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Abstract

Termination is the fundamental property of a program that for each input, the evalua-
tion will eventually stop and return some output. Although the question whether a given
program terminates is undecidable, many techniques have been developed which can be
used to answer the question of termination for many programs automatically. Especially,
termination of term rewriting is an interesting and widely studied area: Since the basic
evaluation mechanism of many programming languages is term rewriting, one can suc-
cessfully apply the termination techniques for term rewriting to analyze termination of
programs automatically. Nevertheless, there still remain many programs that cannot be
handled by any current technique that is amenable to automation.

In this thesis, we extend existing techniques and develop new methods for mechanized
termination analysis of term rewrite systems. Currently, one of the most powerful tech-
niques is the dependency pair approach. Up to now, it was regarded as one of several
possible methods to prove termination. We show that dependency pairs can instead be
used as a general concept to integrate arbitrary techniques for termination analysis. In
this way, the benefits of different techniques can be combined and their modularity and
power are increased significantly. We refer to this new concept as the “dependency pair
framework” to distinguish it from the old “dependency pair approach”.

Moreover, this framework facilitates the development of new methods for termination
analysis. To demonstrate this, we design several novel techniques within the dependency
pair framework. They can successfully be applied to prove termination of previously
challenging programs. For example, our work describes new ways how to handle programs
using accumulators, programs written in higher-order languages, and programs which
only terminate w.r.t. a given evaluation strategy. We additionally show how to disprove
termination, even under strategies.

All presented techniques are formulated in a uniform setting and are implemented in
our fully automated termination prover AProVE. The significance of our results is demon-
strated at the annual international Termination Competition, where the leading auto-
mated tools try to analyze termination of programs from different areas of computer
science: Without the contributions of this thesis, AProVE would not have reached the
highest scores both for proving and disproving termination in the years 2004 — 2007.
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1. Introduction

Termination is an essential property of programs and thus, techniques to verify and to
analyze termination are of great interest in program verification and analysis. To apply
termination techniques successfully even on complex programs, these techniques should
be as powerful as possible. Additionally, it is desirable to have a push-button approach
which does not need human guidance. Therefore, all these termination techniques should
be fully mechanizable. However, the halting problem is undecidable, and the question
whether a program terminates on all inputs is not even semi-decidable. Since we want
to answer the latter question, our goal can only be to develop and extend termination
techniques which can successfully analyze termination of many typical programs.

Whereas the research on automated termination analysis of imperative programming
languages is a young discipline [BCDO06, BMS05, [CPROG, [CS02), PR04al, [PRO4D, Tiw04],
more research has been done for functional programming languages [Abe04, BFG™04,
Gie95, IGWBOS, [LJB01, [PS97, [TT00, [Wal94! [Xi02], and for logic programming [CLS05,
DD94, [DS02, LMS03, MRO03, [Sma04].

Since term rewriting is the fundamental principle underlying the evaluation in many
programming languages, it is possible to reduce the question of termination of programs to
termination of term rewrite systems (TRSs). For example, transformational approaches
for logic programs have been developed in [AM93] [AZ95] IGW93|, [KKS98, [Mar94), Mar96,
Raa97, [SGSTO6] and a transformational approach for the functional programming lan-
guage Haskell has been recently developed in [GSST06]. In this way, termination analysis
of TRSs becomes especially important since every enhancement in this area will have a
positive impact on program verification of many programming languages.

Therefore, in this thesis we aim at improving the power of automated termination
analysis of TRSs.

Termination of TRSs has been studied for decades. While early work focused on the
development of suitable reduction orders [Der87, KB70, [KL80, Lan79, [Ste95], in the last
years new techniques were developed which build upon these orders and which try to
increase their power and applicability. One of the most powerful such techniques is the
dependency pair approach (DP approach) [AG00, [GAOT], (GAO02]. Apart from the DP
approach, there also exist several other recent powerful techniques (e.g., semantic labeling
[Zan95], the monotonic semantic path order [BFRO0|, match-bounds [GHWO03, [GHWZ07],
etc.) for termination proofs of TRSs. Up to now, all these techniques were seen as separate
approaches on their own.

However, in this thesis we first design a framework which allows the combination of
termination techniques in a modular and uniform way. And second, existing techniques
to prove termination of TRSs are improved and new techniques are developed, including
methods to disprove termination. In these two ways, we improve the power of automated
termination analysis significantly.

To be more precise, we make the following contributions. Here, the first three items
- are novel results which are not tailored to a specific termination technique,
and each of the remaining items — are improvements of particular termination
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techniques, where sometimes a known method is extended or where we design completely
new techniques.

(i)

(i)

(iii)

We show that dependency pairs are suitable as a general framework to integrate
arbitrary methods for termination proofs. In this way, the benefits of all available
termination techniques can be combined in a completely modular way and the clas-
sical DP approach is just a special case of our new DP framework. By combining
termination techniques within the DP framework (instead of trying to apply them
on a TRS directly, one after another), the flexibility, modularity, and power of these
techniques are increased significantly.

To treat the termination problem for several different evaluation strategies in a
uniform way, we introduce the notion of Q-restricted rewriting, which generalizes
both rewriting and innermost rewriting. We extend every termination technique
investigated in this thesis to Q-restricted rewriting and present all of them in a
uniform setting. This even includes some techniques like semantic labeling which
have not been applicable for strategies like innermost rewriting before.

Moreover, due to the increased expressiveness of Q-restricted rewriting we achieve
many new completeness results which cannot be obtained for innermost rewriting
directly. These results are especially useful for disproving termination.

Many termination techniques make use of common notions which are defined purely
syntactically, e.g., there is a notion of usable rules [AG00] applied in several termina-
tion methods. However, there have been various incomparable syntactic refinements
to obtain less usable rules [GTS05b, [GTSF06, TGS04], and similar refinements also
exist for other notions. The problem here is that with every improvement of such a
syntactic notion, one has to check for every termination technique which uses that
notion, whether one can replace the old syntactic version by the improved one. This
boils down to adapting all proofs of all these termination techniques, clearly being
a large effort.

To solve this problem, in this thesis we introduce new semantic notions, e.g., for
the usable rules, such that all previous syntactic notions are just estimations of the
new semantic notion, and we integrate the semantic notions into every termination
technique such that one can use them with every estimation. Hence, due to our
results one can integrate every future improvement of an estimation into every
termination technique without adapting a single proof.

Moreover, for the automation we design improved estimations which are syntacti-
cally defined and which encompass all previous syntactic versions. These improve-
ments considerably increase the power of around half of the termination techniques
examined in the thesis.

There exist many termination techniques which are more powerful if they are used
to prove innermost termination. Therefore, it is beneficial if it suffices to prove
innermost termination instead of termination. In the previous work of [Gra95],
classes of TRSs have been identified where this switch can be done.

We extend that work to the DP framework, which results in two major benefits.
First, in the DP framework there are strictly less requirements to switch to innermost
termination than on the level of TRSs. And second, due to the modular structure of



(vii)

(viii)

the DP framework, one can simplify the original termination problem before trying
to switch to innermost termination. For that reason, the conditions for this switch
are satisfied much more often, since only a subproblem instead of the whole TRS
has to satisfy the requirements.

The most important technique to prove termination is to use well-founded orders.
Then termination can be shown by finding an order on terms that satisfies a certain
set of constraints. While there is still active research on developing new kinds of
orders (e.g., there are novel orders which are based on negative polynomial inter-
pretations [HMOT7] or on matrix interpretations [EWZ06, HW06]) we focus on the
orthogonal goal to reduce the set of constraints.

Our work is a significant extension of the work of [Urb01]: due to our results the con-
straints for termination and for innermost termination are almost identical. Thus,
proving full termination becomes almost as easy as proving only innermost termi-
nation. Moreover, we develop techniques to reduce the set of constraints for both
termination and innermost termination proofs further, e.g., by considering that cer-
tain positions of terms are ignored by the order. This is especially important for
programs using an accumulator, and in that way the resulting set of constraints is
often satisfied by the simple embedding order, whereas the original set of constraints
is not solvable by any order that is currently amenable to automation.

Some termination techniques of the DP approach transform dependency pairs,
namely the techniques of instantiation, rewriting, and narrowing [AGO00, (GAOL].
We develop the additional new transformation of forward instantiation, which is
sometimes crucial for a successful termination proof.

But even more important is our extension of the narrowing transformation. Com-
pared to the original narrowing transformation, our extension produces far less new
pairs, which is often required to successfully prove termination, especially if one
considers programs using an accumulator.

To analyze programs of higher-order functional languages like Haskell, one can trans-
form them into applicative TRSs [GSSTO06]. Since standard termination techniques
often fail on TRSs of this special form, we design new dedicated termination tech-
niques, including an extension of the result in [KKSV96] to transform applicative

TRSs back to standard TRSs.

Semantic labeling [Zan95| is a powerful technique to prove termination of TRSs. We
completely integrate this important technique into the DP framework, including
a generalization to O-restricted rewriting for both models and quasi-models, and
including new completeness results. The benefit is that one can now apply semantic
labeling at any time during a termination proof, and one often has to search for
models or quasi-models for only a small subproblem. In this way, semantic labeling
becomes even more powerful.

Finally, we develop techniques to disprove termination. Often, the reason for non-
termination is a loop, a notion we generalize from unrestricted rewriting to Q-
restricted rewriting. While up to now it was not even known whether it is decidable
if a given loop is also a loop for innermost rewriting, we present a decision procedure
for the more general case of Q-restricted rewriting. Although the correctness proof
of the procedure is highly non-trivial, the resulting algorithm is easy to implement.
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Moreover, we integrate the concept of a loop into the DP framework, whereas it was
originally defined for TRSs. One benefits from this integration since one can use all
preceding termination techniques to detect those parts of a TRS which are possibly
non-terminating. In this way, one often has to search for loops only in a small part
of the initial system.

Thus, with our contributions one can efficiently disprove termination of programs,
even if one fixes the evaluation strategy to innermost.

Major parts of these contributions have already been published as joint work in 17 ar-
ticles in international journals or in conference proceedings |[CSL™06, FGM™07, [GSSTO0G,
GSTO06, [GTS05al, I(GTS05b, [GTSF03, [GTSF04, IGTSF06l, IGTSS07, SGST06, ISTAT07,
TGO3, [TGO5, TGS04, TMO7, [TZGS07T].

However, the thesis does not contain all the material of these articles, since here we
focus only on those parts of our work which aim at proving termination of TRSs. To
be more precise, the thesis does not present the results of our papers about transforming
programs to TRSs, and we do not provide all details about the automation of our methods.

But on the other hand, the thesis contains many important new contributions which
have been developed solely by the author and which are unpublished up to now. They
include the new semantic notions and the improved estimations in contribution (fiif),
the extension of the narrowing transformation in (vi), the integration and generalization
of semantic labeling in (viil), and the decision procedure of to detect loops under
strategies.

All techniques presented in this thesis can be efficiently automated, where for the major
search problems one can often use SAT encodings and analyze termination with the help
of modern SAT solvers. This has been done in our implementation of the DP framework:
AProVE [GSTOG, [GTSF04] is a fully automated tool for termination analysis, which is
developed at the Research Group Computer Science 2, RWTH Aachen University. Being
one of the leaders of the AProVE group, the author has designed major parts of AProVE
and contributed over 60,000 lines of Java code to the AProVE source.

In the years 2004 — 2007 AProVE participated in the international Termination Com-
petition [MZ07]. In this annual competition several termination tools try to solve as
many termination problems as possible from the termination problem data base (TPDB)
[TPDBI, a collection of termination problems from several sources and different areas of
computer science. For each problem there is a short amount of time to give one of the pos-
sible answers “Yes, it terminates”, “No, it does not terminate”, or “Don’t know” together
with a corresponding proof. In every year AProVE was able to prove and to disprove
termination of more TRSs than any other tool. The fact that without our contributions
AProVE would not have been the winner of the competitions clearly demonstrates that
the results of this thesis indeed improve the power of automated termination analysis
significantly.

The thesis is organized as follows. We start in Chapter [2| by motivating and formally
introducing Q-restricted rewriting and the DP framework (contributions () and (ii)). In
this framework one investigates DP problems instead of TRSs. Then in Chapters [3] -
the various termination techniques are developed, explained, and formulated in a uniform
way as so-called processors. At the end of each of these chapters there is a short summary.
They contain remarks on the automation of the presented processors, comparisons with
related work, and possible ideas for future work. Moreover, for each contribution it is
remarked, where it has been published or whether it is unpublished up to now.



Processors which always simplify DP problems and which have a low computational
complexity are shown in Chapter [3] including the new processor to switch to innermost
termination (contribution (iv])). Additionally, most of the new semantic notions as well as
the corresponding improved estimations (contribution ({iii)) are introduced in that chap-
ter. The processors of Chapter [4 also simplify DP problems, but to apply them, one needs
to find orders satisfying corresponding sets of constraints, which most often is at least
an NP-hard problem. Here, we also illustrate how one can reduce the set of generated
constraints (contribution (v])). The dependency pair transformations are investigated in
Chapter [3], including the new forward instantiation processor and the improved narrow-
ing transformation (contribution ) They are especially useful if one analyzes TRSs
which define functions by using tests and selectors instead of using pattern matching.
New techniques to handle higher-order functions which are encoded by applicative TRSs
(contribution (fvii)) are discussed in Chapter @ Moreover, in that chapter we again demon-
strate ways to decrease the set of generated constraints (contribution (v])). How to adapt
semantic labeling to the DP framework (contribution (viii)) can be seen in Chapter .
Finally, techniques to disprove termination are developed in Chapter [§] including the de-
cision procedure to detect whether a loop respects the evaluation strategy (contribution
).

The thesis ends with a conclusion in Chapter [0, which additionally contains some
remarks about our termination prover AProVE along with an outlook on future work.
Moreover, a strategy how to combine all the different processors is presented.

All proofs can be found in the appendix.






2. The Dependency Pair Framework

In this chapter we present the basis for our method to analyze termination of term rewrite
systems (TRSs).

First, in Section we introduce basic notions and notations including Q-restricted
rewriting [GTS05a], and we give some initial arguments why we investigate termination
of O-restricted rewriting instead of full termination or innermost termination. The main
reasons are that with Q-restricted rewriting both full rewriting and innermost rewriting
can be represented in a uniform way. And even more important, certain techniques are
more powerful for O-restricted rewriting than for innermost rewriting, since innermost
rewriting is not expressive enough.

Afterwards, we recapitulate the basics of dependency pairs in Section 2.2 There we
present the two main components of our dependency pair framework to prove termination
of TRSs. The problems we are working on are so called “dependency pair problems”, or
“DP problems” for short. Then a termination proof in the dependency pair framework is
nothing more but a repeated transformation of DP problems into simpler DP problems by
“processors”, where one starts with the initial DP problem and ends if no DP problems
remains. Of course, it will be possible to disprove termination in the dependency pair
framework, too. It turns out that in this way, one can perform termination proofs in a
modular way, and the framework can easily be extended by developing new processors.

2.1. O-Restricted Rewriting

A signature F is a finite set of function symbols where each f € F has an arity, written
ar(f). The set T(F,V) denotes the set of terms over F and the infinite set of variables
V. For a term ¢t we write V(t) for the set of variables occurring in ¢, the set of positions
of t is Pos(t), and t is called linear iff each variable in ¢ occurs at most once. The root
of a non-variable term is defined as root(f(t1,...,t,)) = f. A substitution is a mapping
from variables to terms which is homomorphically extended to a mapping from terms to
terms. The domain of a substitution o is the set Dom(c) = {z € V | o(x) # x}. We
often write to instead of o(t) and we use {z1/ty,...,x,/t,} to represent substitutions
with finite domain, but we also allow substitutions which have an infinite domain.

A TRS R is a finite set of rewrite rules ¢ — r where ¢ and r are from T (F,V) and
where every rule ¢ — r satisfies the variable condition, i.e., ¢ ¢ V and V(¢) D V(r). A
collapsing rule is a rule where the right-hand side is a variable. A TRS R is left-linear,
resp. right-linear, iff all left-hand sides of R (lhs(R)), resp. right-hand sides of R, are
linear. The rewrite relation w.r.t. R is defined as s —5 t iff there are a context C, a
position p, and a substitution o such that s = C[lo],, t = Cro],, and { — r € R. In that
case the subterm (o is called a redez. To denote that rewriting is only allowed at a certain
position p we use the notation —x ,, and similarly, if we only allow rewriting for a single
rule £ — r, then we write —,_,, instead of —(,_,,3. A term ¢ is in normal form w.r.t. some
binary relation — iff there is no s such that ¢t — s. The set NF(R) of R-normal forms
consists of those terms which are in normal form w.r.t. —5. A TRS R is terminating iff
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—5 is well-founded, i.e., if there is no infinite rewrite sequence t; — to =5 t3 =5 ...
We identify rules which only differ by their variable names and we assume that each
occurrence of a rule is variable-renamed when used for rewriting, etc.

In contrast to —5 (which we also call the full rewrite relation), there also is the inner-
most rewrite relation which is denoted by 4+ and defined as s 5 t iff s =5 ¢ where all
direct subterms of the redex are in R-normal form.

We refer to [BNOS, [Ter03] for further details on term rewriting.

Example 2.1. The following TRS R of [AG00, Example 2| computes subtraction and
division of natural numbers. Here, the naturals are encoded by 0 and s where the numbers
0,1,2,... are represented by the terms 0,s(0),s(s(0)),. ...

minus(z,0) — (1)
minus(0,s(y)) — (2)
minus(s(z),s(y)) — mlnus(:c Y) (3)
div(0,s(y)) — (4)
div(s(z),s(y)) = S(d'V(m'nUS(SC y),s()) ()

The computation of “2 +2 = 17 corresponds to the following rewrite sequence

div(s(s(0)),s(s(0))) —@ s(div(minus(s(0),s(0)),s(s(0))))
—@ s(div(minus(0,0),s(s(0))))
—m@ s(div(0,s(s(0))))
— @ s(0

where in the last step the context C' = s(O) and the substitution o = {y/s(0)} is used for
the reduction, for example. Since there is no possibility to continue the rewrite sequence
any further, the term s(0) is in R-normal form.

If we consider the term ¢ = div(s(minus(0,0)),s(0)) then both reductions ¢t —5 div(s(0),
s(0)) and t —5 s(div(minus(minus(0,0),0),s(0))) are possible, but only the former is an
innermost reduction.

To handle different evaluation strategies (like innermost or full rewriting) in a uniform
way, we introduce the following notion of Q-restricted rewriting, cf. [GTS05a, Definition
1]. In Q-restricted rewriting, one may only perform a rewrite step if the proper subterms
of the redex are not reducible w.r.t. Q (i.e., if they are Q-normal forms). This notion is
particularly useful when defining techniques for innermost termination proofs later on.

Definition 2.2 (Q-Normal Form, Q-Restricted Rewriting, Q-Termination). Let Q be a
set of non-variable terms and R be a TRS. We define the set NF(Q) of Q-normal forms
as the normal forms of the TRS {q — a | ¢ € Q}! where a is some constant. Then the
O-restricted rewrite relation is defined as s %R tiff s =rp t for some position p such
that all direct subterms of the redex s|, are in Q-normal form. A TRSR is Q-terminating

iff %R s well founded.

In [GTS05a] Q is a TRS and not just a set of non-variable terms. However, there it was already
mentioned that one can drop the right-hand sides, since for determining whether a term is in normal
form, it is sufficient to know the left-hand sides. We will illustrate that a set of terms Q is advantageous
to a TRS Q in more detail directly after Definition [6.2] and after Definition [Z.16
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Example 2.3. Consider R = {f(a) — f(a),a — b}. If Q contains the term a, then the
step from f(a) to f(a) is no longer possible with =4 since the proper subterm a of the
redex f(a) is not a Q-normal form. Thus, R is Q-terminating. On the other hand, if
Q = &, then any ordinary rewrite step is also possible with Q-restricted rewriting and
we obtain f(a) %, f(a). Hence, then R is not Q-terminating.

Q-restricted rewriting subsumes both innermost and full rewriting. Full rewriting is
O-restricted rewriting for @ = @ and innermost rewriting is Q-restricted rewriting with
Q = Ihs(R) (= = Zr and g = "8 %), The following lemma states that 2 s

“Increasing” if R is “increasing” and NF(Q) is “increasing”.
Lemma 2.4 (Monotonicity of 2). If R C R’ and NF(Q) C NF(Q') then S, C g/

Lemma 2.4] indicates that for termination proving it is always advantageous to get
large sets Q as @ 2 Q' implies NF(Q) C NF(Q') and hence, %R C Q. Moreover,
Lemma already indicates why Q-restricted rewriting is better suitable for termination
analysis than innermost rewriting. There exist several techniques which can simplify
termination proofs by removing rules from the TRS R. For full rewriting and also for Q-
restricted rewriting, removal of rules is always advantageous, since it can never introduce
non-termination (termination of %, implies termination of 2z, if R’ C R). But for
innermost rewriting, this is not true. For instance, by removing the rule a — b from the
innermost terminating TRS R of Example [2.3] we result in a TRS R’ that is not innermost
terminating (hence, S Z -3z). Here, Q-restricted rewriting has the advantage that
the terms Q which restrict the set of possible redexes are separated from the rules R used
for rewriting and thus, R and Q can be changed independently.

Often it is interesting whether we are at least as restricted as in the innermost case. A
sufficient but not necessary requirement is Q@ O lhs(R). This property is often demanded
in [GTS05a] to apply techniques that are only sound in the innermost case.? However,
if we choose Q = {a} in Example 2.3 then 2, = 55 but Q 2 Ihs(R). Nevertheless,
the application of techniques for innermost rewriting would be prohibited if they required
Q D [hs(R).

That this flexibility is sometimes required when modeling real programing languages
by term rewriting is demonstrated in the following extension of Example [2.1]

Example 2.5. Let R be the TRS of Example with the following additional rule.
f(x) — f(div(0,0))

To simulate innermost evaluation of programs we can of course set Q = lhs(R). But then
it possible to construct an infinite rewrite sequence:

£(0) 2, f(div(0,0)) S f(div(0,0)) S ...

However, in programming languages the evaluation would stop with an error at the second
step, and there is no infinite evaluation possible.

To solve this problem, one can model innermost evaluation of programs more accurately
if we define Q@ = {f(z),div(x,y), minus(z,y)}. Then, there is no reduction of f(div(0,0))
possible.

However, in that case Q@ D [hs(R) does not hold, but we still want to apply all methods
to proof innermost termination since %R is even more restricted than 5.

2To be more precise, the used criterion in [GTS05a] is @ 2 R as Q in [GTS05a] is a TRS and not just
a set of non-variable terms.
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To solve this problem here we use a precise criterion to characterize that %R is at least
as restricted as the innermost rewrite relation 35, namely we demand NF(Q) C NF(R).
However, as the sets NF(Q) and NF(R) = NF(lhs(R)) are both infinite we need a way
to decide this property. This can be done with the following criterion where we only have
to ensure for the finitely many terms of [hs(R) that they are not in Q-normal form.

Lemma 2.6 (Deciding NF(Q) C NF(Q')). Let Q and Q' be sets of terms. Then
NF(Q) C NF(Q) iff Q' N NF(Q) = @.

Using Lemma 2.6l we can indeed detect that for @ = {a} we are in the innermost case
in Example 2.3] The reason is that both left-hand sides a and f(a) of R contain the Q-
redex a, and thus, are not in @-normal form. In the same way it is detected that for the
modified set Q in Example innermost rewriting is less restrictive than O-restricted
rewriting.

Moreover, Lemma allows to reduce a set Q to a smaller set Q" without changing the
corresponding rewrite relations, i.e., %R = Q4. Whenever a subterm of a term ¢ € Q can
already be matched by another term ¢’ in Q then one can safely delete ¢ from Q resulting
in a smaller set Q'. By Lemma 2.6l we directly obtain %R = Q5. The advantage of small
sets Q is that the property “¢ € NF(Q)” can be determined more efficiently. Consider
Example 2.3|with innermost strategy. We obtain Q = lhs(R) = {f(a),a}. Asf(a) contains
the subterm a we can safely remove f(a) from Q and result in @' = {a}. Although Q" C Q
we have the same rewrite relation -3z = =, = Q% as mentioned before.

Note that even if we start a termination proof for Q@ = @ we will often have to consider
termination problems where Q = lhs(R) or with Q D lhs(R). The reason is that there
are classes where termination and innermost termination are equivalent (so one obtains
Q = lhs(R)), and afterwards one will remove rules of R (then Q D lhs(R)). In these cases
the O-restricted rewrite relation is at least as restricted as the innermost rewrite relation.
When using the technique of semantic labeling we can even get termination problems
where Q and lhs(R) are incomparable, cf. Chapter . Thus, there is an urgent need to
generalize the termination techniques from full and innermost rewriting to Q-restricted
rewriting.

2.2. Dependency Pairs

Now we extend the dependency pair approach to a dependency pair framework for the
combination of arbitrary termination techniques. We refer to [AG00, (GAO02] for further
details on the dependency pair approach and to [GTS05a] for a simplified version of the
dependency pair framework.

First, we present a termination criterion for Q-restricted rewriting based on dependency
pairs. For a TRS R the defined symbols are Dr = {root({) | { — r € R}. For every
f € Dg we introduce a fresh tuple symbol f*, where f* has the same arity as f and we
often write F' for f*. If t = g(t1,...,t,) with g € Dy, we let t* denote ¢*(t1,...,tm).

Definition 2.7 (Dependency Pair [AG00]). The set of dependency pairs for a TRS R
is DP(R) = {¢* = t' | { — C[t] € R, root(t) € Dg, and t is no proper subterm of ¢}.°

3This definition differs from the classical definition of dependency pairs in [AG00] by integrating a recent
observation of [Der04], that one does not have to build dependency pairs where the right-hand side is
a proper subterm of the left-hand side.
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Example 2.8. The defined symbols of the TRS is Example [2.1] are minus and div. Thus,
one obtains the following dependency pairs:

MINUS(s(x),s(y)) — MINUS(z, y) (6)
DIV(s(z),s(y)) — MINUS(z, y) (7)
DIV(s(z),s(y)) — DIV(minus(z,y),s(y)) (8)

To verify O-termination, we use the notion of chains. Intuitively, a dependency pair
corresponds to a function call and a chain represents a possible sequence of calls that can
occur in a reduction. For termination, we try to prove that there are no infinite chains.

In the following definition, P is a directed graph where the nodes are pairs. Note
that initially, every node is a dependency pair. However, as we will later on see tech-
niques which transform dependency pairs into arbitrary rewrite rules, we only speak
about “pairs” and not about “dependency pairs”. But we do not call the nodes of P
“rules” to distinguish them from the rules of the TRS R.

Definition 2.9 (Pair-Graph, Chain). A pair-graph is a directed graph P = (N, E) where
the nodes N are a finite set of pairs and E C N x N are the edges.

For a pair-graph P = (N, E), a set of terms Q, and a TRS R a (possibly infinite)
sequence of pairs sy — t1, 89 — to,... is a (P, Q, R)-chain iff (s; — t;, $;41 — tiv1) € E,
and there is a substitution o such that t;o %;‘3 s;ir10 for alli and all s;o are in Q-normal
form. A chain is minimal iff all t;0c are terminating w.r.t. %R

We often identify a pair-graph P = (N, E) with the set of pairs N. In this way
s — t € Pisashorthand for s — ¢t € N, and P\{s — ¢} is the pair-graph (N\{s — t}, F’)
where E’ is like E but one removes all edges that are adjacent to the node s — ¢,
ie. B =EN(N\{s — t})% The graph operations \ and C are defined component-wise:
(N,E) C(N,E)iff NC N and EC E', and (N,E)\ (N,E')=(N\N',E\ E'"). We
also use a set of pairs as a pair-graph where we implicitly assume that there are edges
between every two (possibly identical) pairs.

Note that the pair-graph is new compared to the standard definition of a chain [AGOQ,
GTS05a]. Up to now, P always was just a set of pairs without any graph structure. The
reason for changing from sets of pairs to a graph over pairs is mainly improved efficiency
and modularity (cf. the discussion on page [19|and Example [5.4]), but sometimes even the
power will be increased (cf. Example [4.40] and Example [5.12)).

Example 2.10. If @ C lhs(R) then the TRS of Example 2.8 has the following chain
which consists of two occurrences of the dependency pair (8)).

DIV(s(x1),s(y1)) — DIV(minus(z1, 1), s(y1)),
DIV(s(x2),s(12)) — DIV(minus(z2, 42), s(y2))

The reason is that DIV(minus(z1,y1),s(y1))o 2% DIV(s(23),s(y2))o holds for some substi-
tution o (e.g., o(x1) = s(0) and o(x2) = o(y;) = 0 for ¢ € {1,2}) such that all instantiated
left-hand sides DIV(s(x;),s(y;))o are in Q-normal form. Moreover, the chain is minimal,
since all instantiated right-hand sides of the dependency pairs are terminating w.r.t. %R

As mentioned above, termination corresponds to absence of infinite chains. Here, it
suffices to consider minimal chains, since minimal non-terminating terms (whose proper
subterms are terminating) correspond to infinite minimal chains. The termination cri-
terion for dependency pairs [AGO00, Theorems 6 and 31| can easily be generalized to
O-restricted rewriting.
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Theorem 2.11 (Termination Criterion [GTS05a]). The following three properties are
equivalent.

(i) R is Q-terminating
(i) there is no infinite (DP(R), Q, R)-chain
(#i) there is no infinite minimal (DP(R), Q, R)-chain

The termination criterion in Theorem [2.11] states that to prove O-termination, it is
sufficient to show that there is no infinite minimal chain. But in order to disprove termi-
nation, it is enough to find any infinite chain (which may also be non-minimal).

With this criterion, we can now state the dependency pair framework. The basic idea
of this framework is to examine a pair-graph P, the set of terms Q, and the TRS R and to
prove absence of infinite (minimal) (P, Q, R)-chains instead of examining the relation S,
directly. There are several advantages of this approach compared to a direct termination
proof.

For example, consider a direct termination proof where one has to find a reduction
order satisfying the constraints ¢ > r for all rules of R. Note that common reduction
orders fail on the constraints for Example whereas it is easily possible to prove absence
of infinite chains using the techniques of Chapter 4| in combination with the embedding
order. This is possible since in contrast to a direct termination proof, the order > does
not have to be monotonic when analyzing chains.

Moreover, in the direct termination proof one has to solve termination of minus and
div together. In contrast, it will be possible to decompose a so-called dependency pair
problem (DP problem, for short) into several independent sub-problems, e.g., one problem
for MINUS and one for DIV. These problems can then be solved separately using different
techniques, which leads to a very modular approach to termination proving.

Formally, a DP problem consists of a pair-graph P, a set of terms Q, a TRS R (where
initially, P = DP(R)), and a flag f € {m, a} which stands for “minimal” or “arbitrary”.
Initially, we have f = m. Our goal is to show that there is no infinite minimal (P, Q, R)-
chain if f = m and that there is no infinite (possibly non-minimal) (P, Q, R)-chain if
f = a. In this case, we call the problem finite.

A DP problem (P,Q,R, f) that is not finite is called infinite. But additionally,
(P, Q, R, f) is already infinite whenever R is not Q-terminating. So in particular, the ex-
istence of any (possibly non-minimal) infinite (P, Q, R, f)-chain suffices to conclude that
(P, Q, R, f) is infinite, even if f = m. While the initial DP problem (DP(R), Q, R, f) is
either finite or infinite, other DP problems (P, Q,R, f) which can occur in termination
proofs can be both finite and infinite.

Example 2.12. As an example consider the TRS R = {f(a) — f(a),a — a}, let Q = &,
and let P consist of the dependency pair F(a) — F(a). Then F(a) — F(a), F(a) — F(a), ...
is an infinite (P, Q, R)-chain, but there is no infinite minimal (P, Q, R)-chain, since F(a)
is not terminating. So the dependency pair problem (P, Q,R) is both finite and infinite.

Such DP problems do not lead to any difficulties. If one detects an infinite DP problem
during a termination proof, one can always abort the proof, since termination has been
disproved (provided that all proof steps were “complete”, i.e., that they preserved the
termination behavior). If the problem is both finite and infinite, then even if one only
considers it as being finite, the proof will still be correct, since then there exists another
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resulting dependency pair problem which is infinite and not finite. The reason is that
by Theorem 2.11] non-termination implies that there exists an infinite (minimal) chain.
Indeed, when proving termination of the TRS of Example [2.12] one would also obtain a
DP problem with the infinite minimal chain A — A, A — A, ...

Termination techniques should now operate on dependency pair problems instead of
TRSs. They transform a DP problem into a new set of problems which then have to be

solved instead. Alternatively, they can also return the answer “no”. We refer to such
techniques as processors.

Definition 2.13 (DP Problem). A DP problem D is a quadruple (P, Q, R, f) that con-
sists of a pair-graph P, a set of terms Q, a TRS R, and a flag f € {m,a}. A DP problem
(P, Q,R,m) is finite iff there is no infinite minimal (P, Q, R)-chain and (P, Q,R,a) is
finite iff there is no infinite (P, Q, R)-chain. A DP problem (P, Q, R, f) is infinite iff it
is not finite or if R is not Q-terminating.

A processor is a function Proc which takes a DP problem as input and returns either a
set of DP problems or the result “no”. A processor Proc is sound if for all DP problems
D, D is finite whenever Proc(D) is not “no” and all DP problems in Proc(D) are finite.
A processor Proc is complete if for all DP problems D, D is infinite whenever Proc(D)
is “no” or when Proc(D) contains an infinite DP problem.

Thus, soundness is required in order to use a processor Proc to prove termination (in
particular, to conclude that D is finite if Proc(D) = @). Completeness is needed in
order to use Proc to prove non-termination (in particular, to conclude that D is infinite
if Proc(D) = no). Even if one is only interested in proving termination, completeness is
still advantageous, since it ensures that one does not transform non-infinite DP problems
into infinite ones (i.e., applying the processor does not “harm”). The reason for the above
non-symmetric definition of “finite” and “infinite” is that in this way there are more finite
resp. infinite DP problems and therefore, it becomes easier to detect (in)finiteness of a
problem.

That a DP problem is already “infinite” if R is not Q-terminating will be required
for the completeness of the rewriting processor, of the narrowing processor, and of the
processor to switch to termination (cf. Theorems , and , and Example in
Chapter ) and that a DP problem (P, Q, R, m) is already “finite” if there are no infinite
minimal chains will be required for the soundness of many processors (cf. Theorems m,
4.12] (4.18] [4.20}, [4.32], [4.41} [6.17] and [6.22]).

The fact that there are many processors relying on minimality clearly shows that a
processor which changes the minimality flag from m to a has a severe drawback. In that
case one should try to a develop an alternative processor with a similar result which does
not change the minimality flag. How this can be done is discussed with the processor of
Theorem [£.12]in Section [4.2] in more detail.

The following corollary introduces the dependency pair framework (“DP framework”,
for short). The idea is to start with the initial DP problem where P = DP(R) and
f = m. Then this problem is transformed repeatedly by sound DP processors. If the final
processors return empty sets of DP problems, then termination is proved. If one of the
processors returns “no” and all processors used before were complete, then one has proved
that the original TRS is not O-terminating. The proof of Corollary is immediate
from Definition 2.13] and Theorem R2.111

Corollary 2.14 (Dependency Pair Framework [GTS05a]). Let R be a TRS and Q be a
set of terms. We construct a tree whose nodes are labelled with DP problems or ‘“yes”
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or “‘no” and whose root is labelled with (DP(R), Q, R, m). For every inner node labelled
with D, there is a sound processor Proc satisfying one of the following conditions:

e Proc(D) = no and the node has just one child, labelled with “no”
e Proc(D) = @ and the node has just one child, labelled with “yes”

e Proc(D) # no, Proc(D) # &, and the children of the node are labelled with the DP
problems in Proc(D)

If all leaves of the tree are labelled with ‘yes”, then R is Q-terminating. Otherwise, if
there 1s a leaf labelled with “no” and if all processors used on the path from the root to
this leaf are complete, then R is not Q-terminating.

Example 2.15. If Dy is the initial DP problem (DP(R), Q, R, m) and Procy, Procy, and
Procy are sound processors with Proco(Dy) = {D1, Do}, Proci(D;) = &, and Procs(Ds) =
& (left tree in Figure[2.16]), then one can conclude termination. But if Procy(D;) =
{Ds3,D4, D5} and Proce(Ds) = no, and both Procy and Procy are complete (right tree in
Figure 2.16]), then one can conclude non-termination.

Dy Dy
RN VRN
D, D, D, D,

| | 71N |
yes yes Dy Dy Ds no

Figure 2.16.: Trees for Termination Proofs in the Dependency Pair Framework

In the remainder of the thesis, we present several sound processors which can be used
for termination analysis within the DP framework. Of course, it is desirable to find
processors which transform a DP problem (P, Q, R, f) into a set of “simpler” problems
and whose application can never “harm”. Therefore, we are particularly interested in
processors which decrease P, NF(Q), and R. As stated by Lemma [2.4] decreasing the
set of rules R and decreasing NF(Q) leads to a more restricted rewrite relation and thus,
it can never transform a non-infinite DP problem into an infinite one. In other words,
any processor which removes nodes and edges from P, which removes rules from R, and
which adds terms to Q (and thereby decreases NF(Q)) is complete.

A corresponding lemma in the DP approach also holds for the termination case but not
for the innermost case. Consider for example P = {F(a) — F(a)},R = {a — b}. There
is no infinite innermost P-chain over R, but there is an infinite innermost P-chain over
the empty TRS. Thus, removing rules can introduce infinite chains and thereby prevent
a successful innermost termination proof.

Lemma 2.17 (Completeness of Processors). Let Proc be a processor where for all DP
problems (P, Q, R, f) the result of Proc((P, Q, R, f)) is not no and for all (P', Q' R, f') €
Proc((P,Q,R, f)) we have P' C P, NF(Q') C NF(Q), and R C R. Then Proc is

complete.



2.2. Dependency Pairs 15

Summary of Chapter 2

In this chapter we have introduced Q-restricted rewriting which allows to represent full
and innermost rewriting in a uniform way. The additional flexibility of Q also helps to
model innermost evaluation in programming languages more accurately. Moreover, we
have extended the DP approach of [AGO0] to a DP framework which allows a modular
combination of termination techniques by formulating them as processors.

Most of this work has already been published by us in [GTS05a], but there are some
extensions which are only present in this thesis, namely the pair-graph, the set Q, and the
improved check to detect that Q-restricted rewriting is more restrictive than innermost
rewriting.

It remains to present and extend existing processors and to develop new processors.
This will be done in the following chapters.






3. Processors Without Search

In this chapter we will see processors which always simplify DP problems as they never
increase P, R, or NF(Q).

The processors of Section |3.1]are based on the dependency graph, a concept which is well
known already in the early work about dependency pairs [AG00]. Using the dependency
graph one can decompose DP problems. For example, these processors allow to prove
termination of DIV and MINUS in Example independently. As the dependency graph
is not computable, different estimations are proposed in [AG00, [GTS05b, [HMO05, [Mid01l,
Mid02]. The problem is that all these estimations have been developed for full- or for
innermost-rewriting but not for Q-restricted rewriting. Therefore, in Section and
Section we present new estimations for dependency graphs which integrate most ideas
of the known estimations® and which generalize these ideas to Q-restricted rewriting.

An improved version of the processor of [GTS05a] which can enlarge the set Q to
lhs(R) is presented in Section . This processor allows to switch from full termination
to innermost termination and subsumes the result of [Gra95|] that for locally confluent
overlay systems innermost termination and termination coincide.

In Section we recapitulate the well-known concept of usable rules [AG00]. The
usable rules are those rules that are used to evaluate the arguments of the right-hand
sides of the dependency pairs. Using the corresponding processor one can replace the
TRS R of a DP problem by the smaller TRS containing only the usable rules. For
example, for MINUS there are no usable rules and for DIV only the minus-rules are usable
in Example 2.8, The problem with the concept of usable rules is again that up to now
they were only presented for full- and for innermost-rewriting. But the situation is even
worse.

There are different definitions of usable rules [AGO0, [GTS05D, [GTSF06]° and it is
unclear whether one can exchange the definition of usable rules in different papers without
invalidating the theorems that make use of usable rules. To this end we present a new
semantic version of usable rules and show that all previous versions of usable rules are
estimations of the semantic version of usable rules. Moreover, we show for the various
processors that rely on usable rules that they are correct for arbitrary estimations of usable
rules (which over-approximate the set of usable rules). Then we present a new estimation
in Section for the general case of Q-restricted rewriting which is better than every
previous version of usable rules. A similar solution will be presented in Section in
order to combine the different syntactic versions of Cap.

Finally, in Section we will show processors to remove terms from Q. Although
their application results in larger sets NF(Q), they do not harm, since only terms are
removed which cannot block reductions of R and P any more. On the contrary, often
these processors can transform DP problems with NF(Q) C NF(R) to DP problems with
NF(Q) = NF(R). In this way, all those techniques become applicable which are only

4We do not integrate the estimations based on tree automata of [Mid01].
SWe do not consider the generalized usable rules of [GTSS0T, Definition 5] in this chapter since these
rules depend on a reduction pair, a concept we will introduce in the next chapter.
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available for innermost termination.

What all processors of this chapter have in common is that they can be automated
efficiently, as there are no challenging search problems arising when implementing these
processor.

To illustrate the different processors we use the following running example throughout
this chapter. Note that we do not continue with the termination proof of Example
as that TRS was already shown to be terminating in many papers using standard orders
with techniques that have already been developed in [AGO0).

Example 3.1. We consider a TRS for addition and multiplication of natural numbers
combined with a variant of the TRS of Toyama [Toy87]. Here, multiplication is computed
with the help of an accumulator in the third argument.

isZero(0) — true (9)
isZero(s(z)) — false (10)
plus(0,y) — (11)
plus(s(z), y) — S(plu5(x y)) (12)
plus(plus(z,y), z) — plus(z, plus(y, 2)) (13)
times(z,y) — mul(z,y,0) (14)
mul(z,y, z) — |f(|sZero( ), Y, %) (15)

if (true, z,y, 2) — (16)

if (false, s(z),y, z) — mul(a: y, plus(y, 2)) (17)
£(5(0),5(s(0)), ) — F(z 2,) (18)

3.1. Dependency Graph

We now present a processor to decompose a DP problem into several separate sub-
problems. To this end, one tries to determine which pairs can follow each other in chains
by constructing a so-called dependency graph. In contrast to the classical DP approach,
now the dependency graph can be (re-)computed at any time during the termination
proof. This leads to very modular proofs, since one may always decompose DP problems
into sub-problems which can be solved independently, e.g., by different DP processors.

Definition 3.2 (Dependency Graph). Let (P, Q, R, f) be a DP problem where the pair-
graph P has the set of nodes N. The (P, Q,R)-dependency graph is a pair-graph (N, E)
and E contains an edge from s — t to u — v iff s = t,u — v is a (P, Q,R)-chain
(iff s = t,u — v is a path in P and there is substitution o such that to %;‘Q uo and
{so,uc} C NF(Q)).

Obviously, whenever there is no edge between s — t and u — v in the dependency
graph then one can delete all corresponding edges in P. Since the dependency graph is in
general not computable, for automation one constructs an estimated graph. To this end,
one has to approximate whether two pairs s — ¢t and u — v form a (P, Q, R)-chain. In
this case, one draws an arc from s — ¢t to v — v. In this thesis we only consider sound
estimations that contain the real dependency graph. Then, one may remove all edges in
‘P that are not contained in the estimated graph.
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Theorem 3.3 (Processors Based on the Dependency Graph). The following processor
Proc is sound and complete. For a DP problem (P,Q, R, f) with P = (N, E) the processor
Proc returns {(P NP, Q, R, f)}, where P is an estimated (P, Q, R)-dependency graph.

The next step is to exploit the graph-structure of the pair-graph of a given DP problem.
An infinite chain corresponds to an infinite path in the pair-graph. And as this graph is
finite, every infinite chain in the graph must correspond to a cycle in the graph. Therefore,
for every DP problem (P, Q,R, f) it is sufficient to prove absence of infinite (minimal)
chains for maximal cycles (so-called strongly connected components, SCCs) of P. To be
more precise, a subgraph P’ of P is called a cycle iff in P’ every node n is reachable from
every other node (including n itself). A cycle P’ is called an SCC' if P’ is not a proper
subgraph of any other cycle.

Theorem 3.4 (Processor Based on Graph Decomposition). The following processor Proc
is sound and complete. For a DP problem (P,Q,R, f) with P = (N, E) the processor
Proc returns {(P1, Q, R, f),...,(Pn, Q, R, f)}, where Py, ..., P, are the SCCs of P.

Example 3.5. For the TRS of the running example of this chapter (Example we
obtain the following set of dependency pairs.

PLUS(s(z),y) — PLUS(zx,y) (19)
PLUS(plus(x,y), z) — PLUS(z, plus(y, 2)) (20)
PLUS(plus(x,y), z) — PLUS(y, 2) (21)

TIMES(z,y) — MUL(z,y,0) (22)
MUL(z,y, z) — IF(isZero(x), x,y, z) (23)
MUL(x, y, z) — ISZERO(x) (24)
IF(false,s(z),y, z) — MUL(z, y, plus(y, 2)) (25)
IF(false,s(x),y, z) — PLUS(y, 2) (26)
F(s(0),s(s(0)), #) = F(z, ) (27)

The dependency graph of the initial DP problem has the following structure.

~
(22) (23) (26) ()

L] | <]

)-—@9 (E-—e,

This graph contains two SCCs. The first SCC is the subgraph containing the recur-
sive dependency pairs for multiplication and and the second SCC contains
all dependency pairs for the addition rules , , and . Thus, when applying
Theorem [B.3]and Theorem [3.4lwe obtain the two new DP problems ( > , @, R, m)
and ({(19), (20), 21)}, @, R,m).5 From now on we can prove termination of addition and
multiplication independently.

In [GTS05a] the previous two theorems were integrated in one theorem, which computed
the SCCs Py, ..., P, of the (estimated) dependency graph and then returned the set of

6Recall that the set {, , } represents the pair-graph where every two (possibly identical) pairs
are connected.
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pairs of every P; as result. Note that this combination was necessary as P was a set of
pairs and there was no possibility to store the structure of the (estimated) dependency
graph in P. This older approach has the disadvantage that when using the combined
theorem a second time in a termination proof, one has to recompute all edges. However,
as we have defined P to be a graph, we just have to check the connections between pairs
that are still connected. So in Example |3.5] we will never again check whether is
connected to itself. Thus, the graph structure increases efficiency. For an example where
this effect occurs we refer to a later state in the termination proof of the running example
of this section (Example [3.22]).

Moreover, the graph structure increases modularity. It is now easily possible to sepa-
rately apply various (possible incomparable) dependency graph estimations to delete all
edges that can be removed by at least one estimation. Of course, it is possible to develop
a processor that integrates all techniques to delete edges and performs this accumulated
deletions of edges internally. However, this would require a large combined theorem which
has to be updated with every new technique for edge deletion that is discovered in the
future. And such a combined theorem is clearly less desirable than presenting many
separate ideas to delete edges and then combine them in a modular way.

Still, the question how to estimate the dependency graph remains. In the classical
dependency pair approach, several such approximations were developed and for example,
all of them would return the graph given in Example 3.5 with an additional edge from
to itself.” However, instead of (P, Q, R)-chains, here one only considered chains
where Q@ = @ (for full termination) or where Q@ = lhs(R) (for innermost termination).
The latter were called “innermost chains”. By Lemma [2.4], every (P, Q, R)-chain is also
a (P, d, R)-chain (i.e., an ordinary chain in the classical dependency pair approach) and
if NF(Q) C NF(R), it is also an innermost chain. Thus, all existing methods to (over-
Japproximate chains in the dependency pair approach can also be used to approximate
(P, Q,R)-chains for any Q. Moreover, if NF(Q) C NF(R), then all approximations for
innermost chains can be applied as well. Hence, one can still use the existing estimation
techniques for (innermost) dependency graphs in order to estimate (P, Q, R )-dependency
graphs.

The basic idea of most current estimations is the following. To estimate whether two
pairs s — t and u — v form a chain, essentially it must be checked whether there is
some substitution o such that so and wo are in Q-normal form and to %% uo. To
this end it is approximated what the term to looks like after a reduction. Therefore, a
function Cap® replaces all subterms of ¢ at position p by a fresh variable, whenever in the
reduction of to it is possible to perform a rewrite step at position p. Then it is checked
whether the resulting term Cap(t) can be unified with u. If this is not the case it can be
guaranteed that s — t and u — v do not form a chain. Moreover, in the innermost case
the information that so and uo are normal forms is sometimes also integrated into Cap.
This is done by providing an additional parameter S for Cap where S contains terms like
s and u which are instantiated to normal forms. The set S can also be used if Cap®(t)
and u are unifiable. If the mgu instantiates a term of S such that this instance is not in
normal form then there can also be no chain. We illustrate both uses of S in the following
small example.

"For the approximation of [Mid0I] we considered the three presented approximation mappings s, nv,
and g.

8In [AGO0] one additionally uses the function Ren. But as in [GTS05b], we here combine the traditional
functions Ren and Cap of [AGO0] into one new function Cap.
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Example 3.6. Let R consist of the following rules and let Q = lhs(R).

s(p(z)
p(s(z)
isNegative(p(x)
f(s(z), true f(s(x),isNegative(z))
g(s(y)) = h(y)
h(p(z)) — &(s(p(2)))

Here, s and p denote the successor- and the predecessor-function on the integers, and
isNegative checks whether a number is negative. To demonstrate the use of the set S for
Cap, we consider the connections between the following three DPs.

— true

) =
) =
)
) =
) =
) =

F(s(z),true) — F(s(x),isNegative(x)) (28)
G(s(y)) = H(y) (29)
H(p(2)) = G(s(p(2))) (30)

We first check whether has an outgoing edge in the dependency graph. Therefore we
compute Cap® (F(s(z), isNegative(x))) for S = {F(s(x), true),...}. Obviously, the subterm
isNegative(z)o can only be reduced if x is instantiated by p(...). But this results in a
conflict w.r.t. S, since then the term in S is instantiated to F(s(p(...),true)) which is
not in normal form. Hence, due to S we can detect that Cap®(F(s(z),isNegative(x))) =
F(s(x),isNegative(x)). And since that term is not unifiable with any left-hand side of the
three dependency pairs, we have proven that has no outgoing edges.

Another effect can be seen when checking the connection between and . There,
we have S = {G(s(y)), H(p(z))} and the term Cap®(H(y)) = H(y) is unifiable with H(p(z)),
the left-hand side of . However, the mgu instantiates y by p(z) and thus, the term
G(s(y)) € S is instantiated such that it is not in Q-normal form any more. Hence, again
due to S there is no connection.

Note that in both cases the use of & was essential. If one drops the condition that
left-hand sides of dependency pairs have to be instantiated to normal forms, then both

, , ... and , , , , ... are infinite chains. And exactly this condition

is exploited by S.

However, there have been different definitions of the function Cap which are all syntac-
tical, cf. [AGOQ, IGTS05b, [HMO05]. Here, we now use the new approach where we define
Cap semantically and then define a concept of an estimated Cap function. It turns out
that all previous definitions of Cap indeed estimate our Cap function.

We obtain the following benefit from a semantic definition of the Cap function: We can
easily reformulate all processors relying (possibly indirectly) on Cap in a way that these
processors can be used for arbitrary estimations of Cap. Then we adapt the proof of these
processors for an estimated Cap-function once. In contrast, if there is no concept of an
estimated Cap-function then every time we change the definition of Cap, we have to check
and possibly adapt the proof for every processor relying on Cap. Note that this usually
involves a lot of work, since many processors rely (indirectly) on Cap. To be more precise
we make use of Cap in the processors of Theorems and in 5 of the 10 processors
of Chapter [4] in all processors presented in Chapter 5] and in half of the processors in
Chapter [0
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Note that we allow Cap to be applied on generalized TRSs, i.e., TRSs where the rules
are arbitrary pairs of terms which do not have to satisfy the variable condition. This will
be required later in Section [3.4] which deals with alternative techniques to estimate the
dependency graph.

Definition 3.7 (Cap-Function). The Cap-function is a mapping from a generalized TRS
R, two sets of terms Q and S, and a term t to another term t' = Cap‘fzjg(t). The term
t' is obtained by replacing all mazimal subterms t|, of t by fresh variables whenever there
is a substitution o and a term u such that So C NF(Q) and to %%%R,p u.? Moreover,
whenever t|, is a variable and there is any reduction possible in t|,o then we have to
replace at least t|, by a fresh variable. '’

An estimated Cap-function ECap is a function with the following property. Whenever
Cap replaces a subterm at a position p by a fresh variable then there is a subterm at a
higher position p’ < p which is replaced by a fresh variable using ECap.

The essential property of an estimated Cap-function is that ECap(t) contains the struc-
ture of the term to after any number of reduction steps.

Lemma 3.8 (Properties of Cap). Let ECap be any estimation of the Cap function. If
to % u for some substitution o such that So C NF(Q) then u = ECap%Q(t)u for
some substitution p which differs from o only on the fresh variables that are introduced
by ECap.

Using an estimated Cap function we can now give a first estimation of the dependency
graph.

Definition 3.9 (Estimation of the Dependency Graph). Let ECap be an estimated Cap
function. Then the corresponding estimated (P, Q, R)-dependency graph with P = (N, E)
is defined as (N, E') where (s — t,u — v) € E' iff ECap;{i’g}(t) and u are unifiable by an
mgu 0 such that so and ud are in Q-normal form.

Theorem 3.10 (Soundness of the Dependency Graph Estimation). The estimated de-
pendency graph of Definition contains the dependency graph.

Now that we know how to estimate the dependency graph by using Cap of course we
also need an estimated Cap-function. The estimation in [AGO0] replaces all subterms
with defined root by a fresh variable.! However, subterms that occurred in the set S are
not replaced, if one is in the innermost case. The more recent approach of [GTS05b] uses
unification with left-hand sides instead of just looking at the root symbol. We general-
ize the approach of [GTS05b] for full- or innermost-rewriting to Q-restricted rewriting.
Basically, we take the estimation of [GTS05b] and integrate various checks on Q-normal
forms resulting in our new improved estimation /Cap.

The main idea to compute [ Cap%g(t) is as follows. If ¢ is a variable then it is replaced by
a fresh one if it cannot be guaranteed that ¢ is instantiated with a normal form w.r.t. %R

9Throughout this thesis —;—» denotes the composition of binary relations —; and —.

10Tt may be the case that we cannot directly rewrite at the position of the variable but only at a
position deeper in the term. Consider Q = {f(a)},¢t = f(z),S = {t},R = {a — b}. Then clearly
for 0 = {x/g(a)} we obtain to = f(g(a)) %72 f(g(b)) for the Q-normal form to. But there is no
possibility to rewrite xo at the root position as the only possible substitution ¢/ = {z/a} conflicts
with the condition that t¢’ must be a O-normal form.

"1n the termination case additionally the function Ren is applied, which replaces every occurrence of a
variable by a fresh one. Here, the effect of Ren is already integrated in Cap.
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Otherwise, if t is a function application one applies ICap on the arguments of ¢ resulting
in ¢. In this way by Lemma [3.8 we know that ¢ has the structure of the term resulting
from rewriting an instance of ¢ below the root. Then ¢’ is the result if one can guarantee
that there is no reduction at the root position. However, a root reduction can only be
performed if ¢’ is unifiable with some left-hand side of a rule. If the mgu satisfies some
normal-form conditions then /Cap estimates that a reduction may be possible at the root
level and returns a fresh variable. Otherwise, ¢’ is returned. This idea is presented more
formally in the following definition.

Definition 3.11 (/Cap). Let Q and S be sets of terms, let R be a generalized TRS. We
define the improved estimated Cap-function ICap as

o ICap%7Q(x) =z if NF(Q) C NF(R) and x is a subterm of a term in S.

o ICap%Q(f(tl,...,tn)) = f([C’ap‘fz’Q(tl),...,[Cap%,g(tn)) if for every mgu 6 of
f(]C’ap%’Q(tl),...,IC’ap%’Q(tn)) and some left-hand side ¢ of a rule £ — r € R
there is some term in S6 U {ld|, ..., 00|, }** that is not in Q-normal form.

o ICap%Q(t) is a fresh variable, otherwise.
Lemma 3.12. [Cap is an estimated Cap-function.

Of course one can omit some checks on Q-normal forms in Definition B.11] Then one
still has an estimated Cap-function as then subterms are replaced by fresh variables at
even higher positions.

To see the difference between the estimation FCap of [AG00] which replaces every term
with defined root by a fresh variable and the new estimation /Cap, we consider the TRS R
of Example 3.5, @ = § = &, and the term ¢ = isZero(true). We obtain EC’ap%’Q(t) = Tfresh
as isZero is defined in R. In contrast I Cap%g(t) = t since all isZero-rules require that the
argument is 0 or s(x), but there is no rule for true as argument.

Nevertheless, especially for TRSs representing first-order functional programs we often
get the same estimated graphs regardless of whether we use the estimated Cap-function
of [AGOQ] or ICap of Definition B.11l However, for TRSs representing higher-order func-
tional programs, [Cap produces much better estimations. This is demonstrated already
in [GTS05b] and here we refer to Example in Chapter |§| about handling TRSs that
encode higher-order functions.

Example 3.13. We continue the termination proof of the TRS of Example (3.5

The estimated dependency graph computed by Definition [3.9] using ICap just contains
one edge more than the real dependency graph. The problem is that it cannot be detected
that there is no edge from to itself. We have to unify the terms ICap%Q(F(:L’, x,x)) =
F(z1, 9, z3) and F(s(0),s(s(0)),y) for the set S = {F(s(0),s(s(0)),x),F(s(0),s(s(0)),y)}.
These terms are obviously unifiable and as @ = & every term is in Q-normal form. Thus,
Definition B.9 cannot detect that there is no edge from (27) to in the dependency
graph.

Hence, after applying Theorem [3.3 and Theorem [3.4] we partition the initial DP prob-
lem into the three new DP problems D; = ({(19), 20), 1)}, @, R, m), D, = ([23) «
[25), 2, R, m), and D3 = ({27}, @, R, m).

12\We do not apply & on the subterms of £ as £ may be a variable for a generalized TRS.
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Note that in the innermost case where NF(Q) C NF(R) we would be able to drop the
edge from to . The reason is that then ICap%Q(F(:E, x,x)) is the term F(x, z, )
which does not unify with F(s(0),s(s(0)), y).

In Example [3.13] we have seen a first reason that it is desirable to have a processor
which changes from termination to innermost termination, as then the DP problem Dj
can be deleted. This processor will be presented in the following section.

3.2. Switching to Innermost Termination

As indicated by Lemma R.17 it is always advantageous to obtain a smaller set NF(Q)
which can be done by enlarging Q. It is especially important to obtain a DP problem
(P,Q,R, f) with NF(Q) C NF(R) as there are many processors which produce better
result for the innermost case. We have already seen this in the estimation of the depen-
dency graph (Section , and we will see it again many times throughout this thesis.
For example, there are less usable rules (Section and the transformations of DPs are
more often applicable (Chapter [3)).

In the classical dependency pair approach, a switch from termination to innermost
termination was only possible if the whole TRS belongs to a class where innermost ter-
mination implies termination. In particular, this holds for overlay systems (i.e., TRSs
where no left-hand side unifies with a non-variable proper subterm of another left-hand
side) which are locally confluent [Gra95]. So in particular, this includes non-overlapping
TRSs.

Instead, the following processor only requires local confluence for the rules R of the cur-
rent DP problem and no left-hand side of a rule may unify with a non-variable subterm of
a left-hand side of a pair in P. Note that often the TRS R is usually just a small subset of
the original TRS due to previous simplifications by other processors, and R does not have
to be an overlay system, but the rules may have arbitrary critical pairs. One only requires
that R may not overlap with the pairs in P. And again, after applying the processors
in Section each component P contains (often strictly) less pairs than the dependency
pairs of the original TRS which is crucial for the running example, cf. Example [3.22] All
this clearly extends the known classes where innermost termination implies termination.

Finally, we show that our results also provide a new simple proof for the above result of
[Gra95)].

Theorem 3.14 (Processor to Switch to Innermost Termination). The following processor
is sound and complete. For a problem (P,Q, R, f), Proc returns

e {(P,lhs(R),R, f)}, if

— for all s — t € P, non-variable subterms of s do not unify with left-hand sides
of rules from R,

- %R 15 locally confluent on the set of Q-terminating terms w.r.t. R,
- NF(R) C NF(Q), and

~ f=m

e {(P,Q,R,[)}, otherwise.
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The following examples show that each of the requirements is necessary for the sound-
ness of Theorem .14l Here, we use the important property that in an innermost chain
we always have to rewrite the instantiated right-hand sides to a normal form w.r.t. R.

Example 3.15. If we do not require minimality then it may happen that there is no
normal form that we can reach from the right-hand sides of P. Consider P = {F(z) —
F(a)} together with R = {a — a} and Q = @. Here, there obviously is an infinite chain
although it is not minimal. However, there is no infinite (P, lhs(R), R)-chain any more,
as F(a) is not reducible to an R-normal form.

Example 3.16. It might occur that rewriting right-hand sides can reach instances of left-
hand sides of P but when rewriting further to a normal form one obtains no instance of a
left-hand side of P any more. This is especially true if there are overlaps between P and
R as then a reduction with R might destroy the redex w.r.t. P. For P = {F(a) — F(a)},
R = {a — b}, and Q = & there obviously is an infinite minimal chain. But if we change
Q to be the set of left-hand sides of R then there is no infinite chain any more. As F(a) is
not a normal form we have to reduce it to F(b) which cannot be matched by the left-hand
side of the pair in P any more.

Example 3.17. A possible extension of the theorem would be to drop the requirement
NF(R) C NF(Q) and then return as new second component either Q U lhs(R) or just
lhs(R).

In the former case we encounter the same kind of problem as in the previous example.
Consider P = {F(z) — F(a)}, R = {a — b}, and Q@ = {b}. Then there is an infinite
minimal chain but again we are forced to evaluate the right-hand side F(a) to F(b) which
is not in normal form w.r.t. Q U lhs(R). Hence, returning {(P,Q U lhs(R),R, f)} is
unsound.

To obtain a counterexample for the latter case we keep the same P and Q and just
replace R by {a — g(b),g(x) — g(z)}. Then again there is the obvious chain for the
original DP problem where we never perform a rewrite step with R. Note that this chain
really is a minimal chain as the infinite reduction of a =5 g(b) = g(b) ... is blocked by
Q. But when replacing Q by lhs(R) the infinite reduction is not blocked any more and
like in Example we cannot reduce the right-hand side to a normal form any more.

Example 3.18. As a final counterexample for Theorem B.14lwe show that local confluence
is needed. Here we can choose the example of Toyama [Toy87]. For P = {F(0,1,2) —
F(z,z,z)}, R = {c(z,y) = z,c(x,y) — y}, and Q = & there is an infinite chain if one
instantiates x by ¢(0,1):

F(0,1,¢(0,1)) —» F(c(0,1),¢(0,1),¢(0,1)) —% F(0,1,¢(0,1)) —p ...

However, in the innermost case x must be instantiated by a normal form which cannot
match both 0 and 1. Thus, there is no (P, lhs(R), R)-chain which clearly shows that local
confluence is essential.

Before showing the advantages of Theorem [3.14] at the end of Section by contin-
uing the termination proof of Example [3.13] we will consider how this processor can be
applied to a DP problem (P, Q,R,m). All conditions but the second one can be easily
checked. The only problem is to check local confluence of %R In practice, Theorem [3.14]
is usually applied for @ = & (i.e., to switch from full to innermost termination). Then
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local confluence is equivalent to joinability of critical pairs. This property can easily be
approximated by checking joinability in a given number of rewriting steps.

For Q # & we will at least give a sufficient criterion for local confluence of %R. In this
case it suffices if R has only trivial critical pairs. With such syntactic sufficient conditions
for its applicability, Theorem B.14] can easily be automated.

