely on special properties

of logic programming






5. Logic Programs with Cuts

As noted in Chapters [3] and [, termination of logic programs is widely studied. This is
mostly due to the importance of termination analysis when one is developing and using
Prolog programs.

Still, the presented techniques for termination analysis are limited to definite logic

programs. There are several major differences between this notion and Prolog programs:

(i) In definite logic programs, the only method of computation is left-to-right, depth-
first search (SLD resolution). In practice, virtually all Prolog programs make use of
additional extra-logical constructs to cut the search space (! operator) or implement
some kind of negation (\+ operator). Currently, there is no termination analysis

for logic programs with cuts.

(i) When speaking of termination, one might be interested in either universal termina-
tion (finiteness of the SLD tree) or existential termination (failure or first answer
after a finite number of derivation steps). With very few exceptions (cf. [Mar96]),

only universal termination is analyzed.

(iii) In definite logic programs there is a clear distinction between predicate symbols and
function symbols and, consequently, between atoms and terms. In Prolog there is no
such distinction and when one is using so-called meta-programming, “atoms” may
well be arguments of other atoms or terms. Using meta-programming, negation-as-
failure can, e.g., be expressed by the two clauses not(X) «— X, ! fail and not(X).

For an atomic query @, not(() can be proven if, and only if, @) fails.

(iv) SLD resolution uses unification with occur check. For efficiency, most Prolog imple-
mentations do not make use of the occur check. Except for our transformational
approach from Chapter |3, all methods for termination analysis of logic programs

assume unification with occur check.

In Chapter [3] we presented a new transformation from logic programs to term rewrite
systems that is correct for unification without occur check and, thus, can handle .

In this chapter we show how to handle (i) — by introducing a non-termination-
preserving pre-processing step for logic programs with cuts based on symbolic evaluation.
By handling logic programs with cuts, we can also handle logic programs with negation-

as-failure (which can be expressed using a cut, cf. ({iii)). In Example [5.33] we show that
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our pre-processing indeed works for negation-as-failure, too. By adding a cut to the end
of a query, we can in principle also analyze existential instead of universal termination,
but our pre-processing often is not precise enough (cf. Example [5.48)).

Probably the most common use of the cut is to exploit the order of the clauses by
adding a cut as the first part of the body for a certain clause. Then, all following clauses
can assume that the head of this clause does not unify with the selected atom of the query.
The following example demonstrates this particular kind of use of the cut and will lead

us through the rest of this chapter.
Example 5.1. Consider the following logic program P:

div(X,0,2) « ! fail. (5)
div(0,Y,Z) « 1,=(Z,0). (6)
div(X,Y,s(Z)) — minus(X,Y,U),div(U,Y,Z2). (7)
=(X, X). (8)

minus(0, Y, 0). 9)
minus(X, 0, X). (10)
minus(s(X),s(Y),Z) «— minus(X,Y, 7). (11)

and the set of queries Q@ = {div(t,t2,t3) | t1,12 are ground}. Any termination analyzer
that ignores the cut must fail on this example as div(0, 0, Z) leads to the subtraction of 0

using the third div-rule and, thus, starts an infinite derivation.

The goal of this chapter is to handle especially these kinds of examples as well as
negation-as-failure. But as the cut can be used virtually everywhere, we also have to deal
with the less intuitive behavior exhibited by logic programs with cuts. In fact, even when
one is using the cut in the spirit of Example 5.1 the behavior differs significantly from
one’s intuition on logic programming.

Example 5.2. Obviously, the linear query p(X,Y’) might not terminate while the non-
linear query p(X, X) terminates. Consider for example the logic program consisting of
the single clause p(0,1) < p(0,1).

For definite logic programs, the linear query always allows more derivations. For logic

programs with cut this need not be the case. Consider for example the following logic

program, which terminates for the linear case, but not for the non-linear case:

p(0,1) «—
p(0,0) — p(0,0).

These effects can become significant when p/2 is used by another clause. For example,
given the clause q < p(X,Y’), the query q terminates. This is trivial to show using the

pre-processing technique introduced in this chapter.
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Structure of the Chapter

In the remainder of this chapter, our goal is to prove universal termination of logic pro-
grams with cuts for a (typically infinite) set of queries Q. As in the preceding chapters,
these sets are typically given by the user by providing a predicate and by specifying which
of its arguments are instantiated by ground terms.

In Section we introduce some required notation and explain differences to the con-
cept of logic programming used in Chapters [3] and [l Then we present a set of simple
inference rules that characterize the behavior of logic programming with cut for concrete
queries in Section We proceed to show how these rules can be extended to handle
classes of queries represented by abstract queries in Section Using these rules for
abstract queries we can automatically build so-called termination graphs that are the
basis for our pre-processing step in Section [5.40 How to generate a new, cut-free logic
program from such a graph automatically is the topic of Section Here, we will show
that termination of the cut-free logic program implies termination of the original one. We

summarize the contributions of this chapter in Section [5.6]

5.1. Preliminaries

As we intend to handle meta-programming, too, we do not distinguish between predicate
symbols and function symbols in this chapter. However, we distinguish between individual
cuts to make their scope explicit. Thus, there is only one signature ¥ containing all
“predicate” and “function” symbols as well as the cut operator !/0 and labeled versions
l,,/0 for m € N. Instead of atoms and terms we will just consider terms from 7 (X, V).

To be able to represent sets of queries, we introduce abstract terms, i.e., terms containing
two kinds of variables. The set A is the set of all abstract variables where each variable
represents a fixed but arbitrary term. The variables corresponding to variables in logic
programming are from the set . Thus, as abstract terms we consider all terms from
the set 7(3,V) where V = N W A. Concrete terms are terms from 7 (3, N), i.e., terms
containing no abstract variables. Throughout the chapter, we often use the notation N (¢)
and A(t) to denote the set of all non-abstract and abstract variables occurring in a term
t as defined in Definition 2.2] respectively. Likewise, in many cases it is necessary to
consider restrictions of substitutions. The restriction of o to a set of variables V' C V
(denoted olyr) is defined as o}y (X) = o(X), if X € V', and o|»(X) = X, otherwise.

A clause of a logic program with cuts is a clause H « B where the head H is a
term over X and V and the body B is a list of terms over ¥ and V. We call such lists
goals over ¥ and V. The set of all goals over ¥ and V is Goal(3,V) = T(X,V)*. We
denote the empty goal by O and the concatenation of two terms ¢ and ¢’ by ¢,¢. The

concatenation of any term ¢ with O (i.e., ¢,0) is again just ¢. Furthermore, for a logic
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program P = {cy, ..., ¢}, Slice(P,t) denotes the set of all clauses for the root of ¢, i.e.,
Slice(P,p(t1,...,t,)) = {ci | ¢ = p(s1,...,8,) <« B; € P} and Slice(P,X) = @ for
X eN.

Finally, to denote the term resulting from replacing all occurrences of a function symbol

f in a term ¢ by another function symbol g, we introduce the notation t[f/g].

5.2. Concrete Derivations

In Example |5.1| we have seen that the introduction of the cut into logic programming
requires a more detailed analysis of the backtracking behavior of these programs. Instead
of representing the current state of the computation by just a goal and a stack of backtrack
information, we choose a more explicit representation where backtrack information is given
by lists of goals which are optionally labeled by the clauses that may be applied to these
goals next. This, together with explicit marks for the scope of a cut, will allow us to
express the non-local effect of the cut by a local rule.

The main idea is to label each cut with a fresh natural number when it is introduced by
a step in the derivation. By additionally inserting such a number into the backtracking
list, we can determine the scope of the correspondingly labeled cut.

More precisely, our states are lists of three different types of elements:
e The list may contain a goal ¢ € Goal(X,V) which just represents itself.

e A labeled goal ¢!, € Goal(3,V) x N x N represents that we must apply the i-th
clause to the goal q. The m determines how a cut introduced by the body of the
i-th clause will be labeled.

e A natural number m € N in our backtracking lists marks that, when a cut labeled
by m is reached, all elements preceding m are discarded. We denote m as 7, in our

backtracking lists.
The following example demonstrates the intended use of these states.

Example 5.3. Consider again the logic program for div from Example and the query
div(0,0, 7). This would be represented by the concrete state consisting of just the goal
div(0,0,7). As this atom unifies with the head of all three clauses for div, we obtain
the identical behavior from the state div(0,0, Z)% | div(0,0, Z)8 | div(0,0, Z)@ | ?,. This
denotes that we first try to apply clause (5)) and then backtrack using first clause @
and finally clause . Now, we can evaluate the first labeled goal using and obtain
!}, fail | div(0,0, Z)8 | div(0,0, Z)@ | ?,. By applying the cut we get rid of the backtracking
goals div(0,0, Z)8 and div(0,0, Z)% and obtain the state fail |?;, which eventually fails.

Note that due to the cut, we did not have to backtrack using the other div clauses.
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In contrast, consider the state minus(0,0, Z). Here, the first two clauses for minus are
applicable and our state becomes minus(0,0, Z)¥ | minus(0,0, 2 | ?;. By using (9) we
obtain O | minus(0,0, Z)® | ?,. Now, as we consider universal termination, we need to
backtrack by removing the first element of our backtrack list and get minus(0,0, 22 |7,
which we evaluate to O | 7; using . Further backtracking leads to the empty word ¢

where, finally, the computation stops.
The following definition formalizes the representation of such a concrete state.

Definition 5.4 (Concrete State). The set of concrete states State(X,V) is the set of all
finite words over Goal(X,V) U (Goal(X,V) x N x N) UN.

Example 5.5. Let - denote the composition of our backtracking lists. Now, consider
again some of the states from Example A state consisting of just a goal (for instance
div(0,0, Z)) is represented by itself. The state div(0,0, Z)F | div(0,0, Z)8 | div(0,0, Z)2 |
71, where we explicitly list all alternative clauses that might be applied to div(0,0, 7),
is represented as (div(0,0,Z)[5] 1) - (div(0,0,2)[6 1) - (div(0,0,Z)[7 1) - 1. Finally, the
state !y, fail | div(0,0, 2)8 | div(0,0, Z)% |7, is represented by !y, fail - (div(0,0,2)[6] 1) -
(div(0,0,2)[7 1) - 1.

With the help of this representation we can express derivations in logic programming

with cut by eight simple inference rules. For readability we use the intuitive notation.

Definition 5.6 (Concrete Inference Rules).

a|s Tm | S
—— (SucCcEss) (FAILURE)
S S
| ? / | |
-m7Q|S|'m|S -maQ|S "Q|S
— (Cur) zc%hﬁ;fmss (Cur) Euohwf{cfinss (CuT)
q|?m|S no 1, q no q|S
tq|s (Cass)
i i where m s fresh, i1 < ... < i, and
&gy - [ ) [T | S Slice(P,t) = {ciy, ..., Ci,
(t, Q) | S
Blo,qo | S (EVAL)  here ¢; = H; «— B;, mgu(t,H;) = o, and
%4 B! = B;[1/1,.].
tq)t | S
% (BACKTRACK)
S where ¢; = H; «— B; and t «4 H;.

In the above rules we use the following conventions. First, the unlabeled term ¢ must
not be a !, ie., t & {1} U{l,, | m € N}. Second, the list of terms ¢ may be O and then
t,q = t,0 collapses to just t. Third, S and S” denote concrete states.
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Note that these rules do not overlap, i.e., there is at most one rule that can be applied
to any state. The only cases when no rule is applicable are when the state is the empty
list (denoted ¢) or when the selected “atom” is a variable. In the latter case, Prolog halts
the execution with an instantiation error while our formalism is stuck.%

We now describe the intuition behind the individual rules.

e SuccEss: This rule is applicable if the first goal of our backtracking list could be
proved. As we handle universal termination, we have to backtrack in the case of
SUCCESS of the current goal. For analyzing existential termination we could modify
this rule to yield the empty word. We refrain from this as existential termination
can readily be expressed in terms of universal termination with cut by adding a ! to

the end of the query.

e FAILURE: While O explicitly represents the empty list of goals and, therefore,
success, FAILURE is represented by the lack of further backtracking possibilities,
i.e., by the question mark introduced by the corresponding CASE. If this rule is
applicable, the labeled question mark is the first element of our backtracking list,

and, thus, is not needed anymore.

e CASE: In order to make the backtracking possibilities explicit, the resolution of a
clause with the first atom of the current goal is split into two separate operations.
The CASE analysis determines which clauses ¢; can potentially be applied to the
first atom of the current goal by slicing the logic program according to the root
symbol of the atom t. It replaces the current goal by a goal labeled with the index
of the first such clause and adds copies of the current goal labeled by the indices of
the other potentially applicable clauses as backtracking possibilities. Additionally,
these goals are labeled by a fresh natural number, and an appropriately labeled
question mark is added to the end of the list of new backtracking goals in order to

denote the scope of cuts introduced at that level.

e EvaL: Then, if the first atom of our labeled goal unifies with the head of the
corresponding clause, we apply the EVAL rule. This rule replaces the first atom of
the current goal by the body of the corresponding rule and applies the most general

unifier to the result.

e BACKTRACK: If the first atom of our labeled goal does not unify with the head
of the corresponding clause, we apply the BACKTRACK rule. The reason is that in

6A related approach for modeling logic programming with cut has been introduced by [KBOI] as a set
of rules in rewriting logic. In contrast to our approach, they do not need explicit marks to denote the
scope of cuts because of the so-called “suffix criterion”. Unfortunately, due to approximations and
generalizations, this criterion does not work for abstract queries. Furthermore, their formalism uses
operations that are too fine-grained for our purposes. Even if we could build our analysis on their
lower level, more extensive rule set, it would be unclear how to obtain a finite analysis.
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this case, the corresponding clause cannot be used (as t and H; do not unify). We

just backtrack to the next possibility in our backtracking list.

CuT: Finally, there are three variants of the CuT rule. The first rule removes
all backtracking information on the level where it was introduced. Note that here
we profit from the explicit scope represented by the labeled question mark and,
thus, have turned the cut into a local operation. Note further that, in general, one
must not delete the labeled question mark as the current goal could still contain a

correspondingly labeled cut.

The second variant is introduced to handle the splitting of states into sub lists which
is needed to obtain a finite analysis in Section [5.3] The problem is that by splitting
the list we might separate the question mark from the correspondingly labeled cut.
If we started from a state consisting of a single goal and if we only applied our eight

rules, this rule would never become applicable.

The third variant is for ignoring cuts introduced by meta-programming. This cor-
responds to the behavior of typical Prolog systems. To illustrate this, consider the
logic program consisting of the clause p(X) < X, fail and the fact p(X). The goal
p(!) can be proven as the cut is ignored and, consequently, backtracking leads to the

application of p(X).

Example 5.7. Consider again the logic program for div from Example [5.1] and the query

div(0,0, Z) from Example 5.3 Using our inference rules we obtain the following tree.

div(0,0, Z)

CASE

div(0,0, Z)& | div(0,0, Z)8 | div(0,0, Z)H | 7,

EvaL

11, fail | div(0,0, Z)f& | div(0,0, Z)A | 71

Cut

fail | 7

FAILURE

[:]

FAILURE

<]

Note that we do not need special treatment for fail as we can handle it just like any

other undefined predicate by using the CASE rule to effectively delete the first goal.
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Similar, for the query minus(0,0, Z) from Example [5.3] we obtain the following deriva-

tion using the rules from Definition [5.6l

minus(0, 0, Z)

CASE

minus(0, 0, Z)'-tl--:I | minus(0, 0, Zﬂn | minus(0, 0, Z)r{--:l:I |71

EvAL

O | minus(0,0, Z M | minus(0,0, Z)H | 2,

SUCCESS

minus(0, 0, Z)Ul'ﬂ | minus(0, 0, ZEI' |71

EvAL

O | minus(0,0, Z Y | 2,

SUCCESS

minus(0, 0, Z)r{--:l:I |71

BACKTRACK

[:]

FAILURE

<]

Using these eight simple rules, we can indeed characterize the derivation behavior of

logic programs with cuts. This is stated by the following proposition.

Proposition 5.8 (Characterization of Logic Programming with Cut). For any (infinite)
derivation starting in a cut-free goal q, there is a corresponding (infinite) derivation of

the initial state consisting of just q using the inference rules from Definition [5.6
Finally, we define what it means for a state to be terminating.

Definition 5.9 (Termination of States). We say that a given state S € State(3,V)
1s terminating if, and only if, there is no infinite derivation starting from S using the
inference rules from Definition[5.4.

Note that by Proposition termination of a state corresponding to some cut-free goal
implies termination of that goal w.r.t. logic programming with cut. The same also holds

for a goal ¢ that contains cuts if we start with ¢[!/!;] instead of g.

5.3. Abstract Derivations

To be able to represent sets of queries, in Section [5.1] we introduced abstract terms, i.e.,

terms containing two kinds of variables by defining the set of variables V to be the disjoint
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union of the set A of all abstract variables and the set A/ of variables corresponding to
variables in logic programming.

To constrain by which terms abstract variables may be instantiated, we add knowledge
about instantiation and unification status. All knowledge is expressed by a knowledge
base representable by a triple KB = (G, F,U) where G C A, F CN,and U C T (%, V) x
7(%,V). Here, G is the set of all abstract variables whose instantiations are restricted to
ground terms. When unifying abstract variables with each other, shared variables from
N (i.e., variables that occur in both terms represented by the abstract variables) may be
instantiated. To distinguish shared variables from variables that occur free in our abstract
terms, we keep track of the latter in . Finally, U represents a set of pairs of terms, where a
pair of terms (s, t) represents that s and ¢ are not unifiable after instantiating the abstract
variables, i.e., that we have sy « ty for a given instantiation v of the abstract variables.
We can now define an abstract state based on a concrete state with abstract variables

and a knowledge base.

Definition 5.10 (Abstract State). The set of abstract states AState(3X, N, A) is a set
of pairs (s; KB) of a concrete state s € State(X, N U A) and a knowledge base KB.

For a substitution v to be a concretization of an abstract state, it needs to respect
the knowledge from the knowledge base (G, F,U). First, it is only allowed to instantiate
abstract variables. This can be expressed by Dom() C A or, equivalently, by v|4 = 7.
Second, for all abstract variables a, after we apply 7, the resulting term must not contain
any abstract variables. This can be expressed as |J,.4A(ay) = @. To demand that
abstract variables from G are only replaced by ground terms, we state that Range(y)
restricted to G contains no variables, i.e., N'(Range(v|g)) = @. Likewise, we need to
prevent v from introducing variables from F into the instantiations of abstract variables.
This is expressed as F(Range(vy)) = &. Finally, for all pairs (¢,t') € U we need to specify
that ¢ty and 'y do not unify, i.e., that ty £ t'y.

Definition 5.11 (Concretization). A substitution ~y is a concretization w.r.t. a knowl-
edge base (G, F,U) if, and only if, v|a = v, Upes Alay) = @, N(Range(v|g)) = 2,
F(Range(y)) = @, and /\(t,t')eu ty Aty

For an abstract state (S; (G, F,U)), we define the set of concretizations C(S; (G, F,U))
as the set {Sv | v is a concretization w.r.t. the knowledge base (G, F,U)}.

Example 5.12. Consider the abstract state minus(7%, Ty, T3); ({11, T2}, @, { (11, T3) }) with
T; € A for all i. This represents all concrete states minus(ty, to, t3) where ¢, t5 are ground
terms and ¢; and t3 do not unify, i.e., t3 does not match ¢;. For example, the concrete
state minus(0,0, Z) is not represented as 0 and Z unify. In contrast, the concrete state
minus(s(0),s(0), 0) is represented and, using Clause (L1)), can be reduced to minus(0, 0,0).
But this clause cannot be applied to all concretizations. Consider e.g. the concrete state

minus(0, 0,s(0)) represented by our abstract state, for which no clause is applicable.
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As the example above demonstrates, we need to adapt our inference rules to reflect that
a clause can be applied only for some instances, and to exploit the information from the
knowledge base contained in the abstract state.

As we are now considering sets of concrete states represented by abstract states, the
general idea of our rules is that all states represented by the parent node are terminating

if all the states represented by its children are terminating.

Definition 5.13 (Sound Rules). A rule p : AState(X, N, A) — 2451teENA) s ¢ sound
rule if for all abstract states (S; KB), all Sy € C(S; KB) are terminating if all states in
{RY' | (R;KB') € p(S; KB), Ry € C(R; KB')} are terminating.

The rules for SuccEess, FAILURE, CuT, and CASE do not mandate changes to the
knowledge base and are, thus, straightforward to adapt to the abstract case. Note that
we introduce two CASE rules, one for the case that we know the root symbol of the first
term of the first goal and one for the case that we do not. The latter is the case whenever
we reach an abstract variable as the first term of the first goal due to meta-programming.
Consider the logic program consisting of just the clause p(X) < X and the abstract state
p(T1); KB for the knowledge base KB = (&, @, @). This leads to a state p(T1)} | ?1; KB
for some i and on to T} | 71; KB. Now, we do not know the root symbol of 77 and must
consider all possibilities by branching to many nodes — one node for each p € X.

Now, we define the first set of abstract rules corresponding to the first part of the five
original rules from Definition 5.6l We will handle the BACKTRACK and EVAL rules in

later definitions and even introduce additional rules in order to allow for a finite analysis.

Definition 5.14 (Abstract Inference Rules — Part 1 (SUCCESS, FAILURE, CuT, CASE)).

O|S;KB "m | S; KB
—— (SUCCESS) —— (FAILURE)
S; KB S; KB
/. .
'm7Q|S|?m’57KB where‘s 'm7q|S7KB C where‘s ‘7Q‘S C
; (CUT) contains — (CUT) contains (Cut)
q|?m | S KB no 7m ¢ KB no 7m qls
t,q|S; KB (Case)
i P _ where m is fresh, t € A, i1 < ... <y,
&) |- [ (6@ [Tm | S5 KB and Slice(P,t) ={ciy,..., ¢ }
a,q|S;KB
i1 iipy ibn e (Case)
(a,q)h |- | (@, @)™ |2 | S5 KB o0 (a,q)% |- ] (a,@)m™ | 7w | S; KB

where m is fresh, a € A, and for each p € ¥ = {p1,...,pn},
i <...<i; and Slice(P,p(t)) = {ei, ... ’Cii,,}
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In the above rules, in addition to the notation used in Definition 5.6, we write S | S”; KB
for an abstract state ((S'| S”); K B) with knowledge base K B.

