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Chapter 1

Introduction

Term rewriting is a simple and powerful computational model, which underlies
declarative programming and automated theorem proving. Termination ensures
that all computation paths end. This thesis is about automated termination
analysis for term rewriting. All techniques described in this thesis are imple-
mented in T7T, an automated termination prover for term rewrite systems, and
we provide ample experimental data.

The first section is intended to provide a brief and informal introduction to
term rewriting, termination, and the dependency pair method. For detailed sur-
veys of term rewriting we refer to [6] and [51]. An overview of the contributions
of this thesis is given in the second section.

1.1 Term Rewrite Systems and Termination

Term rewriting is a simple and powerful computational model. A term rewrite
system (TRS) is defined as a directed equational system.

Example 1.1. Consider the term rewrite system R consisting of two rules
1: 0+y—y 2: s(z)+y—s(z+y)

The computation of the term s(s(0)) + s(0) is done by rewriting. For instance,
by instantiating x and y to s(0) in rule 2, the left-hand side is identical to our
term, and it can be rewritten to the instantiated right-hand side of the rule, i.e.,
s(s(0) 4+ s(0)). Repeating such an operation, one obtains the following rewrite
sequence:

5(s(0)) +5(0) —x s(s(0) +5(0)) == s(s(0+5(0))) —= s(s(s(0)))

The last term s(s(s(0))) cannot be rewritten any more, and such terms are called
normal forms of R. This TRS is terminating which means there are no infinite
rewrite sequences starting from any term.

The next example is a famous non-terminating TRS by Toyama [54], which
illustrates a tricky behavior of rewriting.
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Example 1.2. Consider the TRS Rq:
f(a,b,z) — f(x,z,2)
and the TRS Ro:

glx,y) —x glx,y) =y

Both TRSs are terminating, although a formal termination proof of the first
TRS is not entirely trivial. The union Ry U Rs is not terminating because the
following infinite sequence exists:

Term rewriting has a close relation with theorem proving and declarative
programs. In fact numerous interesting axioms and programs can be encoded
as term rewrite systems, either directly or via transformation techniques, and
termination is a desired property. Let’s take a look at a more practical example.

Example 1.3. Consider the following TRS R, which is an encoding of Eratos-
thenes’ sieve:

:if (false, z,y) — v

x| 0 — true

1: r—0—z 10: filter(a, nil) — nil

2: s(x)—s(y) —x—y 11: filter(z,y : ys) — iffilter(x | y,z,y : ys)
3: 0<y—true  12: if filter(true, z,y : ys) — filter(z, ys)

4: s(z) <0 — false  13: if_filter(false,x,y : ys) — y : filter(z, ys)

5: s(z) <s(y) —z <y 14: sieve(nil) — nil

6: if(true,z,y) — = 15: sieve(z : zs) — x : sieve(filter(x, xs))
7

8:

9:

s(z) ['s(y) — if(z < y,s(z) | (y — x), false)

For example,

sieve(2:3:4:5:6:nil) —g 2:sieve(filter(2,3:4:5:6 : nil))
—L 2:sieve(3: 5 nil))
—r 2 :3:sieve(filter(3,5 : nil))
—% 2:3:sieve(5 : nil)
—r 2:3:5 :sieve(filter(5, nil))
—+t 2:3:5:sieve(nil)
—r 2:3:5:nil

Here 2, 3, ... denotes s(s(0)), s(s(s(0))), ete.
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Not surprisingly, arbitrary Turing machines can be simulated by some term
rewrite system. As a consequence, the termination property of TRSs is unde-
cidable in general ([35]). However, in order to prove termination automatically
many techniques have been developed.

The traditional method is to check compatibility of the rules with parame-
terized orderings like the Knuth-Bendix order [37], the multiset path order of
Dershowitz [12], the lexicography path order of Kamin and Lévy [36], and the
polynomial interpretation orders of Lankford [41]. One may conclude termina-
tion of a TRS if all its rewrite rules are oriented from left to right by one of
these orders. The automation of these techniques is addressed in a long list of
papers including Dick et al. [16], Ben Cherifa and Lescanne [9], Steinbach [49],
Giesl [20], Hong and Jakus [34], and Contejean et al. [11].

Many recent techniques enhance this method by performing transformations
on TRSs. We mention here semantic labeling of Zantema [60], the freezing tech-
nique of Xi [58], the work of Borralleras et al. [8] on transforming the semantic
path order of Kamin and Lévy [36] into a monotonic version that is amenable to
automation, and the dependency pair method of Arts and Giesl [5]. The latter
method, implemented in several automatic termination provers (cf. Section 6.3),
is the starting point of this thesis.

Given a TRS, the method first extracts dependency pairs and constructs its
dependency graph. Intuitively, the former represents pairs of tuple of arguments
before and after recursive calls, and the latter approximates the recursive call
graph. A cycle in the graph represents a potential loop. In the dependency
pair method the possibility of the loop is canceled by finding a pair of orderings
2 and > compatible with the TRS and the cycle respectively. The TRS is
terminating if all cycles are canceled,

Example 1.4. There are 12 dependency pairs for the TRS R in Example 1.3:

16: s(z) —*s

(v) >z -ty
17: s(z) <Fs(y) — <Py
18: s(z) | s(y) — iff(z < y.s(z) | (y — 2), false)
19: s(z) [Fs(y) — = <ty
20: s() [* s(y) = s(z) [ (y — @)
21: s(z) | s(y) —y
22: filter! (,y : ys) — if filter*(z | y, 2,y : ys)
23: filter*(z,y : ys) — x |‘j Yy
24: if filter* (true, x,y : ys) — filter* (z, ys)
25: if filter(false, 2, y : ys) — filter(z, ys)
26: sieve’ (1 : zs) — sieve® (filter(z, xs)
27: sieve® (z : zs) — filter® (z, zs)

The dependency graph
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25 21 —— 16
26 27 22 24 23 20 18
\/
% -~
19 —— 17

contains 7 cycles: {16}, {17}, {20}, {22,24}, {22,25}, {22,24,25}, and {26}.
We claim that there is no infinite rewrite sequence corresponding to the cycle
C = {26}. This is shown as follows. By taking the polynomial interpretation
truey = nily = falsey = Oy = 1, —n(2,y) = z, sieveﬁN(x) = sievey(z) = sy(z) =
z+1, |N(‘r’y) = <N(‘ray) = ZN(.Z‘,y) = o+y+1, ﬁlterN(‘r’y) =Y ifN(xa Y, Z) =y+
z and if filtery(z,y, z) = z, the involved rules reduce to the following inequalities:

1: T 2T 9: xz4+y+3 2 x+y+3
2: zr+1 2z 10 : 121

3: y+2 21 11: y+ys+1 2 y+ys+1
4: x+3 21 12 y4+ys+1 2 ys

5: z+4+y+3 2 z+y+1 13: y+uys+1 2 y+ys+1
6: Tty 2 14 : 2 21

7 x4y 2y 15: z4+xs4+2 2 x+xs+2
8: r+2 21 26: x+as+2 > zs+1

Similarly, one can find orderings for the remaining 6 cycles. Hence, termination

of R is established.

The complete termination proof, which is based on new results presented
in the thesis and generated by the automatic termination prover T7T, can be
found in Appendix A.

We conclude this introductory section with an encoding of Goldbach’s con-
jecture. This is one example of an interesting problem that can be reduced to a
termination problem. Goldbach’s conjecture state that all positive even integers
larger than 2 can be expressed as the sum of two primes.

Example 1.5. We add the following rules to the TRS in Example 1.3:

O+y — vy range(x) — range’(z,nil)
s(z) +y — s(z+y) range'(0, ys) — ys
0=0 — true range’(s(0), ys) — ys
s(z) =0 — false range’(s(s(z)), ys) — range'(s(x),s(s(x)) : ys)
0=s(z) — false test(n, nil, ys) — false
s(z)=s(y) - x=y test(n,z : xs,ys) — test'(n,z,ys) V test(n, zs, ys)
trueVz — true test’(n, z,nil) — false
falsevae — =z test'(n,z,y:ys) — (n==x+y)Vtest'(n,x,ys)
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Here the term range(n) rewrites to the list 2 : ... : n : nil, and test(n,ay : -+ :
T il yr ooy o nil) checks whether n = x; +y; for some ¢ and j. Finally,
we add the following three rules:

goldbach(s(s(n))) — loop(s(s(n)), test(s(s(n)) + s(s(n)),
sieve(range(s(s(n)) + s(s(n)))),
sieve(range(s(s(n2)) +s(s(n))))))

loop(s(s(n)), true) — goldbach(s(n))

loop(s(s(n)), false) — goldbach(s(s(n)))

Since sieve(range(n + n)) generates all prime numbers less than or equal to 2n,
the normal form of test(n 4+ n,sieve(range(n + n)), sieve(range(n + n))) is true
if 2n = p + q for some prime numbers p and q, and false otherwise. Therefore,
goldbach(s(s(n))) terminates if and only if Goldbach’s conjecture holds for all
even numbers 4,6,...,2(n 4+ 2). Hence, if our TRS is terminating then the
conjecture is true. How about the converse? TyT can find suitable orderings for
all cycles in the dependency graph, except for the one consisting of the following
two dependency pairs:

goldbach?(s(s(n))) — loop?(s(s(n)), test(s(s(n)) + s(s(n)),
sieve(range(s(s(n)) + s(s(n)))),
sieve(range(s(s(n)) +s(s(n))))))

loop?(s(s(n)), false) — goldbach?(s(s(n)))

This means that our TRS is terminating only if for no n there is an infinite
rewrite sequence starting from goldbach(s(s(n))). Hence, Goldbach’s congjecture
is false if our TRS is non-terminating.

Needless to say, proving or disproving termination of the preceding TRS
is beyond all existing (automated) termination techniques, including the ones
introduced in this thesis.

1.2 Overview and Results

The aim of this thesis is to develop automated termination techniques based on
the dependency pair method. New methods are intended to make termination
tools more powerful and more efficient. In automation we often face large
search spaces for parameters required by termination criteria and there is a
natural trade-off between power and efficiency. Therefore, developing efficient
search techniques are of particular interest. On the other hand, what if one
could reduce search spaces without (much) loss of power? Then, one achieves
an increase in both practical power and efficiency. For this purpose we go back
to the foundations of dependency pair method.

Overview. Starting from scratch, we give a systematic account of the method
in Chapter 3. Along the way we derive two new refinements—the subterm crite-
rion in Section 3.2 and the usable rule criterion for termination in Section 3.4—
that are very easy to implement, increase the termination proving power, give
rise to simpler termination proofs, and make the method much faster.
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Chapter 4 deals with three problems when automating the dependency pair
method. The first problem is the undecidability of dependency graphs. In
Section 4.1 we present various computable approximations of the dependency
graph including the new estimated® innermost dependency graph approximation.
When a given TRS is non-terminating, its dependency graph always contains
cycles. In order to prove termination the standard dependency pair method
requires to analyze all cycles. However, the number of cycles can be exponential
in the number of dependency pairs. That’s why one prefers to analyze all
strongly connected components (SCCs) instead of all cycles. However the latter
approach is much weaker than the former. This problem is fully settled by the
recursive SCC algorithm in Section 4.2.

The third problem is the search space of argument filterings. Typically, the
ordering constraints in the obtained groups must be simplified before traditional
simplification orders like the recursive path order or the Knuth-Bendix order are
applicable. Such simplifications are performed by so-called argument filterings.
It is fair to say that the dependency pair method derives much of its power from
the ability to use argument filterings to simplify constraints. The finiteness of
the argument filtering search space has been stressed in many papers on the
dependency pair method, but we do not hesitate to label the enormous size
of this search space as the main obstacle for the successful automation of the
dependency pair method when using strongly monotone simplification orders. In
Section 4.3 techniques for searching suitable argument filterings are described:
efficient heuristics and the divide and conquer technique.

In Chapter 5 we explain how to use polynomial interpretation orders with
negative coefficients to prove termination. In Section 5.1 we explain how to use
polynomial interpretations with negative constants (like z —1). We do the same
for polynomial interpretations with negative coefficients (like x —y and 1 — x)
in Section 5.2. The usable rule criterion of Section 3.4 is not directly applicable
in the latter case. We explain how to restore the criterion.

All techniques developed are implemented in a powerful termination tool
T7T, which is described in Chapter 6. In Section 6.2 we provide experimental
results for evaluating the usefulness of all methods described in earlier chapters.
Section 6.3 contains a brief comparison with other termination tools.

Contributions. Here we list the main contributions of the thesis.

e The subterm criterion (Section 3.2).

e The usable rule criterion for full termination (Section 3.4).
e The estimated® innermost dependency graph (Section 4.1).
e The recursive SCC algorithm (Section 4.2).

e Heuristics and the divide and conquer algorithm for finding suitable argu-
ment filterings (Section 4.3).

e Polynomial interpretations with negative coefficients and a corresponding
usable rule criterion (Chapter 5).

e The termination tool T7T (Section 6.1).
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Except for the usable rule criterion for polynomial interpretations with neg-
ative coefficients described in Section 5.2.1, all results have been published in
various papers ([30, 31, 32, 33]).
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Chapter 2

Preliminaries

Term rewrite systems are defined from two simple notions, terms and relations,
and termination is characterized by orders. After recalling these three notions in
Section 2.1, we introduce term rewrite systems and termination in Section 2.2.

In this thesis N stands for the set of all natural numbers {0, 1,2,...} and Z
for the set of all integers {...,—2,-1,0,1,2,...,}.

2.1 Relations, Orders, and Terms

A (binary) relation — on a set A is a subset of A x A. We write a — b
instead of (a,b) € —. For readability, we use the notational convention that the
mirror image «— of a binary relation symbol — stands for the inverse relation

{(b,a) | (a,b) € —=}.

Definition 2.1. Let —, —1 and —2 be relations on a set A. The composition
—1 - —9 of =1 and — is the following binary relation on A: {(x,z) € Ax A|
x —1y and y —2 z for some y € A}. Furthermore,

e the n-step relation —™ is defined for all n € N as follows:

—" = {{(‘m’w) |.Z‘EA} ifn=0

— - =" n>0

e the reflexive closure —= of — is defined as — U —?0,

o the transitive closure —* of — is defined as | J,,~, —",

o the reflexive and transitive closure —* of — is |J,,5, —"-
=

Definition 2.2. A binary relation — on A is well-founded if there is no infinite
sequence a1 — as — -+ of elements in A.

Definition 2.3. A relation is a strict order if it is irreflexive and transitive.
A relation is a preorder if it is reflexive and transitive. A relation is a partial
order if it is reflexive, transitive, and anti-symmetric.

Definition 2.4. Let > be a strict order on A.
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e > js g total order if a > b, b > a, or a =10 holds for all a,b € A.
e > is a well-founded order if it is well-founded.

e > is a well-order if it is total and well-founded.

In the following definitions we introduce terms.

Definition 2.5. A signature F is a set of function symbols, where every func-
tion symbol f is associated with a non-negative number n, the arity of f. We
write £ when we explicitly describe that the arity of f is n. Function symbols
of arity 0 are called constants.

Definition 2.6. Let F be a signature and V a set of countably infinite variables
with FNY = @&. The set T(F,V) of all terms over F is the smallest set such
that

o ifx €V thenx € T(F,V), and
o if W eF and ty,...,t, € T(F,V) then f(t1,...,t) € T(F,V).
We sometimes write simply T for T(F,V).

We use sans-serif font for representing concrete function symbols and italics
for variables. Binary function symbols are often written in infix notation.
In the following various basic operations on terms are defined.

Definition 2.7. Let t be a term. Var(t) denotes the set of variables occurring
mn t, i.e.,

{t} if t is a variable

Var(t) = U Var(t;) ift= f(t,... tn)
=0

Fun(t) denotes the set of function symbols occurring in t, i.e.,

%] if t is a variable

{rrulJFunlti) ift=f(tr,... tn)

=0

Fun(t) =

The set Pos(t) of positions of t is defined as a set of finite sequences of non-
negative integers as follows:

- (&) if t is a variable
Fo= {{e}u fig| 1<i<npePost)} ift=fltn,..sta)

where € denotes the empty string. The position € is called the root position. The
root symbol root(t) of t is defined as follows:

(1) t if t is a variable
roo =
foift=Fflt,... ta)
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Definition 2.8. Let t be a term and p € Pos(t). The subterm t|, of t at p is
defined as follows:

" t ifp=ce
P tilg fp=iqgandt=f(t1,... tn)

t[s], denotes the term that is obtained from t by replacing the subterm at p by

s, i.e.,
1s], = S ifp=ce¢
DT S sl te) i p=ig and t = f(tr,.. . 1)

We say that s is a subterm of t (and t is a superterm of s) if there is a position
p € Pos(t) such that s = t,.

Definition 2.9. A term t is ground if Var(t) = @. A term t is linear if
{p € Pos(t) | t|, = x} is a singleton set for all x € Var(t). In other words, no
variable occurs more than once in t.

Definition 2.10. The superterm relation > is defined on terms as follows:
s>t if s is a superterm of t. Its strict part is denoted by r>.

Contexts and substitutions are underlying notions for rewriting terms.

Definition 2.11. Let F be a signature and let O be a special constant that is
called the hole. A context over F is a term C over F w {0} such that C
contains exactly one hole O. The application C[t] of a context C and a term t
is defined as follows:

t ifC =0
Cl] =
[t] {f(Sl,...,C/[t],-..,Sn) Z'fC:f(Sl,...,Cl,...,Sn)

where C' is a context. An n-hole content C is a term with n occurrences of
the hole. For an n-hole context C' and terms ty,...,t,, we write C[ty,. .., t,]
for the term that is obtained by replacing the holes in C' from left to right by
t, e tn.

Definition 2.12. Let F be a signature and V a countably infinite set of variables
with FNY = @. A substitution o over T (F,V) is a function from V to T (F,V)
such that the domain dom(c) of o is finite, where

dom(c) ={x eV |o(x) # z}

A substitution o can be extended to a function & from T (F,V) to T(F,V) as
follows:

5(t) = o(t) if t is a variable
fo(t),....6(tn)) ift=f(tr,....tn)

We simply write to for 6(t). The composition o1 of two substations o and T is

defined as (o7)(x) = (zo)T.

Unifiers are substitutions that make two terms syntactically identical.
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Definition 2.13. A unifier u of s and t is a substitution that sy = tu. A unifier
w of s and t is called a most general unifier (mgu) if for every unifier p' of s
and t there is some substitution o such that po = p'. We say that s and t are
unifiable if there exists a unifier of s and t.

It is well-known that unifiable terms admit an mgu. Moreover, an almost-
linear! time algorithm is known for computing mgu (cf. [6]).

2.2 Term Rewrite Systems and Termination

First we consider relations on terms.

Definition 2.14. Let — be a relation on terms. The relation is closed under
contexts if C[s] — C[t] holds for all terms s and t with s — t and all contexts
C. The relation is closed under substitutions if so — to holds for all terms s
and t with s — t and every substitutions o.

Definition 2.15. A relation on terms is a rewrite relation if it is closed under
contexts and substitutions. A strict order on terms is a rewrite order if it
is closed under contexts and substitutions. A well-founded rewrite order is a
reduction order.

Next we define term rewrite systems and term rewriting.

Definition 2.16. A pair (I,r) of terms is a rewrite rule if [ is not a variable
and Var(l) 2 Var(r). We write | — r instead of (I,r). A term rewrite system
(TRS) is a set of rewrite rules. The rewrite relation —x of a TRS R is defined
on terms as the smallest rewrite relation that contains R. A symbol [ is a

defined symbol of R if f =root(l) for somel —r € R.

Remark that s —% t if and only if there exist a rewrite rule I — r € R, a
context C, and a substitution o such that ¢t = C[lo] and u = C[ro].

Definition 2.17. Let R be a TRS. A (possibly infinite) sequence of terms such
that t1 —R to —x -+ is called a rewrite sequence of R. A term t is a normal
form of R if there is no term u such that t - u. We write s H'R tifs =1t

and t is a normal form.
Definition 2.18. A TRS R is terminating if —x is well-founded.
Next we introduce the notion of innermost rewriting.

Definition 2.19. The innermost rewrite relation >z of a TRS R is defined
on terms as follows: t ~»x u if and only if there exist a rewrite rule | — r € R,
a context C, and a substitution o such that t = C[lo], u = Clro], and all proper
subterms of lo are normal forms of R.

Remark that —i>7g is a subset of — 5. Note that —i>R is not a rewrite relation
in the sense of Definition 2.15 as it is not closed under substitutions.

Definition 2.20. A TRS R is innermost terminating if A is well-founded.

L Almost-linear means O(nG(n)), where G(n) is an extremely slowly growing function with
the following properties: G(1) = 0 and G(2™) = G(m) + 1 for all m > 0.
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Termination implies innermost termination but not vice-versa. However, for
some class of TRSs innermost termination implies termination.

Definition 2.21. Letl — r andl' — 1" be rewrite rules with Var(l) N Var(l') =
@. We say that | — r is overlapping with ' — v’ if there exists a position
p € Pos(l) such that

e |, is not a variable,
e pFeifl—r andl — 1’ are renamings of the same rewrite rules, and
o l|, andl’" are unifiable.

A TRS R is non-overlapping if there are no rewrite rules | — r and l' — r' in
R such that | — r is overlapping with ' — v’ where the variables of ! — 1’ are
possibly renamed in order to satisfy the condition Var(l) N Var(l') = @.

Theorem 2.22 ([28]). If a TRS R is non-overlapping and innermost termi-
nating then R is terminating. O

The next definition introduces syntactical properties.

Definition 2.23. A rewrite rule [ — r is collapsing if r is a variable. A rewrite
rule | — r is duplicating if some variable occurs more often in r than in l. A
TRS is called collapsing (duplicating) if it contains a collapsing (duplicating)
rewrite Tule.

The following theorem provides an early characterization of termination.

Theorem 2.24. A TRS R over a finite signature is terminating if and only if
there exists a reduction order > such that R C >. O

We introduce classes of reduction orders: multiset path orders, lexicographic
path orders, Knuth-Bendix orders. These are instances of simplification orders,
and parameterized by a (strict) precedence, which is a strict order on the un-
derlying signature.

Definition 2.25. A rewrite order > is a simplification order if > C >. A
rewrite preorder 2, is a quasi-simplification order if > C >.

Obviously, the reflexive closure of a simplification order is a quasi-simplification
order.

Theorem 2.26 ([12]). Let F be a finite signature and V a countably infinite
set of variables. Every simplification order on T (F,V) is a reduction order. [

We introduce the multiset path order based on strict precedence. As under-
lying notions of it multisets are used.

Definition 2.27. Let A be a set. A multiset M on A is a function from A to
N. The set of all finite multisets on A is denoted by M(A). Let ay,...,a, be
elements in A. We write {{a1,...,an}} for the multiset M defined as follows:
M (a) is the size of the set {i | 1 < i < n,a; = a}. Let M and N be multisets
on A. We define the following operations:

ez €M if M(x) >0,
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e M C N if M(xz) < N(z) for all x € A,
e M UN for the function x — M(x)+ N(x), and
e M\ N for the function x — max{0, M (x) — N(z)}

Definition 2.28. Let > be an order on a set A. The multiset extension >™!
of > is defined on M(A) as follows: M >™ N if and only if there exist
X, Y € M(A) such that {}} #X C M, N =(M\ X)UY, and for everyy € Y
there exists an © € X such that © > y.