Lemma 3.19. Let all critical pairs of R be trivial and let NF(R) C NF(Q). Then S
18 locally confluent on the set of Q-terminating terms w.r.t. R.

The following two examples demonstrate that the restriction NF(R) C NF(Q) is es-
sential and that indeed we can only guarantee local confluence on those terms that are
terminating w.r.t. .. However, we already have the requirement NF(R) C NF(Q)
in Theorem [3.14] and we only need confluence on terminating terms. Thus, these two
restriction are not very severe.

Example 3.20. This example demonstrates that local confluence can only be ensured
for terminating terms. Let R = {f(z) — c,a — b,b — b} and Q = {b}. Then R is even
orthogonal and NF(R) C NF(Q). But for the term ¢ = f(a) we have the two reductions
t %R cand t %R f(b). And these two new terms are not joinable as the only way to
reduce f(b) is to reduce it to itself, and c is a normal form w.r.t. ..

Example 3.21. If NF(R) is not a subset of NF(Q) then nothing at all can be said about
local confluence of 2. For R = {f(z) = c,a — b} and Q = {b} the term ¢ = f(a) is

terminating and it has two different normal forms w.r.t. %R: we obtain the reductions

t 2, cand t S5 f(b).

As future work it remains to be investigated, whether one really needs trivial critical
pairs of R, or whether it is possible to develop some kind of joinability criterion.
We continue in the termination proof of the running example by using Theorem [B.14

Example 3.22. We recapitulate some rules and pairs of Example [3.5]

B

plus(plus(z,y), z) — plus(z, plus(y, 2))

PLUS(s(x),y) — PLUS(x,y)
PLUS(plus(z,y), z) — PLUS(z, plus(y, z)) (120
PLUS(plus(x,y), z) — PLUS(y, 2)

MUL(z,y, z) — IF(isZero(x), x,y, 2)
y,2z) — MUL(z, y, plus(y, z)) (125])
)

IF(false, s(z),
F(O,s(

Bl

0),z) — F(z,z,x)
At the end of Example 3.13) the DP problems D; = ({(19), (20), 1)}, 2, R, m), D, =
( > ,@,R, m), and D3 = ({},@,'R, m) remained.

Note that R is locally confluent but it is not an overlay system as rule overlaps with
itself at a non-root position. Thus a global approach working on the whole TRS is not
applicable. Moreover, even for the initial DP problem Theorem [3.14] is not applicable as
here the dependency pairs and violate the condition that P and R do not overlap.
However, after having split the initial DP problem by the processors of Theorem [3.3]
and Theorem [3.4] the situation is different. For the two DP problems D, and D5 the
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requirements of Theorem [3.14] are satisfied. Thus, we can replace these DP problems by
Dy = ((23) + 29), Ihs(R), R, m) and D5 = ({([27)}, (hs(R), R, m).

As we have increased the Q-component of these two DP problems it now makes sense
to test whether we can delete further edges by Theorem 8.3l For D4 we cannot delete any
edge, but note that due to the graph structure of the P-component of DP problems we
only have to examine the two existing edges instead of all four possible edges.

For D5 we delete the looping edge as we are now in the innermost case. That this is
possible was already explained in more detail in Example [3.13] Hence, by Theorem [3.4]
this DP problem is solved. This is especially important as processors based on well-
founded orders — which we will see in Chapter 4] — can only be successful on Dj if the
order is not C.-compatible. (A C.-compatible order =z must satisfy c(z,y) Z,z and
c(x,y) (rﬁ)y for some fresh function symbol c.) The problem is that almost all orders used
for automated termination proving are C.-compatible.!3

To summarize, we now remain with the new DP problems D, and the unchanged DP
problem D;.

Note that by Theorem [B.14] the observation that innermost termination implies termi-
nation for locally confluent overlay systems is obtained as a corollary. While the original
proof for this important result of Gramlich [Gra95] is not at all trivial, the proof of
Theorem [3.14] is quite simple. While there already exists another easy proof [Mid94], in
this way we get an alternative simple proof for Gramlich’s result.

Corollary 3.23 ([Gra95, Theorem 3.23]). Let R be a locally confluent overlay system. If
R is innermost terminating, then it is terminating.

3.3. Usable Rules

If the Q-restricted rewrite relation is contained in the innermost rewrite relation (i.e., if
NF(Q) € NF(R)), one can remove certain rules from the rewrite system R. That this
has no disadvantage is a result of Lemma 217 but on the contrary, often it is crucial
for a successful termination proof. For example, when using the processors of Chapter
which are based on well-founded orders, then less rules imply less constraints to satisfy.

The essential idea to reduce the rewrite system R is that whenever there is a reduction
to %72 so for some R-normal substitution o then only the so-called usable rules can be
used in this reduction. Hence, instead of all rules one just has to consider the subset of
usable rules which is often much smaller.

Unfortunately, here we encounter the same scenario as for the Cap-function, cf. the
discussion on page [21] There is no semantic definition of usable rules but one can find
different syntactic definitions of usable rules [AGOQ, [GTS05bl [GTSF06] which produce
incomparable sets of usable rules. Up to now with every improvement of usable rules one
has to check for every processor relying on usable rules whether that processor is also
correct with the improved version of usable rules.

For that reason we present a new semantic definition of usable rules. It turns out that all
previous syntactic definitions of usable rules are just estimations of our semantic version of
usable rules. Moreover, for all but one processor we have adapted the proof in a way that

130ne exception is the class of polynomial orders with negative coefficients [[IM07] which are able to
solve the constraints of D5. However, even these orders are not applicable on D3 due to the constraints
of the rules of R. Hence, again the switch to innermost is required.



28 Chapter 3. Processors Without Search

the theorem is valid for every estimation of usable rules without changing the theorem.
Only in case of the rewriting processor in Theorem [B.10] we had to add an additional
requirement. However, this new requirement is satisfied for all current estimations of
usable rules. For details we refer to Section about the rewriting processor.

Originally, the usable rules were only introduced for innermost rewriting. For each term
t the usable rules of ¢ should contain all rules that can be used to rewrite an instance of
t. However, as one is in the innermost case the variables of ¢ may only be instantiated by
normal forms. If s — tis a dependency pair then one can restrict the possible substitutions
o even further: one is only interested in those rules that can be used in a reduction of to
if so is in normal form. We generalize this idea to Q-restricted rewriting and we replace
the single term s by a set S of terms that must all be instantiated to normal forms.

Definition 3.24 (Usable Rules). Let Q and S be sets of terms, let R be a TRS. We define
the usable rules L{%Q(t) of a term t as the smallest subset of R which satisfies the following
condition. Whenever there is a substitution o and a term u such that So C NF(Q) and
to %%%g_w u for some rule { —r € R then { — r € L{%Q(t).

The usable rules of a DP problem (P, Q, R, f) are U(P,Q,R) = U,_1ep Z/I;{;}Q(t)
A function EU estimates the usable rules iff Ug o(t) € EUR o(t) € R for all possible

inputs R, Q, S, and t. Again, EU(P,Q,R) = EUés’}Q(t).

s—teP

Using this definition one immediately obtains the following theorem.

Theorem 3.25 (Processors Based on Usable Rules). Let EU be an estimation of usable
rules. Then the following processor Proc is sound and complete. For a DP problem

(P,Q, R, f), Proc returns {(P,Q,EU(P,Q,R), f)}.

Note that for DP problems (P, Q, R, f) with Q@ = & virtually always all rules are usable
as one can instantiate a variable with a term containing redexes for every rule. Hence,
for termination there is hardly any difference between the usable rules and R, unless P is
right-ground. But for innermost termination one often obtains U (P, Q,R) C R and can
successfully apply the above processor to simplify a DP problem.

The completeness of this processor is only due to our new notions of “Q-restricted
rewriting” and of “(P, @, R)-chains”, which use two separate components @ and R. With
Q we restrict potential redexes and R gives the possible rewrite steps. However, in the
original dependency pair approach there is only one corresponding component: the TRS R
determines both the redexes and the restriction on redexes. As a consequence, this proces-
sor would be incomplete in the original dependency pair approach, where one regarded in-
nermost termination and “innermost chains”. As an example let P = {F(a,z) — F(z,z)}
and R = {f(a,z) — f(x,z),a — b}. Now there is no infinite innermost chain (i.e., no
infinite (P, lhs(R), R)-chain), since the left-hand side of the dependency pair in P is not
in (hs(R)-normal form. As there are no usable rules, this processor would replace R by
the empty set. In the DP framework, one would obtain the DP problem (P, (hs(R), &, f)
which still has no infinite chain but in the classical dependency pair approach, the second
component of this DP problem would be disregarded. Since there is an infinite (mini-
mal) innermost chain of P’s dependency pair if the underlying TRS is empty, then this
processor would be incomplete.

Before presenting an estimation of usable rules let us first recapitulate the ideas of
previous versions of usable rules. In [AGO0, (GTSF06] usable rules are essentially computed
as follows. First, all f-rules are marked as usable whenever a symbol f occurs in rule
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of P. Then, whenever a rule is usable and its right-hand side contains a symbol ¢ then
all g-rules are usable as well. Further improvements to compute usable rules use the fact
that left-hand sides of P are instantiated to normal-forms [GTSFO03|, and unification is
performed instead of just looking at the root symbols [GTS05b]. Now we combine all
these improvements into one new definition and generalize from the innermost rewrite
relation to Q-restricted rewriting.

Definition 3.26 (Improved Estimated Usable Rules). Let Q and S be sets of terms and
let R be a TRS. Let ECap be an estimated Cap-function. The improved estimated usable
rules of a term t are defined as the smallest set IL{;;Q(t) C R such that

(i) Ift = f(t1,...,tn), £ = f(l1,...,0) = 1 € R, and if the terms f(ECap%Q(tl), .
EC’ap%yQ(tn)) and ¢ are unifiable with the mgu 6 such that all terms in ({{1, ..., 0, }U
S)d are in Q-normal form, then { — r € TUZ o(t).

(it) If t = f(t1,... 1) then TUR o(t;) € TUR o(t).
(iii) If € = f(lr,....0) = 1 € TUS o(t) then TUY ™" (r) C TUS o(t).

() Ift = x then TUZ o(t) = R in the case that x is not a subterm of any term in S or
NF(Q) € NF(R).

Note that in the computation of the improved usable rules for a DP problem (P, Q, R, f)
case never applies if NF(Q) C NF(R): In that computation ¢ always is a subterm of
a right-hand side of P UR and S contains the corresponding left-hand side or all direct
subterms of the left-hand side. Then due to the variable conditions of the TRSs P and
R each variable of t must be contained in §. This shows that Definition produces
less rules than previous definitions of usable rules in [AG00, [GTS05D, I[GTSE06]. Since
the usable rules in [GTSF06] do not use unification and since in [GTS05b] there is no
component S, it is easy to construct examples where Definition [3.26] results in strictly
less rules. Moreover, in [GTSF06] only the left-hand sides of pairs are integrated for
normal form checks in the usable rules calculation. This is in contrast to Definition
which is the first estimation which also considers the left-hand sides of rules for normal
form checks. That this can be useful is demonstrates in the following small example.

Example 3.27. Consider the TRS R with the following rules.

s(p(z)) —
p(s(z)) —

isPositive(s(x)) — true

isPositive(0) — false

)

) =

isPositive(p(z)) — isPositive(z)
f(p(x), true

To prove innermost termination we get a DP problem where P consists of the following
dependency pair.

f(p(x), isPositive(z))

F(p(x),true) — F(p(z), isPositive(x))

Since the recursive isPositive-rule is usable, one has to add IMé’jg)}(isPositive(x)) to the
usable rules. Then, without the normal form check with the argument p(x) of the left-
hand side, all isPositive-rules are usable. However, if one performs the normal form check
then the rule isPositive(s(x)) — true is not usable.
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Note that the TRS is not terminating. Therefore, one cannot prove innermost termi-
nation if one does not consider the normal form checks. This shows that the integration
of additional normal form checks in the estimation of usable rules is sometimes essential.
Here, after having deleted the unusable rule isPositive(s(z)) — true one can indeed easily
prove innermost termination using the processors of the next chapter.

The following theorem provides the essential property of ZU that it is an estimation of
U.

Theorem 3.28 (Soundness of the Improved Estimated Usable Rules). The function TU
to compute the improved estimated usable rules estimates U.

It is easy to see that the improved estimation of usable rules has a severe drawback
with condition (iv]): if NF(Q) ¢ NF(R) then nearly always we obtain the situation that
there is no difference between usable rules and the whole TRS unless P and all rules that
are usable w.r.t. conditions — are right-ground. Therefore, it might be tempting to
delete condition in Definition B.260 Unfortunately, the following example of [Toy87]
shows that this is not possible.

Example 3.29. Let P = {F(0,1,2) — F(z,z,z)}, let @ = &, and let R = {c(z,y) —
z,c(z,y) = y}. As already seen in Example [3.18] there is an infinite chain if one instanti-
ates the variable z in P by ¢(0,1). According to the conditions (f)- (i) in Definition 3.2
there are no usable rules for this DP problem. If we now drop condition , the usable
rules processor of Theorem [3.25] would result in the DP problem (P, &, d, f) which is
finite. Thus, condition is essential for the correctness of ZU.

Nevertheless, in Section [4| we will present new methods that can drop condition (fiv))
even if one is not in the innermost case. Using these methods diminishes the difference
between proving termination and innermost termination considerably.

We now show how the DP problems in our running example can be simplified by the
usable rules processor of Theorem [3.25

Example 3.30. We recapitulate the following pairs.

PLUS(s(z),y) — PLUS(z,y) (L9)
MUL(z,y, z) — IF(isZero(x),x,y, 2) (123))
IF(false, s(x),y, z) = MUL(z,y, plus(y, 2)) (125)

At the end of Example |3.22| we had to handle the two DP problems D; and D,. We first
deal with the DP problem D; = ({(19), (20), 1)}, @, R, m) containing the dependency
pairs for the plus-rules. As NF (@) Z NF(R) and as there are variables in the right-hand
side PLUS(z,y) of , every rule is usable for this DP problem. Hence, an application
of Theorem [3.25] cannot simplify D;.

This is in contrast to the DP problem Dy = ((23)) <> (25)), (hs(R), R, m). Here, the sub-
terms isZero(z) and plus(y, z) clearly unify with all isZero-rules, resp. plus-rules of R. As

NF(lhs(R)) € NF(R) we do not have to consider case in Definition B.26] and thus the
improved estimated usable rules of this DP problem are R’ = {@, , , , }
It turns out that for this DP problem, ZU even computes the usable rules exactly.
Thus, when applying Theorem [3.25 we delete all remaining rules for computing multi-
plication and for f. As a result we obtain the simplified DP problem Dg = ((23) <«

, lhs(R),R’, m).
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Here, we see a first example where from a termination proof of a TRS we result in a DP
problem (P, Q, R, f) where NF(Q) C NF(R). This indicates that the generalizations
from innermost termination techniques to techniques handling the case NF(Q) C NF(R)
are strongly required.

Note that in the previous example it would be sufficient to determine the estimated
usable rules by just looking at the root symbols. As for the improved Cap-estimation, we
refer to the TRSs in Chapter [0] like Example [6.1] There, it is clearly demonstrated why
one needs the more powerful estimation of usable rules which is based on unification.

Before we can solve the remaining DP problems of Example with the help of well-
founded orders in Chapter [4] in the following section we will see that usable rules can also
be used to estimate the dependency graph.

3.4. Star-Estimation of the Dependency Graph

To estimate the dependency graph in Section [3.1 we analyzed to %% uo by approximating
what to will look like after some reduction steps. An alternative approach is taken in the
graph approximation EDG* [Mid02]. There, one reverses the rewrite direction, i.e., one
looks at the reversed TRS R™' = {r — ¢ | £ — r € R} and the reversed reduction
uo —%_; to. Now, the idea is again to look at what uo will look like after some reduction
steps with R~1. Of course, to this end we can again use Cap. Note, that R~! often is no
TRS but only a generalized TRS which may violate the variable condition. This is the
reason why we defined Cap also for generalized TRSs.

So the basic idea of the EDG*-estimation is to note that s — ¢t and © — v cannot form
a chain if Capy_ ,(u) and ¢ are not unifiable.

The idea of EDG* is then further improved for the innermost case resulting in the
graph approximation EIDG* [HMO05]. For EIDG*, instead of taking the whole TRS R,
one just considers the usable rules R’. To be more precise, instead of checking whether
Capp-1 ,(u) and t are unifiable, one checks whether Capl, . (u) and t are unifiable.
Here, R’ is the set of usable rules of t. 7

Now we use the ideas of EDG* and EIDG* to present a new graph estimation for
arbitrary estimations of Cap, for arbitrary estimations of i/, and for Q-restricted rewriting
instead of full- or innermost-rewriting. As our notion of usable rules is independent of the
rewrite relation we do not even need two different versions.

Definition 3.31 (Star-Estimation of the Dependency Graph). Let ECap be an esti-
mated Cap-function, let EU estimate U. Then the corresponding estimated star-(P, Q, R)-
dependency graph with P = (N, E) is defined as (N, E") where (s — t,u — v) € E' iff
EC’ap%,,g(u) and t are unifiable by an mgu o such that sd and ud are in Q-normal form.
Here, R' are the reversed usable rules of t, i.e., R' = (EZ/{E’S} ()~

Theorem 3.32 (Soundness of the Star-Estimation of the Dependency Graph). The esti-
mated star-(P, Q, R)-dependency graph of Definition contains the (P, Q, R)-depen-
dency graph.

Of course, by using the estimations given in Definitions and the star-estima-
tion of the dependency graph can easily be computed.

We consider the following example which demonstrates the difference between the de-
pendency graph estimations of Definitions [3.9 and
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Example 3.33. Let R be the TRS of Example [3.5] and let Q = lhs(R). For P we take
the following pairs:

G(a,0,2) — G(a,isZero(x), x) (31)
G(b,0,x) — G(b, a, plus(z, z)) (32)

We start with deleting edges due to Definition B.31l For the usable rules are the two
rules @D and for isZero. Hence, the reversed usable rules for this pair are R’ = {true —
isZero(0), false — isZero(s(x))}. Now, we compute ICapz, ,(G(a,0,z)) = G(a,0,y). As
this term is not unifiable with any right-hand side of P, both edges starting in (31)) are
deleted. The intuitive reason for this deletion is the fact that with Definition [3.31] we can
detect that no instance of isZero(z) can be rewritten to 0, as the only possible results of
isZero are true and false.

However, this reasoning is not possible with Definition [3.91 In that case we would have
detected that an instance isZero(z) can be reduced and therefore the term isZero(x) is
replaced by a fresh variable. And after this replacement the new term is unifiable with
the left-hand side of and thus, due to Definition 3.9 we cannot delete the looping
edge from to itself. This clearly shows that there are instances of DP problems where
Definition .31 improves upon Definition [3.91

But if we look at the edges starting from we get the complementary result that
sometimes Definition 3.9 is better. When applying ICap on the right-hand side of
we obtain G(b, a, y). As this term is not unifiable with any left-hand side of P we are able
to delete both edges starting in due to Definition [3.9

This is in contrast to Definition [3.31l The usable rules for the pair contain the
collapsing plus-rule . This is especially bad, as one can see that whenever the usable
rules that are computed for a connection between two pairs contain a collapsing rule,
then Definition B.31] will never be able to delete this edge: if a collapsing rule is usable
then reversing these rules results in a generalized TRS R” containing a rule where the
left-hand side is a variable. Obviously, every term can be rewritten by R”. Thus, the
term Cap%,/ﬂ(t) is a fresh variable for every term ¢. And as a fresh variable is unifiable
with every right-hand side of P we cannot delete a single edge starting in due to
Definition B.311'* This shows that Definition 3.9 is sometimes a better estimation than
Definition [B.31] which finally shows that both estimations are incomparable.

Note that to delete the edges starting in it is essential that usable rules are com-
puted for every right-hand side of P separately, instead of computing them for the whole
DP problem as in Theorem [3.25l Otherwise, the TRS R’ would include the critical gen-
eralized rule y — plus(0,y) and no edge could have been deleted by the star-estimation
of the dependency graph.

As both graph estimations are incomparable we get the best result when applying both
estimations. If one only uses Theorem [3.3] with one estimation then it is not possible to
solve the given DP problem with the processors presented in this chapter. But we can
use the dependency graph processor of Theorem [3.3] with both estimations to delete all
edges. Then the resulting problem can be solved by Theorem [3.4]

1For a complete proof that Definition 3.31] cannot delete an edge in case of a collapsing usable rule we
also have to look at the normal form conditions. If we are checking the connection between s — t and
u — v then we unify a fresh variable with u by the mgu §. Thus, ud = u and s§ = s. If one of these
terms is not in Q-normal form then one can delete the edge. However, then Z/IE’S} (t) is the empty set
in contradiction to the requirement that there is collapsing usable rule.
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3.5. Reducing O

In this section we introduce a novel processor which tries to reduce the set Q. The obvious
question is why one should want such a processor since it never harms to add terms to Q
(Lemma 2.17). However, the idea is to only remove those terms in Q that cannot block
reductions any more: If a term in Q contains symbols which do not occur in P U R any
more, as one might have deleted the corresponding pairs and rules, then one can safely
remove that term from Q without losing completeness.

Consider the remaining DP problem Dg = ({(23), (25)}, lhs(R), R’, m) for the recursive
calls of mul and if in Example [3.30] where R’ is the set of plus- and isZero-rules, i.e.,
R’ = {(@) — (13)}. Here, the set Q = lhs(R) still contains symbols like times and mul
which neither occur in the pairs nor in the rules. Thus, removing all the terms containing
these symbols from Q results in the new set Q' = lhs(R').

There are two advantages one obtains from reducing @ in this way. The first one is
efficiency. As we have seen in the previous sections, for the estimation of the dependency
graph and for the usable rules one has to perform many tests whether some term is in
O-normal form. And of course, these tests become cheaper for smaller sets Q. The other
advantage is that certain processors are more powerful when Q is reduced. For example,
proving non-termination is easier for small sets Q, cf. Chapter[8} and the A-transformation
and semantic labeling are more powerful if Q does not contain terms of a certain form,
cf. Theorems [6.8| and in Chapter [0} and Theorems|[7.15] [7.19] and in Chapter
[ Moreover, some processors which have only been developed for innermost rewriting
may become applicable after the Q-reduction processors have been applied. Examples
include the processors of [GTSS07] to prove termination by showing that arguments are
increased until they finally reach a bound.

However, it turns out that in general reducing Q forces us to drop minimality to achieve
soundness.

Theorem 3.34 (Q-Reduction Processor). Let (P, Q, R, f) be a DP problem, let F be the
set of symbols occurring in P UR. Then the following processor is sound and complete.

Proc((P,Q, R, f)) ={(P,QNT(F,V),R,a)}

The following example shows that minimality cannot be carried over, even if @ DO

Ihs(R).

Example 3.35. Let P = {F(z) — F(f(2))}, let @ = lhs(R) U {h(a)}, and let R consist
of the following rules.

Then there is an infinite minimal (P, Q, R)-chain.
F(a) —» F(f(a)) & F(a) > ...

The minimality is due to the fact that the evaluation f(a) 2, g(h(a)) is blocked as now
h(a) is not in Q-normal form. However, applying Theorem [3.34] results in Q" = lhs(R)
as the term h(a) contains the symbols a which is not present in P UR. Then the above
chain still is an infinite (P, @', R)-chain, but there does not exist an infinite minimal
(P, Q', R)-chain as no instance of F(f(x)) is terminating w.r.t. 5.
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The problem in the previous example is that terms of Q have been deleted which
contained symbols which are not in F and which occurred below the root. It turns out
that if we are more restrictive than innermost rewriting, and if we delete only those terms
in Q where the root-symbol is not contained in F, then we can preserve minimality.

Theorem 3.36 (Q-Reduction Processor). Let (P, Q, R, f) be a DP problem with NF(Q)
C NF(R), let F be the set of symbols occurring in P UR. Then the following processor
18 sound and complete.

Proc((P,Q, R, f)) = {(P,{q € Q| root(q) € F},R, f)}

The following example shows that in the previous theorem we really need the condition
NF(Q) C NF(R), even if we only delete those terms from Q which have a root that is
not contained in F.

Example 3.37. Let P consist of the single rule

F(x07x17‘r27y07y07y17y17y27y27z> -
F(.I'O, X1,T2,To, T1,T1,T2, T2, T, h(x(b xy, 1’2))

let Q@ = {g(c)}, and let R be the set of the following rules.

Ay — b20
ap — boy
a; — boy
a; — b12
ap, — byo
a; — by
ag — C

a; —cC

as; — C

h(z,z,x) — h(z,z, )

Then there is an infinite minimal (P, Q,R) chain if one chooses ¢ with o(z;) = g(a;),
o(yi) = g(biit1moas), and o(z) = h(g(ap),g(a1),g(az)). The reason is that o(z;) and
0(Zi+1 mod 3) can be joined into o(y;), but to join all o(z;) one has to reduce these terms
to g(c). But then the possible infinite reduction of the term h(g(c), g(c),g(c)) is blocked
by Q.

However, note that root(g(c)) = g ¢ F and hence, we may delete the only term in Q.
As one can prove that there is no infinite minimal (P, &, R)-chain, this example shows
that one cannot drop the condition NF(Q) C NF(R) from Theorem [3.36l

Note that Theorem [3.34] and Theorem [3.36] do not subsume each other, as Theorem [3.34]
can delete more terms from Q and does not require NF(Q) C NF(R), but on the other
hand only with Theorem B.36] it is possible to preserve minimality. We conclude this
section by continuing our running example.

Example 3.38. As illustrated in the introduction of this section, we are now able to sim-
plify the remaining DP problem Dg = ({(23)), (25)}, /hs(R), R, m) into the DP problem

Dy = ({, }, lhs(R'), R',m) where R' = {@D - }
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Note that at this point we have transformed back a DP problem which had a stronger
strategy restriction than innermost into one which has again exactly innermost evaluation
strategy. Thus, we can again apply every technique which is only developed for innermost
rewriting.

Summary of Chapter 3

The processors of this chapter help us to prove termination of different algorithms in-
dependently (Theorems and . Moreover, with Theorem [3.14] we have shown a
processor that can be used to switch from full termination to innermost termination.
And by Theorem [3.25 there is a way to delete rules which are not usable. Finally with
Theorem [B.36] we have a processor which can remove superfluous terms from Q. Since
all of these processors can easily be applied — there is no major search problem involved
— and since these processors never complicate DP problems, one should always simplify
a given DP problem with these processors, before trying more expensive processors of
upcoming chapters.

The techniques behind most of these processors are already known in the literature.
The only completely new techniques of this chapter are the processors to reduce Q, and
the important processor to switch to innermost termination (a simplified version of the
latter processor was published by us in [GTS05a] and extends the result of |Gra95]).
Nevertheless, this chapter contains some more contributions: For the first time, all the
processors are now generalized to Q-restricted rewriting. And even more importantly,
we have unified different syntactic notions by giving them semantics, where we have
developed a semantic concept of usable rules and of Cap instead of using one of at least
three available syntactic variants. Moreover, we have presented syntactic estimations of
usable rules, of Cap, and of the dependency graph, which improve upon nearly all previous
syntactic versions [AGO00, HMO05, Mid02] (basic version of our improved estimations have
already been published by us in [GTS05bl [GTSF06]). Currently, the only estimations
that are not encompassed by our work are the graph estimations of [Mid01] which are
based on tree automata and are incomparable in power.

Nevertheless, we still see at least two possibilities to extend the processors and estima-
tions of this chapter. First, up to now we can only guarantee local confluence of %R for
a non-empty Q if all critical pairs are trivial, whereas for Q = @ it suffices if all critical
pairs are joinable. Here, it should be possible to develop kind of joinability criterion to
increase the power of the processor to switch to innermost.

And second, we strongly conjecture that it should be possible to only consider the
usable rules of a subterm when computing the star-estimation of the dependency graph.
We illustrate our idea with the pair F(true,x) — F(test(z),id(z)) and the TRS R =
{test(x) — false,id(x) — z}. Even in the innermost case our current estimations cannot
detect that the pair is not connected to itself. The problem in the star-estimation is that
Cap will replace every term by a fresh variable due to the reversed usable id-rule. However,
only the test-rule can be applied on the first argument of F. Therefore, one should only
take the reversed usable rule false — test(x) of the argument test(z) as generalized TRS
when applying Cap on the argument true. In this way one can detect that test(z) cannot
be reduced to true and one can delete the edge.

Although the processors of this chapter simplify DP problems considerably, we still
need more processors. The reason is that all processors of this chapter can only delete
rules that are never used, and they can delete pairs and edges that are used at most once
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in a chain. However, if we have recursive algorithms like plus and mult, then the number
of recursive calls depends on the starting term and can be arbitrarily high, although not
infinite. To prove this we can use well-founded orders to show that every recursion must
finally end. This is investigated in more detail in the next chapter.



4. Processors Based on Orders

Classical techniques for automated termination proofs try to find a reduction order >,
i.e., an order which is well-founded, monotonic, and stable (closed under contexts and
substitutions), such that ¢ > r holds for all rules ¢ — r of the TRS. In practice, most
orders are simplification orders, where a term is always greater than its proper subterms
[Der87, [Ste95]. Examples for such orders are the lezicographic or recursive path order
[Der87, [KL8O|, the Knuth-Bendiz order [KB70], and many polynomial orders [Lan79].
However, the power of this approach is limited, since termination of many important
TRSs cannot be proved with simplification orders. For instance, simplification orders
fail on the TRS of Example [3.1] since the left-hand side of rule is embedded in its
right-hand side if x is instantiated with s(s(0)).

The dependency pair approach was introduced to overcome the limitations of classical
simplification orders. For any TRS, it generates a set of inequality constraints and if there
exists a well-founded order satisfying the constraints, then termination is proved. Since
the well-founded orders need not be monotonic, one can compose more powerful orders
from so-called argument filters and classical orders. Hence, one can use existing techniques
to search for suitable orders and it turns out that in this way, classical simplification orders
can prove termination of numerous TRSs where they would have failed otherwise.

In this chapter we formalize this idea in the context of the DP framework. To be
more precise, we present, combine, and improve recent techniques of |[GTS05a, [GTS05b),
GTSF06, HMO05, HMO07, [TGS04, [Urb01] to reduce the number of constraints that have to
be satisfied by a well-founded order. Moreover, in all the corresponding proofs we replace
the various syntactic definitions of Clap by our semantic definition.

The structure of this chapter is as follows. In Section we show the initial use of
well-founded orders in combination with argument filters as in [AG00]. Then, in Section
techniques are presented which considerably reduce the set of generated constraints.
Moreover, a processor is developed which can remove unneeded rules from the TRS R of
a DP problem (P, Q, R, f). A method to remove further rules of R is described in Section
[4.3] How to reduce the set of constraints even more by considering argument filters is the
topic of Sections and which is especially useful for proving termination of TRSs
using an accumulator. Finally, in Section we will adapt the subterm criterion such
that it can be applied on arbitrary DP problems. To this end, we will also develop a
new processor to delete edges from the pair-graph which are connected in the dependency
graph of Definition [3.2]

4.1. Reduction Pairs

To remove pairs from P in a DP problem (P, Q,R, f), one can generate constraints which
should be satisfied by a reduction pair [KNT99] (=, >) where = is reflexive, transitive,
monotonic, and stable and > is a stable well-founded order compatible with =, i.e.,
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=o=ox C . But = does not have to be monotonic. To simplify a DP problem,
the constraints require that at least one pair in P is strictly decreasing (w.r.t. =) and
all remaining pairs in P and all rules in R are weakly decreasing (w.r.t. 2Z). Requiring
¢ = r for all rules £ — r € R ensures that in chains s; — t1, 89 — ta, 83 — t3,... with
tio %% sir10, we have t;o 77 s;.10. Hence, the existence of such a reduction pair implies
that there is no chain which contains the strictly decreasing pairs of P infinitely often.
Thus, all of these pairs can be deleted from P.

To generate reduction pairs (77, >) automatically, one often uses classical (monotonic)
simplification orders. However, > does not have to be monotonic. To benefit from this
possibility and to build non-monotonic orders from simplification orders, one may pre-
process the constraints first and delete certain function symbols and arguments by an
argument filter 7. We use the notation of [KNT99).

Definition 4.1 (Argument Filter [AGO0]). Let F be a signature. An argument filter =
s a mapping that assigns to every function symbol of f € F with arity n either a number
between 1 and n or a list of numbers from 1 to n in ascending order. An argument filter
is lifted to a function from terms of T (F,V) to terms as follows.

=z, if x 1s a variable
o (f(t1,... tn)) =7(t;), if m(f) =1
o w(f(ty,....tn)) = f(w(ts),...,w(t,)), if 7(f) = [i1,..., k]

An argument filter with w(f) = i for some f is called collapsing. We extend 7 to a
mapping from TRSs to generalized TRSs in the obvious way: m(R) = {n({) — n(r) | { —
reR}.

[ ]
3
—~
&

As an example consider an argument filter 7 that eliminates the second argument of
a function symbol f with arity 3, i.e., 7(f) = [1,3]. Then for any term ¢, 7(t) results
from replacing all subterms f(t,t2,t3) by f(mw(t1),7(t3)). Moreover, one can also define
an argument filter 7’ with 7’(f) = 3. Then we replace all subterms of the form f (¢, ts, t3)
by 7' (t3).

Now instead of a reduction pair (72,
s o tiff w(s) - w(t) and s =, t iff w(s) = 7(¢).

Now we can define a processor which deletes all pairs from P which are strictly de-
creasing w.r.t. a reduction pair and an argument filter (i.e., all pairs of P that are strictly
decreasing w.r.t. >,). The reason is that they cannot occur infinitely often in a chain.

To ease presentation, throughout this thesis we often interpret sets of rules and pairs as
binary relations on terms. This allows us to write P \ >, instead of {s >t € P | s t}
and we write R C -, instead of R C {¢{ — r € R | { ZZ, r}, for example.

>), one may use the reduction pair (2., =) with

~T)

Theorem 4.2 (Processors Based on Reduction Pairs). Let (22, ) be a reduction pair and
m be an argument filter. Then the following processor Proc is sound and complete. For a
DP problem (P, Q, R, f), Proc returns

e {(P\ =+ QR. )} if
- PC Uz, and
-RC 7.

5Note that this is equivalent to the requirement > o = C = or = o == C >.
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e {(P,O,R,[)}, otherwise

First note that this processor was already presented in [GTS05a, Theorem 19], and
its formulation is inspired by the recursive decomposition algorithm in [HMO05, Theorem
22]. Indeed, if one uses this processor in combination with the processors based on the
dependency graph then one can completely mimic the recursive algorithm of [HMO05].
However, our approach is more flexible, since we can at every time apply arbitrary other
processors. That this is sometimes necessary, we will have seen when finally solving the
running example of this chapter (Example [4.33]). There, a larger part of the proof tree
for a difficult DP problem is shown, and it turns out that after the application of the
processors based on the dependency graph two other (upcoming) processors are applied,
before using a reduction pair processor.

We demonstrate the use of the reduction pair processor of Theorem [4.2] to finally prove
termination of the running example of Section [3] As in this chapter we will only rarely
exploit the graph structure of a DP problem (P, Q, R, f), we identify the graph P =
(N, E') with its set of nodes N.

Example 4.3. At the end of Example [3.38| we had to solve two remaining DP problems.

The DP problem D; = ({(23), @)}, ths(R'), R’ m) with R’ = {(@), [[0), {1, (1. (B3)}

can easily be handled by Theorem [£2l First, we build the constraints of the reduction
pair processor to delete both pairs and of the DP problem.

MUL(z,y, z) >, IF(isZero(z), x,y, 2) (123)
IF(false,s(z),y, 2) =, MUL(z,y, plus(y, 2)) (125)
isZero(0) = true ©
isZero(s(x)) =, false
plus(0, ) Zx ¥
plus(s(x), y) Zr s(plus(z, y)) (12)
plus(plus(z,y), z) 7 plus(z, plus(y, 2))

By choosing 7(IF) = 2, #(MUL) = n(s) = [1], w(isZero) = 7 (true) = 7(false) = 7(0) =

and m(plus) = [1, 2] we obtain the following filtered constraints.

—
—

MUL(z) = z
s(z) = MUL(x)

isZero - true

HE

El=

isZero 7~ false
plus(0,y) Z v
plus(s(x),y) = s(plus(z,y))
plus(plus(z,y), ) 2 plus(z, plus(y, z))

JEE

These constraints are all satisfied if we choose for >= an LPO with precedence plus > s >
MUL, isZero > true, and isZero > false. Thus, the result of the reduction pair processor
returns a DP problem where P is the empty set. This new DP problem is then easily
solved by the processor of Theorem [3.4]

For the other DP problem D; = ({(19), (20), (21)}, @, R, m) containing the dependency
pairs of the plus-rules we get even more constraints. Note that we are not able to simplify
this problem by the usable rules processor of Theorem [3.25] since @ = @ and since there
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are variables in right-hand sides of all pairs in D;. Hence, we have to build constraints
for the whole TRS R. It turns out that due to the additional constraints for the rules the
constraints of the reduction pair processor are unsatisfiable for reduction pairs based on
RPO in combination with an argument filter. Nevertheless, using the polynomial order
Pol defined by

Pol(PLUS(z,

Pol(plus(z,
Pol(s(

Pol(0

L w

y+1

S(T

)
)
)

x
x
T+
0

(x+ 1)y
(x+1y+z

Pol(times(z,y

)

)

)

)

)

Pol(mul(z,y, z))
)

)

)

)

Pol(isZero(x
Pol(true
Pol(false

Pol(f(z,y, z)

0
0
0
0

satisfies all constraints and we can delete all pairs in D;.'® The resulting DP problem
can again be solved by the dependency graph processor. Thus, we have now proven
termination of the running example of Chapter [3]

Note that in the previous example we have provided suitable argument filters and or-
ders. But this search can also be automated. Techniques to search for argument filters and
orders efficiently have been developed in [CLS06, CMTUOS, (CSLT06, FGM™T07, (GTSF03,
GTSF06l, [HMO05, STAT07, [ZHMOT]. Some of these techniques describe stand-alone con-
straint solvers whereas the (currently) more efficient approaches encode the constraints
into SAT and then apply modern SAT solver.

As we have already mentioned in the previous example there is a major difference
between proving termination and proving innermost termination. In the innermost case
we can usually delete many rules of the TRS that are not usable. And having less rules
implies having less constraints for the reduction pair processor. In Example even the
constraints for the whole TRS are solvable by standard orders but sometimes it may be
the case that the difference between the whole TRS in the termination case and the set
of usable rules in the innermost case is essential.

This is demonstrates in the following new running example of this chapter to compute
the division function.

Example 4.4. In the following TRS R the function quot computes the division function
on integers. We represent the integers by s, 0, and p where p(z) is the predecessor of a
number x. To avoid duplicate representations of numbers (0 = s(p(0)) = p(s(0)) = ...),
we use rules and and furthermore, we set Q = {s(p(x)), p(s(z))} to ensure that

numbers are simplified whenever possible. Here we see an example where the flexibility of

16Note that when using a polynomial order we do not preprocess the constraints by an argument filter as
a polynomial order can ignore arguments on its own. However, one can identify the implicit argument
filter of a polynomial order and use it for the improved reduction pair processors which use the
argument filter to reduce the set of constraints, cf. Sections [4.4] and For example, the implicit
argument filter for Pol is defined by w(PLUS) = 1, w(isZero) = 7(f) =[], and 7(f) = [1,..., ar(f)]
for all remaining function symbols f.
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Q allows a natural modeling of the integers. Setting Q = lhs(R) would be to restrictive
because then the rules and become useless.

The computation of the division is mainly performed using the div-rules which only
work for natural numbers. Therefore, the function quot which is defined also for negative
numbers ensures that div is only called with natural numbers by corresponding negations.

s(p(z)) — (33)

p(s(z)) — (34)

minus(z,0) — (35)
minus(s(z),s(y)) — mmus(:p Y) (36)
negate(0) — (37)
negate(p(z)) — s(negate(x)) (38)
negate(s(z)) — p(negate(x)) (39)
negate(negate(z)) — (40)
negate(minus(0, x)) — (41)
div(0,s(z)) — (42)
div(s(z),s(y)) — S(d'V(m'nUS(SU y),s(y))) (43)
quot(z,0) — error (44)
quot(z, p(y)) — negate(quot(x, negate(p(y)))) (45)
quot(p(z),y) — negate(q t(negate(p(z)),y)) (46)
quot(0,s(x)) — (47)
quot(s(x), s(y)) — d'V( (z),s(y)) (48)

When applying the processors based on the dependency graph on the initial DP prob-
lem, we obtain four DP problems (P;, @, R, m) with the following pairs.

MINUS(s(z),s(y)) — MINUS(z, y) (49)
NEGATE(p(z)) — NEGATE(x) (50)
NEGATE(s(x)) — NEGATE(x) (51)
DIV(s(z),s(y)) — DIV(minus(x,y),s(y)) (52)
QUOT (z, p(y)) — QUOT(z, negate(p(y))) (53)
QUOT(p(x),y) — QUOT (negate(p(x)), y) (54)

Here, P1 = {{#9)}, P> = {(0), GI)}. Ps = {(52)}, and Py = {(53), (54)}. None of these

four DP problems can be handled by the reduction pair processor of Theorem if —isa
quasi-simplification order (i.e., a quasi-order containing the embedding order). We prove
this claim only for the first DP problem (P, @, R, m) since the claim can be shown for
the other three DP problems in a similar way.

If we want to apply Theorem [4.2] successfully then we need at least one strict decrease
of a pair in P;. Thus, the constraints ensure both, that the left-hand side of pair is in
relation to the right-hand side w.r.t. >, and that the rewrite relation of R is contained
in 7Z. Then due to rules and we must have 7w(minus) = [1,2]. From we
obtain MINUS(s(z),s(y)) == MINUS(z,y) and as =, is stable we instantiate = and y by
t = div(s(2),s(s(2))) to get the inequality MINUS(s(t),s(t)) =, MINUS(¢,¢). As one can
rewrite ¢ to the term ¢’ = s(div(minus(z,s(z)),s(s(z)))) by (43), we can use = C Z,
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to obtain the inequality t 7—. t’. Moreover, as = is a quasi-simplification order and
as m does not drop the second argument of minus we know minus(z,s(z)) 2. s(z). By
monotonicity of 2-, we conclude ¢’ 7~ s(t). Using the compatibility of -, and >, we end

in a contradiction to the well-foundedness of —...
MINUS(s(t),s(t)) = MINUS(¢,t) =, MINUS(¢,¢") =, MINUS(s(¢),s(t))

Note that R does not belong to a class of rewrite systems where innermost termination
implies termination. The first two rules and are overlapping with many other
rules at non-root positions. These two rules are overlapping with the left-hand sides of
each dependency pair of P; U --- U Py, too. Thus, these two rules also prohibit the use
of the processor of Theorem [3.14] to switch to innermost termination for the four DP
problems.

And as we are not in the innermost case the usable rules processor of Theorem [3.25]
cannot delete any rule of R. The problem with the improved estimation of Definition [3.20]
is that due to condition every rule is usable. It is even more problematic that all
rules are usable w.r.t. the semantic definition of usable rules in Definition 3.24l Hence,
the problem is not that the improved estimation of usable rules in Definition [3.26] is not
good enough in this example.

To conclude, we are currently stuck in the termination proof of this example using the
previous processors.

4.2. Needed Rules

To handle the DP problems of Example [4.4| we will now show how one can drop condition
of Definition [3.26] even if one is not in the innermost case, i.e., even if NF(Q) ¢
NF(R). That this is not possible in general was already shown in Example 3.29] Note
that when dropping condition (iv) one does not estimate the usable rules function ¢ any
more. To distinguish the two versions of usable rules we call the new version needed
rules.t?

Definition 4.5 (Needed Rules). Let Q and S be set of terms, let R be a TRS, and let
ECap be an estimated Cap-function. The needed rules of a term t are defined as the
smallest set N§ o(t) € R such that

(i) If t = f(t1,...,tn), L= f(l1,...,0,) = 17 €R, and if the terms f(EC’ap%Q(tl), e
ECap%Q(tn)) and { are unifiable with the mgu § such that all terms in ({{1, ..., 0, }U
8)d are in Q-normal form, then { — r € /V}‘%Q(t).

(i) Ift = f(tr,... 1) then N o(ti) € NR o(t)-
(iii) If 0= f(br,....0) = 1 € N o(t) then NS5 (r) C NE o(t).

As before, N(P, Q,R) = U,_;ep N b().

ITn the literature even the needed rules were called usable rules. This was possible as there was no
semantic notion of usable rules before and one could just limit the use of usable rules in certain
processors. For example, in previous versions of the usable rules processor of Theorem [3.25] and the
star-estimation of the dependency graph of Definition [B.31] it was only allowed to integrate the usable
rules in the innermost case. This is in contrast to this thesis where usable rules can be used without
the restriction to the innermost case.
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As the main result of this section we will now show that in minimal (P, Q, R)-chains
the TRS R can be replaced by the needed rules together with the TRS C. = {c(z,y) —
x,c(z,y) — y}. Here, c is some new function symbol not occurring in the DP problem.

Note that for every DP problem (P, Q, R, f) with NF(Q) C NF(R) the improved us-
able rules Definition B.26 coincide with the needed rules, i.e., ZU(P, Q,R) = N (P, Q,R).
Hence, with the main result we will be almost as powerful in the termination case as in the
innermost termination case when solving the constraints of the reduction pair processor.

To obtain the main result, we use the following idea to simulate every reduction step
with R with the set of needed rules N together with C.. In case a term ¢ can be reduced
with an unneeded rule, we store all possible reducts of ¢ in a set of terms. This set will be
finite as the terms are terminating due to minimality. Hence, the set can be encoded in a
single term representing a list where the new binary function c is used as list constructor.
This encoding is performed using the Comp function.

Definition 4.6 (Comp). We assume a fized total order > on terms. Let c be a new
function symbol and L be a new variable. We define the function Comp from finite sets
of terms to terms as follows.

o Comp(@)=_1
o Comp({t} w M) =c(t, Comp(M)), wheret < s for every s € M.

The total order is needed to ensure that Comp is well defined. It enforces that Comp
always visits the terms in M in the same order. The TRS C. can now be used to extract
every term of M that is encoded in Comp(M).

Lemma 4.7 (Properties of Comp). Comp(M) %23: tift € M and Comp(M) € NF(Q).

Now the only missing step is to apply a transformation that replaces those terms ¢
which can be rewritten by an unneeded rule by the corresponding term that encodes the
set of reducts of t. This is done in one of the cases of the upcoming transformation Z.
However, if ¢ can only be rewritten by needed rules then Z does not replace anything and
we can simulate the reduction with the corresponding needed rule. Thus, any R-reduction
of ¢ can be simulated by an N U C.-reduction of Z(¢). This behavior is indicated in the
middle rows of Figure [4.8

However, what we want to do is to transform a minimal chain s; — t1,89 — ta,...
with o as substitution into a chain where Z (o) is used as substitution. Therefore, we also
have to take care that Z(s;0) can be related to s,Z(c0) and there should also be a relation
between Z(t;0) and t;Z(0). This is depicted in the last two rows of Figure This will
finally allow us to replace R by N U C. when building chains.

The following definition introduces Z formally. Similar versions have been developed
for weaker variants of needed rules [GTSF06, HMO07, [TGS04, [Urb01]. All these previous
approaches define needed rules by just looking at the root symbols instead of unification,
they do not allow an arbitrary estimation of Cap, they do not integrate checks on Q-
normal forms, and they do not handle the strategy given by Q. Moreover, for the first
time we also give sufficient conditions that the resulting chain is also minimal. Hence, our
result extends the previous work substantially. Nevertheless, all these extensions require
a more complex definition of Z. After the exact definition we will explain the additional
elements o and S,; which have not been discussed so far.
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s10 —tio S0 ———> 120 . (P, Q, R)-chain
I I I I
S10 tho ——= 510 tio ———=
T T Z I A T
\ \ v . N \ .
I(s10) I(tio) oo L(s20) Z(tz0) NG
csl I Csl I
$12(0) — 11 Z(o) $2L(0) —=12Z(0) (P, Q, N UC.)-chain

Figure 4.8.: Transformation of chains

Definition 4.9 (Z). Let uy — v, us — vq,... be an infinite minimal (P, Q, R)-chain
and let N = N (P, Q,R) be the set of needed rules of the given DP problem. W.l.o.g. we
assume that o s the substitution used for instantiating every u; — v;. Moreover, whenever
in the reduction of vio a rule {; — r; € R is applied, then by renaming the variables in
the rule we again assume that the rule is instantiated by o in that rewrite step. Let S,y
contain all w; and all direct subterms of each {;. Let c be the new constant and let L be
the new variable which are introduced by Comp. We define the mapping Z from terms of
T(F,V) that terminate w.r.t. S to terms of T(F W {c}, V& {L}) as follows.

e Z(x) = x for every variable x

o Z(f(t1,...,tn)) = f(Z(t1),...,Z(t,)), if there is no rule £ — r € R\ N such
that f(Capi,gz‘f”Qo(tl), o C’ap%”go(tn)) unifies with ¢ by some mgu p where (Syyo U
{glla B 7£’n}):u - NF(Q)

o Z(f(t1,...,tn)) = c(f(Z(t1),...,Z(tn)), Comp(Red(f(t1,...,tn)))), otherwise.

Here, Red(t) = {Z(s) |t 2% 5,5 € NF(Q)}.
We extend I to substitutions by defining the substitution Z(o) as Z(o)(x) = Z(xo).

To prove the main result in Lemma [L.11] that minimal (P, Q, R)-chains are (P, Q, N'U
C.)-chains with the help of Z, we need to establish a connection between Z and the
definition of needed rules: whenever the unification with a left-hand side ¢ succeeds in
the definition of Z, then the corresponding unification with ¢ must also succeed in case
of Definition .5l

However, there are three differences in the unifications performed in Z and those per-
formed in Definition 4.5l First, the needed rules are computed by looking at rules and
pairs whereas Z works on terms that are instances of left- or right-hand sides of rules and
pairs. Second, in Definition [£.5 we apply an estimated Cap-function whereas Z uses Cap
itself. And third, the parameter & for ECap is chosen locally for each pair and rule in
Definition [£.5] whereas we need a global set S for Z.

To obtain the required connection we first show the following additional property of
Cap. It states that applying Cap on an instantiated term to is more precise than if we
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first apply an estimated Cap-function ECap on t and then instantiate the resulting term
by o. Moreover, the set S that is used for ECap has to be smaller than the corresponding
set that is used for Cap. This is the reason we why defined S,; to contain all direct
subterms of left-hand sides of rules and all left-hand sides of pairs that are used in the
chain.'® Then indeed all three differences are handled and we can state the main lemma
of this section after this auxiliary lemma about Cap.

Lemma 4.10 (Properties of Cap). Let Q, S, and T be sets of terms, let R be a TRS, and
let o be a substitution. If So C T then for every term t there is a substitution § such that
C’apz;’g(ta) = ECap%’Q(t)aé where § only instantiates the variables that are introduced
by ECap%,Q(t).

Note that Lemma .10/ is not valid if one replaces Cap by ECap. This is the reason for
using Cap in the definition of Z instead of an estimation.

Lemma 4.11 (Properties of Z). Let P, Q, R,N,u; — v1,uz,— va,...,Sa,0 be as in
Definition[f.9 Let t be terminating w.r.t. . Let Inv(s) be the property, that all
subterms s’ of s with root(s') = ¢ are in Q-normal form.

(i) If t € NF(Q) then I(t) € NF(Q).
(it) If NR o(t) SN and S C Sy then I(to) = tZ(o).
(iii) If to € NF(Q) then Z(to) 25 tZ(c) and tZ(o) € NF(Q).
(iv) Ift S% s, Inv(Z(t)), and Z(t) is built by the third case then I(t) 3¢ I(s).

(v) Ift S s is a reduction at the root position and Z(t) is built by the second case then
Z(t) %a%/\/ Z(s) and Inv(Z(s)).

(vi) If t &% s, s € NF(Q), and Inv(Z(t)) then Z(t) %j\/ucg Z(s).
(vii) If @ =@ and if M C R is left-linear then Z(t) is terminating w.r.t. M UC..

(viii) If N C M C R then uy — vi,us — vg, ... is a (P, Q, M UC.)-chain. Moreover, if
Q = & and if M is left-linear then the chain is minimal.

Using this important lemma we will formulate three different processors. The first pro-
cessor returns quite similar results compared to the usable rules processor of Theorem [3.25]
in the innermost case.

Theorem 4.12 (Processors Based on Needed Rules). Let ECap be an estimated Cap-
function that is used to compute the needed rules in Definition [{.5. The following processor

Proc is sound. For a DP problem (P,Q, R, f) with N(P,Q,R) C M C R, Proc returns

18Putting all direct subterms of left-hand sides of R and all left-hand sides of pairs of P into S,;; would
be unsound as some pairs and rules may contain subterms which are not in @-normal form. And
if Sy contains a term which is not in Q-normal form then the third case of Z is never used. In
that case we do not obtain a chain if we replace o by Z(o). As an example consider Q = {a},
P ={F(a,a,a) — F(b,b,b),F(0,1,2) — F(z,z,2)}, and R = {d — 0,d — 1}. Then there obviously is
a minimal infinite (P, Q, R)-chain using only the second pair of P if we instantiate x by d. However,
if F(a,a,a) € Sau then Z(o)(x) = d and it is not possible to reduce F(z,z,x)Z(c) = F(d,d,d) to an
instance of F(0,1,2') using the C.-rules.
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d {(Pv QaM UCE)f/>}; fo = 1m.
Here, f'=m if Q = & and M is left-linear, and ' = a, otherwise.

o {(P,O,R,[)}, otherwise.

Note that we introduced the additional set M in the needed rules processor to be
able to apply the result for arbitrary estimations of the needed rules. For example it is
possible to drop the normal form conditions in Definition [£.5] or one can just compare
the outermost symbols instead of performing the unifications in Definition 4.5l Due to
Lemma 2.4] it might seem obvious that one can replace N by a larger set M, however it
is not obvious that then minimality can be obtained.

The needed rules processor has two weaknesses that do not occur in the similar usable
rules processor of Theorem B.251 Therefore, one should always prefer the usable rules
processor in the innermost case as then there are always less usable rules than needed
rules.

The first weakness of the needed rules processor is its incompleteness. This is a dis-
advantage regardless of whether the original DP problem (P, Q, R, f) is finite or infinite.
If (P,Q,R,[) is finite then it may happen that the resulting DP problems are not fi-
nite any more and one fails in proving termination. On the other hand, if (P, Q,R, f)
is infinite then even if one can prove that one of the resulting DP problems is infinite
one cannot conclude infiniteness of (P, Q, R, f). Thus, applying incomplete processors is
nearly useless to prove non-termination.

By the TRS of Toyama [Toy87] it can be shown that completeness cannot be achieved
for the needed rules processor. If R = {f(0,1,2) — f(z,z, )} then the initial DP problem
(DP(R), 2, R, m) is not infinite. However, an application of Theorem [£.12] results in the
DP problem (DP(R),&,C., m) which is infinite:

F(0,1,¢(0,1)) — F(c(0,1),c(0,1),¢c(0,1)) —%g F(0,1,¢(0,1)) — ...

Nevertheless, sometimes it is useful to apply incomplete processors as they may be the
missing step to obtain a termination proof. We will see in the following example that
the first three DP problems can be solved with the help of the (incomplete) needed rules
processor.

Example 4.13. We continue to prove termination of Example [4.4 with our new needed
rules processor of Theorem L121 First recall the DP problems ({{#9)}, Q,R,m) and
({, }, Q, R, m) that correspond to the minus and negate-functions, respectively. As
neither of them does have any needed rules, we get the new problems ({({49)}, Q,C., a) and
({0, (51)}, Q.C.,a). Both new problems can be solved by the reduction pair processor
of Theorem .2 by the embedding order. Here, it is not even necessary to use an argument
filter, i.e., one can choose the identity argument filter with 7(¢) = ¢ for every term ¢. This
is done by defining 7 (f) = [1,...,n| for every symbol f with arity n.

In the DP problem ({(52)}, Q, R, m) originating from the div-function both minus-
rules and are needed rules, and the s-rule is needed, too. Therefore, the
new DP problem ({}, Q, {, , } U C.,a) is obtained by an application of
Theorem £.12] Again this can be solved by the reduction pair processor of Theorem [4.2]
by the embedding order. Here, we need an argument filter with 7 (minus) = 1. Then the
constraint

DIV(s(x),s(y)) =~ DIV(minus(z,y),s(y))
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for the dependency pair can be simplified to
DIV(s(z),s(y)) = DIV(z,s(y))

which is easy to satisfy. Remember that this argument filter would not be possible if we
had to satisfy the constraint negate(minus(0,z)) 2, = for the unneeded rule (41).

Finally, for the DP problem ({(53), (54)}, Q, R, m) one obtains the needed rules {(33),
, — } for s, p, and negate. Unfortunately, the constraints of Theorem [4.2] for
the corresponding new DP problem are not satisfiable if 7 is a quasi-simplification order.
The reason is that m may not drop the argument of negate due to the collapsing negate-rule
(M0). In this case we obtain negate(p(z)) Z. p(z) which clearly shows by monotonicity
that none of the constraints for the dependency pairs and can be satisfied for
the strict relation .

The second weakness of the needed rules processor is the possible loss of the minimality
flag. The processor requires that for the original DP problem (P, Q,R, f) the flag f is
set to m, but it sometimes returns a DP problem where the flag is a. Note that if the flag
is a then it is not possible to switch to the innermost case by Theorem B.14l Thus, for
the resulting DP problem we are neither in the innermost case nor do we have to consider
only minimal chains. DP problems of these kind are often hard to handle. When using
orders one always has to build constraints for at least the set of usable rules which is most
likely the whole TRS R. (One cannot use the needed rules processor any more and also
upcoming powerful processors in this chapter require an enabled minimality flag or the
innermost case. For a complete list of processors that cannot be applied any more, we
refer to the discussion in Section on page |13| about why losing minimality is bad.)

The following examples show that Theorem [4.12] cannot be strengthened by changing
the requirements on the minimality flags. One needs minimality of the input DP problem
and minimality of the resulting DP problem cannot be guaranteed if the requirements of
Theorem [.12] are not satisfied.

Example 4.14. This example shows that the requirement f = m in Theorem [£.12] is
essential. If P = {F(s(z)) — F(z)}, Q@ = @, and R = {a — s(a)} then F(s(z)) —

F(x),F(s(z)) — F(x),... is an infinite chain: if we instantiate x by a then we obtain the
infinite reduction F(s(a)) —p F(a) =% F(s(a)) —p .... However, it is not a minimal
chain.

Note that there are no needed rules. Thus, any processor that transforms the non-finite
DP problem (P, Q,R,a) into (P, Q,C., a) would be unsound as clearly there is no infinite
(P, Q,C.)-chain.

Example 4.15. This example illustrates that for a non-empty set Q, the resulting DP
problem of the needed rules processor must have the minimality flag a, even if R is left-
linear. Let P = {F(x,0,1,y) — F(z,z,z,f(g(z)))}, let Q = {g(a)}, and let R consist of
the following four rules.

h(z, x)

a—0 f(g(z))
1) - h(0,1)

_>
a—1 h(0,1) —

There is an infinite minimal (P, @, R)-chain, as can be shown using the substitution o
with o(z) = a and o(y) = f(g(0)). The reason is that the instantiated right-hand side of
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P’s only pair now reduces to its instantiated left-hand side:

Note that f(g(a)) is terminating w.r.t. %, as whenever a subterm of the form h(t, t,)
is reached then both ¢; are either 0 or 1.

However, for N' = N(P, Q, R) the DP problem (P, Q, NUC., m) is finite and therefore,
any processor which transforms (P, Q, R, m) into (P, Q,N UC.,m) is unsound. Here,
the needed rules N' = N(P, Q, R) consists of the f-rule and the h-rule. To prove that
(P, Q, NUC., m) is finite we have to show that there is no infinite minimal (P, @, N'UC,)-
chain.

In any chain of length greater than 1, the right-hand side of P’s rule has to be instanti-
ated by a substitution o such that all zo can be reduced to both 0 and 1 with N UC.. It
is easy to see that then xo can also be reduced to c(0, 1) or to c¢(1,0). Hence, the subterm
f(g(x))o = f(g(xo)) of the instantiated right-hand side can be reduced to f(g(c(0,1)))
or to f(g(c(1,0))) and further to the non-terminating term h(0,1). So the instantiated
right-hand side of P’s pair is not terminating and thus, there is no minimal chain of length
greater than 1.

Example 4.16. This example shows that minimality cannot be preserved by the needed
rules processor in case that R is not left-linear even if @ = @&. Let P consist of the single
pair

F(07 17 Iy, 07 17 T2, Oa 17 T3, y) — F(xla X1,21,T2,T2,T2,T3,T3,T3, g(xlﬂ Ta, $3))

and let R consist of the following ten rules:

a—0 glx,z,y) = h(z,x)
a—1 g(x,y,x) = h(z,x)
b—0 gly,z,z) — h(z, )
b—1 h(0,1) — h(0,1)
d—0
d—1

As in the previous example there is an infinite minimal (P, Q,R)-chain. We choose
the substitution o with o(z1) = a, o(x2) = b, o(x3) = d, and o(y) = g(a,b,d). Then the
instantiated right-hand side of the pair in P can be reduced to its instantiated left-hand
side:

Ty, Ty, Ty, Ty, Tg, o, T3, T3, T3, §(T1, T2, T3))0

F(
= F(a7aaa7b7 b) b7d7d7dag(a7b7d))
—>’E]52 F(0717a70717b70717d7g(aab7d))
= F(0717x170717'r270717x37y)0-

This chain is minimal since the subterm g(a, b, d) of the instantiated right-hand side is
terminating. The reason is that this subterm can be reduced to h(0,0) or to h(1,1) but
not to h(0,1). Thus, the DP problem (P, Q,R,m) is not finite.

But for N' = N (P, Q,R) the DP problem (P, Q, N'UC., m) is finite and therefore, any
processor which transforms (P, Q, R, m) into (P, Q, N UC.,m) is unsound. Here, the
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needed rules N consist of all g-rules and the h-rule, As before, we prove that there is no
infinite minimal (P, Q, N U C.)-chain.

In any chain of length greater than 1 we must use a substitution ¢ such that all x;o
can be reduced to both 0 and 1 with N U C.. As in Example .15 each z;0 must be
reducible to c(0,1) or to ¢(1,0). So there are at least two x;0 and xjo with ¢ # j which
can be reduced to the same term c(0,1) or c¢(1,0). Hence, the subterm g(z1,za, x3)0 of
P’s instantiated right-hand side can be reduced to h(c(0,1),c(0,1)) or to h(c(1,0),c(1,0))
and further to the non-terminating term h(0,1).

Example 4.17. One might argue that the previous counterexamples do not show that
really something can go wrong. If one starts with a TRS including the non-terminating
rule h(0,1) — h(0,1) then one will always get a dependency pair H(0,1) — H(0,1) and
the resulting DP problem cannot be solved by a wrong application of Theorem [£.12]
However, in the following example a wrong application would transform the only non-

finite DP problem into a finite one. To demonstrate this effect the g-rules and h-rules
of Example have to be combined. We consider the following TRS R where r =

g(xh Xy, 21,21, 22, T2, X2, T2, X3,T3,T3,T3,T1,T2,T3,Y, y)

a—0 f(0,1,2,21,0,1,3,2,0,1,4, x5, 2) —
a—1 f(x1, 21,21, 21, T2, T, Ta, To, T3, T3, T3, T3, T[Y/21])
a— 2

b—0 g(0,1,2,2,0,1,3,2,,0,1,4, 23,y,y,2,0,1) = r
b—1 g(0,1,2,2,0,1,3,2,,0,1,4, 23,y,2,y,0,1) = r
b—3 g(0,1,2,2,0,1,3,25,0,1,4, 23, 2,9,4,0,1) = r
d—20

d—1

d—4

First note that the TRS without the f-rule is terminating. For an infinite reduction with
one of the g-rules we obviously must instantiate x; by a, x5 by b, and x3 by d. However,
the only possibility to join any two terms of a, b, and d is to rewrite them to either 0 or
1. Hence, y must be instantiated by 0 or 1. In any case the instance of y cannot match
both 0 and 1. Thus, one cannot apply any g-rule more than once.