Lemma 5.15 (Soundness of SUCCESS, FAILURE, CUT, and CASE). The rules SUCCESS,
FAILURE, CUT, and CASE from Definition [5.14] are sound.

Proof. For SUCCESS we need to show that if all concretizations Sy € C(S; KB) are
terminating, then so are all concretizations O | Sy € C(O | S; KB). We proceed by
contradiction, i.e., we show that if for some concretization O | Sy € C(O | S; KB)
there is an infinite derivation, then there is also an infinite derivation for some Sv' €
C(S; KB). Assume O | Sy € C(O | S; KB) has an infinite derivation. The only rule from
Definition [(.6] that is applicable is the concrete SUCCESS rule. Thus, this derivation must
start with a step from O | Sy to S and there is an infinite derivation starting from S+.
As v is a concretization w.r.t. KB, we have that Sy € C(S; KB), which concludes our
proof for SUCCESS.

Likewise, for the first CUT rule we have to show that if l,,,qy | Sy |7m | S’y €
Clli,q | S |?7m | S'; KB) has an infinite derivation, ¢y |7, | S’y € C(q | ?m | S’; KB)
and ¢ |7, | S’y has an infinite derivation. To this end, notice that the first step in the
derivation of !, gy | Sv |7 | S’y has to be an application of the first concrete CUT
rule resulting in g7 |7, | S that, thus, has an infinite derivation, too. As K B remains
unchanged, we immediately obtain ¢y |7, | S’y € C(q | ?m | S'; KB). For the second
CuT rule, assume !,,,, ¢y | S7 has an infinite derivation and S, and, therefore, Sy do not
contain 7,,. Then, the only applicable concrete rule is the second CuUT rule. We obtain
g7y which has to have an infinite derivation and ¢y € C(q; KB). For the third CuT rule,
assume !, ¢y | S has an infinite derivation. Then, the only applicable concrete rule is
the third CuT rule. We obtain ¢y | S7, which has to have an infinite derivation and
qv | Sv€C(q|S;KB).

For the first CASE rule, assume there is an infinite derivation from ¢, ¢y | Sy € C(t,q |
S; KB). The only applicable concrete rule is CASE, which results in (ty,qy)% | ... |
(tv,q7)% |7, | Sv, which starts an infinite derivation. As we do not change K B, this
concrete state is an element of C((¢,q) | ... | (¢,q)% |7, | S;KB). For the second
CASE rule, assume there is an infinite derivation from avy,qvy | Sy € C(a,q | S; KB).
W.lo.g., ay = p(ty,. .. 7tn).pThe only applicable concrete rule is also CASE which results

in (ay, qv)fi | ... | (a7, qy);’ff“ |?7m | Sy which starts an infinite derivation. As we do not
. ,L'P
change K B, this concrete state is an element of C((a, q)fi | ... (a,q@)m’ |?m | S; KB).

For FAILURE, assume there is an infinite derivation from 7, | Sy € C(?,, | S; KB).
The only applicable concrete rule is FAILURE, which results in Sy which starts an infinite
derivation. As we do not change K B, this concrete state is an element of C(S; KB). [

So far, like for the concrete rules, the applicable rule can uniquely be determined by

looking at the top element in the backtracking stack. Now, for the concrete EVAL and
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BACKTRACK rule we determine which of these two rules to choose by trying to unify the
first atom with the head of the corresponding clause. As demonstrated by Example [5.12]
in the abstract case we might need to apply EVAL in some cases and BACKTRACK in
others. Assume we are in a state (¢, ¢)! and the i-th clause is H; « B;. Consider that the
abstract variables represent arbitrary but fixed terms. Thus, whenever the most general
unifier of H; and t instantiates an abstract variable by another abstract variable or a
non-variable term, this might or might not succeed.

If already the abstract term t does not unify with H;, by variable disjointness of ¢t and
H; we know that no concretization ty unifies with H;. Likewise, if mgu(t, H;) = o, but o
contradicts information in U, we know that for all concretizations ¢ty o H;. In this case,

we can use the backtrack rule for all concretization of our abstract state.

Definition 5.16 (Abstract Inference Rules — Part 2 (BACKTRACK)).

(t,q)m | S (G, F.U)
S? (g,]‘_,UU {(ta Hz)})

(BACKTRACK)

where ¢; = H; < B; and there is no substitution 6 with Dom(6) C A and V(Range(J)) C
N such that t6 ~ H;0 and 4 ey (86 # 8'0).

Lemma 5.17 (Soundness of BACKTRACK). The rule BACKTRACK from Definition [5.10

18 sound.

Proof. Assume there is an infinite derivation from (¢, ¢v)!, | Sv € C((t,q), | S; (G, F,U)).
From the fact that there is no substitution ¢ with Dom(d) C A and V(Range(d)) C N,
we know that there is no concretization 4’ such that ¢y ~ H;. In particular, we have that
ty o H; and, therefore, the only applicable concrete rule is BACKTRACK, which results in
S~, which starts an infinite derivation. From ¢y o H; and A(H;) = @ we know H;,y = H;
and, therefore, ¢y ¢ H;y. Thus, v is also a concretization w.r.t. (G, F,U U{(t, H;)}) and
Sy e C(S; (G, F.UU{(t,H)})). O

When the abstract BACKTRACK rule is not applicable, we still cannot be sure that
ty unifies with H; for all concretizations, as demonstrated by Example[5.12] Thus, in
the abstract case we have a rule EVAL with two successor states that combines both the
concrete EVAL and the concrete BACKTRACK rule.

Note that this does not invalidate the need for the abstract BACKTRACK rule as without
it we cannot simulate that a clause is not applied due to a cut. To see this, consider the
logic program consisting of the clauses p <! and p « p. Without BACKTRACK, there
would always be a successor node resulting from EVAL with the second clause.

To avoid that the most general unifier o of ¢ and H; changes variables that are still

used in other goals in the backtracking list, we demand that all variables in the range of
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o are variables not occurring anywhere in our backtracking list or knowledge base. We
denote such fresh variables as belonging to the subset Vy,cq, of V. Thus, the condition
on o is V(Range(o)) C Viresh-

When o instantiates an abstract variable a, all variables in ac have to be abstract
variables, too. Without the condition V(Range(o|4)) C A that one instantiates, for
instance, the abstract variable T} which represents s(0) by s(X). But this does not

correspond to correct operation of the concrete EVAL rule.

Furthermore, it makes no sense to have ¢ introduce new abstract variables unless they
are needed. Thus, we constrain the abstract variables occurring in the range of o restricted
to non-abstract variables to contain only those abstract variables that are introduced by o
restricted to abstract variables. This can be expressed by the condition A(Range(o|n)) C
A(Range(a])).

Note that all these restrictions are without loss of generality as they can be obtained

by a simple variable renaming from any most general unifier of ¢t and H;.

Given a most general unifier that satisfies the above conditions, we can update the
knowledge base accordingly. In addition to the abstract variables from G, we also know
that all (abstract) variables in the range of ac for all @ € G are instantiated to ground
terms. Thus, the new set G’ of abstract variables instantiated by ground terms is G U
A(Range(c|g)). As we can assume all variables in H; < B; to be from Vy,.s;, the ones
that are not in H; cannot be used in the instantiations of abstract variables. Thus, we
add N'(B;) \\N(H;) to F. Furthermore, if we replace a variable from F by a non-abstract
variable that is not in the range of any variable not from F and the head H;, we know
that this variable cannot occur in the instantiation of abstract variables, either. Thus, we
also add N (Range(o|£)) \ N (Range(o|a\(runy,))) to F, which yields the new set of free
variables F’. The set of non-unifying term pairs is updated differently for the successor
corresponding to the application of the concrete EVAL rule and for the one corresponding
to the application of the concrete BACKTRACK rule. For the former, we can apply o|g
to U as for this path to be taken, the ground variables must have had this shape from
the beginning. For the latter, we know that for our instantiation, ¢ and H; do not unify.

Thus, we can add this pair to U.

There remains a problem with the instantiation of possibly shared variables. When o
replaces a non-abstract variable of ¢ not from F, this variable may occur in the instan-
tiations of abstract variables not from G’. Thus, we need to replace all these abstract
variables by fresh abstract variables. This is done by the substitution a 4\g: as defined in
the definition below. Even worse, when o replaces an abstract variable not from G, this
variable can contain any shared variable. Thus, we need to replace all abstract variables
not from G’ as well as all non-abstract variables not from F’. This is done by o/ a\g/yu\7)-

The decision which approximation to use is performed by the Approx function.
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The state for the successor corresponding to the application of the concrete EVAL rule
is updated by replacing t by the correspondingly instantiated body of the i-th clause.
Note that we replace all cuts by a cut labeled with the scope label m. Furthermore, like
for U, we can apply o restricted to G to the rest of the backtracking list. For the successor
corresponding to the application of the concrete BACKTRACK rule, we just remove the

current goal from the list.

Definition 5.18 (Abstract Inference Rules — Part 3 (EvAL)).

(t.q)i, | S: (G, F,U)
i0',q0" | Salgi (G, F . Ualg)  S;(G,F,UU{(t,H;)})

(EvaL)

where ¢; = H; «+— B;, mgu(t, H;) = o with V(Range(c)) C Viyesn, V(Range(o|a)) C A,
A(Range(a|y)) C A(Range(o|a)), G' = GUA(Range(olg)), F' = FU(N (Range(a|r))\
N (Range(o|x\Funm)))) U N (B) \N(H,)), o' = Approx(o,G, F), and B = B;[!/!,].

Approzx replaces some variables by fresh abstract variables:

o if A(t) € G and N(t) C F
Approxz(0,G,F) = { cag if At) CG and N(t) € F
gy A1) 26

Here, for afresn € AN Vipesn, we define ang for a set of variables M as follows:

N (x) Q fresh Zf reM
M pr—
T otherwise

Lemma 5.19 (Soundness of EVAL). The rule EVAL from Definition[5.1§ is sound.

Proof. Assume (tv,¢7)%, | Sy € C(t,q | S; (G, F,U)) has an infinite derivation. There are
two cases depending on whether ¢y and H; unify.

First, if ¢ does not unify with H;, the unique applicable concrete rule is BACKTRACK
and we obtain Sy which has to start an infinite derivation. From ¢ty « H;, V(H;) C N, and
Dom(v) C A, we know that H;y = H; and, therefore, ty ¢ H;y and + is a concretization
w.rt. (G, F,UU{(t,H;)}). Thus, Sy € C(S; (G, F,UU{(t,H;)})).

Second, if ty ~ H;, the unique applicable concrete rule is EVAL. From H;y = H; we
know that ¢y ~ H;y and thus t also unifies with H;. Let mgu(ty, H;) = ¢”. Then due
to Hyy = H; and mgu(t, H;) = o there must be a substitution ¢’ such that vo” = oo’
W.Lo.g., we demand that V(Range(c”)) C Nyresh-

By application of the concrete EVAL rule we obtain Bio”, gyo” | Sy where B, = B;[!/!,,.].
We are, thus, left to show that Blo”, qyo” | Sy € C(Blo’,q0’ | Solg; (G, F',Uo|g)), i.e.,
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that there is a concretization 7 w.r.t. (G', F',Uc|g) such that Blo"” = Blo'v', qyo”" =
qgo'y', and Sy = Sol|g7'.

We perform a case analysis over o’ € {0, 0a.ag/, 00 a\g w7}

Case 1: 0/ =0, ie, A(t) C G and N(t) C F:
Here, we can assume Dom(c) = G(t) U F(t) UN(H;). Define v/(a) = 0"”(a) for a €
A(Range(o)) and +'(a) = vy(a) otherwise.

We first show that w.l.0.g. we can demand that ¢” is chosen in such a way that o” = "

" "

for 0" = 0| x0""| A(Range(o|)) DY showing that ¢ is a most general unifier of ¢y and H;.

That ¢”” is most general follows from ¢ and ¢” being most general unifiers of ¢t and H;

resp. ty and H;. To see this consider that by the definition of 6" as yo” = 00" we have

0" = 0|n0" |[V(Range(oln))- Clearly, o"”| a(range(o|y)) 15 more general than o”|y(range(o|n))

"

and, consequently, ¢”” is more general than ¢” which is a most general unifier of ¢y and

H;. We now show that ¢”” is still a unifier of ¢ty and H;:

tyo"" Dele 70 N () 0" | A(Range ol sm))
N(Range(v|y)))=2 "
= 70 | n)0" | A(Range(o |y )
'Y|.A(t):('YU”)|.A(t)zalA(t)UW'A(Range(ﬂA(t))) w w
= tolaw 0" | ARange(o1 4w TING T | ARange(oln )
N (Range(o™| A(Range(o| (1)) =2
- tolawolnmo” | arange(olve))

V=AWUN
= to0"| A(Range())
U:mgu(tzHl)
= HiUU,/, | A(Range(o))
V=AuN
= Hio| ()0 |n(1)0"" | A(Range(oly i)
A(Hi)=2 H. "
= i0 N () 0" | ARange(@l i, y)
Def o.////

S H.o""
- K3

We continue by showing that +/ is a concretization w.r.t. (G, F',Uolg), i.e., 7|4 =7/,
Uiea AlaY') = @, N(Range(v'|g')) = @, F'(Range(y')) = @, and N\, yyepo)q 1V 7 £

As «/ is only defined for A, we trivially have 7/|4 = /.

To show that (J,. 4 A(ay') = &, we perform a case analysis w.r.t. A= A(Range(o)) W
(A \ A(Range(0))). For a € A(Range(c)) we have A(ay’) ety A(ao™) “#Dom(?)
A(aca™) Defo™ ayo” V(Rangelo N Alav) Veea 422 o For a € A\ A(Range(o))
we have A(ay') ek A(a) Uuea dlen=2

To show that N(Range(y'|g))) = &, we make a case analysis over a € ' = G &
A(Range(c|g)). For a € G we know that N (ay) = @ and by 7/|g A(Range())SVsresnADefo'
v|g we obtain M (ay') = @. For a € A(Range(o|g)) we have N (avy’) = N(ac”). For all
a' € Dom(olg), N(d'aa”) Defo” N (a'~vo") “S9 5. Thus, N(ay') = @.
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Now, to show that F'(Range(y')) = &, we perform a case analysis over a € A =
(A\ A(Range(o))) W A(Range(o)). For a € A\ A(Range(o)) we have ay = ay and
F'(ay) = F(ay) as all variables in F'\ F are fresh. This amounts to F'(av") = F'(ay) =
F(avy) = @. For a € A(Range(o)) C A(Range(c|4)) there must be an o' € Dom(o|4
such that a € A(d’0). Now, assume = € F'(ay’). Then we have x € F'(d'o%’) el
F'(d'oa™) Defo™ F'(a'vya") =

Finally, we have A\, iy, 1V # 1Y = Nssneu 50107 7 'olar" = N syer 7 # ' as
ac|gy" = av for all abstract variables in a € A(U) by definition of 4. To see this, consider
the partition A(U) = (AU)\ Dom(o|g))W(AU)NDom(clg)). If a € AU)\ Dom(o|g) we

have ay "L 4y *#Dem(vlo) aolgy'. If a € AU) N Dom(a|g) we have ay < avo” Defo™

aoo’ 9 ac)ga" DefA'nV(Range(o|a))CA e

Now, we are left to show that Blo” = Blo'y', q¢yo” = qo'+', and Sy = Sol|gy'.

For S there are two cases according to the partition A(S) = (A(S) \ Dom(o|g)) &
(A(S) N Dom(ol|g)). Analogous to the analysis for A(U) above, we have ay = ac|gy’ for
both cases. With v|4 = v and 7/|4 = 7' we obtain Sy = So|g7'.

For B! we analyze two cases according to the partition V(B;) C (N(B;) N N(H;)) W
(N(B;)) \ N(H;)). For x € N(B;) N N(H;) note that V(Range(c)) C Vipes, implies z €

m Def.~' ; TEN
xU\NU \A(Range(aw)) =" zolyy =

xoy = o’ 7. For z € N(B;) \\N (H;) note that ¢’ and ¢” are most general unifiers and,
y @gDom(a") . zg¢Dom(y')

1 UH:U‘NJ///|A(Range(o'|N))
Dom(o). Then, we have zo =

thus, w.l.o.g. do not instantiate the fresh variable x. Therefore, zo
' Do) xo'y'. Thus, Blo” = Bjo'y'.

Now, for ¢ consider the partition V(q) = (A(q) \ Dom(c”)) W (A(q)NDom(c")) W (N (q)\
F)W (F(q) \ Dom(c")) W (F(q) N Dom(c’)) which leads to the following sub cases:

e a € Aq) \ Dom(d’):
From V(t) = G(t) W F(t) we get V(ty) = N(F(t)y) UN(G(t)y) = F(t). Together
with F(ay) = @ we obtain V(ay) NN (ty) = N(avy) N F(t) F20=2 5 and with

" N(aw)ﬁD;m(a”):@

V(ay)NN(H;) = @ also V(ay)NDom(c”) = @. Thus, we have ayo
Def.y' , agDom(a”) ;o
ay "L ay =" "ao'y.

e a € A(q) N Dom(d’):
, DGLO'II,

Note that a € Dom(c¢’) implies a € Dom(c). We immediately have ayo” ==
m Def"y’/\V(Rnge(o’\A))gA ) o=

_U' I
aoco acy = aoy.

e x e N(q)\F:
From = ¢ F(t) = N(ty) = N(t) we know that * & Dom(c”) and z &€ Dom(c”).
From 7|4 = v and 4|4 = 7 and = € A we get © & Dom(y) and = & Dom(y').

y v¢Dom(y)  , x¢Dom(c”) x¢Dom(y') , a¢Dom(s’)  , ,
= " xo = T = xy = zo'vy.

Thus, we have zvo o'y

e v € F(q)\ Dom(d'):
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From = &€ Dom(c’) we know = & F(t) = N(tvy) and, consequently, x & Dom(c”).

D D 1" D ! D /
With = € A we have zyo” DI g PEPI) | Do) vy reom(e’) xo'y.

e v € F(q) N Dom(c'):
Note that x € Dom(c’) and ¢’ = ¢ imply x € Dom(c). Then, we have zyo” A

7 U//:U|NOJN‘A(Range(o‘|N)) Def.y

1 S ; tENANo=a'
ZEO’|N’O' |A(Range(a|N)) = .I‘O'|N’}/ =

xo xo'y.

Thus, we have shown that xyo” = zo’+y for all x € V(q) and, consequently, ¢yo” = qo'y'.

This concludes the case of ¢’ = &.

Case 2: 0o/ = caag, ie., A(t) C G and N(t) Z F:
Here, we can assume Dom(o) = G(t) UN(t) UN(H;). Define v'(a) = o”(a) for a €
A(Range(o)), axngy'(a) = cc"(a) for a € A\ G, and 7/(a) = y(a) otherwise. This is

possible as all variables in the ranges of o and a4\g/ are fresh.

First, w.l.o.g. we can demand that ¢” is chosen in such a way that 0" = o|x0""| A(range(o|x))
by the identical argument as for the case of ¢’ = ¢ where we made use of A(t) C G, which
still holds for this case.

We continue by showing that 7/ is a concretization w.r.t. (G', F',Uao|g), i.e., V|4 =7/,
Uisea Al@Y') = @, N(Range(v'|g)) = @, F'(Range(v')) = @, and A\, i1)epso), 1Y 7 17"

As 4/ is only defined for A, we trivially have 7|4 = 7.

To show that (J,. 4 A(ay') = &, we perform a case analysis w.r.t. A= A(Range(o)) W
A(Range(axng)) W (A\ (A(Range(o)) U A(Range(aag)))). For a € A(Range(o)) we
have A(av") ety A(ac”) “#Don(@) A(aca™) Defo” ayo” V(Rangela NN A(a) Vaea Aon)=2
@. For a € A(Range(aag)) there is an o' ¢ A(Range(aag)) such that d'ang = a
and A(ay’) Hoae= A(d' axng') ety A(d'ac™) Dero” a'~yo" V(RangeloEN A(a'y)
Ueea X7 o For a € A\ (A(Range(o)) U A(Range(aag))) we have A(ay) "L
A(a) Uaca Alay)=2 &

By the identical argument as for the case of ¢’ = o, we obtain N (Range(v'|g')) = @.

Now, to show that F'(Range(y')) = &, we perform a case analysis over a € A =
(A\ (A(Range(o)) U A(Range(aag)))) W A(Range(o)) & A(Range(aag)). For a €
A\ (A(Range(o)) U A(Range(aag)))) we have ay’ = ay and F'(ay) = F(ay) as all
variables in F’ \ F are fresh. This amounts to F'(ay") = F'(ay) = F(ay) = @. For
a € A(Range(o)) € A(Range(c|4)) there must be an «' € Dom(o|4) such that a €

A(d'c). Now, assume x € F'(ay'). Then we have z € F'(a'o7) ety F'(d'oc™) Deto™
F'(a'yo") “S¢ &. For a € A(Range(ag)) there must be an o’ € A\ G’ such that
Deio.///

a = d'agg. Now assume x € F'(ay’). Then z € F'(d'aag?') et F'(d'oc™)
F'(a’vyo"). Now, for x € F'(a’yo") there would have to be a z € N(a'y) such that
r € N(z0”). As all variables in the range of ¢” and in N (B;) \ N(H;) are fresh, z ¢
FUWN(B)\N (H;))). From 0" = 0|x0"| a(Range(o]x)) We get z € Dom(o). As z € N(a'y)
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and F(a'y) = @, we know z ¢ F. As all variables in N(H;) are fresh, z ¢ N(H,;).
Thus, z € N'\ (N(H;) UF) and, consequently, x € N(Range(o|z\wvm)ur))). But as
F' = FUWN(B)\N (H;))U(N (Range(o| 7)) \N (Range(o| s\ m)ur)))), this contradicts
our assumption that x € F'(a'vyo") = F'(a').

Finally, we have /\(t,t')euzr\g ty Aty = /\(578,)@{ sy o s’y by the identical argument as
the one used in the case of ¢/ = 0.

Now, we are left to show that Blo” = Blo'y, q¢yo” = qo'+', and Sy = Solgy'.

For S, we can use the identical argument as for the case of o/ = 0.