Definition 2.29. Let > be a strict precedence. The multiset path order (MPO)
>mpo 18 defined on terms as follows: s >mpo t if and only if s is of the form
f(s1,...,8m) and one of the following statements holds:

® 5, >0t for somei € {1,...,m}, or

o t is of the form g(t1,...,tn), S >mpo ti for all 1 <i < n, and

—f>g, or
— f=gand {s1,...,sm}} >mm {t1, ... tm}}.

Here >—

mpo denotes the reflexive closure of >mpo.

Theorem 2.30 ([36, 37]). Let F be a finite signature, V a countably infinite
set of variables, and > a precedence on F. Then >mpo is a simplification order
on T(F,V). O

By modifying the multiset comparison in the definition of MPO, lexico-
graphic path orders are obtained.

Definition 2.31. Let > be a strict precedence. The lexicographic path order
(LPO) >0 is defined on terms as follows: s >1po t if and only if s is of the
form f(s1,...,8m) and one of the following statements holds:

o 5; >, t for some i€ {1,...,m},
o t is of the form g(t1,...,tn), S >1po ti for alli € {1,...,n}, and

—f>g 0r

— [ =g, and there exists j € {1,...,n} such that s1 = t1,...,sj1 =
tjfl, and S >lpo tj.

Theorem 2.32 ([36, 37]). Let F be a finite signature, V a countably infinite
set of variables, and > a precedence on F. Then >\, is a simplification order
on T(F,V). O

Knuth-Bendix orders are based on precedence and a weight function.

Definition 2.33. Let F be a finite signature, V a countably infinite set of
variables, and > a precedence on F. A weight function w = (w,wg) is a pair
consisting of a functionw : F — N and a positive integer wg such that w(c) > wo
for all constants ¢, and f is the greatest element in F with respect to > for all



2.2. TERM REWRITE SYSTEMS AND TERMINATION 15

unary function symbols f with w(f) = 0. Let w be a weight function. We define
the extended weight function w : T (F,V) — N as follows:

W(t): wo ifx eV
w(f)+wty)+--+W(tn) ift=f(t1,...,tn)

The Knuth-Bendix order (KBO) >yp, induced by a precedence > and a weight
function w is defined on T (F,V) as follows: s >xpo t if and only if s is of the
form f(s1,...,8m), the rewrite rule s — t is non-duplicating, and one of the
following statements holds:

o w(s) > wi(t),
o W(s) =w(t), t is of the form g(s1,...,8n), and f > g,

o W(s) =w(t), and there exist a unary function symbol f, a variable x, and
an integer k > 0 such that s = f*(x) and t = ,

e ¢ is of the form f(ti,...,tm) and there exists j € {1,...,n} such that
s1 =11,.. 5 8j—1 = tjfl, and Sj >kbo tj.

Theorem 2.34 ([37]). Let F be a finite signature, V a countably infinite set
of variables, > a precedence on F, and w be a weight function. Then >ypo is a
simplification order on T (F,V). O

In the literatures one also finds weight functions with positive real numbers.
However, Korovin and Voronkov [40] showed that this does not add any power
to KBO, i.e., for every finite TRS compatible with KBO based on a weight
function on real numbers, one can effectively construct a weight function on
natural numbers.

Here we give examples. The rewrite rule f(x) — g(x, ) is oriented by both
MPO and LPO with precedence f > g. But there is no weight function and
precedence for KBO that orients this rule. In general any instance of KBO
cannot orient duplicating rules. The TRS consisting of two rules f(f(z)) —
g(f(z)) and g(g(x)) — f(z) is oriented by KBO based on empty precedence and
the weight function with wy = 1, w(g) = 2 and w(f) = 3. But neither MPO nor
LPO can orient it.

A preorder on a signature is called a quasi-precedence. It is well-known that
the preceding orders can be strengthened by adopting quasi-precedences.

Definition 2.35. Let 2 be a quasi-precedence. We write = for 2 N <, and >

for Z\ <. Moreover, we extend the binary relation =~ to terms as follows: s =~ t
if one of the following condition holds:

e s and t are the same variable, or

o s is of form f(s1,...,8m), t is of g(t1,...,tn) such that f =~ g, m = n,
and s1 X ty,...,Sm Xty

Here we only introduce quasi-precedence version of lexicographic path orders.

Definition 2.36. Let 2 be a quasi-precedence. The lexicographic path orders
>1po and Zipo with quasi-precedence 2 are defined on terms as follows: s Zipo t
if and only if s >1po t 07 S Ripo t, and s >1po t if and only if s is of the form
f(s1,...,8m) and one of the following statements holds:
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® s Zipo t for some i € {1,...,m},
o tis of the form g(t1,....tn), $ Zipo ti for alli € {1,...,n}, and

_f>g,07"

— f =g, and there exists j € {1,...,n} such that s1 Ripo t1,...,5j-1 Fipo
tjfl, and S >lpo tj.

— frg, n>m, and 51 Ripo t1,. .., Sm R -

Theorem 2.37. Let F be a finite signature, V a countably infinite set of
variables, 2 a quasi-precedence on F. Then >, is a simplification order on

~

T(F,V). O

For example, the TRS consisting of the rules f(f(x)) — g(x) and g(g(z)) —
f(x) is oriented by LPO with quasi-precedence f & g, but cannot be oriented by
any LPO based on a strict precedence.

Polynomial interpretation orders are based on the concept of algebra.

Definition 2.38. Let F be a signature and V a set of variables. An F-algebra
A is a pair consisting of a set A, called the carrier, and a family of functions
{fa}rer, called interpretations. Here fa is a function from A™ to A where
n is the arity of f. Let A = (A, {fa}rer) be an F-algebra. An assignment
for Ais a function from V to A. The evaluation [a] 4(t) of a term t under an
assignment « is inductively defined as follows:

ala(t) = {a(t) iftey
fa([at), - [alaltn)) ift=f(ty,....tn)

Let > be an order on A. The relations >4 and >4 are defined on terms as
follows:

o s=t if [a]a(s) = [a]a(t) for all assignments o : V — A,
o s>t if [a]a(s) = [a]a(t) for all assignments o=V — A,
o s>t if [a]a(s) > [a]a(t) for all assignments a1V — A.

Here > is the reflexive closure of >. A function ¢ from A™ to A is said to be
weakly monotone with respect to > if ¢(a1,...,an) = &(b1,...,b,) whenever
a; = b; for all 1 <1 < n. We call ¢ strictly monotone with respect to > if for
every ai,...,an,b € A and 1 <i < n,

dlar, ..., ... an) > dlar, ..., b,... an)

whenever a; > b. A pair (A,>) is a weakly monotone algebra if f4 is weakly
monotone with respect to > for all function symbols f € F. Furthermore, (A, >)
is a well-founded algebra if > is a well-founded order on A,

Theorem 2.39 ([41, 59]). Let (A,>) be a well-founded strictly monotone
algebra. Then > 4 is a simplification order.
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Consider the TRS R of Example 1.1 and the following interpretations over
the natural numbers:

n(@,y) =22+y  sn(z)=z+1 Oy=1
In order to show 04y > 4 y it is sufficient to show

[@a(0+y) = aly) +2 > a(y) = [a]aly)
[a]a(s(z) +y) = 2a(z) +a(y) +2 > 2a(z) +a(y) +1 = [a]a(s(z +y))

for all assignments « : V — N. Indeed, these inequalities hold and there-
fore R is terminating. When automating this method, polynomials are often

used. For polynomials P and @ over polynomial variables x1,...,x,, we write
P(x1,...,xn) > Q(x1,...,2,) if Play,...,a,) > Q(a,...,a,) holds for all
ai,...,a, € N. The above inequalities are rephrased as the following polyno-

mial inequalities:

y+2 >y
2r+y+2 > 2r+y+1

In order to check whether the inequality P > @ hold, it is sufficient to test the
positiveness of P— Q. Clearly, (y+2)—y=1and 2z4+y+2)—(2z+y+1)=1
are positive.

Techniques for finding appropriate polynomials as well as approximating (in
general undecidable) polynomial inequalities P > 0 are described in several
papers (e.g. [9, 11, 20, 34, 49]).
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Chapter 3

Dependency Pair Method

In this chapter we present two new termination criteria that are based on the
dependency pair method of Arts and Giesl [4]: the subterm criterion in Sec-
tion 3.2 and the usable rule criterion in Section 3.4. We first recall the basics of
the dependency pair method in Section 3.1.

3.1 Dependency Pairs

We use the following TRS from Dershowitz [13] to illustrate the developments
in Sections 3.1-3.4:

: =T 4: AN (yVz)— (zAy)V(xAz)
2: —(zVy) — Ay 5: (yVz)Ax — (xAy)V(zAz)
3: —(zAy)——xV-y

Termination of this TRS is easily shown by the multiset path order. This, how-
ever, does not mean that automatic termination tools easily find a termination
proof.!

Let us start with some easy observations. If a TRS R is not terminating
then there must be a minimal non-terminating term, minimal in the sense that
all its proper subterms are terminating. Let us denote the set of all minimal
non-terminating terms by 7.

Lemma 3.1. For every term t € T there exists a rewrite rule | — r, a
substitution o, and a non-variable subterm u of r such thatt 25 o Sro > uo
and uo € T.

Proof. Let A be an infinite rewrite sequence starting at t. Since all proper sub-
terms of ¢ are terminating, A must contain a root rewrite step. By considering
the first root rewrite step in A it follows that there exist a rewrite rule [ — r and

a substitution o such that A starts with t =>* lo < ro. Write | = fla, .. ).
Since the rewrite steps in ¢ —* lo take place below the root, t = f(t1,...,ty)
and t; —* [;o for all 1 < i < n. By assumption the arguments ¢1,...,t, of t are
terminating. Hence so are the terms ly0,...,l,0. It follows that o(z) is termi-

nating for every « € Var(r) C Var(l). As ro is non-terminating it has a subterm

ISee the comments in Section 6.3.

19
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t'" € T.,. Because non-terminating terms cannot occur in the substitution part,
there must be a non-variable subterm u of r such that ¢’ = uo. O

Observe that the term lo in Lemma 3.1 belongs to 7o, as well. Further
note that uo cannot be a proper subterm of lo (since all arguments of lo are
terminating).

Corollary 3.2. Every term in T has a defined root symbol. O

If we were to define a new TRS S consisting of all rewrite rules | — wu for
which there exist a rewrite rule [ — r € R and a subterm u of r with defined
function symbol, then the sequence in the conclusion of Lemma 3.1 is of the
form i% -5 s- The idea is now to get rid of the position constraints by

marking the root symbols of the terms in the rewrite rules of S.

Definition 3.3. Let R be a TRS over a signature F. Let F* denote the union of
F and {f*| f is a defined symbol of R} where f* is a fresh function symbol with
the same arity as f. We sometimes write F instead of f¥. We call these new
symbols dependency pair symbols . Given a term t = f(t1,...,tn) € T(F,V)
with f a defined symbol, we write t* for the term fH(t1,...,t,). Ifl - r € R
and w s a subterm of r with defined root symbol such that w is not a proper
subterm of | then the rewrite rule I — uf is called a dependency pair of R.
The set of all dependency pairs of R is denoted by DP(R).

The idea of excluding dependency pairs I — u* where u is a proper subterm
of [ is due to Dershowitz [14]. Although dependency pair symbols are defined
symbols of DP(R), they are not defined symbols of the original TRS R. In the
following, defined symbols always refer to the original TRS R.

Example 3.4. The example at the beginning of this section admits the following
nine dependency pairs:

6: —FeVy) — Ay

7. @ Vy) — 1: zA (yva) —azAly
8: —Havy) — -fy 12: zAf(yvz) sz Atz
9: —t(zAy)— o 130 (yVz) Atz —aaly
10: —FzAy) — =Fy 14: (yV2)Afz—aAz

Lemma 3.5. For every term s € Ty there exist terms t,u € Ty such that

Proof. Immediate from Lemma 3.1, Corollary 3.2, and the preceding definition.
O

Definition 3.6. For any subset T' C T consisting of terms with a defined root
symbol, we denote the set {t* |t € T} by T*.

An immediate consequence of the previous lemma is that for every non-
terminating TRS R there exists an infinite rewrite sequence of the form

t1 —% t2 —pp(R) 13 =R t4 —DP(R) """
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with t; € T2 for alli > 1. Hence, to prove termination of a TRS R it is sufficient
to show that R UDP(R) does not admit such infinite sequences. For finite R,
every such sequence contains a tail in which all applied dependency pairs are
used infinitely many times. The set of those dependency pairs forms a cycle in
the dependency graph.? From now on, we assume that all TRSs are finite.

As a side remark, note that all terms in 7% are terminating with respect to
R but admit an infinite rewrite sequence with respect to R U DP(R).

Definition 3.7. The nodes of the dependency graph DG(R) are the dependency
pairs of R and there is an arrow from s — t to u — v if and only if there exist
substitutions o and T such that to —% ur. A cycle is a nonempty subset C
of dependency pairs of DP(R) if for every two (not necessarily distinct) pairs
s —t and u — v in C there exists a nonempty path in C from s — t to u — v.

Definition 3.8. Let C C DP(R). An infinite rewrite sequence in R UC of the
form
t) =R ta —cts =R ts —c -

with t1 € TX is called C-minimal if all rules in C are applied infinitely often.

Hence proving termination boils down to proving the absence of C-minimal
rewrite sequences, for any cycle C in the dependency graph DG(R).

Example 3.9. Our leading ezample has the following dependency graph:

It contains 30 cycles: all nonempty subsets of {7,8,9,10} and {11,12,13,14}.

Although the dependency graph is not computable in general, sound approx-
imations exist that can be computed efficiently (see Section 4.1). Soundness here
means that every cycle in the real dependency graph is a cycle in the approxi-
mated graph. For the example TRS all known approximations compute the real
dependency graph.

How about innermost termination? If s — ¢ is an innermost rewrite step
then all subterms of s are normal forms. In other words s is normal form. This
yields the next definition.

Definition 3.10. Let C C DP(R). An infinite rewrite sequence in R UC of the
form _ _

1 —'>!73t2 —c t3 —'>!Rt4 —c e
with t1 € T 1s called a C-minimal innermost rewrite sequence if all rules in C
are applied infinitely often.

2But not every cycle in the dependency graph can be obtained in this way.
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We have the following characterization of innermost termination: A TRS
R is innermost terminating if and only if there is no C-minimal innermost
rewrite sequences, for any cycle C in the innermost dependency graph of R.
The innermost dependency graph of the introductory example is the same as
the dependency graph illustrated in Example 3.9.

Definition 3.11. The nodes of the innermost dependency graph IDG(R) are
the dependency pairs of R and there is an arrow from s — t to u — v if and
only if there ewist substitutions o and T such that so and ut are normal forms,
and to -5 uT.

In the remainder of the thesis we introduce methods which prove the absence
of C-minimal rewrite sequences. Since C-minimal innermost rewrite sequences
are C-minimal rewrite sequences and IDG(R) is a subgraph of DG(R), these
methods are also applicable for proving the absence of C-minimal innermost
rewrite sequences.

3.2 Subterm Criterion

We now present a new criterion which permits us to ignore certain cycles of the
dependency graph.

Definition 3.12. Let R be a TRS and C C DP(R) such that every dependency
pair symbol in C has positive arity. A simple projection for C is a mapping 7
that assigns to every n-ary dependency pair symbol f£ in C an argument position
i€ {1,...,n}. The mapping that assigns to every term fi(t1,... t,) € T* with
f% a dependency pair symbol in C its argument at position 7(f*) is also denoted
by 7.

Theorem 3.13. Let R be a TRS and let C be a cycle in DG(R). If there exists
a simple projection 7 for C such that w(C) C > and w(C) N> # & then there
are no C-minimal rewrite sequences.

Before presenting the proof, let us make some clarifying remarks about the
notation. If R is a set of rewrite rules and O is a relation on terms then the
expression 7(R) denotes the set {w(l) — 7(r) |l — r € R}, the inclusion R C O
abbreviates “(I,7) € O for all | — r € R”, and the inequality RN O # &
abbreviates “(I,7) € R for at least one | — r € O”. So the conditions state
that after applying the simple projection 7, every rule in C is turned into an
identity or a rule whose right-hand side is a proper subterm of the left-hand
side. Moreover, the latter case applies at least once.

Proof. Suppose to the contrary that there exists a C-minimal rewrite sequence:
t1 =R u1 —cty =R ug —cty =R o (3.1)

All terms in this sequence have a dependency pair symbol in C as root symbol.
We apply the simple projection 7 to (3.1). Let i > 1.

e First consider the dependency pair step u; —¢ t;4+1. There exist a depen-
dency pair I — r € C and a substitution o such that u; = lo and t; 1 = ro.
We have 7(u;) = m(l)o and 7 (t;+1) = 7(r)o. We have w(l) > 7(r) by as-
sumption. So 7(l) = 7(r) or w(l) > w(r). In the former case we trivially
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have 7(u;) = 7(t;+1). In the latter case the closure under substitutions of
> yields m(u;) > 7(ti+1). Because of the assumption 7(C) N> # @, the
latter holds for infinitely many 1.

e Next consider the rewrite sequence ¢; —7% u;. All steps in this sequence
take place below the root and thus we obtain the (possibly shorter) se-
quence m(t;) —% m(u;).

So by applying the simple projection 7, sequence (3.1) is transformed into an
infinite — U > sequence containing infinitely many > steps, starting from the
term 7(t1). Since the relation > is well-founded, the infinite sequence must
also contain infinitely many —x steps. By making repeated use of the well-
known relational inclusion > - —g C —g - > (> commutes over —x in the
terminology of [7]), we obtain an infinite —% sequence starting from m(¢;). In
other words, the term 7(¢1) is non-terminating with respect to R. Let t; =

f(s1,...,5n). Because t; € T, f(s1,...,5,) is a minimal non-terminating
term. Consequently, its argument 7(t;) = Sx(ft) is terminating with respect to
R, providing the desired contradiction. O

The remarkable thing about the above theorem is that it permits us to
discard cycles of the dependency graph without considering any rewrite rules.
This is extremely useful. Moreover, the criterion is very simple to check.

Example 3.14. The subterm criterion can handle 18 of the 30 cycles in the
dependency graph of our leading example.

e Consider the cycle C = {7,8,9,10} and all its subcycles. The only depen-
dency pair symbol in C is =t. Since =% is a unary function symbol, there
is just one simple projection for C: w(=*) = 1. By applying 7 to C, we
obtain

7. xVy—=x 9: xANy—=x
8: xzVy—uy 10: zAy—vy

We clearly have w(C) C t>. Hence we can handle C and all its subcycles.

e The cycle C = {11,12} and all its subcycles are handled by the simple
projection w(A¥) = 2:

11,12: yVz—=x

The only cycles that are not handled by the criterion of Theorem 3.13 are the
ones that involve 13 or 14; applying the simple projection w(AF) = 1 produces

13,14: yVz—ux
whereas T(AF) = 2 gives
13: z—y 14: x— =z

None of these rules are compatible with >.
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The final two examples illustrate termination proofs by the subterm crite-
rion. The last example furthermore shows that the subterm criterion is capable
of proving the termination of TRSs that were considered to be challenging in
the termination literature (cf. the remarks in [26, Example 9]).

Example 3.15. Consider the following TRS from [13]:

1 sort([ ) — [ ]
2 sort(x : y) — insert(x, sort(y))

3 insert(z,[]) — x:[]

4: insert(z,v : w) — choose(x vIw,T,)
5 choose(z,v : w,y,0) — 2 : (v : w)

6 choose(x, v : w,0,s(2)) — v : insert(x, w)

7:  choose(x,v : w,s(y),s(z)) Hchoose(x viw, Y, 2)

There are 5 dependency pairs:

8: sort? (z : y) — insert?(z, sort(y))

9: sort?(z : y) — sort*(y)
10: insert® (z, v : w) — choose’ (x,v : w, z, v)
11: choose’ (2, v : w,0,5s(z)) — insert (z, w)
12:  choose’ (z,v : w,s(y),s(z)) — choose® (z, v : w,y, 2)

The dependency graph

(\JQ 8 10/11\~\ 19

contains 4 cycles: {9}, {10,11}, {12}, and {10,11,12}.
o The cycle {9} is handled by the simple projection m(sort?) = 1:

9: xz:y—y

e The cycles {10,11} and {10,11,12} are handled by the simple projection
(insert?) = m(choose®) = 2:

10,12: v:w—wv:w 11: v:w—w
e The cycle {12} is handled by the simple projection ﬂ(chooseﬁ) =3:
12: s(y) — vy

Hence the TRS is terminating.
Example 3.16. Consider the following TRS from [50]:

1: intlist([ ]) — [ ]

2: intlist(z : y) — (z) s intlist(y)
3: int(0,0) — 0:[]

4: int(0,s(y)) — 0 : int(s(0),s(y))
5 int(s(x),0) — ]

6: int(s(x),s(y)) — intlist(int(x,y))
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There are 4 dependency pairs:

7 intlist? ( : y) — intlist’(y)

8: int*(0,s(y)) — int*(s(0), s(y))
9: intf(s(x),s(y)) — intlist* (int(z, y))
10:  int*(s(x),s(y)) — int*(x,y)

The dependency graph

TN

8 10 9 7

) )

contains 8 cycles: {7}, {8,10}, and {10}.

e The cycle {7} is handled by the simple projection m(intlist®) = 1:

T oxry—vy

e The cycles {8,10} and {10} are handled by the simple projection w(int") =
2:

8:  s(y) — s(y) 10: s(y) —y

Hence the TRS is terminating.

An empirical evaluation of the subterm criterion can be found in Section 6.2.

3.3 Reduction Triples and Argument Filterings

What to do with cycles C of the dependency graph that cannot be handled by
the criterion of the preceding section? In the dependency pair approach one uses
a pair of orderings (2, >) that satisfy the properties stated below such that (1)
all rules in R are oriented by =, (2) all rules in C are oriented by > U>, and (3)
at least one rule in C is oriented by >. In order to anticipate the developments
in Chapter 5 we use triples instead of pairs of orderings to generalize the relation
> U>in (2).

Definition 3.17. A reduction triple (Z, >, >) consists of three relations that are
closed under substitutions such that 2 and > are preorders, 2 is closed under
contexts, > 1is a well-founded order, and the following compatibility condition
holds: both 2 -> C > and >-> C > or both >-2 C > and >-> C >. We say
that (2, >) is a reduction pair if (2,2 U >,>) is a reduction triple.

~) ~

Since we do not demand that > is the strict part of the preorders 2 or >,
the identities 2 - > = > and > - > = > need not hold.

A typical example of a reduction triple is a combination of a reduction order
and its reflexive closure, like (>3, >50) >kbo) (corresponding to the reduction
pair (>p,., >kbo)). Both >5 ~and >y, are closed under contexts and the
identity >, - >kbo = >kbo holds. For LPO based on a quasi-precedence 2 the
triple (Zipo, Jipos >ipo) 1S stronger than (>1:po, >po: >1po)-
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Reduction triples based on weakly monotone algebras cover polynomial inter-
pretations. Every algebra weakly monotone algebra (A, >) with > well-founded
gives rise to a reduction triple (=4, >4, >4). In general, the relation > 4 is not
closed under contexts, > 4 is not a partial order, and > 4 is not the strict part
of > 4. Compatibility holds because of the identity > - > = > (on A).