Now we consider the whole TRS R. As argued before the only possible non-finite
DP problem is the one containing the dependency pair F(...) — F(...) for the f-rule.
Similarly to Example [4.16] there is an infinite chain when instantiating z; by a, 22 by b, x3
by d, and z by g(a,a,a,a,b,b,b,b,d,d,d,d,a,b,d,a,a). Note that this is also a minimal
chain as the TRS without the f-rule is terminating.

The needed rules A are just the three g-rules. However, there is no infinite minimal
chain if we consider the TRS N UC; instead of R. As in Example we conclude that
in any chain of length greater than one we must use a substitution o where each of the
terms z;0 must be reducible to ¢(0,1) or ¢(1,0). Moreover, x;0 must be reducible to 2,
o0 to 3, and x30 to 4. We only consider the case that zo0 and x30 are both reducible
to ¢(0,1) to show that the term r[y/x;]o is non-terminating. The remaining cases are
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completely analogous.

rly/ri]o
= g(fEl,ﬂUl,551,1701,332,332,96’27952,353,553,9037333,331,96’27953,351,551)0
—Nue. &(T1, w1, 21,21, To, T, T2, T2, 3, T3, T3, T3, 71, T2, 23,0, 1)0 =1
—yvue. 8(0,1,2,21,0,1,3,29,0,1,4, 23,21, 79,73,0,1)0
—Nuc. g(0,1,2,2¢,0,1,3,25,0,1,4, 23,21,¢(0,1),¢(0,1),0,1)0
=N g(xy, 1, T1, X1, To, To, To, Ta, T3, T3, T3, T3, L1, T, T3,¢(0,1),¢c(0,1))o
=& gar, @y, @1, 21, Ta, o, X9, T, T3, Ty, T3, T3, T1, Ta, 23,0, 1)0 =1

Thus, transforming the non-finite DP problem ({F(...) — F(...)}, @, R,m) into the
problem ({F(...) — F(...)},g,N UC.,m) is unsound. This is especially critical as
F(...) — F(...) is the only dependency pair of the non-terminating TRS R that can be
used to build infinite chains.

We shortly recapitulate the situation. An application of the needed rules processor
in Theorem 412 can simplify the constraints generated by the reduction pair processor
of Theorem [4.2] considerably. However, it does not preserve the minimality flag and it
is incomplete. It was explained that both of these effects are not desirable at all and
examples were given to show that Theorem .12 cannot be improved.

As the main use of the needed rules processor is to reduce the number of the con-
straints for the reduction pair processor we now introduce the second processor based
on Lemma .17 which combines the idea of needed rules into the reduction pair
processor. The idea is to just satisfy the constraints for the needed rules and to delete all
strictly decreasing pairs in the resulting DP problem. However, the TRS in the resulting
TRS problem will still be the whole TRS. It turns out that with this idea we obtain a
complete processor which does not lose minimality.

Theorem 4.18 (Processors Based on Reduction Pairs and Needed Rules). Let (2, >
) be a reduction pair where = is C.-compatible, and let w be an argument filter. Let
ECap be an arbitrary estimated Cap-function that is used to compute the needed rules

in Definition[4.5. Then the following processor Proc is sound and complete. For a DP
problem (P, Q, R, f), Proc returns

e {(P\ =+, QR N}, if
-PC=UZ

~T

- N(P,Q,R) C =, and

= AT

- f=m.
o {(P,O,R,[)}, otherwise

Note that in contrast to the needed rules processor of Theorem [4.12] we do not use a
superset M of the needed rules. The reason is that whenever we satisfy the constraints
for M D N (P, Q,R) then the constraints of Theorem [£.1§ are also satisfied.

To compare the sequential application of the needed rules processor and the reduction
pair processor of Theorem 4.2l with the new reduction pair processor of Theorem .18 we
use the following abstract example.

Example 4.19. Let P = {F(...) — F(...,g(...),...),F(-..) = F(...,g(...),-. )},
let Q # @, and let R ={gi(...) = ...,g(...) = ...,h(...) — ... }. Here, it might be
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the case that it is hard to satisfy the constraint for the h-rule. The needed rules of the
DP problem are N7 = {gi(...) = ...,g2(...) — ...} which do not contain the h-rule.
Thus, the needed rule processor can transforms (P, Q, R, m) to (P, Q,N; UC.,a). Now
as the h-rule is missing it might be possible to solve the constraints of the reduction pair
processor of Theorem [£.2] and to delete the first pair of P. Then we are left with the
DP problem ({F(...) — F(...,g(...),...)}, Q,N; UC.,a) which has the needed rules
No ={ga(...) — ... }. At this point we are not able to reapply the needed rules processor
to delete the now unneeded g;-rule. Hence, in another application of the reduction pair
processor of Theorem [£.2] we will have to satisfy the constraint g;(...) =, ... for the
unneeded g;-rule.

This is in contrast to the new reduction pair processor of Theorem [£.18 Here, we have
to satisfy the same constraints as above to delete the first rule of P. But the result is the
DP problem ({F(...) = F(...,g2(...),...)}, @, R, m) which has the needed rules N, as
above. However, in a second application of Theorem .18 there will be no constraint for
the unneeded gi-rule. In this aspect the new reduction pair processor is always better
than the combination of the needed rules processor and the reduction pair processor.

Although the reduction pair processor always seems to be better than the needed rules
processor there are some disadvantages. With Theorem [£.18] one cannot reduce the TRS
R. Removing rules of R might be needed for a successful application of the processor of
Theorem [3.14] to switch to the innermost-case if the unneeded rules are not confluent or
are overlapping with P. And removing rules is also beneficial when using other techniques
like semantic labeling, cf. Chapter [7] and Example [7.32]

For this second application the needed rules processor is sometimes required. However,
after we have applied the needed rules processor minimality can be destroyed and the
non-confluent rules of C. are added. Thus, the needed rules processor does not help at
all to transform a DP problem into one where the processor of Theorem [3.14] to switch
to innermost is applicable. For that reason, we introduce the following third and last
processor which is based on Lemma [4.11] . It removes unneeded rules, does not add
the additional rules of C., and it keeps minimality. The removal of non-usable rules is
often crucial, since these rules often block the application of other important processors,
as will be shown in Example [4.23l The costs for these benefits are constraints that have
to be satisfied by a monotonic reduction pair (7,>) which is a reduction pair where
additionally > is monotonic and C.-compatible. (This ensures that the C.-rules are only
applied finitely often.) Thus, we cannot preprocess the constraints with an argument
filter m as >, in general is not monotonic even if > is monotonic.

Theorem 4.20 (Processors Based on Needed Rules and Reduction Pairs). Let (77, >) be
a monotonic reduction pair where = is C.-compatible. Let ECap be an estimated Cap-
function that parameterizes the needed rules N in Definition[[.5. Then the following
processor Proc is sound and complete. For a DP problem (P, Q, R, f), Proc returns

o {(P.QN, N} if

- N=N(P,Q,R),
- PUN C =, and
- f=m.

e {(P,O,R,[)}, otherwise
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This processor is similar to the usable rules processor of Theorem [3.25 but one addition-
ally has to satisfy a set of constraints and one can only use it if one tries to prove absence
of minimal chains. However, in the case that a DP problem is not in the innermost case,
we usually get far less needed rules than usable rules.

Compared to the needed rules processor of Theorem [£.12] in Theorem .20/ it is neither
required to add the rules of C., nor is minimality lost. However, these benefits are paid
by having to satisfy constraints which are similar to the ones of Theorem [£.I8 But
a major difference to Theorem .18 is that in Theorem [£.20] the strict order has to be
monotonic which prohibits the use of argument filters. We will investigate the difference
by continuing to prove termination of the running example of Example

Example 4.21. We recapitulate some rules and pairs.

s(p()
p(s(z)

B8

negate(0 37
negate(p(x (138))

p(negate(x))

ElE

negate(negate(x

) —
) =
) =
(x)) — s(negate(x))
negate(s(z)) —
(z)) =
) =

negate(minus(0, z

=

DIV(s(z),s(y)) — DIV(minus(z, y),s(y))
QUOT(z, p(y)) — QUOT (z, negate(p(y)))
QUOT(p(z),y) — QUOT (negate(p(x)),y)

With the reduction pair processor of Theorem [4.18 we can solve the same three examples
with the same orders as we did in Example [£.13] But as before, it is not possible to simplify
the remaining DP problem ({(53), (54)}, Q, R, m) using quasi-simplification orders. The
reason is that the needed rule enforces to use an argument filter which does not drop
the argument of negate.

We obtain another result by the needed rules processor of Theorem [£.20. Here, the
constraint for pair is not satisfiable if > is monotonic and if 7~ is a quasi-simplification
order. The reason is that we must not filter the second argument of minus due to the
required monotonicity. Thus, the reduction pair processor of Theorem [4.18 can be more
powerful than the needed rules processor.

However, we can simplify the remaining DP problem ({(53)), (54)}, Q, R, m) by the
needed rules processor of Theorem [£.20l As reduction pair we choose a polynomial order
with Pol(c(x,y)) = 1 +x +y and Pol(f(z1,...,2,)) = 21 + - -+ + x,, for all remaining
symbols f. Then the requirements are satisfied and we obtain the simpler DP problem
<{7 }’ Q, {’ 7 o }7 m)

Thus, although the constraints of Theorem .18 and Theorem .20/ 100k similar they are
incomparable: Theorem [4.18 requires to have at least one strict decrease in the constraints
for P and Theorem .20 requires that the strict order in the reduction pair is monotonic.
However, neither of them is able to simplify our new remaining DP problem further. For
this we will need processors of the remainder of this chapter.

B

JE

An important observation about Theorem .20/ has already been made in [GTS05al, Page
18]: Theorem [£.20] can always be applied if P and the needed rules are non-duplicating.
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In this case the polynomial order of Example [4.21] always satisfies the constraints. Thus,
for DP problems arising from string rewrite systems one can always replace R by the
needed rules.

Relating Theorem [£.20] to the previous version in the literature [GTS05al, Theorem 28]
we see two differences. First, the new version in this thesis is more powerful, since we use
an improved version of needed rules. But on the other hand, in [GTS054] it is allowed to
delete all rules and pairs that contain unneeded symbols in their left-hand side.

There are two reasons that we did not combine these two theorems into one large theo-
rem which has the improved version of needed rules and the additional deletion possibility
of [GTS05a, Theorem 28]. First, it suffices to apply both existing theorems separately.
Whenever we can satisfy the constraints of Theorem using some reduction pair then
we already can change to the improved version of needed rules. Moreover, the same
reduction pair satisfies the constraints of [GTS05a, Theorem 28] for the resulting DP
problem. Thus, we can use the additional deletion possibility of [GTS05a, Theorem 28|.
With this sequential application we have the same effect as if we had applied a combined
theorem. The second reason is that the combination would require an even more complex
and hence, less understandable version of the transformation Z.

Nevertheless, for the automation of these processors it is useful to combine both theo-
rems. Once one has found the reduction pair for Theorem [4.20] one should not forget it,
but directly apply [GTS05a, Theorem 28] afterwards.

4.3. Rule Removal

Now we present the processor of [GTS05a] to remove further rules from R. Our work
extends the idea in [Zan05bl Theorems 1 and 4] to simplify string rewrite systems by
repeatedly removing rules by using polynomial orders.

As in Theorem (4.2 for a DP problem (P, Q, R, f), all rules in P and R are oriented
with a reduction pair (77, >=). The processor in Theorem 4.2 was used to remove pairs
from P which could be oriented with >. In contrast, the present processor removes rules
from both P and R if they can be oriented with >. The disadvantage is that here we are
again restricted to monotonic reduction pairs where = is monotonic and where we may
not use argument filters.

Theorem 4.22 (Processors Based on Rule Removal). Let (5, >) be a reduction pair
where > 1s monotonic. The following processor Proc is sound and complete. For a DP
problem (P, Q, R, f), Proc returns

e {(P\ =, Q R\~ )} if
-PC-UZ and
~-RC>UZ

e {(P,O,R,[)}, otherwise

Note that in case of C.-compatible reduction pairs, the constraints of Theorem [£.22] are
harder to satisfy than those of Theorem [4.20l Therefore, it is always a good idea to apply
the needed rules processor of Theorem [£.20)] first. However, the needed rules processor is
applicable once only. After it has deleted all unneeded rules, all rules in the resulting
TRS are needed. Therefore, a second application of the needed rules processor will not
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simplify the DP problem any further. In contrast, the rule removal processor can delete
any remaining rule provided that the constraints are satisfied.
We continue to prove termination of Example 4.21]

Example 4.23. As discussed at the end of Section .2 the remaining DP problem
{B3), B}, 2. {3, B4, — (41)}, m) cannot be simplified by the processors that
are known at that point. However, the new rule removal processor of Theorem [£.22]
is applicable. We choose the linear polynomial order with Pol(s(z)) = Pol(p(z)) =
1 + 2 and Pol(f(xy,...,2,)) = 1 + -+ + x, for the remaining symbols f, i.e., Pol
counts the number of s- and p-symbols. Then the constraints of rules and are
strictly decreasing and we can delete these rules. We obtain the remaining DP problem
{B3), B4}, 2. {B7) — (1)}, m) which cannot be simplified further by our current set
of processors if we only use reduction pairs based on quasi-simplification orders.

As a final remark, note that the rule removal processor cannot handle the DP problem
({(G3), (G4}, Q, R, m) using a quasi-simplification order due to the division rule (43).
Hence, the previous application of the needed rules processor of Theorem [4.20] was ur-
gently required.

4.4. Usable Rules w.r.t. an Argument Filter

In the following two sections we will show how one can reduce the set of constraints of the
reduction pair processors even further. For the main idea, we recapitulate the situation
in Example We had to solve the constraints

MUL(z,y, z) >, IF(isZero(z), z,y, 2) (123))
IF(false,s(z),y, z) = MUL(z,y, plus(y, 2)) ([25)

together with the constraints for the remaining usable rules for computing isZero and plus.
Note that both the test isZero and the accumulator plus do not contribute to the termi-
nation argument: we used an argument filter which only considered the first argument
of MUL and the second argument of IF. Hence, if we apply the filter we do not see the
function symbols isZero and plus any more. So the question is why we should have to
consider the isZero- and plus-rules as usable rules for this specific argument filter.

Thus, the idea is to make usable rules dependent on the argument filter to obtain less
usable rules. To this end, we introduce the notion of regarded positions and make minor
adjustments to Definition [3.24 After an example we also refine the improved estimation
of usable rules in Definition [3.26 in order to respect the argument filter.

Definition 4.24 (Regarded Positions). Let m be an argument filter. Then for every term
we define its regarded positions w.r.t. m as the smallest set RegPos. (t) such that

e ¢ € RegPos_(t) and

o ift = f(t1,...,tn), p € RegPos,(t;), and w(f) = i or w(f) = [...,4,...] then
ip € RegPos ().

So in essence, the regarded positions of a term ¢ are all those positions of ¢ that are not
dropped by the filter 7. Now we can define the usable rules w.r.t. an argument filter.
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Definition 4.25 (Usable Rules w.r.t. an Argument Filter). Let Q and S be sets of terms,
let R be a TRS, and let ™ be an argument filter. We define the usable rules w.r.t. ™ of
a term t as the smallest subset US o(t) of R such that whenever there is a substitution
o such that So C NF(Q) and to 7%72 v %g_wp u for some rule { — r € R and position
p € RegPos,_ (v) then { — r € Uy Rot).

A function EU estimates the usable rules w.r.t. m zﬁugg(t) - gu%g(t) for all possible
inputs R, Q, S, t, and w. For a DP problem (P, Q, R, f) the estimated usable rules w.r.t.
7 are defined as EU(P,Q, R, ) = U, 1ep Eug}éﬂ(t).

Using this definition one immediately obtains the following lemma.

Lemma 4.26 (Properties of Usable Rules w.r.t. to an Argument Filter). Let m be an
argument filter and let EU be an estimation of the usable rules w.r.t. w. If s — 11,59 —
to, ... is an infinite (P, Q, R)-chain then m(s1) — w(t1), m(s2) — 7w(t2),... s an infinite
(7(P), 2, m(EU(P, Q,R,T)))-chain.”?

Now we can improve the reduction pair processor of Theorem [4.2] considerably by inte-
grating the argument filter.

Theorem 4.27 (Processors Based on Reduction Pairs and Usable Rules w.r.t. an Argu-
ment Filter). Let (7, >) be a reduction pair and 7 be an argument filter. Let EU estimate
the usable rules w.r.t. w. Then the following processor Proc is sound and complete. For
a DP problem (P,Q,R, f), Proc returns

o {(P\ =, QR )}, if
- PC=UZ, and
- EU(P,Q,R,7) C =

e {(P,Q,R,[)}, otherwise

Example 4.28. We now show that the DP problem Dy with pairs and of
Example can even be solved by the embedding order.

MUL(z, vy, z) 7 IF(isZero(x), x,y, 2) (123))
IF(false, (), y, z) = MUL(z, y, plus(y, )) (25)

We choose 7(MUL) = 1, n(IF) = 2, and n(s) = [1]. Then there are no usable rules w.r.t.
7 since 7 drops both subterms isZero(z) and plus(y, z) which contain defined symbols.
Thus, the constraints for the DP problem are simplified to x - = and s(z) > z. These
are obviously satisfied by the embedding order. Hence, by Theorem we can delete
from P. The remaining DP problem can then by solved by the processors based on
the dependency graph.

Note that Theorem [£.27 does neither help in solving the other DP problem D; of
Example nor does it help for the remaining DP problem Example [£.23] As both
DP problems are not in the innermost case, all rules are usable w.r.t. = for any filter
with w(PLUS) # [] or 7(QUOT) # [], respectively. Thus, it is strongly required to

9Note that we introduced chains only for DP problems where P is a set of pairs (or a graph over pairs)
and where R is a TRS. However, in general 7(P) and w(EU(P, Q,R,w)) are only generalized TRSs.
But this is no problem as one can easily extend the definition of a chain to generalized TRSs.
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carry over the idea of usable rules w.r.t. an argument filter to define the needed rules
w.r.t. an argument filter. However, the needed rules in Definition [4.5 are based on the
approximation of usable rules where one only dropped the variable case. So, before we
define the needed rules w.r.t. an argument filter in the next section, let us adapt the
improved estimation of usable rules of Definition [3.26] to regard a given argument filter.
This is also required to mechanize Theorem .27 as the usable rules w.r.t. an argument
filter are — like the usable rules — not computable. To obtain the following definition one
just has to replace condition in Definition [3.26] accordingly.

Definition 4.29 (Improved Estimated Usable Rules w.r.t. an Argument Filter). Let Q
and S be set of terms, let R be a TRS, and let w be an argument filter. Let ECap be an
estimated Cap-function. The improved estimated usable rules of a term t w.r.t. © are
defined as the smallest set Zl/{gzg(t) C R such that

(i) Ift = f(t1,...,tn), L = f(l1,..., L,) — 1 € R, and if the terms f(EC’ap%Q(tl), .
EC’ap%Q(tn)) and { are unifiable with the mgu § such that all terms in ({¢1, ..., 0, }U
8)0 are in Q-normal form, then { — r € lelgg(t)

(ii) If t = f(t1,...,t,) and i € RegPos_(t) then Il/{gg(tz) C Iugg(t)
(iii) If 0= f(br, ... 0,) — 1 € TUSH(t) then TUL 5" (r) C TUZT ().

() If t = = and x is not a subterm of any term in S or NF(Q) € NF(R) then
TURG(t) = R.

The following theorem states the desired result that indeed the improved estimated
usable rules w.r.t. m estimate the usable rules w.r.t. 7.

Theorem 4.30 (Soundness of the Improved Usable Rules w.r.t. an Argument Filter).
The function ZU to compute the improved estimated usable rules w.r.t. an argument filter
estimates U.

Comparing the usable rules w.r.t. an argument filter with previous approaches in the
literature [AGO0, [GTS05b], [GTSF06, [TGS04], we see that only our approach uses uni-
fication, an arbitrary Cap-function, the argument filter, and checks on Q-normal forms
to estimate the usable rules w.r.t. an argument filter. Even a combination of unification
and argument filters has not been done before. All previous approaches essentially only
compare the root symbols [AGOQ, [GTSF06, TGS04] or do not integrate the argument
filter [AGO0L [GTS05b]. That sometimes both is required is shown in our running example
(Example where we use the combination of unification and argument filters for the
needed rules.

4.5. Needed Rules w.r.t. an Argument Filter

In Section we have seen that if DP problems are not in the innermost case then the
set of usable rules often contains all rules. This remains valid for the usable rules w.r.t.
an argument filter, but not for the needed rules, cf. Section 4.2l Now we further reduce
the set of needed rules by regarding an argument filter. As in Section one can show
that only these rules have to be considered when adding the rules of the TRS C.. As this
result is obtained in a completely similar way as in Section .2 we will first present the
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main theorem and illustrate it before we present the necessary transformation Z, at the
end of this section.

We obtain the needed rules w.r.t. an argument filter from the improved estimation of
usable rules w.r.t. an argument filter in the way that we obtained the needed rules from the
improved estimated rules: We drop condition for the variable case of Definition [4.29

Definition 4.31 (Needed Rules w.r.t. an Argument Filter). Let Q and S be set of terms,
let R be a TRS, let m be an argument filter, and let ECap be an estimated Cap-function.
The needed rules of a term t w.r.t. ™ are defined as the smallest set Ngg(t) C R such
that
(i) Ift = f(t1,...,tn), £ = f(l1,...,0y) = 1 € R, and if the terms f(ECap%Q(tl), c
EC’ap%’Q(tn)) and { are unifiable with the mgu § such that all terms in ({{1, ..., 0, }U
8)d are in Q-normal form, then { — r € Ngg(t)

(i) If t = f(t1,...,t,) and i € RegPos,(t) then Ngg(tl) C Ngg(t)
(iii) If €= f(lr,....0) = 1 € NSH(t) then Ny 5"V (r) C NE ().
As usual, N(P,Q,R,m) = US%GPN{S}W( t).

Theorem 4.32 (Processors Based on Reduction Pairs and Needed Rules w.r.t. an Ar-
gument Filter). Let (7Z,>) be a reduction pair where 7, is C.-compatible and let © be an
argument filter. Let ECap be an estimated Cap-function that parameterizes the needed
rules N in Definition[{.31. Then the following processor Proc is sound and complete.
For a DP problem (P,Q,R, f), Proc returns

o {(P\-= QR N} if
- PC=rUZn,
-~ N(P,Q,R,7) C =, and
- f=m.

e {(P,O,R,[)}, otherwise

Note that Theorem [£.1§ is subsumed by Theorem [4.32t disregarding the argument filter
in the computation of needed rules will only produce more needed rules and therefore more
constraints, but the other conditions to apply the reduction pair processor are identical
in Theorem [£.32 and Theorem [£.I8 That the processor of Theorem [£.32] is strictly more
powerful is shown in the running example of this chapter.

Example 4.33. We recapitulate some rules and pairs of the remaining DP problem
({B3), B9}, 2 {B7D - EI)}, m) of Example [£.23]

negate(0) — 0

3

negate(p(x)) — s(negate(z)) (33)
negate(s(z)) — p(negate(ﬂi)) (B39
negate(negate(z)) —
negate(minus(0, x)) —

QUOT(z,p(y)) — QUOT (z, negate(p(y)))
QUOT(p(z),y) — QUOT (negate(p(x)), y)

28
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Consider the argument filter 7 with 7(QUOT) = [1,2], 7(p) = [1], and 7(s) = m(negate) =
[]. For this argument filter only rule is needed: since we have deleted the p-rule,
I C’ap%?goﬂp(x)’y)}(p(w)) = p(2). Therefore, from the pair we directly see that is
needed, but none of the left-hand sides of the other rules is unifiable with negate(p(z)).
Note that at this point previous definitions of needed rules [GTSF06, [TGS04, [Urb01] mark
all rules as needed as they just look at the root symbols. Moreover, as the right-hand side
of contains the subterm negate(x) all rules are needed if we disregard the argument
filter. But as 7 drops the argument of s this subterm does not have to be considered when
computing the needed rules w.r.t. 7. And as there is no s-rule any more, remains the
only needed rule w.r.t. 7.
Now, the resulting constraints

QUOT(z, p(y)) = QUOT (x, negate) (53)
QUOT(p(x),y) = QUOT (negate, y) (b4)
negate 2~ s (138)

are easily satisfied by an LPO with precedence p > negate > s. Thus, all pairs of the
DP problem can be removed by the processor of Theorem [4.32] and we have finished the
termination proof of our running example to compute division on integers.

To perform this proof with quasi-simplification orders for the most difficult DP problem
containing the dependency pairs for the quot-rules, we required three processors that have
been presented in this chapter:

(i) The needed rules processor of Theorem [4.20] deleted all unneeded rules.

(ii) Then the rule removal processor of Theorem [4.22] was able to delete the s- and
p-rules.

(iii) Finally the reduction pair processor of Theorem [£.32] removed all pairs.

It can be shown that in this proof none of these three processors can be replaced by
any other processor of this chapter, even if one uses larger classes of orders. For example
even with negative polynomial interpretations of [HM07] one needs all three processors.
In this example one can also see why losing minimality is bad. If one had started with
the needed rules processor of Theorem [£.12] then it would not be possible to apply the
reduction pair processor of Theorem [4.32] in the third step any more.

Note that by Theorem [£.32]it is possible to solve the DP problem D; of Example [.3] us-
ing only the embedding order. This is in contrast to the previous reduction pair processors
where we had to use non-linear polynomial orders as in Example [4.3]

Now we adapt the proof of Theorem .18 to prove Theorem [4.32] To this end we define
a transformation Z, in a similar way to Z. But Z differs from Z as it returns terms that
are filtered with .

Definition 4.34 (Z,). Let N = N(P, Q, R, m) be the set of needed rules of the given DP
problem, and let uy — vi,us — vo,... be an infinite minimal (P, Q, R)-chain. W.l.o.g.
we assume that o is the substitution used for instantiating every u; — v;. Moreover,
whenever in the reduction of vio a rule {; — r; € R is applied, then by renaming the
variables in the rule we again assume that the rule is instantiated by o in that rewrite
step. Let Sy contain all u; and all direct subterms of each {;. Let c be the new constant
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and let L be the new variable which are introduced by Comp. We define the mapping
I, from terms of T(F,V) that terminate w.r.t. % to terms of T(Fw{c},Vw {L}) as
follows.

o 7,.(x) = for every variable x

o Z.(f(t1,...,tn)) = f(t1,...,tn), if there is no rule £ — r € R\ N such that
f(Cap%”Q”(tl), . Cap%”ga(tn)) unifies with ¢ by some mgu p where ({£|1, ..., €]} U

Sallo')ﬂ g NF(Q)
o T.(f(ty,...,tn)) =c(f(t1,... ,tn), Comp(Red(f(t1,...,tn)))), otherwise.

Here, Red.(t) = {Z.(s) | t S s} and f(t1,... . ty) = Z:(t;), if (f) = i, and
f(tr, . tn) = f(Za(tsy), - Ie(ts,)), if w(f) = i1, - ., k]

We extend I, to substitutions by defining Z.(c) as the substitution with xZ.(c) =
I, (zo).

The transformation Z, has similar properties compared to Z. In correspondence to
Lemma [L.11] we will show in Lemma [£.35] how to transform a minimal (P, Q, R)-chain
into a (7(P),d, m(N) U C.)-chain. One difference is that due to the argument filter
the evaluation strategy given by Q cannot be preserved. This is not a severe problem for
proving Theorem [£.32l since it suffices to use the filtered chain in order to show properties
of the original chain.

To be more precise, if s; — t1,82 — ty,... is an infinite minimal (P, Q, R)-chain
then this chain will be transformed into the infinite filtered chain 7 (s;) — 7(t1), 7(s2) —
7(t2), ... where only rules of 7(AN)UC. are needed. Then the constraints of Theorem [£.32]
ensure that certain pairs m(s) — m(t) in the filtered chain can only occur finitely often.
But then even in the original chain the corresponding pairs s — ¢ can occur only finitely
often, and hence they can be removed from P.

Dropping the strategy will make the proof simpler as we do not require the invariant
Inv that every term below a c is in @-normal form. Moreover, as we drop the evaluation
strategy we can simulate the reduction step by step and we do not have to combine mul-
tiple reduction steps which lead to a Q-normal form. (This was required in Lemma [4.TT]
(vi).) On the other hand integrating the argument filter will complicate the proof a little
bit.

Lemma 4.35 (Properties of Z,). Let P, Q, R, N, ,u; — vi,us, — va,..., S, 0 be as in
Definition[{.34 Let t be terminating w.r.t. 2.

(i) If NR o(t) CN and S C Suy then I (to) = 7(t) L (o).
(i) Tr(to) —¢. m(t)Ie(0).
(iii) If t S5 s, and T.(t) is built by the third case then T, (t) —¢ Tn(s).

(iv) If t S, s is a reduction at the root position and L. (t) is built by the second case
then Z(t) =6 n(N) Z,(s).

(v) If t Sp s then To(t) % vyoe. Le(s).

(vi) m(uy — v1),7(ug = va),... is a (7(P), d, m(N) UC.)-chain.
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With the help of Lemma [m] it is now possible to prove Theorem [4.32]in the illus-
trated way.

Remember that we introduced three different processors based on the transformation Z.
It turned out that the reduction pair processor of Theorem (.18 is completely subsumed
by the new reduction pair processor of Theorem [4.32] which is based on Z.. Hence, the
obvious question is whether we can improve the other two processors which are based on
Z. We answer this question in the remainder of this section.

We first consider the needed rules processor of Theorem [4.20l As this processor requires
to solve constraints for P UN (P, Q,R) it might be tempting to allow an argument filter
7 and just require constraints for P U N (P, Q, R, 7). Unfortunately, this is unsound.
Consider the following counter-example with P = {F(a) — F(b)}, R = {b — a}, and
Q = @. If we choose the argument filter 7 with 7(F) = [] then there are no needed
rules w.r.t. m. Hence, the resulting constraint of the only pair in P can be satisfied by
a monotonic C.-compatible order regardless of whether we require 7(F(a)) = m(F(b)) or
F(a) 7z F(b). The resulting DP problem where we have replaced R by @ is obviously
finite. However, as (P, Q,R) is not finite, any processor which deletes the rule of R is
unsound.

Finally, we consider a processor similar to the needed rules processor of Theorem 4.12]
which directly applies Lemma [4.35] and replaces a DP problem (P,Q,R,m) by
(7(P), s, 7(N(P,Q,R,m)) UC.,a), provided that the filtered pairs and rules form two
TRSs. Obviously, this processor is sound, but it does not subsume Theorem [4.12 There
are two reasons for this. First, the strategy Q is not carried over and second minimality
is always lost, even if the requirements of Theorem [4.12] to carry over minimality (Q = &
and left-linearity of N') are satisfied. With the following two examples we show that
both of the weaknesses are not due to a weakness of the transformation Z,, but that any
processor without these disadvantages is unsound.

To show that minimality cannot be preserved, even if Q@ = & and if PUR is ground, we
consider the non-finite DP problem P = {F(g(b)) — F(g(a))} and R = {g(a) — g(b)}.
If we choose the argument filter 7 with 7(F) = [1] and 7(g) = [] then the resulting DP
problem is ({F(g) — F(g)},2,{g — g} UC,, f). Now, if f = m then this DP problem is
finite since the right-hand side F(g) of the only pair is obviously not terminating w.r.t.
the filtered rule g — g.

The second example shows that it is not possible to carry over the reduction strategy
given by Q. We consider the non-finite DP problem (P, Q,R,m) with P = {F(z) —
F(g(a,s(a)))}, Q@ = {g(x,x)}, and R = @. If we choose 7(s) = 1, n(F) = [1], and 7(g) =
[1,2] then we obtain the new DP problem ({F(z) — F(g(a,a))}, Q,C.,a). Regardless
of whether we choose @' = Q or @ = 7w(Q) there is no infinite chain for this new DP
problem as the right-hand side of the filtered pair cannot be reduced to a Q-normal form.

Although minimality and strategy are lost, it can sometimes be useful to apply the

processor which replaces (P, Q,R) by (w(P), @, 7(N)UC.,a) where N = N(P,Q, R, ).
In this way one can apply techniques on arbitrary DP problems which are only available
for string rewriting. If one chooses 7 in such a way that for every function symbol at
most one argument is kept, then (m(P), @, 7(N) UC.,a) is a DP problem where every
function symbol except ¢ has at most arity 1. Since ¢ does not occur in 7(P) U (N') and
since this TRS is non-duplicating we can apply Theorem [4.22] to remove the C.-rules. The
polynomial order with Pol(c(x,y)) = 1+ 2z +y and Pol(f(z1,...,2,)) =1+ - + 2
can always be used. Hence, for the resulting DP problem (7 (P), @, n(N),a) all symbols
have at most arity 1. And to remove all constants one can use the technique of [TZGS07]
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such that one obtains DP problems with only unary symbols. Hence, the resulting DP
problem consists of string rewrite systems.

The only problem is the automation of this approach. Since one has to perform a
complete termination proof of the resulting “string DP problem”, and since argument
filtering is inherently incomplete, it might be a problem to detect a suitable argument
filter from the exponentially large set of all possible argument filters.

4.6. Subterm Criterion

With the techniques of usable and needed rules w.r.t. an argument filter in the previous
two sections it is possible to reduce the number of constraints for the rewrite system R in
a reduction pair processor considerably. However, sometimes even these sets can get large
and make the search for a suitable reduction pair in Theorem 427 and Theorem .32/ hard.
In [HMOT7] Hirokawa and Middeldorp have shown that by using a special class of orders,
one does not need to consider R at all. Using their subterm criterion no constraints are
generated for R but the relations > and - are fixed to the proper and the non-proper
subterm relations, respectively. Moreover, the argument filter is also restricted. For tuple
symbols — the symbols that have been introduced when computing the DPs of a TRS
— one may use collapsing argument filters and for every other symbol f of arity n the
argument filter of f is fixed to [1,...,n].

Here we encounter a problem in the DP framework. In a DP problem all pairs in P
are arbitrary rules which are possibly collapsing and there is no notion of tuple symbols.
The following list contains some of the characteristics of tuple symbols in the initial DP
problem DP(R).

e Every pair in DP(R) is of the form f(...) — g(...) where f and g are tuple symbols.
e Tuple symbols do not occur in R.
e Tuple symbols only occur at the roots of pairs in P.

In order to obtain a subterm criterion for the DP framework we introduce a new notion
of head symbols to describe which symbols may be filtered in a DP problem (P, Q,R) if
P is a set of arbitrary rules. Particularly, if P = DP(R) for a TRS R, then the head
symbols are exactly the tuple symbols.

Definition 4.36 (Head Symbol). For any DP problem (P,Q,R), we define its head
symbols H(P,R) as the set of all those function symbols on root positions in P which do
not occur below the root in P and which do not occur in R at all.

H(P,R) = F(P)\ (F(R) U Fse(P))

Here, F(P) and F(R) denote all function symbols occurring in P and R, respectively,
and Fse(P) denotes all function symbols occurring in P below the root position.

What makes head symbols interesting is that in every infinite chain, eventually for all
connections between s — t and the following pair u — v either both ¢ and u have head
symbols as root, or both do not. This property is formulated in the following lemma
and is needed to prove the subterm criterion that works with head symbols instead of
tuple symbols. Moreover, the lemma can be used for a processor that deletes all edges
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between s — t and u — v if exactly one of the terms ¢ and u has a head symbol as root.
Finally, it is used to prove that an argument filter processor preserves both minimality
and strategy if only head symbols are filtered. This is contrast to the argument filter
processor of [GTS05a, Theorem 37]. There it was necessary to drop both minimality and
strategy, since arbitrary filters where allowed in the argument filter processor. However,
it was already indicated that one can define an argument filter processor as we do in the
upcoming Theorem [4.38] but the details were omitted.

Lemma 4.37 (Properties of Head Symbols). Let (P, Q,R, f) be a DP problem and let
H =H(P,R) be its head symbols. Then in every infinite (P, Q, R)-chain s; — t1, 82 —
to,... there is an n € IN such that for every i > n the equivalence root(t;) € H <
root(si;y1) € H is satisfied.”’

Theorem 4.38 (Processors Based on Argument Filters). Let w be an argument filter. The
following processor Proc is sound. For a DP problem (P,Q, R, f) with H = H(P,R),
Proc returns

o {(m(P),Q,R,[)}, if m(P) is a TRS and w(f) =1[1,...,ar(f)] for all f ¢ H
e {(P,Q,R,[)}, otherwise

Theorem 4.39 (Edge Deletion by Head Symbols Processor). The following processor
Proc is sound and complete. For a DP problem (P,Q, R, f) with P = (N, E) and H =
H(P,R), Proc returns {((N,E"), Q,R, f)} where E' = {(s — t,u — v) € E | root(t) €
H < root(u) € H}.

Note that Theorem [4.39is not subsumed by the edge deletion processor of Theorem [3.3]
which is based on the dependency graph. The reason is that this processor can delete
edges that are connected in the dependency graph. We use a small example to illustrate
the previous two processors.

Example 4.40. Let (P, Q, R, m) be given with @ = &, R = {g(x) — ...} where h does
not occur in R, and where P is the following pair-graph.

F(h(g(g(x)),y),z) — F(h(g(x), &), b)

N \
] /

F(h(z,y),2) = F(y,b

,b) = F(h(z,9),a)

Since F is a head symbol, the argument filter processor of Theorem [4.38is applicable with
7(F) = 1. The resulting DP problem has the following pair-graph.

h(g(g(z)),y) — h(g(x),8(y))

h(z,y) = h(z,y)

n o_—

h(z,y) =y

20Note that the root of a variable is not defined. Nevertheless, we say that root(t;) is not contained in
‘H whenever t; is a variable.
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Note that only due to carrying over the graph structure we have not introduced an infinite
chain, as otherwise there clearly would be an infinite chain using only the pair h(z,y) —
h(z,y).

For this new DP problem the only head symbol is h. Hence, we can now apply
Theorem (.39 to delete all outgoing edges of the pair h(x,y) — y and then afterwards
delete that pair itself by Theorem 3.4l Note that we cannot exchange Theorem [£.39 by
Theorem [B.3], since the dependency graph still contains all outgoing edges of that pair.
We show how to finish the termination proof later in this section in Example [4.42]

Further uses of the argument filter processor are demonstrated in Example |6.25] in
Example [7.32], and in [GTS05a, Example 41]. Moreover, [GTS05a, Examples 38-40] il-
lustrate why it is only allowed to filter the head symbols of a DP problem, and why the
argument filter processor is incomplete.

Coming back to the main aim of this section we can now formulate and prove the
following generalized theorem about the subterm criterion of [HMO7]. It can be applied
for arbitrary DP problems and it does not necessarily require minimality as in [HMOT].

Theorem 4.41 (Processors Based on the Subterm Criterion). Let 7 be an argument filter.
Then the following processor Proc is sound and complete. For a DP problem (P,Q,R, ),
Proc returns

o {(P\r QR N} if

- PCb,,
m(g) €{1,...,ar(g)} for all g € H(P,R),
- 7(g)=1[1,...,ar(g)] for all g ¢ H(P,R), and

- f=m orNF(Q) C NF(R).
o {(P,O,R,f)}, otherwise

Note that the subterm criterion is easy to automate and it is able to prove termination
of every TRS in primitive recursive form. However, for more complex DP problems like
the DP problems containing dependency pairs of the div- and quot-rules in Example [4.4]
often more powerful methods like the reduction pair processors of Theorems and
are needed. Note that the proof of the subterm processor reveals that in the innermost
case, Theorem [4.27] completely subsumes the subterm criterion even if one does not use
the precise usable rules but if one estimates the usable rules by Definitions [3.11] and [3.26]
As the needed rules are identical to the improved estimated usable rules in the innermost
case we also know that the reduction pair processor of Theorem [£.32] encompasses the
subterm processor.

Even if one is not in the innermost case, Theorem [£.32] is more powerful than the
subterm processor for a large class of DP problems, namely those DP problems where
no left-hand sides of P contains a defined symbols of R. This includes all DP problems
that arise from functional programs. As in the proof of Theorem [£.41] one can show
that for these DP problems there are no needed rules w.r.t. the argument filter whenever
the constraints of the subterm processor are satisfied. However, continuing the proof
of Example in Example demonstrates that there are DP problems where the
subterm processor is applicable but the reduction pair processor of Theorem [4.32] is not.
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Example 4.42. For the remaining pairs in Example [4.40] the g-rule and possibly other
rules that depend on g are needed. The corresponding constraints may prohibit a suc-
cessful application of Theorem [4.321 However, we can choose 7(h) = 1 and delete the pair
h(g(g(z)),y) — h(g(x),g(y)) by the subterm processor. A final application of Theorem [3.4]
finishes the proof.

Here, the preprocessing with the argument filter processor was required for the success
of the subterm processor, since none of arguments h(g(z),g(y)) and b of the right-hand
side F(h(g(x),g(y)),b) is a subterm of the corresponding left-hand side.

Additionally, the preprocessing with Theorem .39 was important. Without the dele-
tion of the third pair h(z,y) — vy, the resulting constraints would be unsatisfiable.

The following example illustrates that the subterm processor cannot be extended in a
way that we replace the subterm relation by the embedding order.

Example 4.43. Let P = {F(g(h(g(x)))) — F(g(g(x)))}, let Q@ = @, and let R =
{g(g(z)) — g(h(g(x)))}. There obviously is an infinite chain and since R is terminat-
ing, this chain is also minimal. Thus, no sound processor may remove the pair of P.
However, if we choose m(F) = 1 then the filtered right-hand side g(g(x)) of the pair in
P is embedded in the filtered left-hand side g(h(g(z))). Therefore, it is not allowed to
change the subterm relation in Theorem [£.41] to the embedding order.

Summary of Chapter /4

In this chapter we have seen how one can use reduction pairs to delete pairs and rules
which can occur only finitely often in chains. The five most important processors — starting
with the most efficient one, and ending with the most powerful one — are the processor
of Theorem [4.41] based on the subterm criterion (restricted power since the order is fixed
to the subterm relation), the two processors of Theorems and to remove rules
(medium power since the order is not fixed but argument filters are not allowed), and the
two reduction pair processors of Theorems and to delete pairs (most powerful
since the order is not fixed, argument filters are allowed, and less constraints need to be
considered due to the argument filter). Like the processors of the previous chapter, these
five processors should be applied as often as possible, since they always simplify a given
DP problem. However, the automation of these processors is more difficult, since finding
a suitable reduction pair imposes a major search problem.

Nevertheless, efficient techniques to search for reduction pairs are available in our work
[CSLT06, IFGM™07, [GTSE03, [GTSF06, ISTAT07] and in the work of [CLS06, [CMTU05,
HMO5|, [ZHMO0T]. Whereas the older techniques of [CMTUO05, [GTSF03,, [GTSFO06, [HMO05]
describe stand-alone approaches, the current techniques encode the search as a SAT prob-
lem and benefit from modern SAT solvers which turns out to be a more efficient approach.

The other two reduction pair processors of Theorems 4.2 and are not that impor-
tant since they are subsumed by Theorems and respectively. They have only
been introduced in this thesis in order to illustrate the basic ideas of the reduction pair
processor, before integrating the more complex concepts of usable (resp. needed) rules
w.r.t. an argument filter.

Both the needed rules processor of Theorem [4.12] and the argument filter processor of
Theorem [4.38] are also useful, but there is one severe problem when integrating them in
an automated tool. As they easily introduce non-termination, one usually has to perform
a complete termination proof to detect whether the application was helpful. Especially
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for the argument filter processor this is critical, since there are potentially exponentially
many resulting DP problems that have to be investigated. Nevertheless, in combination
with other techniques — as illustrated in the upcoming Example — the automation
becomes feasible.

Basic versions of the techniques of Theorems [4.20] [4.22] [4.27, and [4.32| have already
been published by us in [GTS05al [GTS05b] [GTSF03, IGTSF06, [TGS04] and in [Urb01l,
HMOT, Zan05b]. However, in all these papers only certain aspects to reduce the set of
constraints have been considered. For example, in these papers there is no variant of
needed rules which is based on unification, and there is no variant of usable rules which
is based on unification that also integrates argument filters. In contrast, here we have
combined needed and usable rules with argument filters, we have estimated them by using
unification, we have integrated normal-form checks, we have allowed arbitrary estimations
of Cap, and we have considered Q-restricted rewriting.

Moreover, we have solved the question under which conditions minimality can be pre-
served by the needed rules processor. Here, only the negative result was already published
by us in [GTSF06].

The last contribution of this chapter is the formulation of the subterm criterion of
Hirokawa and Middeldorp [HMO7] as a processor, where we replace tuple symbols by
the new notion of head symbols. This is required, as in a DP problem there are no
tuple-symbols any more, since the pairs and rules are two arbitrary TRSs.

With our current set of processors we can already prove termination of many TRSs.
Nevertheless, there are classes of TRSs where our techniques are not yet sufficient (if one
is limited to standard orders). In the following two chapters we will see two of these
classes and, of course, powerful processors are presented to tackle these problems.

We end this chapter with a discussion on future work in the area of constraint solving.
We see two possible directions. Although the generated constraints can often be satisfied
by the embedding due to our contributions, one sometimes needs powerful orders beyond
the class of the well-known simplification orders. That progress can be made in this direc-
tion has been impressively demonstrated in the recent work of [EWZ06l, HMO7, [HW06].
The two new classes of orders which are based on negative polynomial interpretations
and matrix interpretations turn out to be very useful. Both approaches can be efficiently
mechanized and help to solve previously unsolvable termination problems.

The other direction is to develop new techniques that generate constraints which are
simpler to satisfy than those that are generated with the current processors. That progress
can be achieved has been illustrated by us in [GTSS07]. There we have shown how
to generate conditional constraints which can prove termination of algorithms that are
terminating by increasing an argument until a bound is reached — a previously hard
problem. Moreover, in that work there are less restrictions on the orders, e.g., the order
>~ does not have to be monotonic any more. It would be useful to extend these ideas
further. Moreover, we think that it is even possible to improve the processors that have
been presented in this chapter. For example under certain conditions it should be possible
to remove rules (and not only pairs) although one uses argument filters.

It remains to state that for both directions one also needs to design efficient algorithms
for the automation.







5. Processors Based on Pair
Transformations

As shown in [AGOQ, [(GAOI], to increase the power of the DP approach, a dependency pair
may be transformed by rewriting, narrowing, or instantiation. These transformations are
useful if one has to prove termination of TRSs which do not use pattern matching, but
use tests and selectors instead. We illustrate the difference with the following TRS.

p(s(z)) = = (55)
isNonZero(s(x)) — true (56)
isNonZero(0) — false (57)
f(s(z)) = Clf(x)] (58)

f(z) — if(isNonZero(x), x) (59)

if (true, z) — C[f(p(z))] (60)

Essentially, rule does the same as rules and . But while rule (58) is defined
via pattern matching, one uses the test isNonZero and the selector p in the rules and
([60). As a consequence, it is easy to find a reduction pair (27, =) which satisfies s(z) > z,
but it is impossible to find a reduction pair which solves x = p(z). The reason for the
latter is that one also has to take care of the possibility that z is instantiated by 0, since
there is no information available in the constraint of rule that one tested x # 0 with
rule . However, using the transformations will essentially pass this information to rule

(60). Then if one replaces by the resulting new rule
if (true, s(x)) — Clf(x)]

it is again easy to solve the constraints of the reduction pair processor.

As in [GTS05al [GTSF06] we adapt these transformations from the DP approach to the
DP framework. Given a DP problem (P, Q, R, f), they replace one of the pairs s — ¢ in
P by several new ones which result from rewriting, narrowing, or instantiating s — t.

Compared to the original versions of these transformations in the DP approach, they are
now improved and modularized considerably. One reason is that now these transforma-
tions can be applied at any time during the proof, and moreover, the conditions for their
applicability only have to take the pairs and rules in the current DP problem into account.
In this way, these conditions are satisfied much more often than in the original DP ap-
proach, where such transformations were only permitted in the very beginning. But even
compared to the newer versions of these transformation in the DP framework (including
the forward instantiation processor of [GTSF06]) they are improved considerably.

The first improvement is that our transformation processors contain more checks on
normal forms than previous versions. The benefits are weaker application conditions,
and less new pairs will be generated.

A second reason for the improvement is that for the first time a pair-graph P instead of a
set of pairs P is used. This always improves the efficiency of the transformations and some-
times the power of the transformations is increased, cf. Example and Example [5.12
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A third improvement is the integration of Q. In [GTSF06] only full- or innermost
rewriting is considered. And even in [GTS05a] where Q-restricted rewriting is considered,
only the cases Q@ = & and Q D [hs(R) are investigated. However, here there is no
restriction on @ and if a processor requires a specific property of Q then we provide
counterexamples to show the necessity of that property.

The fourth improvement is due to our semantic versions of the Cap-function and of the
usable rules. Whereas previous transformations are formulated for specific versions of Cap
and of usable rules, we now present the transformations for arbitrary estimations. Hence,
future improvements of usable rules (i.e., better estimations of the semantic usable rules of
Definition 8.24]) can be integrated into the transformation processors without rechecking
the proofs. That this is not completely trivial can be seen in Example There it is
demonstrated that the rewriting processor as formulated in [GTS05a] and [GTSF06] is
unsound for certain estimations of usable rules.

The last and most powerful improvement is the development of a completely new idea.
In the narrowing processor one can choose a position and then only those narrowings
have to be considered that correspond to rewrite steps below that position. This will be
essential to handle problems where tests and selectors are used in combination with an
accumulator, see Section for more details and examples.

We will demonstrate all transformations with the following running example where
some of our new improvements are crucial, e.g. the forward instantiation processor in
the generalized case of Q-restricted rewriting, and the integration of the position in the
narrowing processor.

Example 5.1. Consider the TRS R to compute division on natural numbers:

p(s(z)) —

p(0) — ( )

plus(s(z), y) — plusl(s(z),s(y))
plusl(z,
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quot(z, y, 2) — if(ge(0, ), ge(x,y), minus(z, y), y, plus(z,s(0)))
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mination we set @ = [hs(R). We simplify the initial DP problem with the proces-
sors of Section [3[ and Section 4] using the embedding order. This yields two remaining
DP problems which cannot be simplified further. The first one for the plus-function is

Ds = ({(80), (81). 82)}. Q, {(61), (62) }, m) and the second DP problem originates from
the quot-function: Dy = ({, , }, Q, { — },m)

PLUS(s(z),y) — PLUS1(s(z),s(y)) (80)
PLUS1(z,y) — PLUS2(p(z), ) (81)
PLUS2(z,y) — PLUS(x,y) (82)

QUOT(z,y, z) — IF(ge(0,y), ge(x, y), minus(z, y), y, plus(z,s(0))) (83)

IF(ff, b, z,y,2) — IF2(b, x,y, 2) (84)

IF2(tt, z,y, 2) — QUOT(x,y, 2) (85)

Note that Dg cannot be simplified any further using the processors of Section [4] if one
is restricted to quasi-simplification orders. Even reduction pair processors using negative
polynomial orders of [HMOT] are not applicable on this DP problem. For example a
polynomial interpretation which maps p(z) to  — 1 is prohibited by rule ([62)).

The situation for Dy is even worse. The constraints of any reduction pair processor
cannot be satisfied by any C.-compatible reduction pair. The reason is that R UC. is not

terminating and ({(83), (84), (85)}, Q. {(61) — (73)} U C., m) is not finite which is shown

by the following infinite reduction.

QUOT(0,¢c(0,s(0)),0)
—  IF(ge(0,¢(0,s(0))
—¢. IF(ge(0,5(0)), ge(0,
—% IF(ff,tt,0,¢(0,s(0)),s(0))
—  IF2(tt,0,¢(0,s(0)),s(0))
—  QUOT(0,¢(0,s(0)),s(0))
—T QUOT(0,¢(0,s(0)),s(s(0)))

0,¢(0,s(0))), minus(0, c(0,s(0))), c(0,s(0)), plus(0,s(0)))

), ge( c
(; )éminus(0,0),c 0,s(0)), plus(0,s(0)))

The class of C.-compatible reduction pairs includes negative polynomial orders with
negative constants [HMOT], polynomial orders over the non-negative reals [Luc05], and
the orders that are based on matrix interpretations [EWZ06, HW06]. And even negative
polynomial orders with negative coefficients [HMO07] fail on this example. Hence, it is
unlikely that an automated termination proof of Dy can be performed using only the
processors of the previous chapters. However, with the help of the processors of this
chapter, in the end we can solve all problems using simple orders like polynomial orders
where every function is interpreted by a linear polynomial with 0 and 1 as only coefficients.

Before we present all four transformations instantiation, forward instantiation, rewrit-
ing, and narrowing in the corresponding four Sections we will need a new graph
operation. For P = (N W {m}, E) we define P[m/N’| as the graph where we replace the
node m by the set of nodes N’. More precisely, P[m/N’| = (N UN', E’) where the set E’

of new edges is defined as follows:
E'=(EN(N x N))
U{(n,n')|ne N,n" € N (n,m)eE}
U{(n',n)|ne N,n" €N (mn)eE}
u{(n',n") | n',n" € N',(m,m) € E}
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Note that it is assumed that NV is disjoint from N’, because otherwise we would have the
problem that one can introduce new edges between nodes of N. However, this requirement
is not satisfied by the upcoming processors. Therefore, we allow multiple nodes for the
same pair, i.e., P is not a graph with a set of pairs any more, but it is a graph where the
nodes are labeled with pairs. As this new layer would make the presentation unnecessary
complicated we still use a pair-graph, where the nodes are the pairs, and we omit the
details on how to handle different occurrences of the same pair in a pair-graph. We just
illustrate the difference in the following example.

Example 5.2. Let the following pairs be given.

F(s(z)) = F(s(x)) (86)
F(s(z)) = F(x) (87)
F(z) — F(g(x)) (88)
F(0) — F(0) (89)

If R = {g(s(z)) — s(z),g(0) — 0} and P has the following graph structure which uses
the first three pairs,?!

(86) 87

(EE)

then there is no infinite chain. Now consider the replacement of by the pairs and
. Notice that this will be possible by the narrowing processor, and in the corresponding
Theorem [5.19lit is stated that this application of the narrowing processor is complete. But

if one identifies the old and the new pair (86]), the graph P[(88)/{(86)), (89)}] has a graph

structure which allows an infinite chain with pair .

- (80) 87
A

However, we distinguish the old and the new pair . Then there is still no infinite chain
possible.

(86) (87)

N

Nevertheless, if some nodes are in the graph are labeled with the same pair and if they
have the same incoming and outgoing edges, then one can safely merge these nodes.

21A graph structure like this can arise after applying the argument filter processor of Theorem .38
cf. Example
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5.1. Instantiation

As first transformation we present the instantiation processor. The idea is to consider
the predecessors u — v of a pair s — t. If certain parts of v remain unchanged when
rewriting vo to so then one can instantiate the pair s — t by those parts that remain
unchanged. (One can use (an estimation of) the Cap-function to detect the unchanged
parts.) For example if we look at the pairs and in the running example then we
see that the s’s of the right-hand side of will remain unchanged. Hence, one should
be able to instantiate the variables z and y in by s(x) and s(y).

The difference of our instantiation processor to previous versions is the use of the
graph structure and the use of arbitrary estimations of Cap. Moreover, we do not need
two different versions for termination and innermost-termination any more, but we can
formulate one generalized version.

Theorem 5.3 (Instantiation Processors). Let ECap be an estimated Cap-function. Let
Proc be an instantiation processor which transforms a DP problem (P, Q, R, f) with P =
(NW{s — t}, E) into {(P[s — t/N'], Q, R, )} where N' is the following set of new pairs.

{s0 =2 td|(u—v,s—=1t)€E, §= mgu(ECap%”é}(v),s), {ud, sé} C NF(Q)}
Then the processor Proc is sound and complete.

Note that there is a strong correspondence between the instantiation processor and the
dependency graph estimation of Definition [3.9 as we perform the same unification and
the same checks on Q-normal forms. Therefore, to improve efficiency in the automation
one can memorize the unifiers § when estimating the dependency graph in Definition [3.9]
and can reuse them for the instantiation processor.

Example 5.4. We continue the termination proof of the running example.

PLUS(s(z),y) — PLUS1(s(x),s(y)) (80))
PLUS1(z,y) — PLUS2(p(z),y) (181)
PLUS2(z,y) — PLUS(z,y) (182)

To this end we apply the instantiation processor on the DP problem Dg where the pair-
graph has the following structure.

(80) (81) (82)
v

To instantiate the pair we only have to look at the only predecessor . As
ECap%Q(PLUS(s(:U),s(y))) = PLUS(s(z),s(y)) we can instantiate the variables in (81))
by s(z) and s(y). Thus, the instantiation processor replaces by (90).

PLUS1(s(z),s(y)) = PLUS2(p(s(x)),s(y)) (90)

Note that if the DP problems only contained a set of pairs without the graph structure then
we would have to examine all three pairs as predecessors which is clearly less efficient.
In the same way, in the resulting DP problem we only obtain the edges — ,

— , and — . Hence, by applying the dependency graph processor of
Theorem [3.3] it suffices to check whether the two new edges — and —
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can be deleted, but one does not have to check whether one can delete the remaining three
possible edges — , — , and — . Thus, the graph structure of
DP problems again helps to obtain efficiency but sometimes even power is affected. This
is demonstrated in more detail with an example application of the rewriting processor in
Example [5.12]

After the instantiation, the usable rules processor of Theorem [3.25] is applicable and
deletes the unused rule . And afterwards, every reduction pair processor of Chapter
can delete pair in the resulting DP problem Do = ({(80), (90), 82)}, Q, {(61)}, m)
with the negative polynomial order with Pol(s(x)) = = + 1, Pol(p(z)) = maz{z — 1,0},
and Pol(PLUS(x,y)) = Pol(PLUS1(z,y)) = Pol(PLUS2(z,y)) = x. Then the remaining
problem is solved by the processors based on the dependency graph.

However, if one uses reduction pairs based on quasi-simplification orders it is still not
possible to simplify Dyq. To this end, we will need the rewriting processor of Section [5.3]

Note that to simplify the other DP problem Dy we cannot use the instantiation proces-
sor, but a similar technique which is presented in the next section.

5.2. Forward Instantiation

We now present the technique of forward instantiation [GTSEF06]. While the instantiation
processor was based on the dependency graph estimation given in Definition [3.9] where
one examines for two pairs s — t and u — v whether it is possible to rewrite to %;}
uo, the forward instantiation processor takes an approach similar to the dependency
graph estimation of Definition [3.31] where one examines whether it is possible to rewrite

uo —%_, to with the reversed TRS R~*. Moreover, we will also integrate the results on
usable rules, i.e., it suffices to consider uoc —%, to where R’ = (Z/{g”s}(t))_l. Then we use
the same idea as in the instantiation processor, i.e., we detect the unchanged parts by
applying (an estimation of) the Cap-function and then instantiate s — ¢ accordingly.

Theorem 5.5 (Forward Instantiation Processors). Let ECap be an estimated Cap-func-
tion and let EU estimate the usable rules. Let Proc be a forward instantiation processor
which transforms a DP problem (P, Q,R, f) with P = (N W {s — t}, E) into {(P[s —
t/N'|,Q,R, )} where N is the following set of new pairs.

{85—>t5‘ (s >t u—v) €L, R/:(Eugg}(t))ﬂ’ }

6 = mgu(ECapz, 5(u),t), and {sd,ud} C NF(Q)
Then the processor Proc is sound and complete.

As for the instantiation processor, to improve efficiency one can memorize each unifier
d in the computation of the star-estimation of the dependency graph in Definition 3.9 to
reuse it now for the forward instantiation processor.

Example 5.6.
QUOT(x,y, z) — IF(ge(0,y), ge(x, y), minus(z, y), y, plus(z,s(0))) (183)
IF(ff, 0, 2,9, 2) = IF2(b, x,y, 2) (84)
IF2(tt, z,y,2) — QUOT(z,y, 2) (185)

We continue in the termination proof of Example [5.11| where we still have to solve the DP

problem ({(83)), (84), (85)}, Q. {(61)—(73) }, m). Here we can use the forward instantiation
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processor to instantiate the pair . The only succeeding pair © — v in the graph is
. Now we have to build the reversed usable rules R'. As does not possess
usable rules we obtain R’ = @. Then we have to unify ECap%, ,(IF2(tt, 2,3/, 2")) =
IF2(tt, ', v/, 2') with the right-hand side IF2(b, z,y, z) of (84)). Instantiating with the
mgu 6 = {2'/x,y /y,2'/z,b/tt} yields the new pair

IF(ff, tt, z,y, 2) — IF2(tt, x, y, 2) (91)
The resulting DP problem Di; = ({(83), (91), B3}, Q,{(61) — (73)}, m) can then be

simplified further by the narrowing processor which is demonstrated in Example [5.22]
There it is also explained why this application of the forward instantiation processor is
strongly required for a successful termination proof.

5.3. Rewriting

While adapting instantiation to the DP framework is straightforward, the adaption of the
rewriting transformation is more problematic. In the classical dependency pair approach,
rewriting is only applicable for innermost termination proofs (i.e., if NF(Q) = NF(R)).
The problem is that the original proofs for its soundness and completeness [GAQL, Theo-
rems 14, 15, 18, and 19] do not extend to the case where NF(Q) C NF(R). The soundness
proof relies on the result that weak innermost termination and non-overlappingness im-
ply confluence and termination [Gra95], and the completeness proof relies on the result
that innermost termination implies normalization. Obviously, these results do not ex-
tend to NF(Q) C NF(R), i.e., in general Q-termination and non-overlappingness do
not imply confluence, termination, or normalization. As a counterexample, consider
R = {f(a) — s(f(a)),g(z,x) — c,g(z,s(z)) — d} and Q = lhs(R) U {a}. Now R is
O-terminating and non-overlapping, but neither terminating nor confluent nor normaliz-
ing. For example, the term f(a) does not have an R-normal form, and the term g(f(a), f(a))
can be reduced by R to the normal forms c and d.

However, such an extension is urgently required as with the previous processors we will
have to handle DP problems where NF(Q) C NF(R) even if in the beginning NF(Q) =
NF(R). Now it would be desirable if one could still apply the rewriting transformation
(this will be demonstrated when handling the DP problem Dj, of our running example
in Example |5.11]). For the soundness of the rewriting transformation we need at least
confluence of the Q-restricted rewrite relation. However, our previous confluence criterion
of Lemma [3.19 could only be used for NF(R) C NF(Q) but now we are in the case
NF(Q) € NF(R). The following lemma states that if all critical pairs at the root level
are trivial, then we even have the diamond property (i.e., if ¢ %R t; and t %R to, then
t, = t or there exists a t’ such that ¢; %R t' and ¢ %R ).

Lemma 5.7 (Confluence of 3,). Let NF(Q) C NF(R). Let all critical pairs of R at the
root level be trivial. (For all rules {1 — 11 and ly — r9 € R where {1 and ly are unifiable,
the mgu 0 of {1 and £y instantiates the right-hand sides of the rules to the same term, i.e.,
110 =199.) Then %R has the diamond property and hence, is confluent.

We now give a new proof to show that the rewriting transformation is sound whenever
NF(Q) C NF(R) is satisfied. A similar proof was already presented in [GTS05a], however
there are three differences.