For B! we analyze two cases according to the partition V(B;) = (N(B;) N N(H;)) W
(N(B;)) \ N(H;)). For x € N(B;) N N(H;) note that V(Range(o)) C Vynesn implies

U”ZO"NU”/|i(Range(U\N)) Defq/’_/\acr:a

x € Dom(c). Then, we have zo” 20| N 0" | A(Range(o|x) =

oo gr=0’

To|yangy = roangy = xo'y. For x € N(B;) \ N(H;) note that ¢’ and
o” are most general unifiers and, thus, w.l.o.g. do not instantiate the fresh variable x.

D 1" D / D /
Therefore, xo” D) 2EDom(Y) xy o) xo'y'. Thus, Blo" = Blo'y'.

Now, for ¢ consider the partition V(¢) = (A(q) \ G) & (G(q) N Dom(c’)) W (G(q) \
Dom(a")) W (N (q) \ Dom(c’)) W (N (q) N Dom(c")) which leads to the following subcases:

e ac A(g)\G:

. . Def.c" Defy'ANoo=c GO‘A\Q’:UI
We immediately have ayo” = = aoco™ = 'y

acagy = ac'y.

e a € G(q) N Dom(a’):

Note that a € G(q) N Dom(c’) implies a € Dom(o). Then, we have ayo

m Def~' y Alag)Cg’ , UO‘A\_Q’:U, )
=" aoy = acaag? =  ao'y.

" DGLO'H/

aoo

e a€G(q) \ Dom(d):

Defr' Dom(o"
We have ayo” =4 ay A ay' “EDom(e’) ao’y'.

e x € N(q)\ Dom(o'):
From = ¢ Dom(c’) we know x & V(t). From A(t) C G and N (Range(v|g)) = &

we know that x € V(tv) and together with N'(H;) C Nypesn, we have x ¢ Dom(c”).
y ®¢Dom(y)  ,, a¢Dom(c”) x¢Dom(y') , z¢Dom(c’)
= 20 =" x T =""zy ="y

Then, we have zyo '
e z € N(q) N Dom(d’):
Note that z € NM(q) N Dom(o’) implies © € Dom(c). Then, we have zyo

= /”| ange(o
o o''=o|n0o é(R ge(on)) :L’O"'/\/’O'”/‘A(RCLTLQQ(O'lN)) CL‘E:N xO'O-’/’|A(R(an€(U|N>>

ze€Dom(a)ADef.n' ,U/:UO‘A\Q’ ’
= TOQA\G'7Y = oy .

1] ’YIA_:'Y

Thus, we have shown that zyo” = zo’+' for all z € V(q) and, consequently, gyo” = go’+'.

This concludes the case of 0/ = ca g
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Case 3: 0’ = oaaguw\7), i-e., A(t) € G:
Here, we can assume Dom(o) = A(t) UN(t) UN(H;). Define v/(a) = 0”(a) for a €
A(Range(0)), oagrumwF)y'(a) = oo™ (a) for a € (A\G)UN\ F'), and 7'(a) = v(a)

otherwise. This is possible as all variables in the ranges of o and a(a\gyu\ 7y are fresh.

First, we show that w.l.0.g. we can demand that ¢” is chosen in such a way that o” = ¢

for o™ | runm) = olrona) 0" | arangetol ronn,y) and 0" i Funmy) = "I Fun))

"

by showing that ¢ is a most general unifier of ty and H;. That ¢”” is most gen-

eral follows from o and ¢” being most general unifiers of ¢ and H; resp. tvy and H;.

To see this consider that by the definition of 0" as y0” = 00" we have 0" |run(m,) =

U’fuN(Hi)OJH‘V(Range(a—b__uN(Hi))). Clearly, O-W‘A(Range(a'l}'u./\/’(Hi))) is more general than

n " : " : :
"' |V(Range(o] 5, N ) and, consequently, o”” is more general than ¢” which is a most gen-

"

eral unifier of ¢y and H;. We now show that ¢"”” is still a unifier of ¢y and H;:

V(Range(a" )URange(o)U

t’}/O'm/ Range(alﬂ_)) gvf’resh "m

tyo"" | runen 0" | o))

F(Range(v))=@Aya=
e to"™" | Fun )y v | Fonmy)

.G'////

De

~

n "
to|Fun ) 0" | A(Range(o” | ronaay NVT INNFUN ()
Yo | A\ (FUN () =TI\ (FUN ;)

U”/|V(R‘7«”9€(U‘_V\(}'UN(HZ-)))) " "

= | FuN ()" | A(Range(olrun s, )T WA FUN (1))

n

o ‘V(Range(U\V\(fuN(Hi))))

Dom(o)NV(Range(c'"))=2 m
= to|Fun) T I Fun ) 0 | ARange(ol son,)

n
o ‘V(Range(U\V\(fuN(Hi))))

V(R‘mg@(i))gvfresh too "
= 00" | A(Range(a| ron )0 IV (Range(oh runi, )
o=mgu(t,H;) Hoo" m
= 100" | A(Range(ol runra,))C V(Range(oly ron(r,))
V(H;)CFUN (H;) H m
= 10| FuN () 0" | A(Range o] Fon )
Def.,y///l

H‘O'/”/
7

We are left to show that 4’ is a concretization w.r.t. (G',F Uclg), i.e., V|4 = 7,
Usea Al@Y') = @, N(Range(v'|g)) = @, F'(Range(v')) = @, and A\, i1)epso), 1Y 7 17"
As 4/ is only defined for A, we trivially have 7|4 = 7.

To show that (J,. 4 A(ay') = &, we perform a case analysis w.r.t. A = A(Range(o)) W
A(Range(agownz)) ¥ (A\ (A(Range(o)) U A(Range(aagnhumans,)))). For the

case that a € A(Range(o)) we have A(ay’) Def.y A(ao™) ag Dom(o) Alaco™) Def.o"

ange(c’’ Alav)=
o V(R g:( NN A(CL’}/) Uaea :( v)=2 Z. For a € _A(Range(a(A\g/)u(N\f/))) there is an

a'aaghu\F)=a

a &/ A(Range(a(A\g/)u(N\f/))) such that CL/Oé(A\g/)U(N\]:/) = q and A(cw’) =
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Aldagrnnsy) TL Adoo™) PE aner YIS gy

For a € A\ (A(Range(o)) U A(Range(oagyumw#)))) we have A(ay’) el A(ay)
Uaeca Alay)=2
= %]

Ua,EA gav):g @

By the identical argument as for the case of ¢’ = o, we obtain N'(Range(v'|g')) = @.

Now, to show that F'(Range(y')) = @, we perform a case analysis over a € A = (A '\
(A(Range(o)) U A(Range(aagnuns,)))) & A(Range(o)) & A(Range(aaghumns))-
For a € A\ (A(Range(o)) U A(Range(oaghum\z#))) we have ay' = ay and F'(ay) =
F(a) as all variables in F'\ F are fresh. This amounts to F'(ay') = F'(ay) = F(ay) = 2.
For a € A(Range(o)) C A(Range(o|4)) there must be an o’ € Dom(o|4) such that a €
A(d'g). Now, assume x € F'(ay’). Then we have z € F'(d'07’) el F'(d'go) Defo”
F'(a'yo"). Now, for x € F'(a’yo") there would have to be a z € N(a'y) such that
r € N(z0"). As all variables in the range of ¢” and in N (B;) \ N(H;) are fresh, z &
FUWN(B;)\N(H,))). From 0" = 0|n0"| a(Range(o|y)) We get 2 € Dom(o). As z € N(a'y)
and F(a'y) = @, we know z ¢ F. As all variables in N (H;) are fresh, z ¢ N(H;).
Thus, z € N\ (N(H;) U F) and, consequently, z € N(Range(o|x\(wm)ur))). But as
F' = FUW(B;)\N (H,))UWN (Range(co|)) \N (Range(o| s\ vx)uzr)))), this contradicts
our assumption that x € F'(a'yo") = F'(ay'). For a € A(Range(cag)) there must be an

a' € A\ G such that a = @’a\g. Now assume x € F'(a7’). Then x € F'(d'ang?') el

F'(d'oa™) Deto™ F'(a’yo"). By the identical argument as for the case of a € A(Range(o))
we can show that = & F'(a'vo").

Finally, we have /\(t,t/)euo\g ty Aty = /\(878,)@, sy o4 s’y by the identical argument as
the one used in the case of ¢/ = 0.

Now, we are left to show that Blo” = Blo'y', q¢yo" = qo'+', and Sy = Sol|gy'.

For S, we can use the identical argument as for the case of ¢/ = 0.

For B! we analyze two cases according to the partition V(B;) = (N(B;) N N(H;))
(N(B;) \ N(H;)). For the case of z € N(B;) N N(H;) note that V(Range(o)) C

o | runa) =l Fun i) o" | A(Range(o| ))
. . i i ange(o| FUN(H;)
Viresn implies x € Dom(o). Then, we have zo” =

Defrn'Noo=c / vi
= TO| FUN () UA\G ) UNN\F) Y -

"
20| Fun (1) 0" | A(Range(ol runra, )

Lo A\G UM FYY THMGIIN =T zo'y'. For x € N(B;) \ N(H;) note that ¢’ and ¢”
are most general unifiers and, thus, w.l.o.g. do not instantiate the fresh variable x. There-
fore, xo” =#Demle") | ##Demlr) xy rebom(e’) xo'y'. Thus, Blo" = Blo'y'.

Now, for g consider the partition V(q) = (A(q)\G)W(G(¢)NDom(c"))w(G(q)\Dom(c’))&
(N(@)\F)W(F(q)\ Dom(c’)) W (F(q) N Dom(c")) which leads to the following sub cases:

e ac Alg)\G:
From A(t) € G we know that a € Dom(c’). Then, we have ayo” PeLo™ qoo
Defr'Noo=0 ; TUANG H UN\FH T

ao oA\ GHUW\F)Y ac'y'.

e a € G(q) N Dom(a'):
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Note that a € G(q) N Dom(c’) implies a € Dom(c). Then, we have ayo” Def.o™

m Defr' , Aao)Cg’ ’ Ua(A\g’)U(N'\]-‘/):G/

aoco = AT (A\GHUWN\F) Y aa”y’.

e acG(q)\ Dom(c'):

We have ayo” aEo ay bl a”y' agDem() ao'y'.
e x € N(q)\ F:
From A(t) € G we know x € Dom(o’). Then, we have zyo” PeLo™ pgom PIILor=e
UaA\g/
roaagumnFyY = xo'y.

e v € F(q)\ Dom(d):
From = ¢ Dom(o’) we get & V(t). From z € F(q) C F we get x &€ N (Range(7)).
Together, we obtain = ¢ V(tvy) and, consequently, x ¢ Dom(c”). Then, we have

y €Dom(y)  ,, x¢Dom(c”) x¢Dom(y')  , a¢Dom(c’)
xyo = xo = x = 7y = xa'y.

e € F(q) N Dom(c'):
Note that x € F(q) N Dom(o’) implies © € Dom(c). Then, we have zyo

; U”|.TUN(Hi):Ul}"u./\/'(Hi)oJNIA(Range(d\]_—uN(Hi))) ”
ro = 20| Fun () 0" | ARange(o| ron i)

" 'YI.A_:'Y
Def~'

) TEF , TagHunFEN=I
TO| FUN () QA\G UMFYTY = TOQAG)UN\F)Y = zo'y'.

Thus, we have shown that zyo” = zo’' for all z € V(q) and, consequently, gyo” = go'+'.

This concludes the case of 0/ = caag)un#) and, consequently, our proof for the

soundness of the EVAL rule. OJ

With these adapted rules any concrete derivations can be simulated with abstract
derivations using the rules from Definition 5.6 Unfortunately, even for terminating goals,
in general, we obtain an infinite derivation tree. The reason is that the number of times
an abstract evaluation may succeed is not limited as there is no bound on the size of
the terms represented by the abstract variables. This is demonstrated by the following

example.

Example 5.20. The infinite nature of the trees built by the rules of Parts 1 — 3 can
be demonstrated using Clause ((11)). For simplicity, consider the following simpler logic

program consisting of just one rule:
p(s(X)) < p(X). (12)

For queries of the form p(¢) where ¢ is ground, the logic program clearly terminates.
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Now, consider the tree built using the rules from Parts 1 — 3:

p(Tl)? ({Tl}vgv Q)

CASE

p(T)F2 | 71; ({11}, 2, @)

EvaL
T1/s(T2) | EvAL \

P(T2) | 71; ({11, T2}, 2, 9) 71;({T1}, 2, {(p(T1), p(s(X)))})

CASE FAILURE

p(T2)2 | 72 | 715 ({Th, T2}, @, @) e; ({11}, 2, {(p(T1), p(s(X)))})

EvAL
T>/s(T3) | EvAL \

p(T3) | 72 | ?1; ({11, T2, T3}, 2, 2) 72 [ 71 ({T1, T2}, 2, {(p(T2), p(s(X)))})

CASE lFAILURE

This process can obviously be continued infinitely often.

Thus, in order to obtain a finite graph instead of an infinite tree, we need a way to
refer back to previous nodes in our tree structure. In the following section we introduce

operations that allow to obtain a finite graph for any start query.

5.4. Termination Graph

The main idea in avoiding infinite graphs is to introduce an INSTANCE rule for the case
that our current state is an instance of a previous state. In these cases we can conclude
termination of the current state from termination of that previous state, provided that
this process is well founded. To this end, we show in Section how to extract a cut-
free logic program from our graphs such that termination of these logic programs implies

termination of all states in the graph.

Example 5.21. Consider again the graph from Example[5.20 If we ignore the ?; for
the moment, the abstract state p(71); ({71}, @, &) of the first node and the abstract state
p(Ty); {11, 1>}, @, @) of the third node are very similar. Indeed, if one uses a substitution
pu = {T1/T>} we see that the third state is an instance of the first state.

The basic idea of the following INSTANCE rule is that instead of showing that an abstract
state is terminating, we can show that this state is an instance of another state. Let
S: (G, F,U) be our current state and S’; (G', F',U’) the more general state, i.e., there is a
substitution g such that S = S"u.

For a rule based on this idea to be sound, we have to ensure that all concrete states
represented by S; (G, F,U) are also concrete states of S’; (G', F',U"). Thus, we have to
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ensure that all abstract variables from G’ are instantiated by p to a term for which all
variables are from G, i.e., for alla € G, V(au) C G. We allow that p is a variable renaming
for the non-abstract variables. Further instantiation of the non-abstract variables would
lead to problems similar to the ones presented in Example[5.2] For the non-abstract
variables from F’, we demand that these are mapped to non-abstract variables from
F,ie., F'u C F. Furthermore, if p introduced variables from F'u, this would mean
that abstract variables in S would be instantiated by terms containing a variable from
F'. Thus, we demand F'u(Range(p|4)) = &. Finally, we have to show that the non-
unification information in ¢4’ is more general than the one in &. This is obviously the case
if U'p is a subset of U.

Definition 5.22 (Abstract Inference Rules — Part 4 (INSTANCE)).

S: (G, F.U) if there is a p such that S = S'u, for all a € G,
————— (INSTANCE) V(ap) C G, ul|y is a variable renaming, F'u C F,
S (G FLU) F'u(Range(pla)) = &, andU'n CU.

Lemma 5.23 (Soundness of INSTANCE). The rule INSTANCE from Definition [5.27 is

sound.

Proof. Assume we have an infinite derivation starting from Sy € C(S;(G,F,U)). We
show that there is a substitution + such that S’y € C(S’; (G, F',U’)) and S+ has an

infinite derivation.

1 1

=y = id.
Let 7 = pyu~!t. Clearly, as S’ = S and p~ ! is a variable renaming, S’y = Syu~! has

As p|n is a variable renaming, there must be a p~' such that |y p~

an infinite derivation. We are left to show that +' is a concretization w.r.t. (G', F',U’).

For x € N we have zu € N and, thus, 27/ el oyt =HeN rpp Defp™ x, ie.,
Y|a =" FromJ,. 4, Alay) = @ and A(Range(n~")) = @, we also obtain . 4 A(ay’) =
Usea Alpyn™) = @.

We know that for all a € G, V(ap) € G. Further, as v is a concretization w.r.t.
(G, F,U) we know that for all « € G, N(ay) = &. Thus, for all a € G, we have
N(av') e N(apyp=t) = N(apy) = @ and, therefore, N'(Range(v'|g/)) = 2.

We need to show that F'( Range(y')) = F'(Range(uyu")) = F'(Range(p|ap|ayp™)) =
@. From +'|y = id this is equivalent to F'(apu|ayn™") = @ for all @ € Dom(p|aypu™).
Now, F'(ap|layp™") = @ is equivalent to F'pln(aplavp ply) = Fulnv(aplay) = o.
Now, this holds as F'u(Range(u|4)) = @, F'u C F, and F(Range(y)) = &. Thus, we
can conclude F'(Range(v')) = @.

Finally, from /\(578,)61/{757 A t'v and U'p C U, we know that /\(878,)61/,,“757 Aty
which is equivalent to /\(t,t’)eu' tuy o t'uy. As p~! is a variable renaming, trivially
Nty o6 ' pypt and, consequently, A ;g 07 # 1

This concludes our proof as pyu~' satisfies all conditions of a concretization w.r.t.

g, F.u. O
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Example 5.24. Still, this is not enough to obtain a finite analysis for Example [5.20| as we
need to get rid of superfluous backtracking goals, even if they only consist of the question
marks. To see this, note that in Example [5.21] we ignored the 7 although it is an integral

part of the abstract state considered.

To solve this problem, we introduce the PARALLEL rule that allows us to split a back-
tracking list into separate problems. While this rule may lose precision, it is virtually
always needed for obtaining a finite graph. As the splitting of backtracking lists is incor-
rect in general, we will introduce the notions of active cuts and active marks to characterize
positions where splitting is allowed. Here active cuts for a state S are represented by a
subset of N containing all those m for which !,, occurs in S or can be introduced by EVAL
applied to a labeled goal (t,q)! occurring in S. Likewise, the active marks for a state
S are represented by a subset of N containing those m for which 7,, occurs in S. Note
that we can exclude 7,, occurring as the first or last element of S. The former is possible,
as an application of the FAILURE rule would remove such a !,, without any side effects.
The latter is possible, as applying the first cut rule to a state ending in ?7,, is identical to

applying the second CUT rule to the same state without 7,,.

Definition 5.25 (Abstract Inference Rules — Part 5 (PARALLEL)).

S|S KB
S:KB S KB

(PARALLEL) 4 AC(S) N AM(S') = @

Here, the active cuts AC(S) of a state S are defined as the set of all m such that S =
S| ¢, m,q | S” or S=5"|(t,q), | S” and ¢; = H; — By, |, B}, while the active marks
AM(S) of a state S are defined as all m such that S =S5"|7,,|S" and S" # ¢ # 5.

Lemma 5.26 (Soundness of PARALLEL). The rule PARALLEL from Definition [5.25 is

sound.

Proof. Assume that Sy | S’y € C(S | S’; KB) has an infinite derivation. Then there are
three cases. If Sy has an infinite derivation, we immediately have that Sy € C(S; K B) has
an infinite derivation. If Sy does not have an infinite derivation and, after finitely many
steps, we reach the state S’y, we have that S’y € C(S’; KB) has an infinite derivation.
Finally, if S has no infinite derivation, but we do not reach S’v, S” must be of the form
S" |7 | 8" with S8” # € and in the derivation of Svy | S’y we apply the CUT rule to
by @ | "'y | 8"y |7 | S, 1.e., m € AC(S). As S | S’ has an infinite derivation, we
get S # e. But S” # ¢ # 8" implies m € AM(S’). Thus we have a contradiction to
AC(S)NAM(S) = @. O



5.4. 'Termination Graph 103

Example 5.27. Consider again the one-rule logic program from Example [5.20f Now,

using the rules from Parts 1 — 5 we can obtain the following finite tree.

- = p(T1)§ ({Tl}vgv z)

)/ CASE
1
PARALLEL
/ (T2 | 71; ({11}, 2, 2) 71;({T1}, 2, 9)
1
INSTANCE |

. PARALLEL FAILURE
1
\ p(T1f2 ({T1}, 2, ) & ({11}, 2,9)

' EvAaL
'\ T1/s(T2) | EvAL \

T~ p(T2); ({Th, T2}, 2, 2) & ({11}, 2, {(p(T1), p(s(X)))})

By using PARALLEL and FAILURE we can always get rid of question marks at the end

of a state. From here on we will always implicitly use these two rules in such cases.

Example 5.28. Consider again the one-rule logic program from Example[5.20 Using

implicit removal of trailing question marks, we obtain the following finite tree.

-3 p(Tl); ({Tl}vgv Z)

;'/ Casp
IsTaner :" P12 (11}, 2, 2)
l\‘ Ty /s(T2) | Evar w‘
Loy (1 my, 2, 2) & ({11}, 2,{(p(T1), p(s(X)))})

So far, we have used the PARALLEL rule only to remove superfluous trailing question

marks. In general, backtracking lists can, of course, contain non-trivial information that

needs to be removed for finiteness of the analysis.

Example 5.29. Consider the following simple logic program consisting just of one rule

and one fact:
(13)

(14)

For queries of the form p(t) where ¢ is ground, the logic program once again clearly

terminates.



Chapter 5. Logic Programs with Cuts

104

Now, consider the tree built using the rules from Parts 1 — 5 where PARALLEL is only

used implicitly to remove trailing question marks:

p(T1)§ ({Tl}’ , '@)

CASE

EVAL o B ({11}, &, {(p(T1), p(s(X)))})

EvAL
id | EVAL

0; ({T1}, 2, {(p(T1), p(s(X)))}) & ({11}, 2,{(p(T1), p(s(X))),
(p(T1), p(X))})

SUCCESS

p(T ) | p(1 ({11}, 2, @)
T1/s(T2) | EvAL

p(T2) | p(TV ) ({T1, T2}, &, @)

CASE

& ({T1}, 2, {(p(T1), p(s(X)))})

p(T2)fE | p(T2 Y | p(T1 2, ({11, T2}, 2, ©)
Ty /s(T3) | EvAL m‘
p(T5) | p(T2 5B | p(T R, ({11, 1, T3}, @, @) p(T2 V52 | p(Ty I ({13, Ta}, @, {(p(T2), p(s(X)))})
id | EvAL

CASE

This process can obviously be continued infinitely often without encountering an in-
stance of a previous state. The reason is that each application of the CASE rule produces

another backtracking target.
Now, by using PARALLEL more liberally, we can obtain the following alternative tree:

--» p(T); ({11}, 2, 9)

7’
CASE

C | @B R (1), 2, 0) —— ) (1 (11, 2, 9)
INSTANCE ! ) w\

. PARALLEL id | EVAL

\ 0;({Th}, 2, 9) & ({11}, 2,{(p(T1), p(X)})

\ P ({11}, 2, 2)
) T1/s(T2) | EVAL w‘ W‘Ess
e ({11}, 9, 9)

& ({1}, 2, {(p(T1), p(s(X)))})

\\s p(Tg);({Tl,TQ},Q,Q)

Thus, by using the PARALLEL rule in these non-trivial cases, we can easily close the

tree.