In order for reduction triples like (>EO, >1h0s >lpo) Whose second and third
components are closed under contexts to benefit from the fact that closure
under contexts is not required, the conditions (1), (2), and (3) mentioned at the
beginning of this section may be simplified by deleting certain (arguments of)
function symbols occurring in R and C before testing orientability.

Definition 3.18. An argument filtering for a signature F is a mapping w
that assigns to every n-ary function symbol f € F an argument position i €

{1,...,n} or a (possibly empty) list [i1,...,im] of argument positions with 1 <
i1 < -+ <ipm < n. The signature F, consists of all function symbols f such that
w(f) is some list [i1,...,im], where in Fr the arity of [ is m. Every argument

filtering 7 induces a mapping from T (F,V) to T (Fx,V), also denoted by 7:

t if t is a variable
fr(ty),...,w(ts,,)) ift=f(tr,....tn) and w(f) = [i1,- .., im]

Note that the simple projections of the preceding section can be viewed as
special argument filterings.

Example 3.19. Applying the argument filtering © with w(A) = n(V) =[] and
m(=) = [1] to the rewrite rules of our leading example results in the following
simplified rules:

1: ——ax—x 3: =a(A) =V
2: (V)= A 4,5: AN—V

These rules are oriented from left to right by the lexicographic path order with
precedence = > A\ >\ (which does not imply termination of the original TRS).

We are now ready to state and prove the standard dependency pair approach
to the treatment of cycles in the dependency graph.

Theorem 3.20 ([22]). Let R be a TRS and let C be a cycle in DG(R). If
there exist an argument filtering © and a reduction triple (Z,>,>) such that
m(R) C Z, n(C) C =, and w(C) N > # & then there are no C-minimal rewrite
sequences.

Proof. Suppose to the contrary that there exists a C-minimal rewrite sequence:
t1 —>% uy —¢ to —>% Uy —¢ tyg —p - (3.2)

We show that after applying the argument filtering m we obtain an infinite
descending sequence with respect to the well-founded order >. Let i > 1.

e First consider the dependency pair step u; —¢ tiy1. Since u; € TF, the
step takes place at the root positions and thus there exist a dependency
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pair I — r € C and a substitution ¢ such that u; = lo and ¢;11 = ro.
Define the substitution o, as the composition of o and =, i.e., o.(z) =
m(o(x)) for every variable . A straightforward induction proof reveals
that w(to) = 7(t)o, for every term t. Hence m(u;) = w(l)o, and 7(t;41) =
m(r)or. From the assumption 7(C) C > we infer m(l) > m(r). Since > is
closed under substitutions, we have 7(u;) = 7(t;+1). As in the proof of
Theorem 3.13, w(u;) > w(t;+1) holds for infinitely many ¢ because of the
assumption 7(C) N > # @.

e Next consider the rewrite sequence t; —% wu;. Using the assumption
m(R) C =, we obtain 7(t;) =* m(u;) and thus 7(¢;) 2 7(u;) as in the

preceding case.

So (3.2) is transformed into an infinite descending sequence consisting of 2>,
>, and > steps, where there are an infinite number of the latter. Using the
compatibility condition we obtain an infinite descending sequence with respect
to >, providing the desired contradiction. O

The converse of Theorem 3.20 also holds. In fact, if there is no C-minimal
rewrite sequence of R, the triple (Z,>,>) = (—>;‘2,—>2,—>2r) is a reduction
triple, and clearly satisfies 7(R) C 2, 7(C) C >, and «(C) N > # &. Here, 7 is
the trivial argument filtering.

Example 3.21. The argument filtering of Fxample 3.19 cannot be used to han-
dle the cycle {11,12,13,14} in our leading example. This can be seen as follows.
Because w(V) = [ ], irrespective of the choice of m(A), variables y and z will no
longer appear in the left-hand sides of the simplified dependency pairs. Hence
they cannot appear in the right-hand sides, and this is only possible if we take
1, [1], or [] for m(A¥). The first two choices transform dependency pairs 13 and
14 into rules in which the variable x appears on the right-hand side but not on
the left-hand side, whereas the third choice turns all dependency pairs into the
identity A' = AL

Since the original TRS is compatible with the multiset path order, it is no
surprise that the constraints of Theorem 3.20 for all cycles are satisfied by the
full argument filtering 7 (that maps every n-ary function symbol to [1,...,n])
and the reduction triple (>0, >mpos >mpo) With the precedence = > N\ > V.
However, it can be shown that there is no argument filtering ™ such that the
resulting constraints are satisfied by a polynomial interpretation or the lexico-
graphic path order.

Observe that the proof of Theorem 3.20 does not use the fact that C-minimal
rewrite sequences start from terms in 7£. In the next section we show that
by restoring the use of minimality, we can get rid of some of the constraints
originating from R.

We conclude this section with the remark that minimal innermost rewrite
sequences cannot be characterized by reduction triples. As we mentioned in the
last paragraph of Section 3.1, the following corollary for innermost rewriting is
derived from Theorem 3.20.

Corollary 3.22. Let R be a TRS and let C be a cycle in IDG(R). If there exist
an argument filtering © and a reduction triple (Z,>,>) such that 7(R) C 2,
©(C) C =, and w(C) N > # @ then there are no C-minimal innermost rewrite
sequences. O
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Arts and Giesl [5] showed that the converse of Corollary 3.22 does not hold.
The reason is that although we handle innermost steps in C-minimal innermost
rewrite sequence with a rewrite preorder 2, which is closed under substitutions,
% is not.

Example 3.23 ([5]). Consider the TRS

Lo f(s(z)) — f(g(h(x))) 3:  g(h(z)) — g(z)
2: h(0) — a cog(s(

(s(z)) — s(x)

5: g(0) — s(0)

IDG(R) contains two cycles: {f*(s(z)) — f*(g(h(x)))} and {g*(h(x)) — g*(x)}.
For both cycles C there is no C-minimal innermost rewrite sequence, and there-
fore the TRS is innermost terminating. The constraints of Corollary 3.22 for
the first cycle contains

m(g(h(z))) 2 m(g(x)) m(ff(s(z))) > m(f(g(h(x))))
7(g(0)) Z 7(s(0))

If an argument filtering © and a reduction triple (2, >,>) satisfy them, we have
the infinite sequence

m(f(s(0))) > m(f(g(h(0)))) Z 7(f(g(0))) Z m(f(s(0))) > -

which contradicts the well-foundedness of >. Note that the corresponding se-
quence

f(s(0)) —c f¥(g(h(0))) —= f*(8(0)) —= f*(s(0)) —c ---

is a C-minimal rewrite sequence (but not a C-minimal innermost rewrite se-
quence).

3.4 Usable Rules

We show that the concept of usable rules which was introduced in [4] to opti-
mize the dependency pair method for innermost termination, can also be used
for termination. The resulting termination criterion is stronger than previous
results in this area ([26, 55]). We start by recalling the definition of usable rules.

Definition 3.24. We write f >q g if there exists a rewrite rule | — r € R
such that f = root(l) and g is a defined function symbol in Fun(r). For a
set G of defined function symbols we denote by R[G the set of rewrite rules
I —r € R withroot(l) € G. The set U(t) of usable rules of a term t is defined
as RI{g | f>}g for some f € Fun(t)}. Finally, if C is a set of dependency
pairs then

ue)=J uw

l—recC

Example 3.25. None of the dependency pairs that appear in an cycle in our
leading example have defined symbols in their right-hand sides, so for all cycles
the set of usable rules is empty. The same is true for the TRSs of Examples 3.15
and 3.16.
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Arts and Giesl [5] showed that when proving innermost termination we may
replace m(R) C 2 by 7(U(C)) in Theorem 3.20. After reproducing this result,
we show that a similar result holds for full termination under an additional
condition.

The next lemma states an easy connection between usable rules and defined
symbols of the other rules.

Lemma 3.26. Let R be a TRS over a signature F and let C C DP(R). Fur-
thermore, let G be the set of defined symbols of R\ U(C).

1. R=UC)U(RIG).
2. Ifl - r €U(C) then r contains no G-symbols.

Proof. The first statement is obvious. For the second statement we reason as
follows. Suppose to the contrary that r contains a function symbol g € G. We
have I — r € U(t) for some s — t € C. So there exists a function symbol
f € Fun(t) such that f >} root(l). We have root(l) >q g by the definition of
>q and hence also f >4 ¢g. Therefore R[{g} C U(t) C U(C). So g is a defined
symbol of a rule in U(C). This contradicts the assumption that g € G. O

The next lemma states a key property for characterizing C-minimal inner-
most rewrite sequences.

Lemma 3.27. Let R be a TRS over a signature F and let C C DP(R). Fur-
thermore, let G be the set of defined symbols of R\ U(C). If t % u and t|, is
a normal form for all p € Posg(t) then t _’;t(C) u.

Proof. We prove the following claim: If ¢ 573 u and t|, is a normal form
for all p € Posg(t) then t =y ) u and ul, is a normal form for all p €
Posg(u). The result then follows by induction. There exist a rewrite rule
Il — r € R, a substitution o, and a context C such that t = C[t1,...,lo, ..., t,],
u = Cl[t1,...,r0,...,t,], and C contains no symbol in G. By the assumption,
root(l) ¢ G and therefore [ — r € U(C), so we have t —cy u. We show that ul,
is a normal form for all p € Posg(u). Let p € Posg(u). Clearly, ul, is a subterm
of either ¢; or ro. In the former case ul, = t|, holds, so u|, is a normal form.
In the latter case r contains no G-symbol by the second part of Lemma 3.26.
Therefore, u|, is a subterm in the image of o, and thus a normal form. [l

We are ready to prove the innermost version of the usable rule criterion.

Theorem 3.28 ([5, 22]). Let R be a TRS and let C be a cycle in IDG(R). If
there exist an argument filtering m and a reduction triple (2,>,>) such that
7U(C)) C Z, n(C) C =, and n(C) N > # @ then there are no C-minimal

~7

mnermost rewrite sequences.
Proof. Consider a C-minimal innermost rewrite sequence
i il
ty =R up —cto =R U2 —¢ -

Let G be the set of defined symbols of R\U(C). We claim that ¢; 11|, is a normal
form for all p € Posg(t;+1). Then, Lemma 3.27 is applicable to t;11 —% uit1
and we obtain ;4 —>£{(C) w;4+1 and thus also

l2 H;:{(c) uz —c t3 HZ{(c) uz —¢c -
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Because of the assumptions of this theorem, we can simply reuse the proof
of Theorem 3.20 (where U(C) takes the place of R) and obtain the desired
contradiction with the well-foundedness of >. The claim is proved as follows.
Fix ¢ and let p € Posg(ti+1). There exist a dependency pair I — r € C and a
substitution o such that u; = lo and t;1.1 = ro. According to the second part of
Lemma 3.26, r contains no G-symbols, and therefore ro|, is a subterm of o(z)
for some = € Var(r). Since u; = lo is a normal form and Var(r) C Var(l), o(x)
is a normal form. Hence, t;11], = 70|, is a normal form. O

Example 3.23 shows that the converse of Theorem 3.28 does not hold; note
that g(h(x)) — g(x) and g(0) — s(0) belong to U({F(s(x)) — F*(g(h(x)))}).

The case of termination is more difficult. Indeed, we cannot prove the sound-
ness without imposing a further condition.

Example 3.29. Consider the non-terminating TRS R = R1 U Ry of Exam-
ple 1.2. The dependency graph DG(R) contains one cycle C = {f¥(a,b,x) —
ff(x, 2, 2)}. because of the following C-minimal rewrite sequence:

f*(g(a,b), g(a,b), g(a, b)) =% f*(a, b, g(a, b))
—C f’i(g(a’ b)a g(37 b)v g(37 b))

2

Let (Z,>,>) = (=%, =5, —¢). Since the TRS C is terminating, (Z,>,>) is a
reduction triple. It is easy to verify U(C) = & C 22U > and C C >.

Note that the C-minimal rewrite sequence in the preceding example is not a
C-minimal innermost rewrite sequence.

The following definition is the key to our result. It is a variation of a similar
definition in Urbain [55], which in turn is based on a definition of Gramlich [27].

Definition 3.30. Let R be a TRS over a signature F and let G C F. The
interpretation Ig is a mapping from terminating terms in T (F*,V) to terms in

'Z'(.?’-"i U {nil,cons}, V), where nil and cons are fresh function symbols, inductively
defined as follows:

t if t is a variable
Ig(t): f(lg(tl)""alg(tn)) ift:f(tla""tn) a'ndf¢g
cons(f(Ig(t1),...,Ig(tn)),t") ift= f(t1,...,tn) and f €G

where in the last clause t' denotes the term order({Ig(u) | t —r u}) with

nil ifT =0
cons(t,order(T \ {t})) ift is the minimum element of T

order(T') = {

Here we assume an arbitrary but fived total order on T (F* U {nil,cons}, V).

Because we deal with finite TRSs, the relation is —x is finitely branching
and hence the set {u | t =g u} of one-step reducts of ¢ is finite. Moreover,
every term in this set is terminating. The well-definedness of Ig now follows by
a straightforward induction argument. The difference with Urbain’s definition is



3.4. USABLE RULES 31

that we insert f(Ig(t1),...,Ig(t,)) in the list ¢’ when f € G. This modification
is crucial for obtaining Theorem 3.36 below.
In the following Cg denotes the TRS consisting of the two projection rules

cons(z,y) — x

cons(z,y) — y

These rules are used to extract elements from the lists constructed by the inter-
pretation Ig. To improve readability, we abbreviate cons(t1, . ..cons(t,,nil)...)
to [t1,...,t,] in the next example.

Example 3.31. Consider the non-terminating TRS R consisting of the follow-
ing three rewrite rules:

1: z40—z 2: zx0—0 3: xxs(y) — (x+0) xs(y)
There are two dependency pairs:

4:  x x*s(y) — (x +0) x*s(y) 5: xxFs(y) —» x40

Cu— s

contains 1 cycle: C = {4}. The following is a C-minimal rewrite sequence:

The dependency graph

((0+0) x 0) x*5(0) —¢ (((04 0) x 0) +0) x*s(0)
—x ((0+0) x 0) x*s(0)
—z 0 x¥5(0)
—¢ (0+0) x*s(0)
—x 0 x*5(0)
o e
We have U(C) = {1}. Let G be the set of defined symbols of R \ U(C), i.e.,
G = {x}. Applying the definition of Ig yields
I5(0 x 0) = cons(Ig(0) x Ig(0),order({Ig(0)}))
= cons(0 x 0, order({0}))
= cons(0 x 0, cons(0, nil))
—[0%0,0]

and

Ig((040) x 0) = cons(Ig(0 + 0) x Ig(0),order({Ig(0 x 0), I(0)}))
cons((0 + 0) x 0, order({[0 x 0,0],0}))
=[(0+0) x0,0,[0 x 0,0]]

if we assume that 0 is smaller than [0 x 0,0] in the given total order. Now, by
applying Ig to all terms in the above C-minimal rewrite sequence, we obtain the
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following infinite rewrite sequence in U(C)UC U Cg:

[(0+0) x 0,0,[0 x 0,0]] x*s(0) —¢  ([(0+0) x0,0,[0 x 0,0]] +0) x*s(0)
—u(e) [(0+0) x 0,0,[0 x 0,0] x*s(0)
-5 0x #5(0)
—¢  (040) x*s(0)
U(C) 0 x S(O)
—e ..
We start with some preliminary results. The first one addresses the behavior

of Ig on instantiated terms. The second states that Ig preserves any top part
without G-symbols.

Definition 3.32. If o is a substitution that assigns to every wvariable in its
domain a terminating term then we denote the substitution that assigns to every
variable x the term Ig(o(x)) by or,.

Lemma 3.33. Let R be a TRS over a signature F and let G C F. Let t be a
term and o a substitution. If to is terminating then Ig(to) —¢e torg and, if t
does not contain G-symbols, Ig(to) = toy,.

Proof. We use induction on ¢. If ¢ is a variable then Ig(to) = Ig(o(t)) = toy,.
Let t = f(t1,...,tn). We distinguish two cases.

o If f &G then Ig(to) = f(Ig(t10),...,1g(tn0)). The induction hypothesis
yields Ig(t;o) —¢, tiorg for 1 <i < n and thus
Ig(ta’) —%g f(tlo'[g, e ,tnU]g) = tO'[g

If there are no G-symbols in ¢y,...,t, then we obtain Ig(t;0) = t;oq, for
all 1 <1 < n from the induction hypothesis and thus Ig(to) = toy,.

e If f € G then

Ig(to) = cons(f(Ig(t10),...,Ig(tno)),t") —c. f(Ig(ti0),...,Ig(t,0))

for some term t'. We obtain f(Ig(t10),...,Ig(t,0)) —¢, tor, as in the
preceding case and thus Ig(to) —¢, tor, as desired.

O
The preceding lemma is not true for Urbain’s interpretation function.

Lemma 3.34. Let R be a TRS over a signature F and let G C F. If
t = Clt1,...,t,] is terminating and the context C contains no G-symbols then

Ig(t) = Cllg(t1), ..., Ig(tn)]-

Proof. Let t' be the term Cfz1,...,x,] where 21, ..., z, are fresh variables. We
have t = t'o for the substitution o = {x; — t; | 1 < i < n}. The preceding
lemma yields Ig(t) = t'oy,. Clearly t'or, = ClIg(t1),...,1g(tn)]. O

The following lemma is the key result for the new termination criterion. It
states that rewrite steps in R are transformed by Ig into rewrite sequences in
U(C) UCg, provided G is the set of defined symbols of R \ U(C).
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Lemma 3.35. Let R be a TRS over a signature F and let C C DP(R). Fur-
thermore, let G be the set of defined symbols of R\ U(C). If terms s and t are
terminating and s —x t then Ig(s) HZ(C)ch Ig(t).

Proof. Let p be the position of the rewrite step s —x t. We distinguish two
cases.

e First suppose that there is a function symbol from G at a position
g < p. In this case we may write s = C[s1,...,84,...,8,] and t =
Cls1,.-ytiy...,8,) With s; —xr t;, where root(s;) € G and the context
C' contains no G-symbols. We have Ig(s;) —¢, order({Ig(u) | s; —xr u}).
Since s; —g t;, we can extract Ig(t;) from the term order({Ig(u) |
si —x u}) by appropriate Cg steps, so Ig(s;) —¢, Ig(t;). We now obtain
Ig(s) —>ér£ Ig(t) from Lemma 3.34.

e In the other case s = C[s1,...,8i,...,8,] and t = C[s1,...,ti, ..., Sn]
with s; g t;, where root(s;) ¢ G and the context C' contains no G-
symbols. Since root(s;) ¢ G the applied rewrite rule [ — r in the step
s; =g t; must come from U(C) according to part 1 of Lemma 3.26. Let o
be the substitution with Dom(o) C Var(l) such that s; = lo and t; = ro.
According to part 2 of Lemma 3.26, r contains no G-symbols and thus
we obtain Ig(s;) —¢, lorg and Ig(t;) = roy, from Lemma 3.33. Clearly
lor, —u(c) o1, and thus Ig(s;) _’Z(C)ucg I5(t;). Lemma 3.34 now yields
the desired Ig(s) —>Z(C)ch Ig(¢).

O

After these preparations, the main result® of this section is now easily proved.

Theorem 3.36. Let R be a TRS and let C be a cycle in DG(R). If there exist an
argument filtering m and a reduction triple (2, >, >) such that 7(U(C)UCg) C 2,
m(C) C =, and ©(C) N> # & then there are no C-minimal rewrite sequences.

Proof. Suppose to the contrary that there exists a C-minimal rewrite sequence:
t1 =R up —¢ ta =R Uz —c tz =R - (3.3)

Let G be the set of defined symbols of R \ U(C). We show that after applying
the interpretation Ig we obtain an infinite rewrite sequence in U (C) UCg UC in
which every rule of C is used infinitely often. Since all terms in (3.3) belong to
T they are terminating with respect to R and hence we can indeed apply the
interpretation Ig. Let ¢ > 1.

e First consider the dependency pair step u; —¢ t;+1. There exist a de-
pendency pair [ — r € C and a substitution ¢ such that u; = lo and
tix1 = ro. We may assume that Dom(c) C Var(l). Since u; € T2,
o(x) is terminating for every variable & € Var(l). Hence the substitu-
tion oy, is well-defined. Since r lacks G-symbols by Lemma 3.26, we
have Ig(ro) = ror, by Lemma 3.33. Furthermore, Ig(lo) —¢, lor, by
Lemma 3.33. Hence

Ig(ui) —¢, lorg —c ro1g = Ig(tita)

3This result has been independently obtained by Thiemann et al. [53].
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e Next consider the rewrite sequence t; —% u;. Because all terms in this
sequence are terminating, we obtain Ig(¢;) —leyuee Lo (u;) by repeated
applications of Lemma 3.35.

Next we apply the argument filtering 7 to all terms in the resulting infinite
rewrite sequence in U(C) UCg UC. Because of the assumptions of this theorem,
we can simply reuse the proof of Theorem 3.20 (where U(C)UCg takes the place
of R) and obtain the desired contradiction with the well-foundedness of >. [

Example 3.37. Let us take a final look at the cycle {11,12,13,14} in our
leading example. There are no usable rules. By taking the linear polynomial
interpretation Ny (z,y) = x4y and Vn(z,y) = x+y+1 the involved dependency
pairs reduce the following inequalities:

11,13: z4+y+z+1>z+y
12,14: z4+y+z+1>z+=2

Hence there are no C-minimal rewrite sequences for any nonempty subset C C
{11,12,13,14} and we conclude that the TRS is terminating.

Since U(C) in general is a proper subset of R, the condition ©(U(C)) C =
is easier to satisfy than the condition m(R) C = of Theorem 3.20 and Corol-
lary 3.22. Therefore, Theorem 3.28 is a better criterion for innermost termi-
nation, also because IDG(R) is a subgraph of DG(R). What about the addi-
tional condition 7(Cg¢) C 2 of Theorem 3.36? By choosing m(cons) = [1,2] the
condition reduces to cons(z,y) = x and cons(z,y) = y. Almost all reduction
triples (pairs) that are used in termination tools can be extended to satisfy this
condition. For reduction triples that are based on simplification orders, like
(>1:po, > o >1po), this is clear. A sufficient condition that makes the semantic
construction described in Section 3.3 for generating reduction triples work is
that each pair of elements of the carrier has a least upper bound. For interpre-
tations in the set N of natural numbers equipped with the standard order this
is obviously satisfied. The necessity of the least upper bound condition follows
by considering the term algebra associated with the TRS R, of Example 1.2
equipped with the well-founded order —7. In Chapter 5 we introduce reduction
triples based on polynomial interpretations with negative coefficients that are
not compatible with Cg.

As a matter of fact, due to the condition 7(Cg) C 2, Theorem 3.36 provides
only a sufficient condition for the absence of C-minimal rewrite sequences. This
is in contrast to Theorem 3.20, which provides a sufficient and necessary condi-
tion for termination. The reason is that termination of a TRS R is equivalent
to the termination of R UDP(R), a result due to [4] (see [47] for a simple proof
based on type introduction). A concrete example of a terminating TRS that
cannot be proved terminating by the criterion of Theorem 3.36 is presented
below.