First, in [GTS05a] certain properties of (syntactically defined) usable rules are used
in the proof which are not satisfied for every estimation of the (semantically defined)
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usable rules of Definition [3.24] In Example it is shown that the rewriting processor
of [GTS05al even is unsound if one allows arbitrary estimations of usable rules. To this
end, we added a new requirement in the rewriting processor.

The second difference is that we allow rewriting more often. In [GTS05a] the usable
rules had to be non-overlapping whereas here we only require trivial critical pairs.

And the third difference is in the completeness condition. In [GTS05a] one demands
for all proper subterms ¢ of the redex that U3 ,(t) € R. The problem is that Q is a
rewrite system in [GTS05a] whereas here Q is a set of terms. So, it is unclear what the
usable rules should be, if Q only contains terms. Moreover, again certain properties of
the syntactic usable rules of [GTS05a] are used in the proof. So, we have to replace the
property Ug () € R by something different.

In essence, the property Z/{S’g(t) C 'R is demanded to ensure that whenever to can be
reduced to a normal form u w.r.t. %R, then u is in @-normal form, too. This is important
whenever we want to normalize the subterm to w.r.t. %R in order to perform a reduction
above to afterwards. Only if to can be rewritten to a normal form w.r.t. @ then the
reduction above to respects the evaluation strategy. This condition on the normal forms
can be used to obtain completeness of both the rewriting and the narrowing processors.

Definition 5.8 (Q — R Normal Form Condition). Let R be a TRS and Q and S be sets
of terms. A term t satisfies the @ — R normal form condition w.r.t. S, nfc%’g(t) for
short, iff for every substitution o with So C NF(Q) each %R-normal form of to is in
Q-normal form.

Example 5.9. We shortly illustrate the Q@ — R normal form condition with the following
TRS R where Q = [hs(R) U {h(a)}.

f(z) — g(z)
g(h(z)) = h(z)
g(x) = h(z)

Then nfc% }Qg(x)) is not satisfied. The reason is that one can instantiate z by a and
obtains f(a) =% h(a) where the latter term is in normal form w.r.t. 2 but not w.r.t. Q.

However, if one removes the third rule from R then f(z) satisfies the normal form
condition. One reason is that a reduction to the critical term h(a) is not possible since
then the subterm h(x) of the left-hand side of the second rule would be instantiated to a

term which is not in @-normal form.

Unfortunately, it is undecidable whether a term satisfies the @ — R normal form con-
dition. We will present estimations of nfc%g(t) later in this section. One obvious result
is that if NF(Q) = NF(R) then every term satisfies nfc%g(t), since then every term is in
R-normal form iff it is in normal form w.r.t. 5. As one can see in the upcoming defini-
tion of the rewriting processor, this will show that our results encompass the completeness
results for innermost termination from [GA0I, Theorem 19].

Now we introduce the rewriting processor. It states that in a DP problem (P, Q, R, f)
with NF(Q) C NF(R), any s — t € P can be replaced by s — t' if ¢ rewrites to ¢’ at some
position p. The only applicability conditions are that the Q-restricted rewrite relation
of the usable rules must be confluent and that there must only be trivial critical pairs
between the rule used for rewriting ¢ and the usable rules. In contrast to the (forward)
instantiation transformations, which perform all possible instantiations, here one may
replace s — t by any pair resulting from rewriting .
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Theorem 5.10 (Rewriting Processors). Let Proc be a processor which transforms a DP
problem (P, Q, R, f) into {(P[s — t/{s = t'}], Q, R, f)} or into {(P,Q,R, f)}. In the

former case, all following conditions must be satisfied:

e s—>teP
ot =g, t' by a rule £ — 1 where for U = €U7gf]é(t|p) the rewrite relation Sy is
confluent and where there are only trivial critical pairs between £ — r and U.%?

e NF(Q)C NF(R)

Proc is sound, and it is complete if every proper subterm of t|, satisfies the @ —R normal
form condition w.r.t. {s}.

Note that using Lemma [5.7 the application conditions of the rewriting processor can
easily be checked. Moreover, after the following examples we will also see a possibility to
estimate the @ — R normal form condition, hence we can detect if an application of the
rewriting processor is complete.

First, we show the benefit of the rewriting processor in the running example of this
chapter.

Example 5.11. We recapitulate the situation at the end of Example [5.4]

PLUS(s(z),y) — PLUS1(s(z),s(y))
PLUS1(s(z),s(y)) = PLUS2(p(s(z)),s(y))
PLUS2(z,y) — PLUS(z, %)

KIE|E

If we do not use negative polynomial orders we still have to solve the DP problem Dy =

({(80), (©0), (82)}, @, {(61) }, m). Now, we can use the rewriting processor to replace pair

(90) by the following new pair.
PLUS1(s(z),s(y)) — PLUS2(x,s(y)) (92)

Now every reduction pair processor of Section {4| can delete with the embedding
order and the remaining problem is solved by the processors based on the dependency
graph.

For the other remaining DP problem Dy; it turns out that neither the (forward-) in-
stantiation processors nor the rewriting processors are applicable on this DP problem. To
solve this problem we will need the narrowing processor of the next section.

The following examples show why possible extensions of the rewriting processor would
destroy soundness or completeness, respectively. To be more precise, we show that each
of the three application conditions is needed for the soundness of the rewriting processor,
and the criterion to detect whether an application of the rewriting processor is complete
cannot be weakened, too. Moreover, in Example [5.12| we show that the graph structure
of DP problems not only increases efficiency but also power.

22Note that the critical pairs of £ — r and I/ are only those when overlapping subterms of ¢ with left-hand
sides of U, but it is not required to consider overlaps of subterms of left-hand sides of & with £.
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Example 5.12. Consider the TRS R = {g(h(z),y) — y} and the following pairs.

F(xz,z) — F(a,g(h(x),x)) (93)
F(a,g(z,y)) = F(a,y) (94)

For @ = [hs(R) U {h(a)} the dependency graph for and has the edges E =
{(©3) — (), — (93)), — (94)}. That there is no edge from to itself can be
argued as follows. If there were an edge then x would have to be instantiated by a. But
then the term g(h(a),a) could not be rewritten to a as h(a) is not in Q-normal form. So,
let P = ({7 }7E>

No previous processor is able to simplify the DP problem (P,Q,R,m) even if one
allows arbitrary reduction pairs. The reason is that ignoring Q allows infinite chains
which contain both pairs infinitely often:

F(a,a)
—@3) F(a,g(h(a),a))
— @) F(a,a)
—@3 -

However using the rewriting processor we can replace by the new pair (95)).
F(x,z) — F(a,x) (95)

In this way we obtain the new DP problem (({(95),(94)}, E’), Q,R,m) where E' =
{ — , — , — } Now every reduction pair processor can delete
with the embedding order and the argument filter 7 with 7(F) = 2 and 7(g) =
2]. The resulting DP problem (({(95)}, @), Q, R, m) is now solved by the processor of
Theorem [3.4] as there are no edges left.

But if DP problems did not have a graph structure then we would obtain the new DP
problem ({(95), (94)}, @, R,m). This DP problem is clearly not finite as (95), (97).. ..
is an infinite chain. Hence, our rewriting processor which works on DP problems with a
graph-component is more powerful than previous rewriting processors [GAOL, [GTS054,
GTSF06] which work on sets of pairs.

The example also illustrates why the @—7R normal form condition for all direct subterms
of t|, is required to obtain completeness. If we changed P to P’ = ({(93),(94)}, E U
{(©3) — (©3)}) then there would not be an infinite (P’, @, R)-chain. The reason is that
the DP problem (P’, Q,R,m) could be transformed to (P, Q,R,m) by the dependency
graph processor and then be solved as before. However, the rewriting processor would
replace P’ by P” = ({(95), (94)}, E”) where E” would contain the edge from to itself
and we would obtain the minimal infinite (P”, Q, R)-chain. Note however that the redex
g(h(x),x) of the reduction has the direct subterm h(z) which does not satisfy the @ — R
normal form condition: if we instantiate x by a then we obtain h(a), which is in normal
form w.r.t. %R but not w.r.t. Q. So the condition for completeness in Theorem [5.10 is
violated.

Example 5.13. Since we only have to look at the critical pairs on root level for confluence
of the OQ-restricted rewrite relation by Lemma a natural question is whether the
rewrite processor in Theorem [5.10would already be sound if we only considered the critical
pairs at the root level between ¢ — r and the usable rules. This is refuted by the following
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counterexample. Let R = {f(c) — d,f(h(z)) — a,h(b) — c,g(d,z) — g(f(h(x)),x)} and
Q = lhs(R). Then R is not innermost terminating (i.e., not Q-terminating):

g(d,b) 35 g(f(h(b)),b) S g(f(c),b) S g(d,b) S5 ...

The dependency graph has only one SCC {G(d, z) — G(f(h(z)),z)}. Since R has no criti-
cal pairs on root level, we know by Lemma .7 that %, is confluent. As G(f(h(z)),z) —r
G(a, ), rewriting would transform this pair into the new pair G(d, z) — G(a, z). Now the
dependency graph processor would delete this pair, since it is obviously not connected to
itself in the dependency graph. Thus, we could falsely “prove” innermost termination.

The problem is that although the dependency pair was rewritten by a Q-restricted step,
it is no longer Q-restricted if one instantiates x with b. So to guarantee that any reduction
from G(f(h(x)),z)o to an instantiated left-hand side of a dependency pair is also possible
from G(a, z)o, one needs to consider all critical pairs between ¢ — r and the usable rules,
and not just the critical pairs at the root level.

Example 5.14. In previous formulations of the rewriting processor instead of confluence
and the condition that there are only trivial critical pairs between ¢ — r and the usable
rules, one required that the usable rules (as defined in the corresponding papers) of ¢,
are non-overlapping. Clearly, the requirement of non-overlapping usable rules guarantees
confluence but it does not suffice to ensure the latter condition. The problem is that ¢ — r
is not necessarily usable w.r.t. Definition 3.241?% And indeed, these rewriting processors
can become unsound if one uses arbitrary estimations of the semantic usable rules.

Let P = {F(g(b)) — F(g(h(a)))}, let R = {g(h(x)) — c,h(a) — b}, and let Q = [hs(R).
Then we have an infinite minimal chain, as F(g(b)) —p F(g(h(a))) 2 F(g(b)) —p . ...

However, the first rule of R is not usable, i.e., not contained in Z/lg(gg(b))}(F(g(h(a)))).

Thus, the second rule of R is the only usable rule which is not overlapping with itself.
Using the rewrite processor with the first rule would result in a new DP problem with a
new component P’ = {F(g(b)) — F(c)} instead of P and this new DP problem is clearly
finite.

One can argue that in this example the real problem is that the rewrite transformation
from P to P’ does not respect the evaluation strategy. And indeed, if one requires ¢ %R,p
t" instead of ¢ —%, t' then non-overlappingness of the usable rules suffices. However,
this alternative formulation of the processor is more restrictive than the current version:
whenever ¢ %R,p ' then ¢ — r is already usable,?* and non-overlappingness is a stronger
requirement than confluence and absence of non-trivial critical pairs between ¢ — r and
the usable rules due to Lemma [5.7]

Example 5.15. This example shows why we defined a DP problem (P, Q,R, f) to be
“Infinite” if it is not finite or if R is not Q-terminating, cf. Definition 2.13] The reason
is that if “infinite” were defined as “not finite”, then the rewriting processor would be
incomplete, i.e., it could transform DP problems that are not infinite into problems with
infinite chains, even if NF(Q) = NF(R). Let P = {F(z,z) — F(a,g(h(z),z))}, let R =
{g(z,y) — y,h(a) — h(a)}, and let Q = lhs(R). Obviously, R is not Q-terminating. But
there is no infinite (P, Q, R)-chain as F(a, g(h(z1), 21))o 2% F(xs, 22)o implies o(z5) = a.

23Note that ¢ — r is usable for all previous definitions of usable rules. Hence our processor is not weaker
than previous formulations of the rewriting processor.

24To be more precise, £ — r is usable only if s € NF(Q). But if s ¢ NF(Q) then one can delete the pair
by the dependency graph processors.
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Thus F(a, g(h(xs),z2))o = F(a, g(h(a),a)) can only be reduced by %R to itself, but it does
not unify with F(zs, x3).

However, the rewriting processor replaces the right-hand side F(a,g(h(z),z)) of the
pair by F(a,z). This results in P’ = {F(z,x) — F(a,z)}. Now there is clearly an infinite
(minimal) (P’, Q, R)-chain.

What is missing up to now is a criterion to estimate the @ — R normal condition. We
currently only know that the condition is always satisfied if %R is exactly the innermost
rewrite relation, i.e., if NF(Q) = NF(R). As argued above even when starting with the
innermost relation we will encounter DP problems where NF(Q) C NF(R). For these
problems we present the following estimation which has a quite similar structure to the
improved estimation of usable rules in Definition .26l The first two cases are closures
under subterms and closures under usable rules. The third case is the one where we detect
that the @ — R normal form condition is violated. If there is a redex qu with ¢ € Q but
where qu is in normal form w.r.t. R then qu is also in normal form w.r.t. %R but not
in normal form w.r.t. Q. Note that this cannot happen if NF(Q) = NF(R) and hence,
even with our estimation we can detect that the @ — R normal form condition is always
satisfied if we are in the innermost case.

Definition 5.16 (Estimation of the @ — R Normal Form Condition). We define the
estimated @—R normal form condition enfc as follows. The value of enfc%g(f(tl, ceytn))
15 false if one of the following conditions is valid.

° enfc%’g(ti) = false for some 1 <i<mn
o thereis a rule f({1,...,0,) =L — 1 € R and for S" = {l1,...,0,} the terms { and

f(ECap%Q(tl), e ECap%Q(tn)) are unifiable by some mgu p such that SpUS'u C
NF(Q) and enfc‘%vg(r) = false

o there is a term q € Q, the terms q and f(EOap%Q(tl), ce ECap%Q(tn)) are unifi-
able with mgu p, and both Spu C NF(Q) and qu € NF(R)

If enfc%g(t) 18 not forced to evaluate to false by one of the previous conditions then
enfc%g(t) = true.

The following theorem states that Definition [5.16] really estimates the @ — R normal
condition. Whenever the estimation says that a term satisfies the @ — R normal condition
then this really is the case.

Theorem 5.17 (Soundness of the Estimated @ — R Normal Form Condition). Let R
be a TRS and Q be a set of terms with NF(Q) C NF(R). For all terms t and sets
of terms S with V(t) C V(S) the Q — R normal form condition nfc%g(t) is satisfied if
enfc%g(t) = true.

We illustrate the estimated @—TR normal form condition using the TRS of Example [5.9]

Example 5.18. The TRS R in Example [5.9| consists of the following three rules and
Q = lhs(R)U {h(a)}.
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We already detected that nfc{x} (f(z)) is not satisfied. This will also be the result of our
estimation. To compute enfcR}Q(f (x)) we first check the third case which would directly
lead to the result false. However, since f(x) ¢ NF(R) the third case cannot apply. But
we also have to consider enfcR}Q(g( )) due to the second case. Again, the third case
cannot be applied since g(z) ¢ NF(R). However, we can once again apply the second
case w1th the second and the third rule, such that we also have to consider enfcR 0 }(h(a:))
and enfc o(h(x)), respectively. Now latter normal form condition must be evaluated to
false since for p = {x/a} and ¢ = h(a) we have h(x)u = qu, Sp = {a} € NF(Q), and
gp = h(a) € NF(R). Hence, we see that our initial normal form condition is not satisfied.

However, if one removes the third rule from R then enfc{x} (f(z)) = true. The reason is
that we have to consider exactly the same conditions as before except for enfcR Q(h(.ilﬁ)),
the condition which forced us to evaluate to false. Moreover, the only remaining check
with the third case on condition enfc{hg }(h(x)) will also not enforce the result false since
for u = {z/a} we will instantiate S = {h(x)} to {h(a)} which is not a subset of NF(Q).

5.4. Narrowing

The basic idea of the narrowing processor is as follows. If for a pair s — t and all its
succeeding pairs u — v the terms t and u are not unifiable, then there must be at least
one reduction step from to to uo. Then one can already perform this first reduction step
in to and create corresponding new pairs, one for each possible reduction. As parts of the
first redex may be in o we must not only look at all reductions of ¢, but at all narrowings
of t. If NF(Q) € NF(R) then it can also occur that the first reduction step is completely
inside 0. To this end, a linearity restriction is integrated in the narrowing processor.

More formally, a term ¢ narrows to a term t' at a position p via the substitution pu
(denoted by t «% t'), if p is a non-variable position of ¢, u is the most general unifier of
t|, and ¢ for some rewrlte rule £ — r of R, all proper subterms of K;L are in Q-normal form
and t’ = tplrup),. Narrowing is extended to pairs as follows: if ¢ w t’ via the substitution
@ and sy is a Q-normal form, then the pair s — t narrows to the pair su — t'.

Before we present the narrowing processor, we discuss the idea of the integration of
a position into the narrowing, so called positional narrowing. A main disadvantage of
the previous narrowing processors of [AG00L [GTS05a, (GTSE06] is that they sometimes
produce lots of new pairs. Remember the basic idea of the narrowing processor: whenever
t and u are not unifiable then there must be at least one reduction step. But one can
also look at subterms: whenever ¢|, and u|, are not unifiable then there also has to be a
reduction. If moreover to cannot be reduced strictly above p — to detect this one can use
an estimated Cap-function — then the subterm t|,0 has to be reduced at least one step.
Alternatively, if the subterm ¢|, is not in Q-normal form then ¢|,0 has to be reduced, too.
Thus, only the narrowings below p have to be considered which can be far less then all
narrowings. This clearly increases efficiency, but when continuing our running example
in Example we will also demonstrate that less new pairs are sometimes crucial for a
successful termination proof.

Theorem 5.19 (Positional Narrowing Processors). Let Proc be a processor which trans-
forms a DP problem (P,Q,R,f) with P = (NW{s — t},F) into {(P,Q,R, f)} or
into {(P[s = t/N'}, Q, R, f)}. In the latter case, all of the following conditions must be
satisfied.
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t|, is not in Q-normal form or
both p € POS(EC(I])/{IQ}Q(T,)) and for all (s = t,u — v) € E the following two criteria
are satisfied
~ p € Pos(u) and
— if t|, and u|, are unifiable with an mgu p, then sy or up are not in Q-normal
form

o N'={s = t'|s—tnarrows to s — t' at a position below p}

Q= or NF(Q) C NF(R)

if NF(Q) € NF(R), then t is linear

Then the processor Proc is sound. And it is complete if Q = & or if the following two
criteria are satisfied for every pair s' — t' in N’ that has been built from narrowing s — t
at position p' with rule £ — r and unifier .

o forU = Eugg(tub/) the relation Sy is confluent and there are only trivial critical
pairs between  — r and U

e cvery proper subterm of tuly satisfies the @ — R normal form condition w.r.t. {s'}

Note that in the innermost case the @ — R normal form condition is always satisfied.
Hence, the completeness of the narrowing processor encompasses the completeness result
of [GAOT], Theorem 17] for innermost termination.

Compared to the rewriting processor, the narrowing processor has two advantages and
one disadvantage. The disadvantage is that one has to build all narrowings whereas in
the rewriting processor only one new pair is created. This was allowed in the rewriting
processor due to the additional requirement of unique normal forms (which is ensured
by confluent usable rules). A corresponding requirement for the narrowing processor is
only needed to ensure completeness in the innermost case, which is the first advantage.
The second advantage of the narrowing processor is that it can already be applied if only
parts of the redex are available in a pair, whereas in the rewriting processor we need a
complete redex. Both advantages will be needed to proceed in our running example. To
summarize, the rewriting processor produces less pairs, but the narrowing processor is
strictly more often applicable: whenever the rewriting processor is applicable then for
some pair s — t the term ¢ contains a redex at position p. But then one can apply the
narrowing processor, too, since in that case t|, cannot be in Q-normal form and the other
requirements are trivially satisfied.

In the following examples we investigate possible improvements of the narrowing pro-
cessor which turn out to be unsound. Then in the last example of this chapter, finally
termination of our running example is proven. Thereby the power of our new narrow-
ing processor is demonstrated and it is explained why previous versions of the narrowing

processor [AGO0, [GTS054, [GTSF06] fail on this TRS.

Example 5.20. The narrowing processor has the restriction that either Q = @ or
NF(Q) C NF(R). This example illustrates that the processor is unsound without this
restriction. Let P = {F(g(x),a) — F(g(b),h(z))}, let R = {b — a,h(a) — a}, and let
Q = {g(a)}. We obtain an infinite chain for z = b as

F(g(b),a) —» F(g(b),h(b)) S F(g(b),h(a)) = F(g(b),a) = ...
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However, when applying the narrowing processor at the root position we obtain the new
pairs F(g(x),a) — F(g(a),h(x)) and F(g(a),a) — F(g(b),a). Then the second pair cannot
occur in any chain as its left-hand side is not in @-normal form. And from the first pair
one cannot build chains with more than one element: the right-hand side contains the
subterm g(a), which cannot be reduced by R and which is not in Q-normal form. Thus,
the right-hand side can never be reduced to a Q-normal form.

This shows that even in the case where all rules and pairs are linear and where we do
not make use of the new feature to choose a position p we cannot allow arbitrary sets Q.

Example 5.21. A severe restriction in the narrowing processor is the linearity of ¢ in
the case NF(Q) € NF(R). One obvious question is whether it is possible to just require
linearity of the subterm ¢|,. Unfortunately, the following example demonstrates that this
relaxation of the requirements is unsound. Let P = {F(a,b,z) — F(g(x),z,z) = t}, let
R ={b—a,g(a) — a}, and let @ = @. We obtain an infinite chain for z = b as

F(a,b,b) —p F(g(b),b,b) %, F(g(a),b,b) S F(a,b,b) —p ...

When choosing p = 1 then all requirements but the linearity of ¢ are satisfied. However,
the subterm ¢|; = g(z) is linear. By narrowing the only pair in P we only obtain one new
pair F(a,b,a) — F(a, a,a) and the resulting DP problem is clearly finite. Hence, linearity
must be required for the whole right-hand side ¢.

Example 5.22. We recapitulate some pairs and rules

QUOT(x,y, z) — IF(ge(0,y), ge(x, y), minus(z,y), y, plus(z,s(0)))

3

IF(ff, tt, 2,1, 2) — IF2(tt, z,y, 2) (91)
IF2(tt, x,y, 2) — QUOT(x Y, 2) (185
p(s(x)) — (1)

p(0) — ( )
minus(s(z),s(y)) — mlnus(:c Y) (67)
minus(0, x) —
minus(z,0) —
minus(z, x) —
ge(s(x), (y)) — ge(m ) [
ge(0,s(z)) — ff (72)
ge(x,0) — tt (73)

and continue to prove termination of Example [5.11 where we still have to solve the DP
problem Dy; = ({(83), (91)), (85)}. @, {(61) — (73) }, m). Note that without the conditions
y > 0 and z > y the DP problem would not be finite. The reason is that then x —y is not
necessarily smaller than x: if y =0 then x —y =2 — 0 = x and if z < y is allowed then
for x = 0 we obtain x —y =0 —y = 0 = . This is the reason why negative polynomial
orders fail on this DP problem. They must prove & > minus(z, y) for all natural numbers
x and y, and they cannot integrate the conditions on x and y.

We transform the pair by the narrowing processor at position 1. Hence, we first
use the fact that y > 0 must hold, and obtain the following new pairs.

QUOT (x,s(y), z) — IF(ff, ge(z,s(y)), minus(z,s(y)),s(y), plus(z,s(0))) (96)
QUOT(x, 0, z) — IF(tt, ge(x,0), minus(x,0), 0, plus(z,s(0))) (97)
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By the processors based on the dependency graph the second new pair can be deleted
and the DP problem ({(96)), (91)), (85}, Q. {(61) — (73) }, m) remains to be solved. Now we
have integrated the knowledge that the second argument of QUOT is larger than 0. Note
that here we needed the new improvement of positional narrowing. With the narrowing
processor of [AGO0, [GTS05a, [GTSF0O6] we would have to build all narrowings of
which results in the following additional pairs.

QUOT(s(x),s(y), z) — IF(ge(0,5(y)), ge(x, y), minus(s(x), s(y)), s(y), plus(z,s(0)))
QUOT(0,s(y), z) — IF(ge(0,s(y)), ff, minus(0,s(y)),s(y), plus(z,s(0)))
QUOT(z,0, z) — IF(ge(0,0), tt, minus(z, 0), 0, plus(z,s(0)))
QUOT(s(x),s(y), 2) — IF(ge(0,y), ge(s(x), s(y)), minus(z, y),s(y), plus(z,s(0)))
QUOT(0,y, 2) — IF(ge(0,9), e(0,4),0,y, plus(z,5(0)))
QUOT(z,0, z) — IF(ge(0,0), ge(x,0), z, 0, plus(z,s(0)))
QUOT(z, z, z) — IF(ge(0, x), ge(x, x), 0, z, plus(z,s(0)))
QUOT(z,y,s(2)) — IF(ge(0,y), ge(x, y), minus(z,y), y, plusl(s(z),s(0)))

Thus, we see that positional narrowing produces far less new pairs than non-positional
narrowing. That this is sometimes crucial can be demonstrated with the last pair. It
does not reveal any information about x and y which is required to finally solve the DP
problem. And this information cannot be gained by a repeated application of the (non-
positional) narrowing processor. The reason is that essentially, by narrowing we evaluate
the accumulator more and more, which is not connected to the variables x and y that are
used in the test.

QUOT (z,y,s(z)) — IF(ge(0,y), ge(z,y), minus(z,y), y, plusl(s(z),s(0)))
2 QUOT(z,y,5(2)) — IF(ge(0,y), ge(x, y), minus(z, y), y, plus2(p(s(2)),s(s(0))))
~n QUOT(7,y,s(2)) — IF(ge(0,y), ge(w,y), minus(z, y), y, plus2(z,s(s(0))))
s QUOT(z,y,s(2)) — IF(ge(0,y), ge(x, y), minus(z, y), y, plus(z,s(s(0))))
% QUOT(x,y,s(s(2))) — IF(ge(0,y), ge(z,y), minus(x, y), y, plus(z,s(s(s(0)))))

We continue to prove termination with positional narrowing. As stated above, we must
also use the condition = > s(y) to prohibit situations where x may be instantiated by 0.
Therefore, we narrow the new pair (96), but this time at position 2. Note that without
the application of the forward instantiation processor in Example the narrowing pro-
cessor would not be applicable, as the subterm ge(z,s(y)) of unifies with the variable
argument b of the left-hand side of and the mgu instantiates both left-hand sides of
and to Q-normal forms. But by the forward instantiation processor the variable
b was instantiated by tt, which does not unify with ge(x,s(y)) any more.

We obtain the following new pairs.

QUOT (s(x),s(y), z) — IF(ff, ge(z, y), minus(s(x),s(y)), s(y), plus(z,s(0))) (98)
QUOT(0,s(y), z) — IF(ff, ff, minus(0,s(y)), s(y), plus(z,s(0))) (99)

As before by the dependency graph processors one can delete the second new pair and sim-

plify the resulting DP problem to ({(98)), (91)), (873}, Q, {(61) — (73) }, m). This remaining
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DP problem can now be solved by the reduction pair processor of Theorem E27P° using
the negative polynomial order Pol with Pol(QUOT(x,y,2)) = Pol(IF(by,bs, 2.y, 2)) =
Pol(IF2(b, z,y, 2)) = x, Pol(0) = 0, Pol(s(x)) = z+1, and Pol(minus(z,y)) = max(0, x —
y). For this polynomial order — which corresponds to an argument filter 7 with 7(IF) =3
and 7(QUOT) = 1 — only the four minus-rules are usable. Note however that the automa-
tion of negative polynomial orders in [HMOT] is not able to handle this DP problem due
to the constraint of rule . But even the embedding order would satisfy all constraints
if one would rewrite the subterm minus(s(z),s(y)) to minus(z,y) in pair (98). Unfortu-
nately, the rewriting processor of Theorem [5.10] is not applicable if one uses Lemma [5.7]
as confluence criterion: the usable rules and have the non-trivial critical pair
(0, minus(zx, z)).

This is in contrast to the narrowing processor, which can narrow at position 3
since the corresponding subterm minus(s(x),s(y)) is not in Q-normal form. We obtain the
following two new pairs.

QUOT (s(x),s(y), z) — IF(ff,ge(z, y), minus(x,y),s(y), plus(z,s(0))) (100)
QUOT(s(x),s(x), z) — IF(ff, ge(x, z),0,s(x), plus(z,s(0))) (101)

This time one cannot delete any new pair by the dependency graph processors. Hence, the
resulting DP problem is ({({100), (101]), (91)), (85) }, @, {(61) — (73) }, m). But one can delete
(100) and (101]) by the reduction pair processor of Theorem .27 To this end we use the
polynomial order with Pol(minus(z,y)) = Pol(QUOT(x,y, 2)) = Pol(IF(by,bs, z,y, 2)) =
Pol(IF2(b, x,y, z)) = z, Pol(0) = 0, and Pol(s(z)) = x + 1. The remaining DP problem
can then be solved by the processors based on the dependency graph. Thus, to prove
termination of the TRS in Example [5.1] (which is not C.-terminating) we only needed the
transformations of this chapter and some simple linear polynomial orders for the reduction
pair processors of the previous chapter.

Summary of Chapter 5

In this chapter we have seen four processors which can transform the pairs of DP problems.
These are often crucial for a successful termination proof, especially if tests and selectors
are used in a DP problem instead of pattern matching.

Note that there is a problem when automating these processors. Although each trans-
formation can easily be automated, it is unclear how often one should apply these pro-
cessors, as each one can be applied infinitely many times. To solve this problem, we have
published a successful heuristic in [GTSE06, Definition 33].

One of our contributions in this chapter is the development of the new forward instan-
tiation processor which is published in [GTSF06]. But even for the narrowing, rewriting,
and instantiation transformations — which have been presented in [AGO0, [GAQO1] — we have
provided substantial improvements. All of them are now applicable at any time during a
termination proof, we have generalized them to Q-restricted rewriting, one can use them
with arbitrary estimations of usable rules and of Cap, the requirements to apply the pro-
cessors have been relaxed, and for narrowing we get less new pairs due to our integration

25The other reduction pair processors of Section 4| are not applicable. Theorem is not applicable as
the given polynomial order is not C.-compatible and Theorem [£.2] cannot handle the constraints of

the rules and .
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of a position. Note that some of these contributions have already been published by us
in [GTS05al (GTSF06].

Related work can also be found in [Zan05al]. There it is allowed to rewrite right-hand
sides on the level of TRSs in a similar way to our rewriting processor. Both techniques
require that there is no critical pair between the rule ¢/ — r that is used for rewriting
and the other rules. However, there are some important differences. Our requirement of
confluence of the usable rules is replaced by confluence of the TRS that consists only of
the rule £ — r. And even more important, the rewriting technique in [Zan05a] can be
applied for full rewriting. But in [Zan05a] there are the additional requirements of left-
linearity and non-erasingness, i.e., V(¢) = V(r). Whereas left-linearity is often satisfied,
non-erasingness is a real restriction, e.g., one cannot rewrite with selectors of the form
head(cons(z,zs)) — x. We strongly conjecture that one can allow erasing rules when
lifting the technique of [Zan05a] to the DP framework, making it an interesting future
work.
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In this chapter we will present a method for termination analysis of untyped higher-order
functions which do not use M-abstraction.?® Due to the absence of A, such functions can
be represented in curried form as applicative first-order TRSs (cf. e.g., [KKSV96]). A
signature F is applicative if it only contains constants and a binary symbol ' for function
application. Moreover, any TRS or DP problem over F is called applicative. So instead
of the higher-order rule

map(c, cons(z, xs)) — cons(a(z), map(«, zs))
we use the first-order rule
"("(map, a), "("(cons, z),zs)) = '('(cons, "(a, x)), (' (map, ), xs))

where there is no variable-application «(z) any more. To ease readability, we use " as an
infix-symbol and we let ’ associate to the left. Then this rule can be written as

map’a’(cons'z'zs) — cons’(a’x)’' (map’a’xs)

This is very similar to the usual notation of higher-order functions where application is
just denoted by juxtaposition, i.e., here one would write

map « (cons x xs) — cons (o ) (map a xs)

Example 6.1. As running example of this chapter we take the following TRS which
computes the well-known map-function that takes a function and a list as input and applies
the function on each element of the list. Moreover, we also add first-order functions for
subtraction and division in applicative form. Note that a direct termination proof with
simplification orders is impossible.

102
103
1
10
106
107

map’a’nil — nil

map’a’(cons’z'zs) — cons’(a’x)'(map’a’xs)

(a)
IS
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minus’z’'0 — x

ot

minus’(s'z)’(s'y) — minus’x 'y
div'0’(s’y) — 0
div'(s'z)'(s'y) — s'(div’'(minus’'z'y) " (s"y))

(
(
(
(
(
(

261f )\ does not occur in left-hand sides then one can always eliminate A by introducing corresponding
named functions. For example, instead of using the rule

faoas— map (A\y.y+x*xy) s
one can add an additional function g and then use the following two rules.

fxxzs— map(ga)xs

Ery 2 ytr*y
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In this TRS the only defined function symbol is ’ while all remaining function symbols
are constructors. Therefore, we obtain the following set of dependency pairs. Here,  is
the tuple-symbol of / and we use * as an infix-symbol, too.

map’a ¥ (cons’z'xs) — cons’(a’x)* (map’a’xs) (108)
map’a? (cons’z'zs) — cons* (a'x) (109)
map’a’ (cons’z'zs) — afx (110)
map’a? (cons’z'zs) — map aﬁxs (111)
minus’(s'z)* (s'y) — minus'zfy (112)
minus’(s'z)*(s'y) — minus® (113)
div/(s’z)* (s’y) — s* (div/(minus’z"y)’(s"y)) (114)
div/(s'z)* (s'y) — div/(minus’zy) * (s'y) (115)
div/(s'z)* (s'y) — div? (mmus z'y) (116)
div'(s'z)® (s'y) — minus’z*y (117)
div/(s'z)* (s'y) — minus®x (118)

Since R falls in a class of TRSs where innermost termination is equivalent to ter-
mination we choose @ = lhs(R). As usual we first transform the initial DP problem
(DP(R), Q,R,m) by the dependency graph processors of Theorems and . We use
the graph estimation of Definition [3.9] together with the estimated Cap-function ICap.
This results in three new DP problems corresponding to the three different functions map,
minus, and div: ({(110), (111)}, Q, R, m), ({(112)}, Q,R,m), and ({(115)}, Q, R, m)
This corresponds to the real dependency graph

Note that here we really need the estimated Cap-function ICap which is based on
unification. With previous dependency graph estimations which are based on the Cap-
function of [AGO0] that just looks at the root symbols we obtain a different result.
In that case the estimation cannot delete any edge between two dependency pairs of
{(108)), (110, (111]), (112), (115)), (117)}. Thus, instead of a clear separation one would
have to prove termination of all functions together. Note that this is not possible using
all processors of Chapters [3| and |4] if one uses quasi-simplification orders. (Of course, we
exclude the processor to estimate the dependency graph with ICap.) Moreover, even the
processors of this chapters will not be successful.

The problem is that if an estimated Cap-function EFCap only looks at the root symbols
then it must replace every term ¢, 't, by a fresh variable. But as nearly every term is built

by ’ this obviously is a coarse estimation. Consider the right-hand side of (108 - Then

EC’ap{map ¥ (cons'z ") (cons’(a’z) ¥ (map’a’zs)) = y!z since the subterms cons’(a’z)

and map’a’zs have the defined symbol / as root. And as the term y* z unifies with the
left-hand sides of every dependency pair, there are connections from ({108)) to every other

dependency pair if one uses ECap.

!
In contrast, ]Cap{map o (cons’a m)}(cons’(a’x) ®(map’a’rs)) = cons’y* z. The reason

is that both the terms o’z and map’a/’xs unify with left-hand sides of R and therefore are
replaced by fresh variables. However, the term cons’y does not unify with any left-hand
side of R and thus, is not replaced by a fresh variable. And since cons’y ! z does not unify
with any left-hand side of DP(R), the dependency pair has no outgoing edge to
another dependency pair.
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As we are in the innermost case we can often simplify the remaining DP problems by
the usable rules processor of Theorem [3.251 Here, we obtain a similar result as for the
dependency graph estimation. For each of the three DP problems all rules of R are usable
if one uses the estimation of [AG00]. Again the reason is that in [AG00] only the root
symbols were analyzed. In that case if a right-hand side contains the application symbol
" then all "-rules are usable. As every rule of R has as root the application symbol these
are all rules.

But if we use the improved usable rules estimation Z{f of Definition 3.26l with ICap then
we obtain the real usable rules for all three DP problems: ZU (({([110), (I11)}, Q,R)) =
TU(({(D)}. Q. R)) = 2 and TU(({ [T}, Q. R)) = { [[09). (103)}.

Two of the resulting DP problems can be solved by any reduction pair processor of Sec-
tion [4] For Do = ({(110), (111)}, Q, 2, m) and ({(112)}, Q, @, m) it suffices to use the
embedding order and no argument filter to delete all pairs , , and . How-
ever, the remaining DP problem D3 = ({(115)}, Q, {(104), (105) }, m) cannot be solved

by any reduction pair processor when using a quasi-simplification order. Since it does not
contain a map-rule any more, one would like to change it back to conventional functional
form. Then it could be replaced by the DP problem Dy, = (P’, Q,R/,m) with P’ =
{DIV(s(x),s(y)) — DIV(minus(z,y),s(y))}, the set Q" = {map(a, nil), map(«, cons(x, xs)),
minus(x,0), minus(s(x),s(y)), div(0,s(y)), div(s(x),s(y))}, and the TRS R’ = {minus(z, 0)
— x, minus(s(z),s(y)) — minus(x,y)}. This DP problem is then easy to solve: for ex-
ample, the constraints of any reduction pair processor of Section [4| are satisfied by the
polynomial order which maps s(z) to x 4+ 1, minus(z,y) to z, and every other symbol to
the sum of its arguments. Thus, termination could immediately be proved automatically.

This chapter is organized as follows. In Section it is shown how to transform DP
problems like Di3 into Dy4. Thereby, we extend the work of [KKSV96] in two ways.
Whereas in [KKSV96] it is shown that one can do this transformation on the level of
TRSs, we perform it on DP problems. And moreover, in [KKSV96] only full rewriting
is considered whereas we consider Q-restricted rewriting. Our results also extends the
work of [GTS05b], since there, only full- and innermost rewriting are considered, and
moreover, minimality is not investigated. Here, we will provide a new example to prove
that even for full termination minimality cannot be preserved. To overcome this problem,
in Section we combine the transformation from applicative to functional form with
the reduction pair processors which are based on needed rules. In that way, minimality
can be preserved. Finally, needed rules w.r.t. argument filters are integrated in Section
6.3

6.1. From Applicative to Functional Form

Some applicative DP problems can be transformed (back) to ordinary functional form.
In particular, this holds for problems resulting from first-order functions (encoded by
currying). This transformation is advantageous: e.g., the reduction pair processors in
Chapter 4| are significantly more powerful for DP problems in functional form, since
standard reduction orders focus on the root symbol when comparing terms.

Now we characterize those applicative TRSs which correspond to first-order functions
and can be translated into functional form. In these TRSs, for any function symbol f
there is a number n (called its applicative arity or just a-arity) such that f only occurs
in terms of the form f’¢;’...’t,. So there are no applications with too few or too many
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arguments. Moreover, there are no terms x't where the first argument of ’ is a variable.
Definition [6.2] extends this idea from TRSs to DP problems.

As we have seen in Example[6.1, in DP problems there is not just one application
symbol, but usually there are two application symbols ' and ¥, and the remaining symbols
are constants. We generalize from two application symbols to a set of function symbols.

For the remainder of this chapter we fix the applicative signature to F U F’' where
F only contains constants and F’ consists of binary function symbols. Elements of F
are usually denoted with f,g,... and elements of 7' are “*,"2,... and are always used
in infix-notation. We also fix a function a-ar : F — IN which specifies the applicative
arities for the symbols in F. Additionally we introduce the functional signature Fp,,. =
{frr_w | f € F,a-ar(f) = n} where each f:, -, has arity n. To increase readability in
examples we often identify f,.., with f and f,..,4 with F.

Definition 6.2 (Proper). Let (P,Q, R, f) be an applicative DP problem. A term t is
proper iff t €V ort = fh1t,"2 ... ", where in the latter case, a-ar(f) =n and all t; are
proper. Moreover, a DP problem (P, Q, R, f) is proper iff all terms in P, Q, and R are
proper.

The remaining DP problem D;3 of Example for div is proper. Here, minus, div, cons,
and map have a-arity 2, s has a-arity 1, and 0 and nil have a-arity 0. But the problem
D15 for map is not proper as contains the subterm afxz with o € V. Note that
D13 would not be proper if Q were a set of rules, since then ©Q would still contain the
recursive, non-proper map-rule. Hence, here we benefit from Q being a set of terms.

The following transformation translates proper terms from applicative to functional
form. To this end, f71¢;%2... "¢, is replaced by fr,_2,(...), where a-ar(f) = n and fo, -,
is a function symbol of the functional signature Fpyn.. In this way, D3 is transformed
into D14 in Example [6.1

Definition 6.3 (A-Transformation). A maps every proper term of T(F U F',V) to a
term of T(Frune, V):

o Alx) ==z forallz €V
o A(fhty™2..."t,) = fr 2 (A1), ..., A(t,)) for all f € F

A is lifted to sets of terms, rules, TRSs, pair-graphs, and substitutions by applying A
component-wise.

In the following, we say that a substitution o is proper if o(z) is proper for all x € V.
Moreover, let Tpoper be the set of proper terms from 7 (F U F',V) and let Trune =
T (Frune, V).

Lemma 6.4 (Properties of A). Let (P,Q, R, f) be a proper DP problem and let A™" be
the inverse mapping to A. For all t of Tproper, all w,v of Trune, all proper substitutions
0V = Tproper, and all substitutions 6 : V — Trune, the following properties are valid.

(i) A(to) = A(t)A(o) and A (ud) = A~ (u)A1(0)
(i1) Ift = s then s € Tyroper
(iii) t € NF(Q) iff A(t) € NF(A(Q))

(iv) t Sm s implies A(t) "3 A(s), and u “S\™ v implies A~ (u) Sm A~ (v)

A(R) A(R)
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Our aim is to prove soundness of the processor which replaces proper DP problems
(P,Q,R, f) by (A(P), A(Q), A(R), f). To this end, one can show that every (P, Q, R, f)-
chain results in an (A(P), A(Q), A(R), f)-chain, ie., that t;c 3% s;,10 implies that
there is a reduction A(t;)o’ A(—Q>A’("R) A(siy1)0" for some substitution ¢’. The problem is
that although all terms in P, Q, and R are proper, the substitution ¢ may introduce
non-proper terms. For that reason we cannot directly use Lemma [6.4]

However, we now show that if NF(Q) C NF(R) then every (P, Q, R)-chain which uses
a substitution ¢ can also be obtained by using a substitution with proper terms. To this
end, we introduce another transformation ) from arbitrary to proper terms which simply
replaces non-proper subterms ¢ by a fresh variable 1;, and then we replace o by V(o).

Unfortunately ¢ %, s does not imply Y(t) S V(s) in general. The problem is that
improper terms can be rewritten to proper ones. Consider ¢ = minus’s’0’xz. While
t %R s’z using the rule (104)), the term Y(t) = Lminus’s0’z i a normal form and cannot
be reduced to Y(s) = s’z. Hence, if the substitution can contain R-redexes, i.e., if
NF(Q) € NF(R) then Y cannot be successfully used. However, in the other case t 3, s
indeed implies V() %R Y(s), provided that ¢ has the form go for a proper term ¢ and a
O-normal substitution o.

Later in Definition [6.10] we will also see another transformation Z which can be used
for arbitrary sets @ but which has other drawbacks compared to ).

Definition 6.5 (Y-Transformation). ) is the transformation from T(FUF',V) to T (FU
F VWV, where V' = {1, |t € T(FUF,V)} are fresh variables.

e V() ==, forallz €V
o V(fht 2. M) = fAY ()2 Y(t,), for all f € F with a-ar(f) =n
o V(t) = Ly, for all othert € T(FUF',V)
Moreover, for any substitution o, V(o) is the substitution with Y(o)(x) = V(o (z)).

Lemma 6.6 (Properties of V). Let (P, Q, R, f) be a proper DP problem, let t and s be
from T(FUF V), leto:V = T(FUF.,V), andlet p:V — T(FUF , VW V).

(i) Y(t) is proper
(i) If t is proper then Y(to) = tY(o).
(111) If t is in Q-normal form then Y(t) is in Q-normal form.

(iv) If o is Q-normal, t is proper, and NF(Q) C NF(R) thento 31 s implies Y(to) Sm
V(s).

(v) If o is Q-normal and Y(to) is in Q-normal form then to is in Q-normal form.

(vi) If o is Q-normal and t is proper then termination of to w.r.t. %R implies termina-
tion of Y(to) w.r.t. S5.%7

2"Note that ) does not preserve termination w.r.t. %R for arbitrary terms ¢. Consider the TRS R =
{f'(g'z'y) = f'(g’x'y),g’x’x — a,b = a,c — a} and Q = lhs(R). Then t = f'(g’(z'b)’(z'¢))
is terminating w.r.t. =5: the only possible reduction is ¢ %% f'(g’'(z’'a) ’(x’aé) %R f’a which is a
normal form w.r.t. %R On the other hand Y(¢) =f'(g' Ly7a’ Larb) %R V(i) Sg ...
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Figure 6.7.: Transformation of chains

Combining Lemmas and allows us to transform each (P, Q,R)-chain into an
(A(P), A(Q), A(R))-chain as depicted in Figure[6.7 The first row is the original chain
where ¢ may contain improper terms. Then applying ) yields the second row, where still
all reductions are possible due to Lemma [6.6] . Afterwards we can extract the terms s;
and t; by Lemma [6.6] which results in the third row. Hence, we have now obtained a
chain where the substitution contains only proper terms due to Lemma . Therefore,
it is now possible to apply the A-transformation where by Lemma the reductions
can by done by A(—Q&TR). By Lemma we finally get our desired chain in the fifth row:
By using the remaining properties of Lemmas and [6.6] one can show the two desired
properties that minimality is preserved and that each term A(s;).A() (o)) is in normal
form w.r.t. A(Q).

Hence, we can formulate the desired processor which transforms proper applicative DP
problems into functional form whenever NF(Q) C NF(R).

Theorem 6.8 (A-Transformation Processor). The following processor Proc is sound and
complete. For any DP problem (P, Q,R, ), let Proc return

o {(A(P),A(Q),AR), )} if (P,Q, R, f) is proper and NF(Q) C NF(R)
e {(P,O,R,[)} otherwise.
We demonstrate the use of the new theorem in the running example of this chapter.

Example 6.9. We continue in the termination proof of Example with its remaining
DP problem Dys = ({(115)}, , {(104), (105)}, m).
div/(s'z)* (s'y) — div/(minus’zy) * (s'y)
minus’z'0 — x

—
—_
=

=
e}
L

10

£eL

minus’(s’z)’(s'y) — minus’'x 'y

The result of the A-transformation processor of Theorem [6.8] is the DP problem Dy,

{9}, A(Q), {[20), (21)}, m).

DIV(s(x),s(y)) — DIV(minus(z,y),s(y)) (119)
minus(z,0) — x (120)
minus(s(z),s(y)) — minus(z,y) (121)

Now, D14 can be solved using a reduction pair processor with the embedding order and a
suitable argument filter.
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The problem of Theorem [6.8is its restricted applicability. We would also like to have a
corresponding theorem without the restriction NF(Q) C NF(R). As argued before, the
transformation ) cannot be used in the general case.

However, we now present a transformation Z such that instead of o one can use the
proper substitution Z(o) to build a chain. Here, Z transforms arbitrary terms ¢ and s
into proper ones such that ¢ 2% s implies Z(t) =% Z(s). Z replaces terms where a
variable is on the first argument of a binary symbol * or where a function symbol f has
too few arguments by a fresh variable L. If f is applied to more arguments than its a-arity
n, the first n arguments are modified by applying them to the arguments on positions
n+1,n+2,.... Afterwards, the arguments on the positions n 4+ 1,n + 2, ... are deleted.

As an example, regard the non-proper term ¢t = minus’s’0’x where the symbol minus
with a-arity 2 is applied to 3 arguments. Z removes the argument x and modifies the
arguments s and 0 by applying them to x. So ¢ is replaced by minus’(s’z)’(0’z). Now Z
is called recursively on the subterms and therefore, the argument x of the symbol 0 with
a-arity 0 is removed. Hence, Z(t) = minus’(s’x)’0. Note that for the original non-proper
term ¢, we have t — s’z by the collapsing minus-rule . Similarly, we now also have
Z(t) »r Z(s'x) =s'x.

Definition 6.10 (Z-Transformation). Z is the following transformation from terms of
T(FUF,V) to T(FUF ,VW{L}), where L is a fresh variable. Here, x €V and f € F
with a-ar(f) =n.

e Z(x)==x

o Z(fhty"2.. "k y) =
JOZ( 2T ) 2 T Z (T g T TR ) if k>

e Z(t)= L, for all othert € T(FUF',V)
Moreover, for any substitution o, Z(o) is the substitution with Z(o)(x) = Z(o(x)).

That ) cannot be used in the general case was already illustrated in the paragraph
before Definition [6.5] However, we cannot use Z to get the results of Theorem [6.8 either,
as Z preserves neither the strategy nor the termination behavior as ) does. Consider
for example Q = lhs(R) together with the TRS R with the rules f'(g’z'y’2) — 2z and
g'x'x'y — 0. We obtain t %R 0 for the non-proper term ¢ = f’(g’(0'z)’(0'y)’0),
whereas Z(t) = f’(g’0’0’0) only reduces to f’0. So the problem is that Z can make
different subterms equal by eliminating “superfluous” arguments. A similar example can
be given to show that termination is not preserved. So we really need both transformations
Y and Z.

The following lemma states the desired properties of Z formally.

Lemma 6.11 (Properties of Z). Let (P, Q,R, f) be a proper DP problem, let t and s be
from T(FUF.,V), and let 0 :V — T(FUF V).

(i) Z(t) is proper

(ii) If t is proper then Z(to »1t, 'n+2 ... "t}) = tZ(7). Here, T is substitution defined
by 7(z) = o(x)n+it, T2 Tk ey

(11i) t —% s implies Z(t) =% Z(s)
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Now we can formulate a second processor to transform applicative DP problems using
the A-transformation where the idea is to transform chains in the same way as before.
One just has to exchange ) by Z in Figure [6.7] and additionally one has to drop Q from
the second row onwards.

Theorem 6.12 (A-Transformation Processor). The following processor Proc is sound.
For a DP problem (P,Q,R, f), Proc returns

e {(A(P),2,A(R),a)}, if (P,Q, R, [) is applicative and P UR is proper
e {(P,O,R,[)}, otherwise.
If Q = & then Proc is even complete.

With the new processors of Theorems [6.8 and and our new improved estimation
of dependency graphs (Definition 3.9 using Definition B.11] as estimated Cap-function),
it does not matter any more for an (innermost) termination proof whether first-order
functions are represented in applicative or in ordinary functional form. The reason is
that if they are represented by applicative rules, then all dependency pairs with non-
proper right-hand sides are not in SCCs of the estimated dependency graph. Hence, after
applying the dependency graph processors, all remaining DP problems are proper and
can be transformed into functional form by Theorems [6.§ or [6.12]

Moreover, in this way one can also prove that R is (innermost) terminating iff A(R)
is (innermost) terminating, provided that R is proper. For termination this was already
shown in [KKSV96], but it is a new result for innermost termination.

Nevertheless, there are some problems with Theorem [6.12] since the processor preserves
neither the strategy nor minimality. That this cannot be achieved without requiring
NF(Q) C NF(R) as in Theorem [6.§ is illustrated in the following examples.

Example 6.13. We first show that the strategy cannot be preserved if we are not in the
innermost case. Let P consist of the pair

f'(g'z) (h'y)Pz = f2/2% 2 (122)

let R consist of the two rules
c'z'y > x (123)
v’y =y (124)

and let @ = {c'(g’x)'y,c’z'(g'y)}. Then one can build the following infinite minimal
(P, Q, R)-chain.

Note that to build this chain we used the non-proper subterm c’g’h’z which can be
reduced to the two proper terms g’z and h'z.
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However, for the A-transformed problem with the following pairs and rules

F(g(x),h(y), z) = F(z, z, 2) (125)
c(z,y) > (126)
c(z,y) =y (127)

and the set A(Q) = {c(g(z),y), c(x,g(y))} there is no infinite chain any more. This can be
seen as follows: obviously the variable z of pair (125) must be instantiated by ¢ such that
zo is reducible to both g(z)o and h(z)o. But then zo must contain a subterm c(g(t1), t2)
or c(t3,g(ts)). In both cases zo is not in A(Q)-normal form. Hence, the instantiated
left-hand side of is not in A4(Q)-normal form which proves that there is no infinite
chain.

In Example we have seen that the strategy cannot be preserved in the processor of
Theorem [6.121 The next example demonstrates that this applies for minimality as well,
even if Q is the empty set.

Example 6.14. We extend the TRS R of Example by the following rules.

"(g'z)'y —c'(g'n)"y (128)
x'(g'y) — c'z'(g'y) (129)

Now consider the DP problem ({(122)}, @, {(126), (127), (128), (129)}, f). We obtain
exactly the same infinite chain as in Example [6.13| which is again minimal. However, with
the same argument as before any infinite chain in the A-transformed DP problem must
instantiate z by a term that contains c(g(t1),t2) or c(t3,g(ts4)) as a subterm. But then

the resulting chain cannot be minimal due to the A-transformed rules (128]) and ((129)).

Notice that the two A-transformation processors of Theorems [6.§ and do not sub-
sume each other, even in the case that NF(Q) C NF(R). The reason is that Theorem [6.12]
does not require that Q is proper. Nevertheless, losing minimality is a severe problem as
many of the powerful processors of Chapter 4| require minimality. However, the situation
is quite similar to the one where one applies the needed rules processor of Theorem 412k
using Theorem [6.12] directly destroys strategy and minimality. A better way would be to
combine it with the reduction pair processor in a similar way to that of Theorem I8l
Then one preserves minimality but only has to search for orders that orient the constraints
arising of the A-transformed rules and pairs. This approach and the adaptation of other
processors of Sections [4.2] and are investigated in the following section.

6.2. Needed Rules for Applicative DP Problems

The main problem of the processors of the previous section is that they do not work well
if we are not in the innermost case. First, as the usable rules are often the whole TRS one
cannot easily delete the improper rules and thus, the A-transformation cannot be applied
as all rules must be proper. And second, even if A is applicable then we lose minimality
which is required for most of the powerful processors of Chapter [
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To solve the first problem one can apply the needed rules processor of Theorem .12
to delete improper unneeded rules, but with the disadvantage that minimality is lost.?®
Alternatively, one can try to use the needed rules processor of Theorem .20, but this
processor often is not applicable as one has to find reduction pairs over the applicative
signature. And even after its successful application one still would lose minimality by the
A-transformation of Theorem [6.12]

To this end, we will adapt the transformation Z to a similar transformation Z' which
combines Z with A. For this transformation it is only required that P and the needed
rules are proper, and the unneeded rules may contain arbitrary improper terms. Then
we can formulate new processors which can delete all strictly decreasing pairs, strictly
decreasing rules, and unneeded rules, if the A-transformed constraints can be solved.
Moreover, we present a new processor which can apply the A-transformation and loses
neither minimality nor the strategy.

The main idea of the transformation Z’ is similar to the idea of Z. If we are not sure
that only needed rules can be applied on a term ¢ then we use a fresh binary symbol ¢
to store all possible results of reducing ¢ into a set which is encoded by c. Then using C.
we can access each of this reducts of . However, the main difference to Z is that we are
only interested in reductions leading to proper terms and that then we directly store the
A-transformed terms in the set.

In the details of Z' we see two more differences to Z. First there is an additional forth
case. This case is needed to handle improper terms. And second, one has to deal with
possible reductions of a term f*1¢,°2...7+t, where f has a-arity n and where the redex is
fht "2 it for i < n.

Definition 6.15 (Z'). Let N = N (P, Q,R) be the set of needed rules of the given DP
problem, and let uy — vy, us — vo, ... be an infinite minimal (P, Q, R)-chain. Let ECap
be the estimated Cap-function that is used to define the needed rules. Let P UN be
proper. W.l.o.g. we assume that o is the substitution used for instantiating every u; — v;.
Moreover, whenever in the reduction of v;o a rule {; — r; € R is applied, then by renaming
the vartables in the rule we again assume that the rule is instantiated by o in that rewrite
step. Let Squ contain all u; and all direct subterms of each {;. Let c be the new constant
and let L be the new variable which are introduced by Comp. We define the mapping '
from terms that terminate w.r.t. S5 to functional terms of T(Fpune ® {c}, VW {L}) as
follows.

e 7'(x) = x for every variable x

o T'(fty"2... ") = fo_o(T'(th),..., T'(tn)), if a-ar(f) = n and if there is no rule
{—reR\N and no 0 <i <n such that C’ap;";‘j”gg(f?ltl?2 ot )t Cap%”gg(ti)
unifies with ¢ by some mgu p where (SguoU{ly,..., 0. })u € NF(Q). Here, {q,... ¥
are the direct subterms of £.

o T'(fty2 . tnty) = c(for o (T'(th),...,Z'(t,)), Comp(Red (t))), if the former case
is not applicable, and if a-ar(f) = n.

o 7'(t) = c(L, Comp(Red'(t))), otherwise.

28 If we naively use the needed rules processor of Theorem [£.12] then afterwards the A-transformation
is still not applicable as the resulting DP problem is never proper. The reason is that C. consists of
improper rules. However, one can easily adapt Theorem .12l where one replaces C. by A71(C.). And if
improper terms only occurred in the unneeded rules then one could indeed apply the A-transformation
afterwards. Nevertheless, minimality is lost which is not the case in the upcoming results.
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As usual, Red'(t) = {T'(s) | t Sx s}, and T' is extended to substitutions.

We obtain similar properties as in Lemma .11l The only main difference is that one has
to demand that certain terms are proper and the resulting reductions are not w.r.t. —=aruc. ,
but w.r.t. = 4v)uc. -

Lemma 6.16 (Properties of Z'). Let P, Q, R, N,u; — v1,ug, — va,...,Say,0 be as in
Definition[6.15. Let t be terminating w.r.t. .

(i) If NR o(t) CN, 8 C Sau, and t is proper then I'(to) = A(t)T'(0).
(ii) If t is proper then I'(to) —¢. A(t)I'(0).
(iii) If t S5 s, and T'(t) is built by the third or forth case then T'(t) —¢ I'(s).

(iv) If t S5, s is a reduction at the root position and T'(t) is built by the second case
then Z'(t) —¢.—aw) L'(s).

(v) Ift S s then T'(t) _>j\(/\/)ucs Z'(s).

(vi) A(u; — v1), A(ug — v3),... is an (A(P), d, AN) UC.)-chain.

Now we can formulate the processor based on Z’. It encapsulates many processors of
Chapter [4] based on needed rules in one definition, and it combines them all with the A-
transformation. In all cases we only have to solve constraints over the functional signature
and it is only required that the needed rules are proper. We will discuss the relations
between these processors and the corresponding processors of Chapter [4| directly after the
theorem.

Theorem 6.17 (Processors Based on Needed Rules for Applicative DP Problems). Let
(zZ, =) be a reduction pair where 7= is C.-compatible. Let ECap be the estimated Cap-
function for the needed rules, let N = N(P,Q,R). Then the following processor Proc
is sound. For a DP problem (P,Q, R, f), Proc can return {(P,Q, R, f)} or one of the
following sets of DP problems.

(A) {(A(P), 2, AN)UC.,a)},
if PUN is proper and if f = m

(B) {(P,Q.N". )},
if PUN s proper, f =m, A(PUN)C =, N'=N\{{ -reN|Al) - A(r)},

— ~JJ

and if = is monotonic and C.-compatible

(C) {(A(P), A(Q), AN, )},
if PUNUQ is proper, f =m, APUN)C =, N'=N\{{ - re N | A{) - A(r)},

— ~J)

and if > is monotonic and C.-compatible

(D) {(P\{s =t eP[A(s) = A()}, Q, R, [)},
if PUN s proper, f =m, A(PUN) C =, and if A(P)N - # &

~)

The processor is complete in all cases but .
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Alternative (A]) clearly corresponds to the combination of applying first the needed rules
processor of Theorem [£.12]followed by an application of the A-transformation processor of
Theorem [6.12], cf. Footnote 28] This processor loses minimality and is incomplete, but on
the other hand it has very few requirements: it is not required to find a suitable reduction
pair directly. Hence, this processor should be used if one wants to apply other processors
that benefit from different root symbols afterwards. Examples include processors that are
based on semantic labeling, cf. Chapter [7}

However, if one can find a reduction pair satisfying the constraints then one should
not use alternative . If one uses monotonic reduction pairs that are C.-compatible
then with alternative (Bf) we get a similar processor to the needed rules processor of
Theorem [£.201 However, here we also integrated the effect of the rule removal processor
of Theorem [£.221 The reason is that in Chapter ] both theorems for the needed rules
processor and the rule removal processor can be applied in sequence without problems.
This is not the case in the applicative case. Even after one has removed all unneeded rules
(R \ N), one still remains with an applicative problem. Hence, one again wants to look
at the A-transformed constraints to remove rules, and this is what is done in alternative
(B)-

Note that in alternatives and there is no requirement that Q is proper. This
is different in alternative . If additionally Q is proper then one can return the A-
transformed DP problem of the result of alternative (B]).?° The requirement that Q must
be proper is essential, because otherwise it would be impossible to apply A on Q.

Finally, alternatives and require that the strict order is monotonic which for-
bids the use of argument filters. This is not the case in alternative @ which directly
corresponds to the reduction pair processor of Theorem [£.18

We illustrate the use of Theorem [6.17] in the following variant of our running example.

Example 6.18. Let R be the TRS of Example [6.1| where we added rules to get a random
number and where we modified the recursive minus-rule.

map’a’nil — nil (102)
map’a’(cons’z'zs) — cons’(a’x)’ (map’a’xs) (103))
random — 0 (130)

random — s’0 (131)

p'(s'z) > x (132)

minus’z'0 — x
minus’z’(s’y) — p'(minus’z’(p’(s'y))) (133)
div'0’(s'y) — 0 (106)
div'(s'z) ' (s"y) — s'(div'(minus’z"y) " (s"y)) (107)

Note that this TRS does not belong to a class where innermost termination implies ter-
mination due to the random-rules. Hence, using the processors of Chapters[3]and [4in com-
bination with standard orders, we remain with the two DP problems ({(134)}, &, R, m)

29For alternative it is not really required to integrate the effect of the rule removal processor as this
processor would be applicable afterwards. However, then would have less requirements than
but it would be able to delete more rules which looks counterintuitive. Therefore, also in it is
allowed to delete rules which are strictly decreasing.
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and ({(115)}, @, R, m) where both DP problems still contain the whole TRS R.

minus’z* (s'y) — minus’z* (p’(s'y)) (134)
div'(s’z)* (s'y) — div/(minus’z"y) * (s'y) (115])

Since R is not proper we cannot apply the A-transformation with the processors of
the previous section. However, the only needed rule of the further DP problem is (132).
Hence, by using alternative of Theorem [6.17] one can simplify this DP problem to
({MINUS(z,s(y)) — MINUS(z, p(s(v)))}, @, @, m) by a polynomial order which maps s(z)
to x + 1 and every other symbol to the sum of its arguments. This problem is then easy
to solve by the processors based on the dependency graph.