Note that INSTANCE is not only useful for closing the graph, but also for generalizing

a state. This allows for example to get rid of superfluous information in the knowledge

base.
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Example 5.30. Consider once more the one-rule logic program from Example [5.20 Now,

using another generalization we can obtain the following tree.

p(T1)§ ({T1}7 , Q)

CASE

p( 2 ({11}, 2, @)

IngTANCE T4 /s(T5) | Evar w
'\‘ p(T2): ({T1. T2}, 2, 2) & ({71}, 2. {(p(T1), p(s(X)))))
\‘\ INSTANCE INSTANCE
“Lomany oo & (2, 2,9)

From here on we will always use implicit generalizations in our examples to keep the
knowledge base relevant to the current state. In particular, information about variables

no longer used in the state can safely be disregarded.

Example 5.31. Consider for the last time the one-rule logic program from Example [5.20]

Now, using an implicit generalization step we obtain the following tree.

p(Tl); ({Tl}v , Q)

CASE

~

(2 (11}, 2, 2)

EvVAL
EvAL

p(Tz); ({T2}v , @)

1
1
INSTANCE |
1
\}

T1/s(T2)

\
\

N

~
- & (2,9, 9)

In the examples above, we used the INSTANCE node both to refer back to an existing
node and to remove superfluous knowledge by creating a new node. There are also cases

where the INSTANCE rule is needed to create a new, more general node with a generalized

state.

Example 5.32. Consider the following logic program consisting of just one rule:

p(X) — p(s(X)). (15)

Now, consider the query p(0) and the corresponding tree built using the rules from Parts

1 — 5 as we have applied them so far:



106 Chapter 5. Logic Programs with Cuts

p(0); (2, 2, @)

CASE

p(0fE, (2, 2, @)

EvaL
id | EvaL

p(s(O));(@,g,g) 5;(@,@'7®)

CASE

p(s(0)52: (2, 2, 2)

EvaL
id | EVAL

p(s(s(0))); (2, 2, 2) £ (9,9,9)

CASE

This process can obviously be continued infinitely often. But if we use the INSTANCE

rule to generalize 0 to an abstract variable 7}, we obtain the following finite tree.

p(0); (2, 2, 2)

INSTANCE

- p(Th); ({Th}, 2, @)

! CASE

INSTANCE

:' p(TlF;({Tl},Z, Z)

EvaL
" T1/T> EVAL\
\

s p(s(T2)); ({12}, @, @) & (2, @, D)

With the rules from Parts 1 — 5 we can also handle programs using meta-programming,
e.g., negation-as-failure expressed by two clauses. While we can also handle the case
that we have to evaluate an abstract variable (cf. the definition of Slice and CASE), the
example below shows that in typical examples using negation-as-failure, we do not even

need this feature.

Example 5.33. Consider the following logic program:

not(X) «— X, ! fail (16)
not(X). (17)
q(X) « not(zero(X)), p(X,Y),q(Y). (18)
p(0,0). (19)
p(s(X), X). (20)
zero(0). (21)
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Now, consider the class of queries q(t) where ¢ is a ground term. The logic program clearly

terminates for these queries as clause can never be applied. The corresponding tree

built using the rules from Parts 1 — 5 is:

a(Th); {11}, 2, 2)

€--n

CASE

q(T B ({1}, @,

o)

T1/T> | EVAL

EvaL

not(zero(1»)), p(T2,

Y)> q(Y); ({T2}7 {Y}a Z)

CASE

not(zero(T)), p(T2, Y), q(Y J&8 |
not(zero(T)), p(T2, Y),q(Y Y& | ?

2; ({T2},{Y'}, @)

T2 /T3,Y/U
EvaL

‘VAI:

zero(T3), 12, fail, p(T3,U),q(U) |
not(zero(73)), (T3,U),q(U)|m|?2,({T3},{U},®)

not(zero(T%)),

({72}, {Y'}, {(not(zero(T2)), not(X))})

P(T2, Y)a q(Y’QEy

CASE BACKTRACK “‘
zero(T3), !2, fail, p(T3, U), q(U Y22 | & (9,9, 9) | INSTANCE
not(zero T3) T37 U) q(U’m I ?27 {T3} {U}v ) |lI

T3/0, U/ w |

EvaL 1
I, fail, p(0, V), q(V') | not(zero(0)), not(zero(T3)), p(Ts, U), q(U Y32 !
p(0,V),a(VIED | 725 (2, {V}, @) ({Ts}, {U}, {(zero(T5s), zero(0))}) ’.'
Cut T3/T4,U/V | EvaL EvaL ,'l
fail, p(07 V),q(V);(Q, {V},,@) p(T4,V),q(V);({T4},{V},{(zero(T4),zero(0))}) ,(Z, 9, @) ',
CASE CASE
& (2, 2, 2) p(Ta, V), a(VYE | p(T4, V), q(V %, J
({74}, {V'}, {(zero(T4), zero(0))}) K
BACKTRACK //'
P(Ta, V), a(V)E ({Tu}, {V'}, {(zero(Ty), zero(0))}) ,',
Ta/s(T5) | EVAL W
a(Ts): ({15}, 8,9) ---="" 5 (2,2, 2})

In the next section, Example [5.43| shows that the termination problem of this example
can be reduced to a trivial termination problem.

While we are able to close the graph for the simple examples above, in general we are

unable to close the graph as, for some paths, we never obtain an instance of a previous

node.
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Example 5.34. Consider the following simple logic program consisting just of one rule

and one fact:

p(s(X)) < p(X)a. (22)
a. (23)

For queries of the form p(t) where ¢ is ground, the logic program again clearly termi-

nates. Now, consider the tree built using the rules from Parts 1 — 4:

p(Tl); ({Tl}vgv ,@)

CASE

p(T1,1m§ ({Tl}7 9, @)

EvaL
T1/s(T») EVAL\

p(T2)7q§({T2}7'®"®) &5 (@’7@’7,6)

CASE

p(T2)8q; ({12}, 2, @)

EvaL
Ta/s(T3) EVAL\

P(13),9,9; ({73}, @, @) & (9,9, D)

CASE

This can obviously be continued infinitely often without encountering an instance of a

previous state. The reason is that each application of a clause adds a q to the query.

For these cases we introduce the final abstract rule SPLIT for splitting a goal of more
than one term. The basic idea is to take a state t,q | S; KB and split it into two new
states, t | S; KB for the selected “atom” and gu | S; KB for the following goal where
1 represents an approximation of the answer substitutions for ¢. For such a rule to be
correct, one would have to restrict that the active cuts for t,q have no corresponding
active marks in S. Furthermore, if some instantiation of ¢ fails, we have to backtrack
to S; KB. Thus, we only define SPLIT for backtracking lists of one element. To obtain
such a list, we can use PARALLEL which has similar restrictions on active cuts and active
marks.

Thus, we refine our idea to take a state t,q; (G, F,U) and split it into two successors
t; (G, F,U) and qu; (G', F',Up). Here, p is an overapproximation of the answer substitu-
tions where we assume that all free variables of ¢ are potentially instantiated and thus
replace them by a fresh abstract variable. If ¢ contains possibly shared variables, i.e.,
non-abstract variables not in F or abstract variables not in G, we also have to replace all
such variables in ¢ by fresh abstract variables as they might be instantiated by the answer
substitution for ¢. When assuming that the free variables of ¢ are instantiated, one has

to remove them from the set of free variables F.
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The set of abstract variables instantiated by ground terms may grow by, for instance, a
free variable being replaced with a ground term by the answer substitution for ¢. Here, we
can use any groundness analysis that, given a predicate and a set of argument positions
known to be ground, analyzes which argument positions are instantiated with ground
terms by the answer substitution. Finally, we can also apply the overapproximation u to

specialize our non-unification information in .

Definition 5.35 (Abstract Inference Rules — Part 6 (SPLIT)).

t? Q; (g7 f? u)
t(G, F.U)  qus (G F Up)

(SpLIT)

where p = ApproxSub(t,G, F), G' = G U ApproxGnd(t, u), and F' = F \ F(t).
Here, ApproxSub approximates the substitutions of the answer sets of all concretizations
w.r.t. (G, F,U) of t:

fV(t) CGUF
ApproxSub(t,G, F) = OF (1) fyi)cg

aFmaagoF otherwise

Finally, ApproxGnd approximates the abstract variables that have to be instantiated by
ground terms using a given groundness analysis Groundp : X x 28 — 2V which given a
predicate p and a set of ground argument positions computes the set of ground arguments

positions after a successful computation using the clauses from P:
ApproxGnd(t, 1) = {A(tip) | t = p(t, ..., tn), 1 € Groundgiceqp.p)(p, {i | V(i) € G})}

Lemma 5.36 (Soundness of SPLIT). The rule SPLIT from Definition [5.35 is sound.

Proof. Assume that tvy,qy € C(t,¢; (G, F,U)) has an infinite derivation. Then, there are
two cases. If ¢y has an infinite derivation, we immediately have that ty € C(t; (G, F,U))
has an infinite derivation. If ¢y does not have an infinite derivation and we did not reach
a state of the form gypu' | S’y for some answer substitution p’ and state S, we would
reach the state €, which contradicts our assumption that ¢v, ¢y has an infinite derivation.
Therefore, if ty does not have an infinite derivation, we reach states of the form gyu' | S’y
for answer substitutions p/ and states S’. If all gyu' did not have an infinite derivation, this
would contradict our assumption that ¢, ¢y has an infinite derivation. Thus, there must
be a state ¢y’ that has an infinite derivation. We now show that there is a concretization
v such that ¢yu' = quy'. There are two subcases. First, if V(t) C G U F we have
V(ty) C F as v is a concretization and, therefore, for all a € G(t), N(ay) = @. Thus,
we have Dom(y') C F(ty). From p = ary we know that for all x € F(ty) = F(t),
zp € A is a fresh variable. We define v/(zu) = zp/ for x € F(t) and +'(z) = v(z)
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otherwise. Then, obviously, ¢y’ = qu~y’. We are left to show that +' is a concretization
w.r.t. (G, F ,Uu). As we have only defined + for abstract variables, clearly 7/|4 = 7.
From A(Range(y)) = @ and |, 4 A(ay) = @ we know that |J, 4 A(ay) = @. We
perform a case analysis based on the partition G’ = GW (ApproxGnd(t,u) \ G). For a € G
we have defined ay’ = a7y and thus V' (a') = N (ay) = &. For a € ApproxGnd(t, u)\G by
definition of ApproxGnd and equality of vu' and py’ we know that ay’ is a ground term,
i.e., N(ay') = @. Furthermore, note that F(Range(yn')) C F(t) and F(Range(v)) = 2.
Thus, F(Range(v')) C F(t) and, consequently, F'(Range(v')) = @. For all (s,s") € U we
have sy + s’y and, consequently, syu' % s'yu'. But from yu' = py' we get suy' o« s'uy'.
Thus, for all (s”,s") € Uu, we have sy’ ¢ s'4'. Second, if V(t) € G U F, the answer
substitution p’ can potentially instantiate any non-ground term in ¢y except for variables
from F(q) \ F(t). We define 7/ in such a way that yu' = py’. This is always possible
because Dom(p') N (F \ F(t)) = @ and all variables in Range(u) are fresh. Then, clearly,
gy = quy. We are left to show that 4 is a concretization w.r.t. (G', F ,Up). As we
only need to define 4/ for abstract variables, clearly 7/|4 = 7. From A(Range(y')) = &
and |J,c 4 A(ay) = @ we know that |J,. 4 A(ay') = @. We perform a case analysis
based on the partition G' = G W (ApproxGnd(t, ) \ G). For a € G we have effectively
defined ay’ = avy and thus N(ay') = N(ay) = @. For a € ApproxGnd(t,u) \ G by
definition of ApproxGnd and equality of vu' and py’ we know that ay’ is a ground term,
i.e., N(ay') = @. Furthermore, note that F(Range(y')) C F(t) and F(Range(v)) = 2.
Thus, F(Range(y')) C F(t) and, consequently, F’'(Range(y')) = @. For all (s,s") € U we
have sy «¢ sy and, consequently syu' ¢ s'yu'. But from syu' = suy' and s'yu' = s'uy/
we get suy’ o §'puy’. Thus, for all (s”,s") € Up, we have sy’ & s’ O

Example 5.37. Consider again the logic program from Example [5.34 Now, consider the

tree built using the rules from Parts 1 — 6:

- p(Tl); ({T1}7gv @)

) CASE
1
1 EvaL
: p(T1 2 ({Th}, 2, ) 5 (2,2, 9)
1
INSTANCE | T1/s(T2) | EvaL
1
SPLIT
\ P(T2),q; ({T2}, 2, 2) a; (2,2, 2)
\
\
Y SPLIT CAsE
N
~
T~ p(T2); ({12}, 2, @) 2 (2,2, 2)
EvaL
id EVA[\
SUCCESS

Thus, with the help of the SPLIT rule, we can easily close the tree.
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5.5. Termination Graph to Logic Program

In this section we show how to extract a cut-free logic program from so-called termination
graphs built by the abstract rules from the preceding section. For a graph GG and a rule
RULE, we use the notation Rule(G) to denote all nodes of G to which RULE has been
applied. We denote by Succ(i,n) the i-th child of n.

Definition 5.38 (Termination Graph). A finite graph built from an initial state (s; KB)
using the rules from Definitions - is called a termination graph if, and only
if, there is no cycle consisting only of INSTANCE nodes and all leaves are of the form
(e; KB') for some knowledge base KB'.

First, we must not have cycles consisting only of INSTANCE nodes as we do not obtain
any clauses for them and thus, could falsely prove termination.

Second, we must have applied some rule to all nodes of the graph except for final states,
i.e., those states where our computation stops. These are exactly those nodes for which

the state consists only of the empty backtracking list ¢.

Example 5.39. Consider again the graph from Example |5.33. All leaves are abstract
states of the form ¢; (@, @, ). The only cycle traversing the only INSTANCE node
a(Ts); {Ts}, @, @) also contains, for instance, the CASE node q(71); ({11}, @, @). Thus,

this graph is indeed a termination graph.

Note that we can always obtain a termination graph for any given logic program P and
given abstract state S; K B. The first observation is that by using PARALLEL and SPLIT,
for any abstract state we can obtain a number of successor states consisting of just one
“atomic” query p(ty,...,t;); KB or just a question mark, i.e., 7,,; K B. For the latter we
can apply FAILURE to obtain final states. For the former, our second observation is that
by using INSTANCE, we can generalize states of the form p(ti,...,t,); KB to states of the
form p(T4,...,Ty); (9,9, D) where Ty, ..., T} are fresh variables from 4. The conditions
for INSTANCE are trivially satisfied as we do not instantiate any variables from N and as
G', F', and U’ are empty.

To the new states we apply CASE, BACKTRACK, SUCCESS, FAILURE, and EVAL as long
as possible where we always use PARALLEL and SPLIT to deconstruct non-trivial back-
tracking lists and, if applicable, INSTANCE to generalize p(t},...,t!); KB to p(Ti, ..., T);
(2,2, ). As the signature of P is finite and as we can reuse the generalized states, after

finitely many steps we obtain a termination graph.

Example 5.40. The following graph can be obtained using Definitions - for the
program from Example [5.1] and the set of queries Q = {div(ty, ta,13) | t1,t2 are ground}:
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div(Ty, Ty, T3); ({T1, Tu}, 2, @) |<- -

~
CASE

N
div(Ty, To, T3 | div(Ty, To, T5 8 |
div(Ty, Ta, Ts YR | 715 ({T1, T2}, 2, 2)

N
A Y
) ’ N
T /0 EvaL
EvaL

Iy, fail | div(Ty, 0, T5)8 | div(Ty,0, T3 )P | 71

({11}, 2,9)

div(Ty, To, T3 Y@ | div(Ty, To, T3 P | 715

({T1, T2}, @, {(div(T1, T2, T3), div(X, 0, Z))})
T, /0, qV WL
Cur
EvaL
11, =(T4,0) | div(0, Tp, T5)P | 71; div(Ty, Tz, T3 ff ({T1, T2}, &, {(div(Ty, T, Ts),

Case ({T2}, 2, {(div(0, T2, T3),div(X, 0, 2))}) div(X, 0, 2)), (div(T1, T2, T3),div(0, Y, Z))})

Ty /Ts, T2/ T, T3 /s(T7) VAL

Cur EvAL

=(T4,0); (2,9,2) minus(Ts, Te, U), div(U, Ts, T7); ({15, Te }, {U}, & (2,9,9)

{(div(Ts, Ts, T3), div(X, 0, Z)), (div(Ts, Ts, T3), div(0, Y, Z))})

CASE
=(T4,0 (0,2, 2)

SPLIT
U/Ts
T4 /0 Fuar SPLIT
EvaL
|0ie,0.2) || s5(2.0.9) |[ m

minus(Ts, Te, U); ({T5, Te }, {U}, {(divV(Ts, Te, T3),
div(X, 0, Z)), (div(Ts, T, T3), div(0, Y, Z))})

SUCCESS

div(Tg, Ts, T7); ({T6, Ts }, @, {(div(T5, Ts, T3),
div(X, 0, 2)), (div(Ts, Ts, T3), div(0, Y, Z))})
CASE
2 (> &0 B) minus(Ts, Tg, UYR | minus(Ts, T, UFFD | minus(Ts, Tg, UEH
El bl i

({75, Te}, {U}, {(div(T5, T, T3), div(X, 0, Z)), (div(Ts, Te, T3), div(0, Y, Z))})

PARALLEL
PARALLEL
minus(Ts, To, UYSs ({T5, Te}, {U}, {(dv(T5, T, T3), minus(T5, To, UYED | minus(Ts, To, UNEL ({T5, Te}, {U},
div(X, 0, Z)), (div(Ts, Ts, T3), div(0, Y, Z))}) {(div(T5, Ts, T3), div(X, 0, Z)), (div(T5, Ts, T3), div(0, Y, Z))})
AKTRACK

s
PARALLEL
PARALLEL
& (2,9,9) i

minus(Ts, Tg, UYBE ({T5, Te }, {U}, {(div(Ts, Tg, T3),
div(X, 0, 2)), (div(Ts, Ts, Ts), dv(0, Y, Z))})

minus(Ts, Te, UYL, ({T5, T}, {U}, {(div(T5, Tg, T3),
div(X, 0, Z)), (dv(Ts, Ts, T3), div(0, Y, Z))})

Ts5/s(To), T /s(T10), U/V EVAL
EvaL

| minus(To, T10, V); ({To, T10}, {V'}, @) |<----

BACKTRACK

CASE
~
minus(To, T1o, V3 | minus(To, Tio, VT | minus(To, Tro, VIS ({To, T10}, {V}, 2) AN
\\
N
PARALLEL \
\
minus(To, T10, VI8, ({To, Tro}, {V}, @) minus(To, T10, VISR | minus(To, T10, VIEL ({To, T1o}, {V}, @) \
1
Ty /0, V/0 EvaL PARALLEL 'l
EvaL PARALLEL f
INSTANCE /
0;(2,9,9) & (2,9,9) minus(Ty, T10, V& ({To, T10}, {V}, ) minus(To, Tho, VD ({To, Tio}, {V}, 2)
1
s
SuccEss T9/T11,T10/0, V/T11 Ty /s(T12), Tr0/s(T13), V/W EvaL R
Evar EvAL EvAL 7
7’
. . 7’
< (2,2,2) |oi@.0,0) | | e5(0.0,0) | | mins(Tis, Taa, W) (T2, Trak (W)o9) | | si@.00) |-
~
SUCCESS RS
& (2,9,9)
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Remember that our goal is to show termination of the initial state of the graph. By
soundness of the abstract rules, we are left to prove that the cycles in our graph cannot
be traversed infinitely often. Here, we have to show that the INSTANCE edges for div and
minus cannot be traversed infinitely often.

To show that the INSTANCE edges cannot be traversed infinitely often, we build clauses
for all paths in the graph that start in the topmost node, in the left child of the only
SPLIT node, or in the successor node of the INSTANCE node for minus. We look at all
paths that either end in one of the SUCCESS or INSTANCE nodes or in the left child of the
only SPLIT node.

For the path from div(Ty, Ty, T3); ({T1,T2}, 9, 2) to O; (2, D, ), by looking at the
substitutions 77/0,T5/T, and T,/0 on the path, we obtain the fact div;(0,75,0). Note
that we can use fresh natural numbers to label different occurrences of the same root
symbol.

For the path from div(Ty, Ty, T3);({T1, T2}, 9,2) to div(Tg, Ty, T7); ({16, Tz}, 9,
{(div(T5), 16, T5),div(X, 0, Z2)), (div(T5), Ts, T3),div(0, Y, Z)) }) we have to consider the sub-
stitutions 11 /T5, 15 /Ts, T3/s(T7) and U/Ts. We can also use that minus(75, Tg, U) needs
to be derived to O before we can continue with div. Thus, we obtain the new clause
divy(T5, Ts,s(T7)) < minusy (75, Ts, Tg), div (Ts, Ts, T7). Note that we used the same fresh
natural number for both occurrences of div as they are linked by an INSTANCE edge.

Continuing in this manner, we obtain the following logic program for which we have
to show termination w.r.t. the set of queries Q = {divy(t1,t2,%3) | t1,12 are ground} as

specified by the knowledge base in the first node.