Example 3.38. Consider the terminating TRS R consisting of the following
two rewrite rules:

f(s(a),s(b),z) — f(x,z,x)
20 g(f(s(z),s(y), 2)) — g(f(z,y,2))
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There are three dependency pairs:

3: ff(s(a),s(b), z) — f*(z,z, z)
L g(f(s(a),s(y), =) — g (F(z,9, 2))
5. g (f(s(2).s(y), 2) — fi(z,y, 2)

The dependency graph

()

3 =— 5 =— 4
contains 1 cycle: C = {4}. The only simple projection for g* transforms 4 into
4: f(s(x),s(y), 2) — f(z,y,2)

and f(z,y, z) is not a proper subterm of f(s(z),s(y),z). We have U(C) =
We claim that the conditions T1(U(C)UCe) C 2, m(C) C =, and w(C) N >
are not satisfied for any argument filtering m and reduction triple (=, >,
The reason is simply that the term t = g*(f(u, u, u)) with u = s(cons(s(a), s(b
admits the following cyclic reduction in U(C) UCg UC:

t —c g (f(cons(s(a),s(b)), cons(s(a),s(b)), u))
—ce g (f(s(a), cons(s(a), s(b)), u))
—c. g'(f(s(a),s(b), u)
—ue) t

{1}.
e
>).
)

)
);

Combining the usable rule and subterm criteria, we arrive at the following
result.

Corollary 3.39. A TRS R is terminating if for every cycle C in DG(R) one
of the following two conditions holds:

e there exists a simple projection 7 for C such that w(C) C > and w(C)N> #
g,

e there exist an argument filtering © and a reduction triple (Z,>,>) such
that TUC)UCsg) C 2, m(C) C =, and w(C) N > # .

~7

For completeness sake, we state the corresponding result for innermost ter-
mination.

Corollary 3.40. A TRS R is innermost terminating if for every cycle C in
IDG(R) one of the following two conditions holds:

e there exists a simple projection 7 for C such that 7(C) C > and w(C)N> #
%)

7

e there exist an argument filtering ™ and a reduction triple (Z,>=,>) such
that 7(U(C)) C Z, w(C) C =, and ©(C) N > # @.

Apart from the innermost dependency graph, which is a subgraph of the
dependency graph, the difference with Corollary 3.39 is that Cg-compatibility
(i.e., m(Cg) C 2) is not required.
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The final result of this section gives two sufficient conditions that allow
us to ignore Cg¢ for cycles C in Theorem 3.36. This may be useful for the
polynomial interpretations with negative coefficients of Chapter 5 which give
rise to reduction triples that do not satisfy 7(Cs) C 2.

Lemma 3.41. Let R be a TRS and let C be a cycle in DG(R) such that U(C)UC
is non-duplicating or C contains a right-ground rule. If there exist an argument
filtering m and a reduction triple (Z,>,>) such that #(U(C)) C 2, w(C) C >,
and ©(C) N> # & then there are no C-minimal rewrite sequences. O

Proof. If there are C-minimal rewrite sequences then we obtain an infinite
rewrite sequence

* *
b1 =y eyuce = t2 —e t3 =y cyuce = ta —c

as in the proof of Theorem 3.36. If U (C)UCUCg¢ is non-duplicating then, because
the rules in #(C) U C do not introduce cons symbols, there can be only finitely
many Ce-steps in this sequence. The same holds if C contains a right-ground
rule because after applying this rule there are no cons symbols left. So there is
an index n such that

tn _)?:{(C) tn—i—l —C tn+2 _)?:{(C) tn+3 —C ",

contradicting the assumptions. O



Chapter 4

Automating the
Dependency Pair Method

When automating the methods in Chapter 3 several obstacles arise:
1. How to estimate uncomputable (innermost) dependency graphs?

2. How to handle the large (exponentially many in the worst case) number
of cycles in the (innermost) dependency graphs?

3. How to find a suitable argument filtering from an exponential number of
possible candidates.

In order to address the first problem we recall existing computable approxi-
mations and derive a new estimation of the innermost dependency graph in
Section 4.1. The second problem is settled by the recursive SCC algorithm
in Section 4.2. In Section 4.3 we present heuristics and a divide and conquer
approach to reduce the search space of the third problem.

4.1 Dependency Graph Approximations

The (innermost) dependency graph cannot be computed in general because
it is undecidable whether there exist substitutions o and 7 such that tc —3
ut (to % ur). In order to mechanize the (innermost) termination criterion
of Corollary 3.39 (3.40) one has to approximate the (innermost) dependency
graph. It is easy to see that we are allowed to use any supergraph of DG(G)
(IDG(G)). The challenge is to develop an approximation that yields a small
supergraph of the (innermost) dependency graph. After introducing known
(innermost) dependency graph approximations, we present a new approximation
of the innermost dependency graph.

Arts and Giesl [4] proposed simple approximations based on syntactic unifi-
cation.

Definition 4.1. Let R be a TRS. The nodes of the estimated dependency graph
EDG(R) are the dependency pairs of R and there is an arrow from s — t to
u — v if and only if REN(CAP(t)) and u are unifiable. Here CAP replaces all

37
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outermost subterms with a defined root symbol by distinct fresh variables and
REN replaces all occurrences of variables by distinct fresh variables.

Definition 4.2. Let R be a TRS. The nodes of the estimated innermost depen-
dency graph EIDG(R) are the dependency pairs of R and there is an arrow from
s —t tou — v if and only if CAP4(t) and w are unifiable with mgu o such that
so and uo are in normal form. Here CAP(t) replaces all outermost subterms
of t different from all subterms of s with a defined root symbol by distinct fresh
variables.

Middeldorp [45] showed that better approximations of the dependency graph
are obtained by adopting tree automata techniques. These techniques are how-
ever computationally expensive. In [46] Middeldorp showed that the approxi-
mation of Definition 4.1 can be improved by symmetry considerations without
incurring the overhead of tree automata techniques.

Definition 4.3. Let R be a TRS over a signature F. The result of replacing
all outermost subterms of a term t with a root symbol in Dgl by distinct fresh
variables is denoted by CAPg ' (t). Here Dg' = {root(r) |l — r € S} if S is non-
collapsing and Dgl = F otherwise. The nodes of the estimated® dependency
graph EDG*(R) are the dependency pairs of R and there is an arrow from s —
t to uw — v if and only if both REN(CAP(t)) and u are unifiable, and t and
REN(CAPL'(u)) are unifiable.

A comparison between the new estimation and the tree automata based
approximations described in [45] can be found in [46]. From the latter paper
we recall the identity EDG(R) = EDG"(R) for collapsing R. This explains why
for most examples the new estimation does not improve upon the one of Arts
of Giesl. However, when the two approximations do differ, the difference can be
substantial.

Example 4.4. Using the new estimation, automatically proving termination
of notorious TRSs like the famous rule f(a,b,z) — f(z,z,2) of Toyama (cf.
Ezample 1.2) becomes trivial, as in this case the estimated® dependency graph
coincides with the real dependency graph, and the latter is empty since no in-
stance of f¥(x, x, x) rewrites to an instance of f¥(a,b,x). On the other hand, the
estimated dependency graph contains a cycle and the constraints resulting from
Corollary 3.39 cannot be solved by any quasi-simplification order.

Next we introduce a new estimation of the innermost dependency graph.

Definition 4.5. Let R be a TRS. The nodes of the estimated® innermost de-
pendency graph EIDG*(R) are the dependency pairs of R and there is an arrow
from s — t tou — v if and only if both CAP4(t) and u are unifiable with mgu o
such that so and uo are normal forms, andt and REN(CAP;(lt) (u)) are unifiable

with mgu T such that st is a normal form.

The following example shows that the new estimation is strictly more pow-
erful than the one of Arts and Giesl if one uses reduction pairs based on quasi-
simplification orders.

Example 4.6. Consider the non-terminating TRS R consisting of the rules
h(f(a,b,x)) — h(f(z, z, z)) glz,y) » =
f(z,2,2) —c glz,y) —y
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There are two dependency pairs:
1: h¥(f(a, b, x)) — h¥(f(x, z, x)) 2: h¥(f(a,b,z)) — ff(z, 2, 2)

Because there are no terms s and t such that h*(f(s, s, s)) R hf(f(a,b,t)), the
innermost dependency graph IDG(R) contains no arrows. Hence R is innermost
terminating. We have U(h!(f(z,z,x))) = {f(z,z,z) — c} and thus h*(f(x,z,z))
and

REN(CAP, ¢ 4(2.0.0))) (N (F(3, b, 2")))) = REN(h¥(f(a, b, 2'))) = h¥(f(a, b, z"))

are not unifiable. Hence EIDG*(R) coincides with IDG(R). The estimated
innermost dependency graph EIDG(R) contains arrows from 1 to 1 and 2 as
CAP: (¢(a b)) (h* (F(2, 2, @))) = h¥(y) unifies with h*(f(a,b,a’)). However, the
constraints for the resulting cycle {1} cannot be solved by any combination of an
argument filtering © and a reduction pair (Z,>) based on a quasi-simplification
order >. Suppose to the contrary that w(h*(f(a,b,))) > w(h*(f(x,2,2))) and
7(f(x,z,2)) = w(c). The first condition can only be satisfied if w(h*) € {1,[1]}
and w(f) € {[1,3],[2,3],[1,2,3]}. Let t = f(a,a,b). Because 2 is a quasi-
simplification order, w(t) 2 a and w(t) 2 b. We obtain w(h*(f(a,b,t))) >
m(h#(f(t,t,t))) as > is closed under substitutions. Closure under contexts of

> yields w(h!(f(t,t,t))) = w(h#(f(a,b,t))). Hence
m(h¥(f(a,b,1))) > m(h¥(f(a, b, 1))
by the compatibility of > and 2

~7?

contradicting the well-foundedness of >.

The following lemma states the soundness of the new approximation.
Lemma 4.7. For a TRS R, IDG(R) C EIDG"(R).

Proof. Suppose there is an arrow from s — t to u — v in IDG(R). So there ex-
ists a substitution o such that tc % uo and so and uo are normal forms. The
first condition of the definition of EIDG" holds because IDG(R) C EIDG(R).

We claim that to = REN(CAP;(lt)(u))u for some substitution p. Since ¢ and

REN(CAP;(lt) (u)) do not share variables, the substitution 7 = o & p is well-
defined and clearly a unifier of ¢ and REN(CAPZ;(1 ) (u)). Hence these two terms

admit an mgu 7" which subsumes 7. We have s = so. The latter term is a nor-
mal form by assumption and hence so is s7’. Consequently, the second condition
of the definition of EIDG* holds as well. We prove the claim by induction on .

If u is a variable or root(u) € D;{(lt) then REN(CAPa(lt) (u)) is a fresh variable,

say x, and we can take p = {x —to}. u= f(uy,...,u,) with f ¢ D&(lt) then
REN(CAP,,) (1)) = f(REN(CAP, (u1)), ..., REN(CAP, (uy))). Because so
is a normal form and Var(t) C Var(s), to —% uo if and only if to —7,,) uo.

*

The latter is equivalent to uo =1 to- We distinguish two cases. If ¢ is a
variable then to is a subterm of so and thus a normal form. Hence to = uo
and since uo is an instance of REN(CAP;(lt) (u)), we are done. Otherwise, since
root(u) = [ ¢ DZ;(lt)7 to must be of the form f(t10,...,t,0) and we have

e
each i a substitution p,; such that t;o0 = REN(CAP;(lt) (u))ps. Since different
REN(CAP&(lt) (u;)) do not share variables, the substitution g = g W--- W p, is

well-defined and clearly satisfies to = REN(CAP&(lt) (u)) . O

wio =y tio for each i € {1,...,n}. The induction hypothesis yields for
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The next example shows that we cannot omit REN from REN(CAP&(lt)(u))

without violating the soundness condition IDG(R) C EIDG*(R) of Lemma 4.7,
which is essential for inferring innermost termination.

Example 4.8. Consider the TRS R consisting of the rules

f(a, z) — f(g(x), 2) g(h(z)) — h(z)

There are two dependency pairs:

1: ¥z, 2) — ff(g(x), 2) 2: ff(z,z) — gf(z)
Since f(g(h(z)),h(x)) = fi(h(z),h(z)), IDG(R) contains arrows from 1 to 1
and 2. However, CAP;(lfﬁ(g(m),m))(fﬂ(:c’,:c’)) = CAP{_gl(h(m))_)h(m)}(fﬂ(z’,:E’)) =
fi(2',2') does not unify with f*(g(x),z). Thus, by replacing REN(CAP&(lt)(u))

with CAP&(lt) (u) in the definition of EIDG*(R), we would obtain graph without
cycles and hence wrongly conclude innermost termination.

Note that in the above example - differs from (<-)~'. Replacing CAP~! by
CAP; ' (or CAP; ') in Definition 4.5 would make the approximation unsound.
Here CAP; ! replaces all outermost subterms different from subterms of s with
a root symbol in Dﬁl by distinct fresh variables.

Example 4.9. Consider the non-innermost terminating TRS R consisting of
the rules f(a) — f(b) and b — a. There is one dependency pair: f*(a) — f#(b).
Because of f4(b) - f¥(a), IDG(R) contains a cycle. This cycle would not be
detected if CAP™" is replaced by CAP': REN(CAP (, (f(a))) = f*(a) does not
unify with f¥(b).

The following theorem summarizes the relationships between the various
approximations. The only non-trivial inclusions are DG(R) C EDG"(R) ([46])
and IDG(R) C EIDG"(R) (Lemma 4.7).

Theorem 4.10. For any TRS R, the following inclusions hold:

DG(R) C EDG*(R) C EDG(R)
Ul Ul Ul
IDG(R) C EIDG*(R) C EIDG(R)

Unlike the inclusion EDG*(R) C EDG(R), the inclusion EIDG*(R) C
EIDG(R) need not become an equality for collapsing R, due to the use of usable
rules in the second part of Definition 4.5. This can be seen from Example 4.6.

We conclude this section by showing that for every finite graph G there is
a terminating TRS such that its dependency graph is isomorphic to G. This
implies that the dependency graph may form a large clique or even a complete
graph. We discuss the implications in the next section.

Definition 4.11. Let G = ({1,...,n}, E) be a finite graph. The TRS R¢ is

the set of rewrite rules {l; — r; | 1 <i < n} with

Z'L' = f(zla sy Li—1,3, Tig 1, - - ,SCn,S(y))

Ty = f(rila' ~~7Tin;y)
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where
L _ s wGger
Yok dG)EE
Lemma 4.12. Let G = ({1,...,n}, E) be a finite graph.
1. DG(R¢), EDG(Rg), EDG*(R¢g), IDG(R¢), EIDG(R¢), and EIDG*(R¢g)

are identical and isomorphic to G.
2. Rq is terminating.
Proof. We have DP(R¢) = {lii — r? [1<i< n}.
1. Suppose (i,j) € E. By taking the substitutions ¢ = {y — s(y)} and
T=A{xr—rir | k€ {l,...,n}\ {j}}, we have 7’5
l?a and l§7‘ are normal forms. Therefore, IDG(R¢) contains the arrow
from lg — ¥ to lg — 7’2. Suppose (i,j) & E. REN(rg) and l? are not

%

unifiable because their i-th arguments are b and a. Therefore, EDG(R¢)

o= l?T and the terms

does not contain the arrow from lg — rg to lg- — r?-. By Theorem 4.10 we
obtain the desired result.

2. By taking the simple projection 7(f!) = n + 1, all dependency pairs are
simplified to s(y) — y. Therefore, the subterm criterion (Theorem 3.13)
applies and hence R is terminating.

O

4.2 Cycle Analysis

The use of Corollary 3.39 (3.40) for ensuring (innermost) termination requires
that all cycles have to be considered.

Example 4.13. Consider the TRS from [21] consisting of the two rules
f(s(z)) — f(s(z)) f(s(z)) — f(x)
There are two dependency pairs
1: fi(s(x)) — f¥(s(x)) 2: fi(s(z)) — fi(z)

and the dependency graph m
1l =—— 2
has three cycles. The cycles {2} and {1,2} are readily handled by the subterm

criterion, but the constraints for cycle {1} cannot be solved. Note that the TRS
is not (innermost) terminating.

Unfortunately, the number of cycles can be very large, even if the number
of dependency pairs is small. In the worst case, there are 2" — 1 cycles for n
dependency pairs. This explains why in early implementations ([3, 10]) of the
dependency pair method, strongly connected components rather than cycles are
computed. A strongly connected component (SCC) is a maximal (with respect



42  CHAPTER 4. AUTOMATING THE DEPENDENCY PAIR METHOD

to the inclusion relation) cycle. Note that the number of SCCs for n dependency
pairs is at most n, since every dependency pair belongs to at most one SCC.

We introduce convenient notations to abstract from the combination of con-
ditions in Theorems 3.13, 3.20 and 3.36.

Definition 4.14. Let R be a TRS, C a subset of DP(R), and D a subset of C.
We write E (C,D) if one of the following statements holds:

o there exists a simple projection w such that w(C) C >, and w(D) C 1>,

e there exist an arqument filtering = and a reduction triple (Z,>,>) such
that 7(R) C 2, w(C) C >, and (D) C >,

e there exist an arqument filtering m and a reduction triple (Z,>,>) such
that m(U(C)UCe) C 2, w(C) C >, and ©(D) C >.

Moreover, we write Eg C if there exists a non-empty subset D of C such that
E (C,D), and we write Ey C if E (C,C).

In the notation the existential quantifier indicates that some pair in C should
be strictly decreasing, and the universal quantifier indicates that all pairs in C
should be strictly decreasing. The next two statements are immediate conse-
quences of Theorems 3.13, 3.20, and 3.36.

Corollary 4.15. A TRS R is terminating if F3 C for every cycle C in DG(R).
O

Corollary 4.16. A TRS R is terminating if Ey S for every SCC S in DG(R).
O

The difference with Corollary 4.16 is that all pairs in an SCC must be strictly
decreasing. This, however, makes the termination criterion of Corollary 4.15
strictly weaker than the one of Theorem 4.16, if we employ reduction triples
based on simplification orders.

Example 4.17. Consider the following TRS (from [5]):
evenodd(z,0) — not(evenodd(z,s(0))) not(true) — false

evenodd(0,s(0))
evenodd(s(z),s(0))

— false not(false) — true
— evenodd(z, 0)

There are three dependency pairs:

1: evenodd® (z,0) — NOT (evenodd(z,s(0)))
2: evenodd® (z,0) — evenodd®(z, s(0))
3: evenodd®(s(z),s(0)) — evenodd®(z,0)

The dependency graph

1 3 2

contains one cycle: {2,3}. The subterm criterion handles the cycle by taking
the simple projection m with W(evenoddﬁ) =1.
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However, if one uses Corollary 4.15 the cycle (SCC) cannot be solved by
the subterm criterion. FEven a combination of an argument filtering © and a
reduction triple (2, >,>) based on a quasi-simplification order 2 fails. To see
this, suppose that both

7(evenodd®(z, 0)) > 7 (evenodd®(x,s(0)))

and

7 (evenodd®(s(x),s(0))) > 7 (evenodd®(z, 0))

Since every quasi-simplification order satisfies s(0) = 0, the first constraint re-
quires 7(s) = [], w(evenodd®) € {[1,2],[2],2}, and 0 > s. So the second con-
straint reduces to

7 (evenodd®(s,s)) > m(evenodd®(z,0))

and this latter constraint can only be satisfied if w(evenodd®) € {[2],2} ands > 0.
This is clearly impossible.

In order to cope with this problem, we propose a new recursive SCC' algo-
rithm to compute and solve SCCs. More precisely, if S is the current SCC then
we first use a method in Definition 4.14 to show F (S, D) for some non-empty
subset D of S. Then we compute the SCCs of the subgraph of DG(R) induced
by S\ D. These new SCCs are added to the list of SCCs that have to be solved.
It turns out that this new approach has the termination proving power of Corol-
lary 4.16 and the efficiency of Corollary 4.15. The former is proved below and
the latter is confirmed by extensive experiments (see Section 6.2) and explained
in the paragraph following Theorem 4.22.

In order to ensure that ignored subcycles are actually harmless, the individ-
ual theorems used in the algorithm must satisfy the following subcycle condition.
Fortunately, all methods introduced in this thesis satisfy it.

Lemma 4.18. Let R be a TRS, S a subset of the dependency pairs, and C and
D subsets of S. If E (S,D) then F (C,CND).

Proof. Suppose E (S, D). Based on the definition we perform case analysis.

e Suppose that there exists a simple projection m such that 7(S) C > and
m(D) C . Since C C S, we have 7(C) C «(S) and «(C N D) C «(D).
Therefore, 7(C) C > and m(CND) C > hold. Hence, the first condition of
F holds.

e Suppose that there exist an argument filtering 7 and a reduction triple
(Z,>2,>) such that 7(R) C 2, 7(S) C >, and n(D) C >. We obtain
m(C) C > and w(C ND) C > as in the previous case. Hence, the second
condition of F holds.

e Suppose that there exist an argument filtering 7 and a reduction triple
(2,>,>) such that 7(U(S)UC¢) C 2, 7(S) C >, and 7(D) C . From
C C S we obtain U(C) C U(S), so m(U(C) UCs) C m(U(S)UCs) C 2
holds. We obtain 7(C) C > and 7(CND) C > as before. Hence, the third
condition of F holds.

O
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Now we are ready to prove the correctness of the recursive SCC algorithm.

Definition 4.19. Let R be a TRS and S a subset of the dependency pairs in
DP(R). We write E S if there exists a non-empty subset D of S such that
E(S,D) and E S’ for all SCCs 8" of the subgraph of DG(R) induced by S\ D.

Theorem 4.20. Let R be a TRS. The following conditions are equivalent:
1. ES for every SCC' S in DG(R),
2. E5 C for every cycle C in DG(R).

Proof. First suppose £ S for every SCC S in DG(R) and let C be a cycle in
DG(R). We show that F3 C. Let S be the SCC that contains C. We use
induction on the size of S. We have E S by assumption. There exists a non-
empty subset D of S such that E &’ for all SCCs &’ of the subgraph of DG(R)
induced by S\D. Since C and D are subsets of S, Lemma 4.18 yields E (C,CND).
If CND # @ then F3 C. Otherwise, all pairs in C belong to S \ D and thus C
is a cycle in the subgraph of DG(R) induced by S\ D. Hence C is contained in
an SCC &' of this subgraph. We have E &’ by assumption. Since |§’'| < |S| we
can apply the induction hypothesis to obtain the desired F3 C.

Next we suppose that F3 C for every cycle C in DG(R). Let S be an SCC in
DG(R). We have to show that £ S. We use induction on the size of S. Since
S is also a cycle, F3 S, i.e., there exists a non-empty subset D of § such that
E (S,D). S\ D is a proper subset of S, and therefore every SCC S’ in the
subgraph of DG(R) induced by S\ D is smaller than S, and thus E &’ by the
induction hypothesis. Consequently, E S. O

The above proof provides quite a bit more information than the statement
of Theorem 4.20 suggests. As a matter of fact, both conditions are equivalent
to termination of R, and also equivalent to the criterion “Fy S for every SCC
S in DG(R)” of Corollary 4.15. However, from the proof of Theorem 4.20 we
learn that a termination proof based on “F S for every SCC § in DG(R)” can be
directly transformed into a termination proof based on “F3 C for every cycle C
in DG(R)” and vice-versa; there is no need to search for new argument filterings
and reduction pairs. This is not true for the criterion of Corollary 4.15.

Theorem 4.20 and the discussion following it easily generalize to the inner-
most case.