For the other remaining DP problem we can neither apply alternative ((C) nor alternative
(B]) if we use a quasi-simplification order due to the monotonicity requirements. But the
other two alternatives succeed. The set of needed rules is {(132)), (104), (133))} and for
example, we can choose the embedding order and the argument filter which only replaces
minus by its first argument to solve the constraints of alternative @

6.3. Argument Filters for Applicative DP Problems

What is missing in the previous section is a processor that corresponds to the reduction
pair processor based on argument filters and needed rules of Theorem [£.32] where one only
has to build constraints for the needed rules w.r.t. a given argument filter. It may be the
case that the needed rules still contain improper terms, but if one regards the argument
filter then all these improper rules are not needed any more, or the improper parts of the
rules are dropped by the filter. This is illustrated further in the upcoming example.

Of course, one wants to obtain needed rules w.r.t. an argument filter over the func-
tional signature with n-ary symbols and not with an argument filter over the applicative
signature where we can specify a filter only for the binary application symbols.

Example 6.19. We consider the following TRS implementing the sieve of Eratosthenes.

13
13
1
13
13
1
generate’z'(s'y) — cons’z'(generate’ (s'z) y) 14

(
(
(
(
(
(
(
filter' o/ nil — nil (14
(
(
(
(
(
(

ot

divides’(s'z)'0 — true
divides’(s'z) ' (s'y) — div'(s,z) 'y’

D

/

w
~J

div'z’y’0 — divides'z "y

div'z'0'(s'z) — false

© oo

div'z'(s'y) ' (s'z) = div'a'y'z

N
(e}

generate’z’0 — nil

—_

14
1
14
14
14
14

w0

filter'a’(cons’x'xs) — if (') ' (filter'a'xs)

=~
=~ [\
N e e o e e e e T e T N N N

if 'true’x’'xs — zs

(S

if "false’x’'xs — cons’x'xs

(=]

if 'true’x’'xs — zs

J

sieve’nil — nil

oo

sieve’ (cons’z'xs) — cons’xz’(sieve’ (filter (divides'z) xs))
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Here, divides computes whether the second argument is divisible by its first argument.
The term generate’z’y evaluates to the list [z,2 4+ 1,...,2 + y — 1]. The higher-order
function filter takes a function o and a list as input and drops all elements x from the list
where a(x) is true. Finally, sieve’[2,3, ..., x] computes the list of prime numbers between
2 and x by filtering recursively all numbers that are divisible by a detected prime number.
Hence, the term sieve’(generate’2’(x — 1)) computes all primes up to x.

Here, we see a new challenge for proving termination. In the recursive call of the
function sieve we have a call to the higher-order function filter and moreover, we see a
partial application of the divides-function. Hence, the resulting DP problem will not be
proper. However, if we partially apply the A-transformation and directly use an argument
filter 7 over the functional signature which drops the first argument of filter and if, then
the higher-order parts are deleted and we get no problems in the A-transformation. This
idea leads to the new notion of mw-proper which essentially is the requirement that in
this combined process of argument filtering and A-transforming — which is called A, -
transformation — one will never encounter subterms that cannot be A, -transformed.

Moreover, if we already know that certain parts are deleted then we can also exploit this
fact to get less needed rules w.r.t. m. For example, then the divides-rules are not needed
any more. These considerations result in Definition [6.21] about needed rules w.r.t. 7 and
in the corresponding processor in Theorem [6.22], which is strictly more powerful than the

processor of Theorem D).

Definition 6.20 (7-Proper and A,). Let F UF' be an applicative signature, let a-ar :
F — IN determine the arities of the applicative signature, let ™ be an argument filter over
the functional signature Frync. Then a term t € T(FUF',V) is m-proper iff

e ¢ is a variable or

o t = f1t,"2 ...t a-ar(f) = n, and for every i € RegPos, (f: ».) the term t; is
T-proper.

We define the A,-transformation from mw-proper terms to filtered functional terms as
o A (x) ==z for every variable x,
o A (f1 ™. Tt,) = Ar(ty), if T(fr o) =i, and

i Aﬁ(f?lt.l?Q s ?ntn) = f71...7n (Aﬂ(th)? cee 7A7r(tik))7 ifw(f71,,_?n) =

[i17...,2k].

We extend mw-proper to rules, substitutions, and sets of rules where we require that all
occurring terms are w-proper. We also extend A, to m-proper rules, substitutions, and
sets of rules where we apply A, component-wise.

To define a version of needed rules w.r.t. an argument filter for applicative DP problems
we essentially first apply the A-transformation and then look at the needed rules w.r.t. an
argument filter as in Definition £.31] However, we also have to take into account that
a term f71¢,72. .. "¢, with a-ar(f) = n can have a redex f"1¢,°2...7%¢; for every i < n.
(Note that this problem was already addressed in the definition of Z’.) All this is captured
formally in the upcoming definition.
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Definition 6.21 (Applicative Needed Rules w.r.t. an Argument Filter). Let Q and S be
sets of terms, let P and R be TRSs, let t be a term, where all terms in QUS U R U {t}
are over the applicative signature F U F'. Let a-ar : F — IN determine the arities of the
applicative signature, let ™ be an argument filter over the functional signature Fypne, and
let ECap be an estimated Cap-function. The applicative needed rules of a term t w.r.t. w
are defined as the smallest set N’%“Q(t) C R such that

(i) If t = f1t,%2 "t a-ar(f) =n, £ = r € R, and if there is an i with 0 <i <n
such that EC’a;D%’Q(f?l251?2 . .?iflti_l)?iECap%’Q(ti) unifies with € by some mgu
where (SU{ly,..., 0} )p C NF(Q) then { — r € N’%Trg(t) Here, 0y, ..., 0 are the
direct subterms of £.

(ii) Ift = f71¢,%2 ... "t, and i € RegPos, (fr _».) then N’%ﬂg(tl) C
N'Zo(1).

(iii) If € — 1 € N’%’rg(t) then N’g}é“’g’“}’w(r) C N’%E(t) Again, Uy, ...l are the direct
subterms of €.

As usual, N'(P, @, R, ) = Uy rep NS (1).

Now we can present the main result of this section, an improved version of the processor
(D) in Theorem [6.171 Instead of a proper DP problem here we only require a 7-proper
DP problem and we get less needed rules and hence, less constraints which have to be
satisfied.

Theorem 6.22 (Processors Based on Reduction Pairs and Needed Rules w.r.t. an Ar-
gument Filter for Applicative DP Problems). Let (72, >) be a reduction pair where 77 is
C.-compatible. Let a-ar determine the arities and let ™ be an argument filter over the func-
tional signature. Let ECap be an estimated Cap-function that parameterizes the needed
rules N' in Definition[6.21. Then the following processor Proc is sound and complete.
For a DP problem (P,Q, R, f), Proc returns

o {(P\{s=1teP|A(s) = A:(1)}, Q, R, )},
if f=m, N=N'(P,Q,R,x), PUN is w-proper, and A,(PUN) C .

e {(P,OQ,R,[)}, otherwise

To prove Theorem [6.22] we essentially have to integrate the argument filter 7 into Z’
which results in the following definition.

Definition 6.23 (Z!). Let a-ar determines the arities, let uy — vy, us — va,... be an
infinite minimal (P, Q, R)-chain, let m be an argument filter over the functional signature,
and let N = N'(P,Q,R,7) be set of needed rules of the given DP problem. Let ECap
be the estimated Cap-function that is used to define the needed rules and let P U N
be w-proper. W.l.o.q. we assume that o is the substitution used for instantiating every
u; — v;. Moreover, whenever in the reduction of vioc a rule {; — r; € R s applied,
then by renaming the variables in the rule we again assume that the rule is instantiated
by o in that rewrite step. Let Sqy contain all w; and all direct subterms of each {;. Let
c be the new constant and let L be the new variable which are introduced by Comp. We
define the mapping . from terms that terminate w.r.t. %R to filtered functional terms
of Trune = T (Fune W {c}, VW {L}) as follows.
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e 7! (z) =z for every variable x

o T (f1ty"2..."t,) = fr 2 (T0(th),..., I.(tn)), if a- ar(f)—n and if there is no
rule £ — r € R\N and no 0 < i < n such that Cap “”"(f?lt172...7i—1ti,1)?"
Cap “”J( i) unifies with € by some mgu p where (Sguo U {ly,... . l})n € NF(Q).

Here, (4, ... 0 are the direct subterms of {.

o ' (f1ty2..."t,) = c(fry 2 (Z.(t1),...,I.(t,)), Comp(Red. (t))), if a-ar(f) = n

and if the former case is not applicable.

e 7' (t) = Comp(Red. (t)), otherwise.

Here, t is the term where m is applied on t only at the root level, i.e., if w(fry 2,) =1
then fo 2, (S1,---y80) = Si, and if ©(fry 2.) = [i1,... 0] then fr; 2,(S1,...,8,) =
fr1on(Siys ooy 8i). As usual, Redl (t) = {Z.(s) | t 2 s} and I is extended to sub-
stitutions.

We obtain similar properties as in Lemma [6.16l Essentially we only have to replace
proper by m-proper, Z' by 7!, N by N’ A by A,, and in (v|) we have to replace —* by
—*. The only new case is in the proof of where we have to consider reductions on
positions that are dropped by the argument filter .

Lemma 6.24 (Properties of Z!). Let P, Q, R, N, ,u; — vi,us, — va,..., S, 0 be as in
Definition [6.23. Let t be terminating w.r.t.

(1) If/\/”%jrg(t) CN, S8 CS8.u, and t is w-proper then I' (to) = A, (t)Z. (o).

(ii) If t is w-proper then I (to) —¢. Ax(t)Ly(0).
(iii) Ift S5 s, and I.(t) is built by the third or forth case then T.(t) —¢ To(s).

(iv) If t S, s is a reduction at the root position and I.(t) is built by the second case
then T (t) =6 AR (N) 7! (s).

(v) If t 2 s then () =4 e, Zr(s).
(vi) Ar(uy — v1), Ar(ug = va), ... is a (A (P), D, A (N) UC.)-chain.

At the end of this chapter we finally show how to prove termination of the TRS of
Example [6.19]

Example 6.25. Using previous techniques we can transform the initial DP problem of
Example [6.19] into the DP problem ({(149) — (152)}, @, R, m) with the following pairs.

149)
150)
151)

)

sieve? (cons’z'xs) — sieve® (filter/(divides’z) ' xs)

sieve® (cons’z'xs —>f||ter (divides’z) * xs

filter' ¥ (cons’z'zs) — filter'a 't xs 152

(
(
(
(

(

( )
filter'a® (cons’z'zs) — o'z

( )

30Tt is also possible to switch to the innermost case with @ = lhs(R) but this does not help in the
termination proof.
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Note that we still cannot apply Theorem [6.22] as (151)) is never w-proper regardless of .
To this end we first apply the argument filter processor of Theorem H.38 which replaces

each f-term by its second argument. In this way one obtains the new DP problem ({(153) —
(156) }, @, R, m) with the following pairs.

cons’'x'xs — filter (divides'z) ' zs (153)
cons'z'xs — xs (154)
cons’z'rs — x (155)
cons'x'xs — xs (156)

Here, the improper pair (151]) is transformed into the proper pair . Note, that even
for this reduced DP problem all rules are needed. Thus, the needed rules are not proper
as rule ([143)) contains the application of a on x. Hence, the processors of Theorem
are still not applicable.

In contrast we can now apply Theorem [6.22] using the applicative arities a-ar(if) =
3, a-ar(filter) = a-ar(cons) = 2, a-ar(divides) = 1, and a-ar(nil) = 0 together with
the argument filter 7 which only removes the first argument of if/». Then only rules
— are needed w.r.t. m. Note that there is no conflict with the applicative arity
of divides since the rules — are not needed w.r.t. m. We obtain the following
constraints by applying A.

T,xS8

filter,/ (cv, nil
filteru(a, cons, ([E, 938) if ($, ﬁltel’//(Oé, ZBS))

= consi (x, zs)

)
)
)
,25)
)
)
it (x,xs) 7

ifr(z,28) 72 xs
These constraints are satisfied by the following polynomial order:

Pol(nil) =0
Pol(divides (z)) =
Pol(cons: (z,y)) =1+x+y
Pol(filter. (z,y)) =

Pol(if(z,y)) = 1 +z+y

For this order, the first four constraints are strictly decreasing and can be removed by
Theorem [6.22 As no pairs remain we have proven termination of R.

Note that it is also possible to combine the argument filter processor of Theorem [4.3§]
with Theorem [6.22 to overcome the incompleteness of the argument filter processor.
Given a DP problem (P,Q,R,m) one first applies the argument filter processor with
some filter 7. On the resulting DP problem (7(P), Q, R, m) one applies the processor of
Theorem [6.22] to obtain the DP problem (P’, Q,R,m) with P’ C 7(P). Then one can
return the DP problem ({s — t € P | n(s — t) € P'},Q,R,m) as the result of the
combined approach. Since this resulting DP problem is a subproblem of (P, Q, R, m),
the combined approach is complete due to Lemma
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Summary of Chapter [0

In this chapter we have investigated various ways to handle applicative TRSs and DP
problems. While the estimations of the dependency graph and the usable rules work
quite well with our improved estimations of Chapter |3, there still were problems when
applying the processors based on well-founded orders of Chapter [4] To this end, we use
the A-transformation to transform applicative DP problems to functional form, if they
are proper.

Since in the termination case there is the problem of losing minimality, we combined
the reduction pair processors based on needed rules with the A-transformation in such a
way that minimality is preserved. Finally, we also integrated argument filters where there
are even less needed rules, and where the rules only have to be m-proper, i.e., only those
parts must be proper which are not dropped by m. Since these processors always simplify
a DP problem, one should apply them as long as possible.

Our work extends the result of [KKSV96| that one can apply the A-transformation for
full rewriting if the whole TRS is proper. An extension to the DP framework and to
the innermost case has already been published by us in [GTS05b]. However, in contrast
to [GTS05b] here we consider Q-restricted rewriting, we give all the details about the
combination of the A-transformation with the reduction pair processors, and we integrated
argument filters.

Sometimes, the resulting DP problems are not even m-proper, or at least not m-proper
for a suitable choice of 7. In that case one might try the alternative transformation of
[HMOGD]. There, every applicative TRS can be translated into a TRS in functional form
whenever all left-hand sides of the applicative TRS do not contain “variable applications”.
This criterion is strictly more liberal than proper but it is incomparable with w-proper.
The main idea in [HMOG6D] is to uncurry the terms as far as possible and add a finite set
of uncurrying rules to the resulting TRS. For example, the applicative TRS

id'z — x
plus’0 — id
plus’(s’z) 'y — s'(plus’z'y)

is not proper and also not m-proper since there are different arities for plus. But the
transformation of [HMOGD| is applicable and it produces the following TRS.

idi(x) = x
plus, (0) — idg
plusy(si (), y) = s1(plus,(z,y))
plus () "y — plusy(z, y)
plus, 'z — plus ()
idy’x — idy ()
so'T — s1(x)

Comparing [HMOG6D] with our results there are some differences. The clear benefit of
[HMOGD] is that there are no arity-requirements and no requirements on the right-hand
sides. On the other hand, if our transformation is applicable then we produce a smaller
resulting system than [HMOGb]. However, the main benefit of our results is the complete
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integration in the DP framework including the handling of Q-restricted rewriting. (There-
fore, we usually only have to transform a small subset of the original system.) Hence, it
remains as an interesting question how to integrate [HMOGD|] to the DP framework.

Looking at other related work we see that most approaches for higher-order functions
in term rewriting use higher-order TRSs. While there exist powerful termination criteria
for higher-order TRSs (e.g., [Bla04, [Pol96]), the main automated termination techniques
for such TRSs are simplification orders (e.g., [JRO7]) which fail on functions like div in
Example [6.1]

Exceptions are the monotonic higher-order semantic path order [BRO1] and the existing
variants of dependency pairs for higher-order TRSs. However, these variants require
considerable restrictions (e.g., on the TRSs [SKO05] or on the orders that may be used
[AY05], Kus01l, SWS01]). So in contrast to our results, they are less powerful than the
original dependency pair technique when applied to first-order functions.

Termination techniques for higher-order TRSs often handle a richer language than
our results. But these approaches are usually difficult to automate (there are only few
implementations of these techniques available). In contrast, it is very easy to integrate our
results into existing termination provers for ordinary first-order TRSs using dependency
pairs (and first-order reduction orders).

Other approaches [AY03], [AY04], [LBI8, [Toy04] represent higher-order functions by first-
order TRSs, similar to us. However, they mostly use monomorphic types (this restriction
is also imposed in some approaches for higher-order TRSs [BR01]). In other words, there
the types are only built from basic types and type constructors like — or x, but there
are no type variables, i.e., no polymorphic types. Then terms like “map’minus’zs” and
“map’(minus’z)’zs” cannot both be well typed, but one needs different map-symbols for
arguments of different types. In contrast, our approach uses untyped term rewriting.
Hence, it can be applied for termination analysis of polymorphic or untyped functional
languages. Moreover, [LB9§| and [Toy04] only consider extensions of the lexicographic
path order, whereas we can also handle non-simply terminating TRSs like Example [6.1]






7. Processors Based on Semantic
Labeling

Semantic labeling is a technique developed by Zantema [Zan95] to simplify termination
proving. The main advantage is that by labeling one can rename different occurrences
of the same function symbol f apart into f; ,..., fi, by attaching different labels [; to
l,. Then for example one can filter each f;, differently when solving constraints. How-
ever, to label a TRS one first has to find semantics for the TRS. For every symbol one
needs an interpretation such that all rules are a model (or a quasi-model) for the given
interpretation.

Of course, we want to lift semantic labeling from full rewriting to Q-restricted rewriting
and from TRSs to DP problems. Concerning the strategy there already has been work by
us about semantic labeling for innermost rewriting in [TM07]. However, that work does
not allow quasi-models and there are no completeness criteria given. In contrast we will
show novel methods for O-restricted rewriting which are always complete for models, and
even quasi-models are allowed and under certain conditions also complete.

For the switch from TRSs to DP problems the main problem is the minimality flag.
Here, again we will show ways to preserve minimality in the model case, and we will give
some sufficient conditions in the quasi-model case. An important new result is that for
full rewriting minimality can always be carried over.

The chapter is organized as follows. In Section we recapitulate the ingredients of
semantic labeling in more detail, and we investigate how to extend semantic labeling for
DP problems in the model case. The same extension is then performed in Section
for the quasi-model case. Finally, in Section we show a way where semantic labeling
always is complete and always preserves minimality, even for quasi-models and arbitrary
strategies. The idea is to label a DP problem, simplify it, and then remove the labels
afterwards.

7.1. Semantic Labeling with Models

Definition 7.1 (Models and Labelings). Let F be a signature. An F-algebra M consists
of a set M, called the carrier, together with a set of interpretations fuq : M™ — M, one
for each f € F.

Given the set of variables V each variable assignment 8 : V — M induces the term
evaluation [5] : T(F,V) — M as follows.

o BI(f(tr,-- - tn)) = fm((B](E1), - - -, [B](tn))

An F-algebra M is a model of a set of rules R iff for every rule { — r € R and every
variable assignment (8 the equation [B](¢) = [5](r) is satisfied.
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For each f € F with arity n let Ly be a non-empty set of labels, and let Ay : M™ — Ly
be a labeling map. Then the labeled signature is & = {f; | f € F,l € Ly}, and the
labeling function Lab : T(F,V) x (V — M) — T(F,V) is defined as follows.

o Lab(x,B) ==

. Lab(f(tla cee 7tn)a 6) = f)\f([,B](h),...,[B](tn))(Lab(tla 5)7 ey La'b(trw ﬁ))

Labeling is extended to rewrite rules, sets of terms, and pair-graphs as follows. For a
TRS R over the signature F the labeled TRS is defined as R = {Lab({, 3) — Lab(r, ) |
(=1 €R,B:V — M}, for a set of terms Q we define the labeled version as Q =
{Lab(q,B) | ¢ € Q,B:V — M}, and for a pair-graph P = (N, E) we define the labeled
version P = (N, E) where (Lab(s,3) — Lab(t,3), Lab(u, 8') — Lab(v, ")) € E iff (s —
t,u—v)eE.

Removing the labels is done by the function Unlab : T(F,V) — T(F,V):

o Unlab(z) =x
o Unlab(fi(t1,...,t,)) = f(Unlab(ty),..., Unlab(t,))

From now on we often assume that some F-algebra and corresponding label functions
are given. There is the following main result about semantic labeling due to Zantema.

Lemma 7.2 (Labeling and Rewriting [Zan95, Lemma 3]). Let M be a model of R and
let B:V — M be a variable assignment. Then

t =g t" implies Lab(t, ) =7 Lab(t', B)

and
t =z t' implies Unlab(t) —5 Unlab(t")

By Lemma [Z.2 one directly obtains the result that R and R have the same termination
behavior. The advantage of proving termination of the labeled TRS is that different
occurrences of the same unlabeled symbol f may now be different labeled symbols f;,
and fi,. This has many benefits, e.g., when having to solve term-constraints it is possible
to use different interpretations or precedences for f;, and f,, or in the estimation of the
dependency graph one may obtain less edges. The latter benefit is illustrated in more
detail in Example [7.6]

The question now is how the result of Lemma can be extended to the DP framework.
Here, we have to solve three problems. The first one is how to deal with the additional
pairs in P. In [OhI0T] it is required that additionally to the rules of R also the pairs of P
have to satisfy the model condition.® We show that it is already sufficient if one finds a
model for the rules of R and does not impose any condition on P. However, this is only
a minor improvement as for standard DP problems, where all pairs are rooted with head
symbols, one can just map every head symbol to the same element of the carrier. Then

31To be more precise in the [OhI01, Corollary 1.5] semantic labeling is performed after argument filtering
and it is directly combined with the basic reduction pair processor of Theorem [£.2] i.e., for a given
argument filter 7 one has to find a model or quasi-model of the rewrite system 7(PUR) and then solve
the labeled constraints. However, since each interpretation of the filtered system can be extended to
one over the original system such that one obtains a model or quasi-model of the original system, we
can easily simulate the approach of [Ohl01] by first applying semantic labeling on the original system
and then use a reduction pair processor afterwards.
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the model condition for the pairs of P is trivially satisfied. And since the labeled pairs and
rules do not depend on the interpretations of the head symbols, fixing the interpretations
for the head symbol does not restrict the set of resulting labeled systems one can get by
semantic labeling.

The second problem is whether the minimality flag can be preserved. We will show as a
new result that in general this is not the case, but will present different novel restrictions
under which minimality is not lost.

The third problem we have to face is to handle the evaluation strategy given in Q.
Here, we generalize a result of [TM07] which shows how to perform semantic labeling for
innermost rewriting. As we will see later in Section even in the innermost case our
generalization is more often applicable than using the results of [TMO07].

We start with handling the third problem, i.e., we first show in Lemma [7.4] that indeed
we can simulate every Q-restricted rewrite step of the original system in the labeled
system. Therefore, we first need a correspondence of normal forms which is formulated
in the following lemma.

Lemma 7.3 (Labeling and Normal Forms). Let Q be a set of terms and 5 be a variable
assignment. Then t € NF(Q) iff Lab(t, ) € NF(Q).

Note that we only get a result about normal forms of unlabeled terms and their (cor-
rectly) labeled versions, but there is no statement about arbitrary terms over the la-
beled signature and their unlabeled versions, i.e., in general ¢ € NF(Q) does not imply
Unlab(t) € NF(Q). Therefore, we can only generalize the first result of Lemma [7.2] to
O-restricted rewriting.

Lemma 7.4 (Labeling and Q-Restricted Rewriting). Let M be a model of R and let
B:V — M be a variable assignment. Then
t %R t' implies Lab(t,3) gﬁ Lab(t', B)

The proof is a straightforward extension of Zantema’s proof of Lemma [[.2 by integrating
Lemma [7.3l However, the other direction that every reduction with the labeled system can
be simulated by the unlabeled system is not true due to the reduction strategy given by
Q. This is later shown in Example and Example [7.11] Nevertheless, using Lemma [7.4]
one can prove the following theorem about a first processor based on semantic labeling.

Theorem 7.5 (Processors Based on Semantic Labeling). Let M be an F-algebra, let Ly
be a set of labels for every f € F, and let A\ be the corresponding labeling map. The
following processor Proc is sound. For a DP problem (P,Q, R, f), Proc returns

e {(P,Q,R,a)}, if M is a model of R.
o {(P,Q,R,f)}, otherwise

The power of the semantic labeling processor is demonstrated in the following example.

Example 7.6. Let Q = @ and let the TRS R consist of the following rules.

f(true, z) — f(odd(double(x)),x)
double(0) —
double(s(x)) — ( (double(z)))
odd(0) — false
odd(s(0))
odd(s(s(x)))

— true
— odd(x)
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Using the previous techniques we can remove all pairs in DP(R) except for
F(true,z) — F(odd(double(z)), z) (157)

One cannot prove finiteness of the DP problem ({(157)}, Q, R, m) with the previous
techniques using standard orders. However, it is quite clear that the DP problem is finite
as 2x is always an even number. This semantic knowledge can now be integrated into
the DP problem when using the semantic labeling processor. To integrate the knowledge
we use a modulo-2-counter. To be more precise, we use the algebra M with carrier
M = {0,1} and sp(x) = (1 + x) mod 2, oddy(x) = x, truepr = 1, and faq(...) = 0 for
all remaining function symbols f. Then indeed, M is a model of R.

For the labeling we choose L = M and Ly = {_} for all remaining symbols f. Note
that if Ly only contains one element . then the labeling function Ay must always return
- and hence, one always gets the same labeled function symbol f for f. So, we can
identify f_and f. In this sense whenever we speak of an unlabeled symbol f we mean that
L; ={_.} and we write f instead of f..

Hence, for the labeling we only have to specify the labeling function for F and we define
it as A\g(my, my) = m;. Then we obtain R =R, Q = Q = @, and P consists of the pair

Fy(true, ) — Fo(odd(double(x)), z) (158)

Since the two occurrences of the symbol F are now labeled apart into Fy and Fy, it is easy
to prove finiteness of the resulting DP problem ({(158)}, Q,R,a) as there are no edges
in the estimation of the dependency graph any more.

Note that techniques to find suitable models automatically have been developed in
[KMOT, [KZ06, [Zan05b)].

Although the semantic labeling processor of Theorem [Z.5] turns out to be quite useful,
it also has two severe drawbacks. First, it does not preserve minimality and second, it is
incomplete. The following example shows that this cannot be avoided in general.

Example 7.7. Let R consist of the following rules and let Q = lhs(R).

f(a,i(x)) — g(, z)
g(h(x),y) = f(z,k(j(h(a),v)))
k(i(z,y)) — ()

) =

j(z,z
e(z) — f(aﬂ(h(%’)))

One can prove that R is innermost terminating which is equivalent to Q-termination.
The intuitive reason is that for an infinite reduction the x in the first rule must be
instantiated by h(a). But then we obtain in the right hand-side of the second rule the
term f(a, k(j(h(a),h(a)))). In this term we must reduce the subterm j(h(a),h(a)) to b and
hence, in the resulting term we cannot reduce f(a, k(b)) to an instance of the left-hand
side of the first rule to obtain an infinite sequence.

A formal proof can also be done within the DP framework using our previous processors.
There is only one SCC in the estimated dependency graph of the initial DP problem and
this SCC contains the following two dependency pairs.

F(a,i(z)) = G(z,z) (159)
G(h(x),y) = F(z,k(j(h(a), y))) (160)
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Then using the instantiation processor of Theorem [5.3] we see that the arguments of the
left-hand side of ((160)) are identical and replace (160) by

G(h(x), h(z)) = F(z,k(j(h(a), h(z)))) (161)

Moreover, using the forward instantiation processor of Theorem (.5 we detect that the z
in (161) has to be instantiated by a and hence, we replace (161]) by

G(h(a), h(a)) = F(a,k(j(h(a), h(a)))) (162)

We can now perform the reduction of j(...) by the rewriting processor of Theorem [B.10]

and replace by??
G(h(a), h(a)) — F(a, k(b)) (163)

Finally, for the DP problem ({(159), (163)}, Q,R, f) the estimated dependency graph
does not contain SCCs any more and Q-termination is proved.

However, we can transform the original finite DP problem into an infinite one if
we apply semantic labeling. We use the F-algebra M with carrier M = {0,1} and
fam(ma,...,m,) =0 for all f € F. Then clearly M is a model of R. For the labeling we
choose Ly, = M, A\y(m) = m, and the remaining function symbols are unlabeled. Hence,
the labeled TRS R consists of the following rules and Q = Ihs(R).

f(a,i(z)) — glz, x)
g(ho(z),y) — f(z, k(i(ho(a), v)))
g(hi(z),y) = f(z, k(i(ho(a),y)))

k(i(z,y)) = i(y)

j(x,z) = b
e(z) — f(a,i(ho(z)))
e(z) — f(a,i(hi(z)))

We now show that R is not O-terminating any more. The reason is that the equivalence
in Lemma [7.3] is too weak to simulate every reduction in the labeled system by a corre-
sponding reduction is the original system. The problem is that not every term of 7 (F,V)

is correctly labeled, i.e., is a member of T (F,V). For the ill-labeled term ¢ = f(a, i(h;(a)))
we obtain the cyclic reduction

t

%

%

This reduction is only possible as we now have two labeled variants of h(a). The correct
variant hg(a) is in the right-hand sides of the g-rules and the ill-labeled variant h;(a) is
hidden in the substitution. As these terms are not equal, the blocking effect of the term
j(z,7) € Q is useless.

To conclude, if we apply the semantic labeling processor on the non-infinite DP problem
(2,9, R, f) we obtain the infinite DP problem (@, @, R, a) which shows that the semantic
labeling processor is incomplete in general.

g(hi(a), hi(a))
(a,k(i(ho(a), h1(a))))
i(h1(a)))

R
= f(a,i(hi(a))) =t

f
f

32Note that the requirements for the rewriting processor are indeed satisfied as the only usable rule is
j(z,x) — b.
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Note, that the problem is even worse. Even if we start from correctly labeled terms,
the labeled TRS R allows to produce ill-labeled terms. As an example consider the
term e(a) which is correctly labeled. However, e(a) can be reduced to the ill-labeled and
non-terminating term ¢ by the last rule of R. Using this effect it is now easy to give a
DP problem which proves that minimality cannot be preserved by the semantic labeling
processor. If we choose P = {D(z) — D(e(a))} then clearly there is an infinite minimal
(P, Q,R)-chain as R is Q-terminating. But as argued above the right-hand side D(e(a))
of the only pair in P is not O-terminating w.r.t. R.

We will now present two alternatives to strengthen the semantic labeling processor
of Theorem [Z.5l One problem that occurred in Example [7.7] was the ability of the la-
beled system to transform correctly labeled terms to ill-labeled ones. This forced us in
Theorem [Z.5 to drop minimality. Reconsider the last two rules of the labeled system R in
Example For each of the possible variable assignments of x there is a corresponding
rule resulting in the two different right-hand sides f(a,i(ho(z))) and f(a,i(hi(z))). How-
ever, in the corresponding left-hand sides ey )(z) = e_(x) and e (1)(x) = e_(x) we cannot
detect the different assignments for x any more. The labeling map A, ignores its argument
and always produces the same label _. But if we would have labeled e in the same way
as h then there would not be a problem any more. The corresponding rules

eo(z) — f(a,i(ho(z)))
e1(z) — f(a,i(h1(2)))

can reduce the correctly labeled term Lab(e(a), 3) = eg(a) only to the correctly labeled
term f(a, i(hg(a))) which is O-terminating w.r.t. R.

The idea that the labeling should somehow contain the full information of the evaluation
of their arguments is extended to the following definition. Then in Lemma [7.9]it is shown
that for these labelings one cannot reduce correctly labeled terms to ill-labeled terms.
This will allow us to keep minimality in the semantic labeling processor.

Definition 7.8 (Full Labeling). Let M be an F-algebra with carrier M. Then for full la-
beling the labels are fixed to Ly = M™ and the labeling maps are fived to Ag(mq, ..., my,) =
(my,...,my) for every f with arity n.

Choosing the full labeling has some benefits. It always produces the most distinct
labeled systems, i.e., if for any labeling the rules Lab(¢, 8) — Lab(r, ) and Lab(¢, ') —
Lab(r, 5') are different then they are also different when using the full labeling. Even
more, with full labeling one does not produce rules twice, i.e., for two different variable
assignments  and /3’ which differ on the variables of a rule £ — r the rules Lab({,3) —
Lab(r, 5) and Lab(¢, ") — Lab(r, ') are different. Hence, with full labeling one gets the
most distinct labeled system.

One disadvantage of full labeling is that the labeled systems are rather large which may
become a problem for the automation. However, if one does not use full labeling then one
also has a problem to mechanize semantic labeling: In addition to the problem of finding
suitable interpretations, one has to come up with suitable labeling functions.

But the most important benefit of full labeling is the fact, that one cannot produce
ill-labeled terms if the starting term is correctly labeled. This is shown in the upcom-
ing Lemma [7.9] and it will allow us to preserve termination of a term by labeling.
Therefore, we are able to carry over minimality in Theorem [Z.10, an improved version of
Theorem [Z.5
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Lemma 7.9 (Properties of Full Labeling). Let M be an F-algebra. If terms are labeled
by full labeling then the following statements are valid.

(i) Let x be a variable and B and (' be two variable assignments that differ on z, i.e.,
B(x) # B'(x). For every non-variable term t with x € V(t) and for every two
substitution o and o' the terms Lab(t, 5)o and Lab(t,5")o’ are different.

(i1) If Lab(t,B) —5 s then s = Lab(t', B) for some t' with t —4 t'.

Theorem 7.10 (Processors Based on Full Labeling). Let M be an F-algebra, and let
terms be labeled by full labeling. The following processor Proc is sound. For a DP problem
(P,Q,R,f), Proc returns

e {(P,O,R,f)}, if M is a model of R.
e {(P,Q,R,[)}, otherwise

It remains an open problem whether the processor of Theorem is complete. To
prove such a result one would need to transform infinite reductions in the labeled DP
problem to infinite reductions in the original DP problem. Here, the problem is that
one can start reductions of R with arbitrary (ill-labeled) terms and as demonstrated in
Example these may have infinite reductions although the unlabeled terms are termi-
nating. However, all the counter-examples like Example [7.7] and the upcoming example
Example do not work any more if one uses full labeling.

Hence, up to now it is unclear whether full labeling is complete. Therefore, we still
are looking for conditions under which semantic labeling is complete. If we reconsider
Example there was a problem with the non-linear term j(x,z) € Q. In the original
TRS we encountered the subterm k(j(h(a),h(a))) which cannot be reduced by the rule
k(j(z,y)) — i(y) as the subterm j(h(a),h(a)) is not in Q-normal form. However, in the
labeled system we had two different arguments of j. The term k(j(ho(a),hi(a))) can be
reduced to i(h;(a)) as the ill-labeled subterm h;(a) is different from hg(a) and hence, the
term j(z,r) € Q does not prohibit the reduction.

Therefore, a natural question is whether the semantic labeling processor is complete if
Q is linear. Unfortunately, the following example shows that linearity is neither sufficient
for completeness nor does it allow to preserve the minimality flag.

Example 7.11. Let R consist of the following rules and let Q = lhs(R).

One can prove that R is Q-terminating in a similar way as in Example [7.7] The intuitive
reason is that the x in the first rule must be instantiated by h(a) which is not allowed as
this term is contained in Q.

A formal proof within the DP framework is also possible. After applying the processors
based on the dependency graph one remains with only one dependency pair

F(a,z) — F(g(z), x)
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This pair can be replaced by the narrowing processor of Theorem [5.19 by
F(a, h(z)) = F(i(x), h(z))

At this point the estimated dependency graph detects that there are no SCCs for the
remaining DP problem and Q-termination is proved.

But again, if we use the same F-algebra, labeled signature, and labeling map as in
Example [7.7] we obtain the following labeled rules R and Q = lhs(R).

—+
~
o
~—
8
b
8
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S
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Hence, we can start an infinite reduction starting in the correctly labeled term e(a) as
follows.

Thus, as in Example [7.7] neither is semantic labeling complete nor does it preserve mini-
mality, even if Q is linear.

The problem in Example [7.11]is that Q only contains the correctly labeled term hg(a)
but not the incorrect version hy(a). To solve this problem we benefit from the flexibility
that Q is just a set of terms which is unrelated to R. This allows us to put more terms
into the labeled version of @ than the correctly labeled ones, but we do not have to add
corresponding ill-labeled rules. This idea leads to the following definition.

Definition 7.12 (Q). Let Q C T(F,V) and let F be the labeled signature. Then we
define Q as -
Q=A{qeT(F V)| Unlab(q) € Q}

The benefit of Q is that one obtains a result similar to Lemma [.2] provided that Q
is linear. Before we present the corresponding Lemma [7.14] we need the following result
that connects normal forms of Q with normal forms of Q.

Lemma 7.13 (Labeling and Normal Forms). Let 5 be an arbitrary variable assignment.
Then t € NF(Q) implies Lab(t, ) € NF(Q) and if Q is linear then t € NF(Q) implies
Unlab(t) € NF(Q).

Lemma 7.14 (Labeling and Q-Restricted Rewriting). Let R be a TRS over the signature
F and let Q C T(F,V). If M is a model of R then for every variable assignment
g:V—-M

t %R t" implies Lab(t, 3) %ﬁ Lab(t', )
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and if Q s linear then
tgﬁ t' implies Unlab(t) S5 Unlab(t')

As for Lemma [7.4] the proof of Lemmal[7.14] is an easy extension of the proof of
Lemma [7.2 by using Lemma [7.13]

Now we can again present an improved version of the semantic labeling processor of
Theorem [7.5] which is complete and preserves minimality if Q is linear.

Theorem 7.15 (Processors Based on Semantic Labeling). Let M be an F-algebra, let
L be a set of labels for every f € F, and let Ay be the corresponding labeling map. The
following processor Proc is sound. For a DP problem (P,Q, R, f), Proc returns

e {(P,Q,R,f)}, if M is a model of R and if Q is linear. In this case Proc is

complete.
e {(P,Q,R,a)}, if M is a model of R and if Q is not linear.
e {(P,Q,R,[)}, otherwise

An obvious question is whether replacing Q by Q is already sufficient to obtain com-
pleteness and to preserve minimality, i.e., whether the additional requirement of linearity
of @ is really required. As Example|7.11| only demonstrates that linearity on its own is
not sufficient, this question is not answered yet. But a look at Example will reveal
the answer. It turns out that the given infinite reduction of the correctly labeled term
e(a) is still possible if one replaces Q by Q.

Comparing the semantic labeling processors of Theorems [7.10] and [7.15] we see that
each variant has its own benefits. In Theorem [.10] there is no restriction to linear sets
Q and hence, minimality can always be carried over. However, in Theorem we have
the flexibility to choose arbitrary labels and labeling maps and we are not forced to
produce the rather large labeled DP problem that we obtain from full labeling, but this
flexibility may also be a problem for the automation. Note that there is no difference
in the completeness results of the two theorems. The reason is that of course one can
reformulate Theorem and replace Q by Q. Then one also obtains completeness in
case of a linear Q for the semantic labeling processor of Theorem [Z.10l Thus, for the
automation we suggest to use the processor of Theorem [.10. However, the additional
flexibility in Theorem [Z.15 may be helpful when extending semantic labeling to predictive
labeling [HMOGal, [TMO7], a related method that is discussed in more detail in the summary.

7.2. Semantic Labeling with Quasi-Models

Sometimes the requirement that M is a model of R is hard to satisfy. Therefore, in
[Zan95] there is another version of semantic labeling based on quasi-models. Given a
partial order > on M, instead of requiring the model-condition [§](¢) = [B](r) for all rules
¢ — r and all variable assignments 8 one just demands [5](¢) > [5](r). However, the cost
of this relaxation is that the interpretation and the labeling functions must be weakly
monotonic and one has to add additional rules. The details are captured in the following
definition.
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Definition 7.16 (Quasi-Model [Zan95]). Let M be an F-algebra equipped with a par-
tial order > on M such that the interpretations are weakly monotone, i.e., for all f €
F and for all aq,...,ap,b1,...,b, € M with a; > b; the inequality fa(as,...,a,) >
faa(bi, ..., by) must be satisfied.

Then M s a quasi-model of a set of rules R iff for every rule ¢ — r € R and every
variable assignment [ the inequality [5](€) > [B](r) is satisfied.

For each f € F let Ly be a non-empty set of labels provided with a well-founded partial
order > on Ly. For each f € F with arity n let Ay : M™ — Ly be a labeling map which
18 weakly monotonic. Then the set of decreasing rules Decr consists of all rules

filze, .. xn) = fu(xy, ... xp)
forall f € F and all 1,I' € Ly with 1 > 1'. Here, > denotes the strict part of >.

From [Zan95] we know that if M is a quasi-model of R then termination of R is
equivalent to termination of R U Decr. Of course, we again want to generalize this result
to Q-restricted rewriting and lift it from TRSs to DP problems as in Section [7.1] Note
that in [TMQT7] it was shown that it is impossible to use quasi-models in combination with
innermost rewriting. However, in the following we show how quasi-models can be used
for Q-restricted rewriting, even if @ = [hs(R). This is possible only due to the flexibility
of Q-restricted rewriting where one has a separate set for the strategy. The problem for
innermost rewriting are the decreasing rules. On the one hand they must be added to R
to perform the necessary rewriting steps, but on the other hand they must not be added
to R for the innermost test that all arguments of a redex are in normal form. However,
this is not a problem for O-restricted rewriting where one can add the decreasing rules to
R without adding them to Q.

The main lemma provided by [Zan95|] for quasi-models is the following.

Lemma 7.17 (Labeling and Rewriting [Zan95, Lemma 7]). Let M be a quasi-model of
R and let B :V — M be a variable assignment. Then

t = t' implies Lab(t, ) —=7m—peer Lab(t', )

and
t —>peer t' tmplies Unlab(t) = Unlab(t') and
t = t' implies Unlab(t) —z Unlab(t')

Note that not even the first part of Lemma [[.17 carries over to Q-restricted rewriting.
The problem is that Decr-rules must sometimes be applied although the arguments are
not in Q-normal form. Consider the TRS R = {a — b}, Q@ = [hs(R), and the reduction
f(a,a) %R f(a,b). We choose the quasi-model with M = {0,1},ay = 1,by = 0, L =
M, X¢(my1,ms) = my together with the order 1 > 0. Then Decr consists of the rule
fi(x,y) — fo(z,y) and Lab(f(a,a), ) = flg’ a) %ﬁ fi(a,b), but f;(a, b) cannot be reduced
further to fo(a,b) = Lab(f(a,b), 5) using = .., since a is not in normal form w.r.t. Q.

Therefore, in the first part of the following lemma we only consider reductions resulting
in normal forms.

Lemma 7.18 (Labeling and Q-Restricted Rewriting). Let M be a quasi-model of R and
let B:V — M be a variable assignment. Then

t 2% ¢ and t' € NF(Q) implies Lab(t, 3) Lab(t', )

Q x
éﬁUDecr
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and if Q s linear then

t%Dm t" implies Unlab(t) =  Unlab(t') and
tgﬁ t' implies Unlab(t) %5, Unlab(t))

To adapt the semantic labeling processor of Theorem [.15 to quasi-models is now
straightforward.

Theorem 7.19 (Processors Based on Semantic Labeling with Quasi-Models). Let M,
L¢, Ag, and > as in Definition[7.16. The following processor Proc is sound. For a DP
problem (P, Q, R, f), Proc returns

e {(P,Q,RUDecr, f)}, if M is a quasi-model of R and if Q is linear. In this case
Proc 1s even complete.

e {(P,Q,RUDecr,a)}, if M is a quasi-model of R and if Q is not linear.
e {(P,O,R,[)}, otherwise

Although the semantic labeling processor of Theorem [.19] is complete and preserves
minimality if Q is linear, it has some disadvantages. The reason is that due to the
decreasing rules Decr all previous head symbols are transformed to non-head symbols in
the labeled DP problem. That this is a disadvantage can be seen in the following example.

Example 7.20. Let R consist of the following rules.

glr) ==
gla) > c

For P = {F(a) — F(g(b))} and Q = @ the (P, Q,R)-dependency graph is empty.
However, this cannot be detected by the estimations presented in Section [3.1]

We use the algebra M with M = {0, 1,2} and gy(m) = Fap(m) = m, ay =2, by = 1,
and cyy = 0. Then M is a quasi-model of R if we use the standard order > on M but it
is not a model as

[6](g(a)) = 2> 0= [B](c)
We choose L = M and A\g(m) = m, Ly = {0,1} and Ag(m) = min(1,m), and we do not
label the remaining function symbols. Then one obtains the following labeled rules R.
go(x) = x
gi(x) > x
gi(a) = c

The TRS Decr contains the rules

For P = {Fy(a) — Fi(gi(b))} it cannot be detected by the dependency graph estima-
tions that there is no edge in the (P, Q, R U Decr)-dependency graph. The problem is
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that the rules in Decr allow to rewrite a term ¢ = Fy(...) at the root position and hence,
applying an (estimated) Cap-function will replace ¢ by a fresh variable. And as a fresh
variable unifies with every left-hand side of pairs of P, no edges can be deleted. So even if
the original pair would be G(...) — F(g(b)) where G is a different head-symbol then after
the labeling it would not be detectable that there is no connection in the dependency
graph.

To handle the problem with the Decr-rules for head symbols a possibility is to split
the Decr-rules into two parts. The part Decry contains the decreasing rules for the
head symbols and Decr_z consists of the remaining decreasing rules. In the previous
example Decry consists of the first three rules and Decr_y is the set with the single rule
() - golr). ~ ~

Now the idea is to add Decry to P and Decr—_y to R. Then for the corresponding DP
problem there are four pairs in P U Decry but every estimation can detect there are no
SCCs in the dependency graph. The reason is that now Fy, Fy, and F5 are head-symbols
and are not replaced by fresh variables using an estimated Cap-function.

However, there also is a problem when adding Decry to P. Note that P is not just a
set of pairs but a graph (N, E). Clearly, one should add Decry to N but the question
is which edges should be added to E. That this may be a problem for completeness is
shown in the following example.

Example 7.21. Consider the DP problem (P, Q,R) where R = {d — ¢}, Q = @ and
where we have the following pairs.

F(x,a,c) — F(z,b,d) (164)
F(z,b,c) — F(z,a,d) (165)
F(s(z),y,c) = F(z,y,d) (166)

The structure of P is given in the following graph.
¥\
(1164]) =<— (166)) <— (|165))

Note that there is no edge between and which prevents an infinite (P, Q, R)-
chain.3?

We now use semantic labeling with the algebra M with carrier M = {0,1} and with
interpretations dy; = 1 and fa(...) = 0 for all remaining function symbols f. Then
M is a quasi-model of R using the usual order > on M. We choose L = M and
Ae(my, mg, m3) = ms, and we do not label the remaining function symbols. In this way
we obtain R = R, Decr_y = Q = @, and the following labeled pairs.

Fo(x,a,c) = Fi(z,b,d) (167)
Fo(z,b,c) = Fy(z,a,d) (168)
Fo(s(x),y,¢) = Fi(z,y,d) (169)

Moreover, there is one decreasing pair in Decry = Decr.

Fl(ﬂf,y, Z) — F0<£C,y, Z) (170)

33 A problem like this may arise from applying the argument filter processor of Theorem .38
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Let us consider the graph structure of the union of P and Decry. The connections
between (167)), , and are just copied from P. To detect the required connections
between and the pairs of P we consider the chains in the original DP problem. As
each edge in P really corresponds to a chain, for correctness we must be able to simulate
each of these chains in the labeled DP problem. For example, the chain ([164]), (166]), (165])
can only be simulated by (167)), (170)), (169), (170)), (168)). Hence, we must add incoming
and outgoing edges of @ to every pair of P. This results in the following graph.

—~
(167) <= (169) < (163

~ 7

(1170
The problem is that now there is a connection between ((167)) and ((168)) without using

(169). And indeed
(1167), (170), (168]), (170), (167), . . .

is an infinite (P U Decry, @, R U Decr—_y )-chain although the original problem (P, Q,R)
is finite.

So, in Example [7.20] we have seen that adding all decreasing rules to R — although com-
plete — is not a good idea. The partitioning into Decry and Decr_y helps to prevent the
problem of Example that the labeled versions of head symbols are no head symbols
any more. But when adding Decry it can happen that we introduce connections that are
not possible in the unlabeled DP problem resulting in an incomplete processor. This was
demonstrated in Example

The final solution will be to use the partitioning into Decry and Decr—_z, but instead of
building P U Decry, we will directly combine the effect of Decry into the labeled version
of P. The idea is to built labeled pairs where the head symbols of the right-hand side
are directly labeled with all smaller variants. So instead of creating the labeled pair
Lab(B,s) — fi(...) and having the decreasing pair fi(...) — fr(...) in Decry, we now
directly built the pair Lab(f3,s) — fy(...). Then we do not have to use Decry any more.
This new construction is captured more formally in the following definition.

Definition 7.22 (Quasi-Labeled Pair-Graph). Let the F-algebra, the partial order >, the
labels, and the labeling maps be as in Definition[7.16. Let (P, Q,R) be a DP problem with
head symbols H and P = (N, E). We define the quasi-labeled pair-graph as P = (N, E)

where

o N = {Lab(p,s) — Lab(B,t) | s —t € N,root(t) ¢ H,5:V — M}U
{Lab(B,s) = fu(Lab(5,t1),..., Lab(B,t,)) | s = f(t1,...,t,) € N,
feH, BV — MIU e L \e([B](t1),...,[B](tn)) > 1}

o E={(s,t) € N x N | (Unlab(s), Unlab(t)) € E}

Now we can formulate an improved version of the semantic labeling processor for quasi-

models in Theorem [7.19]

Theorem 7.23 (Processors Based on Semantic Labeling with Quasi-Models and Head
Symbols). Let M, Ly, A¢, and > be as in Definition[7.16, The following processor Proc
is sound. For a DP problem (P,Q,R, f), Proc returns
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e {(P,Q, RUDecr_y, )}, if M is a quasi-model of R, if Q is linear, and if H is the
set of head symbols of (P, Q,R). In this case Proc is even complete.

e {(P,Q,RUDecry,a)}, if M is a quasi-model of R, if Q is not linear, and if H
is the set of head symbols of (P,Q,R).

o {(P,O,R,[)}, otherwise.

We first show that now the problems mentioned in Examples and are solved
when using Theorem [7.23]

Example 7.24. If we apply the semantic labeling processor of Theorem [7.23] on the DP
problem of Example [7.20| with the same quasi-model and the same labeling then we obtain
the following TRS R U Decr_y.

go(x) =

gi(x) >

a) > ¢
(

g1
g1(z) — go(z)

Note that there are no decreasing rules for the head symbol F any more. Therefore, we
now obtain two pairs in P.

Fo(a) — Fi(gi(b))
Fa(a) — Fo(gi(b))

For this resulting DP problem termination is trivially proven by the dependency graph
which was not the case if we would have used Theorem [Z.19

Example 7.25. In this example we apply Theorem [7.23] on the problematic DP problem
of Example [7.2]] again using the same quasi-model and labeling function. There are no
decreasing rules for the head symbols any more and we obtain the following new pairs.

Fo(z,a,c) = Fyi(z,b,d) (171)
Fo(x,a,c) = Fo(z,b,d) (172)
Fo(z,b,c) — Fi(z,a,d) (173)
Fo(z,b,c) — Fo(z,a,d) (174)
Fo(s(x),y,¢) = Fi(z,y,d) (175)
Fo(s(2),y,c) = Fo(z,y,d) (176)

The graph of the new DP problem looks as follows.

.
@7) ~— [@73) ~— ([I73)

] X

(72) < [176) ~— (174)

N

Note that as in the input DP problem, in the labeled DP problem the only way to
come from a pair on the left-hand side to one of the right-hand side (or vice versa) is if
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one also visits a pair in the middle. Thus, after removing the pairs (175 and (176|) with
the reduction pair processor, the processors based on the dependency graph finally prove
finiteness. This is in contrast to labeled DP problem in Example [7.21] which is not finite.

The processor of Theorem [7.23] using quasi-models clearly corresponds to the processor
of Theorem [7.15] for models. Both require that Q is linear for completeness and to carry
over minimality. However, in the case of models we also had the processor based on
full labelings of Theorem [Z.10] which always carries over minimality regardless of Q. Of
course, it would be nice to have a corresponding processor for quasi-models, too. The
following example shows that this is not possible.

Example 7.26. Let R consist of the following rules and let Q = lhs(R).

One can prove that R is innermost terminating which is equivalent to Q-termination.
The intuitive reason is that for an infinite reduction the right-hand side of the first rule will
directly reduce to g(i(z)) and no instance of this term can be reduced by the second rule.
As in the previous examples of this chapter we can also do the proof in the DP framework.
One would first apply the rewriting processor of Theorem [5.10 on the dependency pair
F(z) — G(h(z,z)) and replace this by F(x) — G(i(z)) and then the processors based on
the dependency graph finish the termination proof.

We consider the infinite DP problem ({F(xz) — F(f(i(a)))}, @, R,m). The reason for
being infinite is that it is possible to build an infinite chain. Due to innermost termination
of R the term f(i(a)) is O-terminating. And thus, one can instantiate the variable z of
the left-hand side of the pair by some normal form of f(i(a)) to obtain the infinite chain.

Now consider the quasi-model M with M = {0,1}, apq = hap(...) =1, and faq(...) =
0 for all remaining function symbols f. If we use full labeling then the set P consists of
the pairs

Fo(z) — Fo(fo(ir(a)))
Fi(z) = Fo(fo(ir(a)))

and R contains the following rules.
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The decreasing rules Decr_4; are

and the set Q contains the following terms.

fo(z), fi(x),

go(hoo(z,v)), 8o(ho,1(z,
gl(ho,o(fﬂ, Y)), g1(ho,
hoo(, ), ho1(z, )

As the term fo(i1(a)) is not Q terminating w.r.t. R U Decr_y, there obviously is no
minimal (P, Q,R U Decr_y)-chain and hence, even with full-labeling and with Q we
cannot keep minimality. The problem is that in the infinite reduction

fo(ii(a)) %ﬁ g1(hoo(ii(a),i1(a)))
S peery €1(M0o(i1(a), i0(a)))
S folin(a)

Q

b

~—

we get an ill-labeled term g;(hoo(i1(a),io(a))) using the decreasing rules. Then the non-
linear term hg o(x, x) does not prohibit the reduction to fy(i1(a)) as it does in the unlabeled
case. Hence, the main advantage of full-labeling — the fact that no ill-labeled terms are
created — is destroyed by the decreasing rules.

7.3. Semantic Labeling and Unlabeling

In the previous two sections we have seen the technique of semantic labeling for models
and quasi-models. The main benefit is that different occurrences of the same function
symbols may become different symbols due to the labeling. And then processors based on
the dependency graph and those based on orders often succeed although they have failed
on the unlabeled DP problem.

However, there is one major drawback with semantic labeling: the labeled DP problems
tend to get large, even when the carrier set size is only 2 or 3. This problem is magnified
if one wants to use several different models in sequence. That this can be useful is
demonstrated in the following example.

Example 7.27. We consider the same idea as in Example [7.6| where we needed to count
modulo 2. In this example we need to count modulo 2 and modulo 3. The rules of R are
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as follows.

— f(even(six(z)), x)

— f(divThree(six(z)), x)

—0
s(s(s(s(s(s(six(2)))))))

— false

f(false, x

f(false, x

six(0

six(s(x)

even(s(0)
even(s(s(z))
divThree(s(0)
divThree(s(s(s(z)))

— even(z)
— false

)
)
)
) =
)
)
)
) — divThree(x)

Since R belongs to a class where innermost termination implies termination ([GAOQI,
Theorem 16]) we choose Q@ = lhs(R). As in Example [7.6]all pairs but those for the f-rules
can easily be removed. In the problematic DP problem (P, Q, R’,m) the TRS R’ consists
of all but the f-rules and we have two pairs:

F(false,z) — F(even(six(x)), x) (177)
F(false, z) — F(divThree(six(z)), x) (178)

To solve this DP problem, one can first use semantic labeling with a modulo-2-counter
to get rid of , and afterwards use a modulo-3-counter for . Of course, in this
example one can directly use a modulo-6-counter but then the search space for suitable
interpretations is rather large.

So, we start with the algebra M with carrier M = {0,1} and the interpretation given
by spm(z) = (z + 1) mod 2, falseps = divThreep(z) = 1, evenp(x) = 2z, and fa(...) =0
for all remaining function symbols f.

If we use full labeling we obtain the following new pairs P and rules R’

Fio(false,x) — Fo(evenqy(sixo(x)), x

(2)), )
(2)), )
)
)

( z)),
F1o(false, z) — Fy o(divThreeg(six(
( (

z)),x)

( )
F1.1(false,x) — Fo 1(evenq(six;
( ) (
Fi1(false,x) — Fy1(divThreey(sixi(z)), z)

sixo(0) —
sixy (so(7)) — 51(50( 1(so(s1(s0(sixo()))))))
sixo(51(2)) — 51(50(51 (50(51 (5051 (2))))))
even; (so(0)) — false
eveng(sy(so(x))) — eveny(z)
eveny(so(si(x))) — eveny(z)
divThree; (sp(0)) — false
divThree; (so(s1(so()))) — divThreey(x)
divThreey(s1(so(s1(z)))) — divThree;(x)

As in Example we can easily remove the first two labeled pairs by the processors
based on the dependency graph, and moreover we can delete all labeled even-rules, since
they are no longer usable. But we still have a problem with the remaining two labeled
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pairs. Of course, it is now possible to use a semantic labeling processor with a modulo-
3-counter on the remaining labeled DP problem, but this results a huge search problem
as now one has to find interpretations for twice as many symbols. In essence, then we
could have directly searched for a model with carrier size six for the modulo-6-counter.
To conclude, repeated application of a semantic labeling processor results in huge DP
problems and huge search problems.

An alternative approach is to remove the labels again after we have simplified the labeled
DP problem.** Here this would result in the DP problem ({(178)}, Q, R”, m) where R”
is like R’ without the even-rules. Then we do not have the problem that the DP problems
grow larger and larger, but we always result in DP problems that are smaller than the
original DP problem. Additionally, the search-space for new models is not increased, too.

So, in our example we can again apply semantic labeling, but this time we use the
algebra M’ with the carrier M’ = {0,1,2} and the interpretation given by sy (z) =
(x + 1) mod 3, falsepy = 1, divThreeyy(z) = x, and far(...) = 0 for all remaining
function symbols f. For full labeling we obtain the following new pairs.

Fio(false, z) — Foo(divThreey(sixo(z)), )
Fi1(false,x) — Fo1(divThreey(sixi(z)), z)
F172(fa|se,x) — Foz(diVThl’GGo(Sng(l’)), )

8

Now obviously the resulting DP problem can be solved by the processors based on the
dependency graph.

Formulating the alternative approach as one combined processor would consist of three
steps.

(i) Given a DP problem (P, Q,R, f) find a model M of R and choose some labeling.

(ii) Use processors to simplify the labeled DP problem (P, Q, R, f)* and obtain new
DP problems Dy, ..., D,.

(iii) Return {Unlab(D,),..., Unlab(D,,)}.

In this combined processor there is one major problem. Note that a processor may
transform DP problems arbitrarily, i.e., it may introduce new function symbols which do
not possess a label. (Examples are given by the needed rules processor of Theorem (4.12]
and the A-transformation processor of Theorem [6.8]) Moreover, a processor may attach
additional labels like the semantic labeling processor. So, in general it is completely
unclear how to remove the labels of the DP problems Dy, ..., D,.

To this end, we must not allow arbitrary processors in step . A first requirement is
quite natural. We do not allow processors which introduce new function symbols. But
even if we require the harder condition that the processors in step may only reduce P
and R, and that they may not modify Q, then still the alternative approach is unsound.
This is demonstrated in the following example.

34Note that a corresponding idea was independently developed in [Zan05bh), Section 7.3] which removes
labels on the level of string rewrite systems.

350f course, the labeled DP problem depends on the theorem that is used for the labeling, e.g., we obtain
different problems when we use Theorem [.10] Theorem [Z.15] or Theorem [7.23
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Example 7.28. We adapt the TRS of Example [7.11

Obviously, R is not innermost-terminating due to the first rule. We can easily simplify
the initial DP problem to (P, Q, R, m) with the following pairs in P.

Fz,y) = F(z,y)
F(a,z) — F(g(z),x)

If we use the same F-algebra, labeled signature, and labeling map as in Ezamples
and , we obtain the following labeled rules R, the labeled version of Q is @ = lhs(R),
and P = P.

fz,y) = f(z,y)
f(a,z) — f(g(z), z)
g(ho(2)) — i(z)
g(hi(z)) — i(z)
i(a) —a
ho(a) — a

Now we simplify the labeled DP problem (P, Q,R, f) by the sound processor which
removes the first pair from P. Note that this really is sound according to the semantics
of a processor. It is only required that whenever there is an infinite (minimal) chain in
the input DP problem then there must be some infinite (minimal) chain in the output
problem. As the resulting DP problem has the infinite minimal chain

F(av hl(a)) —P F(g(hl(a))a hl(a)) gﬁ F(I(a)), hl(a)) gﬁ F(a, hl(a)) =5 ...

the processor obviously satisfies this requirement. o
Unlabeling the DP problem ({F(a,z) — F(g(z),x)}, Q, R, a) results in the DP problem
({F(a,z) = F(g(z),2)}, Q,R,a) which is finite, cf. Example [7.11]

So we need an even stronger correspondence between the input DP problem and the
output DP problems of the processor which is used in step . The main idea is that
we use processors with Proc((P,Q, R, f)) = {(P1, Q,R1, f1),- -+, (Pr, @, R, fr)} which
transform every infinite (P, Q, R)-chain s; — t1,82 — ta,... into a corresponding new
(Pi, Q, R;)-chain by just omitting some initial part of the chain. Here, the substitution
and the rewrite steps that are used to build the (P, Q,R)-chain may not be changed.
Thus, these processor can only identify which pairs and rules cannot occur infinitely
often in an infinite chain.

For example, the processor used for the simplification in Example does not have
this property: it is possible to build an infinite chain using only the pair F(z,y) — F(z,y)
and there is no possibility to build a corresponding chain with infinitely many occurrences
of F(x,y) — F(x,y) from the resulting DP problem.
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Definition 7.29 (Chain Identifying Processor). A processor Proc is chain identifying
iff for every DP problem (P, Q, R, f) the processor returns a set of new DP problems
{(P1,Q,R1, f)y- o, (P, Q, Ry, f)} with P; CP and R; C R such that for every infinite
(P, Q, R, f)-chain s; — t1, 2 — ta, ... using the substitution o with

tio- %fi,l—ﬂ’i,l s %K@jiﬁ”ﬂji Si+10

there is ann € IN and m € {1,...,k} such that s, — t,, Sps1 — tni1,... S an infinite
path in Py, and all rules {; ; — r; ; with i > n are in R,,.

First note that chain identifying processors are always sound and complete, but not
every sound and complete processor is chain identifying. However, many processors are
indeed chain identifying. (Theorems [3.25] [4.2] [4.18] [4.20] [4.22] [4.27] [4.32] [4.39]
[.41] and (D)), [6.22] and[7.30)) Further note that it is not a hard requirement that
a chain identifying processor may neither change Q nor the minimality flag. The reason is
that whenever it is identified that every infinite chain from some point onwards only uses
certain pairs and rules then of course, if the original chain is minimal and respects the
strategy, then this will also hold for the shortened chain which is like the original chain
just without some initial part.

Now we present the semantic labeling processor that is used in Example [7.27 It first
labels the DP problem, then it simplifies the labeled DP problem by some chain identifying
processor and finally it removes all labels.