)« minusy (Ts, Tg, Ts), divy (T3, Tg, T%).
)« minusy (75,75, U).
s(0),s(T10),0).
):s(0), T11).
minus; (s(712),s(T13),V) <« minusy(T12,T13, V).

minusz (0, 710, 0).

minuss(771,0,711).
minusa(s(712),s(T13), W) «— minuse(T12, T13, W).

minusl( (TH

The above logic program can easily be proved terminating both by the transformational
method presented in Chapter [3] by the direct one from Chapter [4] and, of course, by their
combination through Theorem [4.22. Indeed, virtually all methods for proving termination

of logic programs will succeed to prove termination of this definite logic program.
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We now show how to obtain a logic program and a set of queries (characterized by a
moding function) from a termination graph. To this end, we first need the notion of a
clause path to characterize paths in the termination graph from which we generate the

clauses for the logic program.

Definition 5.41 (Clause Path). A path m = ny...ny is a clause path w.r.t. G if, and
only if, k > 1 and the following conditions are satisfied:

e ny € Succ(l, Instance(G) U Split(G)),

e 1y € Success(G) U Instance(G) U Succ(1, Split(G)),

o foralll <j<k,n; ¢ Instance(G), and

o foralll <j <k, nj_y € Split(G) = n; = Succ(2,n;_1).

Intuitively, the above definition characterizes all non-trivial paths that start at the
successor of an INSTANCE node or at a left successor of a SPLIT node, end at a SUCCESS
node, at an INSTANCE node, or at a left successor of a SPLIT node, and do not traverse an
INSTANCE edge or left successors of SPLIT nodes. We do not traverse INSTANCE edges to
make sure there are only finitely many clause paths. Instead of following left successors
of SPLIT nodes, we get clause paths starting at these nodes. These will correspond to the
intermediate body atoms in the generated logic program.

Now, for obtaining a cut-free logic program, the idea is to construct one clause for each
clause path m = ny...n,. Here, the head of the new clause is the renamed state of ny
where we apply the substitutions between n; and n;. The last body atom is the renamed
state of ng. As intermediate body atoms we use renamed states of nodes n that are left
children of some n; € Split(G). Note that also here, we apply the substitutions between
n; and n; to the respective intermediate body atom.

The renaming contributes to the success of our method in three ways. First, it allows
to use different predicate symbols for different nodes. This is needed, for instance, in
Example [5.40] where the cut-free logic program would not terminate if one was to iden-
tify minus; and minusy. Second, it allows to represent a whole state by one atom, even
if this state consisted of a non-atomic goal or a backtracking list with more than one
element. Third, it simplifies the problem even for states consisting of a goal of one atom
by flattening the context of the variables to one predicate symbol.

The only remaining problem is that paths may contain BACKTRACK or SUCCESS edges
or go to the right child of some EVAL node. Here, the substitutions that correspond to
the same cut scope, i.e., the same number m, must not be regarded for instantiating the
head of the new clause. The reason is that backtracking undoes the substitutions of the
clauses tried before. Thus, we collect the substitutions between n; and n; backwards and

whenever we pass a a problematic edge, we keep track of the current scope m. When
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we come from the left child of some EVAL node with the same m, we disregard the
corresponding substitution. Note that the same is not necessary for the intermediate

body atoms as we do not allow any non-empty backtracking list after the goal to split.

Definition 5.42 (Logic Programs and Queries from Termination Graph). The logic
program Pg and the moding function mg for a termination graph G are defined as
Pe = Ur causepath wr.t. ¢ Clause(m) and ma(p,i) = in if, and only if, for all clause-paths
7= (n;(G,F,U))... wrt. G, whenever Rename(ny) = p(x1,...,x,) then z; € G.

For a path m = ny ...ny, we define Clause(m) = Rename(n,)oy o < I, Rename(ny).
Here, the Rename function is defined as follows. For n € Success(G), Rename(n) is O
and forn € Instance(G), it is Rename(Succ(1,n))u where w is the substitution associated
with this INSTANCE node. Otherwise, Rename(n) is p,(V(n)) where p,, is a fresh predicate
symbol and V(S; KB) = V(95).

Finally, o and I are defined as follows (where the substitutions u and o' and the

index m are from the corresponding node n;_1).

(

id ifi=1

Ons.omy 1 M if nj—1 € Split(G), n; = Succ(2,n;_1)

Onyomy_y MO if nj_1 € Eval(G), n; = Succ(l,n;_1),
and m & M forn;_1 = (t,q)%, | S; KB

Onymy_1,m0lg  if nj_y € Eval(G), n; = Suce(1,n;_1),

T M and m € M forn;_1 = (t,q)%, | S; (G, F,U)
Onyomj_1,MU[m}y 4 Mj—1 € Eval(G), n; = Suce(2,n,-4)
or n;_1 € Backtrack(G) U Success(G)
and n; = (t,q), | S; KB
[ Onrony 1 M otherwise
O ifj =k

L,..ny, = Rename(Succ(1,1;))0n;. 25 Injorme if 1y € SPLit(G), mj1 = Suce(2,n;)

Lijir. otherwise

Example 5.43. The graph G in Example is a termination graph. Applying the above
definition we obtain the single clause logic program Pg with the clause q(s(75)) < q(75)
and the moding function mg where mg(q, 1) = in. Termination of Pg is trivial and can

be shown by any technique.

The following lemma shows how the clauses of LP(G) can be used to simulate concrete

derivations of concrete states described by the states of the graph.
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Lemma 5.44 (Simulation using LP(G)). Let Soyo € C(So; KBy) and Sk € C(Sk; KB')
for some path m = ng ...ng w.r.t. G withn; = S;; KB; where fori < k, n; & Instance(QG).
If there is a concrete derivation from Syyo to Spyi | Sy, then Rename(no)yo Feiause(r)

o 5. Rename(ny) .-

Proof. We perform the proof by induction, using as the induction relation the lexico-
graphic combination of the length k of the concrete derivation from Syy to Sy | S’k
and the edge relation of the graph G’ obtained from G by keeping only outgoing edges
from nodes in Instance(G) U Split(G) U Parallel(G). This relation is well-founded,
as every cycle of the termination graph must contain at least one outgoing edge from
Instance(G) U Split(G) U Parallel(G).

For k = 0 we have Clause(m) = Rename(ng) < Rename(ng). Thus, obviously we have
Rename(no)yo Fciause(ry Rename(ng)y,. For k > 0, we can assume the lemma holds for
concrete derivations of length at most k — 1.

We now perform a case analysis based on ny and ng_1. If ny_; € Split(G) and ny =
Succ(2,ny_1), i.e., we traverse the right child of a SPLIT node, we know that by the
induction hypothesis Rename(no)yo Fciause(ni..ny_,) Rename(ng_1)y,—1. From the proof
of SPLIT we know that 1’ = py where Rename(Succ(l,ng—1))vr—1 Fp, O with
answer substitution p/. We may assume the latter due to the induction hypothesis and

the derivation being shorter than k. Thus, we obtain:

Rename(ng)7yo
FClause(r) © Fre  Rename(Suce(1, ng_1))uy, Rename(ng) ™ yi—1

= Rename(Suce

P

(
(
( 1, mg—1))ve-14, Rename(ng) ™ i1
Fre Rename(ng)p ™ ye_1p/
= Rename(ng) ™ iy
(n)

= Rename(ny )i

If ng_; € Eval(G) and ny, = Suce(l,ny_1), i.e., we traverse the left child of an EVAL
node, we know that by the induction hypothesis, Rename(no)yo Fciause(ni..ng 1) © e
Rename(ng_1)Yk—1. From the proof of EVAL we know that ¢yx_10” = qo’y, and S~v,_1 =
Solgyk. Let n_1 =t,q|S;(G,F,U). Then, we obtain:

If ng_1 € Fval(G) and ny = Suce(2,n,_1) or ng_1 € Backtrack(G) U Success(G) and
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ni—1 = (t,q)!, | S; KBy_1, i.e., we backtrack by removing the first element of the back-
tracking list, we perform a case analysis based on the existence of a CASE node introducing
m in ny...ng_1. If such a CASE node does not exist in our path, there is also no SPLIT
node in our path. Thus, o, = id and I, = O. Then, Rename(no)Yo - rename(no)—Rename(ny,)
Rename(ny)vy. If there is such a CASE node in our path, i.e., there is a j such that
n; € Case(G) and n; = (t',¢')", | S"; KB;, we know by the induction hypothesis that

Rename(no)Yo Feiause(ni..ny) © Fpg Rename(n;)y;. As on;. . m,

=id and I, n, = 0O we
have Rename(ng)Yo Feiause(x) © Fpe Rename(ng)y.

Finally, if ny_; is in none of the above sets, we have o, = 0y, , , and I =1, 5, ..
Again, from the induction hypothesis we know that Rename(no)yo Fciause(n,..ni_1) © FPe
Rename(ng_1)yk—1. From the definition of the abstract rules used, we know that V(s;) C
V(sk—1) and, thus, Rename(no)Yo Fciausex) © Fpg Rename(ng)ye—1 = Rename(ng)y.

]

Now, we need a way to relate concrete infinite derivations to infinite paths in the graph.
As the INSTANCE rule allows renaming of variables and as the question marks introduced
by CASE are unique, we need to view outgoing edges of INSTANCE nodes not just as
referring back to a previous node, but to a renamed-apart copy of the termination graph
where variable names and CASE marks have been renamed accordingly. We call the

infinite graph that we obtain in this way the unrolled termination graph.

Lemma 5.45 (Infinite Path for Infinite Derivation). Let Sy € C(S; KB) for some ng =
S; KB € G. If Sv has an infinite concrete derivation sgs1Ss ... with so = S7, there is an
ifinite path ngny . .. in the unrolled termination graph and there are indices jg, j1, . .. such

that for all i there is a prefiz s} of s;, with s’ € C(n;) and s has an infinite derivation.

Proof. By the proofs of soundness for all abstract rules, we know that for any node n,
if some s, € C(n) has an infinite concrete derivation rorirs. .., for some j there is some
prefix r} of r; that has an infinite derivation rir’ %, ... where 7} is a prefix of r; for
k > j and 1} € C(n) for some successor node n' of n.

To see this, consider the following case analysis over all abstract rules. For SUCCESS,
FAILURE, CuT, CASE, and BACKTRACK we clearly have j = 1 and r{ = r;. That
r1 € C(Succ(1,n)) holds follows directly from the proofs of these rules. Similarly, for
INSTANCE we have j = 0, 7}, = 19, and r{, € C(Succ(1,n)).

For PARALLEL we perform a case analysis. If S7 from ry = Sv | S’y has an infinite
derivation, we have j = 0, 1, = S, and r(, € C(Suce(1,n)). If S does not have an infinite
derivation, there must be a j such that r; = S"y. We have 1’ = r; and r}; € C(Succ(2,n)).

For SPLIT we perform a case analysis. If ty from ry = t7, ¢y has an infinite derivation,
=0, 1y = ty, and rj € C(Suce(1,n)). If ty has not infinite derivation, there must be
a j such that r; = gy for ty 3 O with answer substitution y'. We have 7’ = r; and

i € C(Succ(2,n)).
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By applying the above reasoning repeatedly, we obtain the infinite list of indices

Jojije - - - and, thus, prove the lemma. O

Theorem 5.46 (Correctness). If G is a termination graph for P such that Pg is terminat-
g w.r.t. the moding m¢, then all concretizations of all states have only finite derivations
w.r.t. the rules of Definition [5.6,

Proof. Assume Pg is terminating w.r.t. the moding function m, but there is a concretiza-
tion Sy € C(S; K B) from some ny = S; K B that has an infinite concrete derivation. Then,
according to Lemma [5.45] there is an infinite path ngnin, ... in the unrolled termination
graph and there are indices jojij2 ... such that for all i there is a prefix s} of s;, with
st € C(n;) and ) has an infinite derivation.

Then, there is a k£ such that the infinite suffix ngngi1ngio. .. of ngniny ... consists of
an infinite sequence of clause paths momim, ... and there are indices lylils . .. such that for
n,, = S,,; KBy, and s; € C(ny,,) we have s; € C(ny,) where mp, = ny, .. ..

Now, according to Lemma [5.44] for all m € N, we have Rename(n,,)V,. Fciause(mm)
o Fp, Rename(ny, ) Vi, -

Thus, Rename(ny,)7y;, has an infinite derivation w.r.t. Pg. As S;,v, € C(ny,), Pa is
not terminating w.r.t. the moding function m¢. This contradicts our initial assumption

and, thus, proves the theorem. O

Corollary 5.47 (Termination Analysis of Logic Programs with Cuts). A logic program
P is terminating w.r.t. a class of queries described by a symbol p € ¥ and a mod-
ing function m : ¥ x N — {in, out} if G is a termination graph for the initial node
p(Th, ..., 1), (G, 2, 9) where G = {T; | m(p,i) = in} and Pg terminates w.r.t. the mod-

g function mg.

The reverse direction of the corollary above does not hold. The following example

demonstrates that our pre-processing is not termination-preserving.

Example 5.48. Consider the logic program P consisting of the following clauses:

a(X) — p(X), ! (24)
p(0). (25)
p(s(X)) < p(X). (26)

Now, consider the set of queries described by the symbol q and the moding function m
with m(q, 1) = out, i.e., the set of all queries q(t) for arbitrary terms ¢. In our setting of
unification with occur check, we can assume ¢ to be a finite term. But then, for any ¢,
after finitely many steps removing one s, there are two possibilities. First, the derivation
can fail because we reach some function symbol different to 0 and s. Second, we reach 0

or a variable and, consequently, the cut. Thus, P terminates w.r.t. m.



5.6. Summary 119

We obtain the following termination graph G for the initial node q(77).

q(T1)§ (Q’ 9, ,@)

CASE
q(TI’]_E; (gv 9, Q)
EvaL
T1/T> | EVAL
p(T2), 5 (2, 9, @) ¢; (9, 2, D)
CASE
/0
U p(T2), 5% [ 72; (2, 2, @) = p(12), 52| p(12), 5% | ?2; (2, @, D)
VAL -
’
Cur 'I EvaL
1
0; (2, 2, 2) ' p(T2), B8 (2, 2, {(p(T2), p(0))})
INSTANCE ‘\ EVAL
SUCCESS \ T2 /s(T3) | EvAaL ’
AY
AY
& (2,2, 2) S~ 1 p(T3), 23 (2, 2, {(p(T2), p(0))}) & (2,9, 2)

We obtain Pg containing the following clauses:

p1(0).
P1(s(73)) « pu(T3).

For the moding function mg we obtain mg(p1, 1) = out. But, for instance, the query

p1(X) does not terminate.

5.6. Summary

We have introduced a novel non-termination preserving pre-processing method to elimi-
nate the effect of cuts in many practically relevant cases. After this pre-processing, any
technique for proving universal termination of logic programming can be applied. As our
method also works for meta-programming and as cuts can be used to express negation-as-
failure as well as existential termination, the contributions of this chapter solve challenges
, , and from the beginning of this chapter.

The success for meta-programming and, in particular, negation-as-failure is demon-
strated by Example [5.33] as the logic program obtained after the pre-processing step is
trivially termination (cf. Example [5.43)).

Regarding existential termination, Example shows that without further improve-
ments, our approach in its current form is not very strong for showing existential termina-
tion. Note that the graph does contain all information needed for the termination proof.
The problem is just that this information is not used when constructing the cut-free logic

programs.
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This pre-processing has been implemented in our tool AProVE and the implementation
indeed succeeds in proving termination of both Example [5.1] and Example It has
also been tested successfully on a number of further examples where the cut is needed to
ensure termination.

Future work would primarily be to make the abstract rules more precise, e.g., by using
sharing analysis to track possibly shared variables more precisely, by better approximating
answer substitutions for the SPLIT rule, or by using an approach based on argument filters
(cf. Chapter |3)) instead of simply tracking abstract variables instantiated by ground terms.

Finally, additional shape analysis for the structure of terms used in answer substitutions

should improve power on queries expressing existential termination (cf. Example [5.48)).
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6. Recursive Path Order

In the first part of this thesis we presented powerful techniques for termination analysis of
logic programs. Regardless of whether we use the transformational approach of Chapter [3]
the direct approach of Chapter ] their combination through Theorem [£.22] or whether
we apply the pre-processing from Chapter |5 — in the end it all boils down to searching for
a well-founded order on terms.

To this end, many tools search for polynomial orders, i.e., polynomial interpretations of
terms into natural numbers. Still, there are many natural examples where no tool based

on polynomial orders can show termination.

Example 6.1. The following logic program from the [TPDQ7] can be used to compute
the conjunctive normal form (CNF) of a propositional formula represented by a/2 and

0/2 for conjunction and disjunction, respectively, and n/1 for negation.

cnfequiv(X,Y") « transform(X, Z), cnfequiv(Z,Y).

)
cnfequiv(X, X).
transform(n(n(X)), X).

(
(X,Y)),0(n(X),n(Y))).
(X, Y)),

transform(n(a Y
Y

o]
~
=)
—
s’
=)
—
=
N—
N—
N—

transform(n(o(X,
transform(o(X, a(Y,

(n(

(n(

(n(

(of )
transform(o(a(X,Y), Z),a(o(X, Z),0(Y, 2))).

(of

(of

(a(

(a(

(n(

5
\.QJ
°
S
=

transform(o( X1,

“g
>t
N
=
7
—+
o
=
v,
Q
3
>
—_
P
-

)
transform(o(X, Y'1 ) « transform(Y'1,Y2).
) < transform

Y)

);o( ) (
transform(a(X1,Y),a(X2,Y) (X1, X2).

),a(X,Y2)) « transform(Y'1,Y2).
transform(n(X1),n(X2)) < transform(X1, X2).

transform(a(X,Y'1),a

The clauses for transform implement one transformation step which can either be elimi-
nation of double negation, De Morgan’s rule, or distribution. The last 5 clauses allow to
descend into formulas. Finally, the first answer for cnfequiv(t, X'), where ¢ is a proposi-
tional formula, is the CNF of ¢. At the end of Chapter [7] we are able to use recursive path

order to show termination w.r.t. the set of queries {cnfequiv(t1,ts) | ¢1 is ground }.



124 Chapter 6. Recursive Path Order

Since 2006, several papers have illustrated the huge potential in applying SAT solvers
for various types of termination problems for term rewrite systems (TRSs). The key idea
is classic: the specific NP-complete termination problem for a TRS R is encoded to a
propositional formula ¢ which is satisfiable if and only if R has the desired termination
property. Satisfiability of ¢ is tested using a state-of-the-art SAT solver [LP08| [ES07] and
the termination proof for R is reconstructed from a satisfying assignment of ¢. However,
in order to obtain significant speedups, it is crucial to base the approach on polynomial-

size encodings which are also small in practice.

The first such attempt addresses LPO-termination [KIK04]. This work is based on BDDs
and does not yield competitive results. A significant improvement is described in [CLS06]
which presents an extremely fast SAT-based implementation. Successful SAT encodings
of other termination techniques are presented in [EWZ06, FGM™07, HWO06, ZM07]. A
common theme in all of these works is to represent (finite domain) integer variables as
binary numbers in bit representation and to encode arithmetic constraints as Boolean

functions on these representations.

This chapter introduces the first SAT-based encoding for full recursive path orders.
The main new and interesting contributions compared to [CLS06] are (1) the encoding
for the lexicographic comparison w.r.t. permutations and (2) the encoding for the multiset

extension of the base order.

Our encoding of RPO is implemented in the termination prover AProVE [GST06]. The
combination of a termination prover with a SAT solver yields a surprisingly fast implemen-
tation of RPO. All 865 TRSs in the Termination Problem Data Base (TPDB) [TPD06]
are analyzed in 50 seconds for the case of strict precedences, i.e., the SAT solver decides
whether a given TRS is terminating with RPO in, on average, less than 100 ms. Allowing
non-strict precedences takes only 85.3 seconds. Moreover, power increases considerably
compared to the implementation of LPO described in [CLS06]: 25 additional termination

proofs are obtained.

Note that this collection also contains TRSs that are the results of transforming logic
programs to term rewriting in the spirit of Chapter [3] Such TRSs typically produce
particularly hard search problems as the arities of the many function symbols introduced
by the translation are rather high (5 — 20 arguments per function symbol). Thus, an
efficient implementation is absolutely essential for the practical application of recursive

path orders to TRSs resulting from logic programming.

After the necessary preliminaries on RPO in Section [6.1] Section shows how to en-
code both multiset comparisons and lexicographic comparisons w.r.t. permutations, and
how to combine them into a single class of orders. In Section we describe the imple-
mentation of our results and provide extensive experimental evidence indicating speedups

in orders of magnitude. We summarize the contributions of this chapter in Section [6.4]
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6.1. Preliminaries

The classical approach to prove termination of a TRS R is to find a reduction order >
which orients all rules ¢ — 7 in R (i.e., £ > r). A reduction order is an order which is well-
founded, monotonic, and stable (closed under contexts and substitutions). In practice,
most reduction orders amenable to automation are simplification orders [Der82).

Three of the most prominent simplification orders are the lexicographic path order
(LPO) [KL80], the multiset path order (MPO) [Der82], and the recursive path order
(RPO) [Les83|, which combines the lexicographic and multiset path order allowing also
permutations in the lexicographic comparison. This section introduces their definitions
using a formulation that is suitable for the subsequent SAT encoding.

We assume all terms to be constructed over a signature > of function symbols and
variables V. For a quasi-order - (i.e., a transitive and reflexive relation), we define s > ¢
if, and only if, s 77 t and t 7 s and we define s ~ ¢ if, and only if, both s - t and t =~ s.
Path orders are defined in terms of lexicographic and multiset extensions of a base order

(on terms). We often denote tuples of terms as § = (s1,... S,), etc.

Definition 6.2 (lexicographic extension). Let 7~ be a quasi-order. The lexicographic

extensions of >, ~, and >~ are defined on sequences of terms:
o (51,...,8,) ~ (ty, ... ty) if and only if n =m and s; ~t; for all1 <i<n

o (s51,...,8,) = (ty, ... tm) if and only if (a) m =0 and n > 0; or
(b) s1 = t1; or (c) s1 ~t; and (s, ..., 8,) =% (ta, ... tm).

° ilex — ez U >lex

So for tuples of numbers 5 = (3,3,4,0) and t = (3,2,5,6), we have 5 >* t as s; = t;
and sg > ty (where > is the usual order on numbers).