Definition 4.21. Let R be a TRS, C a subset of DP(R), and D a subset of C.
We write E; (C,D) if one of the following statements holds:

o there exists a simple projection w such that w(C) C >, and w(D) C 1>.

o there exist an argument filtering m and a reduction triple (Z,>,>) such
that 7(U(C)) C 2, w(C) C =, and n(D) C >.

We write & S if there exists a non-empty subset D of S such that E S, D and
Ei S’ for all SCCs 8" of the subgraph of IDG(R) induced by S\ D. Moreover,
we write Fiz C if there exists a non-empty subset D of C such that E; (C, D).

Theorem 4.22. Let R be a TRS. The following conditions are equivalent:
1. B S for every SCC S in IDG(R),
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2. Ei3 C for every cycle C in IDG(R).

A dependency graph with n dependency pairs has at most n SCCs. So
the number of groups of ordering constraints that need to be solved in order
to ensure (innermost) termination according to Corollary 4.15 is bounded by
n. We already remarked that the number of cycles and hence the number of
groups generated by the cycle approach of Corollary 4.16 is at most 2™ — 1.
This upper bound cannot be improved, because a dependency graph may be a
complete graph (cf. Lemma 4.12), which contains 2" — 1 cycles. It is easy to
see that the recursive SCC algorithm of Theorem 4.20 (4.22) generates at most
n groups. This explains why the efficiency of the new approach is comparable
to the SCC approach and better than the cycle approach. It also explains why
(human or machine) verification of the (innermost) termination proof generated
by the new algorithm involves (much) less work than the one generated by the
approach based on Corollary 4.16.

We illustrate the recursive SCC algorithm of Theorem 4.20 on two relatively
small TRSs that contain very many cycles.

Example 4.23. As an extreme example, consider the TRS R (Example 11 in
[13]) consisting of the rules

D(t) — 1 D(z +y) — D(z) + D(y)

D(c) =0 D(z xy) — (y x D(x)) + (x x D(y))
D(—x) — —D(x) D(z —y) — D(z) - D(y)
D(Inz) — D(z)/x D(z/y) = (D(x)/y) — ((x x D(y))/y?)
D(z") — ((y x 2¥7) x D(z)) + ((z¥ x Inz) x D(y))

The only defined symbol, D, occurs 12 times in the right-hand sides of the rules,
so DP(R) consists of 12 dependency pairs:

D*(—x) — D*(x) D¥(z +y) — D*(x) D*(x +y) — D(y)
D*(Inx) — D(x) D*(z — y) — D¥(x) D*(z — y) — D*(y)
D¥(a¥) — D¥(x) D¥(z x y) — D¥(x) D*(z x y) — D*(y)
D¥(2¥) — D(y) D*(x/y) — D¥(x) D*(z/y) — D*(y)

All these dependency pairs have a right-hand side D*(t) with t a variable. It
follows that the dependency graph DG(R) is a complete graph. Consequently,
there are 2'2 — 1 = 4095 cycles but just 1 SCC S = DP(R). We show the
termination of R. The subterm criterion takes care of all dependency pairs,
e, F(S,8) and thus also E S. Hence, R is terminating.

The next TRS is obtained by applying the first transformation of Giesl
and Middeldorp [23, Definition 12] to a context-sensitive rewrite system that
approxunates the infinite sequence }, i, é, ceey n—12 whose partial sums converge
to T ? (Lucas [42, Example 2]). In the termination proof we use LPO with quasi-
precedence and linear polynomial interpretations with coefficients in {0,1} as

base orders.
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Example 4.24. Consider the following TRS R:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24 :

1
2
3
4
5:
6
7
8
9

: firsta(s(x),y

terms, () — recip(sqr,(m(x))) : terms(s(z)))

sqr,(0) — 0

sqra(s(x)) — s(sar,(m(z)) +a dbla(m(z)))

dbl,(0) — 0
dbla(s(x)) — s(s(dbla(m())))
0+ay — m(y)
s(x) +ay — s(m(x) +,
firsta(O z) — nil
( ) : first(x, 2)

m(y))

half, (o
half,(s(0)
half,(s(s(z))
half, (dbl(z)

P z) —
) —
) —
) — S(ha|f (m(x)))
) — m(z)
m(terms(x)) — terms,(m(z))
m(sar(z)) — sqr,(m(z))
m(z +y) — m(z) +a m(y)
m(dbl(z)) — dbla(m(x))
m(first(x, y)) — firsta(m(x), m(y))
m(half(z)) — half,(m(x))
m(z:y) — m(z):y
m(recip(z)) — recip(m(z))
m(s(z)) — ( (x))
m(0) —
)

m(nil) — nil

There are 33 dependency pairs:

25: terms,(z) — terms(z)
26:  sqry(z) — sqr(x)
27: THay —x+y
28:  dbly(z) — dbl(x)
29: firsty(x,y) — first(z, y)
30: halfy(z) — half(x)

31: termst (x) — sqrf(m(z))
32: termst (z) — mf(z)

33: sqré (s(z)) — sqr,(m(x)) +£ dbl,(m(z))
34: sqré(s(z)) — sqrf(m(x))
35: sqri (s(x)) — m(z)

36: sqré (s(x)) — dbl?(m(x))
37: dbl?(s(x)) — dbl¥ (m(x))
38: dblf (s(x)) — mf(z)

39: 0+Ly — m*(y)

40: s(z) +5y — m(x) +5 m(y)
Al: s(z) +iy — mé(x)

42: s(z) +5y — m(y)
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44:  halff(s(s(z))
45:  halfi(s(s(z))
46:  halff(dbl(z)) — m*(x
47:  m¥(terms
48:  mF(terms

l
[l
[0}
=
3
o
3
8
Nt

49: mF(sqr(z)) — sqré(m(z))
50: m*(sqr(z)) — m¥(z)

51: mé(a +y) — m(z) +5 m(y)
52: mf(z 4 y) — m*(z)

53: m*(z +y )

54 mé(dbl(z)) — dblf(m(z))
55: m*(dbl(x)) — m#(z)

56:  mf(first(z,y)) — first! (m(z), m(y))
57:  mé(first(x,y)) — m*(z)

58:  mi(first(x,y)) — m*(y)

59: mé(half(z)) — half?(m(z))
60: m*(half(z)) — m#(z)

61: mf(z 1 y) — m¥(x)

62:  mf(recip(z)) — m*(x)

63: m*(s(z)) — mf(x)

The dependency graph contains a single SCC' that consists of all dependency
pairs. The usable rules are all rules in R. By taking the argument filtering
7 with w(dbl?) = w(half) = 7(m?) = =(half,) = n(:) = =(half) = 7(m) =
m(recip) = 1 and ﬂ'(firstg) = 2 together with LPO with quasi-precedence 0 > nil,
terms, ~ terms > termsg > sqrg Rosqry, A sqr > + & +, > +g, sqr > dbl =~
dbly >'s, + > s, and first, ~ first, all rewrite rules are (weakly) decreasing, the
dependency pairs in {31-42,44-48,50-58,63} are strictly decreasing and the
remaining dependency pairs 43, 49, and 59-62 are weakly decreasing.

e The dependency graph restricted to these dependency pairs contains one
SCC: {60,61,62}. By taking the simple projection w with w(m) = 1, all
dependency pairs are strictly decreasing. We obtain E {60,61,62}.

Therefore, E DP(R). Hence the termination of R is proved. The proof took
9.78 seconds. Using either LPO with quasi-precedence or linear polynomial in-
terpretations with coefficients in {0,1} as base order will fail. The point we
want to stress, however, is that computing all cycles is doomed to fail. The
dependency graph contains at least 11,004,672 cycles but 24 hours of CPU time
was insufficient to compute the exact number.

In order to find a suitable argument filtering and LPO precedence, we used
the some heuristic and the divide and conquer technique with dynamic program-
ming, which are introduced in the next section.
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To conclude this section, we can safely state that every implementation of
the dependency pair method should use the recursive SCC algorithm for cycle
analysis.

4.3 Argument Filterings

The search for a suitable argument filtering that enables the simplified con-
straints to be solved by a reduction pair based on a strongly monotone sim-
plification order is the main bottleneck of the dependency pair method. The
standard approach is to enumerate all possible argument filterings until one is
encountered that enables the resulting constraints to be solved. However, since
a single function symbol of arity n already gives rise to 2" + n different argu-
ment filterings, enumeration is impractical except for small examples. In this
chapter we present two new ideas to reduce the number of computed argument
filterings.

4.3.1 Heuristics

We propose two simple heuristics that significantly reduce the number of argu-
ment filterings:

e In the some heuristic we consider for an n-ary function symbol f only the
‘full” argument filtering 7(f) = [1,...,n] and the n ‘collapsing’ argument
filterings w(f) =i fori=1,...,n.

e In the some more heuristic we consider additionally the argument filtering
7(f) =[] (when n > 0).

Clearly, an n-ary function symbol admits n 4+ 1 argument filterings in the some
heuristic and n 4+ 2 (1 if n = 0) in the some more heuristic. The following
example shows that even if the total number of function symbols is relatively
small, the savings made by these heuristics is significant.

Example 4.25. Consider the following TRS (from [5]), encoding the quicksort
algorithm:

1:  high(n,nil) — nil 9: ifHigh(false, n, m:x) — m: high(n, x)
2: high(n,m:z) — ifHigh(m < n,n,m:z) 10: ifHigh(true,n, m:z) — high(n,z)

3: low(n, nil) — nil 11: ifLow(false,n,m:z) — low(n, x)

4: low(n,m:x) — ifLow(m < n,n,m:z) 12: ifLow(true,n,m:x) — m:low(n,x)
5: nilHvy — vy 13: 0 <y — true

6: (n:z)+Hy—n:(z+y) 14: s(z) < 0 — false

7: gsort(nil) — nil 15: s(z) <s(y) —z<y

8:

gsort(n:x) — gsort(low(n,x)) +(n: gsort(high(n, z)))

There are 2 function symbols of arity 3, 5 function symbols of arity 2, 2 function
symbols of arity 1, and 2 function symbols of arity 0, resulting in (23 + 3)% x
(22 +2)5 x (21 +1)% x (2° 4+ 0)? = 8468064 argument filterings for just the rule
constraints. The some more heuristic produces only 230400 possible argument
filterings and the some heuristic reduces this number further to 15552.
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One can imagine several other heuristics, like computing all argument filter-
ings for function symbols of arity n < 2 but only some for function symbols of
higher arity. Needless to say, adopting any of these heuristics reduces the class of
TRSs that can be proved (innermost) terminating automatically. Nevertheless,
the experiments reported in Section 6.2 reveal that the two heuristics described
above are surprisingly effective. The reason is that termination is often caused
by a decrease in one argument of a recursive call, which can be captured by a
suitable ‘collapsing’ argument filtering. Moreover, the new recursive algorithm
for cycle analysis described in Section 4.2 supports the situation where different
recursive calls of the same function depend on a decrease of different arguments.

4.3.2 Divide and Conquer

In this subsection we propose a new divide and conquer approach for finding
all suitable argument filterings while avoiding enumeration. In the following we
develop this approach in a stepwise fashion.

The first observation is that argument filterings should be computed for
terms rather than for function symbols. Consider e.g. the term ¢ = f(g(h(x)), y).
There are 6 x 3 x 3 = 54 possible argument filterings for the function symbols
f, g, and h. Many of these argument filterings contain redundant information.
For instance, if 7(f) = [2] then it does not matter how 7(g) and 7(h) are defined
since g and h no longer appear in 7(t) = f(y); likewise for =(f) = 2 or = (f) = [].
If =(f) € {[1,2],[1],1} and =(g) = [] then the value of w(h) is irrelevant. It
follows that there are only 24 ‘minimal’ argument filterings for ¢. The following
definitions explains how these minimal argument filterings can be computed.

Definition 4.26. Let F be a signature. We consider partial argument filterings
that need not be defined for all function symbols in F. The completely undefined
argument filtering will be denoted by €. Let m be a (partial) argument filtering
and t a term in T(F,V). The domain dom(7) is the set of function symbols on
which 7 is defined. We define outer(t,7) as the subset of F consisting of those
function symbols in t where the computation of w(t) gets stuck: outer(t,7) = &
whent €V and ift = f(t1,...,tn) then outer(t, m) = outer(t;, ) when 7(f) =1,
outer(t,7) = Uj-, outer(t;,, m) when m(f) = [i1,...,im], and outer(t;,m) = {f}
when 7(f) is undefined. Let m and 7' be argument filterings. We say that 7’ is
an extension of m and write # C 7’ if dom(w) C dom(n’) and w(f) = 7' (f) for
all f € dom(w). Finally, if G C F then AF(G) denotes the set of all argument
filterings whose domain coincides with G.

The next definition introduces a set AF(¢,7) of argument filterings that ex-
tend 7 and permit the term ¢ to be completely evaluated.

Definition 4.27. Let F be a signature, t € T(F,V), and © an argument filter-
ing. We define a set AF(t, ) of argument filterings as follows: AF(t,m) = {m}
if outer(t,m) = @ and AF(t,7) = J{AF(¢t,n") | #’ € AF(outer(t, 7)) x w} if
outer(t, ) # &. Here AF(outer(t, 7)) returns the set of all argument filterings
whose domain coincide with outer(t, ) and AF(outer(t, 7)) X 7 extends each of
these argument filterings with .

Note that the recursion in the definition of AF(¢,7) terminates since its
second argument enables more and more of ¢ to be evaluated, until 7(¢) can be
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completely computed, i.e., until outer(t,7) = @. Next we present an equivalent
non-recursive definition of AF(¢, 7).

Definition 4.28. For a term t and an argument filtering m we denote by
AF'(t, ) the set of minimal extensions 7' of m such that outer(t,n') = @. Min-
imality here means that if outer(t,7"") = @ and 7 C 7" C «’ then 7" = x'.

Lemma 4.29. For all terms t and argument filterings 7, AF(t, m) = AF'(¢, 7).

Proof. We use induction on n = |Fun(t) \ dom(n)|. If n = 0 then Fun(t) \
dom(7w) = @ and thus outer(t,7) = @. Hence AF(t,7) = {n} = AF'(t, ).
Suppose n > 0. We have AF(¢t,7) = |J{AF(¢t,n") | ' € AF(outer(t,m)) x 7}.
For every n' € AF(outer(t,m)) x m, |Fun(t) \ dom(n")| < n and thus AF(t,7’) =
AF'(t,7') by the induction hypothesis. So it remains to show that

AF'(t,m) = | J{AF'(t, ) | =’ € AF(outer(t,)) x }.

First suppose that 7 € AF'(¢t,7). So 7 C 7’ and outer(¢,7”") = @. Hence there
exists an argument filtering 7' € AF(outer(t,7)) x 7 such that #’ C #”. To
conclude that 7" € AF'(t,7’) we have to show that 7" = 7 whenever ' C 7 C
7" and outer(t,7) = &. Clearly 7 C 7 C n” for any such 7 and thus 7’/ = 7 by
the assumption 7"/ € AF'(t, ).

Next suppose that 7 € AF'(t, ) for some 7/ € AF (outer(t, 7)) x 7. We have
outer(t, ") = &, 7 C 7’ C 7", and dom(n’) = dom(mw)Uouter(¢, 7). To conclude
that ©” € AF'(¢, ) it remains to show that 7" = 7 whenever 7 C # C 7"/ and
outer(t,7) = &. Any such 7 satisfies dom(m) Uouter(t,7) C dom(7) and hence,
as T C 7" and 7’ C ", @ and 7" agree on the function symbols in outer(¢, 7).
Consequently, 7/ C 7 and thus 7"/ = 7 by the assumption 7" € AF'(¢,7/). O

Since a term t can be completely evaluated by an argument filtering 7 if
and only if outer(t,7) = @, the next result is an immediate consequence of
Lemma 4.29.

Corollary 4.30. AF(t,€) is the set of all minimal argument filterings m such
that 7(t) can be completely evaluated. O

We now explain how to compute the set of minimal argument filterings for
a set of terms.

Definition 4.31. Let T be a set of terms. We denote by AF(T) the set of
all minimal argument filterings that completely evaluate each term in T. In
particular, we define AF(&) = {e}.

Definition 4.32. Two argument filterings w1 and mo are said to be compatible if
they agree on the function symbols on which both are defined, in which case their
union w1 Uy is defined in the obvious way. If A1 and As are sets of argument
filterings then A1 ® Ay = {m Umy | m1 € A1 and wy € As are compatible}.

Note that {e} is the identity of the merge operation ®. The following lemma
expresses the fact that merging preserves the minimality property.

Lemma 4.33. If Ty, T> are sets of terms then AF(Th UTy) = AF(Th) @ AF(T3).
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Proof. First we show that AF(77 UT) C AF(T1) @ AF(T5). Let m € AF(T7 UTy).
Let m; and w9 be the minimum restrictions of 7w that completely evaluate every
term in 77 and T5, respectively. We have m € AF(T1) and 7o € AF(T3) by
definition. Since 7y and 7o are compatible, m U e € AF(T1) ® AF(T%). Since
w1 Uy completely evaluates every term in 77 UT5, we obtain w = m U mo from
the minimality of .

Next we show that AF(T1)®AF(T2) - AF(Tl UTQ) Let m € AF(T1)®AF(T2)
So there exist compatible ;1 € AF(T}) and 73 € AF(T3) such that 7 = m U 7.
Since m completely evaluates every term in Ty U7, there must be a 7/ € AF(T} U
T5) such that 7’ C 7. Because 7’ completely evaluates every term in 77 and 7o,
the minimality of 1 and 73 yields 7 C 7’ and mo C 7. Hence 7 = m Uy C 7’
and thus 7 = 7’. O

The combination of Corollary 4.30 and Lemma 4.33 yields that AF(T") can
be computed as Q{AF(t,e) |t € T}.
Definition 4.27 (for m = ¢) is easily extended to rewrite rules.

Definition 4.34. For a rewrite rule | — r we define AF(l — r) = AF({l,r})
and AFy. (I — r) = {m € AF(l — 7) | Var(n(r)) C Var(x())}.

The reason for excluding, in the definition of AF,.(I — r), argument filterings
7 from AF(I — r) that violate the variable condition Var(w(r)) C Var(w(l)) is
simply that no simplification order > satisfies m(I) 2 n(r) if some variable in
m(r) does not also occur in 7(1). If we know in advance which base order will
be used to satisfy the simplified constraints, then we can do even better. In the
following definition we illustrate this for LPO with strict precedence.

Definition 4.35. Let | — r be a rewrite rule. We define AFipo(l — 1) = {7 €
AF(l — 1) [ w(l) >1,, m(r) for some precedence >}.

The next example shows the effectiveness of (restricted) partial argument
filterings.

Example 4.36. Table 4.1 shows for each rule | — r the number of argument
filterings in AF(Fun(l — 1)), AF(l — ), AFw(l — 1), AFp0(1 — 1), and
AFipo(l — ).

The idea is now to (1) compute all argument filterings for each constraint
separately and (2) subsequently merge them to obtain the argument filterings
of the full set of constraints.

Definition 4.37. We define AF(R) = Q{AF(l — r) |l — r € R} for a
set of rewrite rules R. Furthermore, if A is a set of argument filterings then
Alpo(r) = {m € A | m(R) C >, for some precedence >}.

From the previous lemma we obtain the following equality:
AF(R1UR2)1po(R1URs) = (AF(R1)1po(ry) @ AF(R2)1po(R,) ipo(R1UR:)

The divide and conquer approach is based on the observation that the right-
hand side can be computed faster than a direct computation of the left-hand
side. By using the equality repeatedly, R is eventually divided into sets of single
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Table 4.1: Divide and conquer: quicksort (I).
l—r AF(Fun(l—7r)) AF(l—7r) AF(l—7) AFp(l—r)

1 6 6 6 5
2 2376 981 327 281
3 6 6 6 5)
4 2376 981 327 281
) 6 6 3 3
6 36 36 27 23
7 3 3 3 3
8 3888 513 282 151
9 396 231 108 96
10 396 216 102 97
11 396 216 102 97
12 396 231 108 96
13 6 6 6 5)
14 18 12 12 11
15 18 16 11 11

rules, but the form is not unique. For example, if 1, 2, and 3 are rewrite rules
then AF({1,2,3})ipo({1,2,3}) can be divided in three different ways:

((AF({1})ipo(1}) ® AF({2})ipo(f2}) )ipo({1,2})) @ AF({3})1po({3}) )Ipo({1,2,3})
(AF({1})1po({11) @ AF{3ipo((31) Iipo({1,31)) @ AF({2)1po(2}) D1po({1,2,3})
((AF({2})1po(121) @ AF{3Dipo(131) Iipo(2,31)) @ AF{1ipo({1}) )1po({1,2,3})

We illustrate the divide and conquer approach on the TRS of Example 4.25.
Here we use the merge order corresponding to the numbering of the rewrite
rules.

Example 4.38. Tuable 4.2 shows the cumulative effect of the merge operation.
For instance, merging the 5 argument filterings for rule 1 with the 281 for rule
2 produces 279 argument filterings for the combination of rules 1 and 2. From
the last entry in the table we see that only 40 out of 8468064 argument filterings
enable the rule constraints to be solved by LPO with strict precedence.

The divide and conquer approach can easily be combined with the heuris-
tics of the previous subsection, just replace AF(outer(¢, 7)) in Definition 4.27 by
AF" (outer(t, 7)) where h is the heuristic. With respect to Example 4.38, the
some more heuristic would produce 16 and the some heuristic just 9 suitable
argument filterings. This can be inferred from Table 4.2. An additional advan-
tage of the divide and conquer approach is that the argument filterings for the
usable rule constraints can be shared and reused among different cycles (SCCs)
in a dependency graph.

In the above we restricted the sets that were computed after every merge
operation by incorporating the underlying order. However, the cost of the ori-
entability check can be high. This is especially true if one uses KBO as base
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Table 4.2: Divide and conquer: quicksort (IT).

h 1 2 3 4 5 6 7 8 9 10
all 5 279 1395 11579 34737 17368 52104 9637 5135 530
?gg%g 3 49 147 581 1162 681 2043 333 75 57
some 2 25 50 161 322 18 372 78 20 20
h 11 12 13 14 15

all 65 49 25 50 40

some 1110 12 24 16

some 3 3 6 9 9

Table 4.3: Divide and conquer: quicksort (IIT).

h 1 3 &5 7 9 11 1315 2 4 6 8 10 12 14
all 5 165 104 10 50 218 44 28 84 45 25 50 150 120 40

ToUS 3 028 20 4 12 23 7 6 12 12 9 18 54 36 16

some 2 10 7 2 4 6 2 2 4 8 6 9 18 18 9

order, so we suggest to compute @Q{AF}, (I — r) |l — r € R}. The experi-
mental results reveal that this significantly improves the computation times (cf.
Table 6.4 in Section 6.2) .

4.3.3 Dynamic Programming

The effectiveness of the divide and conquer approach depends very much on
the merge order. Table 4.3 shows a different merge order for the rules of the
quicksort example. Although the final outcome is the same, the intermediate
results differ greatly.

In order to determine a good merge order, we use a dynamic programming
technique.

Definition 4.39. Let R be a set of rules over a signature F. We put root(R) =
{root(l),root(r) | Il = re R} NF.