Theorem 7.30 (Semantic Labeling and Unlabeling Processors). Let Proc;q be a chain
identifying processor, let Procmeqe be a processor of Theorem[7.5, Theorem[7.10, or of
Theorem let Procgyasi be a processor of Theorem or of Theorem[7.23. Then the
following processor Proc is chain identifying and therefore sound and complete. For a DP
problem (P, Q, R, f), Proc returns

o {(Unlab(Py), Q, Unlab(R4), f), ..., (Unlab(Py), Q, Unlab(Ry), f)},
if M is a model of R,
Procuede (P, Q,R, ) ={(P,Q R, f)}, and
PTOCid((P/, Q/, R/, f/)) = {(Pl, Ql, Rl, f/), ey (Pk, Q/, Rk, f/)}

e {(Unlab(Py), Q, Unlab(R4 \ Decr), f), ...,
(Unlab(Py), Q, Unlab(Ry \ Decr), f)},
if M is a quasi-model of R,
Procguasi((P,Q, R, f)) ={(P, Q. R, f')}, and
Procia((P, Q' R, ") ={(P1, Q' R, f), ..., (Pe, @, Ry, [) }

e {(P,Q,R,[)}, otherwise

Beside the previously mentioned advantage of Theorem [7.30] that we remain with small
DP problems there is another benefit. Note that as a chain identifying processor, the
processor of Theorem [7.30] is always complete and it preserves the minimality flag. This
is in contrast to the previous processors based on semantic labeling which are used as
ingredient to this new processor. There, only under certain conditions completeness is
obtained and minimality can be preserved.

There seems to be a slight restriction in Theorem [Z.30l Up to now we only allow one
application of one chain identifying processor between labeling and unlabeling. However,
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this is not a severe restriction as we can always compress an arbitrary application of arbi-
trary chain identifying processor into one chain identifying processor using the following
lemma. This was already needed in Example [7.27] since there we applied three chain
identifying processors on the labeled DP problem before unlabeled it.

Lemma 7.31 (Combining Chain Identifying Processors). Let Procy, Procy, ..., Proc, be
chain identifying processors, and let D be a DP problem. If Proco(D) = {Ds,...,D,} and
if for all 1 <1i <mn the result of Proc;(D;) is {D;1,...,Dix,} then the following processor
Proc is chain identifying. For a DP problem (P, Q, R, f), Proc returns

[ ] {Dl,h . 7D17k1, e 7Dn,17 . 7Dn,kn}; Zf (7), Q,R, f) = D
e (P,QR,[), otherwise

By Lemma [Z.31] we know that applying the processors of Theorems and in
sequence results in a chain identifying processor Proc. And applying Lemma [7.31] a second
time, we conclude that the sequential application of Proc and Theorem [3.25] also is a chain
identifying processor Proc’. Hence, the sequential application of all three processors indeed
corresponds to one application of the (combined) chain identifying processor Proc’. This

finally allows us to apply Theorem [7.30] like we did in Example [7.27]

Summary of Chapter [7|

In this chapter we have shown various unpublished new results about how to extend
semantic labeling, a technique usually applied on TRSs, to the DP framework. To this
end, we have lifted semantic labeling from full rewriting to Q-restricted rewriting for
both models and quasi-models, and we have presented ways to preserve minimality and
to achieve completeness for a semantic labeling processor. Finally, if one wants to label,
simplify, and then unlabel a DP problem, we have figured out the class of chain-identifying
processors which may be used for the intermediate simplifying step. In this way, one can
always achieve completeness and minimality is never lost. This final approach has the
additional advantage that it never increases the resulting DP problem. Therefore, we
propose this approach for the automation of semantic labeling in combination with the
chain identifying processors of Chapters [3 and [4]

For the automation of course one has to find suitable (quasi-)models. How to solve
this problem is investigated in [KMO07, [KZ06| Zan05b]. In [Zan05b] one can also find our
idea of labeling and unlabeling, which was independently developed. However, there are
two major differences: in [Zan05b] labeling and unlabeling is performed on the level of
string rewrite systems and only one specific technique (rule removal as in Section is
applied between labeling and unlabeling, whereas we have presented the results in the
DP framework and we have identified a whole class of processors that may be used in
between.

The combination of semantic labeling and dependency pairs has already been done in
[OLI0T], but this work is completely subsumed by our work, as one can use Theorem [7.30]
with the basic reduction pair processor of Theorem [.2] to simulate [OhI01], for example.
However, in contrast to [OhI01] we investigate minimality and completeness, we have a
more complex structure of DP problems which contain a strategy and a graph-component,
and we can combine every chain identifying processor with semantic labeling, and not only
the basic reduction pair processor.



126 Chapter 7. Processors Based on Semantic Labeling

Semantic labeling under strategies has already been investigated by us in [TM07] where
we considered innermost termination for semantic labeling with models. This thesis com-
pletely extends these results as we deal with the more general case of Q-restricted rewrit-
ing. Moreover, we even perform semantic labeling with evaluation strategy and quasi-
models. This is again an improvement, since in [TMO07] it is shown that one cannot use
semantic labeling with quasi-models if one considers innermost rewriting. And finally, in
[TMOT7] we only worked on the level of TRSs, whereas in this thesis we integrated semantic
labeling to the DP framework.

However, in the work of [HMOGal, [TMO07] a variant of semantic labeling, predictive
labeling, is presented. The advantage of predictive labeling is that only a (quasi-)model
of the usable rules (which are defined w.r.t. a given labeling) has to be found. But since
in these papers predictive labeling again works on TRSs, and not on DP problems it is
incomparable to our work. Moreover, only ordinary and innermost rewriting have been
considered.

The work of [KMO07] integrates predictive labeling to the DP framework for full rewrit-
ing, it corresponds to the processor of Theorem [Z.19 for @ = & where only the needed
rules have to satisfy the quasi-model condition. This clearly extends our results in some
way, but certain aspects like completeness and minimality are not covered in that work.
Therefore, it would be an interesting future work to integrate that work into ours, but
there may be problems. For example for non-linear sets Q, here we used full labeling
to preserve minimality. But for full labeling semantic labeling and predictive labeling
coincide.

We show by an adaptation of Example that certain benefits of predictive labeling
are already present in our processors.

Example 7.32. Let R consist of the following rules.

f(true, x) — random(f(odd(double(x)), x))

)
double(0) —
double(s(z)) — ( (double(x)))
odd(0) — false
odd(s(0)) — true
odd(s(s(x))) — odd(z)
random(x) — ( )
random(x) —

Note that R is not terminating, but innermost terminating. To prove innermost termina-
tion as in Example [7.6] one would like to label the f-symbol. If one uses semantic labeling
directly on R then one has problems finding a suitable model due to the random-rules.
The benefit of predictive labeling is that one only has to find a model for the double- and
odd-rules, but not for the problematic random-rules. However, performing the proof in
the DP framework is also possible with semantic labeling. Using the standard processors
we can remove all pairs in DP(R) except for

F(true,z) — F(odd(double(z)), z)

and we can replace R by the usable rules, which are the double- and odd-rules. Then,
one can use the same algebra to prove finiteness of the DP problem as one would use to
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prove innermost termination of R by predictive labeling (e.g., one can use the algebra of
Example [7.6)): in both cases the same rules have to satisfy the model condition.

There is an improved variant of predictive labeling where one only has to consider
the usable or needed rules w.r.t. an argument filter. With that technique one can even
prove innermost termination of the TRS where one has replaced the first rule of R by the
following.

f(true, z,y) — f(odd(double(x)), x, random(y))

Here, the random-rules are called inside the recursive call in an accumulator, which makes
them usable. But if the interpretations and the labelings ignore the third argument of f
then predictive labeling does not demand that the algebra is a model of the random-rules.
However, this can again be simulated by our methods. Applying the argument filter
processor of Theorem .38 with 7(F) = [1, 2] deletes the accumulator of the corresponding
dependency pair
F(true, z,y) — F(odd(double(z)), z, random(y))

and afterwards the random-rules are not usable any more. Then one can prove finiteness
as before.

Finally, to use predictive labeling in the termination case with quasi-models, there is
a certain condition on the order. However, this condition ensures that if we apply the
needed rules processor of Theorem [£.12] then the additional rules of C. always satisfy
the quasi-model condition. Thus, again there is no large difference to predictive labeling,
since often the needed rules are exactly the usable rules w.r.t. the labeling.

Nevertheless, a combination of our results with [KMQO7] would be helpful, since the
processors of Theorems and Theorem [£.12 are incomplete and the latter additionally
destroys minimality.

Another interesting future work would be to answer the open question whether full
labeling (Theorem [.10) is complete.






8. Processors for Non-Termination
Analysis

Almost all techniques for automated termination analysis try to prove termination and
there are hardly any methods to prove non-termination. But detecting non-termination
automatically would be very helpful when debugging programs.

We show that the DP framework is particularly suitable for combining both termination
and non-termination analysis. We introduce a processor which tries to detect infinite DP
problems in order to answer “no”. Then, if all previous processors were complete, we
can conclude non-termination of the original TRS. An important advantage of the DP
framework is that it can couple the search for a proof and a disproof of termination:

Processors which try to prove termination are also helpful for the non-termination
proof because they transform the initial DP problem into sub-problems, where most of
them can easily be proved finite. So they detect those sub-problems which could cause
non-termination. Therefore, the non-termination processors should only operate on these
sub-problems and thus, they only have to regard a subset of the rules when searching for
non-termination.

On the other hand, processors that try to disprove termination are also helpful for the
termination proof, even if some of the previous processors were incomplete. The reason is
that there are many indeterminisms in a termination proof attempt, since usually many
processors can be applied to a DP problem. Thus, if one can find out that a DP problem is
infinite, very often one has reached a “dead end” and should backtrack if one has applied
incomplete processors before.3¢

Our criteria to detect infiniteness of a DP problem are based on looping DP problems
which were already introduced in [GTS05b]. However, in that work it has not been inves-
tigated how to detect loops in the context of innermost or Q-restricted rewriting. Since
these problems often occur, there is urgent need to check whether a loop (for full rewrit-
ing) also respects the strategy. To this end, in [GTS05¢] sufficient, but incomplete criteria
have been presented. However, in this thesis we strictly extend the results of [GTS05(]
as we will show and explain a novel decision procedure for this question. Although the
procedure is easy to implement its termination proof is quite involved.

This chapter is organized as follows. To prove non-termination within the DP frame-
work, in Section we recall the notion of a looping problem and generalize it from
full rewriting to Q-restricted rewriting. Then in Section we show a new processor
which can switch from innermost termination to termination which will make disproving
O-termination easier. That processor will even allow us to disprove innermost termina-
tion of non-innermost looping problems by finding a loop which disregards the innermost
strategy. Finally, in Section we will present the new decision procedure for detecting
loops for Q-restricted rewriting.

36Tt might still be possible to prove finiteness, since there are examples like Example which are both
finite and infinite.
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8.1. Looping Problems

An obvious approach to find infinite reductions is to search for a term s which reduces to
a term C[su| containing an instance of s. Such a reduction is called a loop and a TRS
R with such a reduction is called looping. A loop has three desirable properties. First,
each loop can be finitely represented, e.g., by giving the rules and corresponding positions
that are used in the reduction from s to C[su|. Second, once one has found the rules
and positions for the rewrite sequence, it is easily possible to verify whether it is really
possible to reduce s to C[su]. (For full rewriting this is trivial.) And most importantly,
a loop gives rise to the following infinite reduction which proves non-termination.

s =g COlsp] =% ClCulsp®]] =% ClCu[Cr?[sp’l]] =% - (179)

Unfortunately, if one does not consider full rewriting but innermost rewriting or O-
restricted rewriting, then loopingness does not imply non-termination, since neither -5z
nor 2, is stable if Q # @. The reason is that from s 37 C[su] one cannot deduce
Sp %;g Culsp?]. And even if this is possible, then it might be the problem that later on
for some larger n the reduction su” %% Cu™[spu™ ] is not possible.

As an example consider the TRS R = {f(g(z)) — f(g(g(z))),g(g(g(x))) — a}. By
choosing s = f(g(x)), C = 0O, and u = {z/g(x)} we obtain the following reduction.

s br Clsu] = f(g(g(x))) r ClCulsp®]] = f(g(s(g(x))))

Now the only possible next reduction step yields the normal form f(a), such that one
cannot build the infinite reduction as in the termination case. And indeed, the TRS
‘R is innermost terminating.

To solve this problem, one can define that a TRS R is Q-looping iff there is a term
s, a substitution p, and a context C' such that su™ %7*5 Cu"[spu™*1] for every natural
number n. A similar definition was already used in [GTS05b, Footnote 6]. Then indeed,
Q-loopingness implies non-termination for the Q-restricted rewrite relation. However the
following example shows that this definition does not really correspond to a loop, e.g., it
does not have the first two of the three desired properties of a loop.

Example 8.1. Consider the TRS R with the following rules.
f(z,y) — f(s(z), g(h(z,0)))
h(s(z),y) = h(z,s(y))
g(h(z,y)) = i(y)

Then for @ = lhs(R) the TRS R is Q-looping, as for s = f(s(x), g(h(z,0))), C' = O, and
p = {x/s(x)} there are the following reductions.

spt = f(s(x), g(h(x,0)))u"
= f(s""!(x), g(h(s"(x),0)))
S £(s+(x), g(h(z,57(0))))
S f(s" (2),i(s(0)))
® F(s"2(x), g(h(s""!(2),0)))
— C/Ln[Sﬂn+l]

The problem is that the reductions from su™ to Cu"[su™ ] depend on n. In this example
it might still be possible to represent and check the reductions in a finite way as they have
a regular structure, but in general the problem is not even semi-decidable.
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Suppose we want to solve the undecidable problem whether a function over the nat-
urals is total. Since term rewriting is Turing-complete we can assume that there are
corresponding rules for i which compute that function by innermost evaluation strategy.
But then we can add the three rules of R and totality of i is equivalent to the question
whether s, u, and C' as above form an innermost-loop, since we obtain a loop iff all terms
i(s"(0)) for n € IN have a normal form.

So, the problem with the requirement sp™ %;g Cu"[spu™ ' is that although there are
some intermediate terms in the infinite reduction that have a regular structure, it is
possible that for every n the reduction from su™ to C'u™[su" '] is completely different.

However, in the infinite reduction for standard rewriting there is a strong regu-
larity in the reductions from su™ to C'u™[su™*!]. For every m one can apply exactly the
same rules in exactly the same order at exactly the same positions. Hence, one only has
to give the reduction of s to Clsu] to know how to continue for su, su?,.... This gives
rise to the our final definition of Q-looping.

Definition 8.2 (Q-Looping TRS). Let R be a TRS, and let Q be a set of terms. Then
R is Q-looping iff there is a term s, a context C, a substitution i, a number m > 1, and
if there are rules 1 — r1,..., 4y, — 1 € R and positions py,...,pn such that for all
n € IN there is the following reduction.

Slun %81‘”'17171 o %52%1”2,102 ©---0 %ZmHTm,pm C[SunJrl]

Note that Definition [8.2] generalizes the definition of a looping TRS, since a TRS R
is looping iff s —7% C[su] iff R is @-looping. Moreover, this definition of Q-loopingness
has the desired first property that a loop can be finitely represented, and also the desired
third property is satisfied.

Theorem 8.3 (Loops and Non-Termination). Let R be a TRS and Q be a set of terms.
If R is Q-looping then R is not Q-terminating.

Theorem R.3]is easily proven, since from Q-loopingness of R we get the same reduction
as in (179) where one just replaces —5 by %R Notice that it is not at all obvious
whether the second desired property of a loop is satisfied: there might be a problem to
check whether a given rewrite sequence really is a loop, since one has to check the looping
reduction for the possibly infinite set of terms s, sy, .... Before we show the novel result
in Section how this problem can be decided, we first generalize loopingness to DP
problems.

Our definition of a looping DP problem generalizes [GTS05b, Definition 22] from the
termination case to Q-restricted rewriting, in particular for @ = @ both definitions are
equivalent. However, our definition is different for the innermost case since we do not
allow that the reductions may depend on n as it is done in [GTS05b, Footnote 6].

Definition 8.4 (Looping DP Problem). Let D = (P, Q, R, f) be a DP problem. Then D
1s looping iff there is a term s, a substitution p, a number m > 1, and if there are rules
by —=r,... by — 1y € PUR and positions p1, ..., pm such that for all n € IN there is
the following reduction sequence.

n n+1
S %fl—ﬂhm © %42—>T2,P2 ©---0 %Zm—ﬁ“m,]?m SH
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Moreover, these reductions have to satisfy three additional requirements: there must be at
least one P-reduction, for every P-reduction the corresponding position must be the root
position, and for every P-reduction the redex must be in Q-normal form.?”

The additional requirement on the P-reductions corresponds to the fact that in chains,
every pair in P may only be applied at the root and all instantiated left-hand sides of the
pairs must be in Q-normal form. Moreover, we need at least one pair to build a chain.

Theorem 8.5 (Processor Based on Loop-Detection). The following processor Proc is
sound and complete. For a DP problem (P, Q, R, f), Proc returns

e no, if (P,Q,R,f) is looping,
e {(P,O,R,[)}, otherwise

Comparing Theorem [R.3|with Theorem [8.5] one can see two advantages of Theorem R.5
First, there is no need to search for a context and instead of taking an arbitrary term s
to start the loop of a TRS, one can always start the search with an instance of a left-
hand side of a pair. The reason for the latter is that one can w.l.o.g. assume that the
one necessary step with the pair is the first step in a loop. The proof of the following
Theorem R.6] reveals that one will find all looping TRSs, even if one starts the loops with
an instance of a left-hand side of the TRS.

The second advantage is more important. Due to the previous processors usually there
are only few rules and pairs remaining which may be non-terminating. Hence, the modu-
larity of the DP framework helps to reduce the search space for a non-termination proof.
We can apply every sound and complete processor — which often was designed to prove
termination — before trying to disprove termination.

The following theorem shows that one can detect all Q-looping TRSs by looking for
loops in the corresponding DP problems.

Theorem 8.6 (Looping TRSs and Looping DP Problems). A TRS R is Q-looping iff
(DP(R),Q, R, f) is looping.

Note that the correspondence between looping TRSs and looping DP problems was
already proven in [GTS05D, Theorem 23], but only for full rewriting. Thus, Theorem [8.6]
generalizes that result to Q-restricted rewriting.

Example 8.7. Let R = {f(z,y, z,u) — g(z,f(c(z,y), 2, 2,y))}. For the initial DP prob-
lem (P, @, R,m) with P = DP(R) there is the following reduction with the substitution
p={z/c(r,y),y/zu/y}.

s =F(x,y,z,u) =p. F(c(z,9),2,2,y) = sp

Since full rewriting is closed under substitutions this directly implies su™ —p . su™™! for
all n. Hence, (P, 2, R, m) is looping and infinite.

If we want to directly prove that R is a looping TRS, we can choose the same pu, a
similar term s = f(z,y, z, u), but additionally we have to provide the context C' = g(x, 0).

In the next section we show that Theorem [R.6] only tells us half of the truth, and in
Section [8.3] we investigate how to find loops.

37To improve readability in this chapter we disregard the graph structure of P. However, all the presented
results can be easily extended to graphs as well.
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8.2. Switching to Termination

Usually, to analyze termination of a TRS we first apply various processors on the initial
DP problem (DP(R), Q, R, m) before we try to disprove termination. Then, if all these
processors have been complete we can conclude non-termination. But it may be the
case that the initial DP problem is looping whereas the resulting DP problems are still
infinite, but not looping any more. Therefore, we would not only like to know that our
processors are complete, but they should also be loop preserving: using loop preserving
processors has the advantage that they do not harm for disproving termination, whereas
the application of other complete processors may prevent a successful non-termination
proof.

And indeed, nearly all of our processors are loop preserving, e.g., every chain identifying
processor (cf. Definition [Z.29)) is loop preserving. However, there is one processor that is
often used and that is not loop preserving: the processor of Theorem [3.14] to switch to
innermost termination. Consider the following example.

Example 8.8. Let R consist of the following rules and let Q@ = &.

f(z) — f(g(0,true))
g(x,true) — g(s(x),isnat(x))
)
)

isnat(0) — true
isnat(s(x)) — isnat(z)

Obviously, R is looping due to the first rule where one can choose s = f(z) and u =
{z/g(0, true)}. However, the rules of the remaining TRS do not admit a looping reduction:
The non-terminating reduction

g(0,true) —5 g(s(0),isnat(0)) —
g(s(0), true) — g(s(s(0)), isnat(s(0))) —
g(s(s(0)), true) —x g(s(s(s(0))), isnat(s(s(0)))) —

is not a loop. Due to Theorem [R.6] also the initial DP problem contains a loop, using the
dependency pair F(x) — F(g(0, true)) of the first rule. However, once we apply the usual
processors including the processor to switch to innermost termination, we get the DP prob-
lem (P, lhs(R),R,m) with P = {F(z) — F(g(0,true)), G(z,true) — G(s(z),isnat(z))}.
Then, there is no loop any more, since one cannot even build an infinite chain with the
pair F(z) — F(g(0,true)) as g(0, true) has no normal form, and since the other pair of P
— as shown before — does not admit a loop.

To handle this problem, in this section we develop an inverse processor to Theorem [3.14]
which switches to full termination. Then the problem of Example is solved, as after
its application we can again find the loop as for the initial DP problem. Moreover, by
this method we can also prove that the TRS in Example is not innermost terminating
although it is not innermost looping.

Of course, when developing a processor which switches to full termination the difficult
task is to prove that it is complete. But it turns out that completeness of such a processor
is quite similar to soundness of the processor of Theorem [3.14l The reason is that in both
ways we have to construct an infinite chain with large strategy component Qg from
an infinite chain with smaller strategy component Qg,,.;. However, there are minor
differences: in Theorem B.14 Qe = Q and Qjarge = lhs(R) whereas for a processor
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to switch to full termination we have Qg1 = @ and Qjgrge = Q where in both cases
Q is the strategy component of the input DP problem. Another important difference
is that for the completeness of a processor to switch to full termination one also needs
to conclude Q-restricted non-termination of R from non-termination of R, i.e., one does
not only have to consider infinite chains. One reason is that a DP problem (P, 2, R, f)
is already infinite if R is not terminating. However, that this is not the only reason is
illustrated in Example [8.10]

But let us first formally introduce the processor to switch to full termination in the
following theorem, where we see that the requirements are quite similar to those of

Theorem [3.14]

Theorem 8.9 (Processor to Switch to Termination). Let Proc be the processor which
returns {(P, @, R,a)} for a given DP problem (P,Q, R, f). Then, Proc is sound and it
s complete, if

e for all s — t € P, non-variable subterms of s do not unify with left-hand sides of
rules from R,

e R is locally confluent,
e NF(R) C NF(Q), and
o O-restricted termination of R implies termination of R

One question is how to guarantee the last requirement that Q-restricted termination
of R implies termination of R without doing the termination proof of R. Our solution is
to alternatively require that R belongs to a class of TRSs where innermost termination
and termination are equivalent. Then the last requirement is indeed satisfied, since by
Lemma 2.4] one can conclude innermost termination of R from OQ-termination of R.

We now show that the last requirement of Theorem [8.9 is essential, even if one would
define that a DP problem is infinite iff it admits an infinite chain.

Example 8.10. Consider the DP problem (&, lhs(R),R,a) where R consists of the
following rules.

g(a) — g(b)
g(b) — g(a)
a—C
b—d

Then (&, lhs(R), R, a) is not infinite as R is innermost terminating and as there obviously
is no infinite innermost chain. However, R is locally confluent, -5 is even confluent,
and (@,9,R,a) is infinite since R is not terminating. Thus, without the requirement
that innermost termination of R should imply termination of R, Theorem [8.9] becomes
unsound.

But even if one considers the DP problems (P, lhs(R),R,a) and (P,d,R,a) with
P = {F(g(c),g(d),z) — F(x,z,z)} one obtains a counterexample. Although there is
an infinite (P, @, R)-chain in addition to non-termination of R there still is no infinite
(P, lhs(R), R)-chain.
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Another way to reduce the set Q is to apply the O-reduction processors of Theorems
.34 and Since for disproving termination minimality is irrelevant, one should always
prefer Theorem [3.34] over Theorem [3.36] as the processor of the former theorem can delete
more terms from ©Q and it is more often applicable.

Since Theorem B.34] and Theorem R.9] are incomparable one should apply them both
as a first step to disprove termination. Nevertheless, these processors just simplify the
DP problem for a later non-termination proof, but they will never say “no”. Hence, to
disprove termination we afterwards still have to apply Theorem B3 However, we still
have not presented a way to detect loops. This is the topic of the next section.

8.3. Detecting Looping Problems

In [GTS05D] it is investigated how loops can be detected by narrowing. Another approach
to detect loops is based on unfolding and is presented in [Pay06]. Moreover, for the special
class of string rewrite systems, in [GZ99] a decision procedure is presented, which can
answer the question whether there is a loop up to a given length. However, in all these
papers ([GTS05b, [(GZ99, [Pay06]) only loops for full rewriting are detected and there is
no technique to detect whether such a loop also respects the strategy given by Q. This is
partially solved in [GTS05c¢] where approzimations are presented by which one can detect
innermost loops.

In this section we extend the results of [GTS05¢| and develop a novel method to decide
whether a loop respects the strategy. If there is a loop for full rewriting then we have
found a reduction of the following form.

n n+1
SI e —rp1 © TPla—rapa OO TPl o SH

Since every time the same rules are applied at the same positions, all intermediate terms
have the form s;u". Hence, the reductions look at follows.

n __ n n n n+1
SpT = S1HT ey ,pr S2H P la—srape - - - SmM Tl pm SH

Note that this reduction is Q-looping iff every direct subterm s; |, ;™ of every redex s;u™|,,
is in @-normal form (and if one considers looping DP problems then additionally for every
i with ¢; — r; € P the terms s;u™ have to be in Q-normal form). Since a term t is in
O-normal form iff ¢ does not contain a redex w.r.t. Q, we can reformulate the question
about Q-loopingness in terms of so-called redex problems.

Definition 8.11 (Redex, Matching, and Identity Problems). Let s and q be terms, let
p be a substitution with finite domain. Then a redex problem is a triple (s |> q,p), a
matching problem is a triple (s > q, 1), and an identity problem is a triple (s = q, j1).

A redex problem (s |> q, ) is solvable iff there is a natural number n, a position p,
and a substitution o such that su"|, = qo, a matching problem is solvable iff there is a
natural number n and a substitution o such that sy™ = qo, and an identity problem is

solvable iff there is a natural number n such that su™ = qu™.

Obviously, for every term s the redex problem (s |> p, q) is not solvable for any ¢ € Q
iff sy™ € NF(Q) for all n € IN.

Example 8.12. We consider the TRS of Example [8.7] where now we want to analyze
Q-termination for Q = {q} with ¢ = c(c(c(x1, 1), x2), x3). Then the loop of Example [8.7
(with s = F(z,y, z,u) and pu = {z/c(x,y),y/z,u/y}) respects the strategy iff (s |> ¢, u)
is not solvable.
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To answer the question whether a redex problem (s |> ¢, i) is solvable, we have to look
for three unknowns: the position p, the substitution o, and the number n. We will now
eliminate these unknowns one by one and start with the position p. This will result in
matching problems. Then in a second step we will further transform matching problems
into identity problems where only the number n is unknown. Finally, we will present a
novel algorithm to decide identity problems. Therefore, at the end of this section we will
have a decision procedure for redex problems, and thus also for the question whether a
given loop respects the strategy.

To start with simplifying a redex problem (s |> ¢, u) into a finite disjunction of match-
ing problems, note that since the position can be chosen freely from all terms s, su, su?, . . .
it is not possible to just unroll the possible choices for the position. But the following
theorem shows that it is indeed possible to reduce redex problems to matching problems.

Theorem 8.13 (Solving Redex Problems). Let (s |> q,u) be a redex problem. Let
W = U,en V(si'). Then (s |> q, ) is solvable iff q is a variable or the matching problem
(u> q,p) is solvable for some non-variable subterm u of a term in {s} U{zpu | x € W}.

Note that the set W is finite since it is a subset of the finite set of variables V(s) U
Usepom(u V(). Hence, Theorem B.I3 can easily be automated.

Example 8.14. We use Theorem [8.13/for the redex problem (s |> ¢, u) of Example [8.12]

i | s’ | V(sp)
0 F(z,y,z,u) {z,y,z,u}
]' F(C(J;7 y)7z7 Z’ y) {x7 y’ Z}

Since there is no new variable in the second iteration we can stop and know that WW =
{z,y,z,u}. Thus, (s |> g, p) is solvable iff one of the following two matching problems is
solvable.

(Fle(z,y), 2z, 2,9) > q,p)  (c(z,y) > q,p)

Now the question whether a given matching problem is solvable remains. This amounts
to detecting the unknown number n and the matcher o. Our next aim is again to reduce
this problem to a conjunction of identity problems where there is no matcher ¢ any more.
However, we first have to generalize the notion of a matching problem (s > ¢, u) which
includes one pair of terms s > ¢ into a matching problem which allows a set of pairs of
terms.

Definition 8.15 (Matching Problem). A matching problem is a pair (M, p) of a set M
of pairs {s1 > q1,...,8k > qx} together with a substitution p. A matching problem for
(M, p) is solvable iff there is a substitution o and a number n € IN such that for all
1 < j <k the equality s;u" = q;o is valid.

If M only contains one pair s > q then we identify (M, p) with (s > q,p), and if p is
clear from the context we write M as an abbreviation for (M, ).

We now give a set of four transformation rules which either detect that a matching
problem is not solvable (indicated by L), or which transform a matching problem into
solved form. And once we have reached a matching problem in solved form, it is possible
to translate it into identity problems.
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Definition 8.16 (Transformation of Matching Problems). Let V be the set of vari-
ables and let p = {x1/t1,...,xn/tn} be a substitution. We define Viper = {x € V|
there is some n € IN with zu™ ¢ V} as the set of increasing variables.

For each matching problem (M, p) with M = M' W {s > q} with g ¢ V there is a
corresponding transformation rule.

(i)) M= {su>q |s>q¢d e M}, ifs € Viner

(ii) M= L, ifs€V\ Viper

(i) M= L, ifs=f(...),q=9(...), and f # g

() M= MU{s1>q,....,sx>q}, if s= f(s1,.--,8k), ¢= flq1,---,q)
Otherwise, a matching problem is in solved form.

The following theorem shows that every matching problem (s > ¢, ) can be reduced to
a set of identity problems.

Theorem 8.17 (Solving Matching Problems). Let (M, i) be a matching problem.
(i) The transformation rules of Definition are confluent and terminating.
(ii) If M = L then M is not solvable.

(1i1) If M = M’ then M is solvable iff M’ is solvable.

(iv) M is solvable iff M =* M’ for some matching problem M’ = {s;>x1,..., s> x)}
in solved form, such that for all i # j with x; = x; the identity problem (s; = s;, i)
15 solvable.

Example 8.18. We illustrate the transformation rules of Definition R16] by contin-
uing Example [8.14] where at the end we had to analyze two matching problems for

q = C(C(C(l’h xl)a x2)7 I3) and n = {JI/C(x, y)7 y/Z, U/y}
e The matching problem (F(c(z,v), 2, z,y) > ¢, 1) can be reduced to L by rule (fii]).

e The other matching problem can be transformed by rules (i) and into solved
form as follows.

(c(z,y) > g, p) = {c(z,y) > c(c(c(zr, 1), 22), 23) }
= {z > c(c(x1,21),22),y > 23}
= {c(z,y) > c(c(z1, 21), 2), 2 > 23}
= {z>c(xy,21),y > 29,2 > 23}
= {c(z,y) > c(x1,21),2 > 9,2 > 3}
= {x>x,y>11,2> 09,2 > 13}

Hence, by Theorem .17 all matching problems are not solvable iff the identity
problem (x & y, 1) is not solvable.
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Input:  An identity problem (s & ¢, u).
Output: “Yes”, the identity problem is solvable, or “No”, it is not.

(i
(ii

(iii

While p contains a cycle of length n > 1 do p := p"
S:=0

If s =t then stop with result “Yes”

)
)
)
(iv) If there is a shared position p of s and ¢ such that s|, = f(...) and t|, = g(...)
and f # ¢ then stop with result “No”

(v) If there is a shared position p of s and ¢ such that s|, =z, t|, = g(...), and z is
not an increasing variable then stop with result “No”.
Repeat this step with s and ¢ exchanged.

(vi) If there is a shared position p of s and ¢ such that s|, = z, t|, =y, v # y, and
x,y ¢ Dom(u) then stop with result “No”

(vii) Add the triple (x,p,t|,) to S for all shared positions p of s and ¢ such that
x = s|, # t|, where x is an increasing variable
Repeat this step with s and ¢ exchanged.
(viii) If (z,p1,u1) € S and (x, ps, us) € S where
(a) u; and ug are not unifiable or where
(b) u; = ug and p; < po,
then stop with result “No”

(ix) s := su,t:=tp
(x) Continue with step

Figure 8.19.: An algorithm to decide solvability of identity problems

It only remains to give an algorithm which decides solvability of an identity problem.
The full algorithm is presented in Figure [8.19] and we will explain the performed steps
one by one.

First we replace the substitution p by u™ such that p™ does not contain cycles. Here,
a substitution 0 contains a cycle of length n iff 6 = {x1/xs, x2/x3, ..., T, /21, ... } where
the z; are pairwise different variables. Obviously, if § contains a cycle of length n then
in 0™ all variables x1,...,x, do not belong to the domain any more. Thus, step will
terminate and afterwards p does not contain cycles of length 2 or more.

Note that like in Theorem [8.13 where we replaced p by 6 = /=%, the identity problem
(s & t,u) is solvable iff (s &= ¢, u™) is solvable. Hence, after step (fil) we still have to decide
solvability of (s & ¢, u) for the modified . The advantage is that now p has a special
structure. For all z € Dom(u) either z is an increasing variable or for some n the term
xpu™ is a variable which is not in the domain of . And for such substitutions p the terms
s, si, sp2, . .. finally become stationary at each position, i.e., for every position p there is
some n such that either all terms su™|,, su™*|,, su™2|,,... are of the form f(...), or all
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these terms are the same variable x ¢ Dom(u). Therefore, it is possible to define su™ as
the limit of all terms s, su, su?, . ...

If the identity problem is solvable then there is some n such that su™ = tu™ which is
detected in step . The reason is that with steps and @ it is iterated over all term
pairs (s,t), (su,tp), (sp?,tu?), . ...

On the other hand it might be the case that an identity problem has a stationary
conflict, i.e., su>™ # tu®. Then the identity problem is unsolvable since su™ = tu™ implies
s> = tu™>. However, if the terms su® and ¢ differ, then there is some position p such
that the symbols at position p differ, or su>|, is a variable and tu*°|, is not a variable
(or vice versa), or both su>|, and t4>°|, are different variables Hence, if we choose n high
enough then p is stationary for both su™|, and tu"|,. But then one of three rules —
will trigger. The reason is that all variables in su® and tu™ are not from the domain of
L.

Up to now we can detect all solvable identity problems and all identity problems which
are not solvable due to a stationary conflicts. However, there remain other identity prob-
lems which are neither solvable nor do they possess a stationary conflict. As an example
consider (z = y,{z/f(z),y/f(y)}). Then su> = f(f(f(...))) = tu*> but this identity
problem is not solvable since zu" = f*(x) # f"(y) = yu"™. We call these identity problems
infinite.

The remaining steps , , and are used to detect infinite identity problems.
In the set S we store subproblems (x,p,u) such that whenever the identity problem is
solvable, then zu™ = up™ must hold for some m to make the terms su™ and tu™ equal at
position p. We give some intuitive arguments why the two abortion criteria in step
are correct. For notice that if u; and uy are not unifiable then xp™ cannot be
both w1 p™ and usu™, which would be a conflict. And if in the problem to make xu™ equal
to uyu™ we again produce the same problem at a lower position, then this will continue
forever. Hence, the problem is not solvable, which will be detected by step .

The following theorem shows that indeed all answers of the algorithm are correct and it
also shows that we will always get an answer. However, especially the termination proof
is quite involved since we have to show that the criteria in step suffice to detect all
infinity identity problems.

Theorem 8.20 (Solving Identity Problems). The algorithm in Figure to decide solv-
ability of identity problems is correct and it terminates.

Example 8.21. We illustrate the algorithm with the identity problem (z = y, u) where
= Az/f(y,u),y/f(z,up), z/f(x,ug), up/ur, uq /ug}.

As p contains a cycle of length 2 we replace pu by p? = {x/f(f(z,up), u1), y/f(f(x, ug), us),
2 /f(f(y, uo),u1)}. Since zu™ = f(f(f(...,u1), up),u1) = yu™ we know that the problem is
solvable or infinite. Hence, the steps — will never succeed. We start with s = x and
t = y. Since the terms are different we add (x,¢,y) and (y,&,x) to S. In the next iteration
we have s = f(f(z,up),u1) and t = f(f(x,up),u;). Again, the terms are different and we
add (z,11, z) and (2,11, x) to S. The next iteration yields the new triples (y, 1111, z) and
(z,1111,y), and after having applied p three times we get the two last triples (x, 111111, y)
and (y, 111111, ). Then due to the algorithm terminates with “No”.

By simply combining the theorems of this section we have finally obtained a decision
procedure which can solve the question whether a loop is also a loop when regarding the
strategy given by Q.
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Corollary 8.22 (Deciding Q-loops). For every looping reduction of a TRS or of a DP
problem it is decidable whether that reduction is a loop when regarding the strategy Q.

Example 8.23. At the end of Example we knew that the given loop respects the
strategy iff (xr &= y,pu) is not solvable where u = {z/c(x,y),y/z,u/y}. We apply the
algorithm of Figure to show that this identity problem is indeed not solvable, and
hence the loop is also Q-looping.

Since p only contains cycles of length 1, we skip step . So, let s =z and t = y. Then
none of the steps - are applicable. Hence, we add (z,¢,y) to S and continue with
s = c(z,y) and t = z. Then, in step the algorithm is stopped with answer “No” due
to a stationary conflict.

Summary of Chapter

In this chapter we have presented various methods to prove that a TRS is non-terminating.
First, we have seen that every loop gives rise to non-termination. Then we have presented
a new contribution, where we have generalized the concept of a loop from full rewriting
to O-restricted rewriting and from TRSs to DP problems. Moreover, we have proven that
a TRS is looping iff its initial DP problem is looping. This result is important since it
implies that one can only benefit from disproving termination in the DP framework: If a
TRS is looping, one will be able to detect that loop in a corresponding DP problem, and
often one can detect the loop more easily, since the processors to prove termination often
narrow the search space to find a loop considerably.

To further simplify disproving termination, we have introduced a novel processor which
can transform infinite non-looping DP problems into looping DP problems by switching
from innermost termination to termination.

All of the above methods have already been published by us in a basic version in
[GTS05b] where we only considered full and innermost rewriting instead of Q-restricted
rewriting. Moreover, the equivalence result between looping TRSs and looping DP prob-
lems is only available for full rewriting in [GTS05b].

Finally, we have presented a new algorithm to decide whether a loop for full rewriting
is also a loop for Q-restricted rewriting. This extends our work in [GTS05¢] which can
only approximate this question.

To automate disproving, we propose the following strategy. First one should apply all
complete processors of the previous chapters as if one would try to prove termination. This
will usually simplify the initial DP problem considerably and it will detect the possibly
non-terminating parts. Then one should really try to disprove termination. To obtain a
small set Q one should apply the processor of Theorem [3.34]to remove all terms of Q which
cannot block a reduction any more, and one should apply the processor of Theorem [R.9]
to switch to termination, if possible. Note that both these processors drop minimality,
but this does not matter, since minimality is not needed when disproving termination.
Finally one should try to disprove termination by Theorem 8.5 i.e., by searching for a
loop. To this end, one can use one of the methods in |[GTS05b] [(GZ99, [Pay06] for finding
loops for full termination, and then check whether that loop respects the strategy by our
new algorithm where of course, one should guide this search by the evaluation strategy
as far as possible.

In the related work of [WS06] a larger class of non-terminating problems has been
identified, so called inner-loops. These still have some regular structure but up to now,
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no technique is available which can automatically detect inner-loops that are not already
loops. It would be interesting to develop these techniques and to generalize inner-loops
from full rewriting to Q-restricted rewriting.

Other related work can be found in [Pla86]. There a TRS R is already called “non-
terminating” if it allows a self-embedding reduction sequence. A reduction sequence
t1 =g ta =g ... is called self-embedding if there are ¢ and j > ¢ such that ¢; Zemp ¢
Thus, this criterion can be used to detect that R is not simply-terminating. This is
used to avoid infinite reductions in the reduction step of Knuth-Bendix style completion.
However these results are incomparable to our work, since their criterion does not imply
non-termination with the usual meaning of non-termination.






9. Conclusion

We introduced the DP framework for termination proofs (Chapter [2) which generalizes
the classical DP approach [AGO0] into a general basis for automated termination proofs.
Since it turned out that the classical evaluation strategies of full rewriting and innermost
rewriting are not expressive enough — especially if one wants to obtain completeness — we
used the more general notion of Q-restricted rewriting.

Then we showed how to formulate the existing components of the DP approach as
processors within this framework (Chapters . In contrast to the DP approach, now
these components can be applied at any time during the termination proof and their
applicability conditions only concern the current DP problem, not the whole TRSs. For
example, we designed a modular and more powerful version of the technique of [Gra95)]
to switch to innermost termination. Moreover, we developed several new processors and
extended existing techniques ([Urb01]) to simplify DP problems, such that far less con-
straints have to be satisfied, or less new pairs and rules will be generated. Additionally,
we introduced semantic notions (of Cap and of usable rules) which encompass all known
syntactic definitions, and our estimations yield better results than all previous versions.
And even more importantly, since our processors only make use of these semantic notions,
every future improvement of the estimations can be integrated without having to recheck
or adapt a single proof of any of the processors.

Afterwards, we presented several new processors to handle applicative TRSs, which are
first-order TRSs of a special form that can be used to represent higher-order functions
(Chapter[6). Here, we extended the existing work about transforming applicative TRSs to
standard functional form ([KKSV96]) to DP problems, which entailed the new problem of
considering the evaluation strategy in that transformation. There we detected that some
of the desired processors would be unsound, but we solved this problem by combining
the transformation with those processors that are based on well-founded orders. This
is sufficient since most of the other processors are equally powerful on transformed and
untransformed DP problems.

As next step we adapted the powerful technique of semantic labeling [Zan95] to the DP
framework (Chapter . Our work included the integration of strategies for both models
and quasi-models, we investigated completeness of semantic labeling, and we detected
which processors may be used between labeling and unlabeling.

Finally, we illustrated how to disprove termination (Chapter . A major contribution
was already made in the previous chapters since for all processors in Chapters BH7 we
also investigated their completeness which allows us to use them also when proving non-
termination. To finally detect non-termination we try to find loops, a notion we have
generalized from full to Q-restricted rewriting and from TRSs to DP problems. To this
end, we designed a novel algorithm which can decide whether a loop for full rewriting
respects a given evaluation strategy, and additionally other techniques were presented
that allow to switch to a more liberal strategy before trying to detect a loop.

Of course, there are other techniques to analyze termination that have not yet been
adapted to the DP framework like match-bounds [GHWO03, (GHWZ07] or the size-change



144 Chapter 9. Conclusion

principle [LJBOI], TGO03, [TG05]. Therefore, in [GTS05a, Theorem 36] it is shown how
to integrate arbitrary existing termination techniques into the DP framework. The main
idea is to prove Q-termination of P U R in order to show that (P, Q,R, f) is finite. In
this way, these techniques can benefit from other processors which were applied before.
This increases their applicability and power considerably. However, it would of course be
more advantageous to integrate these techniques more closely into the DP framework like
it was done for semantic labeling. This would be an interesting future work.

All of our techniques not only work in theory but they can be efficiently mechanized,
too. This can be done in two steps.

First, one needs an efficient implementation of each individual processor. For the more
challenging processors — those of Chapters [4} [0}, [, and [§] — one can find corresponding
techniques in our work [CSLT06, [FGM™T07, (GTSF03, [GTSF06, STAT07] and in the work
of [CLS06, [CMTU05, [GZ99, [Pay06|, HMO05, KMOT7, [KZ06, Zan05bl, [ZHMO07]. Here, the
most recent techniques often use SAT encodings and benefit from modern SAT solvers.

And second, one definitely needs a strategy when to apply each technique. One can take
the following general purpose strategy as starting point, but of course one might want to
adapt it for certain classes of input problems, or if new techniques become available.

Our strategy works as follows. We start with the tree that only contains the initial DP
problem as node. And whenever we detect an unprocessed DP problem (P, Q,R, f) in
this tree, we try to successfully apply a processor in the following sequence, i.e., we apply
the first processor Proc which satisfies Proc((P, Q, R, f)) # {(P,Q,R, f)}.

(i) Apply very fast and complete processors

(a) Delete all edges in the pair-graph due to the dependency graph (Theorem [B3.3]
with estimation of Definition [3.9))

(b) Decompose pair-graph (Theorem [3.4))

(c) Delete all edges in the pair-graph due to the dependency graph (Theorem B.3]
with star-estimation of Definition [3.31])

(d) Switch to innermost termination (Theorem [3.14])

e) Remove all unusable rules (Theorem [3.25)

f) Remove non-blocking terms in Q@ (Theorem [3.36))

)

Switch from applicative to functional form in the innermost case (Theorem [6.8))

(
(
(g
(ii) Apply fast and complete processors
(a) Remove pairs by the subterm criterion (Theorem [£.47])

(b) Switch from applicative to functional form in the termination case by using
monotonic reduction pairs (Theorem [6.17] )

(¢) Remove all unneeded rules by using monotonic reduction pairs (Theorems

and 17 (B))
(d) Remove further rules by using monotonic reduction pairs (Theorems and

617 @)

If one has found a reduction order for one of the above processors one should directly
try to simplify the resulting DP problem further with the help of this reduction order.
For example, the constraints to successfully apply (ii-b) do not require a strict
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(i)

(vii)

(viii)

decrease. However, if it turns out that some pairs or rules are strictly decreasing
one can directly simplify the DP problem further by (jii—d).

Apply powerful and complete processors

Remove pairs by using “simple” reduction pairs (such as RPO, KBO, linear poly-
nomial orders with low coefficients)

(a) For applicative DP problems use reduction pair processor (Theorem [6.22)), or
if a DP problem is not even m-proper, try combination with argument filter
processor (Theorem [£.38)

(b) For non-applicative DP problems use reduction pair processors (Theorems m
and {4.32)
Apply complete transformations
(a) Rewrite pairs (Theorem [(.10)
(b) Narrow pairs (Theorem [5.19))

(c) Instantiate pairs (Theorems [5.3| and

Here, the processors in steps and (fiv—b|) should only be applied if their ap-
plication is complete. Moreover, one should directly apply all pair transformations

before restarting at the beginning of our strategy. The reason is that often many
transformation have to be performed, before a reduction pair processor can be ap-
plied afterwards. However, the processors of step (i) should be tried after every
transformation.

Since the transformations can often be applied infinitely many times, we have iden-
tified “safe” transformations which are guaranteed to terminate. More details can
be found in [GTSE06, Definition 33].
Apply very powerful and complete processors
Repeat step (fiil) with “complex” reduction pairs (such as negative or non-linear
polynomial orders and matrix interpretations)
Try to disprove termination

(a) Remove all non-blocking terms from Q (Theorem [3.34))

(b) Switch to termination (Theorem R.9)

(c) Find a loop (Theorem [8.5)

After steps and (vi-b|) have been applied, one should not restart with the
global strategy in step z[), but directly try step . If one cannot find a loop,
one should not apply any step of at all, since otherwise minimality would be
lost.

Apply incomplete transformations

Reapply step but even allow incomplete transformations

Apply semantic labeling

Use the technique of labeling and unlabeling (Theorem [7.30). For the labeling
always use full labeling (Theorems and [7.23)) and for quasi-models and linear



146 Chapter 9. Conclusion

sets @ combine it with Theorem [7.15] to preserve minimality. For the simplification
between labeling and unlabeling use the chain-identifying processors of steps (i—al)—

and as well as the processors of steps (ii—d), (ii-d)), and in combination

with linear polynomial orders.

Our strategy has two global properties. All DP problems in the tree have their min-
imality flag enabled and the roots of the pairs are always head symbols. (Note that
minimality is lost locally when trying to disprove termination and when semantic labeling
is used with quasi-models and non-linear sets Q (steps and (viil)). To achieve the
former property, we did not allow the processors of Theorems , , and .
And because of the latter property we did not integrate Theorem [4.39

All other processors of this thesis that cannot be found in our strategy are not inte-
grated, because they are subsumed by some strictly more powerful processor.

A large number of processors (including all that have been presented in this thesis) have
been implemented in our automated termination tool AProVE [GST06]. Moreover, we
have designed a dedicated strategy similar to the one above for every class of termination
problems, i.e., there is one strategy for TRSs, one for Prolog-programs, one for Haskell-
programs, etc.

The accumulated effect®® of our contributions can be seen at the annual international
Termination Competition [MZ07]. Due to the DP framework, since the beginning of the
competition in the year 2004, AProVE was the most powerful system in the term rewriting
category, both for proving and for disproving termination. Here, the tools were tested
on the examples from the termination problem data base (TPDB) [TPDB]J, a collection
of termination problems from several sources and different areas of computer science. To
give some numbers, in the competition of this year where every tool had two minutes to
analyze each TRS, AProVE could detect that 723 of the 975 TRSs are terminating and it
could disprove termination of 128 systems, whereas the second most powerful tools could
only prove termination of 574 TRSs and disprove termination of 117 systems.

This demonstrates that the DP framework is indeed very well suited for automation and
for application in practice. The fact that the most successful of the other termination tools
Cariboo [FGK02], CiME,*Jambox,*® Matchbox [Wal04], MultumNonMulta,** MU-TERM
[AGILO7], NTI [Pay06], TEPARLA,* TERMPTATION,** TORPA [Zan05Dh], TPA [Kop00],
TTT [HMO7], TTT2,* and TTTbox*® also use dependency pairs, additionally fortifies this
claim.

To summarize, without our contributions, AProVE would not be the winner of the
competition in the last four years.

Since the combination of techniques within the DP framework leads to a very modular,
flexible, and powerful approach, the DP framework is particularly suitable as a basis

38To empirically illustrate the advantages of a particular technique, we refer to the large amount of
experimental data which is available in [GTS05b} [GTSF03| [GTSF04l [GTSE06, [TGS04] and at http:
//aprove.informatik.rwth-aachen.de/eval/#experiments.

39 Available at http://cime.lri.fr/.

40 Available at http://joerg.endrullis.de/.

41 Available at http://www.theory.informatik.uni-kassel.de/~dieter/multum/.

42 Available at http://www.win.tue.nl/~hzantema/torpa.html.

43 Available at http://www.lsi.upc.es/~albert/term.html.

44 Available at http://colo6-c703.uibk.ac.at/ttt2/.

45 Available at http://cl-informatik.uibk.ac.at/~mkorp/TTTbox.html.
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for future research on automated termination proving. We see four main directions of
research:

While there already exist several powerful processors, these processors are not yet suffi-
cient to handle all termination problems occurring in practice. Therefore, one important
topic for further work is the improvement of the existing processors and the development
of new processors which are particularly fast or particularly powerful for certain classes
of DP problems. (Some more detailed ideas have already been given in the summaries of
each of the Chapters 3| -[§])

Another important line of research is the development of strategies to decide which
processor should be applied next on a particular DP problem. We have designed such
strategies for the current set of processors, but with every new technique, the development
becomes more complex: Even in the presented strategy one should use time-outs in specific
steps, because otherwise not even step would be reached if one choses certain classes
of reduction pairs in step . (Exchanging these two steps would not help since the
current step — if used without resource limits — would then block step (v)).) Thus,
distributing the resource time on the available processors in such a way that one benefits
from all available techniques is a major problem that needs to be investigated.

Since current termination provers become more and more complicated, the chances are
high that not every generated proof is correct. And indeed, in the last years some provers
returned wrong answers due to a bug in the implementation of the theorems. Therefore,
verifying termination proofs becomes a more and more important task. Here, the research
has just started recently with the CoLoR and A3PAT projects [BDCT06, (CCET07].

The last direction is about the connection between term rewriting and programming
languages. Although there already exist transformations from logic- and functional-
programming into TRSs that work well in practice, they can still be improved to handle
and exploit more features of the language, e.g., built-in data-structures, types, etc. More-
over, successful transformational approaches to prove termination for the important class
of imperative programs are still missing. On the other hand it would also be interesting,
to adapt the powerful termination techniques of term rewriting such that they become
applicable directly on programs, and — vice versa — to integrate termination techniques
from other areas into term rewriting.
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A. Proofs

A.2. Proofs of Chapter 2

Proof of Lemma[2.4 Obvious. O

Proof of Lemma[2.6. We show both directions separately. First consider that there is
some ¢ € Q' N NF(Q). As q € Q', obviously ¢ ¢ NF(Q') and hence, NF(Q) € NF(Q').
For the other direction let there be some t with t € NF(Q) and ¢t ¢ NF(Q’). From
the latter we know that ¢ contains a subterm go with ¢ € Q'. Note that ¢ € NF'(Q) as
t € NF(Q) and as rewriting is closed under contexts and substitutions. But this shows
Q' NNF(Q) # @. ]

Proof of Theorem[2.11} (i) = (ii): We define ” as the inverse operation to *, i.e. ( “(ty,
t)) = f(t1,...,t,). Let s — t1,50 — lo,... be an infinite (DP(R) ,R)-
Chaln with tio % 890, 190 % $90, . ... Thus, s;0° = (10 % rio = Ci[t107] %;“3
Cy[s20°] = C[la0] % Cy [TQU] Ch [C’g[tga ]] % C1[Cy[s30”]] %R ... is an infinite

% reduction.

(ii) = (iii): Obvious, as every minimal (P, Q, R)-chain is also a (P, Q, R)-chain.

(ili) = (i): Suppose, we have an infinite %, -reduction. Then, there is minimal (w.r.t. )
term to that starts an infinite reduction where all its proper subterms are %
terminating. Thus, % %R e S1 = lio %Ra rio and rijo is % non—terrnrnatlng
Again, there must be a minimal non- terminating subterm ¢; of ryo. By minimality
of t; the root of t; must be defined. Moreover, as all proper subterms of ¢;0 are
%R terminating the term r; cannot be a proper subterm of ¢;. Hence, the step
from s; to t; must correspond to a dependency pair of R. Thus, st} — DP(R) t% is a
reduction at the root position. Continuing in this way, we get an infinite sequence
of dependency pairs. To show that this sequence really is a chain we have to show
that all s are in Q-normal form. First note that all proper subterms of all s; are
in O- norrnal form. Hence, all proper subterms of all s are in @-normal form, too.
Furthermore, the root of each s is a tuple symbol, thus no s; can be matched by a
term of Q, too.

Finally, as all t; are chosen minimal and as all tﬁ have a tuple symbol as root that
is not contained in Q, all t are % -terminating. ]

Proof of Lemma[2.17. Let some (P', Q, R/, f') € Proc((P,Q, R, f)) be infinite and sup-
pose that (P, Q, R, f) is not infinite. Thus, R is Q-terminating and (P, Q, R, f) is finite.
Due to Q-termination of R, every (P, Q, R)-chain is minimal and thus, there is no infinite
(P, Q, R)-chain, even if f = m.

Note that by Lemma 2.4] Q'-termination of R’ follows from Q-termination of R. So
if (P,Q,R',f') is infinite, there must be an infinite (P, @', R’)-chain. But then this
is also a (P, Q,R)-chain which contradicts the observation above. The reason is that
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if the edge s; — t;, ;41 — t;41 is present in P’ then the same edge is contained in P,
that t,0 %, s;410 implies t;0 %f,‘a si+10 by Lemma 2.4 and that s;0 € NF(Q') implies
sioc € NF(Q). O

A.3. Proofs of Chapter 3

Proof of Theorem[3.5. Completeness follows from Lemma since PNP" C P. Proc is

sound because we only drop those edges (s — t,u — v) in P which cannot form a chain.

Hence, whenever s; — t1, 59 — to,... is an infinite (minimal) (P, Q, R)-chain then it is
also an infinite (minimal) (P’, Q, R)-chain and thus, an infinite (minimal) (PNP’, Q, R)-
chain. ]

Proof of Theorem[3.4] Completeness follows from Lemma [2.17] since P; C P for all i.
Proc is sound since after a finite number of nodes in the beginning, any infinite (minimal)
(P, Q,R)-chain only contains nodes and edges from a single SCC. Hence, there also is an
infinite (minimal) (P;, @, R)-chain for some P;. O

Proof of Lemma[3.8, Let to %Rﬂ Uy %Rm %Rm U, = u be a reduction such that
So C NF(Q). Let {q1,...,qm} be the set of positions where ECap replaces the subterms
of t by corresponding fresh variables z1,...,z,,. By the definition of Cap and by the
definition of an estimated Cap function for each p; there is a higher position ¢; < p;.
Hence, u can at most differ from to on positions below a g;. We define u to be like o but
on the variables 1, ..., x, we define pu(x;) = ul,. Then by construction EC’ap%Q(t),u =u
and p and o differ only on the fresh variables. O

Proof of Theorem|[3.10. Suppose s — t,u — v is a (P, Q, R)-chain, i.e., there is a sub-
stitution o such that so and uo are Q-normal forms and to %% uo. From the latter we

conclude by Lemma [3.§ that uo = EC’ap}{é’é} (t)p for some substitution p that differs from

o only on the fresh variables that are introduced by ECap. Hence, u and ECap%g (t)
are unifiable by p where sy and up are in Q-normal form. But then then s§ and ud are
obviously also Q-normal forms where 9 is the mgu of v and ECap;{;g} (t). ]

Proof of Lemma[3.19. We prove by structural induction that for every term ICap replaces
subterms by fresh variables at higher positions than Cap. As the generalized TRS R and
the sets Q and S are fixed throughout this proof, we write /Cap(t) instead of I C’ap‘fz’g(t)
and similarly Cap(t) instead of C’ap%g(t).

If ICap(t) is a fresh variable then there is nothing to prove. Otherwise, if ¢ is a variable
z and ICap(z) = x then NF(Q) C NF(R) and z occurs in S. If ¢ is a substitution with
So C NF(Q) then zo is a R-normal form and hence xo cannot be reduced by %R Thus,
Cap(z) = x.

Finally, if t = f(t1,...,t,) and ICap(t) = f(ICap(ty),...,ICap(t,)) then by induction
we know that in every ICap(t;) the fresh variables have been introduced at higher positions
than in Cap(t;). Hence, if in every reduction of to with So C NF(Q) there is no reduction
at root position, then by Definition B.17 Cap(t) = f(Cap(t1),..., Cap(t,)) and we are done.
Otherwise, there is a substitution ¢ with So C NF(Q) with a reduction of the form
to %% f(s1,...,8,) =401 %R r7 = u where £ — r € R and the last reduction step is the
first reduction step at the root position. Hence, every direct subterm of /7 is in Q-normal
form. Moreover, t;o %}3 s; and by Lemma [3.8 we know that every s; = ICap(t;)p for a
substitution p that differs from o only on the fresh variables that have been introduced
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by ICap. W.l.o.g. we assume that pu is equal to 7 on the variables of the rule ¢ — r. Thus,
f(ICap(ty), ..., ICap(t,))n = f(ICap(t1)p, ..., [Cap(t,)n) = f(S1,...,8,) = b1 = Lp
shows that f(ICap(t,),...,ICap(t,)) and ¢ are unifiable by p. As p is identical to 7
on the variables of ¢ and as p is identical to o on all variables but those that have been
introduced by ICap we know that all terms in SpU{luli, ..., lu|,} are in Q-normal form.
Thus, also for the mgu 6 of f(ICap(t1),. .., Cap(t,)) and ¢ all terms in SOU{6|1, ..., 00|, }
are in @-normal form. This finally proves that ICap(t) is a fresh variable in contradiction
to the assumption. O

Proof of Theorem [3.14. Completeness follows from Lemma 217 For soundness, we prove
that under the conditions of the first case in Theorem [8.14] every minimal (P, Q, R)-chain
also results in a minimal (P, lhs(R), R)-chain, i.e., an innermost chain.

If s; — t1, 80 — to,... is a minimal (P, Q, R)-chain then there is a substitution o such
that we have the following conditions for all i:

(a) tio %;‘2 Sit10
(b) s;o is in Q-normal form
(¢) t;o is terminating w.r.t. S,

By (&) and (d), o(z) is terminating w.r.t. 2 for all z € V(sy) U V(ss) U ... Since

# is locally confluent on these terms, every o(x) has a unique normal form o(z) |
w.rt. 2, by Newman’s lemma. Let o’ be the substitution with o’(z) = o(z)] for all
r € V(sy) UV(s3)U... and o'(z) = o(z) otherwise. For all i > 1 we obtain:

(i) For all terms ¢ we have to % to’.

(i) If non-variable subterms of s; do not unify with left-hand sides of rules from R, then
s;0" is a normal form w.r.t. 3.

(iii) A term is an R-normal form iff it is a normal form w.r.t. %R

The observations ({il) and are obvious. For , the “only if” direction follows from
%R C —x (by Lemma[2.4). For the “if” direction, let ¢ be a normal form w.r.t. %R
and assume that ¢ contains R-redexes. Let ¢’ be an “innermost” R-redex, i.e., all proper
subterms of ¢’ are in R-normal form. Since NF'(R) C NF(Q), they are also in Q-normal
form. But then ¢’ is also a redex w.r.t. %R This contradicts the assumption that ¢ is a
normal form w.r.t. %R

Now we show that sy — t3, 53 — t3,... is also a minimal (P, [hs(R), R)-chain. To this
end, we use the substitution ¢’ instead of o. For all i > 1 we have to prove:

(a’) tz‘O'/ I—)R* Si+1O'I
(b’) s;0’ is in normal form w.r.t. R
(/) t;o’ is innermost terminating

For @, note that ¢;o %;‘z Si410 %;‘z Six10’ by @ and , where s;,10’ is a normal
form w.r.t. %R by . Moreover, since t;0 is terminating w.r.t. =, and since %72 is
locally confluent on Q-terminating terms w.r.t. R, s;;10" is the unique normal form of ¢;o
w.rt. S, by Newman’s lemma. Since t;0 3% t;0’ by (), tio’ is terminating w.r.t. =
by and since 5 C %R by Lemma 2.4] ;0 is also innermost terminating. Let w be
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a normal form of t;,0’ w.r.t. ->5. As t;o %3‘3 w and as w is also a normal form w.r.t. %R
by (iii), w must be the unique normal form s;0". Hence, t;0’ 3% s;,10".

For @, s;0’ is a normal form w.r.t. %R by . Thus, implies that it is also a
normal form w.r.t. R.

For (), we have t;0 %;} t;0' by (). Thus, ¢;0’ is terminating w.r.t. %R by (c). Hence,
t;0’ is also terminating w.r.t. 55 since ‘sz C %R by Lemma [2.4] O

Proof of Lemma[319 Let t 2., t; for i € {1,2} with ¢; # t,. As S, is closed under
contexts we only have to look at the case where t = (o 2, ro = t1. If the reduction from
lo to ty gives rive to a critical pair then we are done since t; # t, is a contradiction to
the requirement that there are only trivial critical pairs. In the other case the reduction
to ty is completely inside o. Hence, there is some variable x at a position of £ such that
o(z) 25 s and t, = Lo[s],. We define d to be like o on all variables except for z and
§(z) = s. Then, clearly ty 3% 06 and t; = ro 3% rd.

Unfortunately, we cannot guarantee (9 %R rd as the subterms of /6 are not nec-
essarily in Q-normal form. But as ¢ is terminating w.r.t. %R we know that for each
y € V(¢) D V(r) the term yd can be rewritten to some normal form w.r.t. S,. Let p
be the corresponding substitution, i.e., p(y) is defined as a normal form of yé for each
y. Then indeed we obtain t; 2% rd 2% rpu and ty 3% 06 2% ¢y S, rpu. For this last
reduction step we show for every position p of £ that {u éngp rpor ful, € NF(Q). Since,
obviously ¢u ¢ NF(R) 2 NF(Q) this will indeed prove the desired reduction £y S rp.