The multiset extension of an order > is defined as follows: 5 ="% ¢ holds if £ is obtained
by replacing at least one element of 5 by a finite number of (strictly) smaller elements.
However, the order of the elements in 5 and ¢ is irrelevant. For example, let 5 = (3,3, 4,0)
and = (4,3,2,1,1). We have 5§ >™4 { because s; = 3 is replaced by the smaller elements
t3=2,t, =1, t5 =1 and s4 = 0 is replaced by zero smaller elements. So each element
in ¢ is “covered” by some element in 5. Such a cover is either by a larger s; (then s; may
cover several ¢;) or by an equal s; (then one s; covers one t;). In this chapter we formalize
the multiset extension by a multiset cover which is a pair of mappings (v, ). Intuitively,
~ expresses which elements of 5 cover which elements in ¢ and e expresses for which s;
this cover is by means of equal terms and for which by means of greater terms. This
formalization facilitates encodings to propositional logic.

So in the example above, we have v(1) = 3, v(2) = 2 (since ¢; is covered by s3 and ty

is covered by s5), and v(3) = v(4) = v(5) = 1 (since t3, t4, and t5 are all covered by sy).



126 Chapter 6. Recursive Path Order

Moreover, €(2) = €(3) = true (since so and s are replaced by equal components), whereas
e(1) = e(4) = false (since sy and s4 are replaced by (possibly zero) smaller components).
Of course, in general multiset covers are not unique. For example, ¢35 could also be covered

by s; instead of ss.

Definition 6.3 (multiset cover). Let § = (s1,...8,) and t = (t1,...t,) be tuples of
terms. A multiset cover (v,¢) is a pair of mappings v : {1,...,m} — {1,...,n} and
e A{Ll,...,n} — {false,true} such that for each 1 < i < n, if (i) (indicating equality)
then {j | v(j) =i} is a singleton set.

For 5 = (s1,...5,) and t = (t1,...t,,) we define that 5 =™ { if there exists a multiset
cover (,¢) such that v(j) = ¢ implies that either: £(i) = true and s; ~ t;, or €(i) = false
and s; > t;.

Definition 6.4 (multiset extension). Let - be a quasi-order on terms. The multiset

extensions of 7=, >, and ~ are defined on tuples of terms:

o (s1,...,8,) =™ {ty, ... tw) if and only if there exists a multiset cover (v,€) such

that for alli,j, v(j) =i = (if (i) then s; ~ t; else s; > t;).

o (s1,...,8,) =" (ty, ...ty if and only if (s1,...,s,) =™ {ty,... tym) and for

some i, —e(1), i.e., some s; is not used for equality but rather replaced by zero or

more smaller arguments t;.

o (51,...,8,) ~™ (ty, ... ty) if and only if (s1,...,8,) =™ (ty, .. t,), 0= m,

and for all i, €(i), i.e., all s; are used to cover some t; by equality.

Let >y denote a quasi-order (a so-called precedence) on the set of function symbols
Y and let >y = (>g \ <g) and =~y = (>y N <y). Then >y induces corresponding

lexicographic and multiset path orders on terms.

Definition 6.5 (lexicographic and multiset path orders). For a precedence >yx, and p €
{lpo, mpo} we define the relations >, and ~, on terms. We use the notation § =
(S1y...8n) and t = (t1,...tm).

o s>, tif, and only if, s = f(5) and one of the following holds:
(1) s; =t ors; ~,t for somel <i<mn;or
(2) t=g(t) and s =, t; for all 1 < j <m and either:
(i) f>sg or (ii) f~sgands ="t
o s~,tif, and only if, (a) s =t; or (b) s = f(5), t = g(1), f =s g, and 5 ~*" ¢;

xt

where >—ff”t and ~5* are the lexicographic or multiset extensions of =, and ~, for the

respective cases when p = Ilpo and p = mpo.
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Example 6.6. Consider the following three TRSs for adding numbers:
(a) { Plus(0,y) =y, plus(s(x),y) — plus(z,s(y)) }
(b) { plus(z,0) ==, plus(z,s(y)) — s(plus(y,)) }

(¢) { plus(z,0) — 2, plus(z,s(y)) — plus(s(z),y) }

Example (a) is LPO-terminating for the precedence plus >y s, but not MPO-terminating
for any precedence. Example (b) is MPO-terminating for plus >y s, but not LPO-
terminating for any precedence as the second rule swaps z and y. Example (c) is neither
LPO- nor MPO-terminating. However, termination could be proved using a path order
where lexicographic comparison proceeds from right to left instead of left to right. The
following definitions extend this observation to arbitrary permutations of the order in

which we compare arguments.

As remarked before, the RPO combines such an extension of the LPO with MPO.
This combination is facilitated by a status function which indicates for each function
symbol if its arguments are to be compared based on a multiset extension or based on a

lexicographic extension using some permutation pu.

Definition 6.7 (status function). A status function o maps each symbol f € ¥ of arity

n either to the symbol mul or to a permutation pg on {1,...,n}.

Definition 6.8 (recursive path order with status). For a precedence >y, and status func-
tion o we define the relations =,,, and ~,,, on terms. We use the notation 5 = (s1,. .. Sy)
and t = (t1,...t,).

® s .50t if, and only if, s = f(5) and one of the following holds:
(1) i >rpo t OT S; ~oppo t for some 1 < i < n; or
(2) t=g(t) and s =,po t; for all 1 < j <m and either:
(i) f>sg or (i) frsgands =9t

o 5 oo tif, and only if, (a) s =t; or (b) s = f(5), t = g(D), f ~x g, and 5 ~L3 T

where >—f1’)90 and Nfz’)% are the tuple extensions of =, and ~,.,, defined by:

o (s51,...8,) =59 (t1, ... t,) if, and only if, one of the following holds:

PO
(1) o maps f and g to permutations jiy and jpgy; and
:uf<$1a s 7Sn> >_§,§;§) :ug<tl7 ce atm>7'

(2) o maps f and g to mul; and (s1,...s,) =" {t1,.. . tpm).

PO

o (s1,...80) ~L9 (t1, .. tw) if, and only if, one of the following holds:
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(1) o maps f and g to puy and py; and (s, ..., Sn) ﬁ?fe Pglte, s tm);

~omul

(2) o maps f and g to mul; and (sy,...sn) ~ppe (t1, - tm).

Def. can be specialized to capture the previous path orders by taking specific forms of
status functions: LPO when o maps all symbols to the identity permutation; lexicographic
path order w.r.t. permutation (LPOS) when ¢ maps all symbols to some permutation;
MPO when o maps all symbols to mul.

The RPO termination problem is to determine for a given TRS if there exists a prece-
dence and a status function such that the system is RPO-terminating. There are two
variants of the problem: “strict-” and “quasi-RPO termination” depending on whether
the precedence >y is strict or not (i.e., on whether f =~y ¢ can hold for f # g). The
corresponding decision problems, strict- and quasi-RPO termination, are decidable and
NP-complete [CT94]. In this chapter we address the implementation of decision proce-

dures for RPO termination problems by encoding them into corresponding SAT problems.

6.2. Encoding RPO problems

We introduce an encoding 7 which maps constraints of the form s >,,, ¢ to propositional
statements about the status and the precedence of the symbols in the terms s and ¢. A
satisfying assignment for the encoding of such a constraint indicates a precedence and a
status function such that the constraint holds.

The first part of the encoding is straightforward and similar to the one in [CLS06] and
our work for lexicographic path orders [CSLT06]. All “missing” cases (e.g., T( >po t)
for variables ) are defined to be false. The encodings for >fp% and ~ ZI;"O are defined later

in this section.

T(f(g) > rpo t) = \/ 51 >‘rpo t \ T( ~rpo t)) \ T2(f(§) > rpo t) (1)

_ N . (f > g)V
72(f(3) =po (1)) = j/:\l (f(8) =rpo tj) N ( (f ~5 9) A7(5 }Tpo ) ) (2)
T(8 ~rpo §) = true (3)
T(f(8) ~rpo 9(t)) = (f=ug)AT(5 N{p% t) (4)

The propositional encoding of statements about precedences of the form f >y gor f ~5 g
is performed following the approach applied in [CLS06].

Let || = m. The basic idea is to interpret the symbols in ¥ as indices in a partial
order taking finite domain values from the set {0,...,m — 1}. Each symbol f € ¥ is
thus modeled as (f,..., fi) with fx the most significant bit and k£ = [log,m|. The

binary value of (f, ..., fi) represents the position of f in the partial order. Of course,
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fr, .., f1 may be equal to gy, ..., q for f # g, if a (possibly strict) partial order imposes
no order between f and g, or if a non-strict partial order imposes f ~y g. Constraints
of the form (f >y g) or (f ~x g) on ¥ are interpreted as constraints on indices and it is
straightforward to encode them in k-bit arithmetic: A constraint of the form (f ~y g¢) is
encoded in k bits by

I(f s 9l = /\ (fi = g1).

1<i<k

A constraint of the form (f >y ¢) is encoded in k bits by

(fiN—g1) if k=1

I(f >x g)HkZ{ (Fe A=gi) V (e = ) Al(E > 9)lect)  if k> 1

Now, we show how to encode lexicographic comparisons w.r.t. permutations. Then
we continue with an encoding for multiset comparisons. Finally, we combine these two

encodings into >1¢ and ~/1¢.

Encoding Lexicographic Comparisons w.r.t. Permutation

For lexicographic comparisons with permutations, we associate with each symbol f €
¥ (of arity n) a permutation uy encoded through n? propositional variables f;) with
i,k € {1,...,n}. Here, f;) is true if, and only if, ps(i) = k (i.e., the i-th argument of
f(s1,...,8,) is considered at k-th position when comparing lexicographically). To ease

presentation, we define that f;; is false for k > n.

For the encoding to be correct, we impose constraints on the variables f;; to ensure
that they indeed correspond to a permutation on {1,...,n}. So for each i € {1,...,n}
there must be exactly one k € {1,...,n} and for each k € {1,...,n} there must be

exactly one ¢ € {1,...,n} such that f; is true.

We denote by one(by,...,b,) the constraint expressing that exactly one of the bits

by,...,by, is true. Then our encoding includes a formula of the form

/\ (/\ one(fit,--y fin) A /\ one(fi, .-, fn,k)) (5)

f/nex \i=1 k=1

Here, we apply a linear encoding for constraints of the form one(by, ..., b,) which in-

troduces = 2n fresh Boolean variables which we denote here as oney, . s, (expressing that

n

one of the variables b;, ..., b, is true) and zeroy, s, (expressing that all of the variables

bi,...,b, are false) for 1 < i < n. The encoding applies a ternary propositional connective
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r — y;z (denoting if-then-else) that is equivalent to (x — y) A (—z — 2):

(bz —  R€TO0piq,.by
0n6b'L7 7b H .
/\ 3 ONEChq,. by

1<i<n
A (zerobi7,__7bn — =b; A ZeTOb,-H,...,bn)

where oney, ..., = false and zeroy, ., = true.

This encoding introduces ~ 2n conJuncts, each involving a formula with at most 4
Boolean variables. So the encoding is more concise than the more straightforward one
which introduces a quadratic number of conjuncts —b; V —b; for all 1 <i < j < n.

Now consider the encoding of 5 NZ]’D% t and § >Tpo t for the case Where the arguments of
f and g are compared lexicographically (thus, we use the notations ~ 9 and >—le$) Like
in Definition [6.8] let 5 = (s1,...,s,) and t = (t1,...,t,). Now equahty constraints of
the form s N{e’g t are encoded by stating that for all k, the arguments s; and ¢; used at
the k-th position in the comparison (as denoted by f;; and and g, ;) must be equal. This
implies that 5 ~¢ # only holds if n = m

(50t = /\/\/\fwg]wd ~rpo t5) (6)

k=1i=1j=1

f.g

19 ¢ we define auxiliary relations =19*, where k € N denotes that the

lex
{e’g = >f;f; , since the

To encode 5 >
k-th component of 5 and ¢ is currently being compared. Thus >

comparison starts with the first component. For any k, there are three cases to consider
19k

1295 ¢, If there is no s; that can be used for the k-th comparison (i.e.,

when encoding s >
k > n), then we encode to false. If there is such an s; but no such ¢; (i.e., m < k < n),
then we encode to true. If there are both an s; and a ¢; used for the k-th comparison
(i.e., fir and g hold), then we encode to a disjunction that either s; is greater than ¢;,
or s; is equal to t;, and we continue the encoding at position k£ + 1. Since exactly one f;
is true, the disjunction and conjunction over all f;; (with ¢ € {1,...,n}) coincide (similar
for g; ). Here, we use a disjunction of conjunctions, as this will be more convenient when

introducing argument filters in Chapter [7]

false ifk>n
Fak true ifm<k<n
(3 >leg t) = n m . (7)
Viei <fi,k A </\j:1 95k — otherwise
(T(8i =rpo tj) V (T(8i ~rpo tj) ANT(5 >—lfég7k+l t)) ))

Example 6.9. Consider again the TRS of Example [6.6{c):

{ plus(z,0) — x , plus(z,s(y)) — plus(s(z),y) }
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In the encoding of the constraints for the second rule, we have to encode the comparison
(x,s(y)) >—f;;s Pl s(1),y), which yields:

7(2 = rpo $(@)) V (7(2 ~rpo 5(2)) AT((@,5(1)) =PesP*? (s(2),9))) ))
W) == (s(x), v))

S(y) = rpo 5(@)) V (7(5(y) ~rpo 5(2)) A T((@,5(1)) Per ™2 (s(2), 1)) )
T((@,5(y)) =P (s(2),9)))) ) )

<P|U51,1 plus; ; —

T(x =rpo y) V (T(x ~rpo y) AT({T,s

(
(
(
(

N

A(plusy 3 —
\Y (pluszl A(plus; 1 — (7

N

plusy 1 — (7(s(y) =rpo ¥) V (T(s(y) ~rpo y) A

Seeing that 7(x >0 S(2)) = T(T ~ppo S(2)) = T(T >1po ¥) = T(T ~ppo Y) = T(S(Y) >rpo
s(z)) = 7(s(y) ~po s(x)) = false and 7(s(y) >po y) = true, we can simplify the above
formula to plusy; A —plus; ;. Together with the constraint which ensures that the
variables plus; , specify a valid permutation g, this implies that plus, , and —plus, , must
be true. And indeed, for the permutation fipus = (2, 1) the tuple ppus((z,s(y))) = (s(y), z)
is greater than the tuple ppus((s(z),y)) = (y,s(x)).

Encoding Multiset Comparisons

For multiset comparisons, we associate 5 and ¢ with a multiset cover (v,e) encoded by
n * m propositional variables «;; and n variables €;. Here, v;; is true if, and only if,
v(j) = (s; covers t;) and ¢; is true if, and only if, (i) = true (s; is used for equality).

For the encoding to be correct, we again have to impose constraints on these variables

to ensure that (7, e) indeed forms a multiset cover. So for each j € {1,...,m} there must
be exactly one i € {1,...,n} such that v; ; is true, and for each i € {1,...,n}, if ¢, is true
then there must be exactly one j € {1,...,m} such that ~, ; is true. Thus, our encoding

includes the following formula:
/\ e(Mgr-- i) A /\ ei = one(Yi1, - Yim)) (8)

Now we encode s >f];90 t for the case where f and g have multiset status. To have an
analogous notation to the case of lexicographic comparisons, we use the notation >—£;gul
instead of ="', The encoding of =7 =19 ~and Nf;;il is similar to Definition [6.4l To

PO ~mul? mul)’

encode 5 ,ﬁgml t, one has to require that if ; ; and ¢; are true, s; ~,, t; holds, and else,

if v;; is true and ¢; is not, s; >, t; holds. For >—f 9. we must have at least one s; that

fg

is not used for equality, and for ~;*7  all s; must be used for equality.

T3 = QAKW—%&Hﬂ&wwmﬂw>mwm 9)
=1y

r(5=000) = (3l A A& (10)

(5~ 0 = (iﬁ;ulﬂA/\ez (11)
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Example 6.10. Consider again the rules for the TRS from Example [6.6[b):
{ plus(@,00 =z, plus(z,s(y)) — s(plus(y, z)) }

In the encoding of the constraints for the second rule, we have to encode the comparison
(z,s(y)) =19 (y ), which yields:

S(y) ~rpo y)) A (ﬁ52 - T(S(y) >'rpo y))

)
£3 = T(s(y) ~rpo ) A (722 = 7(5(9) 1y @) ))

A (g1 ANey

Secing that 7(z ~ppo §) = 7T =rp0 §) = T g ) = T(5(y) ~epm 1) = T(5(1) ~rpe
z) = 7(s(y) >rpo *) = false and 7(x ~po ) = T(s(y) >rpo Y) = true, we can simplify
the above formula to =11 A (=712 V1) A (m921 V —€2) A =22 A (mer V —eg). Together
with the constraint which ensures that the variables +; ; and €; specify a valid multiset
cover (7,¢), this implies that 51, =e2, 71,2, and €; must hold. And indeed, the multiset
cover (v,¢e) with v(1) =2, y(2) = 1, (1) = true, and £(2) = false, shows that the tuple
(x,s(y)) is greater than the tuple (y, z).

Combining Lexicographic and Multiset Comparisons

We have shown how to encode lexicographic and multiset comparisons. In order to com-

19 and >—f;ul into =59 as well as ~/9 19 into ~59  we introduce for each

lex PO lex and ~ ~mul TpO?

bine >
symbol f € ¥ a variable my, which is true if, and only if, the arguments of f are to be

compared as multisets (i.e., the status function maps f to mul).

7(s5 >-,pr% t) = (mf Amg AT(5 >'mul f)) <—|mf N —mg AT(8 >-{6g’ f)) (12)

(5~ 1) = (mf Amg AT(5~19, E)) v <ﬂmf A =mg AT(5 ~19 7) (13)

Similar to Def. [6.8 the above encoding function 7 can be specialized to other standard
path orderings: lexicographic path order w.r.t. permutation (LPOS) when m; is set to
false for all f € ¥; LPO when additionally f; is set to true if, and only if, i = k; MPO

when my is set to true for all f € X.

Size of the Encoding

We conclude this section with an approximation of the size of the propositional formula
obtained when s >,,, t is encoded, where s = f(s1,...,s,) and t = g(t1,...,t,,) with the

total size of terms s and ¢ being k.
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A single step of unfolding Def. results in a formula containing at least n copies of ¢
(with all its subterms) and m copies of s (with all its subterms) occurring in constraints
of the form s" >,,, t'.

Hence, without memoing, the final encoding is clearly exponential in k. To obtain a
polynomial encoding, we introduce sharing of common subformulas in the propositional
formula. The approach is similar to that proposed by Tseitin to obtain a linear CNF
transformation of Boolean formulas [T'se68].

If 7(s" >=,po t') occurs in the encoding 7(s >, t), then we do not immediately perform
the encoding of s’ >,,, t' as well. Instead, we introduce a fresh Boolean variable of the
form Xy, v, and encode also the meaning of such fresh variables.

The encoding of Xy 4 is of the form Xy v < 7(s' > t'). Again, when con-
structing 7(s" >, t'), we replace all subformulas 7(s” >,,, t) encountered by Boolean
variables Xgro .

In total, there are at most O(k?) fresh Boolean variables to encode. As the encodings
of multiset comparisons and lexicographic comparisons are both of size O(k?), the size of
the overall encoding is in O(k%). Thus, the size of the encoding is indeed polynomial.

A finer analysis shows that not all multiset and lexicographic comparisons are large. For
example, for s =f(ay,...,a,) and t = g(by,...,b,) with constants a, and b;, there is one
comparison of two n-tuples with encoding size O(n?), but the other n? 4+ 2n comparisons

only need size O(n) each. In fact, one can show that the size of the overall encoding is in
O(k3).

6.3. Implementation and Experiments

We implemented the encoding of RPO in the termination analyzer AProVE [GST06]. For
analyzing satisfiability of our propositional formulas, we used the SAT4J solver [LPO0S].
(We also tried other SAT solvers like MiniSAT [ESO07] and obtained similar results.) The
encoding can be restricted to instances of RPO like LPO or MPO.

We tested the implementation on all 865 TRSs from the TPDB [TPD06]. The experi-
ments were run on a 2.2 GHz AMD Athlon 64 with a time-out of 60 seconds (corresponding
to the most common setting used in the international Termination Competition [MZ0T]).

The following table compares our new SAT-based approach for direct application of
path orders to the previous dedicated solvers for path orders in AProVE 1.2 which did
not use SAT solving. The columns contain the data for LPO with strict and non-strict
precedence (denoted Ipo/qlpo), for LPO with status (Ipos/qlpos), for MPO (mpo/qmpo),
and for RPO with status (rpo/qrpo). For each encoding we give the number of TRSs
which could be proved terminating (with the number of time-outs in brackets) and the

analysis time (in seconds) for the full collection.
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Solver | Ipo qlpo Ipos qlpos mpo gmpo PO qrpo
SAT | 123 (0) | 127 (0) | 141 (0) | 155 (0) | 92 (0) | 98 (0) | 146 (0) | 162 (0)

31.0 44.7 26.1 40.6 49.4 74.2 50.0 85.3
ded. | 123 (5) | 127(16) | 141 (6) | 154(45) | 92 (7) | 98(31) | 145(10) | 158(65)
334.4 | 1426.3 460.4 | 3291.7 653.2 | 2669.1 908.6 | 4708.2

The table shows that with our new SAT encoding, performance improves by orders of
magnitude over existing dedicated solvers for direct analysis with path orders. Note that
without a time-out, this effect would be aggravated. While there are up to 65 time-outs for
the dedicated solver, there are no time-outs at all for our SAT-based solver. Indeed, even
for RPO with non-strict precedence, the average time per example is below 0.1 seconds.
The table also shows that the use of RPO instead of LPO increases power substantially.
This increase in power comes with a large penalty in runtime when the dedicated solver

is used, while in the SAT-based setting, runtimes increase only mildly.

6.4. Summary

This chapter extends the SAT-based approach of [CLS06] and our work for lexicographic
path orders [CSLT06] to the more powerful class of recursive path orders. The main
new challenges were the encoding of multiset comparisons as well as of lexicographic
comparisons w.r.t. permutations.

The contributions of this chapter solve this problem by a novel SAT encoding which
combines all of the constraints originating from these notions into a single search pro-
cess. Through implementation and experimentation we showed that our encoding leads
to speedups in orders of magnitude over existing termination tools as well as increased
termination proving power. To experiment with our SAT-based implementation and for
further details on our experiments in this chapter and in Chapter [7] please visit our
evaluation web site at http://aprove.informatik.rwth-aachen.de/eval/SATRPO/.