The key observation is that when merging two sets of argument filterings
Ay for Ry and Aj for Ra, the size of A1 ® As often decreases when root(R;) =
root(Rz). In general, the size of A1 ® Ay increases with the size of root(R1URz2).
An argument filtering in A; cannot be combined with an argument filtering
in As if the compatibility condition in the definition of the merge operation
(Definition 4.32) is not satisfied or if the orientability condition of the employed
base order is not satisfied (cf. Definition 4.37). Obviously, the first possibility
is more likely to happen if the domains of the two argument filterings have
a large intersection. For the second condition, function symbols that appear
at the root of terms in Ry U Ry have a larger impact than function symbols
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Table 4.4: Divide and conquer: quicksort (IV).

R o {1y {2} {3} {4} {5} {6} {7} {8 {9} {10}
AR 1 5 281 5 281 3 23 3 151 96 97
[root(R')] -

R’ (11} {12} {13} {14} {15} | {14,15} {2,10} {411}
AR 97 96 5 11 11 10 15 15
[root(R')] - - - - - 2 2 2

R (5.8] {3,7] {13,14,15] {2,9,10} {4,11,12} {5,6,8}
AR 83 15 8 11 11 54
[root(R')] 2 3 3 3 3 3

R {1,377 12,4,9,10,11,12] {5,6,8,13,14,15}

IA(R)] 75 35 432
[root(R')] 4 6 6

R’ 11,2,3,4,7,9,10,11,12) R
|[A(R)] 84 40
[root(R')] 7 11

that appear only below the root since the latter might disappear. Based on
these observations, we now explain in some detail how the divide and conquer
approach is implemented in our termination prover T7T (cf. Chapter 6).

First we consider automation of Theorem 3.20, which is easier than Theo-
rems 3.36 and 3.28. Suppose we want to compute AF(R),r). We create a
table A consisting of pairs of sets of rewrite rules R’ € R and the correspond-
ing sets of partial argument filterings AF(R')1p0(z/). The table is initialized as
follows:

A(2) = AF(9) A({l = 7r}) = AF({l = r})ipo({i—r})

for all | — r € R. Let us write maxa (R) for the set of maximal subsets S C R
such that A(S) is defined. So initially maxs (R) consists of the set of all singleton
subsets of R. As long as maxa(R) contains at least two sets, we choose two
distinct sets Ry and Ro from maxa (R) such that the size of root(R1 U Rg) is
minimal and we add the following entry to the table:

A(R1URz2) = (A(R1) ® A(R2))1po(R1UR2)

This process terminates if maxa(R) equals {R}, which means that A(R) =
AF(R)ipo(r) has been computed.

Example 4.40. For the fifteen rewrite rules of the TRS R of Example 4.25,
after initializing the table, it turns out that [root({14,15})| = |{<, false}| = 2 is
minimal, so we add

A({14,15}) = (A(14) @ A(15))1po({14,15})

to the table. Next the pair of {2} and {10} is selected. Continuing in this
fashion, the data in Table 4.4 is computed (left to right, top to bottom).
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When using the condition “F S for every SCC S in DG(R)” of Theorem 4.20
for proving termination, for the first SCC S we compute A(RUS) by first com-
puting A(S) and, if this set is non-empty, then computing A(R) before merging
these two sets to get A(RUS) = (A(R) ® A(S))ipo(rus)- The obvious reason is
that the result of the computation of A(R) can be reused in combination with
other SCCs, including newly generated ones.

If one incorporates the usable rules of Theorems 3.36 and 3.28 with the
recursive SCC algorithm, it does not make sense to compute A(R), because
different SCCs (may) have different usable rules and some rewrite rules may
not be usable at all. Rather, we compute A(R’) for suitable subsets of R on
demand. This is illustrated in the following example.

Example 4.41. Consider the following TRS R (from [5]):
1: O0+y—uy 3:  quot(z,0,s(z)) — s(quot(z, z + s(0),s(2)))
2:s(x)+y —s(x+y) 4: quot(0,s(y),s(z)) — 0
5: quot(s(x),s(y), z) — quot(z,y, z)

Since R is non-overlapping, it is sufficient to prove innermost termination by
Theorem 2.22. There are four dependency pairs:

6: s(z) +'y — x4ty

7:  quott(x,0,5(2)) — z +¥5(0)

8:  quott(x,0,s(2)) — quot®(z, z + 5(0),5(2))
9: quot?(s(x),s(y), z) — quot®(z,y, z)

The EIDG or EIDG" approzimated innermost dependency graph

) )

6 7 9 8

\/

contains two SCCs: §; = {6}, S» = {8,9}.

o First consider the SCC Sy. Since U(S1) = & and S1 has just one element,
initializing the table A will produce

A(@) = AF(2) A({6}) = AF({6})1po({6})

Since A({6}) contains a suitable argument filtering, we have ; Sy.

e Next we consider the constraints for SCC'Sa. We have U(S2) = {1,2}, so
we add the following entries to our table:

A({1}) = AF{1 )ipo({1p) A({8}) = AF({8})ipo((s))
A({2}) = AF({ZDipoq2p) A({9}) = AF({9})1poqe)
We want to compute A(U(S2)US2) by merging A(U(S2)) and A(Ss2) since

it 1s more likely that the two partial results can be reused than some mixture
of elements of both A(U(Sz2)) and A(S2). So we compute A({1,2}) and

A({8,9}):
A({1,2}) = (A({1}) @ A({2}) hipo({1.2p)
A({8,9}) = (A({8}) @ A({9}) hipo({s.op)
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and then we compute A({1,2,8,9}) by merging the results:

A({l, 2,8, 9}) = (A({L 2}) ® A({& 9}))1130({1721879})

In A({1,2,8,9}) we find an argument filtering that makes rule 9 strictly
decreasing. By the construction of A, all (other) rules are weakly decreas-

ing, so SCC Sy gives rise to the new SCC Sz = {8}.

o We have U(S3) = {1,2}, so we have to compute A({1,2,8}). An obvious
search through the table reveals that maxa({1,2,8}) = {{1,2},{8}}. So
the computation of A({1,2,8}) involves just one merge operation:

A({1,2,8}) = (A({1,2}) ® A({8}))ipo({1.2.8})

Since A({1,2,8}) contains a suitable argument filtering (i.e., an argument
filtering that makes rule 8 strictly decreasing), the constraints for SCC Ss
are solved, i.e., we have F; Sg and thus also F; S.

Hence R is (innermost) terminating. The following table summarizes the divide
and conquer process:

R @ {6} {1} {2} {8} {9} {1,2} {8,9} {1,2,8,9} {1,2,8}
AR 1 9 3 14 36 19 6 28 35 46

We conclude this section by mentioning a different approach to search for
suitable argument filterings. In [26] one always starts with the dependency
pairs. Given an SCC S, a single argument filtering 7 is selected that makes
one pair in § strictly decreasing and all other pairs weakly decreasing. This
argument filtering is then extended to handle the rule constraints in a step-wise
fashion. A depth-first search algorithm is used to explore the search space.
The advantage of this approach is that the computationally expensive merge
operation is avoided, but we see two disadvantages. First of all, a wrong choice
in the selection of the dependency pair that must be strictly decreasing causes
backtracking. Secondly, if there is no solution the whole search space must be
explored before this is detected whereas in the divide and conquer approach the
search is terminated as soon as an empty set of argument filterings is produced.



Chapter 5

Polynomial Orders

In Chapter 3 we used polynomial interpretations with non-negative integer coef-
ficients to construct reduction triples. In this chapter we show that polynomial
interpretations over the integers with negative coefficients like z—1 and z—y+1
can also be used for constructing reduction triples. In Section 5.1 we consider
polynomials with negative constants. In Section 5.2 we show how non-constant
coefficients can be negative integers by using a different construction of reduc-
tion triples.

5.1 Negative Constants

To make the discussion more concrete, let us consider a somewhat artificial
example: the recursive definition

f(z) =if 2 > 0 then f(f(x—1))+1else 0

from [15]. Tt computes the identity function over the natural numbers. Termi-
nation of the rewrite system

12 f(s(x)) — s(f(f(p(s(x)))))
2: f(0) —0
3: pls(a) =@
obtained after the obvious translation is not easily proved. The (manual) proof

in [15] relies on forward closures whereas Theorem 3.36 with any reduction triple
based on a simplification order fails.! There are three dependency pairs:

4: ff(s(z)) — F¥(f(p(s(x))))
5: ff(s(z)) — f¥(p(s(z)))
6: fi(s(z)) — pi(s(x))

and the dependency graph contains one SCC: C = {4,5}. All rules of R are
usable. By taking the natural polynomial interpretation

— f
— f

foe) =fi(x) =2  sgl@)=x+1 0z=0 pzle)=a—1

ISee Section 6.3 for a discussion how existing automatic tools perform on this example.

o7
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over the integers, the rule and dependency pair constraints reduce to the fol-
lowing inequalities:

1: =+

1 +1 3: r=>x
2: 0

Z
>0 4,5: z+1>x

These constraints are obviously satisfied. The question is whether we are allowed
to conclude termination at this point. We will argue that the answer is affirma-
tive and, moreover, that the search for appropriate natural interpretations can
be efficiently implemented.

5.1.1 Theoretical Framework

When using polynomial interpretations with negative constants, the first chal-
lenge we face is that the standard order > on Z is not well-founded. Restrict-
ing the domain to the set N of natural numbers makes an interpretation like
pz(z) = x — 1 ill-defined. Dershowitz and Hoot observe in [15] that if all (in-
stantiated) subterms in the rules of the TRS are interpreted as non-negative
integers, such interpretations can work correctly. Following their observation,
we propose to modify the interpretation of p to py(z) = max{0,x — 1}.

Definition 5.1. Let F be a signature and let (Z,{ fz}ser) be an F-algebra such
that every interpretation function fz is weakly monotone in all its arguments.
The interpretation functions of the induced algebra (N, {fx}rer) are defined as
follows: fn(x1,...,2,) = max{0, fz(x1,...,2,)} for all x1,..., 2, € N.

With respect to the interpretations in the example at the beginning of Sec-
tion 5.1, we obtain sy(pn(z)) = max{0, max{0,z — 1} + 1} = max{0,z — 1} +1,
pn(On) = max{0,0} = 0, and py(sn(z)) = max{0, max{0,z + 1} — 1} = a.

Lemma 5.2. If (Z,{fz}fer) is an F-algebra with weakly monotone interpre-
tations then (=N, 2N, >N) is a reduction triple.

Proof. Tt is easy to show that the interpretation functions of the induced algebra
are weakly monotone in all arguments. Routine arguments reveal that the
relation >y is a well-founded order which is closed under substitutions and that
>y is a preorder closed under contexts and substitutions. Moreover, the identity
> - =N = >n holds. Hence (>, >N, >n) is a reduction triple. O

The reduction triples (>n, >n, >n) of this section can be used in connection
with Theorem 3.36 because they can be made Ce-compatible by simply defining
consy(z,y) = max{xz,y}.

Corollary 5.3. Let R be a TRS over a signature F and let C be a cycle in
DG(R). If there exist an F-algebra (Z,{fz}rer) with weakly monotone inter-
pretations such that U(C)UC C =y and CN>y # & then there are no C-minimal
rewrite sequences. O

Note that there is no need for argument filterings here since their effect can
be incorporated in the definition of the interpretation functions.

It is interesting to remark that unlike usual polynomial interpretations, the
relation >y does not have the (weak) subterm property. For instance, with
respect to the interpretations in the example at the beginning of Section 5.1,
we have s(0) >y p(s(0)) and not p(s(0)) >y p(0).
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Example 5.4. Consider the TRS consisting of the following rewrite rules:

1: half(0) — 0 4: bits(0) — 0
2: half(s(0)) — 0 5:  bits(s(z)) — s(bits(half(s(x))))
3:  half(s(s(z))) — s(half(x))

The function half(x) computes [5] and bits(x) computes the number of bits that
are needed to represent all numbers less than or equal to x. Termination of
this TRS is proved in [5] by using the dependency pair method together with the
narrowing refinement. There are three dependency pairs:

6: halff(s(s(x))) — half*(z)
7: bits* (s(z)) — bits" (half(s(z)))
8: bits* (s(x)) — half®(s())

and DG(R) contains two SCCs: {6} and {7}. The SCC {6} is handled by the
subterm criterion with the simple projection ﬂ'(halfﬂ) = 1. Consider the SCC
{7}. The usable rules are U({7}) = {1,2,3}. By taking the interpretations
0z =0, halfz(z) = = — 1, bitsz(z) = half%(x) =z, and sz(x) = bitsﬁz(z) =z+1,
we obtain the following constraints over N:

1,2: 0=0 3: z+4+1>2max{0,z—1}+1 7. x+2>z+1

5.1.2 Towards Automation

The constraints in Example 5.4 are satisfied. However, how can an inequality
like 2 + 1 > max{0,2 — 1} + 1 be verified automatically? Because the inequali-
ties resulting from interpretations with negative constants may contain the max
operator, we cannot use standard techniques for comparing polynomial expres-
sions. In order to avoid reasoning by case analysis (z — 1 > 0 orz —1 < 0
for constraint 3 in Example 5.4), we approximate the evaluation function of the
induced algebra.

Definition 5.5. Given a polynomial P with coefficients in Z, we denote the con-
stant part by c(P) and the non-constant part P—c(P) by n(P). Let (Z,{fz}er)
be an F-algebra such that every fz is a weakly monotone polynomial. With ev-
ery term t we associate polynomials Piep(t) and Prigni(t) with coefficients in Z
and variables in t as indeterminates:

t if t is a variable
Prep(t) =<0 ift=f(tr,...,tn), n(P1) =0, and c¢(P1) <0
Py otherwise

where Py = f7(Piesi(t1), - .. Pepe(tn)) and

t if t is a variable
Pm'ght(t) = 7’L(P2) ifﬁ: f(tl,...,tn) and C(PQ) <0

P otherwise
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where Py = f7(Pright(t1), .., Pright(tn)). Let a:' V — N be an assignment.
The result of evaluating Pleﬁ( ) and Prigni(t) under « is denoted by [all(t) and
[a]%(t). Furthermore, the result of evaluating a polynomial P under o is denoted

by a(P).

According the following lemma, P.f(t) is a lower bound and Prign:(t) is an
upper bound of the interpretation of ¢ in the induced algebra.

Lemma 5.6. Let (Z,{fz}ser) be an F-algebra such that every fz is a weakly
monotone polynomial. Let t be a term. For every assignment a:V — N we
have [a]g(t) > [aln(t) > [a]3(t).

Proof. By induction on the structure of t. If t € V then [a]}(t) = [a)}(t) =
a(t) = [a]n(t). Suppose t = f(t1,...,tn). According to the induction hypothe-
sis, [a]7(t:) = [a]n(t:) = [alb(t:) for all 4. Since f7 is weakly monotone,

fa(lalz(t1), - [alz(tn)) = f
[

N
—~~
2
o
\./
)
Z
—
~

3
~
~

SHCIACH)

By applying the weakly monotone function max{0, -} we obtain max{0, a(P)} >
[a]n(t) > maX{O a(P1)} where Py = fz(Prep(t1),. .., Pep(tn)) and Py =
J2(Pright (t1), - . ., Prignt (tn)). We have

N
—~
2,
N~ Z
=
\_/

L. if n(Py) =0 and ¢(P1) <0
[a]lZ(t> N {a(Pl) otherwise

and thus [a]}(t) < max{0,a(P;)}. Likewise,

[ () = {a(n(&” if (Py) < 0

a(Py) otherwise

In the former case, a(n(P)) = a(P2) — ¢(P2) > a(P:) and a(n(P;)) > 0. In
the latter case a(P2) > 0. So in both cases we have [a]}(t) > max{0, a(P,)}.
Hence we obtain the desired inequalities. O

Corollary 5.7. Let (Z,{fz} er) be an F-algebra such that every fz is a weakly
monotone polynomial. Let s and t be terms. If Piepi(s) — Prigni(t) > 0 then
s >N t. If Pieft(8) — Prignt (t) = 0 then s > t. O

Example 5.8. Consider again the TRS of Example 5.4. By applying Pies to
the left-hand sides and Prigne to the right-hand sides of the rewrite rules and the
dependency pairs, the following ordering constraints are obtained:

1: 0>0 2: 0=0 3: x+1>2ax+1 7 z+2>x+1

The only difference with the constraints in Example 5.4 is the interpretation of
the term s(half(x)) on the right-hand side of rule 3. We have Pyign(half(z)) =
n(x — 1) = x and thus Py (s(half(z))) =z + 1. Although = + 1 is less precise
than max{0,z — 1} + 1, it is accurate enough to solve the ordering constraint
resulting from rule 3.
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So once the interpretations f7 are determined, we transform a rule [ — r
into the polynomial Pjeft (1) — Prighs(r). Standard techniques (cf. [34]) can then
be used to test whether this polynomial is positive (or non-negative) for all
values in N for the variables. The remaining question is how to find suitable
interpretations for the function symbols. This problem will be discussed in
Chapter 6.1.

5.2 Negative Coefficients

Let us start with an example which shows that negative coefficients in polyno-
mial interpretations can be useful.

Example 5.9. Consider the following variation of a TRS in [5]:

1 0 <y — true 7: r—0—=2
2 s(z) < 0 — false 8: s(x)—s(y) —mz—y
3 s(z) <s(y) —ax <y 9: r—z—0
4: mod(0,s(y)) — 0 10: if(true,z,y) — «
5 mod(s(z),0) — 0 11: if(false,z,y) — y
6: mod(s(x),(y)) — if(y < x,mod(s(x) — s(y), 5(1)), 5(x))

12: s(a) <s(y) —a <y

13: s(x) ~Fs(y) —a—Fy

14: mod?(s(2), 5(y)) — if(y < x, mod(s(x) — s(), 5(1)), 5())
15: mod*(s(xz),s(y)) — y <* x

16: mod*(s(z),s(y)) — mod*(s(x) — s(y),s(y))

17: mod(s(), 5(y)) — s(x) — s(y)

The dependency graph contains three SCCs: {12}, {13}, and {16}. The first two
are handled by the subterm criterion (take m(=¥) =1, and 7(—¥%) = 1). The SCC
{16} is problematic. The usable rules are U({16}) = {7,8,9}. We need to find a
reduction triple (2, >, >) such that rules 7, 8, and 9 are weakly decreasing (i.e.,
compatible with Z) and dependency pair 16 is strictly decreasing (with respect
to >). The only way to achieve the latter is by using the observation that s(x)
is semantically greater than the syntactically larger term s(x) —s(y). If we take
the natural interpretation —z(x,y) = x — vy, sz(x) = —1, and 0z = 0, together
with moduZ(ac,y) = x then we obtain the following induced ordering constraints
over the natural numbers:

7: T =T
8: max{0,z —y} > max{0,z — y}
9: 0=0
16: x+1>max{0,z —y}

which are obviously satisfied. However, are we allowed to use an interpretation
like —z(x,y) = x —y in termination proofs?
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5.2.1 Theoretical Framework

The answer to the question in Example 5.9 appears to be negative because
Lemma 5.2 no longer holds. Because the induced interpretation —y(z,y) =
max{0,z — y} is not weakly monotone in its second argument, the order >y of
the induced algebra is not closed under contexts, so if s >y ¢ then it may happen
that C[s] <y C[t]. Consequently, we do not obtain a reduction triple. However,
if we have s =y t rather than s >y t, closure under contexts is obtained for free.
Here, for an algebra A, we write s =4 t if [a] 4(s) = [a](t) for all assignments
«a. Note that the relation =y U >y is properly contained in >y and hence the
reduction triple (=, >y, >n) outperforms the reduction pair (=, >n), i.e., the
reduction triple (=y, =yU >y, >n). If we use the latter, all dependency pairs in
a cycle have to be compatible with =y U >, which is rather restrictive because
dependency pairs that are transformed into a polynomial constraint of the form
22 > 2 or 4+ 2y > = + y cannot be handled. The lemma and corollary below
states the soundness of our approach in a more abstract setting.

Lemma 5.10. Let A be an F-algebra equipped with a well-founded order >.
The triple (=4, >.4,>4) is a reduction triple. O

Corollary 5.11. Let R be a TRS and let C be a cycle in its dependency graph.
If there exists an algebra A equipped with a well-founded order > such that
R C =4,CC =24, and CN >4 # T then there are no C-minimal rewrite
sequences. O

The constraint R C =4 in Corollary 5.11 means that A is a model of R. It
cannot be weakened to U(C) C =4. The reason is that Cg does not admit any
nontrivial models; in any model A of Cg we have z = cons4(z,y) = y for all 2,y
in the carrier of A. This is a problem for the TRS in Example 5.9. There we have
U({16}) C =y but one easily checks that R C =y implies mody(z,y) = x mod y,
which cannot be represented with polynomials of finite degree. The following
example shows that replacing R C =4 by U(C) C =4 is actually unsound.

Example 5.12. Consider the following non-terminating TRS R1 U Ro of Ex-
ample 1.2. The only dependency pair f¥(a,b,x) — f4(z,z,2) forms a cycle in
the dependency graph. There are no usable rules. If we take the polynomial
interpretation az = 1, bz = 0, and f%(z, y,z) = & — y then the dependency pair
is transformed into 1 —0=1>0=x — x.

In order to conclude the absence of C-minimal innermost rewrite sequences
we are allowed to replace R by U(C). This follows from Theorem 3.28.

Corollary 5.13. Let R be a TRS and let C be a cycle in its innermost depen-
dency graph. If there exists an algebra A equipped with a well-founded order >
such that U(C) C =4, C C 24, and CN >4 # & then there are no C-minimal
mnermost rewrite sequences. O

With this result the innermost termination of the TRS in Example 5.9 is
proved. Since the TRS in question is a locally confluent overlay system, by
a result of Gramlich [28] this suffices to conclude termination. However, the
usual syntactic condition to ensure local confluence, viz. non-overlappingness
(cf. Theorem 2.22), is not fulfilled.
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In the following we prove that also for termination we may replace R C =4
by U(C) C =4, provided > is a well-order and, more importantly, .4 regards
U(C) UC as right-linear. The latter concept is defined as follows.

Definition 5.14. A linear term s is called a linearization of a term t if s = to
for some variable substitution o. Let A be an algebra. A TRS R is A-right-
linear if for every rule | — r € R there exists a linearization 1’ of v such that
r=a1.

The following definition introduces a new algebraic construction that is used

to prove the desired result.

Definition 5.15. Let F be a signature and let A = (A, {fa}rer) be an F-
algebra equipped with a well-order >. Let F be the set of all nonempty finite
subsets of A. We define the set extension of A as the (F U {cons})-algebra with
carrier F and interpretations consp(X,Y) = X UY and

fIF(Xla-H;Xn) = {fA(SCl,...,IEn) | X S Xl,...,:cn S Xn}
for all f € F. The relations DO, >r, and >r are defined on terms as follows:

s2rt  if [ar(s) 2 [alr(?)
szpt  if max([o]e(s)) > max([a]x(t))
)

s>pt if max([a]p(s)) > max([a]r(t))

for all assignments a: V — TF.

Note that since [a]r(u) is a finite nonempty set for every term u and > is a
well-order, the relations >r and > are well-defined.

Lemma 5.16. The triple (O, >F, >r) is a Cg-compatible reduction triple.