First note that there can be no redex in p since NF(R) C NF(Q) implies that each
normal form w.r.t. 3, is also an R-normal form. Hence, we only have to consider the
case where /|, is not a variable. By induction there already is a reduction ¢ %R,p/ T
for some p’ with p > p’ — then there is nothing to show — or every proper subterm of ¢4,
is in @-normal form. We consider two cases. If a reduction at position p is possible with
R then this gives rise to a critical pair. Since all critical pairs are trivial, this reduction
must result in r and we are done as all proper subterms of the redex are in Q-normal
form. In the other case no term of Q can match ¢yu|, due to NF(R) C NF(Q), and since
all proper subterms are in Q-normal form, we have proven that fu|, € NF(Q). O

Proof of Corollary[3.23 R terminates if the DP problem (DP(R), <, R, m) is finite by
Theorem 211l For overlay systems, no non-variable subterms of left-hand sides from
DP(R) unify with left-hand sides from R. Hence, by using Theorem [3.14] it is sufficient if
the DP problem (DP(R), lhs(R), R, m) is finite. This follows from innermost termination
(i.e., Ihs(R)-termination) of R by Theorem R.111 O

Proof of Theorem[3.25. Completeness follows from Lemma 2.17 and soundness can be
proven as follows: whenever the sequence s — t,u — v occurs in an infinite chain, i.e.,
to % uo where so € NF(Q), then by Definition B2 all rules in this reduction are
from Z/{g}g(zﬁ) CUP,Q,R) C EU(P,Q,R). Thus we obtain to %ZM(PQ,R) uo which
shows that every infinite (P, Q,R)-chain is an infinite (P, Q,EU(P, Q,R))-chain. To
carry over minimality of chains it suffices to state that %gu(pg,m is a subrelation of %R
by Lemma 2.4 O

Proof of Theorem[3.28 The theorem is a direct consequence of Theorem [4.30] where we
choose the argument filter 7 defined by = (f) = [1,...,n] for all function symbols f with
arity n.

O
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Proof of Theorem[3.39. Suppose s — t,u — v is a (P, Q, R)-chain, i.e., there is a substi-
tution o such that so and uo are Q-normal forms and to %;z uo. By Definition [3.24] we
obtain to —%, uo for the TRS R” = SUE’S}(t) and hence, uc —%, to. Using Lemma 3.8
we conclude to = ECapZ, ,(u)p for some substitution y that differs from o only on the
fresh variables that are introduced by ECap. Hence, t and EC’ap%,@(u) are unifiable by
w1 where sy and up are in Q-normal form. But then obviously for the mgu ¢ of ¢ and
ECap, 5(u) we also know that sd and ud are Q-normal forms. O

Proof of Theorem|[3.3]. Let @ = QNT (F,V). Obviously, by Lemma R2.4levery (P, Q, R)-
chain is a (P, @', R)-chain proving soundness. For completeness, we can just replace any
symbol occurring in Q@ \ @' by a fresh symbol not occurring in P U R U Q. Thus, after
this replacement everything is in normal form w.r.t. @\ @', and every term in Q'-normal
form is now also in @-normal form. As all symbols that are replaced in this way are not
contained in F, no reduction of PUR is destroyed by the replacement. Hence, in this way

we obtain from any infinite @5 reduction an infinite %R reduction and from an infinite
(P,Q',R) chain one obtains an infinite (P, Q, R)-chain. O

Proof of Theorem[3.30. Let Q' = {q € Q | root(q) € F}. Completeness is proven in the
same way as in the proof of Theorem [B.34l For soundness we again can use Lemma 2.4] to
handle infinite, non-minimal chains. However, to prove that the processor is sound even
for minimal chains we have to show that whenever an instantiated right-hand side to of
P is terminating w.r.t. %R then to is also terminating w.r.t. @z. Here, we can restrict o

to be a Q-normal substitution. To this end, we prove the following property for all terms
s € T(F,V) and all Q-normal substitutions ¢ with root(é(x)) ¢ F for all z € Dom(9):

If 56 @5 u then s S u and u = '8’ for some s’ € T(F,V) and some Q-normal
substitution ¢’ with root(d'(z)) ¢ F for all z € Dom(J). (%)

Using (%) obviously allows us to prove termination of sé w.r.t. @5 if sd is terminating
w.I.t. %R However, as we are interested in the termination of to we first have to get
the corresponding s and ¢ with ¢ = sd. To this end we partition o into ud where p(z) is
like o(x) but where all maximal subterms v of o(z) which are rooted with a symbol that
is not in F are replaced by fresh variables z,, and where § replaces all these variables
by the corresponding subterm, i.e., 6(x,) = v. Then we choose s = tu which is a term
of T(F,V) since t and all p(z) are elements of 7 (F,V) by construction. Moreover, as o
is a Q-normal substitution this must be the case for §, too. Hence, by (x) we can then
conclude termination of to w.r.t. @y from termination of to w.r.t. .

To prove (x) we perform structural induction on s. As ¢ is a Q-normal substitution and
as NF'(Q) C NF(R), s can be no variable. So, let s = f(s1,...,8,). If the reduction is
below the root then one just has to apply the induction hypothesis. The only interesting
case is a reduction at the root, i.e., s§ = lp Sr rp = u for some rule { — r € R.
To prove (x) it suffices to show that sd %R u. The reason is that this implies p being
a Q-normal substitution, and then we can partition rp into (ru’)d” in the same way as
we partitioned to into (tu)d to apply (*). To prove sé %R u we show that all direct
subterms of sé are in Q-normal form. Suppose s;0 has a Q-redex, i.e., s;0|, = ¢7 for
some position p and some substitution 7. First note that s;|, cannot completely be in
0 as ¢ is a Q-normal substitution, so p points to a non-variable position of s;. Note that
then root(s;|,) = root(q) € F since s; € T(F,V). Hence, by construction ¢ € Q" which
contradicts sd @x wu. O
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A.4. Proofs of Chapter 4

Proof of Theorem[4.3 Completeness follows from Lemma and soundness is proved
as in [AG00, Theorems 7 and 11].

Let s — t1, 89 — ta,... be an infinite (minimal) (P, @, R)-chain. We distinguish two
cases. If there is some n € IN such that for every ¢ > n the pair s; — t; is contained in
P\ = then s, — t,, 8,41 — tyi1,... clearly is an infinite (minimal) (P\ =, Q, R, f)
chain and we are done.

Otherwise, there is some s — t € >, which occurs infinitely often in the chain. As
S1 — t1,89 — to, ... is a chain there must a be a substitution ¢ such that t;o %% Si410.
As 7. contains R and as 7, is stable and monotonic we obtain t;0 =, s;4+10. Moreover,
as every pair in P is oriented with - or with >, and as both these relations are stable we
obtain sla(i) tio sga(i)wtga. ... As s — t occurs infinitely often in the chain and
as 7 and >, are compatible this shows that s;o starts an infinite decreasing sequence
w.r.t. =,. This is in contradiction to the well-foundedness of . O

Proof of Lemmal[4. 7. Let M = {tq,...,t,} with tqg < --- < t,. Since the term Comp(M)
= c(to,c(ta...c(ty,L)...)) is in Q-normal form, we obtain for every i the reduction
Comp(M) %(*35 c(ti,c(tipr...c(tn, L)...)) = s; by applying i-times the second rule
c(z,y) — y of C.. Each s; must be in Q-normal form and we can use the first rule
c(z,y) — z of C. to finally obtain Comp(M) %a si e t;. O

Proof of Lemma[{.10 As first step we prove for every set S’ of terms that if Cap‘%g(t) =
f(s1,...,8,) then t = f(ty,...,t,) and s; = C’ap%Q(ti). ()

If Cap%,g(t) = f(s1,...,8,) then by Definition 8.7 obviously the term ¢ can be no
variable and moreover, ¢t must be of the form f(¢q,...,t,). As Cap%vg(t) is not a fresh
variable for every substitution p with S’y C NF(Q) the term tu cannot be reduced at
the root level. Thus, the only possible reductions of ¢u are those that can be performed
in the subterms ¢;. But also the converse result is valid: whenever we can reduce t;u
then we can perform the same reduction in ¢x. By Definition B.7 we conclude that for
cach position ip of t the subterm t|;, of ¢ is replaced by a fresh variable iff the subterm
til, of t; is replaced by a fresh variable when applying Cap. Thus, for each i we obtain
S = C’ap%g(ti) which finally proves (*).

We now prove the lemma. If ECap%yQ(t) is a fresh variable x then we choose ¢ with
i(z) = Cap%vg(tcr). Then indeed we obtain EC’ap%VQ(t)U(S =200 = 26 = Capgg(ta) as
desired.

If C’ap%vg(ta) is a fresh variable then by Definition 3.7 there is a substitution p such
that Ty C NF(Q) and (to)p 253, s where the last reduction is at the root position.
We choose the substitution o to show that C’ap%yg(t) must be a fresh variable, too.
We obtain the same term ¢(ou) and S(op) = (So)u € Tu C NF(Q) establishes the
required normal form condition. Hence, for the remaining proof we can assume that
neither ECap%Q(t) nor Capgg(ta) are fresh variables. We perform induction on t.

If ¢t = x then ECap%Q(t) = x. Hence, for every substitution pu with Sou C NF(Q)
the term xop is in normal form w.r.t. %R. With the same argumentation as above we
conclude that Capgg(:m) does not replace any subterm of zo. Thus, C’ap%yg(ta) =to =
EC’ap%’Q(t)a and we can choose 0 to be the empty substitution.

Otherwise, t = f(ty,...,t,) and as ECap%Q(t) and C’apgg(to) are not fresh variables
we know that ECap%Q(t) = f(s1,...,8,) and C’ap%—’g(ta) = f(...). We define the
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function ECap’ which maps every t; to s; and every other term is mapped to a fresh
variable. Then ECap’ must be an estimated Cap-function as otherwise ECap would not
estimate Cap. Thus, we can apply the induction hypothesis to obtain substitutions d;
with C’ap%’g(tio) = EC’ap’;g’Q(ti)aéi. As each §; is only defined on the fresh variables
that are introduced by ECap’ we can build a combined substitution § which satisfies
Capgg(tia) = ECap;‘iQ(ti)ad for every 7. We finally prove the lemma as follows.

Capgg(ta) = C’apgg(f(tla, o tyo)

(by (x)) = f(Capg,o(t10),..., Cap o(ts0))
f(ECapR o(t1)dd, .. ECapgyg(tn)aé)
f(ECapR olth),-. ,ECap;‘gQ(tn))a5

= f(s1,.-.,8,)00

EC’apRQ( Jod O

Proof of Lemmal[{.11 Note that by construction of Sy and o all terms in S0 are O-
normal.

(i) We perform induction on %jg Ur>. For a variable the result obviously holds, so let
t = f(t1,...,tn). Ast € NF(Q) implies t; € NF(Q) for every i we know by the
induction hypothesis that Z(t;) € NF(Q). Then t' = f(Z(t1),...,Z(t,)) must also
be Q-normal. The reason is that the only possible redex of ¢’ w.r.t. Q can be at the
root level. However, if t = qu for some ¢ € Q then ¢ is also an instance of Q as 7 is
injective and whenever a subterm of ¢ is replaced by c(...,...) then this part can
only be matched by a variable in ¢.

Using the induction hypothesis again we see that Z(s) € NF(Q) for all s with
t %% s and s € NF(Q). Thus, the terms ¢ and c(t', Comp(Red(t))) are both Q-
normal. Here, we have used the observation that Comp(M) € NF(Q) whenever
M C NF(Q). Hence, regardless whether Z(t) = t' or Z(t) = c(t', Comp(Red(t))) we
obtain Z(t) € NF(Q).

(ii) We perform induction on ¢. If ¢ is a variable = then by definition Z(to) = Z(z0) =
2Z(0) = tI(0). Otherwise, let t = f(t1,...,t,). Then we obtain Ng o(t;) C
NR o(t) € N. Hence, by induction we conclude Z(t;0) = t,Z(c). If Z(to) is built by
the second case we obtain Z(to) = f(t1Z(o),...,t,Z(o )) =tZ(0). In the other case
there must be a rule £ — r € R\ N such that f(Cap “”U(tla) , Cap "”"( o))
unifies with ¢ by some mgu u with (S,uo U {¢]1,.. €| e C NF(Q). The re-
quirement S C Sall allows us to use Lemma [4.10)] (Where we choose T = Sy0) and
we obtain Cap “”U( o) = EC’ap%Q(ti)aé where 0 only instantiates fresh variables
introduced by EC’ap.

Now, we extend p to behave like i on the fresh variables of ECap. In this way
we do not change the set (Syuo U {l|1,...,¢|,})n and obtain ECap%Q(ti)a,u =
ECap%Q( Jodp = Cap “””(t‘o)u = {l);pr. As ¢ and t are variable disjoint we
know that f(ECapRyg(tl), e EC’ap%Q(tn)) and ¢ are unifiable by some mgu 7.
By construction 7 instantiates the terms in S,; less than ou does and 7 instan-
tiates the terms in {¢|;,...,|,} less than u does. Therefore, we conclude (S U
{ll1,....0,})7 € NF(Q) which further implies £ — r € NR o(t) by Definition LAl
This is a contradiction to £ — r ¢ N.
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(iii)

(vi)

By ({i)) we know that Z(to) € NF(Q). We prove the result by induction on ¢. If ¢ is
a variable then we use (ii) with S = @ to conclude Z(to) = tZ(0).

Otherwise, if t = f(t1,...,t,) then by the induction Z(t;0) %ég t:Z(c) € NF(Q)
and hence, f(Z(t10),...,Z(t,0)) 25 f(tZ(0),...,t,I(0)) = tZ(c). With the
same argumentation as in ({if) we conclude tZ(0) € NF(Q).

Finally, if Z(to) is built by the second case we are done. Otherwise, we first reduce
Z(to) = c(f(Z(t1o),...,Z(ty0)), Comp(...)) to the term f(Z(t,0),...,Z(t,0)) in
one step. Note that this first reduction step respects the evaluation strategy given
by Q as Z(to) € NF(Q).

The proof is a consequence of the definitions of Red and Inv, and of Lemma 4.7
Using Inv(Z(t)) we conclude Z(t) = c(. .., Comp(Red(t))) € NF(Q). And if t 2% s
with s € NF(Q) then Z(s) € Red(t) N NF(Q) due to (). Thus, Lemma .1 yields
Z(t) 25 (..., Z(s)) Ze. Z(s).

Let t = (o S, ro = s for some rule £ = f(fy,... . 0,) — r € R. We first want to
show that ¢ — r € N. Due to Definition 3.7 we easily obtain a substitution § with
Cap “”‘7(6 0)d = L;0: whenever Cap replaces a subterm by a fresh variable then ¢
replaces this fresh variable by the subterm. We rename the variables in £ — r to fresh
ones to obtain the rule ¢/ = f(¢},..., ¢ ) — 1’ and we define § on V(¢') to be like o
is defined on V(¢). In this way we achieve f(Cap%”Qo (bio), ..., Capfg”gg(&a))é =00
which shows that these two terms are unifiable by some mgu . As ¢ is only defined
on fresh variables and on the variables of ¢ we conclude (S0 U{¢},... .0 })d =
Saio U {lo,... o} C Syyo € NF(Q). The set inclusions can be derived from
the construction of S,; and o. Hence, when using the mgu p instead of & we also
obtain (Syuo U{l},..., ¢ ) € NF(Q). Finally using the fact that Z(t) is built by
the second case we know that ¢ — r’ and thus £ — r is contained in V.

Now by the closure properties of N' we know that Ny {Zl """ e"}(r) C N Moreover,
by the construction of S,; we obtain {¢q,...,¢,} C Sa” Hence and . ii)) yield
Z(t) =Z(lo) %a (Z(0) S rZ(o) = Z(ro). Note that really all reductlons respect
the evaluation strategy given by Q. Finally, as xo € NF(Q) for all z € V(¢) 2 V(r)
we know by ({i) that 2Z(0) € NF(Q) for all x € V(r). Together with rZ(c) =
Z(ro) = Z(s) this proves Inv(Z(s)) as every subterm of Z(s) which is rooted by c is
contained in Z (o).

We perform induction on first the length of the reduction and then on the structure
of t. If ¢ = s then there is nothing to show. So, let ¢ %R t %}E s. Obviously ¢ cannot
be a variable. If Z(¢) is built by the third case we use (iv]). So, let ¢ = f(tl, ceytn)
where Z(t) = f(Z(t1),...,Z(t,)). If we have a root reduction we use to obtain
Z(t) %j\rfuca Z(t") and Inv(Z(t')). Thus, by induction we conclude Z(#' ) Nue. Z(s).

Otherwise, we know that for some 7 we have a reduction ¢; %R t; and t' =
f(t, ... ,t;, ..y tn). W.lo.g. in the reduction of ¢’ to s we first reduce ¢, to a Q-
normal form s;, i.e., ¢/ %72 fltr, ..o 8iy. o ty) =t %;} s. We obtain Z(t;) %R/ucs
I(s;) and thus, Z(t) =3ue. f(Z(t1), ..., Z(si), ..., Z(tn)) = 5.

Next, we show I(t”) = s, i.e., we have to prove that there is no rule £ — r € R\ N
such that f(Cap3 G (t), . Cap “”U( i)y, Cap “”U( »)) unifies with ¢ by an mgu

p such that (Sa”a U {8\1,.. A })u C NF(Q). As Z(t) is built by the second
case it suffices to show that Capsﬂ‘””(si) is an instance of Cap “””(t ). However,
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(vii)

(viii)

as Syuo € NF(Q) and t; %7*5 s; it suffices to apply Lemma [3.8] Hence, we have
constructed the reduction Z(t) %j\fucs s' = Z(t") but in order to apply the induction
hypothesis on t” we have to guarantee Inv(Z(t”)). For this aim we use Inv(Z(t))
to conclude Inv(Z(t;)) for every j # i, and Inv(Z(s;)) follows from s; € NF(Q)
and ({i). Thus, Inv(Z(t")) is proven and by the induction hypothesis we conclude

Z(t) = e Z(") e, Z(s).

To prove that termination is preserved requires some more additional notions and
definitions which are given in Definition [A.Jl The main problem is that in an infinite
derivation of Z(t) w.r.t. M UC. one can produce arbitrary terms « which are not of
the form Z(s) for some s. Then it is unclear how to mimic the reductions of such a
term u.

To this end, in Lemma we first prove that every infinite reduction of Z(t) one
can reorder the reductions in such a way that only certain rewrite steps are per-
formed (Lemma [A.2] and Lemma [A2] (vii)). Then for these rewrite steps in
Lemma [A.3] it is shown that a certain structure is kept (all terms are of the form
tHZ(t|p,)|py - - - [Z(t]p,)]p, for pairwise independent positions p;) and that it is possible
to map reduction of such a term w.r.t. MUC, back to a reduction of ¢t w.r.t. R. Then
finally in Lemma [A.3] we conclude the desired result that Z(¢) is terminating
w.r.t. MUC. if t is terminating w.r.t. R.

As u; — vy, Uy — v, ... is a minimal chain for every ¢ we know that v;o %72 Uit10
and w;o0 € NF(Q). Using the previous results we can now exchange R by N U C.
and o by Z(0) as illustrated in Figure [4.§

By construction of ' we know that N{{zug} (v;) €N and u; € Sy for every i. Hence,
using (ji7]) we obtain Z(v;0) = v;Z(0). Remember that o instantiates every term by a
Q-normal form. Thus, in the same way as in the proof of ([v|) we obtain Inv(Z(v;0))
by applying (i). From we conclude Z(u;o) %2}6 w;Z(o) and w,Z(c) € NF(Q).
By we glue everything together and obtain

wZ(o) =p 01 Z(0) = Z(110) Siie. L(uao) S5 usZ(o) —p v.L(a). ..
As M DO N we know by Lemma 2.4] that u; — vy, us — ve,... alsois a (P, Q, MU

C.)-chain.

Moreover, if M C R, Q@ = &, and if M is left-linear then by we know that
every Z(v;0) is terminating w.r.t. M UC. and we obtain a minimal chain. O

Definition A.1 (c¢-D, S é, i'>) Let Y be a signature, let ¢ ¢ 3 be a fresh binary
symbol. We define the c-depth of a term t € T (X U {c},V) as c-D(t) where

e c-D(z)=0

o c-D(f(t1,...,tn)) = maz{c-D(t1),...,c-D(t,)} for f€ X

o c-D(c(ty, t5)) = 1 + maz{c-D(t,), c-D(ty)}

Here, the mazimum of the empty set is 0.
For any rewrite relation — we define 35,5 as follows:

o t S u ifft —piqu and t], = c(ty,ts). (Reduction strictly below a c)
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o t S uifft =, u and root(t),) € X for all ¢ < p. (Reduction above all c’s)

o i = u iff t —, u and root(t|,) = c and root(t|,) € 3 for all ¢ < p. (Reduction at
top-most c)

We define SasSUS, andt Su iff t 3; u and root(ul,) € X.

Clearly, 5, S, and S build a partition of —. This allows us to perform case-
distinctions on —.
We now show that if R is left-linear then any infinite reduction of ¢ w.r.t. RUC, implies

that there also is an infinite reduction of ¢ only using 5 steps 1 . We further show

that we also have an infinite reduction only using = and S reductions 1 . And
reductions of this kind will allow us later on to construct an infinite reduction from ¢ from
an infinite Z(t) reduction.

Lemma A.2. Let R be a left-linear TRS over ¥.. Let ¢ ¢ ¥ and let C. = {c(z,y) —
z,c(x,y) = y}. All terms are from T (XU {c},V) and all rewrite steps are w.r.t. R UC..

(i) If t =* u then c-D(t) > c-D(u).

*

(i1) If t 25w then t 53
(iii) If t 2 S uthent 35 3 .

(iv) If t is not terminating w.r.t. — then t is not terminating w.r.t. 5,

() Ift S, u> s then root(ul,) € ¥ ort 55 s.

n =|*

(vi) Ift 5" u then t = 55w where k < n.
(vii) If t 5 S u then t =5 55w

(viit) If t is not terminating w.r.t. — then t is not terminating w.r.t. SuUs.

Proof. (i) It obviously suffices to consider one-step reductions, so let t — u. We perform
structural induction on ¢ where the only interesting case is a reduction at the root
where t = ¢o — ro = u. But then ¢-D(lo) > max{c-D(zo) | © € V({)} >
maz{c-D(xo) | x € V(r)} = D(ro) since V(¢) C V(r) and since r does not
contain the symbol c.

*
(i) Let ¢ R i>p u. We perform induction on the position p. If p = € then t =
tlc(vi, w1)]g, - - - [c(vn, wy)]g, where the t|,, are the maximal subterms of ¢ which are

rooted by c. Hence, s = t[c(v],w])]q - - [c(v), w))], where c(v;, w;) =y c(vl, wp).
Let s = lo = ro = u. As £ — r must be from R we know that ¢ does not contain
any ¢ and that ¢ is linear. Hence, all terms c(v}, w}) must be part of the substitution.
Due to linearity we can define 4 to be like o but all terms c(v}, w}) are replaced by

< . . > *
c(vs, w;). Thus, t = €6 = rd. From our construction we obtain xd = zo and hence
< > *
t—=1rd = ro=u.

If p =ip then t = f(ty,...,t,) where f € 3. Thus, in the reduction from ¢
to u there are only non-root steps involved. Then of course we can exchange all
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(i)

reduction on positions below i with reductions below j # ¢ such that the reduc-

tions below ¢ will come first. Hence, we obtain t = f(ty,...,t;, ... 1) Z>;—>lp
fltr, o ug, . ty) Z> ; u, where t; > 3 , u;. By induction we obtain #; 5= u;
and hence t 53 f(tl, ey Uy ey ) E

Let ¢ Z>*i>p u. We perform induction on ¢-D(t). First, we can shift all steps at
independent positions of p to the back, i.e., t iip tlv], =, tlwl], " Hence,
tl, = c(t1,t2) = c(t),th) = v = ti = w for some i € {1,2} with ¢; —* w. Thus,
t = tlti], = twl, %" u. We now show by an inner induction on the reduction

length that for every w’ with ¢; —* w’ there also is the reduction ¢; 53w (%).
This directly proves as then we have t|, — ¢; 52" wand hence, t 553"
tlwl, ="

Property (x) is obviously satisfied if ¢; = w’, so let t; —* ' — w’. By the inner
induction we obtain t; 3* r 3 o ow. We distiuish three cases: First, if

" > w' we are done. Second, if ' = w’ then we use (ii) to obtain r >= ' and
are done. Finally, if 7/ — w’ then note that ¢-D(t) > ¢-D(t;) > c- D due to .

Hence, we can use the outer induction hypothesis to obtain r —>% 2" W' which
finishes this case.

Let s be a minimal terminating subterm of ¢t. As the only c-rules are the two

rules of C. we know that root(s) € ¥. Hence, all subterms of s with root(s) = c are

terminating. As no rule introduces a c symbol we know that in the infinite reduction
* L > * L

of s there must be infinitely many S _steps. Thus, s BN 51 = = Sg = > .

*

We define vy = s and obtain from and 1) some v; with vg %Jr U1 Bt S1. Hence,
V1 Z>* S1 3*3 S9. Again using and 1} we obtain some vy with v éJr Vs Z>* S9
and vy =y 59 By s3. Continuing in this way we obtain the infinite reduction
s =1y é+ U1 5 Vo ... which proves that s is not terminating w.r.t. =y

Now, if in ¢ there is no c above s we can do the same reduction and obtain an infinite
reduction of ¢ w.r.t. =. In the other case all reductions of s are = reductions.
However, using some initial — reductions one can eliminate all c-symbols of ¢ that

are above s and then start the infinite 3 reduction of s.

We perform induction on t. If t = c(t1,t3) —, u = s then p must be € and from
u > s we know that root(u) = root(ul,) € X.

Otherwise we have t = f(ty,...,tn) =iy f(t1, .. th ... ty) = u iq s where
ti =y t;. If ip/ and ¢ are independent we can easily exchange the two reduc-
tions and are done. If ¢ = iqg’ we know t; =, ¢ §>q/ wiand u = f(ty, ..., U ... tpn).
Using induction yields root(t)ly) € ¥ or t; 5= w;. In the latter case we also
have t = f(ty, ... ti ... tp) 557 f(t1,...,u;y ... t,) = w and in the former case
root(t|;y) = root(t;|,y) € . Hence, in both case we obtain our required result.

It remains the case ¢ = € where t =, u = lo Sro=s. Of course, as we have a
Se-reduction the rule £ — 7 must be from R. If root(u|,) € ¥ then there is nothing
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(vii)

(viii)

to show. So, let root(ul,) ¢ X, ie., ul, € V or ul, = c(...). As c does not occur
in R the term u|, must be part of o, i.e., there is a variable = such that u/, is a
subterm of o(x). We define the substitution 0 to be like o except that d(x) differs
from o(x) where the subterm u|, has been replaced by t|,. As z occurs at most
once in ¢ we know that ¢ = ¢5. Finally, from the reduction §(x) — o(x) we obtain

t=05S1r6 5 ro=s.

_ _1m
Lett =" v u We perform an outer induction on n and an inner reduction on
m. If n =0 or m = 0 then there is nothing to show.

) =n—1 = = —ym-1 )
Otherwise, let t — 5 —=p b =g w — u. We consider four cases to proof
—! * _ 7

s = — w. If p = ¢ then by the definition of = we also have s = w. If p and
q are independent then we can exchange the two reductions between s and w and
are done. If p is below ¢, i.e., p = ¢i¢’, then root(¢|,) = root(s|,) = c. Hence,
the reduction from s to ¢ was below a ¢ which contradicts s —, ¢. Finally, if ¢ is

below p, i.e., ¢ = pip/, then from ¢ i!>q w we know that root({|,) € ¥ and hence

% _9
At this point we have shown that there is some term vwiths = v > w. Now using
the inner induction hypothesm yields v —> r —> u. Finally, the outer induction

K
hypothesis results in ¢ = 5% p with & < n —1. Hence, t —> 5% u with k<
E+1=k.

We perform an induction on the number of —-reductions. If there is no —-reduction
we are done. Otherwise, let t = s —p U S u. We use (\v) to obtain s = w = u or
root(v|,) € X. In the former case we just have to use induction to obtain ¢ i*ii
w =" u and are done. In the latter case we know by the definition of = that s 5 v
and hence t =" s = v < u. Using (vi) we obtain ¢ 3 w3y S u where & < n.
Thus, by induction we conclude ¢ = w :>* = .

The proof is analogous to the proof of . Suppose, t is not terminating w.r.t. —.
Then by the term t is not terminating w.r.t. 3, too.

As i>g—>C€ we know that in an infinite reduction w.r.t. = there must be infinitely
many i>—steps. Hence, t 5°s S1 55 S9 55 ... We define vo = t and obtain

.. . =1* < = * =% =% < . .
from some v; with vg =& — v — s;. Thus, v; = s — — s3. Again using
=1 * = * = * . .
(vii) we obtain some vy with v; — S Vs =7 Sy and vy — Sy — S s3. Continuing
—* =1* <

in this way we obtain the infinite reductlon t = vy — S v — N Vg ... which
proves that ¢ is not terminating w.r.t. SuU —>. 0

Lemma A.3. Let M C R be some set of left-linear rules. We use t,s for terms of

T(2,V). The reductions =, = are used w.r.t. —muc. - The notation t[-,, .. [, always
induces that the p; are independent positions.

(i) Foreveryu = t[Z(t|y,)]p, --- [Z(t]p,)]p. there are positions q; such that w = t[Z(t|,, )4

AZ(t g )] gm], T00t(Z(t]4,)) = ¢, and for each g; there is some p; which is (non-
strictly) above g;.
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(it) Ift{Z(tlp)]ps - - - [Z(tlp,)]p, = u thent =5 s and w is a term of the form s[I(s|y )4,

N

(5]gm Vg -

(1i1) Ift[Z(t]p,)]ps - - [Z(tp,)]pn = u thent —r" s and u is a term of the form s[Z(s|y)]q

oo [Z(8lg g -

() If t is terminating w.r.t. R then Z(t) is terminating w.r.t. M UC..

Proof. (i) We perform induction on ¢. If n = 0 there is nothing to show. If some p; = ¢

then n = 1 and we have u = Z(t). If root(u) = c we are done.

If all p; are below the root then ¢ must be of the form f(¢1,...,t;), u = f(u1,...,u),
and pi,. .., Pn = P11y -3 Plngs -+ Phils - - - Dy, Where each p; ; = ip] ;. Hence, each
Ui = ti[I(ﬂpm)]p;l e [I(ﬂpi,ni)]p;ni = t[Z(t; p;l)]p;,l e [I(ti|p§7ni)]z>§,ni' Thus, we can
apply the induction hypothesis to obtain u; = ;[Z(ti]g, ,)]g., - - - [Z(t;
all the roots of all Z(t;)|,, . are c. Hence,

gim, s m, Where

|Qi,j

- f( .- 7ti[I(ti %,1)]%‘,1 s [I(tl Qi,m)]%‘,mi? - )

= f( . 7ti[I(t|iqz‘,1)]qz',1 s [I(t|iqi,mi)]qi,mi7 . )
=t... [I(t iqz‘,l)]ifh,l s [I(t

qu’mz)]lqhml “ e

shows the required result.

In the other case, there is only one position p = ¢ and thus, u = Z(¢). If root(u) = c

or if t = u is a variable, then we are directly done. Otherwise, t = f(ty,...,tx)
and u = f(Z(t1),...,Z(tx)) = t[Z(t1)]1...[Z(tx)]x- Hence, it suffices to apply the
previous case where all positions 1, ...,k are below the root.

As we have a S-reduction the rule used must be from M and hence, left-linear.
We perform induction on the position of the reduction. For a reduction at the root
we have t[Z(t]p ), - - - [Z(tlp,)]p, = Lo = 7o = u. Using (i) we can assume that the
roots of all Z(¢|,,) are c. Hence, all these parts must be matched from variables in
0. As ( is linear we can define 0 to be like o where all Z(t|,,) are replaced by t|,,.
Thus t = t[t|p|p, - - - [tlpnlp, = €0 —a 70 = s. Moreover, by replacing in s those
subterm s|,; which correspond to a previously term t|,, back to Z(t,,) = Z(s|,,) we
obtain w.

For a non-root reduction all p; must be of the form ip/; for some 1 < i < k and
the left-hand side w = t[Z(t|p,)]p, - - - [Z(t]p,)]p, 1S & term of the form f(t1...,...,

G2 (il )yt oot ) with & [Z(E ] )y, - - S w; and w = w(u;);. Hence, by in-
duction we obtain some s; such that t; = s; with w; = $;[Z(S:]q0)] a1 - - - [Z(Silgm ) gon -
We define s = f(t1,...,;,...,t). Then t —5 s and

= f(tl[I<tl‘p’1)]p’1 N /A I ,tk[l-(tk‘p;)]p; o)
= S[I(t1|p’1)]1p’1 e [I(Si|q1)]iq1 I qm)]iqm e [I(tk|p;-)]kp; e
= S[Z(slipy)w - - - [Z(Slig)Nia - - - [Z(Sliguigm - - - [Z(8]kp ) - --
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(iii) We perform induction over first the number of —-steps in the = reduction and
then on the term ¢. We first consider the case of a root reduction. Then the root

of w = t[Z(t|,,)]p, --. must be c. Thus, w = I(t), t = f(t1,...,t,) and Z(t) =

c(zy, Comp({f(Z(tr), ..., I(t))} U Red(t))). I Z(t) = f(Z(t1),...,T(tx)) = u then
we choose t = s and are done as u = t[Z(t]1)]1 ... [Z(t|x)]r. Otherwise, if Z(t) 5 Z(s)
for some s € Red(t) then we know that t =, s and are done as Z(s) = s[Z(s].)]--

The only missing case is Z(t) ixj Z(r) = u where 1 € Red(t). Again we know
that t =% 7 and can use the induction to obtain some s with r —5* s and

u = S[Z(s]g)lgy - - [Z(8lgm)lgm-

We can deal with non-root reductions in completely the same way as in (ii).

(iv) Suppose, Z(t) is not terminating w.r.t. M U C.. Then by Lemma- 2 (iv]viil) we

know that Z(t) is not terminating w.r.t. = U =, Of course, as = is terminating

we must have infinitely many -steps. But as Z(t) = t[Z(t|.)]. we can use a, I
to obtain an infinite R-reduction of ¢. O
Proof of Theorem[{.13. Just use Lemma [LTT] (viii). O

Proof of Theorem [{.18. Completeness is a consequence of Lemma 2171 For the soundness
we just have to adapt the proof of Theorem [£.2] and integrate Lemma 11l Let s; —
t1,82 — ta,... be an infinite minimal (P, Q, R)-chain. We distinguish two cases. If there
is some n € IN such that for every ¢ > n the pair s; — t; is contained in P \ >, then
Sp = tn, Spy1 — tni1, ... clearly is an infinite minimal (P \ >,, @, R, f) chain. Then we
are immediately done.

Otherwise, there is some s; — t; € >, which occurs infinitely often in the chain.
By Lemma [4.17] s1 — t1,82 — tg,... is also an infinite (P, Q,N(P,Q,R) UC.)-
chain. We extend 7 by defining m(c) = [1,2]. Then in the same way as in the proof of
Theorem [.2] the constraints of the theorem yield an infinite decrease w.r.t. >=,. This is
in contradiction to the well-foundedness of . O

Proof of Theorem[{.20, Completeness is a consequence of Lemma 217 For soundness
we consider an infinite minimal (P, Q,R)-chain s; — 1,89 — t3,... where o is the
substitution with ¢;0 %R siv10. We distinguish two cases. If there is some n € IN
such that for every ¢ > n in the reductions t;o % si;10 only rules of N are used then
Sp = tpy Sng1 — tpet,... 1S an infinite minimal (77, Q, N, f) chain by Lemma 2.4]
Otherwise, there is some unneeded rule ¢ — r € R \ N which is used infinitely often
in reductions of the chain. By Lemma [4.11] s1 — t1,89 — lg, ... is also an infinite
(P, Q, N UC.)-chain where Z (o) is the corresponding substitution. A closer inspection of
Lemma IL1T] (iv)- (vi) reveals that any application of an unneeded rule in the original chain
with o is transformed to at least one application of a rule of C. in the transformed chain
with Z(o) as substitution. Due to the monotonicity of > we can show as in Theorem [£.2]
that there is an infinite decrease w.r.t. > as the unneeded rule ¢ — r is used infinitely
often. This is in contradiction to the well-foundedness of . O

Proof of Theorem[{.23. Completeness follows by Lemma 217 For soundness the proof
is completely analogous to the proof of Theorem 4.2l O

Proof of Lemma[{.26 By a straightforward induction on the position p one can show that
if t =y p uand p € RegPos(t) then 7(t) —(re—r)y 7(u). (%)
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We now prove the following property which directly implies the lemma by (x): if so €
NF(Q) and to %% u then n(to) —ry T(u) where U = Euggﬂ(t).

To prove the property we perform induction on the reduction length. If there are no
reductions then m(to) = m(u) and we are done. Otherwise, to 2% v %R,p u. By the
induction hypothesis we already obtain 7(to) =7, m(v). If p € RegPos,(v) then by the

definition of usable rules w.r.t. 7 the rule £ — r is contained in L{E}Q’ﬂ(t) C U. Thus, we

can apply (%) to obtain 7(v) =@ m(u). Otherwise, if p ¢ RegPos (v) then 7(v) = 7(u)
which also implies 7(v) =7,y (u). O

Proof of Theorem [{.27. The proof is similar to the proof of Theorem [£.18 One just has
to replace the application of Lemma [.11] by Lemma [£.20] O

Proof of Theorem[[.30. If arule { — r € Z/{gﬂg(t) then there is a substitution ¢ such that
So C NF(Q) and to 3% v %{g_ﬂ}w u and p € RegPos, (v). We show that { — r €
Il/{%g(t) by induction on the lexicographic combination of first the reduction length and
then the structure of ¢.

If ¢ is a variable and to can be reduced then to ¢ NF(R). If ¢t does not occur as
a subterm of a term in S or NF(Q)  NF(R) then Iu;g;g(t) = R and we are done.
Otherwise, as So C NF(Q) we obtain to € NF(Q) C NF(R) which is a contradiction to
to ¢ NF(R).

So, in the remaining proof we let t = f(t1,...,t,). If any reduction step in to %3‘2 v is
performed at a position g < p, i.e., p = q¢' then we choose ¢ to be the highest such position.
Note that ¢ € RegPos,(v) and ¢’ € RegPos_(v|,). Hence, to %% w = w[l'r], S5
wlr'r]y, 3% v {¢—r}.q¢ ¥ and moreover, 'T =% vl, %{g_w}@/ ul, for some rule ¢ — 1
with ¢/ = g(¢},...,¢ ). Thus, all terms ¢,7 are in Q-normal form. Therefore, we can use
the induction hypothesis and obtain ¢ — 1’ € Iu;;‘;g(t) and ¢ —r € IMg /19’""%}’”(7"’ ). By
Definition £.29] the rule ¢ — r is an element of Iu%g(t), too.

Otherwise, there is no reduction above p in the reduction of to to v. If p = ip’ then
obviously 7(f) =i or w(f) = [...,i,...], o' € RegPos_(t;), and t;oc % vl; %{Z—W},p’ ul;.
As t; is smaller than ¢ and as the reduction of ¢;0 to v|; is not longer than the reduction
of to to v we know by induction that ¢ — r € Iugg(tz) C Iugg(t) Finally, if p = ¢
then the final reduction is the only reduction at root level. Hence, to %;‘z flog, ... 0,) =
v = LT %R r7 = u where t;0 %% v; for every i. Using Lemma[3.8 we know that
v = f(ECap3 o(t1)p, ..., ECap} o(tp)p) = f(ECap$ o(t1),..., ECapy o(tn))p, where p
differs from o only on the free variables that are introduced by ECap. W.l.o.g. we may as-
sume that 4 is equal to 7 on the variables of /. Thus, f(EC’ap%’Q(tl), e EC’ap%Q(tn)),u =
lp where all direct subterms of ¢ are in Q-normal form. Moreover, as o differs from p
only on the fresh variables, all terms in Sy are Q-normal, too. Hence, ¢ is unifiable
with f(ECap%Q(tl), ce ECap%Q(tn)) and the mgu ¢ also instantiates all direct sub-
terms of ¢ and all terms in S to Q-normal forms. A final look at Definition [4.29 reveals
0= e TURD(Y). O

Proof of Theorem[{.33 Completeness is proven by Lemma The soundness proof is
similar to the one of Theorem [£18 Let N' = N(P,Q,R, 7). Given a minimal chain
81 — t1,89 — to,... either from some point all pairs are in P\ >, or there is a strictly
decreasing pair which occurs infinitely often. In the former case there is nothing to show
and in the latter we use Lemma to obtain

T(81)0 —=x(p) T(t1)o =1 (nvyue. T(52)0 —a(p) T(ta)o ...
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If we extend 7 by defining 7(c) = [1,2] then 7(C.) = C.. Hence, by the constraints of
Theorem [£.32] and stability and monotonicity we obtain
m(s1)o Zym(ti)o Z m(s2)o 2 m(ta)o. ..

with an infinite number of strict decreases. This is a contradiction to the well-foundedness
of »~. O

Proof of Lemma[{.35 Note that by construction of Sy and o all terms in Syy0 are O-
normal.

(i) We perform induction on t. If ¢ is a variable x then by definition Z,(to) = Z.(z0) =
1tZ.(0c) = tZ,(c). Otherwise, let ¢t = f(t1,...,t,). Then we obtain Ngg(tl)
N}‘gg(t} C N for all i € RegPos,(t). Hence, we may apply the induction hypothesis
and know Z.(t;0) = t,Z.(o) for all i € RegPos,(t). If Z,(to) is built by the second
case we immediately obtain Z,(to) = 7(t)Z,(0) by the definition of Z,. To show
that Z,(to) cannot be built by the third case can be shown in the same way as in

the proof of Lemma 1T ().

N

(ii) We prove the result by induction on ¢. If ¢ is a variable then we use ({if) with S = @
to conclude Z,(to) = 7 (t)Z (o).

Otherwise, if t = f(t1,...,t,) we obtain by the induction hypothesis Z(t;0) —¢
7(ti)Zx(0) and hence, toc —¢ 7(t)Z(c). Finally, if Z,(to) is built by the second
case we are done and otherwise we perform one additional reduction step to obtain
I,(to) = c(to, Comp(...)) —¢. to =5 w(t)I:(0).

(iii) The proof is a direct consequence of the definitions of Red,(t) and of Lemma [4.7. As
Z.(t) =c(..., Comp(Red,(t))), Z.(s) € Red,(t), and as every term is in normal form
w.r.t. the empty set we conclude Z(t) =5 c(...,Zx(s)) —c. Zx(s) by Lemma 47

(iv) Let t = lo 2, ro = s for some rule £ = f(¢y,...,£,) = r € R. As in the proof of
Lemma [A.11] (v)) one can show that £ — r € N'. Now by the closure properties of N’

we know that Nglg"”’("}’w(r) C N. Moreover, by the construction of S,; we obtain
{l1,...,0,} C Su;. Hence, and yield Z,.(t) = Z,(¢o) —e. T(0)Lr(0) = rn)
7(r)Z: (o) = L. (ro).

(v) We perform induction on ¢. Obviously ¢ cannot be a variable and if ¢ is built by
the third case we use (i). So let ¢ = f(t1,...,t,) and as Z.(t) is built by the
second case we obtain Z,(t) = ¢. If the reduction is at the root position we use .
Otherwise, there is some t; such that ¢; %R s;and s = f(t1,...,8;,...,t,). By
induction we obtain Z(t;) =% wyue. Zr(si)- Hence, Zo(t) = =7 .. 5. Note that
if i ¢ RegPos,(t) then the i-th argument is dropped and we perform zero reduction
steps from Z,.(t) to 5. To prove that Z,(s) = 5 is done in the same way as in the

proof of Lemma LT (vi).

(vi) Asuy — v1,us — vg,... is a minimal chain for every ¢ we know that v;o %% Uiy 10.
Using the previous results we can now exchange P by 7(P), R by n(N) UC., and
o by Z.(0).
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By construction of N' we know that /\/’7{{‘5 "(v;) € N and u; € Sy for every i.

Hence, using (i) we obtain Z,(v;0) = 7(v;)Z(0). From (ii) we conclude Zr(u;0) —¢.
7(u;)Z: (o). By we glue everything together and construct the new chain.

*

T(u1)Zr(0) =r(p) T(V1)Zr(0) = Lr(v10) —rNUC
Tr(upo) =5, m(u2)Ze(0) = rpy m(v2)Ir(0) = Ir(v20) . .. O

Proof of Lemma[{.37. We first define the two measures rank and Rank. Intuitively, rank
counts the maximal nesting of head symbols in a term. Similarly, Rank also counts the
maximal nesting of head symbols, but disregards the root-symbol of the given term. More
formally, we define rank and Rank as follows.

0, if ¢ is a variable
rank(t) = < maz{rank(t1),...,rank(t,)} + 1,if t = f(t1,...,t,), f E€H
maz{rank(ty), ..., rank(t,)}, ift=f(t1,...,tn), f ¢ H

0, if ¢ is a variable

Rank(t) N { max{mnk(tl)7 ) Tank(tn)}7 lf t= f(tl’ T 7tn>

Here, we define the maximum of the empty set to be 0. We use the following properties
of rank and Rank.

(i) rank(t) > Rank(t) for all terms t.
(i) If t € T(F\ H,V) then rank(to) = maz{rank(zo) | x € V(t)}.

(iii) If t =4 s then rank(t) > rank(s)

(v) If s =t € P then Rank(so) > Rank(to).

)

)

)
(iv) If t = s then Rank(t) > Rank(s)

)
(vi) If t —p" s, root(t) ¢ H and root(s) € H then Rank(t) > Rank(s).
)

(vii) If s >t € P, t € V and root(to) € H then Rank(sc) > Rank(to).

Using these properties it is now easy to prove the lemma. If we have an infinite chain
s1 — t1,82 — ta,... then we obtain t;0 —zx* s;410 for every ¢. Obviously whenever
root(t;) € H then root(s;y1) € H, because there is no rule in R to rewrite a head symbol.
For the converse direction we first conclude by (iv), (v), and the fact that > is well-
founded on the natural numbers that there must be numbers n and ¢ such that for all
i > n we have ¢ = Rank(s;0) = Rank(t;0). Let us assume 100t(s;11) = root(s;110) € H.
Due to (vi) we know that root(t;0) € H. If root(t;) € H we are done. Otherwise, t; must
be a variable but this is a contradiction to (vii).

It remains to show that the listed properties of the measures are correct.

(i) Obvious.

(ii) We perform induction on ¢. If ¢ is a variable then the result clearly holds. Otherwise,
let t = f(t1,...,t,). By the precondition f ¢ H and thus we get rank(to) =
maz{rank(t;o) | 1 <i < n)}. Induction yields rank(to) = mazx{maz{rank(zo) |
reV(t)}|1<i<n}=maz{rank(zo) |z € V(t)}.
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(iii) We perform induction on the position of the reduction. If t = lo —4 ro = s then
by the definition of H both ¢ and r are terms from 7 (F \ H,V). Thus, rank(lo) =
maz{rank(zo) | © € V()} > max{rank(zc) | x € V(r)} = rank(ro). Other-
wise, t = f(t1,...,tn) =5 f(t1,...,Si...,tn) Where t; =5 s;. Induction yields
rank(t;) > rank(s;) and hence, rank(t) — rank(s) = maz{rank(t,), ..., rank(t;), ...,
rank(t,)} — max{rank(t,),..., rank(s;),...,rank(t,)} > rank(t;) — rank(s;) > 0.

(iv) If the reduction is below the root then the result is easily obtained from (iii). Oth-
erwise, let lo —4 ro. By the definition of H we know that root(¢) ¢ H and hence
Rank(lo) = rank(lo) > rank(ro) > Rank(ro) by (iii) and (i).

(v) By the definition of A all proper subterms of s and t are of T(F \ H,V). Thus,
by (ii) Rank(so) = maz{rank(zo) | x € V(s)} > maz{rank(zo) | v € V(t)} =:
m. We show that m > Rank(to). If t € T(F \ H,V) then by (ii) and (i) m =
rank(to) > Rank(tc). In the other case t must be of the form f(t4,...,t,) where
by the construction of H the function symbol f is contained in H but all ¢; €
T(F\H,V). Thus, Rank(to) = max{rank(t;o) | 1 <i < n} = maz{rank(zo) |z €
V(t:),1 < i< n}=m by (i).

(vi) AsR does not contain any H symbols and as we get from ¢ with root(t) ¢ H to some
term s with root(s) € H we must have t =" t' = lo = vo0 =" =" s where t/
has no root of H, s’ has a root of H and ¢ — x is the collapsing rule that brings
some head symbol to the root position. Thus, Rank(t') = Rank({o) > rank(zo) =
1+ Rank(xo) > Rank(xo) = Rank(s"). Using (iv) we also have Rank(t) > Rank(s).

(vii) Let t = x and root(xo) = f(t1,...,t,) where f € H. Thus, rank(xo) = Rank(zo)+
1 > Rank(zo) = Rank(to). On the other hand s is of the form g(sq,...,s,) where

x must occur in some s;. Hence, Rank(so) > rank(s;o0) = maz{rank(xzo) | z €
V(si)} > rank(zo) by (ii). Thus, Rank(sc) > Rank(to). O

Proof of Theorem [{.39. Completeness follows from Lemma and soundness is an im-
mediate consequence of Lemma O

Proof of Theorem[{.38 First note that the requirement of 7(P) being a TRS is only to
ensure that (7(P), Q, R, m) really is a DP problem.

To prove soundness, let s; — t1, 59 — t9,... be an infinite (minimal) (P, Q, R)-chain.
Then there is a substitution ¢ such that for every ¢ there is the reduction t;0 =% s;410,
s;0 € NF(Q), and if the chain is minimal then every ;0 is terminating w.r.t. .

We prove that m(s;) — 7(t1),m(s2) — 7m(t2),... is an infinite chain using the same
substitution o. Therefore, we first show that each 7(s;)o is in Q-normal form, and that
7(t;)o is terminating whenever t;o is terminating. We consider two cases. If s; > 7(s;)
then obviously 7(s;)o € NF(Q). Otherwise, root(s;) € H, s; = f(uq,...,uy) and 7(s;) =
f(ujy,...,uj,). Since s;0 € NF(Q), the only possible Q-redex of 7(s;)o can be at the
root. But since the filtered, k-ary symbol f is a new symbol, it does not occur in Q
and hence, m(s;)o € NF(Q). In the same way one can prove that m(¢;)o is terminating
whenever t;0 is terminating.

It remains to prove w(t;)o 2% m(siy1)o. Due to Lemma 37 we can assume that
for every i the equivalence root(s;) € H < root(tiy1) € H is valid. If root(t;) ¢ H
then 7(t;) = t; and due to the above equivalence, m(s;41) = s;41 is satisfied. In that
case the result is immediately obtained from t;o %}3 siy10. Otherwise, root(t;) € H,
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t; = f(uy,...,up), and since f does not occur in R, we know that s;11 = f(v1,...,Un)
and ujo 2 vjo for all j. As both 7(t;) = f(uj,,...,u;) and 7(si41) = f(v,,...,v5,) or
both 7(t;) = u; and 7(s;41) = v;, this directly implies 7(t;)o 3% 7(s:41)0. O

Proof of Theorem[4.41. Completeness follows from Lemma 217 For soundness consider
an infinite chain s; — t1,82 — t2,.... Let H = H(P,R). Using Theorem [£.39 we can
w.l.o.g. assume that root(t;) € H < root(s;11) € H. We consider two cases.

If NF(Q) C NF(R) then it suffices to apply Theorem [4.27 with 7 and as reduction pair
(zZ,>) we use the embedding order and its reflexive closure for = and 7, respectively.
Then obviously the constraints for the pairs in P in Theorem [£.27] are satisfied and allow
to delete the pairs in >, C .. Moreover, we will show that ZU(P, Q, R, ) is empty
where we use [Cap as estimated Cap-function. Thus, there are no constraints for R
which finishes this case. To conclude that there are no usable rules w.r.t. m we show

that IUE}Q’”(t) = & for every s — t € P. By a straight-forward induction on p one
can show that ]Cap;{é}g(sb) = s|, and IZ/{;;’}Q(SM) = o for every subterm s|, of s. If

root(t) ¢ H this suffices to prove [C’ap;{é}g(t) = @ as s > w(s) > w(t) = t. In the
other case t = g(ty,...,t,) for a head symbol g. As g does not occur in R obviously the

term g([C’apg}Q(tl), ce [Capg}g(tn)) does not unify with a left-hand side of R. Thus,

as 7(g) = 1 for some i the only usable rules are those of Iblg]éﬂ(ti). But as s > 7(s) >

7(t) = t; again there are no usable rules.

If we are not in the innermost case then by the requirement of the theorem we know that
f = m and hence, we can assume that the terms ¢,0 is terminating w.r.t. %R As 7 only
filters head symbols this directly implies that the term 7(¢;)o is also terminating w.r.t.
%R. The reason is that for every term ¢ that occurs in P the term 7 (t)o is either to itself
(in the case that root(t) ¢ H) or 7(t)o is a subterm of to (in the case that root(t) € H).
Additionally 7(t;)o 2% m(siz1)o must be valid, too: If the roots of #; and s;4; are not
in ‘H then 7(t;)o = t;o %;‘2 8i+10 = m(8;41)0. Otherwise, both terms ¢; and s;,; must
be rooted with the same head symbol g. Let 7(g) = j. Then from t¢;0 %% S;110 We can
conclude t;|;0 %% sit1|j0 as the head symbol at the root position cannot be reduced.

As B> is stable and the conditions of the processor are satisfied we finally obtain
m(t)o % w(sy)o > w(ty)o Sk w(ss)o > ... If a pair s — ¢ with 7(s) > 7(t) oc-
curs infinitely often in this chain we obtain an infinite (%R U > )-reduction starting in
7(s1)o. This is a contradiction to the termination of 7(t;)o w.r.t. %, as every term is
terminating w.r.t. %R iff it is terminating w.r.t. %R Ub. 0

A.5. Proofs of Chapter [

Proof of Theorem[5.5 Note that due to our semantic Cap-function this proof is even
simpler than the original proof in [GAQL, Theorem 20].

If...ug = vy, s =t ug — vg,...0s a (P, Q,R)-chain, then there exists a substitution
o such that

(i) vio %’7“% so, to %’7“2 Uyo
(H) {UlU, §0, UQU} g NF(Q)

(ili) (ug — v1,s > t) € Eand (s = t,ug —> vg) € B
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First we use Lemma [3.8 to see that so = EC’ap{ul’S}(vl)u for some substitution p that

differs from o at most on the variables that are introduced by ECap. W.lo. We can
assume that o is equal to p on all these fresh variables. Hence, so = ECapy, ul’

shows there is an mgu § of s and ECap{“l’s}( 1) with o = 07 for some substltutlon T.

Moreover, the property {so,u;0} C NF (Q) must remain true when replacing o by the
more general substitution 9, i.e., {sd,u;0} C NF(Q). Hence, s§ — t6 € N’ and we obtain

(i) vo D% so = (s6)7, (t6)T = to D% us0
(i) {wyo,s0 = (8d)T,us0} C NF(Q)
(iii) (ug — v1,80 — t0) € E' and (s§ — t0, ug — vg) € E'

Thus, by renaming the variables in s — td to fresh ones we can extend o to behave
like 7 on these fresh variables. In this way we can use o to obtain the chain ...u; —
vy, 80 — td, us — vy, .... Moreover, when the original chain with s — t is minimal then
by construction the new chain with s§ — ¢ is minimal, too. The reason is that to is
terminating iff 0o is terminating as to = toT = tdo.

In this way, one can replace all occurrences of s — t in (minimal) chains except for the
very first pair in the chain. However, if s — ¢, v — wy,v9 — wo, ... is an infinite minimal
chain, then v; — w1y, vy — wo, ... is an infinite minimal chain as well.

For completeness, let ..., sé — td,... be a chain. Then by the construction of the graph
Ps — t/N’] the sequence ...,s —t,... is also a path in P. And as different occurrences
of pairs in P may be assumed variable disjoint, we can extend every substitution o to
behave like do on the variables of s. Hence, this direction of the theorem is immediately
proved. O

Proof of Theorem[5.5, If ... uy — v1,8 = t, ug — vq,...1s a (P, Q, R)-chain, then there
exists a substitution ¢ such that

(i) vio 3% so and to 3% uyo
(i1) {ui0,s0,usc} C NF(Q)
(iii) (ug = vy,s = t) and (s = t,us — v9) € E

Let R" = EU{S ”2}( t) and let R’ = R"~!. First we use Definition 3.24] to see that
to =%, uo and hence, Uy0 —%, to. By Lemma 3.8 one obtains to = ECapz, ,(uz)p for
some substitution p that differs on o at most on the variables that are introduced by
ECap. W.lo.g. we can assume that o is equal to p on all these fresh variables. Hence,
to = ECapZ, ,(uz)o shows there is an mgu 6 of t and ECapg, ,(us) with o = 7 for some
substitution 7.

The remainder of the soundness proof and the completeness proof is now completely
analogous to the proof of Theorem [.3 O]

Proof of Lemma[5.7 Let t %RJ,I t; and ¢ %R,m to by rules £; — r; € Rfor 1 <¢ <2
where by renaming of the variables we can assume that both rules are instantiated by the
same substitution o. Since ¢|,, and t|,, are no R-normal forms and thus no Q-normal
forms (by NF(Q) C NF(R)), p» cannot be strictly above p; and p; cannot be strictly
above py. If p; = py, then for 1 < i <2 we know ¢t = C[{;0],, and t; = C[r;0], . Hence,
by the requirements of the lemma we directly conclude rio0 = r90 and thus, t; = t».
Otherwise, p; and p, are independent and thus, t; and ¢, can obviously be joined in one
step. ]
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Proof of Theorem[5.10 Let t = t[lu], —x t[ru], =t' for some ¢ — r € R and substitu-
tion p.

We first prove the soundness and only consider the case where f = m. The case f = a is
analogous. Let s — t,u — v be a minimal (P, Q, R)-chain. Thus, to %;‘Q uo, both so and
uo are in Q-normal form, and to is terminating w.r.t. %R We want to show t'o %;‘3 uo
and that ¢’ is also terminating w.r.t. %R. Then we can exchange all occurrences of s — ¢
in chains by s — .

We consider the reduction to = to[luc], 2% uo. Aswuo is in Q-normal form and as -
reductions cannot take place strictly above Q-redexes, w.l.o.g. we first reduce uo to some
Q-normal form w. Thus, to = to[luo], S towl, 2% uo where lpo 2% w. The only

rules applicable to t|,0 = fuo or its reducts are from Z/lg}g(t]p) C U. Hence, lpo %5, w.
As w is a Q-normal form, w.l.o.g. one first reduces all terms xuo with = € V(¢) to Q-
normal forms. As %, is confluent these normal forms are unique. Thus, {uc %;j, 149 %2‘, w
for some @-normal substitution ¢ and for all x € V(¢) we have zuo %Z, xd0. Note that ¢0 is
not yet a Q-normal form as ¢ — r € R and NF(Q) C NF(R). Thus, we need at least one
more step to get from £d to w. As ¢ is a Q-normal substitution, the reduction is above ¢ and
as all critical pairs between ¢ — r and U are trivial joinable, the only possible reduction
is €6 Sy 16 S5, w. This finally proves t'oc = to|ruc], % to[rd], % tow], 2% uo.

Now minimality (i.e., termination of ¢'o w.r.t. %R), can be proved in an analogous way.
As before, w.l.o.g. any infinite %R—reduction of t'o = to[rpol, first reduces all redexes in
zpo for x € V(r). These reductions either lead to non-termination or they end in some
2, ~-normal forms. Since z € V(r) C V(¢), all zy are contained in t|,. Thus, for every
x € V(r) the term zpuo is terminating w.r.t. = and the possible rules to rewrite are
all contained in U. Hence, by Lemma 2.4] all these steps can also be done by 2, and
as %u is confluent, the reduction must begin with ruo %*R rd. Thus, whenever t'o is
non-terminating w.r.t. %R then so is to[rd],. But this would contradict the termination
of to wr.t. 2., as we know that to 2% to[rd],.

The completeness of the rewriting processor is obvious if %R is not terminating. Oth-
erwise, we show that if there is a reduction t'o %;‘z uo such that so and uo are in
O-normal form, then to %}3 uo also holds. We use the same way of reasoning as for
the soundness proof. So if t'o = to[ruc], %7@ uo, we may assume that we first reduce
ruo to some Q-normal form w which is again started with reducing every subterm zuoc
with z € V(r) to a Q-normal form by 3 reductions. By the confluence of 2, we have
o %Z rd %;kz w for some Q-normal substitution 4. In the same way as before we obtain
to = tolruol, 2% to[ré], % tolw], 2% uo. It remains to show that fuo % 16, as
this implies to = to[luc], 2% to[rd], S% tolw], 2% uo.

We know that zuo 3% 6 for all 2 € V(r), where 26 is in Q-normal form. By
NF(Q) C NF(R), 0 is in normal form w.r.t. .. too. As 2 is terminating, we can
extend § such that z¢ is a normal form of zpo w.r.t. S, for every variable = € V(¢)\ V(r).
Then we have fuo 2% €5 for the S, -normal substitution d. To prove the desired result
1) %R rd, we prove that for every position p’ of ¢ there is the reduction £ %R rd at a
position below p’ or the term ¢§|, is in Q-normal form. This suffices to prove £0 %R rd
as for p’ = ¢ we know that £d|, = (5 ¢ NF(R) O NF(Q).

We perform induction on /|,. If |, is a variable then by the requirements of the
processor we know nfc}{;,}g(é lprit). Thus, £, puo 2% f],6 is a reduction to a normal form
w.r.t. 2, and by Definition 5.8 we can infer ¢,6 = (5|, € NF(Q). Otherwise, £|,, =
f(ly,...,4,). If by induction there is an 1 < i < n such that £0 %R rd at a position below
p'i then we are done immediately. In the other case we know that for every 1 < i < n the
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term £6|,; is in Q-normal form and hence, every reduction of ¢ at position p’ respects
the strategy. If there is a reduction of ¢ %R,p/ v then this gives rise to a critical pair
and by the requirements of the processor we know v = rd. In the final case, there is no
reduction at position p’ possible. Hence, ¢J],, is in normal form w.r.t. %R This case
obviously cannot occur for p’ = ¢. Thus, by the requirements of the processor we know

nfc;{é}g (¢],y ) and conclude 40|, € NF(Q) by Definition [0.8 as in the variable case. O

Proof of Theorem[5. 17 If nfc%g(t) = false then there is a substitution o such that So C
NF(Q) and to 2% u for some u ¢ NF(Q) which is in normal form w.r.t. S,. We
perform induction on first the length of this reduction and then the structure of ¢ to show
that enfc%g(t) = false.

First we consider the case that ¢ is a variable. Hence, due to V(t) C V(s) and So C
NF(Q) the term to is in Q-normal form. Moreover, to is also in normal form w.r.t. =4
as NF(Q) C NF(R). Thus, u = to which contradicts u ¢ NF(Q). So, in the remaining
proof we may assume t = f(ty,...,t,).

In the second case there is at least one reduction at the root position. Hence, to =
fltio, .. tao) D5 fluy,... uy) = lo S, ro 2% u for some rule f(fy,...,0,) =
¢ — r € R. We define &’ = {{,...,0,} as the direct subterms of ¢ and conclude
S'c C NF(Q) as there is a root reduction. Thus, nfc‘%jg(r) = false and by induc-
tion enfc%Q(r) = false. Moreover, using Lemma[3.§ we know that f(uq,...,u,) =
f(ECap%Q(tl)(S, e EC’ap%’Q(tn)) for some ¢ that differs from o at most on the vari-
ables that are introduced by ECap. Therefore, we may assume ¢ = § which shows that
f(ECap%Q(tl), cee ECap%Q(tn)) and ¢ are unifiable by some mgu p with o = pr for
some substitution 7. Hence, Sp U S’u C NF(Q) and by Definition £.16] the required fact
that enfc%g(t) = false follows from 6nfc%7g(r) = false.