Note that this kind of efficiency improvement is essential for the application of recursive
path orders to TRSs resulting from logic programs by, for instance, our transformation
from Chapter In the following chapter, after combining the results of this chapter
with dependency pairs and argument filters, we demonstrate that the application of re-
cursive path orders to search problems originating from logic programs enables us to show

termination for programs where all other techniques and tools for logic programming fail.
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7. Argument Filters

In Chapter [6| we introduced a propositional encoding of recursive path orders and demon-
strated that SAT solving can drastically speed up the solving of RPO termination prob-
lems. The key idea was that the encoding of a term rewrite system R is satisfiable if and
only if R is RPO-terminating and that each model of the encoding indicates a particular
RPO which orients the rules in R.

However, recursive path orders on their own are too weak for many interesting termina-
tion problems, and hence RPO is typically combined with more sophisticated termination
proving techniques. One of the most popular and powerful such techniques is the depen-
dency pair (DP) method [AGO0]. Essentially, for any TRS the DP method generates a
set of inequalities between terms. If one can find a well-founded order satisfying these
inequalities, then termination is proved. A main advantage of the DP method is that it
permits the use of orders which need not be monotonic. This allows the application of
recursive path orders combined with argument filters.

For every function symbol f, an argument filter 7 specifies which parts of a term f(...)
may be eliminated before comparing terms. As stated in [HMO05al, “the dependency pairs
method derives much of its power from the ability to use argument filters to simplify
constraints”. However, argument filters represent a severe bottleneck for the automation
of dependency pairs, as the search space for argument filters is enormous. In recent
refinements of the DP method [GTSE03) [TGS04, (GTSF06], the choice of 7 also influences
the set of usable rules which contribute to the inequalities that have to be oriented.

This chapter extends the approach of Chapter [ by providing a propositional encoding
which combines the search for an RPO with the search for an argument filter. This
extension is non-trivial as the choice of an argument filter m influences the structure of
the terms in the rules as well as the set of rules which contribute to the inequalities that
need to be oriented. The key idea is to combine all of the constraints on 7 which influence
the definition of the RPO and the definition of the usable rules and to encode these
constraints in SAT. This encoding captures the synergy between precedences on function
symbols and argument filters. In our approach there exist an argument filter 7 and an
RPO which orient a set of inequalities if and only if the encoding of the inequalities is
satisfiable. Moreover, each model of the encoding corresponds to a suitable argument
filter and a suitable RPO which orient the inequalities.

After the necessary preliminaries on the DP method in Section [7.1], Section [7.2] extends
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the approach of Chapter [6] to consider argument filters. Section shows how to extend
this encoding to account for the influence of an argument filter on the set of usable rules.

In Section we describe the implementation of our results in the termination prover
AProVE [GSTO6] and provide extensive experimental evidence indicating speedups in
orders of magnitude. We summarize the contributions of this chapter in Section [7.5 where
we also show how RPO and argument filtering can successfully be applied to termination

analysis of logic programs.

7.1. Preliminaries

This section briefly describes the components of the dependency pair framework [AGOQ,
GTS05al, [(GTSE06] needed to present the results of this chapter. Notions like defined
symbols, dependency pairs, and reduction pairs are defined exactly as in Chapter [3]

It is well known that recursive path orders on their own are not very powerful for

proving termination.

Example 7.1. Consider the following TRS R for division on natural numbers [AGO0].

minus(z,0) — (1)
minus(s(z),s(y)) — minus(z,y) (2)
quot(0,s(y)) — 0 (3)
quot(s(z),s(y)) — s(quot(minus(z,y),s(y))) (4)

The rules - can easily be oriented using any RPO, but rule (4] cannot. To see
this, observe that if we instantiate y by the term s(z), we obtain quot(s(z),s(s(z))) <emsp
s(quot(minus(x,s(x)),s(s(x)))). Thus, no simplification order and, consequently, no RPO
can show termination of R. This drawback was the reason for developing more powerful
approaches like the dependency pair method.

The defined symbols of R are minus and quot, and there are three dependency pairs:

MINUS(s(z),s(y)) — MINUS(z,y) (5)
QUOT(s(z),s(y)) — MINUS(z,y) (6)
QUOT(s(x),s(y) — QUOT(minus(,y),s(x)) 7)

The main result underlying the dependency pair method states that a term rewrite
system R is terminating if and only if there is no infinite (minimal) R-chain of its de-
pendency pairs DP(R) [AGO0]. In contrast to Definitions and , we try to prove
termination of all terms and, consequently, do not need to integrate argument filters or
sets of queries, respectively. In other words, there is no infinite sequence of dependency
pairs s; — t, 8o — to,... from DP(R) such that for all ¢ there is a substitution o; where

tio; is terminating with respect to R and t;0;, —% s;+10;+1. To prove absence of such
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infinite chains automatically, we consider so-called dependency pair problems. A depen-
dency pair problem (P,R) is a pair of term rewrite systems P and R and poses the
question: “Is there an infinite R-chain of dependency pairs from P?” The goal is to solve
the dependency pair problem (DP(R),R) in order to determine termination of R.

Termination techniques now operate on dependency pair problems and are called DP
processors. Formally, a DP processor Proc takes a dependency pair problem as input and
returns a new dependency pair problem which then has to be solved instead. A processor
Proc is sound if for all dependency pair problems (P, R) where Proc(P,R) = (P, R),
there is an infinite R-chain of pairs from P’ whenever there is an infinite R-chain of pairs
from P. Soundness of a DP processor is required to prove termination and in particular,
to conclude that there is no infinite R-chain if Proc(P,R) = (&, R).

So termination proofs in our framework start with the initial DP problem (DP(R),R).
Then the DP problem is simplified repeatedly by sound DP processors. If one reaches the
DP problem (&, R), then termination is proved. In the following, we present one of the
most important processors of the framework, the so-called reduction pair processor which
was the inspiration for Theorems and [4.20]

For a DP problem (P, R), the reduction pair processor generates inequality constraints
which should be satisfied by a reduction pair. Note that in this context, > need not be

monotonic. A typical choice for a reduction pair (77, ) is to use simplification orders in

combination with argument filters [AGO0] (we again adopt the notation of [KNT99]).
Note that the following definition of argument filter is an extension of Definition [3.12]
as it allows not only to filter arguments of a term, but also to collapse a term f(¢1,...,t,)

to one of its arguments. If 7(f) = ¢, then 7w(f(t1,...,t,)) = t;.

Definition 7.2 (Argument Filter). An argument filter m maps every n-ary function sym-

bol to an argument position i € {1,...,n} or to a (possibly empty) list [iy, ..., i, with
1< <+ <1, <n. An argument filter 7 induces a mapping from terms to terms:
t if t is a variable
Tr(t) = 7T<t’b) th = f(tla s 7tn) and 7T(f> =

Fla(ts), .. m(t)) ift=f(tr, ... tn) and ©(f) = [ir, ..., i,)

For a relation >~ on terms, let =" be the relation where s =" t holds if and only if

7(s) = mw(t). An argument filter with 7w(f) = is called collapsing on f.

Arts and Giesl showed in [AG00] that if (22, >) is a reduction pair and 7 is an argument
filter then (=™, ") is also a reduction pair. In particular, we focus on reduction pairs of

the form (77

ZThor = po) to Drove termination of examples like Example [7.1] where the direct

application of simplification orders fails.
The constraints generated by the reduction pair processor require that (a) all depen-

dency pairs in P are weakly or strictly decreasing and, (b) all usable rules U(P,R) are
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weakly decreasing. Here, a rule f(...) — r from R is usable if f occurs in the right-hand
side of a dependency pair from P or of a usable rule. In Example[7.1] the symbols oc-
curring in the right-hand sides of the dependency pairs — are MINUS, QUOT, s,
and minus. Therefore the minus-rules and are usable. Since the right-hand sides
of the minus-rules do not contain additional symbols, these are in fact all of the usable
rules. Hence, the quot-rules (3]) and (4)) are not usable.

As shown in [HMO04, [TGS04], under certain conditions on the reduction pair, Restriction
(b) ensures that in chains sy — t1,89 — to,... with t,0; —% s;110,41, we have t;o; 7
S;i+10i+1- The required conditions hold in particular for any reduction pair constructed
~T ). Hence,

using simplification orders and argument filters and specifically for (27, =7,

the strictly decreasing pairs of P cannot occur infinitely often in chains. This enables the
processor to delete such pairs from P. In the following, for any term rewrite system Q
and relation =, we denote Q, ={s —t€ Q| s> t}.

Theorem 7.3 (Reduction Pair Processor). Let (22, >) be a reduction pair for a simplifi-
cation order = and let w be an argument filter. Then the following DP processor Proc is

sound.

(P \ ,P>7T, R) 'Lf P}W U Pi?r = P and Riw 2 U(P, R)

Proc(P,R) = .
(P,R) otherwise

Example 7.4. For the TRS of Example [7.1] according to Theorem [7.3] we search for a

reduction pair solving the following inequality constraints (where (%, denotes >~ U =)

minus(z,0) = =
minus(s(z),s(y)) 2=  minus(z,y)
MINUS(s(z),s(y)) =, MINUS(z,y) (8)
QUOT (s(x),s(y)) o MINUS(z, y) 9)
QUOT(s(z),s(y)) =, QUOT(minus(z,y),s(y)) (10)

By Theoremm all dependency pairs corresponding to strictly decreasing inequalities
can be removed. To solve the inequalities we may take (27,, >7,,) where
w(mlnus)fl, 7(s)=n(MINUS)=n(QUOT)=][1], and where 7Z,,, and >,,, are induced by
the partial order QUOT >y MINUS. Thus, the constraints after applying 7 are the

following;:

x T o

s(x) = =
MINUS(s(z)) =, MINUS(z)
QUOT(s(x)) =, MINUS(z)
QUOT(s(z)) =, QUOT(x)
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Thus, after filtering, inequalities — are all strict for any simplification order
and, consequently, any RPO. Hence, they are removed by the reduction pair processor.

This results in the new DP problem (&, R) which proves termination of Example [7.1]
As an additional example we consider the following variant of addition.

Example 7.5. Consider the TRS (on the left) for addition using an accumulator and its
three dependency pairs (on the right):

plus(z,y) — plus'(z,y,0) PLUS(x,y) — PLUS(z,y,0)
plus'(0,0,2) — =z
plus'(s(z),y,2z) — plus'(z,y,s(z)) PLUS (s(z),y,2) — PLUS (z,y,s(z))
plus’(x,s(y),z) — plus'(y,x,s(z)) PLUS (z,s(y),z) — PLUS (y,,s(2))

The rule PLUS'(s(x),y,2) — PLUS'(z,y,s(z)) cannot be oriented by RPO. Lexico-
graphic comparison fails as the first two arguments are swapped. Multiset comparison
is prevented by the third argument (s(z) cannot be covered). But an argument filter
7(PLUS') = [1,2], which eliminates the third argument of PLUS', enables the multiset
comparison.

To orient all DPs we use (7., =1,,) Where m(PLUS)=r(PLUS")=[1,2], n(s)=[1], and
where 77,,, and >,,, are induced by the precedence PLUS >y PLUS" and the status
function ¢ that maps PLUS and PLUS to mul. Since the problematic third accumulator
argument (in the last two DPs) is filtered away, all three DPs are strictly decreasing and
can be removed, as there are no usable rules. This results in the DP problem (&, R)

which proves termination for the TRS.

Note that while argument filters are very powerful in the context of the DP framework,
they also present a severe bottleneck for automation, as the search space for argument
filters is enormous (exponential in the arities of the function symbols).

We conclude this brief description of the required components of the dependency pair
framework with a statement of the central decision problem associated with argument

filters, RPO, and dependency pairs:

For a given dependency pair problem (P,R), does there exist a reduction
pair (7, =rp) for some argument filter 7 and lexicographic path order
induced by some partial order >y such that all rules in P and in R are weakly

decreasing and at least one rule in P is strictly decreasing?

In the following section we show how to encode constraints like “s =7  ¢7 and “s 7, t”
as propositional formulas. Such an encoding enables us to encode the decision problem
stated above as a SAT problem. Based on the solution of the SAT problem one can then

identify the dependency pairs which can be removed from P.
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7.2. Encoding RPO with Argument Filters

In this section we consider recursive path orders with argument filters and the corre-
sponding decision problem. Consider first a naive brute force approach. For any given

argument filter m we generate the formula

/\ T(€) Zrpo 7( /\77 Zrpo T(t \/7T = rpo T(t) (11)

{—reld(P,R) s—teP s—teP

The constraints “m(s) Zyp m(t)” and “m(s) >=,p m(t)” can be encoded as described in
Chapter @ Then SAT solving can search for an RPO satisfying for the given filter
7. However, this approach is hopelessly inefficient, potentially calling the SAT solver for
each of the exponentially many argument filters. Even if one considers the less naive
enumeration algorithms implemented in [GSTO06] and [HMO5b], for many examples the
SAT solver would be called exponentially often.

A contribution of this chapter is to show instead how to encode the argument filters
into the propositional formula and delegate the search for an argument filter to the SAT
solver. In this way, the SAT solver is only called once with an encoding of Formula
and it can search for an argument filter and for a precedence at the same time. This is
clearly advantageous, since the filter and the precedence highly influence each other.

So our goal is to encode constraints like “s =7 ¢” (or “s 7, t”) into propositional

Nrpo

formulas such that every model of the encoding corresponds to a concrete filter m, a
t” (or “s zzr t7). We first provide an

status ¢ and precedence >y which satisfy “s =7 Zrpo

PO
explicit definition which then provides the basis for specifying constraints on precedences
t”). The essential

difference with Definition [6.8] is that all cases are refined to consider the effect of .

and argument filters, satisfaction of which gives “s =7 7 (or “s ZI,

Definition 7.6 (RPO modulo 7). For a precedence >y, a status function o, and an

™ m

os “rpor Lorpo OTv terms. Again, we use

argument filter m on ¥ we define the relations >

the notation § = (s1,...,8,) and t = (t1,... tp).

o s> tif, and only if, s = f(5) and one of the following holds:

rpo

(1) (a) ©(f) =i and s; =T, t; or

PO

b) w(f)=lir,..., 0] and for some 1 € |iy,... iy, S; =5 t ors; ~T t; or
p p rpo

(2) t=g(t) and
(a) m(g) = j and s =7, t;; or
(b) 7T( ) = [21, ...,Zp], 7T(g) = [jl, --~7jq]7 S >_ng tj fOT’ CL”] S [jl; ce ,qu
and either (i) [ >x g or
(it) [ ~s g and (si, ..., s5,) =557 (t;, ... ).

rpo
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o s ~" tif, and only if, one of the following holds:

rpo
(1) s=t; or
(2) s = f(5) and 7(f) =i and s, ~T.,, t; or
(8) t = g(t) and 7(g) = j and s ~J,, t;; or
(4) s = f(5), t = g(), 7(f) = [ir, erig), 7(9) = [rsoms i,
frs g and (siy, .., si,) ~LOT (t ).

o s7 tif, and only if, s =Tt ors~I t.

~ITPO PO )

where >flg‘{;” and Nfl’)%’” are the tuple extensions of =7, and ~7,, defined analogously to

~59 and Nfz’,% from Definition [6.8 w.r.t. =,po and ~po.

rpo

It follows directly from Definitions [6.8] [7.2] and [7.0] that for all terms s and ¢ we have
§ =Tt m(s) o m(t) and s 2Tt < () Zipo T(1).

PO ~ITPO

The decision problem associated with Definition [7.6] is stated as follows: For terms s

™

and 7, does there exist a precedence >y, and an argument filter 7 such that s >

t resp.
S Zrpo t holds. This problem again comes in two flavors: “strict-RPO” and “quasi-RPO”
depending on whether >y, is required to be strict or not. Our aim is to encode these
decision problems as constraints on >y, and 7, similar to the encoding of s >,,, t as
a constraint on the precedence in Chapter [6] The difference is that now we have two
types of constraints: constraints on the precedence >y and constraints on the argument
filter m. To express constraints on argument filters we use atoms of the following forms:
“m(f) = 14" to constrain m to map f to the value ¢; “m(f) 2 ¢” to constrain = to map f
either to a list containing ¢ or to 7 itself; and “list(w(f))” to constrain w to map f to a
list. So “list(m(f))” means that 7 is not collapsing on f.

To encode argument filters, each n-ary function symbol f € ¥ is associated with n
propositional variables fi, ..., f,, and another variable list;. Here, f; is true if, and
only if, m(f) 2 4, and lists is true if, and only if, list(w(f)). To ensure that these n + 1
propositional variables indeed correspond to an argument filter, we impose the following
constraints which express that if 7 collapses f then it is replaced by exactly one! of its

subterms:

—listy — one(fi, ..., fn)-

To encode the combination of RPO with argument filters, consider again the equa-
tions - from Chapter @ Each reference to a subterm must now be “wrapped”
by the question: “has this subterm been filtered by 77”7 In the following, similar to
the encoding of Section , all “missing” cases are defined to be false. Equations (|1f)
~ (3[) enhance Equations - from Chapter [6] Equations (4p') and (4p’) enhance
Equation from Chapter |§| in the cases when one of the terms is a variable x and ’ )

'For one we use the encoding from Section



142 Chapter 7. Argument Filters

considers the other case and examines whether the filter collapses the root symbols or

not.

’>_rpo t) V . . -
( < lZStf/\T(SZ T’pot)) >> vV ma(f( )>'rpot> (i

g] - T >'Z"rpo tj)) N )

v
Al

(lz‘stg — (listf A ((f > 9)V ((f 2 g) AT(5 =50 f)))))

T(s ~ppo 8) = true 13/
T(f(8) ~rpo ®) = (Slisty A /\ fi— ~Too ) for variables x (4R)
T(x ~rpo 9(1) = (Slisty A /\ (9j — (= ~ o t;)) for variables x (4b")

j=1
T(f(5) ~ipo 9(1) = (ﬁlistf — N\ (fi = 7(5i ~Tpo g@))) A (T
=1

((lz’stf A —distg) — /\ (gj — 7(f(5) N;rpo tj))) A
<(li5tf Alistg) — ((f ~y g) ANT(S Nfz’,go’ f)))

For the lexicographic comparison w.r.t. permutations, we enhance Formula of
Chapter [0] to specify the relation between filters and permutations. Only non-filtered
arguments are permuted. Moreover, for an n-ary symbol f with ¢ < n non-filtered
arguments, the permutation should map all ¢ non-filtered arguments to positions from
{1,...,¢}. Formula (') states that if some argument of f is considered at the k-th
position (i.e., some f; is true), then there is exactly one such argument. Formula ’ )
specifies that filtered arguments may not be used in the permutation. So if the i-th argu-
ment of f is filtered (i.e., f; is false), then the permutation variables f; (for 1 <k < n)
are also false. Formula (Bf') states that if the i-th argument of f is not filtered (i.e., f; is
true), then the i-th argument of f is considered at exactly one position in the permutation.
Finally, Formula (bd’) expresses that all ¢ non-filtered arguments are permuted “to the
left”, i.e., to positions from {1,...,¢}. Hence, if an argument is mapped to position k,

then some argument is also mapped to position k£ — 1.

/\ <\/ fix — one(fi, k,...,fn’k)) %

k=1 \i=1

e ( A ﬂfi,k> &)

=1 k=1
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n

/\ (fi = one(fin,---s fin)) (o)
/\ (\/ fir—\/ fz’,k—l) ()
—2 \i=1 i=1

For the encoding of f(5) ~19™ ¢(£) and f(5) =597 g(f), we use the notation ~/9™ and

PO PO lex
>{e’g’” when the arguments of f and g are compared lexicographically. For an equality

constraint of the form s N{e’g’ﬂ

t we enhance Equation @ of Chapter |§| There must
be a one-to-one correspondence between the non-filtered arguments of 5 and of ¢ via the
permutations for f and for g. To express this, we use a constraint of the form eq_arity(f,g)
in Equation @ ) which states that the number of non-filtered arguments of f and of ¢ are

the same. It corresponds to the constraint (n = m) in Equation @ of Chapter |§| and is

encoded as
max(n,m)
cqarity(f) = N\ fu \/ G
k=1 i=1
{Zf; t) = eqarity(f,g) /\/\/\ (fike AN gjge = T(8i ~po t5)) ()

k=1i=1j=1

Next we enhance Equation of Chapter @ to define =[9™ = -L91™ Form < k <n
we now require that f considers an argument at the k-th position. The remaining cases
are structurally identical to the corresponding cases of Equation of Chapter |§|

(false ifk>n
n .
lex n ' m ' .
Vici (fir A /\j:l gjk — otherwise
K+,
(T(S’i >_Zﬂrpo tj) 4 (T(S’i '\’Zﬂrpo t; ) A 7'(8 >_lfeg +thm f)))))

For the multiset comparison, we enhance Formula (§)) of Chapter@such that the multiset
cover only considers non-filtered arguments of f(5) and g¢(¢). Formula (8p’) states that
if the j-th argument of g is not filtered (i.e., g; is true), then there must be exactly one
argument of f that covers it. Formula ’ ) states that if the i-th argument of f is filtered
(i.e., f; is false), then it cannot cover any arguments of g. Formula (8') specifies that if
the j-th argument of g is filtered (i.e., g; is false), then there is no argument of f that
covers it. Finally, the newly labeled Formula ’ ) is taken straight from the original
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Formula of Chapter |§|

m

N (95 = one(vi,- -, ¥nyg)) 8p")
j=1

n m

A fi ==V v (8b")
i=1 j=1

m n

/\ <—|gj — 7 \/ ’Yi,j) /)
j=1 i=1

n

/\ (52' — one(Via, .- ﬁz’,m)) (8d")
i=1

Now we define 7(5 =797 f) analogously to Equation (9) of Chapter @ and for the encoding

~mul

of =197 and ~T9T we restrict Equations (10) and (11) of Chapter @ to arguments that
are not filtered:
T(E 0T = /n\ /m\ (vig = (80 = T(si ~po 1) T(51 =700 15))) (9
i=1j=1
T(5 =197 = r(5EhITH A /n\(fz' — &i) (10)
i=1
7(s Z;“Zzﬂ t) = 7(5 i{nilﬂ t) A /n\(fz — €i) (11")

i=1

Finally, for the combination of lexicographic and multiset comparisons, we simply change
the equations and of Chapter |§| to use =79 instead of =9 etc.:

(5T = (mpamg Ar(s =L D)V (smp Ammg A2 D) (@)
rE T = (mpAmg AT T D)V (smp Aemg AT ~2TD) @)

Example 7.7. Consider the first arguments of QUOT in the left-hand side and the right-
hand side of dependency pair of Example Using the above encoding, after sim-
plification of conjunctions, disjunctions, and implications with true and false and using

the side conditions for permutation, multiset cover, and argument filter we obtain:

7(s(x) oo minus(z, y))
= (s1 Alists A —listminus /A minusy) V
((minus; — s1 A lists) A =minusy A (1St minus — lists A (s >x minus V (s &y minus A

—Ms A Mminus A\ S1.1 /A =MiNus; 1 A —=minuss 1 A S; A =minus; A —minus
s minus 1,1 1,1 2,1 1 1 2
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Thus, s(x) =T, minus(x,y) holds if and only if

PO

e minus is collapsed to its first argument and s is not filtered; or

e s and minus are not collapsed, s is greater than minus in the precedence, the second
argument of minus is filtered, and whenever minus keeps the first argument then s

keeps the first argument, too; or

e s and minus are not collapsed, s is equal to minus in the precedence, s keeps the first

argument while minus filters both arguments.