Proof. The relations DO and >p are clearly preorders. Closure under contexts
of Dy follows because all interpretations in F are weakly monotone with respect
to set inclusion. We show that Dy is closed under substitutions. Suppose that
s Of t and let o be a substitution. Let a: V — F be an arbitrary assignment.
We have to show that [a]r(so) D [ap(to). Define the assignment 5 as () =
[a]p(zo) for all z € V. It is not difficult to show that [a]p(so) = [B]r(s) and
[a]r(to) = [B]r(t). The assumption s Dp t yields [Glr(s) 2 [B]r(t). Closure
under substitutions of >r and >y follows in the same way. The relation >p
is a proper order. It inherits well-foundedness from >. Since Dp C >p and
> - >p = >y, compatibility holds. We have C¢ C Dp by the definition of
consg. O

The next example illustrates the difference between >y and >p.

Example 5.17. Consider again the TRS and the interpretation of Example 5.12.
If we take an assignment a with o(z) = {0,1} then [a]z(f¥(a,b,z)) = {1} and
[ar (f (2, 2,2)) = {0,1}. Hence f*(a,b,z) >r f¥(x,x,x) does not hold.

In the following lemma [ € « abbreviates “3(x) € a(x) for all z € V.
Lemma 5.18. Let t be a term. For every assignment o: YV — F we have
[ale(t) 2 {[8]a(t) [ 5 € a}.

Moreover, if t is linear then the reverse inclusion also holds.
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Proof. We show the inclusion by induction on ¢t. Let 8 € a. If ¢ is a variable
then [B]a(t) = B(t) € a(t) = [a]r(t). Suppose t = f(t1,...,t,). The induc-
tion hypothesis yields [5]a(t;) € [a]r(t;) for all i € {1,...,n}. Hence, by the
definition of ff,

[Bla(t) = fallBla(tr), - [Bla(tn)) € fe([ar(tr), .- ., [a]r(tn)) = [o]r (D).

Now suppose that ¢ is linear. We show the reverse inclusion

(e (t) S {[Flalt) | B € a}

by induction on t. If ¢ is a variable then

lalr(t) = a(t) ={B(t) | B € o} ={[8la?) | B € a}.

Suppose t = f(t1,...,t,). The induction hypothesis yields

(e (ti) S {[Blat:) | B € a}

for alli € {1,...,n}. Because t is linear, the variables in ¢1,...,t, are pairwise

disjoint and hence [a]r(t1) X -+ X [a]p(tn) € {([Blalt1), .., [Bla(tn)) | B € a}.
Consequently,

[dr(t) = {falar, ... an) [ (a1, an) € [a]r(tr) X -~ X [a]r(tn)}
C {fallBlaltr), - [Blaltn)) | B € o}
={lBla®) | B € a}

O

As can be seen from Example 5.17, set equality in the above lemma is not
guaranteed without the linearity of ¢.
The following lemma relates interpretations in A to interpretations in F.

Lemma 5.19. Let | — r be an A-right-linear rewrite rule.
o [fl=,1 thenl Dpr.
o Ifl =1 thenl >pr.
o [fl> 1 thenl >pr.

Proof. Let v’ be a linearization of r such that 7’ =4 r and let o be a substitution
such that 7o = r. We may assume that o only affects the (fresh) variables in
Var(r’) \ Var(r). In particular, [ = lo. Since the relations D, >p, and >y are
closed under substitutions it is sufficient to show [ D v/, | >p v/, and | >y 7’
under the stated conditions. We have

[de(l) 2 {18a(l) | B € o}

and

[oe(r) = {[Bla(") | B € a} ={[Bla(r) | B € o}
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according to Lemma 5.18. Now, if [ =4 r then [8]4(l) = [8].a(r) for all assign-
ments 8 and thus [a]r(l) D [a]r(r"). Hence [ Dp 7’ by definition. Next, if { >4 r

then [B]4(l) = [B]a(r) for all assignments (3. Hence

max ([a]s (1)) > max {[34(0) | B € @)
> max {[3a(r) | B € a)
— max ([a]z ("))

and thus [ >p 7’ by definition. The proof that [ >r r whenever [ > 4 r follows
in exactly the same way. O

We are now ready for the usable rules criterion announced earlier.

Theorem 5.20. Let R be a TRS and let C be a cycle in its dependency graph.
If there exists an algebra A equipped with a well-order > such that U(C) U C
is A-right-linear, U(C) C =4, C C 24, and C N >4 # & then there are no
C-minimal rewrite sequences.

Proof. From Lemma 5.19 we obtain U(C) C Dp, C C >y, and C N >y # O.
Lemma 5.16 states that (O, >p, >r) is a reduction triple and C¢ C Dp. Hence
the conditions of Theorem 3.36 are satisfied (by taking the trivial argument
filtering) and the result follows. O

Note that the set extension is only used in the proof of Theorem 5.20.

Example 5.21. Consider again the problematic SCC C = {16} of Example 5.9.
We claim that the induced algebra over N regards U(C) U C as right-linear. For
the rules in U(C) = {7,8,9} this is clear as they are right-linear. Because of the
interpretation mod%(m,y) =z, we have

mod® (s(x) — s(y), s(y)) =n mod*(s(z) —s(y).s(=))

and thus the single rule in C is regarded as right-linear. Hence Theorem 5.20
is applicable and we can finally conclude the termination of the TRS in Exam-
ple 5.9.

5.2.2 Towards Automation

How do we verify a constraint like 2 +1 > max{0,x—y}? The approach that we
developed in Section 5.1.2 for dealing with negative constants is not applicable
because Lemma 5.6 relies essentially on weak monotonicity of the polynomial
interpretations.

Let P>o be a subset of the set of polynomials P with integral coeflicients
such that a(P) > 0 for all a: ¥V — N for which membership is decidable. For
instance, P> could be the set of polynomials without negative coefficients. We
define P.g in the same way.

Definition 5.22. Let (Z,{fz}recr) be an algebra. With every term t we asso-
ciate a polynomial Q(t) as follows:

o~

if t is a variable

P ift=f(t1,...,tn) and P € Pxg
0 ift=f(t1,...,tn) and P € P<g
v(P) otherwise
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where P = f7(Q(t1),...,Q(t,)). In the last clause v(P) denotes a fresh abstract
variable that we uniquely associate with P.

There are two kinds of indeterminates in Q(¢): ordinary variables occurring
in ¢t and abstract variables. The intuitive meaning of an abstract variable v(P) is
max{0, P}. The latter quantity is always non-negative, like an ordinary variable
ranging over the natural numbers, but from v(P) we can extract the original
polynomial P and this information may be crucial for a comparison between
two polynomial expressions to succeed. Note that the polynomial P associated
with an abstract variable v(P) may contain other abstract variables. However,
because v(P) is different from previously selected abstract variables, there are
no spurious loops like P; = v(x — v(P2)) and P, = v(z — v(Py)).

The reason for using P and P in the above definition is to make our ap-
proach independent of the particular method that is used to test non-negativeness
or negativeness of polynomials.

Definition 5.23. With every assignment a.: V — N we associate an assignment

oV — N defined as follows:

“(2) {maX{O, a*(P)} if x is an abstract variable v(P)
a*(z) =

ax) otherwise

The above definition is recursive because P may contain abstract variables.
However, since v(P) is different from previously selected abstract variables, the
recursion terminates and it follows that a* is well-defined.

Theorem 5.24. Let (Z,{fz}ser) be an algebra such that every fz is a polyno-
mial. Let t be a term. For every assignment o we have [a]n(t) = o*(Q(t)).

Proof. We show that [a]n(t) = a*(Q(t)) by induction on ¢. If ¢ is a variable
then [a]n(t) = a(t) = a*(t) = a*(Q(t)). Suppose t = f(t1,...,t,). Let P =
fz(Q(t1),...,Q(ty)). The induction hypothesis yields [a]n(t;) = o*(Q(¢;)) for
all ¢ and thus

[aln(t) = fu(a®(Q(t)), - ., a*(Q(tn)))
= max{0, fz(a*(Q(t1)),...,a" (Q(tn)))} = max{0,a"(P)}
We distinguish three cases, corresponding to the definition of Q(t).

e First suppose that P € Pso. This implies that a*(P) > 0 and thus we
have max{0,a*(P)} = o*(P). Hence [a]n(t) = a*(P) = a*(Q(t)).

e Next suppose that P € P.j. So a*(P) < 0 and thus max{0,a*(P)} = 0.
Hence [a]n(t) = 0 = a*(Q(2)).

e In the remaining case we do not know the status of P. We have Q(t) =
v(P) and thus a*(Q(t)) = max{0,a*(P)} which immediately yields the
desired identity [a]n(t) = o™ (Q(t)).

O

Corollary 5.25. Let (Z,{fz}rer) be an F-algebra such that every fz is a
polynomial. Let s and t be terms. If Q(s) = Q(t) then s =y t. If a*(Q(s) —
Q(t)) > 0 for all assignments a: V — N then s >y t. If a*(Q(s) — Q(t)) = 0
for all assignments a:V — N then s >y t. O
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Example 5.26. Consider again dependency pair 16 from Ezample 5.9:
mod*(s(x),s(y)) — mod(s(z) — s(y),s(y))

We have Q(mod*(s(x),s(y))) = z +1 and Q(mod*(s(z) —s(y),s(y))) = v(z —y).
Since x+1—v(x—y) may be negative (when interpreting v(x—y) as a variable),
the above corollary cannot be used to conclude that 16 is strictly decreasing.
However, if we estimate v(x —y) by x, the non-negative part of x — y, then we
obtain x + 1 — x = 1 which is clearly positive.

Given a polynomial P with coefficients in Z, we denote the non-negative
part of P by N(P).

Lemma 5.27. Let Q be a polynomial with integral coefficients. Suppose v(P)
is an abstract variable that occurs in Q but not in N(Q). If Q' is the polynomial
obtained from @Q by replacing v(P) with N(P) then o*(Q) = o*(Q') for all
assignments a: )V — N.

Proof. Let a: V — N be an arbitrary assignment. In o*(Q) every occurrence
of v(P) is assigned the value o*(v(P)) = max{0,a*(P)}. We have o*(N(P)) >
a*(P) > o*(v(P)). By assumption, v(P) occurs only in the negative part of Q.
Hence @ is (strictly) anti-monotone in v(P) and therefore o*(Q) > o*(Q’'). O

In order to determine whether s >y ¢ (or s > t) holds, the idea now is to
first use standard techniques to test the non-negativeness of @ = Q(s) — Q(¢t)
(i.e., we determine whether a(Q) > 0 for all assignments a by checking whether
Q € Pso). If Q is non-negative then we certainly have a*(Q) > 0 for all
assignments « and thus s >y t follows from Corollary 5.25. If non-negativeness
cannot be shown then we apply the previous lemma to replace an abstract
variable that occurs only in the negative part of (). The resulting polynomial
Q' is tested for non-negativeness. If the test succeeds then for all assignments «
we have a*(Q’) > 0 and thus also a*(Q) > 0 by the previous lemma. According
to Corollary 5.25 this is sufficient to conclude s >y t. Otherwise we repeat the
above process with ()'. The process terminates when there are no more abstract
variables left that appear only in the negative part of the current polynomial.

We conclude this chapter by mentioning the work of Lucas [43, 44], in
which polynomials with real coefficients for automatically proving termination
of (context-sensitive) rewriting systems are considered. He solves the problem
of well-foundedness by replacing the standard order on R with >4 for some fixed
positive § € R: & > y if and only if x — y > 4. In addition, he demands that
interpretations are uniformly bounded from below (i.e., there exists an m € R
such that fr(x1,...,2,) = m for all function symbols f and z1,...,z, = m).
While this method allows one to use finer positive polynomial like 22 — %x +1,
the latter requirement entails that interpretations like x — 1 or x — y + 1 cannot
be handled. This contrasts our approach in which a given algebra (on Z) is
replaced by an induced algebra (on N). We anticipate that by combining both
approaches, unrestricted polynomial interpretations with real coefficients like
T — %y can be used for termination proofs.
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Chapter 6

Tyrolean Termination Tool

The Tyrolean Termination Tool (T7T) is a tool for automatically proving termi-
nation and innermost termination of term rewrite systems and simply typed ap-
plicative rewrite systems. The techniques introduced in the preceding chapters
have been implemented in T7T. TyT is described in Section 6.1. In Section 6.2
we provide experimental data for all new techniques presented in preceding
chapters. In the final section we compare our tool with other systems.

6.1 Tyrolean Termination Tool

The Tyrolean Termination Tool is the successor of the Tsukuba Termination
Tool [29], which was a tool for automatically proving termination of term rewrite
systems. TT produces high-quality output and has a convenient web interface.
The tool is available at

http://cl2-informatik.uibk.ac.at/ttt

This section is organized as follows: In Section 6.1.1 we explain the web in-
terface of TTT. In Section 6.1.2 we explain how to use T7T to obtain termination
proofs of simply-typed applicative systems. In Section 6.1.3 we describe how to
input a collection of rewrite systems and how to interpret the resulting output.
Some implementation details are given in Section 6.1.4.

6.1.1 Web interface

The web interface provides a fully automatic mode and a semi-automatic mode.

Fully Automatic Mode. Figure 6.3 shows the web interface for the fully
automatic mode. In this mode T7T uses a simple strategy to (recursively) solve
the ordering constraints for each SCC of the approximated dependency graph.
The strategy is based on the new features described in the previous chapters and
uses LPO (both with strict and quasi-precedence) with some argument filterings
in Section 4.3.1 and mostly linear polynomial interpretations with coefficients
from {—1,0, 1} as base orders.

After computing the SCCs of the approximated (innermost) dependency
graph, the strategy subjects each SCC to the following algorithm:

69
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Tyrolean Termination Tool
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Figure 6.1: A screen shot of the fully automatic mode of TT.

. First we check whether the subterm criterion is applicable.
. If the subterm criterion was unsuccessful, we compute the usable rules.

. The resulting (usable rules and dependency pairs) constraints are sub-
jected to the natural (see below) polynomial interpretation.

. If the constraints could not be solved in step 3, we employ the divide
and conquer algorithm for computing suitable argument filterings with
respect to the some heuristic in Section 4.3.1 and the lexicographic path
order (LPO) with strict precedence.

. If the previous step was unsuccessful, we repeat step 3 with arbitrary linear
polynomial interpretations with coefficients from {0, 1}.

. Next we repeat step 4 with the variant of LPO based on quasi-precedences
and a small increase in the search space for argument filterings (see below).

. If the constraints could still not be solved, we try polynomial interpreta-
tions with negative constants.

. As a last resort, we use polynomial interpretations with coefficients from
{=1,0,1} in connection with Corollary 5.13 (for innermost termination)
or Corollary 5.20 (for termination). If the latter fails, due to the A-right-
linearity restriction, we give Corollary 5.11 a try.

If only part of an SCC could be handled, we subject the resulting new SCCs

recursively to the same algorithm.

Taking the following polynomial interpretations for certain function symbols
that appear in many example TRSs is what we call natural (for other function
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symbols we take linear interpretations with coefficients from {0,1}):

OZZO 1221 2Z:2
sz(z) =x+1  pz(z)=2—-1 +z(@x,y)=2+y  xz(z,y) =2y

If the current set of constraints can be solved in step 4 or 5, then they can
also be solved in step 6 or 7, respectively, but the reverse is not true. The sole
reason for adopting LPO and polynomial interpretations in alternating layers is
efficiency; the search space in steps 3 and 4 is significantly smaller than in steps
5 and 6. Needless to say, the search space in step 5 is much smaller than in
step 7 which in turn is much smaller than in step 8. The reason for putting the
subterm criterion first is that with this criterion many SCCs can be eliminated
very quickly, cf. the third paragraph of Section 6.1.4. The extension of the
search space for argument filterings mentioned in step 6 is obtained by also
considering the full reverse argument filtering [n, ..., 1] for every n-ary function
symbol. The advantage of this extension is that there is no need for a specialized
version of LPO with right-to-left status.

The effectiveness of the automatic strategy can be seen from the data pre-
sented in Figure 6.2, which were obtained by running T7T in fully automatic
mode on the 89 terminating TRSs (66 in Section 3 and 23 in Section 4) of [5].
An explanation of the data is given in Section 6.1.3.

An empirical evaluation of the automatic strategy can be found in Sec-
tion 6.2.

Semi Automatic Mode. Figure 6.3 shows the web interface for the semi-
automatic mode. Although the fully automatic mode usually derives most power
of T7T, sometimes the user needs to set options of T{T properly: For instance,
this is the case for the TRS of Example 4.24.

Most of the boxes and buttons are self-explanatory. Many correspond to
settings of the fully automatic mode. There are three features that are not
covered by the fully automatic mode. First of all, the user can select the Knuth-
Bendix order as base order of a reduction triple. Secondly, the user can choose
the (non-)heuristics for argument filterings described in Section 4.3.1. Finally,
by clicking the enumerate box, the user can use the enumeration method, which
tries to find a suitable argument filtering by enumerating possible all argument
filterings. For most examples the divide and conquer method of Section 4.3 is
more efficient than the straightforward enumeration method, but still, there are
TRSs where enumeration is more effective (cf. Section 6.2), so the user has the
option to change the search strategy.

6.1.2 Simply-Typed Applicative Rewrite Systems

Besides ordinary first-order TRSs, T7T accepts simply-typed applicative rewrite
systems [1]. Applicative terms are built from variables, constants, and a single
binary operator -, called application. Constants and variables are equipped with
a simple type such that the rewrite rules typecheck.

Definition 6.1. Let B be a set of constants and — a binary function symbol.
A term in T(B U {—}, @) is called a simple type, and we write ST for T(B U
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Figure 6.2: Output produced by TT.

{—=},9). Let F be a set of constants and V a set of variables. Let T' be a
function from FUY to ST. Consider the following typing rules.
te FUY T(@)=r1 Tt — T to:m
I'Ht:r I'Ht-to:m
IfT'Ft: 71 can be derived then t is called a simply-typed applicative term and

we write type(t) = 7. Furthermore, we write ST for all simply-typed applicative
terms.

Note that if ¢ € ST then type(t) is uniquely determined. If ¢ € ST then ¢
can be written in the form a -ty ----- t,, where a € F UV. Moreover, type()
can be written in the foom 74 — -+ — 7, — 7.

Definition 6.2. A simply-typed applicative rewrite system (STARS) R is a
set of rewrite rules | — r between terms in ST such that type(l) = type(r) and
l is of the formc-ty----- t, with a constant c.

A typical example is provided by the following rules for the map function
(map - f) - nil — nil
(map - f) - ((cons - z) - y) — (cons- (f - z)) - (map- f) - y)
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Figure 6.3: A screen shot of the semi automatic mode of TyT.

with the type declaration nil: a, cons: 8 — o — «, map: (f — ) — a — «,
f:8 — B, z: 3, and y: a. Here « is the list type and 3 the type of elements
of lists. STARSs are useful to model higher-order functions in a first-order
setting. As usual, the application operator - is suppressed in the notation and

parentheses are removed under the “association to the left” rule. The above
rules then become

map f nil — nil
map f (consz y) — cons (f x) (map f y)

This corresponds to the syntax of STARSs in TT. The types of constants must
be declared by the keyword TYPES. The types of variables is automatically

inferred when typechecking the rules, which follow the RULES keyword. So the
above STARS would be inputted to TTT as

TYPES

nil : a

cons : b => (a => a)

map : (b =>b) =>a =>a

RULES
map f nil -> nil
map f (cons x y) -> cons (f x) (map f y)

In order to prove termination of STARSs, TTT uses the two-phase transfor-
mation developed by Aoto and Yamada [2]. In the first phase all head variables
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(e.g. £ in the subterm f x of the second right-hand side) are removed by the
head variable instantiation technique.

Definition 6.3. The set of all head variables in a term t, denoted by HV(t), is
defined as follows:

o ifte FUY
HV(t) = Var(tl) U HV(tQ) th = tl . tQ and tl e FuUy
HV(tl -tg) U HV(tg) th = (tl 'tg) - 13

Definition 6.4. Let R be an STARS. For each | — r € R, we define ¥_, as
follows: If x € HV(l) UHV(r) then

V() ={f 21 -~ XTn | f € F and type(f) =11 — -+ — 7, — type(z)}

Otherwise ;. (x) = {x}. Here x1,...,x, are pairwise distinct fresh variables.
The head variable instantiation HVI(R) of R is

U {lo = ro|Vz € Var(l) o(z) € Y- (z)}

l—reR

The soundness of this phase relies on (1) the ground term existence condition
and (2) n-saturation. Basically, the former states that all simple types are
inhabited by at least one ground term. The latter is defined as follows.

Definition 6.5. Let R be an STARS. The n-saturation R,, of R is the smallest
set S containing R such that if | — r € S and | is not of basic type then
l-x—r-xz eS8 for some variable x.

Users need not be concerned about these technicalities as T7T automatically
adds fresh constants of the appropriate types to the signature so that the ground
term existence condition is satisfied. Moreover, T7T performs n-saturation au-
tomatically.

After the first phase an ordinary TRS is obtained in which the application
symbol is the only non-constant symbol. Such TRSs are not easily proved
terminating since the root symbol of every term that has at least two symbols is
the application symbol and thus provides no information which could be put to
good use. In the second phase applicative terms are transformed into ordinary
terms by the translation to functional form technique. This technique removes
all occurrences of the application symbol.

Definition 6.6. The map FF is defined as follows:

fu(FF(t1),...,FF(tn)) if f is a constant

FE(f -t1-...-ty) =
(-t ) {f if f is a variable

for all applicative terms f-t1-...-t,. Here, fo stands for f, and f, is an n-ary
function symbol for 1 < i < n. We write FF(R) for {FF(l) — FF(r) |l — r €
R}.

Summing up, for a STARS R given as input, T7T tries to prove termination
of the TRS FF(HVI(R,)).
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Theorem 6.7 ([2]). Let R be an STARS satisfying the ground term existence
condition. R is terminating if the TRS FF(HVI(R,)) is terminating. O

We contend ourselves with showing the Postscript output (in Fig. 6.4) pro-
duced by TT on the following variation of combinatory logic (inspired by a
question posted on the TYPES Forum by Jeremy Dawson'):

TYPES
I:0=>0 5
W: (0=>0=>0) =>0

S : (o0=>0=>0) => (0o=>0) =0 =>0 ;

RULES
Ix -> x 5
Wifx -> f x x ;

Sxyz->xz (y2z);

Note that the types are crucial for termination; the untyped version admits the
cyclic rewrite step W W W — W W W.

6.1.3 A Collection of Rewrite Systems as Input

Single TRSs (or STARSs) are inputted by typing (the type declarations and)
the rules into the upper left text area or by uploading a file via the browse
button. Besides the original T7T syntax (which is obtained by clicking the TRS
link), T7T supports the official format? of the Termination Problems Data Base.
The user can also upload a zip archive. All files ending in .trs are extracted
from the archive and the termination prover runs on each of these files in turn.
The results are collected and presented in two tables. The first table lists for
each TRS the execution time in seconds together with the status: bold green
indicates success, red italics indicates failure, and gray indicates timeout. By
clicking green (red) entries the user can view the termination proof (attempt)
in HTML or high-quality Postscript format. The second table gives the number
of successes and failures, both with the average time spent on each TRS, the
number of timeouts, and the total number of TRSs extracted from the zip
archive together with the total execution time. Figure 6.2 shows the two tables
for the 89 terminating TRSs in Sections 3 and 4 of [5]. Here we used TT’s fully
automatic mode with a timeout of 1 second (for each TRS). The experiment
was performed on a PC equipped with a 2.80 GHz Intel Pentium Processor 4
and 512 KB of memory, using native-compiled code for Linux/Debian.