Finally, it may be the case that there are no root reductions at all in the rewrite sequence
to %}} u. As in the second case we obtain to %}} f(ug,. .., u,) where t;o %;kz u; for every
1. Here, every u; is in normal form w.r.t. %R as u itself is a normal form w.r.t. %R If some
u; is not in @-normal form then obviously nfc%g(ti) does not hold and by induction we
obtain enfc‘%’g(ti) = false which shows enfc%g(t) = false by Definition [£.16l It remains
the case that every w; is in Q-normal form. As u ¢ NF(Q) the only possible redex can
be at the root position, i.e., u = go for some ¢ € Q. Similar to the second case we
obtain f(ECap%Q(tl)a, e ECap%Q(tn)U) = f(uy,...,u,) = u = go and hence g and
f(ECap%Q(tl), . .,ECap%Q(tn)) are unifiable by some mgu p with ¢ = pur for some
substitution 7. Then clearly Sy C NF(Q) but we also have qu € NF(R). The reason is
that otherwise u = qo = qu7 would be reducible by R and this contradicts the fact that
1S 1n %R—normal form and hence in R-normal form as all subterms of u are in Q-normal
form. Thus, by Definition 5.16] we obtain enfc%g(t) = false and are done. ]

Proof of Theorem[5.19. The proof is an extension of the corresponding proofs of [AGOQ),
Theorems 27 and 42]. For soundness, we prove that if there is an infinite minimal
(P, Q,R)-chain, then there is also an infinite minimal (P[s — t/N’], Q, R)-chain. To
this end, it suffices to show that if

LU =V, S = Liug = vy L
is a minimal chain, then there is a pair s’ — t’ € N’ such that

LU — vy, 8 =t ug = vy L
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is also a minimal chain. Here, s — t resp. s’ — t’ may also be the first pair in the chain
(i.e., u1 — v; may be missing). If this has been proved then all occurrences of s — ¢ in an
infinite minimal chain may be replaced by its narrowings. The result for arbitrary chains
can be achieved in the same way.

There must be a substitution o such that

(i) vio 2% so, to 2% ugo
(i) uy0, so, and uyo are in Q-normal form
(ili) v10, to, and vs0 are terminating w.r.t. 5.

Let o be such a substitution where the length of the reduction to %71 U0 1S minimal.
Note that we have to perform at least one step below position p which is w.l.o.g. the first
step in the reduction. To see this, we consider two cases.

In the one case t|, ¢ NF(Q). Hence, if one only reduces to at positions independent
of p then the resulting term will still contain ¢|,0 which is not in Q-normal form. As
ugo € NF(Q) there must be some first reduction at a position which is not independent
of p. And since t|,0 ¢ NF(Q) this reduction must be below p. By reordering the reduction
to %;g uy0 w.l.o.g. one can assume that the reduction below p is the first step.

In the other case remark that p € Pos(EC’ap%S’}Q(t)) implies that there can be no
reductions strictly above p as otherwise ECap would have replaced a position strictly
above p with a fresh variable. Second, if there is no reduction step below p then o would
be a unifier of ¢|, and us|,, i.e., there would be an mgu pu of t|, and wus|, such that o = pur.
But since sp or usp is no Q-normal form, then so or uso would not be a Q-normal form
either, which contradicts . As there are no reductions above p w.l.o.g. we assume that
the first step in the reduction is at a position below p.

Hence, we have to %R q %}“2 ugo for some term ¢ and the first reduction is below the
position p. There are two possibilities for the reduction to %R g. Let us first assume
that this reduction takes place ‘in ¢’. Hence, there is a variable z in ¢ (ie., t|y, = @
for some position p') such that o(z) S, r and w = t[r],. Clearly, this cannot happen
if NF(Q) C NF(R). Otherwise, we have s¢ € NF(Q) C NF(R) due to and as
V(t) C V(s) we obtain zo € NF(Q) being a contradiction. Hence, NF(Q)  NF(R).

Thus, the variable x only occurs once in t (as t is linear) and therefore, we have ¢ = to’,
where ¢’ is the substitution with ¢’(z) = r and o'(y) = o(y) for all y # x. As all
(occurrences of) dependency pairs are variable disjoint, ¢’ behaves like o for all pairs
except s — t. Thus, we have

(i) vio’ =vio %;‘z so %}‘3 so’, to’ =q %;‘z Up0 = U0’

(il) u;0" and so’ are in @-normal form (since @ = &). Here is the reason for requiring
Q = @ if NF(Q) € NF(R). Otherwise, we could not conclude that so’ is in
O-normal form.

(i) v;0’ = v;0 are terminating w.r.t. . Moreover, since to terminates and to % to”,
to’ is also terminating w.r.t. 2.

But as the reduction from to’ to uso’ is shorter than the reduction from to to uso, this
is a contradiction to the minimality of o.
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So the reduction to %R g cannot take place ‘in ¢’. Hence, t contains some non-variable
subterm w at a position p’ below p such that a rule £ — r has been applied to wo. In
other words, ¢ matches wo (i.e., {p = wo). Hence, the reduction has the following form:

to = tolwol, = tollply Sx tolrply = q.

We again assume that the variables of £ — r have been renamed to fresh ones. Therefore
we can extend o to ‘behave’ like p on the variables of ¢ and r (but it still remains the
same on the variables of all pairs in the chain). Now ¢ is a unifier of ¢ and w and hence,
there also exists a most general unifier u. By the definition of most general unifiers, then
there must be a substitution 7 such that ¢ = u7. Note that since o = lp %R rp =ro,
all proper subterms of /o must be in Q-normal form. But then all proper subterms of ¢y
are in Q-normal form as well. Similarly, so and thus, sy are in Q-normal form as well.

Let ¢’ be the term tu[rpl, and let s’ be spu. Then s — ¢ narrows to s — t’ at position p/
(since sy and the proper subterms of {u are in Q-normal form) and hence, s — t' € N'.
As we may assume s’ and t’ to be variable disjoint from all other pairs, we may extend o
to behave like 7 on the variables of s’ and ¢’. Then we have

(i) o 2% so = sur = §'7 = do and t'o = t't = tur|rurly = tolroly = tolrply =
q %}"3 U0

(ii) u;o and s'o = so are in Q-normal form

(iii) v;o are terminating. Moreover, since to terminates and to %R g = t'o, t'o termi-
nates as well.

The completeness proof for @ = & is completely analogous to the one of [AG00, The-
orem 27| since we do not have to consider minimal, but ordinary chains. The reason is
that if R is not terminating then completeness is immediately satisfied.

Now, let us consider the case NF(Q) C NF(R). Here we mainly refer to the com-
pleteness proofs of the instantiation and the rewriting processors. The important fact
is that narrowing is just a sequence of an instantiation and a rewrite step. To be more
precise, s’ — t' € N’ implies that ' = sy and tu %R,p’ t’. Hence, we can first argue as in
Theorem [(.3] that replacing s — ¢ by sy — tu is complete. The next step from sy — tu
to sy = s’ — t' is nothing but a rewrite step at position p’ as analyzed in Theorem [£.10,
and thus, is also complete. O]

A.6. Proofs of Chapter [0

Proof of Lemmal[6.4] (i) The claim is proved by straightforward structural inductions.
For ¢ = x the result is obtained by the definition of A(c). In the case t =
"2 ", we conclude

Alto) = A(f" 0™ ... " t,0)
=fn m(A(t10), .. Altyo))
(by md) L (A(t) A(o ) L A(t,)A(0))
= (t1), -
)

o (A, ( n))A(0)
A(t)A(o
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For u = x the result is obtained by the definition of A~!(5). In the case u =
fr o (uq, ..., u,) we conclude

AN wd) = AN fo o (u15, 5))
= f?lA (U15)?2 ~H(und)

(by ind.) = 7 A7 (u 1)«471(5)72 AT (uy) ATY)
= (fr A (u) 2. AT () ATS)

= A7 (u)A7H(0)

(ii) We perform induction on t. As R is proper in the rule ¢ — r that is used for
the reduction both terms ¢ and r are proper. If we have a root reduction then
t = lo —5 ro = s. Hence, by Definition [6.2] all terms zo with 2 € V() are proper.
As V(r) C V() we conclude that ro = s is proper, too.

Otherwise, t = f"1¢,%2 ... "¢, and the reduction is below the root. As R is proper the
reduction must be inside some ¢;. Thus, t; =4 s; and s = frgy e tig e g
By induction we conclude that s; is proper and therefore, s is proper, too.

(iii) We perform induction on ¢. If ¢ is a variable then there is nothing to show. Oth-
erwise, t = f1¢;°2 ... "¢, and as Q is proper the only possible way that ¢ is not in
O-normal form is that t = go for some ¢ € Q or that some t; is not in Q-normal
form. Thus, we obtain

t ¢ NF(Q)
< some t; ¢ NF(Q) or t = go for some g € Q
(ind.) < some A(t;) ¢ NF(A(Q)) or t = go for some g € Q
(i) & some A(t;) ¢ NF(A(Q)) or A(t) = A(g).A(c) for some g € Q
& some A(t;) ¢ NF(A(Q )) or A(t) = ¢'o’ for some ¢’ € A(Q)
t

& A(t) = fr o (Alta), - Altn)) € NF(A(Q))

A(Q)

(iv) It suffices to show that t S, s iff A(t) —ar) A(s) by structural induction on .
Then the claim for m > 1 follows by induction and (7). This is sufficient, since A
is surjective.

We first prove the “only if” direction by induction on t. As ¢ is no variable we
consider t = f71¢,%2 ... "nt,. If some t; is reduced to s; then the induction hypothesis
vields A(t;) "y, A(si). Thus, A(t) = fru_2a(Alt1),- - Alts), - Altn) S
Fro o (A(t), ..., A(s), ..., Altn)) = A(s). Otherwise, we have t = lo 2, ro = s
as R is proper. Then A(t) = A(lo) = A(0)A(0) =, x) A(r)A(o) = A(ro) = A(s)
by . As each t; is a subterm of ¢ and therefore in Q-normal form by we know
that every A(t;) is in A(Q)-normal form. Thus, every direct subterm of A(¢) is in
A(Q)-normal form which proves A(t) A(—Q&(R) A(s).

For the other direction we assume A(t) A(—Q&(m A(s). Again, we only consider ¢t =

fft 2. "nt,, since t can be no variable. Hence, A(t) = fo, 2. (A(t1),..., A(tn)).
If A(s) is obtained by reducmg Alt ) A(QL(R) A( ;) then we obtain t; 2, s; and
hence, f7i¢,%2 .. gl g, %R fhg 2 gt e, = s, If we have a root

reduction then A( ) = A(l)d =5 A(r)o = A(s . By () one obtains the desired
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reduction.

Il
B s e

= S
PR
A~~~ = }‘—‘A/—\A

fn

|
R

That the reduction really respects the evaluation strategy is due to the fact that Q
is proper and that every t; € NF(Q) by (). O

Proof of Lemma[6.6. We define ¢ as the substitution which inverses the effect of ). The
domain of ¢ are those variables 1; of V' that are in the image of ) and it is defined by
L(J_t) =t.

()
(i)

(i)

(iv)

The claim can be proven by straightforward structural induction on t.

We perform structural induction on ¢. If t = 2 then Y(to) = Y(o(z)) = Y(0o)(z) =
tY(o). Otherwise, t = f'1t,"2 ... "¢, and we conclude

V(to) = V(ftio™. .. ""t,0)
= ' Y(to)2 . " Y(t,0)
(by ind.) = f't,Y(0)2 ... "t,V(0)
= (fft,"2 .., V(0)
=tY(o)

Suppose Y(t) is not in Q-normal form. Then obviously no instance of J(t) is in
Q-normal form. Thus, ¢ = Y(¢). is not in Q-normal form which proves (fii).

We only show that to 2 s implies Y(to) S5, V(s) and s = ud for a proper term
u and a Q-normal substitution §. Then the required result follows by induction on
the number of reduction steps.

As 0 is Q-normal and NF(Q) C NF(R), t is no Varlable. Thus7 t=ft"2.. ",
If s is obtained by reducing t;o % s;,i.e., s = fht "2 Yig i "t then by the
induction hypothesis we conclude y (tio) % Y(si) and Si = u;0 for some Q-normal
substitution § and proper term u;. We may assume that u; is variable disjoint from
t; for all j # 4. Then we can extend 0 to behave like o on the variables of ¢; for all
j #i. Hence, for v = f"1¢,72 ... "iu;"#+1 ... "¢, we obtain ué = s. Moreover,

V(to) = fY(to)=... " Y(tio)H .. " Y(t,0)
S V(o) Y () Y (o)
= Yt )72 iY(u;0)’ z+1...‘-’ny(tn5)
= YV(fht0% 1u51+1 . t,6)
=Y

(ud)

= Y(s).

Otherwise, the reduction is on the root position, i.e., to = (1 %R rT = s where
(= f"4," ... "¢, We choose u = r and § = 7 to obtain s = ud. Then V(to) =
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(vi)

V() = V(1) S V(1) = Y(r7) = V(s) by (if). This reduction indeed respects
the evaluation strategy given by Q since all ;7 are normal and by all Y(4;7)
are normal, too.

Suppose to would not be in Q-normal form. Then to can perform a Q-restricted
rewrite step w.r.t. the TRS R’ = {¢ — a | ¢ € Q} where a is some fresh constant.
Hence, by we know that )(to) can also perform this rewrite step with R'. Thus,
Y(to) is not in @-normal form in contradiction to the assumption.

It suffices to prove the one-step property that if o is Q-normal and ¢ is proper then
V(to) S uimplies u = Y(s6) for some proper s and some Q-normal substitution &
such that to %R s6. Then any infinite reduction of )(to) can easily be transformed
into an infinite reduction of to: If Y(tc) is not terminating w.r.t. %, then Y(to) S,
Uy %R Us %R .... Using the one-step property we obtain proper terms s; and O-
normal substitutions d; such that u; = )(s;0;) and to %R $101 %R $909 %R
proving that to is not terminating w.r.t. %R

To prove the one-step property we perform induction on t. By we know that
Y(to) = tY (o). Moreover, by V(o) is a Q-normal substitution. Thus, t ¢ V,
but t = f1t,%2 ... "¢,. We have Y(to) = f1Y(t,0)" ... " Y(t,0). If the reduction
was in the i-th argument (i.e., Y(t;0) S5 u;), then by the induction hypothesis we
know that there are s; and ¢ such that t;o %R s;0 and u; = Y(s;0). W.lLo.g. we
may assume that the variables of s; do not occur in ¢. Thus, we can extend d to
behave like o on the variables of t. By choosing s = f*1t;%%s;"+1 ... "¢, we obtain
to = fiito’ . et It
= f?1t15?2 . ?itiO'?iJrl . ?ntnd
L fr87 . Tt s
= 50

(

w= f1Y(te)2 .. it Y (o)

= fY(0)2. . Y (s:0) LY ()
)

Otherwise, Y(to) = €1 S, r7 = u. Thus, { = f14,% ... ™0, and Y(t;o0) =
¢;T. As we had an Q-restricted rewriting step all )(t;0) are Q-normal. By
we know that all terms ¢;0 are O-normal as well. Hence, as Q is proper every
reduction of to respects the evaluation strategy given by Q. As Y(to) = {1 we
obtain to = «(Y(to)) = t(fT7) = €ri. By choosing s = r and § = 7¢, we obtain
to = 06 %R rd = sd. As the subterms of ¢0 are in O-normal form we also know
that ¢ is a @-normal substitution. Moreover, we know that Y (sd) = Y(r7e) = Y(ue).

Hence, it remains to show that Y(ut) = u. To this end, we first prove that wu is
proper. By (i) Y(to) is proper and as ¢ is proper and Y(to) = {1 we know that 7(x)
is proper for all x € V(¢) 2 V(r). Hence, as r is proper the term v = r7 must be
proper, t00.

Now to finish the proof one can show Y(ut) = u for every proper term u by induc-
tion on w. First, if u is a variable then there are two cases. If u is not in the domain
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of ¢ then Y(ut) = Y(u) = u. Otherwise, u = L, for some v with Y(v) = u. Hence,
Y(u) = Y(v) = u. Flnally, if u is no variable then u = f"u;2 ... "y, and we con-
clude Y(ut) = Y(frup™ .. une) = FrY(ure) . Y (unt ) = fhay2. .y, =
u by induction. O]

Proof of Theorem [6.8 We first prove soundness of the processor. Let s; — t1, 89 — to, ...
be an infinite (minimal) (P, @, R)-chain using the substitution o. Hence, all s;o are Q-
normal and t;0 %;*3 si;10. Using Lemma and we conclude

t:Y(0) = Y(tio) Dk V(si110) = 511Y(0)

where t;, s;11, and Y(o) are proper by the requirements on the DP problem and by
Lemma [6.6] (). Using Lemma [6.0] we know that all 5;)(0) are in Q-normal form
and whenever t;0 is terminating then so is t;)(o) by Lemma (vi). Now we can apply
Lemma [6.4] to obtain

A(t:) AV(0) = AtY(0) ity A(5:1V(0)) = Alsi01) A (0))

Moreover, using Lemma and we know that every A(s;)A(Y(0)) is in A(Q)-
normal form and whenever ¢;)(o) is terminating w.r.t. =5 then A(¢;).A(Y(0)) is termi-
nating w.r.t. A<—Q>A(R) Thus, A(s1) = A(t1), A(s2) — A(t2),... is an infinite (minimal)
(A(P), A(Q), A(R))-chain as desired.

For completeness we have to show two results. First, if (Q)( ») 18 mon- termmatmg
then % must be non-terminating. To prove this it suffices to apply Lemma 6.4 . if

t A(—Q&(R) to A@J)L\(R) ... is an infinite reduction then A~1(t;) % A~1(ts) %R ... Is an

infinite reduction.
Second, if there is an infinite (A(P), A(Q), A(R))-chain, i.e., if there is a substitution o

with A(t )a A<—Q>LZ‘R) A(siy1)o for pairs s; — t; € P with A(s )a € NF(A(Qi‘(R ) then again
using Lemma [6.4] shows that s; — t1, $o — o, ... is an infinite (P, Q, R)-chain using the
substitution A~ (o). O

Proof of Lemma[6.11. (i) We prove the claim by induction on ¢ using the embedding
order as induction relation. If Z(¢) is a variable then it is proper. Otherwise,
t = fhi"2. . "¢, with n = a-ar(f) and k > n. By the induction we know that
Z(t; "1t "2 L TRty is proper for every 1 < i < n. Thus, we also know that

Z(t) = FRZ( T L )L T (e T )
is proper.

(ii) We perform induction on t. If ¢ is a variable x, then Z(o(x)"n+1t, "2 .. . "* ) =
Z(a(x)) = xZ(7) by definition of 7.

Otherwise, t = f"1t,%2..."¢,, and we conclude

Z(to ™ty LM,

= Z(fM 0" o g T )

= fU 2t )R T 2 (o T L TR,
(ind.) = 1, 2(3)2... ", 2(5)

=tZ(7)
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(iii) It suffices to show that t —% s implies Z(t) —% Z(s). We use induction on ¢ with

the embedding order as induction relation. Obviously, ¢ ¢ V. First assume that
t=a"1t,"2 . Tty or t = 72 "t where k < a-ar(f). Here, s is obtained by
reducing t; —5 s; for some 4, since R is proper. Thus, Z(t) = L = Z(s).
In the remainder we can assume t = f'1¢,°2 ... "¢, where a-ar(f) = n and k > n.
First we consider the case that s is obtained by reducing ¢; to s;. If ¢ < n,
then Z(t;"n+1t,, "2 "k ty) —% Z(s;t, 2 . "k ty) by induction. Hence,
Z(t) =% Z(s) by the definition of Z:

2(t)
= [UZ(t T TR 2 g TR L TR ) T
L (T g TR,
=k fZ( g T Teg) T T Z (s T g T L TRy ) T
L (T g TR,

= Z(s)
Otherwise, ¢ > n and by the induction hypothesis we conclude that there is the

reduction Z (¢, 1t,, 1 2. Tit T Tt ) =% Z (T T s T LTy ) for all
1 < j < n. By the definition of Z we again get Z(t) —% Z(s):

Z(t) — 71Z(t17n+1tn+1?n+2 zt Tit1 ?ktk)?2.
(tn n+1tn+1?n+ zt Ty ?ktk)
?1Z(t1?'+1tn+1?”+2 e 'iSi'i“ e ?’“tk)?Q .
Z(ty g Tz Tig T Ty
= Z(s)

Finally we have to consider the case that the reduction is not in one of terms
ti. Then, t = lo'n+it, "n2. "k, — R ro’ntit, 2 %, = 5. Let @ be the
substitution with o(x) = o(z)"+t, 1+ ... "*t;,. Hence,

Z(t) = Z(bo 1t T2 Ty
(by (1) = Z(7)

(by (fi} . (ro' it L TR
= Z(s) O

Proof of Theorem[6.13. We first prove soundness of the processor. If s — 1,80 — to, ...
is an infinite (P, Q, R)-chain then there is a substitution o with ;0 %;‘Q s;+10 for all 7.
Hence, by Lemma 2.4l we also have t;0 —% s;110. Thus, using Lemma [6.11] we know that
t.Z2(0) = Z(tio) =5 Z(si410) = si412(0) where Z(o) instantiates all variables with
proper terms. Now we can use Lemma to conclude

Alt)A(Z(0)) = A(t:i2(0)) =) Alsin 2(0)) = Alsit1)A(Z(0))

Thus, A(s;) = A(t1), A(s2) = A(t2), ... is an infinite (A(P), &, A(R))-chain as desired.
For completeness we have to show two results. First, if A(R) is non-terminating then R
must be non-terminating. This was already proven in [KKSV96] and can also be shown
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by using Lemma 6.4 (iv): if t1 —,, t2 =4, --- is an infinite A(R)-reduction then
A7Yty) —» A7 (t2) =5 ... is an infinite reduction w.r.t. A7 (A(R)) = R.

Second, if there is an infinite (A(P), @, A(R))-chain, i.e., if there is a substitution o
with A(t;)o =z, A(si41)0 for pairs s; — t; € P then again using Lemma [6.4] shows that
s1 — t1,89 — ty,... is an infinite (P, &, R)-chain using the substitution A 'o. O

Proof of Lemma[6.16. Note that by construction of Sy and o all terms in S ;0 are Q-
normal. The proof is very similar to the proof of Lemma [£.11l Therefore it is often just
referred to that proof. The main new difficulty is to show that if a term f*1¢;72...%¢,
is transformed by the second case that then every reduction is either on the root level or
inside some t;.

(i) We perform induction on ¢. If ¢ is a variable = then by definition Z'(to) = Z'(z0)
2T'(0) = A(t)Z'(0). Otherwise, let t = f"141" ... "¢,. Then we obtain NR o(t;)
NR o(t) € N and all ¢; are proper. Hence, by induction we conclude Z'(t;0)
A(t;)Z' (o). If Z'(to) is built by the second case we immediately get Z'(to) =
o (AT (0),..., A(t,)Z'(0)) = A(t)Z'(c). Otherwise, there must be a rule
¢ — r ¢ N and an i such that Cap%llga(f7ltla?2 Co g ) C’ap%lég(tia) unifies
with ¢ by some mgu p with (Sepo U{ly, ..., 0} € NF(Q). In the same way as in
the proof of Lemma L1l one can show that ¢ — r € N o(f 41" ... %t;). Hence,
by Definition L8] the rule £ — r is also contained in N o(t) € N as f7t,7 ... "t
is a subterm of ¢. This is a contradiction to £ — r & N.

1

(ii) The claim is proven in the same way as in Lemma [£.T1]
(iii) As in Lemma [.TT] the proof is a direct consequence of Lemma (7]

(iv) Let t = lo S ro = s for some rule £ — r € R. In the same way as in Lemma I IT]
one can show that £ — r € . Hence, £ = f"1¢,*> ... "{, and r are proper because
N is proper.

Now by the closure properties of N' we obtain ./\/7{{;”1?2“"nfle"’l’g"}(r) C N. And

by the construction of S,; we get {f*1¢,"2 ... "4, 1, 0,} C S,;. Hence, and
yield Z'(t) = T'(lo) —¢. AL (o) —aw) A(r)I'(0) =T'(ro).

(v) We perform induction on the structure of t. Obviously ¢ cannot be a variable. If
Z'(t) is built by the third or forth case we use . So, let t = f"1t,%2 ... ", where
Z'(t) = fr 2 (Z'(t1),...,Z'(ty)). If we have a root reduction we use to obtain
T'(t) —xrue. I'(s). If the reduction is below the root then we consider two cases.

First, the reduction can be inside some ¢;. Then ¢; %72 s; and if we define s; = t; for
all i # j then s = ff1s72... %%+ "ng,. Induction yields Z'(t;) _>jt(N)ucg T'(s;)
and hence, Z'(t) =1 e, frron (Z'(51),-- -, T'(85), -+, I (sn)) =t w. It remains to
show Z'(s) = w, i.e., we have to prove that Z’(s) is built by the second case. To
this end we use t; %;‘3 s; and frt 2. Tty %% fhisy %2 tim1s,y for all i to
conclude by Lemma [B.8 that Cap%”ga( fig) 2 Timig ) Cap%j”ga(si) is an instance
of C’ap%”gg( frtz . T ) Cap%f”ga(ti) where only variables that are introduced
by Cap are instantiated. Thus, as t is transformed by the second case this must
also be the case for s.

Finally, if the reduction is not in some ¢; and also not at the root level then there
is some i < n such that f*1¢;°2...%¢; is the redex ¢o and s = ro’it; . i+2 ... ",
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for some rule ¢ — r. Note that ¢ — r cannot be contained in the proper TRS N
as ¢ is not proper because ¢ < n. This results in a contradiction as one can prove
similarly as in that £ — r € N. The reason is that Z'(¢) is built by the second
case, that Cape'y (f7141%2..."=1t;_1)" CapRy (t;) unifies with ¢, and that the mgu
satisfies the required normal form conditions.

(vi) As uy — vy, us — v, ... is a minimal chain for every i we know that v;o %% Uig10
and u;oc € NF(Q). Moreover, as P is proper every u; and v; are proper. Using the
previous results we can now exchange R by A(N) UC. and o by Z'(0) similar to
Figure (4.8
By construction of N' we know that N;SLQ} (v;) € N and u; € Sy for every i.
Hence, using (i) we obtain Z'(v;0) = A(v;)Z'(0). From (i) we conclude 7'(u;0) —¢_
A(u;)Z'(0). By we glue everything together and obtain

Ai)Z'(0) = T'(vio) = aue. T (wiv10) =& Alui1)Z'(0)

Thus, A(u;) — A(vy), A(uz) — A(vz),... is an infinite (A(P),d, AN) U C.)-
chain. u

Proof of Theorem[6.17. We first consider completeness. In the cases and (D) we
just have to apply Lemma 217 In case an additional application of Lemma [6.4] is
sufficient to prove completeness.

For soundness we consider an infinite minimal (P, Q, R)-chain s; — t1,59 — to,...
where o is the substitution with ¢;0 %;‘z sit10. As PUN is proper we just have to
apply Lemma [6.16] to show that A(s;) — A(t1), A(s2) = A(t2),... is an infinite
(A(P), 2, A(N) UC.)-chain. Hence, we have already proven soundness of case (Al).

Next we consider case @ Due to the constraints on the well-founded order there must
be some n such that there is no pair s; — t; with ¢ > n and A(s;) > A(t;). Hence,
Sp = tn, Sn41 —> tpt1, ... is an infinite (P \ {s =t | A(s) = A(t)}, Q, R, f)-chain.

For case we just have to adapt and combine the proofs of Theorem [£.20 and
4.22l Due to the constraints there is some n such that in every reduction A(¢;)Z'(0) =
Z'(tio) =4y, L'(siv10) —=¢, A(si+1)T'(0) only reductions with A(N”) are performed.
As in Theorem [4.20] we look a bit more careful at Lemma to conclude that even in
the original chain s,, — t,, Sp41 — tnt1, ... only rules of N7 have been used. Moreover, if
a term ¢;0 is terminating w.r.t. = then it is also terminating w.r.t. %N' by Lemma 2.4]
Thus, S, — tp, Spy1 — tuit,- .- is a minimal (P, @, N, f)-chain.

Finally, to prove soundness of case we again argue over details of the proof of
Lemma It turns out that there are no reductions below a c-symbol. Thus, even in
the original chain s, — t,,, Sp41 — tp41,... one never reduced a term which is improper
at the root-position, i.e., which is of the form x"1u;2 ... ", or f7'u,"2 ... ", where in the
second case a-ar(f) # n. Thus, these terms u which are improper at the root-position can
be seen as normal forms and can be replaced by fresh variables 1,. This is exactly done
by the V-transformation. We give two arguments to prove that s, — ¢, Sni1 — tni1, - -
is also a (P, Q, N')-chain using the substitution Y(o).

First, we show that all reductions with R are still possible: We already know that no
subterm u that has been replaced by a fresh variable 1, is reduced. Additionally these
terms u can only be matched by variables, i.e., all reductions above are also possible
after applying Y. And second, ) does not introduce additional Q-redexes and thus, the
strategy is still respected after Y-transformation, cf. Lemma .
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A more detailed proof of the desired result ¢;)(o) %}‘\/, si+1Y(0) can be obtained by
an adaptation of Lemma [6.6] (iv]). One has to replace the requirement NF(Q) C NF(N”)
by the requirement that there are no reductions inside improper terms.

Finally, by Lemma [6.0] and we know that all terms ;) (o) = Y(t;0) are ter-
minating w.r.t. . Hence, s, — t, Spi1 — tni1,... 18 an infinite minimal (P, Q, N”)-
chain using the substitution Y(o). Since ))(o) instantiates all variables with proper terms,
we can apply Lemma [6.4] to obtain that A(s,) — A(t,), A(Snt1) = A(tnt1), ... is an in-
finite minimal (A(P), A(Q), A(N"))-chain using the substitution A(Y(c)). O

Proof of Theorem [6.23. One can reuse the proof of Theorem .32l where one has to replace
Lemma [£.35] by Lemma 6.24] (vi). O

Proof of Lemma[6.24 Note that by construction of Sy and o all terms in S ;0 are O-
normal. The proof is very similar to the proof of Lemma [6.16l Therefore we only show
the proofs of properties ({i) and which need additional argumentation.

(i) One can handle the variable case as in Lemma [6.16] (i) and one can also show as
before that Z/ (t) cannot be build by the third or forth case.

So, let t = f"1¢,"2 ... "¢, where Z (t) is build by the second case. Then we know that
N’%Trg(tl) C ./\/"%”Q(t) C N and that t; is w-proper for every i € RegPos_(fr 2,).
Hence, by the induction hypothesis we obtain 7/ (t;,0) = A,(t;)Z. (o) for all i €
RegPos (f: 2,). Concluding Z(to) = fr 2. (A (t1)Z.(0), ..., Az(tn)Z(0)) =
A (t)Z. ()% finishes this case.

(v) We perform induction on ¢. As in Lemma [6.16 the only interesting case is
when 7' (t) is build by the second case. So, let t = f71¢,%2 ... "¢, where Z'(t) =
fo o (ZL(ty),...,Z(t,)). If we have a root reduction then we apply to obtain
T/.(t) =xue. Te(s). If the reduction is below the root then as in Lemma [6.16] one
can show that the reduction must be in some t; as N is 7-proper. Then ¢; %R 55
and if we define s; = ¢; for all i # j then s = 715,72 .. .?J‘sj?j“ g

The induction hypothesis yields Z7 (t;) —%_yuc. Zx(s;) and hence, Z7(t) =7 aryuc.
fr o (Zh(s1), ..., ZL(s5), ..., Z2(sy)) =: w. It remains to show that Z/.(s) = w, i.e.,
we have to prove that Z!(s) is built by the second case. This can be done as in
Lemma [6.16 O

A.7. Proofs of Chapter [7|

Proof of Lemma[7.5. We consider the TRS R = {q — ¢ | ¢ € Q}. Then clearly M is a
model of R. We conclude

t¢ NF(Q) et —pt
(Lemma [[.2)) = Lab(t, ) —% Lab(t, )
& Lab(t,8) ¢ NF(R) = NF(Q)

46Note that here we apply A, on possibly non 7-proper terms t;, if i ¢ RegPos, (f» ). However, as
these terms are not occurring in the resulting term f7, 2, (...), we can ignore these applications.
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and moreover,

Lab(t,8) ¢ NF(Q) < Lab(t, 3) —= Lab(t,3)
(Lemma [.2) = ¢ = Unlab(Lab(t, B)) = Unlab(Lab(t,f))
& t¢ NF(R) = NF(Q) u

Proof of Theorem[7.5, Let s; — t1,80 — ta,... be an infinite (P, Q, R)-chain. Thus,
there is a substitution o such that ¢;,0 %;‘3 s;y10 for every ¢ € IN. Let 8 be an arbitrary
but fixed variable assignment. By Lemma [7.4] we obtain Lab(t;o, 3) %% Lab(s;o, 5) and

by Lemma [Z.3]all terms Lab(s;, ) are in normal form w.r.t. Q. We define the substitution
7 as as o(x) = Lab(o(z), 3) and the variable assignment 3 as 3(z) = [8](o(x)). Then by

[Zan95, Lemma 2] all equations Lab(s;o, 3) = Lab(si,ﬁlﬁ and Lab(tio, B) = Lab(t;, )7

are satisfied and hence, Lab(s1, 8) — Lab(t, B), Lab(s2, ) — Lab(tz, B), ... is an infinite
(P, Q, R)-chain. O

Proof of Lemma[7.9. (i) We perform induction on ¢. Let t = f(t4,...,t,) and let ¢; be
a subterm which contains x. If t; = « then Lab(t, B)0 = fi_ a@),.)(- -, 2,...)0 #
fe.p@. (- x,...)0" = Lab(t, §')o’. Otherwise, t; is not a variable. By induction
we know that Lab(t;, 5)o # Lab(t;, 5')o’. Hence, we can finish this part as follows.

Lab(t, B)o = f(5(..., Lab(t;, B)o, . ..)
# fey(.., Lab(t;, B')o’, . ..)
= Lab(t, B0’

(ii) Let Lab(t, 3) —7 s at position p by some rule Lab(¢,3') — Lab(r,3) € R. Then
by Lemma [7.2] Unlab(Lab(t, 3)) =t —¢, t' is a reduction at position p and hence,
again by Lemma [7.2] we obtain the reduction Lab(t, 3) — Lab(e,87)— Lab(r,37) Lab(t', B)
at position p*". Thus, Lab(t,)|, = Lab({,5)pu1 = Lab(¢,3")us. As € is not a
variable by ({ij) the variable assignments 5 and " must be identical on V(¢) 2 V(r).
This finally proves that the rules Lab(¢, 5') — Lab(r, ") and Lab(¢, ") — Lab(r, 3")
are identical and hence, s = Lab(t', §). H

Proof of Theorem[7.10. Tt suffices to extend the proof of Theorem [Z.5 by showing for
every term t that Q-termination of £ w.r.t. R implies O-termination of Lab(t, 3) w.r.t. R.
Therefore, suppose that Lab(t, 3) %ﬁ 51 %ﬁ 59 %ﬁ ... is an infinite reduction. By
Lemma every s; is of the form Lab(t;, 5) and t —5 t; = ta =4 .... Then using
Lemma [7.3 finally proves that ¢ is not O-terminating w.r.t. R as ¢ §R 131 %R to %R

O

Proof of Lemma[7.13. We consider both directions separately. If Lab(t, 5) ¢ NF(Q) then
Lab(t,B)|, = qu for some ¢ € Q. By the definition of Q the term Unlab(q) is contained
in Q. As t|, = Unlab(Lab(t,B)|,) = Unlab(qn) = Unlab(q) Unlab(p) we have proven
t ¢ NF(Q).

For the other direction assume that Unlab(t) ¢ NF(Q), i.e., Unlab(t|,) = Unlab(t)|, =
qp for some ¢ € Q. If we can show that t|, = ¢/’ for some ¢’ € Q then we are done as

this implies t ¢ NF(Q).

4"Note that in Lemma the position of the reduction is the same for the reduction of the labeled terms
and for the reduction of the unlabeled terms.
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To this end we prove by induction that for every linear term s € T(F,V) and every
term r € T (F,V) that whenever Unlab(r) = su then there is a substitution p' such that
r = s'u for some s’ with Unlab(s’) = s. Then we use this result for s = ¢, r = t|,, and

s'=4q.

If 5 is a variable then we just choose s’ = s and ¢ = {s/r}. Otherwise, s = f(s1,..., )
and hence, Unlab(r) = f(Unlab(ry),..., Unlab(r,)) with Unlab(r;) = s;u for every i.
By induction we obtain terms s, and p with Unlab(s;) = s; and r; = siu,. As s is
linear we can combine all substitutions p to one shared substitution g’ such that r; =

Lu' for every i. It remains to construct s’. As r has the form fi(ry,...,r,) we just
have to choose s’ = fi(s},...,s)). In this way obviously s'u/ = r and Unlab(s') =
f(Unlab(s}), ..., Unlab(s])) = s are both valid. O

Proof of Theorem |7.15. For soundness one can prove in the same way as in the proof
of Theorem [L.H] that if s; — t1,82 — t3,... is an infinite (P, Q, R)-chain by using the
substitution o then Lab(s; — t1, 3) is an infinite (P, Q, R)-chain by using the substitution
o. To this end one just has to exchange Lemma [7.4] with Lemma [7.14] and Lemma [7.3]
with Lemma [Z.13] respectively.

To carry over minimality if Q is linear, suppose that some Lab(t;, )& = Lab(t;0, B) is
not Q-terminating w.r.t. R. Then by Lemma [14] the term Unlab(Lab(t;0, B)) = t;o is
not Q-terminating w.r.t. R.

In the same way one can prove completeness for a linear Q. If R is not Q-terminating,
then there is some ¢ which starts an infinite reduction. By Lemma [T.14] the term Unlab(t)
shows that then R is not Q-terminating. Moreover, suppose Lab(s; — t1,31), Lab(sy —
ta,B2), ... is an infinite (P, @, R)-chain, i.e., there is some o such that Lab(t;, 3;)o %%
Lab(siy1, Biv1)o and Lab(s;, B;)o € NF(Q) for all i. Then using Lemma [Z.14 we obtain the
reductions t; Unlab(o) = Unlab(Lab(t;, ;)0) %}E Unlab(Lab(S;41, Bit1)0) = si11 Unlab(o)
and by Lemma [.13 all terms s; Unlab(o) = Unlab(Lab(s;, 5;)0) are in Q-normal form.
Thus, s; — t1, 82 — t2,... is an infinite (P, Q, R)-chain. ]

Proof of Lemma[7.18 We use —* as a shortcut for %*UD

For the first Clalm we extend the proof of [Zan95, Lemma 7] and integrate Lemma [T.13
So, let ¢ %” t" with ¢’ € NF(Q). We perform an outer induction on the reduction length
n and an inner induction on t. If n = 0 then there is nothing to show. Otherwise, there
is at least one reduction step.

If all reductions are below the root, then t = f(ty,...,t,) % f(ty, ... 1)) =t where
t; %R t:. By the inner induction hypothesis we obtain Lab(t;, ﬁ) ¥ Lab(t;,). Let | =
A([B](t), - [8](ta)). Then Lab(t, 8) = fi(Lab(ts, B),..., Lab(t,, ) —* fi(Lab(;, B),

., Lab(t),,B)). As M is a quasi-model of R we can derive [5](t;) > [5](t}). By weak
monotonicity we also obtain [ > A¢([5](t}),...,[B](t,)) =: I'. If | = I’ then we are
done. Otherwise, if [ > I’ then there is a corresponding decreasing rule fi(x1,...,x,) —
fv(z1,...,x,). Thus, we obtain Lab(t, ) —*—=peer Lab(t',5). As t’ is in normal form
w.r.t. @ by Lemma [T.13 every term Lab(t},) is in normal form w.r.t. Q. Hence, this last
reduction step with the decreasing rule respects the evaluation strategy given by Q and
we are done with this case.

It remains to consider the case that there is at least one root reduction, i.e., we have
t %;‘2 lo %R ro %}Q t" where the step from fo to ro with rule £ — r € R is the
first reduction at the root. Note that all direct subterms of o are in Q-normal form.
Thus, by the inner induction hypothesis we can reason as in the previous case to obtain
Lab(t, ) —* Lab({o,(). Moreover, by the outer induction hypothesis we know that
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Lab(ro, ) —* Lab(t', ,). Hence, it suffices to prove Lab({c, () %ﬁ Lab(ro, ). But this
step directly follows from Lemma [[.13] and [Zan95, Lemma 2] as shown in the proof of
Theorem [Z.5] O

Proof of Theorem[7.19. The proof is similar to the one in Theorem [.I5] where one re-
places Lemma [[.14] by Lemma [.I8 However, to carry over minimality and to prove
completeness one now has to construct infinite reductions w.r.t. %R from infinite reduc-
tions w.r.t. %ﬁupm. Using Lemma [T.18 we only get an infinite %R—reduction if there
are infinitely many = steps. But this must always be the case as Decr is terminating

due to the well-foundedness of >. OJ

Proof of Theorem [7.23. Completeness is proven as in Theorem [.I9. For soundness con-
sider a (P,Q,R)-chain s; — 11,895 — ta,..., i.e., there is a substitution o such that
tio %’7"% sit10 and s;0 € NF(Q) for every i. Moreover, if the chain is minimal, then every
t;o 1s terminating w.r.t. %R

We define —* := %*ﬁupm » We first prove Lab(t;o, 3) —* Lab(s;+10, ). Unfortu-
nately, by Lemma [7. 18] it is ozlly possible to conclude Lab(t;o, 3) %%UDM Lab(siy10,3),
i.e., up to now the rules Decry cannot be dropped. Therefore we use an alternative la-
beling Lab’" where the corresponding set Decr’, is empty. We define the labels and the
label maps for Lab’ to be like those for Lab but for each f € H we define L; = {_} and

N;(...) = <. Then, for all terms t € T(F \ H,V) we have Lab(t, 3) = Lab'(t, 3). Hence,

by the definition of head symbols we obtain the same sets R and Q, regardless whether
we use Lab or Lab’ to produce the labeled systems. Moreover, the decreasing rules Decr’
for the labeling Lab" are exactly Decr-y. Thus, by Lemma we conclude for all terms
t with ¢ 3% s that there is the reduction Lab'(t, ) <* Lab'(s, ).

Now we show that from some point onwards every reduction s;c — t;o %*R Si410
can be simulated in the labeled system when using the substitution @ as in the proof of
Theorem [Z.5l By Theorem [4.37] we obtain some n such that for all 7 > n the equivalence
root(s;+1) € H iff root(t;) € H is satisfied. W.l.o.g. we may assume n = 1 and we fix some
variable assignment 5. Using [Zan95, Lemma 2] we obtain the substitution @ which is
defined as &(z) = Lab’(c(x), B) and the variable assignment 3 with 3(x) = [3](c(z)) such
that for all terms t € T(F \ H,V) the equation Lab'(to,3) = Lab'(t, ) = Lab(t, B)7 is
satisfied. We consider two cases.

If root(t;) ¢ H then root(s;+1) ¢ H and by the definition of head symbols we know that
{ti,sis1} CT(F\H,V). As s;110 € NF(Q) we can apply Lemma [.I8 and obtain

Lab(s;, B)& — Lab(t;, B)&
= Lab'(t;0,3)
—* Lab'(s;110,3)
= Lab(si1,B)T

where by construction Lab(s;, 3) — Lab(t;, 3) € P.

In the other case root(t;) € H, i.e., t;is of the form f(¢1,...,¢,) and s;11 = f(r1,..., 7).
As tio %;} s;+10 we know that (;0 %% r;o for all 2. Moreover, by the definition of head
symbols all terms ¢y,...,¢,,71,...,1, are from T(F \ H,V). Hence, as in the previous
case we obtain Lab({;, B)& —* Lab(r;, f)&. Additionally, as M is a quasi-model we obtain
[B](¢;0) > [B](rio). Using weak monotonicity of > and the result of [Zan95, Lemma 1]

that [B](6:0) = [B](6:) and [8](rio) = [B](r:) we obtain As([B](61), ..., [B](€a)) = I for
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U'= X ([BI(r1), ..., [Bl(rs)). Thus, Lab(s;, B) = fv(Lab(ty,B),..., Lab({,, B)) € P. We
conclude

Lab(si, B)T —p fv(Lab(ly, B), ..., Lab(l, B))&

= fl’(La’b(gla 5)67 ey Lab(&hg)E

—* fu(Lab(ry, B)7,. .., Lab(r,, B)7)
= Lab(f(r1,...,m.), B)T

= Lab(si“, /8)5

So, in both cases we get the reduction Lab(s;, 3)d —p —* Lab(s;y1,3)a. Since every

si0 € NF(Q), by Lemma[TT3 every Lab(s;o,3) = Lab(s;, 3)o € NF(Q). This finally
shows that we have constructed an infinite (P, @, RUDecr_y)-chain. A direct consequence
of Lemma [7.18] is the fact that this chain is minimal if Q is linear and if all terms ¢,0 are

terminating w.r.t. %R O

Proof of Theorem [7.30. We only consider the case where we use a processor Procguas; of
Theorem [Z.19 and where Q is linear. Then (P, @', R, ') = (P,Q, R U Decr, f). The
remaining cases are completely identical. Let s; — t1,82 — t9,... be an infinite chain
where the pairs are instantiated by the substitution ¢ and the where the intermediate

steps are done with the rules ¢; ; — 7, ;. By Theorem [.19 we know that Lab(s1, 3) —

Lab(t1, ), Lab(sq, B) — Lab(ts, B),... is an infinite (P, Q, R U Decr, f)-chain. In more
detail, for every reduction step with ¢; ; — r; ; in the original chain we used one reduction
step with Lab({;;, 3) — Lab(r; , ) together with some additional Decr-steps in the
labeled chain.

By Definition [Z.29 there are numbers n and m such that Lab(s,,3) — Lab(t,, ),

Lab(spy1,8) = Lab(ty41,0),... is an infinite path in P,, where all rules Lab((; ;, ) —

Y

Lab(r; ;, ) with @ > n are from R, \ Decr.*® Thus, even for the original chain we know
that from point n onwards, only rules ¢; ; — r; ; have been used where the labeled version
of the rule is in R,, \ Decr, i.e., {;; = r;; € Unlab(R,, \ Decr). And as the infinite path
Lab(s,, 3) — Lab(t,, B), Lab(s,.1, 3) — Lab(tny1,B), ... only uses edges from P, we also
know that in the original chain from point n onwards, only edges s; — t;, Si11 — tis1

with Lab(s;, 5) — Lab(t;, B), Lab(siy1, ) — Lab(tii1, ) € Py, are used. Hence, all these
edges of the original chain are present in Unlab(P,,).

Thus, we have proven that s, — t,, S,+1 — tny1,... iS an infinite path in Unlab(P,,)
and that all rules ¢; ; — r; ; with ¢ > n are from Unlab(R,, \ Decr), i.e., we have proven
the characterizing property of a chain identifying processor. O

Proof of Lemma[7.31. The proof is trivial using the definition of a chain identifying pro-
CEesSOor. O

A.8. Proofs of Chapter

Proof of Theorem[8.3. If (P, Q,R, f) is looping then there are the following reductions

where we use the terms ¢]' to identify the intermediate results.

n __ in n n _an o n+1
spt =1y %61—””1,;)1 12 %Ez—w,pz tg ... %M—wm,pm— U1 = SH

48Note that the TRSs R and Decr are disjoint even if some rule of the form f(x1,...,z,) — f(z1,...,2,)
is contained in R.
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Let I = {iy,...,i} € {1,...,m} be the set of indices such that for all i; € I the rule
i, — r;; is taken from P. Then

0 * 10 0 * 40 0 *
spt S5 tiy =peti1 =R b, 7Pe tm+1

* *

i
R tzk _>’P,€ tzk—i-l R

is an infinite reduction where all ¢ are in Q-normal form. Since all P steps are at the
root, this clearly corresponds to an infinite chain. Thus, completeness is proven and for
soundness there is nothing to show. O

Proof of Theorem[8.6. Let P = DP(R).

We first prove the difficult direction of the theorem that Q-loopingness implies loop-
ingness of (P, Q,R). So, let there be m, s, C, u, €; — r;, p, and p1,...,py, such that
p =1y ...1 is the position of the hole in C' and that for all n we have the following looping
reduction.

sp' %41—>r1,p1 © %Zz—ﬂ“z,pz ©---0 %fm—ﬂ’m,pm Cu" [slun—H]

Then clearly, if we define I>; to be the direct subterm relation of the i-th argument then
we additionally obtain
Cﬂn[SNnJrl]p Dil 0.0 DiksﬂnJrl

Hence, if R is Q-looping then for every n there is a reduction from su™ to su™! using

every time the same sequence of % U {r; | i € IN}-reductions. W.l.o.g. we consider
such a reduction with a minimal number m of S -steps and under all these minimal
reductions we assume that s is a smallest term.

We first show that we can reorder the reduction such that after a %R—step at a non-
root position there never is a >;-step. To this end, notice that whenever we have the
reductions tu" %g_mp t, for all n then ¢, = tou™, and similarly whenever tu™ ©>; s,, then
Sn = sou™. Hence, we know that in the reduction sequence we only have to consider terms
of the form tu™.

To reorder the whole reduction we use the following auxiliary property for every local
reduction upu™ %g_mp vp” >; wp™ where p is a non-root position.

p =1p and up™ >; o %g_mp/ wp™. (%)

To prove (%) we first investigate the structure of u and v. Let p = jp'. Since u %g_mp v we
know that u = f(uy,...,uj, ..., u) and v = f(uy,...,vj, ..., ux) where u; "™ =y v;u"
for all n. We distinguish two cases. If ¢ # j then clearly w = u; and hence, up™ >; wu™.
This is a contradiction to the minimality of m since now we have loop with m — 1 = -
steps. In the other case i = j. Then w = v; and we conclude up™ >; ;™ = u;pu" %g_,m,,
vjp" = wp” which finishes the proof of ().

Using (%) repeatedly, we can reorder the sequence until there is no >-reduction directly
after a % -reduction at a non-root position. Hence, we have proven that there is some
s’ such that spm > S ((Sre o) USro)™ su nh where for every n the same rules
are applied at the same p051t10ns.

One can argue that s’ = s, because otherwise 'y ((Sr.o0>)UDg o)™ st >
s’ is a loop with minimal number of %R steps which contradicts the minimality of
s. Thus, from now on we only have to consider looping reductions using the relation
(%Rﬁ ol>) U %R,x. Later in this proof we will see that the first kind of reduction
corresponds to a dependency pair and the latter are the reductions that are used to go
from one dependency pair to the next.
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In order to prove that (P, Q,R) is looping we need at least one P-step. Therefore, we
now show that there must be at least one reduction step at the root. We perform a proof
by contradiction. Suppose, there is no reduction at the root. Then we obtain su" =% .
st Hence, s = f(sy,...,8%) and su™ = f(syu", ..., spu™) %%7» f(s1, ..., sp)u™tt =
Flsypm Y, seutY). Since, m > 0 there must be at least one i such that s;u™ 37
s;u™ ™ with 0 < m/ < m. This is a contradiction to the minimality of m or, if m = m’, to
the minimality of s.

As we want to map %Rﬁ o D>-steps to dependency pairs we must know that in the
looping reduction we only take subterms with > which have a defined root symbol. This
is proven as follows. First note that the root of s must be defined, since s starts a
reduction w.r.t. ((3r.o>) U3z -.) that contains a root step. Moreover, for any term
s’ with s ((%RE o >)US g .)* sp, the root of 8 must also be defined. The reason is
that otherwise, s’ can only be reduced by %R7>€—steps, but then one cannot reduce to the
term sp which has a defined root.

So, for s = s and s,, = sy we know that

s = sop”  ((Breol)USBgo) siu”
((%R,E o E) U %R,>E)
((%R,e © E) U %737>€) S = S/J,n+1

where all s; have a defined root symbol and where at least one root-reduction is used. We
show that the DP problem (P, Q,R) is looping by proving that the following reduction
exists.

St (Bp U st (Bp.USL) L (Bp U, st

Therefore, it suffices to show that whenever s;u” ((%RE ol>)U %R7>6) Sipip” then
st (Sp.US)) Sg_Han. If s;p" S e sipp” then sty S s§+1u" is obviously sat-
isfied, since * only changes the root symbol. Next we show that s;u" (%Ra o) s
implies %" %7375 5§+1Mn- So, let s; = lo — ro >, s, for some rule £ — r € R and
some position p. First note that due to the minimality of m, the term s;;; cannot be
a proper subterm of s;. Hence, p is a non-variable position of r and r|, is not a proper
subterm of ¢. Thus, s;41 = r[,0. As the root of s;1; is defined this shows that 0 — 7’|§)
is a dependency pair of R. Thus, s;u" = ffou™ —p. r|§)a,u" = sfﬂ,u”. Since all proper
subterms of s;u™ are in Q-normal form and since the tuple-symbols are fresh symbols not
occurring in @ we also know that s;p" is in Q-normal form. Thus we have successfully
proven that (P, Q,R) is looping.

For the other direction of the theorem let (P, Q,R) be looping. Then there is a term
s, a substitution u, rules ¢ — ry,..., ¢, — r,, € PUR, and positions py, ..., p, such
that

n __ n n n __ n+1
Sy = Sold %51—>T17P1 S1p %62_”’27]32 o %Z'm_ﬂ"m»pm Smpt = Sp

Since there is at least one P-reduction at the root and since both sides of a dependency pair
have a tuple-symbol as root, we know that at least one term s; in the reduction has a tuple-
symbol as root. But since the tuple-symbols are fresh and do not occur in R, all terms
s; in the reductions have a tuple-symbol as root, and the R-steps are only possible below
the root. Hence, when replacing all these tuple-symbols by their corresponding defined
symbols, i.e., we consider the terms s? where (##)” = ¢, then we can still perform all R-steps
on the terms s’. To be more precise, s;u™ = s;11u" implies s7u" %R s 1" Moreover,
whenever we reduce with a dependency pair /¢ — r|§, then there is a corresponding rule
¢ — r € R. Thus, whenever s;u" Sp_ s; 1" then s2u® 2., r[s?, 11u"],. Collecting all
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these contexts r[-], for all the P-steps in the loop results in one combined context C' and
we obtain s’ 5% Cpu"[s’u™*!] where in every iteration the same rules are applied at
the same positions. Thus, R is Q-looping. O

Proof of Theorem[8.9. Soundness is due to Lemma 2.4l and NF(Q) C NF ().

For the completeness we consider two cases. First, if R is not Q-terminating, then there
is nothing to show. In the other case R is Q-terminating. Thus, using the last requirement
of the processor we also know that R must be terminating. Now, if (P, @, R, f) is infinite
then due to termination of R there must be an infinite minimal (P, @, R)-chain. Using
the soundness of the processor to switch to innermost termination (Theorem [B.14) we
obtain an infinite (P, lhs(R), R)-chain. Thus, again using Lemma 2.4l and NF(lhs(R))
NF(R) € NF(Q) one can finally conclude that there must be an infinite (P, Q,R)-
chain.

5

Proof of Theorem[8.13. If ¢ is a variable then the result is obviously true, so let ¢ ¢ V.
We consider both directions separately.

First, let (u > ¢, ) be solvable, i.e., there are ¢ and n such that upy™ = go. If u is
a subterm of s, i.e., u = s|, then su”|, = s[,u" = up™ = qo proves that (s [> q,u)
is solvable. Otherwise, if u is a subterm of some xp with € W then there is some
i such that z € V(su'). Hence, there is a position p such that su'™'|, = u. Again,
su |, = up™ = go proves that (s |> ¢, ) is solvable.

For the other direction of the equivalence we assume that (s |> ¢, u) is solvable, so let
n,p,o be given with su™|, = go. If p is a non-variable position of s then we are done
as the matching problem (u > g, u) for the corresponding subterm u = s|, is obviously
satisfiable.

Otherwise, there must be a number 0 < 7 < n such that p is a non-variable position
of sy and either p is a variable position of su’ or p ¢ Pos(su’). In both cases there
must be a variable z and a position p’ such that z € V(su') C W and x|y = su'™,.
We choose the non-variable subterm « = x|,y of zp. Then indeed the matching problem
(u > g, p) is solvable since

n—(i+1 n—(i+1) —(i4+1)

up ) = aplyp = sp' T ,u" = su"|, = qo. O
Proof of Theorem[8.17. (i) To prove confluence one can show that = has the diamond-

property by a simple case-distinction.

To show termination of = first note that no transformation rule increases the terms
in the right-hand sides of a matching problems. Thus, the last three rules can only
be applied finitely often. But since every sequence of transformations with rule (i
in the end triggers an application of rule or , also rule ({ij) cannot be used
infinitely often.

(ii) If M = L due to rule then s » ¢ € M with s = f(...) and ¢ = g(...) with
f # q. But then for every n € IN the terms su™ = f(...) and qo = g(...) are
different. Hence, M is not solvable.

If M = 1 due to rule then x > ¢ € M with x € V\ Viper and ¢ = f(...). But
since x is not an increasing variable we know that xu™ € V for all n € IN. Thus,
the terms zu™ and go = f(...) are different for all n. Hence, M is not solvable.
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(iii) We first consider rule (i) for M = {s1 > q,..., Sk > qx}-

M is solvable < dn, o : s1u" = quo A - A sppu” = qpo
n+l _ qko_/
& In, o’ (sip)p” = o’ A A (spp)p” = qro’

s M ={siyu>q,...,s14> q} is solvable

& In, o’ s =gl A A s

For rule the result follows from the fact that f(sq,...,sp)p" = f(q1,-..,q)0
iff s;u" = qio for all 1 < < k.

(iv) If M is solvable then due to and M cannot be reduced to L by =. So,
let M’ be a normal form of M w.r.t. =. Then, obviously M’ has the form {s; >
x1,...,S > o} and M’ is solvable due to . Thus, there is a number n and a
substitution o such that for all 1 < ¢ < k the equality s;u"™ = x;0 is valid. Hence,
for all ¢ # j with x; = x; the identity problem (s; = s, 1t) is solvable.

For the other direction let M =* M’ = {s; > x1,...,8; > x1} where for every
i # j with x; = z; there is some n;; with s;u™9 = s;p™. Let n be the maximum
of all n;;. Then, obviously s;u™ = s;u™ for all these ¢ and j. We define 0 =
{z1/s11", ...,z /spu"}. First note, that by construction ¢ contains no conflicting
assignments. But as then s;u" = ;0 is valid for all 1 <7 < k we know that M’ is
solvable. Using we finally conclude that M is solvable. O]

Proof of Theorem[8.20, One can easily show that in the k-th iteration the set S contains
the elements of the set Sj.

(sp™lp = Au=1tu"[,) V (tu"], =z Au=su™|y)}

Since the correctness of steps — was already explained in the explanation of the
algorithm, we only prove the correctness of step (viil). So, let (z, p1,u1) and (z, p2, us) be
elements of some Sy and let my, mo be given such that w.l.o.g. for both ¢ =1 and ¢ = 2
we have su™|,, = = and tu™|,, = u; where x is an increasing variable with =z # w,;. If
the identity problem (s & t, i) is not solvable then there is nothing to show. Otherwise,
there is some n with su™ = tu™. Since, su™ # tu™ we know that n > m; for both 1.
Hence, we can conclude the following equalities.

n—m; m;

ap" T = s T = s, = " p, = ™ [ T = ™™

If we have applied then this directly leads to a contradiction since uyu™ = zu™ =
ugu™ proves that uy and uy are unifiable.

Otherwise, we have applied where w.l.o.g. p1 < py. Since spu™|,, is the variable
x we must apply p at least one more time to reach the position ps and thus, m; < ma.
And as zp™ ™ = uy ™™ there must be some smallest number n’ such that zp™ "™ =
ul/ﬂ"ml is valid. From x # wu; we conclude n’ > m; and from s,u"'\pl = x,u”'_ml =
w ™ "™ = tu™ |, we derive that also the subterms su™ |, of su™ |,, and tu™ |,, of tu™|,,
are identical. Again, n’ > my must hold and we obtain zu™ ™2 = uyu™ ~™2. But this is
a contradiction to the minimality of n’ since u; = uy and n’ — my < n’ — m.

To prove termination of the algorithm we already have argued in the explanation that
we can detect all solvable identity problems and all those problems which have a stationary
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conflict. Thus, it remains to prove that all infinite problems can be detected. To this end
we start with giving three observations on infinite identity problems.

First, if (s & ¢, u) is infinite then (sp & tp, ) is infinite.

Second, if (s & t, u) is infinite then there is no position p such that (s|, = t|,, ) has a
stationary conflict. The reason is that one would obtain a stationary conflict of (s & ¢, )
in contradiction to (s & ¢, ) being infinite.

And third, whenever (s & ¢, ) is infinite then there is some position p such that
s|p # t|,, at least one of the terms s|, or ¢|, is an increasing variable, and (s|,u = t|,u, 1)
is infinite. This can be proven as follows. Since (s & ¢, p1) is not solvable there must be at
least one maximal shared position p of s and ¢ such that (s|, = t|,, 1) is not solvable. Due
to the second observation we know that (s|, = t|,, ) again is infinite. Moreover, using
the maximality of p we conclude that one of the terms s, or t|, is a variable. And since
(s|p, & tl,, o) is infinite this variable must be increasing. Finally, by the first observation
(splp 2 tp|p, i) is infinite.

Now we show that in a hypothetical infinite run of the algorithm we will put an infinite
sequence of triples into S where the corresponding positions pg, pop1, pPop1p2, - - - are getting
longer and longer. Since (s & t, ) is infinite due to the third observation we obtain a
position py such that a triple (xg, po, $|p,) or (zo, o, t|p,) Will be added to S. Moreover,
(Stt]py = thtlpo, i) 1s infinite. Hence, again using the third observation we obtain a position
p1 such that (splpptlp, 2 thalpottlprs 1) = (S62|pops = 1 popr,) 1s infinite and such that
one of the (different) terms su?|,,p, Or t1%|,,p, is an infinite variable ;. Thus, again the
corresponding triple (z1, pop1, . .. ) is added to S. By iterating this reasoning we obviously
obtain the desired infinite sequence of triples in S.

As there are only finitely many increasing variables there must be some x which occurs
infinitely often in this sequence. Thus, we obtain an infinite subsequence (x, pg . . . pi;, ui, ),
(T,D0 .- PiysWip), -.. where w.lo.g. iy <io < ... and po...pi;, < Po---Piy < .... Due
to Kruskal’s tree theorem [Kru60] there must be some ¢; and i such that i; < 45 and
u;; is embedded in w;, . If u;; = u;, then this is a contradiction to an infinite run of
the algorithm since then step will trigger. Otherwise, u;; is strictly embedded in
u;,. But then u;, cannot be unified with u;, since the embedding relation is closed under
substitutions. Hence, in that case step will stop the algorithm. O

Proof of Corollary|[8.23. Let there be a looping reduction of a TRS R of the following
form.

81 —7R,p1 S2 7Rps -+ -Sm T Rpm Sm+l = C[SLLL]
To check whether this reduction is also Q-looping one has to check whether

St SRy 521" DRy - Smlt” DR, Smap” = Cplsip™

is a valid reduction for all n € IN. This is the case iff all direct subterms u of all
Sift"p; = Silp;pt™ with 1 < ¢ < m are in Q-normal form. And this is the same as
demanding that for every ¢ € Q the redex problem (u |> ¢, u) is not solvable. But
solvability of redex problems can be decided using Theorems [8.13] ([iv), and

The reasoning for loops of DP problems is completely identical. O
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