Example 7.8. We solved the inequality PLUS'(z,s(y),2) 22, PLUS (y,2,5(2)) in Ex.
by the argument filter 7(PLUS') = [1,2] and RPO. To find such argument filters
and the status and precedence of the RPO, such inequalities are now encoded into propo-
sitional formulas. Indeed, the formula resulting from our inequality is satisfiable by the
corresponding setting of the propositional variables (i.e., mp ys = listpys = PLUS] =
PLUS, = true and PLUS}, = false). So we use a multiset comparison for the filtered
tuples (x,s(y)) and (y,z). Hence, as in Example we set 712 = €1 = Y21 = true and

g9 = false.

In recent refinements of the DP method [GTSF06], the choice of the argument filter
7 also influences the set of usable rules which contribute to the inequalities that have to
be oriented. In the following section, we show how to extend the encoding of RPO and
argument filters in order to take this refinement into account as well. Similar to Section

6.2 one can easily show that the size of our encoding is again polynomial.

7.3. Argument Filters and Usable Rules

Recent improvements of the DP method [GTSF03, [TGS04, (GTSE06] significantly reduce
the number of rules required to be weakly decreasing in the reduction pair processor of
Theorem [.3] We first recapitulate the improved reduction pair processor and then adapt
our propositional encoding accordingly.

The idea is that one can restrict the set of usable rules by taking the argument filter into
account: in right-hand sides of dependency pairs or rules, an occurrence of f in the i-th
argument of g will never be the cause to introduce a usable f-rule if the argument filter
eliminates ¢’s i-th argument. For instance, when taking 7(QUOT) = [2] in Example [7.1]
the right-hand sides of the filtered dependency pairs do not contain minus anymore. Thus,
no rule is considered usable. In Definition [Z.9) we define these restricted usable rules for
a term ¢ (initially corresponding to the right-hand side of a dependency pair). Here,
we make the TRS R explicit to facilitate a straightforward encoding in Definition

afterwards.
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Definition 7.9 (Usable Rules modulo 7 [GTSF03, [TGS04, [GTSE06]). For any function
symbol f, let Rlsg(f) ={{ - r € R |l = f(s1,...,8.)}. Let R be a TRS and 7 an

argument filter. For any term t, the usable rules U (t, R) modulo T are given by:

U(z,R) = @ for all variables x
U(f(t1,...,tn),R) = RIsg(f) U
Ursrerisg(py Un(r, R\ Rlsg(f)) U
Unrpyzi Us(ti, R\ Rlsr(f))

For a set of rules P, let U-(P,R) = U(t,R).

s—teP

We refine the reduction pair processor of Theorem [7.3] to consider usable rules modulo .

Theorem 7.10 (Reduction Pair Processor modulo 7 [TGS04]). Let (==, >) be a reduction
pair for a simplification order = and let ™ be an argument filter. Then the following DP

processor Proc is sound.

(P\Per,R)  if Pon UPsx =P and Ryx 2 Uy (P, R)

Proc(P,R) = :
(P,R) otherwise

Example 7.11. Consider the following TRS (together with the minus-rules (1), (2))

minus(z,0) — = 1'
minus(s(z),s(y)) — minus(z,y) 1}
ge(x,0) — true (12)
ge(0,s(y)) — false (13)
ge(s(z),s(y) — gelz,y) (14)
div(z,y) — if(ge(z,y),z,y) (15)

if (true,s(z),s(y)) — s(div(minus(z,y),s(y)))  (16)
if (false, z,s(y)) — O (17)

The usable rules are the minus- and ge-rules since minus occurs in the right-hand side of
the dependency pair IF(true,s(z),s(y)) — DIV(minus(z,y),s(y)) resulting from rule
and ge occurs in the dependency pair DIV(z,y) — IF(ge(x,y),z,y) resulting from rule
(15)). However, if one chooses an argument filter with 77(DIV) = [1] and 7(IF) = [2], then
the ge-rules are no longer usable since ge does not occur in the right-hand side of the
filtered dependency pair DIV(z) — IF(z). Now Theorem [Z.10l only requires the filtered

minus-rules and the dependency pairs to be decreasing.
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As demonstrated in [GTSF03, TGS04, [GTSE06] and confirmed by the experiments
described in Section [7.4] introducing argument filters to the specification of usable rules
results in a significant gain of termination proving power. However, Theorem [.10] is not
straightforward to automate using SAT solvers. The technique of Section assumes a
given set of inequalities which is then encoded to a propositional formula. The problem
with Theorem [Z.10lis that that the set of inequalities to be oriented depends on the chosen
argument filter. Hence, the search for an argument filter should be combined with the
computation of the usable rules. As discussed before, an enumeration of argument filters
is hopelessly inefficient. Therefore, we modify the encoding of the inequalities in Formula
(11)) such that for every rule £ — r € R, the condition under which ¢ — r is usable is
considered. Only under this condition one has to require the inequality 7(€) Z,po 7(7).

To this end, instead of encoding formula (L1]) we encode the following formula.

N tzier A N\ szhet A\ sen,t (1)

l—relr(P,R) s—teP , s—teP

(a) (b) (c)

J/

The subformulas (b) and (c) are identical to those in Formula and are encoded as a
conjunction and disjunction of encodings of the forms 7(s 7, t) and 7(s =7, t) using
the encoding of Section [7.2l The definition of the usable rules in Definition [7.9] now
induces the following encoding of subformula (a) as a propositional formula w(P,R).? As
in Section we use argument filter constraints of the form “m(f)2¢”. Moreover, we
introduce a new propositional variable uy for every defined function symbol f of U(P,R)

which indicates whether f’s rules are usable.

Definition 7.12 (Encoding Usable Rules modulo Argument Filter). For a term t and a
TRS R the formula w(t,R) is defined as follows:

w(z,R) = true forz eV
W(f(tr, - ta), R) = /\1gign (m(f) 21— w(t,R)) for [  Dr
w(f(t,...,tn),R) = uy A for f € Dg

Nererisg(py @1 R\ Rlsg(f)) A
Nicicn (m(f) 27 — w(ts, R\ Risr([)))

For a set of rules P, let

w(P,R) = ( /\ w(t,R)) A /\ up — /\ (0 Zho 7)

s—teP fepr,R) E—VI‘GRlSR(‘f)

2The definition of w can easily be adapted to more advanced definitions of usable rules as well, cf. e.g.
[AGO0, [GTSE03, [GTS05Db).
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For a DP problem (P,R) we encode the formula ). Every model of this encoding
corresponds to a precedence >y, a status function o, and an argument filter 7 satisfying
the constraints of the improved reduction pair processor from Theorem [7.10. Thus, we

can now use SAT solving to automate Theorem [7.10] as well.

Example 7.13. Consider again the TRS R from Example [7.11} Using the encoding of
Definition [7.12] for P = DP(R) we obtain:

w(P,R) = (n(
(Uminus —  (7(minus(z,0) Z7,, ©) A T(minus(s(z),s(y)) Zp,, minus(z,y)))) A
(7(ge(x,0) g, true) A 7(ge(0,5(y)) Ty, false) A
7(ge(s(x), s(y)) Zipo 8e(2,4))))

7(DIV) 2 1 — tpminus) A (T(IF) 2 1 — uge) A

(uge -

7.4. Implementation and Experiments

The propositional encodings for RPO with argument filters and for the reduction pair
processors described in Sections and are implemented and integrated in our ter-
mination prover AProVE. Our implementation uses several optimizations to minimize

encoding size:

(i) We apply basic simplification axioms for true and false as well as standard Boolean

simplifications to flatten nested conjunctions and disjunctions.

(i) When building the formulas top-down, at each point we maintain the sets of atomic
constraints (on precedences and argument filters) that must be true and false from
this point on. This information is then applied to simplify all constraints generated

below (in the top-down process) and to prune the encoding process.

(iii) We memo and identify identical subformulas in the propositional encodings and
represent formulas as directed acyclic graphs (or Boolean circuits) instead of trees.
This decreases the size of the representation considerably. (The usefulness of sharing
when solving LPO constraints was already discussed in [GG97].) For instance, con-
sider the constraint from Example Already in this tiny example, the subformula

s1 A lists occurs twice.

Optimization typically reduces the number of propositional variables in the resulting
CNF by a factor of at least 2. Optimizations and together further reduce the
number of propositional variables by a typical factor of 10.

We tested the implementation on all 865 TRSs from the TPDB [TPD06] with the
identical setup as in Section [6.3]
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Apart from the reduction pair processor, we also used the dependency graph processor
[AGO0, [GTS05a, [HMO05a], which is the other main processor of the dependency pair
framework.

The following table compares our new SAT-based approach for path orders within the
DP framework to the previous dedicated solvers in AProVE 1.2 which did not use SAT
solving. The columns contain the data for LPO with strict and non-strict precedence
(denoted Ipo/qlpo), for LPO with status (Ipos/qlpos), for MPO (mpo/gmpo), and for
RPO with status (rpo/qrpo). For each encoding we give the number of TRSs which could
be proved terminating (with the number of time-outs in brackets) and the analysis time

(in seconds) for the full collection.

Solver | Ipo qlpo Ipos qlpos mpo qgmpo PO qrpo
SAT | 357 (0) | 389 (0) | 362 (0) | 395 (2) | 369 (0) | 408 (1) | 375 (0) | 416 (2)
79.3 199.6 69.0 261.1 110.9 267.8 108.8 331.4
ded. | 350(55) | 374(79) | 355(57) | 380(92) | 359(69) | 391(82) | 364(74) | 394(102)
4039.6 | 5469.4 | 4522.8 | 6476.5 | 5169.7 | 5839.5 | 5536.6 | 7186.1

The table shows that with our new SAT encoding, performance improves by orders of
magnitude over existing dedicated solvers. Note that without a time-out, this effect would
be aggravated. By using SAT, the number of time-outs reduces dramatically from up to
102 to at most 2. The two remaining SAT examples with time-out have function symbols
of high arity and can only be shown terminating by further sophisticated termination
techniques in addition to RPO. Apart from these two, there are only 15 examples that
take longer than two seconds and only 3 of these take longer than 10 seconds.

The table also shows that combining RPO with argument filters significantly increases
the number of examples that can be shown terminating. The best configuration, grpo,
shows termination for 416 examples compared to 162 examples in the experiments of
Chapter [} While the increase in runtime is prohibitive when using dedicated algorithms,

when using our SAT encodings, one should always combine RPO with argument filters.

7.5. Summary

In Chapter [6| we demonstrated the power of propositional encoding and application of SAT
solving to RPO termination analysis. This chapter extends the SAT-based approach to
consider the more realistic setting of dependency pair problems with RPO and argument
filter. The main challenge derives from the strong dependencies between the notions of
RPO, argument filters, and the set of rules which need to be oriented. The key to a solution
is to introduce and encode in SAT all of the constraints originating from these notions
into a single search process. We introduced such an encoding and through implementation
and experimentation showed that it meets the challenge, yielding speedups in orders of

magnitude over existing termination tools as well as increasing termination proving power.
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In our experiments with our transformational approach for termination analysis of
logic programs in Chapter [3, we used both our SAT-based implementation of polynomial
orders [FGM™07] and the SAT-based implementation of RPO and argument filters from
this chapter to search for well-founded orders.

While our implementation of RPO and argument filtering was used in many situations,
here, we discuss three of the logic programs in more details. For these examples, AProVE
could only find a proof using RPO and argument filters, and no other tool for termination
analysis of logic programs could prove their termination at all. For each of these three
examples and for each of the LP termination tools, the following table lists whether the

tool was successful for the example and how many seconds it took.

AProVE | Polytool 2 Polytool TerminWeb cTl TALP
shapes Success Timeout Timeout Failure Failure | Failure
15.28 60 60 0.19 0.04 0.28
cnfequiv || Success Failure Failure Failure Failure | Failure
10.50 7.08 3.29 0.13 0.04 0.24
hbal tree || Success Failure Failure Failure Failure | Timeout
10.57 5.91 2.95 0.08 0.03 60

The example shapes was an entry to to the 4th Annual Prolog programming contest in
Leuven, Belgium, in 1997. In a matrix of black and white pixels, it counts white shapes,
i.e., areas of connected white pixels.

We already know cnfequiv from Example [6.1] It was written in 2004 by Martin Jur-
dzinski to transform propositional formulas into conjunctive normal form (CNF).

Finally, hbal _tree contains an algorithm that, given a natural number n, constructs all
height-balanced trees of n nodes by backtracking. It is P-59 from Werner Hett’s collection
P-99: Ninety-Nine Prolog Problems.

Thus, we can conclude that the contributions of Chapter [0] and of this chapter have
improved the efficiency of RPO implementations by orders of magnitude. Furthermore,
they have yielded the first automated termination proofs for a number of natural logic

programs.
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In Chapter [3{ we developed a new transformation from logic programs to TRSs (Contri-
bution (i)). To prove termination of the resulting TRSs automatically, we showed how to
adapt the DP framework to infinitary constructor rewriting. We formally proved that our
new approach strictly subsumes the classical transformational approach. All contributions
of the chapter were implemented in our termination prover AProVE and evaluated suc-
cessfully in extensive experiments (cf. Section . Due to these contributions, AProVE
is currently the most powerful automated termination prover for logic programs. This
is also evidenced by AProVE reaching the highest score in all the annual international
Termination Competitions since 2004.

In Chapter 4] we introduced a new framework for termination analysis of LPs: the de-
pendency triple framework. This framework allows for the first constraint-based modular
approach for termination analysis (Contribution (ii)). A prototypical implementation in
the tool Polytool [ND07] yielded the most powerful automated direct termination prover
for logic programs (cf. Sections and. This is further evidenced by Polytool reaching
the second highest score in the Termination Competition 2007. The modularization also
allows to combine direct and transformational approaches by the modular application of
the new transformation from Chapter [3| (Contribution (iii)).

In Chapter [5| we introduced a novel non-termination preserving pre-processing method
to eliminate the effect of cuts in logic programs (Contribution (iv)). After this pre-
processing, any technique for proving universal termination of definite logic programming
can be applied. Our method also works for meta-programming, and cuts can be used to
express negation-as-failure as well as existential termination. This pre-processing has been
implemented in our tool AProVE and has successfully been evaluated on logic programs
that use cuts and negation-as-failure. For details, see Section

In Chapter [6] we presented a polynomial-size encoding from recursive path orders to
propositional logic such that the resulting formula is satisfiable if, and only if, termination
can be shown with such an order (Contribution (v)). Our encoding combines the solving
of constraints on partial orders and performing multiset comparisons and lexicographic
comparisons w.r.t. arbitrary permutations into a single search process. Through extensive
experiments in Section we showed that our encoding is faster than existing dedicated
solvers by orders of magnitude.

In Chapter [7] we extended the encoding of Chapter [0 to consider the more realistic set-
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ting of dependency pair problems with recursive path orders and argument filters (Con-
tribution (vi)). The key idea was again to encode all of the constraints originating from
these notions into a single search process. Through implementation and experimentation
presented in we showed that this encoding also yields speedups in orders of magnitude

over existing termination tools.

The Big Picture

We conclude this thesis by presenting a strategy how to combine and apply Contributions
(i) — (vi) in order to obtain a powerful automated termination prover for logic programs.
Assume that we are given a logic program P and a set of queries. This is the typical

setting for termination analyzers in logic programming.

1. If P contains cuts, apply the pre-processing step from Chapter [5| to P. Show

universal termination for the resulting logic program instead.

2. Use the contributions of Chapter [4] and build the initial dependency triple problem
(DT (P),Call(S,P),P).

3. Apply dependency triple processors from Chapter [4 based on the dependency graph

and on reduction pairs as long as possible.

4. If termination cannot be shown for all sub-problems, use the processor based on the

transformation from Chapter [3| to obtain a dependency pair problem.

5. Use the adapted dependency pair framework from Chapter [3, Among others, use
the encodings from Chapters [6] and [7] to search for well-founded orders.

Empirical Results

The theoretical contributions developed in this thesis have been implemented in tools
for automated termination analysis — Contributions (vii) and (ix) in our fully automated
termination prover AProVE and Contribution (viii) in a prototypical implementation of
Polytool which we refer to as Polytool 2 to distinguish it from the version of Polytool that
implements [NDO7].

To evaluate Contributions (vii) and (viii), we tested AProVE and Polytool 2 against
four other representative termination tools for logic programming: TALP [OCMO0] is
the only other available tool based on transformational methods (it uses the classical
transformation [Ohl01]), whereas Polytool [ND07|, TerminWeb [CT99], and ¢TIl [MBO05]
are based on direct approaches.

We ran all available termination provers for logic programming on a set of 296 exam-

ples of which 52 examples are known to be non-terminating, i.e., there are at most 244
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terminating examples. This set basically includes all logic programming examples from
the Termination Problem Data Base [TPDOT7], which is used in the annual international
Termination Competition [MZ0T]. For details on the examples or on the configuration of
the tools, we refer to Section [3.6] For every tool we give the number of LPs which could
be proved terminating (denoted “Successes”), the number of examples where termination
could not be shown (“Failures”), the number of examples for which the timeout of 60

seconds was reached (“Timeouts”), and the total running time (“Total”) in seconds.

AProVE Polytool 2 Polytool TerminWeb cTl TALP
Successes 232 220 204 177 167 163
Failures 57 65 82 118 129 112
Timeouts 7 11 10 1 0 21
Total 1471.4 1517.4 622.7 95.3 10.4 413.5

The table show that there are only at most 12 terminating examples where AProVE did
not manage to prove termination. With this performance, AProVE won the Termination
Competition with Polytool being the second most powerful tool. The comparison with
Polytool 2, Polytool, TerminWeb, and cTl demonstrates that our transformational approach
is not only comparable in power, but usually more powerful than direct approaches.
Once fully implemented, Contribution (iii) would clearly yield an even more powerful
termination prover.

Note that there are several examples where AProVE succeeds whereas no other tool
shows their termination. For instance, termination of the example SGST06/hbal tree.pl
can only be shown using Contribution (ix), i.e., RPO in combination with argument filters.

To evaluate Contribution (ix), we tested our implementation on all 865 TRSs from the
TPDB [TPD06]. For details on the setup of the experiments, we refer to Section [7.4]
The following table compares our new SAT-based approach for path orders and argument
filters to the previous dedicated solvers in AProVE which did not use SAT solving. The
columns contain the data for recursive path orders with non-strict precedence (denoted
rpo) and for lexicographic path orders with strict precedence (Ipo). For each encoding we
again give the number of “Successes”, “Failures”, and “Timeouts”. Additionally, in the

fourth row we give the analysis time (in seconds) for the full collection of 865 examples.

SAT-based rpo dedicated rpo SAT-based Ipo dedicated Ipo
Successes 416 394 357 350
Failures 447 369 508 460
Timeouts 2 102 0 55
Total Time 331.4 7186.1 79.3 4039.6

The table shows that with our new SAT encoding, performance improves by orders of
magnitude over existing dedicated solvers. The table also shows that the use of RPO

instead of LPO also increases power substantially in the combination with argument
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filters. This increase in power comes with a large penalty in runtime when the dedicated
solver is used, while in the SAT-based setting, runtimes increase only mildly.

In our experiments to evaluate Contribution (ix), we found three logic programs for
which AProVE could only find a proof using RPO and argument filters. The following
table shows that no other tool for termination analysis of logic programs could prove their

termination at all. For more details, we refer to Section [7.5]

AProVE | Polytool 2 Polytool TerminWeb cTl TALP
shapes Success Timeout Timeout Failure Failure | Failure
15.28 60 60 0.19 0.04 0.28
cnfequiv || Success Failure Failure Failure Failure | Failure
10.50 7.08 3.29 0.13 0.04 0.24
hbal_tree || Success Failure Failure Failure Failure | Timeout
10.57 5.91 2.95 0.08 0.03 60

Future Work

The contributions of this thesis have advanced the state of the art in termination analysis
of both logic programming and term rewriting significantly. Still, there are many ways
in which these contributions might be extended in future work. For example, one should
adapt further processors from term rewriting to the framework presented in Chapter
and develop completely new processors in this framework that rely on special properties
of logic programming.

Another important topic for future work regarding Contributions (i) — (iv) is the effec-
tive and efficient handling of built-in data structures like integers and of built-in (meta)
predicates. Likewise, the techniques of Contributions (ii) and (iv) should be adapted to
handle both unification with and unification without an occur check.

The graph-based approach of Chapter [ could be made more precise by, e.g., integrating
a sharing analysis. Adding some kind of structure shape analysis would allow both for a
more precise graph and for improved power on queries expressing existential termination.

While we applied the graph-based approach of Chapter [5| to a programming languages
based on logic programming (Prolog), in [GSST06] we applied a similar graph-based ap-
proach to a functional programming language (Haskell). Interesting future work is to
develop a new graph-based approach for termination analysis of imperative programs.
Indeed, we are currently investigating such an approach for Java programs.

Finally, the encodings presented in Chapters [6] and [7] could be extended to handle more
complex orders (e.g., higher-order recursive path order, recursive path order for rewriting
modulo associativity and commutativity, context-sensitive recursive path order). And, of

course, one might apply ideas developed here for encodings of other search problems.
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