6.1.4 Some Implementation Details

The web interface of T7T is written in Ruby® and the termination prover un-
derlying TqT is written in Objective Caml (OCaml),* using the third-party
libraries® find1ib, ext1lib, and pcre-ocaml.

1Posted on August 3, 2004.

2http://wuw.lri.fr/ marche/tpdb/format.html
Shttp://www.ruby-lang.org/
“http://www.ocaml.org/
Shttp://caml.inria.fr/humps/



76 CHAPTER 6. TYROLEAN TERMINATION TOOL

Termination Proof Script”

Consider the simply-typed applicative TRS

lz — x
Szxyz — xz(yz)

over the signature |: 0 = o, W: (0 == 0=0)=0=0,and S: (0 = 0= 0) =
(0 = 0) = 0 = o. In order to satisfy the ground term existence condition we
extend the signature by c: 0 = 0 = o0 and c’: o. Instantiating all head variables
yields the following rules:

lz — =
Wcz — caxx
Sclz — cz(lz2)
ScWuw)z — cz(Ww 2)
Sc(Swwv)z —- cz(Sww z)
Sc(cw)z — cz(cwz)

By transforming terms into functional form the TRS

1: lhi(z) —

2: Wa(c,z) — co(x,x)

3: Ss(c,l,z) — ca(z,11(2))

4:  S3(c,Wi(w),z) — ca(z, Wa(w, z2))
5: Ss(c,Sa(w,v),2z) — caz,S3(w,v,2))
6: Ss(c,c1(w), z) — ca(z, ca(w, 2))

is obtained. There are 3 dependency pairs:

7: Siic,l,2) — I4(2)

8:  Si(c,Wi(w),z) — Wh(w,2)

9: Sg(c, So(w,v),z) — Sg(w, v, 2)
The approximated dependency graph contains one SCC: {9}.

e Consider the SCC {9}. By taking the simple projection 7 with W(Sg) =
the dependency pair simplifies to

9: Sy(w,v) — w
and is compatible with the proper subterm relation.

Hence the TRS is terminating.

@Tyrolean Termination Tool (0.01 seconds) — September 21, 2005

Figure 6.4: Example output.
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The termination prover consists of about 13,000 lines of OCaml code. About
20% is used for the manipulation of terms and rules. Another 15% is devoted
to graph manipulations. This part of the code is not only used to compute
dependency graph approximations, but also for precedences in KBO and LPO,
and for the dependency relation which is used to compute the usable rules. The
various termination methods that are provided by TyT account for less than
10% each. Most of the remaining code deals with I/O: parsing the input and
producing HTML and Postscript output. For the official Termination Problems
Data Base format we use parsers written in OCaml by Claude Marché. A rich
OCaml library for the manipulation of terms (or rose trees) and graphs would
have made our task much easier!

It is interesting to note that two of the original techniques that make T7T
fast, the recursive SCC algorithm and the subterm criterion, account for just 13
and 20 or 11 lines, respectively. Actually, we implemented the subterm criterion
twice. The former count refers to a straightforward encoding that generates all
simple projections until a suitable one is found. This encoding works fine on all
examples we tested (see Section 6.2), with one exception (AProVE/AAECC-ring).
The reason is that the dependency graph of that TRS contains an SCC consisting
of nine 7-ary and one 6-ary dependency pair symbols, amounting to 7% x 6 =
242121642 simple projections. The latter count refers to the specialization of the
divide and conquer algorithm developed in Section 3.19 for arbitrary argument
filterings. (The generic divide and conquer algorithm is implemented in 209
lines of OCaml code.) This implementation is the one used in the experiments
described in Section 6.2 and the only one available from the web interface.

Concerning the implementation of simply-typed applicative rewrite systems,
we use the Damas-Milner type reconstruction algorithm (see e.g. [48]) to infer
the types of variables.

We conclude this section with some remarks on the implementation of base
orders in TyT. The implementation of LPO follows [29] but we first check
whether the current pair of terms can be oriented by the embedding order in
every recursive call to LPO. This improves the efficiency by about 20%. The
implementation of KBO is based on [40]. We use the “method for complete
description” [16] to compute a suitable weight function. The implementation
of polynomial interpretations with coefficients from {0,1} is based on [11, Fig-
ure 1] together with the simplification rules described in Section 4.4.1 of the
same paper. The current implementation of polynomial interpretations with
coefficients from {—1,0,1} in TyT is rather naive. We anticipate that the recent
techniques of [11] can be extended to handle negative coefficients.

6.2 Experiments

In this chapter we assess the techniques introduced in the preceding chapters
on the 773 TRSs (at least 94 of which are non-terminating) in the Termination
Problem Data Base (version 2.0).°

We list the number of successful termination attempts, the number of failures
(which means that no termination proof was found while fully exploring the
search space implied by the options), and the number of timeouts, whose values
are given in parentheses. The figures below the number of successes and failures

Shttp://www.lri.fr/ marche/tpdb/
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Table 6.1: Dependency graph approximations.

mnermost

termination termination
EDG EDG* EIDG EIDG*
success 43 51 73 80
0.00 0.01 0.01 0.01
failure 730 722 700 693
0.01 0.01 0.10 0.21
timeout (30 s) 0 0 0 0
total time 10 11 69 145
total arrows 52788 51642 48618 47575

denote the average time in seconds. Some tables contain execution time of
individual TRSs. There, we use the following convention to indicate the status:
bold green indicates success, red italics indicates failure, and gray oc indicates
timeout.

Dependency Graph Approximations. Our first experiment concerns the
new estimations of the (innermost) dependency graph mentioned in Section 4.1.
Remark that (innermost) termination of TRS is concluded when the approx-
imated (innermost) dependency graph contains no SCCs (cf. Chapter 4.2).
Table 6.1 shows that EDG* and EIDG* outperform EDG and EIDG and that the
overhead of the additional unification in EDG" is negligible. As we see later, the
computational cost of EIDG* is very small compared to the methods that are
applied afterwards, except for the subterm criterion. Actually, there are a few
exceptional cases. Table 6.2 lists all TRSs for which the computation of EIDG"
takes longer than 5 seconds. Since EIDG" uses unification twice as often as EIDG,
it is natural to expect that EIDG™ takes twice as long as EIDG. However, com-
puting EIDG* for Cime/mucrll takes much longer than expected. The reason is
that it consists of a very large number of rewrite rules, and therefore the time to
compute usable rules is not negligible. The inefficiency of currying/AG01.3.13
is due to large term structures. We remark that the current version of T7T uses
a simple exponential algorithm for unification. The use of an almost-linear time
unification algorithm would significantly reduce the computation time for the
last TRS.

Cycle Analysis and Subterm Criterion. Looking at Table 6.3 the follow-
ing claim is clearly verified: “the recursive SCC algorithm (F) has the power of
the standard cycle criterion (F3) and the efficiency of the SCC approach (Fy).”
The subterm criterion is extremely fast. It is interesting to note that it could
handle 1052 of the 1589 generated SCCs, resulting in termination proofs for 206
of the 773 TRSs. Clearly, the subterm criterion should be the method of first
choice in any termination prover incorporating the dependency pair technique.
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Table 6.2: Innermost dependency graph approximations: individual TRSs.

EIDG EIDG*
R rules DPs time (arrows)  time (arrows)
Cime/mucrll 377 61 1.91  (136) 817  (132)
TRCSR/Ex1.2_AEL03.C 74 113 260 (1631)  7.69 (1631)
TRCSR/Ex6_15_AEL02.C 90 131 548 (2092) 11.7/ (2089)
TRCSR/ExAppendixBAEL0O3.C 80 124 /.86 (1930) 10.40 (1930)
currying/AG01.3.13 14 36 3.91 (822) 775 (822)

Table 6.3: Cycle analysis and the subterm criterion.

F3 Fv E

success 205 175 206
0.22 0.01 0.01

failure 521 598 567
0.44 0.02 0.02

timeout (30 s) 47 0 0
total time 1684 11 12

Techniques for Argument filterings. Tables 6.4 and 6.5 compare enumer-
ation (E) with the dynamic programming method described in Section 4.3.3
(DP;), in combination with the heuristics of Section 4.3.1. Column DP, is similar
to DP; but it uses the approach described in the last paragraph of Section 4.3.2.
We adopted the usable rule criterion.

Comparing the E and DP, columns, the effectiveness of the divide and con-
quer approach of Section 4.3.3 is clear, especially if one keeps in mind that all
possible partial argument filterings that solve the constraints are computed. In
contrast, enumeration terminates as soon as the first successful argument fil-
tering is generated. So the average time in case of failure is probably more
significant (since it implies that the search space is fully explored), but then the
advantage of the divide and conquer approach over enumeration is even more
pronounced. Another interesting conclusion is that the combination of KBO,
some heuristic and DP, is surprisingly efficient.

Usable Rules. In Table 6.6 the combination of the subterm criterion and the
usable rule criterion in connection with traditional simplification orders is ex-
amined. In all experiments we used the EDG* approximation of the dependency
graph and the EIDG" approximation of the innermost dependency graph. More-
over, we adopted the recursive SCC algorithm of Section 4.2 for handling cycles
in the graph. When the lexicographic path order or Knuth-Bendix order is used,
the divide and conquer technique with dynamic programming described in Sec-
tion 4.3.3 is used to search for suitable argument filterings. The experiments
were conducted in the same environment as described in Section 6.1.3.

We tested individual methods and combinations of them. The results are
summarized in Tables 6.6-6.8. The letters in the column headings have the
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Table 6.4: Argument filterings.

some some more all
LPO E DP, DP, E DP, DP, E DP, DP,
success 246 243 247 259 259 261 267 266 267
0.15 0.13 0.08 0.14 0.09 0.20 047 0.15 0.19
failure 485 502 510 430 470 474 407 @ 441 442

074 040 031 083 0.63 055 096 0.99 0.90
timeout (30s) 42 28 16 8 44 38 99 66 64

total time 1656 1071 658 2915 1640 1450 3485 2454 2369
some some more all

KBO E DP4 DP, E DP4 DP, E DP4 DP,

success 266 261 268 287 279 281 288 276 293

0.18 0.22 0.06 0.33 048 0.21 049 0.69 0.43

failure 468 458 501 387 392 410 366 366 376

0.75 0.63 025 053 065 074 041 0.72 042
timeout (30 s) 39 54 4 99 102 82 119 131 104
total time 1567 1965 260 3270 3450 2822 3863 4383 3401

following meaning;:
s the subterm criterion of Section 3.2,

u the usable rule criterion of Section 3.4 (for Tables 6.6 and 6.7) and 5.2 (for
Table 6.8),

1 lexicographic path order in combination with some argument filterings,
k Knuth-Bendix order in combination with some argument filterings,

p polynomial interpretation restricted to linear polynomials with coefficients
and constants indicated in the table headings.

Polynomial Interpretations with Negative Coefficients Table 6.7 shows
the effect of the usable rule criterion in combination with linear polynomial inter-
pretations possible with negative coefficients. Enlarging the coefficient domain
{0,1} with the value 2 gives very few additional examples (when using the us-
able rule criterion). The effect of allowing —1 as constant is more apparent. An
interesting remark is that there is no overlap between the additional TRSs that
can be proved terminating by allowing 2 and by allowing —1.

In Table 6.8 we use the negative coefficient method developed in Chap-
ter 5.2. Theorem 5.20 (up) is much more powerful and considerably faster
than Theorem 5.11 (p). As we discuss below, the A-right-linearity condi-
tion in Theorem 5.20 is not restrictive for most ordinary TRSs. Nevertheless,
there are five TRSs that can be handled by p but not by up. Three of them
are variations of Toyama’s example, the remaining two are the one-rule sys-
tem X ((—y) X y) — (—(y X y)) x = and the two-rule system consisting of
f(x,x) — f(g(x),z) and g(x) — s(x). In parentheses we provide the results
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Table 6.5: Argument filterings: individual TRSs.

some some more all
LPO E DP, DP, E DP, DP, E DP, DP,
AGO1/3.10 3.08 0.10 0.08 85.98 0.19 0.19 678/.15 1.63 3.47
AGO1/3.11 0.09 0.03 0.04 0.51 0.05 0.06 11.73 0.52 0.63
AG01/3.13  0.22 0.03 0.03 1.12 0.05 0.04 594.37 17.67  33.74
AG01/3.55 0.10 0.04 0.03 0.53 0.05 0.06 12.14 0.53 0.70
D33/11 0.01 0.02 0.02 0.01 0.02 0.03 1.73 0.03 0.02

some some more all
KBO E DP, DP, E DP, DP, E DP, DP,
AGO01/3.10 3.16 1.93 0.15 100.46 25.97 11.96 7872.95 301.04 1125.30
AGO1/3.11 0.10 0.23 0.06 0.10 1.61 0.99 95.11 929.74 1.90
AGO1/3.13  0.27 0.27 0.06 25.90 6.78 0.7/ 654.91 180.67  59.19
AGO1/3.55 0.11 0.24 0.06 0.11 1.62 0.99 92.43 925.17 1.92
D33/11 0.01 0.03 0.02 0.01 0.03 0.02 1.70 0.03 0.02

Table 6.6: Subterm criterion and usable rules: LPO and KBO.

s 1 ul sul k uk suk

success 206 206 244 260 162 262 290
0.01 0.06 0.14 0.14 0.29 0.29 0.24

failure 567 540 504 488 548 465 437
0.02 0.57 0.43 0.43 096 0.75 0.79

timeout (30 s) 0 27 25 25 63 46 46
total time 12 1132 999 996 2464 1807 1796

of the following refinement: If the TRS in question is non-overlapping then we
use the innermost version of Theorem 5.11 (i.e., usable rules without C¢ and
with EIDG" instead of EDG" to estimate the dependency graph), otherwise we
use Theorem 5.11. There are two additional TRSs that are handled by this
strategy but not by Theorem 5.20. One is a variant of Toyama’s example. The
other one (AG01/3.6) clearly illustrates the limitation of the A-right-linearity
condition; in order to handle the term gcdﬁ(z — y,s(y)) which appears on the
right-hand side of a dependency pair, one must use an interpretation gcd% (x,y)
that depends on both arguments, contradicting A-right-linearity.

Fully automatic mode. Table 6.9 shows the power of the fully automatic
mode of TTT. A remarkable 94% of the successful termination proofs obtained
with a 30 seconds timeout are also obtained when setting the timeout to 1
second. Most of the remaining 6% are due to polynomial interpretations. The
figures in parentheses refer to a version in which the conditions of Lemma 3.41
are not activated.
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Table 6.7: Polynomial interpretation.

coeflicients 0,1 0,1,2 0,1
constants 0,1 0,1,2 —-1,0,1
P up  sup P up sup P up  sup
success 248 340 364 263 348 369 256 355 380
0.36  0.29 0.27 038 029 026 029 029 0.20
failure 458 395 371 372 347 326 348 326 300

1.10 077 082 096 0.60 0.63 1.61 1.25 1.17
timeout (30 s) 67 38 38 138 78 78 169 92 93
total time 2602 1545 1542 4597 2648 2643 5704 3267 3219

Table 6.8: Polynomial interpretations with negative coefficients from {—1,0,1}.

p up sup
success 151 264 (192) 303 (286)
046  0.36 (0.37)  0.30 (0.20)
failure 308 356 (386) 324 (325)
2.29 1.36 (1.99) 1.29 (1.74)
timeout (90s) 224 153 (195) 146 (162)
total time 7702 5169 (6687) 4889 (5484)

6.3 Comparison

Needless to say, TTT is not the only available tool for proving termination of
rewrite systems. In this final section we compare our tool with the other tools
that participated in the TRS category of the 2005 termination competition.”

e We start our discussion with CIME [10], the very first tool for automatically
proving termination of rewrite systems that is still available. CiME is a
tool with powerful techniques for finding termination proofs based on poly-
nomial interpretations in connection with the dependency pair method.
Since CIME does not support (yet) the most recent insights in the depen-
dency pair method, it is less powerful than AProVE (described below) or
T7T. In contrast to T7T, CiME can handle rewrite systems with AC oper-
ators. As a matter of fact, termination is only a side-issue in CIME. Its
main strength lies in completing equational theories modulo theories like
AC and C.

e Matchbox [57] is a tool that is entirely based on methods from formal lan-
guage theory. These methods are especially useful for proving termination

"We downloaded the tools from http://www.lri.fr/ marche/termination-competition/
2005
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Table 6.9: Fully automatic mode.

t 1 2 10 30
success 387 394 403 411 (411)
0.03 0.06 0.17 0.55 (0.55)
failure 180 200 223 239 (234)
020 032 072 175 (2.31)
)
)

timeout (ts) 206 179 147 128 (123
total time 254 445 1696 4331 (4604

of string rewrite systems. Matchbox tries to establish termination or non-
termination by using recent results on match-bounded rewriting [18, 19].

e TEPARLA [56] is a new tool based on semantic labelling [60] with a two-
valued domain and polynomial interpretations. By applying labelling re-
peatedly, the limitation of having only two labels is (partly) overcome. As
a preprocessing step, rewrite systems are transformed into equivalent ones
(as far as non-termination is concerned) over a signature containing only
function symbols of arity at most two.

e TPA [38] is another recent tool based on semantic labelling. Besides a
two-valued domain it also uses natural numbers as labels [39], which is
surprisingly powerful. Polynomial interpretations and recursive path or-
ders are available as basic techniques. Both TEPARLA and TPA can prove
relative termination (Geser [17]). Because of semantic labelling, both tools
are capable of proving termination of rewrite systems that are not handled
by any current tool based on dependency pairs (cf. Table 6.3).

e Last but not least, AProVE [24], a very powerful tool for proving termi-
nation and non-termination of ordinary rewrite systems (possibly modulo
AC), logic programs, conditional rewrite systems, context-sensitive rewrite
systems. Of all existing tools, AProVE supports the most base orders and
even offers several different algorithms implementing these. AProVE has
several methods that are not available in any other tool. We mention
here the size-change principle [52], transformations for dependency pairs
like narrowing and instantiation, and a modular refinement where the set
of usable rules is determined after a suitable argument filtering has been
computed. These are integrated by the dependency pair framework [25],
which encompasses the recursive SCC algorithm.

Table 6.3 shows the performance of these tools on the important examples in
this paper. The left column for T7T refers to the 2005 termination competition
version, the right column to the version described in Section 6.1. The difference
(Example 5.9) is due to Theorem 5.20. Example 3.38 shows the usefulness of
semantic labelling. AProVE handles the leading example of Chapter 3 (dnf) by
the size-change principle; for the leading example of Section 5.1 (identity) it
uses a polynomial interpretation with negative constants. TPA solves the latter
example by semantic labelling with natural numbers.
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Table 6.10: Termination tools. (3600 seconds timeout)
AProVE CiIME Matchbox TEPARLA TPA T
Example 1.3 2.54 0.81 o0 77.21 00 0.32 0.06
Example 3.15  3.76 374.74 o0 85.22 00 0.24 0.02
Example 3.16  0.93 0.03 29.02 61.60 2.90 0.01 0.00
Example 3.38  61.11 0.04 96.66 0.89 1.33 4.71  6.43
Example 4.17  5.10 1.80 2.70 0.10 0.17 0.08 0.00
Example 4.23 1.88 0.04 810.56 0.02 0.02 0.02 0.11
Example 4.24 o0 o0 o0 1750.37 oo 225.03 o0
Example 4.25 9.96 504.14 00 169.60 1674 0.16 0.08
Example 4.41 1.34  568.95 1133.09 2708.99 00 0.11 0.01
Example 5.4 2.27 0.09 7.09 3.46 5.41 0.01 0.01
Example 5.9 065.05  858.00 o0 12.64 00 3.80 0.02
dnf 1.40 0.07 00 47.26 00 0.01 0.00
identity 2.23 0.22 8.43 5.28 0.01 0.01 0.00
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Appendix A

Example

We use T7T to prove termination of the TRS in Example 1.3. The input looks
like this:

[x, y, n, xs, ys]

x -0 -> X3

s(x) - s(y) > x - y;
0 <=y -> true;

s(x) <=0 -> false;
s(x) <= s(y) > x <= vy;

if (true, x, y) -> x;
if(false, x, y) —> y;

x| 0 -> true;
s(x) | s(y) > if(x <=y, s(x) | (y-x), false);

filter(x, nil) -> nil;

filter(x, y : ys) -> if_filter(x | y, x, y : ys);
if_filter(true, x, y : ys) —-> filter(x, ys);
if_filter(false, x, y : ys) -> y : filter(x, ys);

sieve(nil) -> nil;
sieve(x : xs) -> x : sieve(filter(x, xs));

The next three pages contain the termination proof generated by TT.
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APPENDIX A. EXAMPLE

Termination Proof Script!

Consider the TRS R consisting of the rewrite rules

— = =
N = O

13:
14 -
15:

© 00 J O U k= W N

T —

0

s(z) — s(y)

0 <
s(z) <

s() <sy

Y
0

)

if (true, z, y)

if (false, z, y)

z |

s(@) | s(y

filter(z, ni

0
)

filter(z,y : ys

ifeier (true, =,y : ys

sieve(ni

)
)
)
iffier (false, z, y : ys)
)
)

sieve(z : xs

There are 12 dependency pairs:

16 :
17:
18
19:
20 :

21:
22 :
23 :
24 :
25 :
26 :
27 :

[%]

%]

FILTER(z,
FILTER(:E Y
IFFiLTER (true, 2,y -

IFFiLTER (false, 2, y
SIEVE(z :
SIEVE(z -

L A A e e A A A

L

The approximated dependency graph

T =Y
true
false
r <y
T

Y
true

if(z < y,s(z) | (y — x), false)
nil

ifsiier (2 | 2,y : ys)

filter(z, ys)

y : filter(z, ys)

nil

x : sieve(filter(z, xs))

r—="Y

r <ty

IF(z < y,s(z) | (y — z),false)
z<ty

s(@) [ (y — )

y -t

IFrter(z | ¥, 2,y & ys)
zlfy

FILTER(z, ys)
FILTER(z, ys)

SIEVE ((filter(z, xs))
FILTER(z, xs)

ITyrolean Termination Tool (0.03 seconds) — May 21, 2006
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contains 5 SCCs: {16}, {17}, {20}, {22, 24,25} and {26}.

e Consider the SCC {16}. By taking the simple projection m with 7(—%) =
1, the dependency pair simplifies to

16: s(z) — =z
and is compatible with the proper subterm relation.

e Consider the SCC {17}. By taking the simple projection 7 with m(<*) =
1, the dependency pair simplifies to

17: s(z) — =z
and is compatible with the proper subterm relation.
e Consider the SCC {20}. By taking the polynomial interpretation truey =
sievey(z) = nily = falsey = Oy = 1, —n(2,y) = 2, sny(z) = x4+ 1, :n(2,y) =
Y, |ﬂN(x7y) = |N(x7y) = filterN(z,y) = gN(:C,y) =Y +x+ 17 ifN(SC,y,Z) =

z +y and iffikerny(z,9,2) = 2z + y + 1, the involved rules reduce to the
following inequalities:

1: x 2
2: z4+1 > =z
3. y+2 > 1
4: r+3 > 1
5: x4+y+3 > x4+y+1
6 : Tty 2
7 tty 2y
8: r+2 > 1
9: z4+y+3 2 z+y+3
10 : r+2 > 1
11: z4+ys+1 2 z4+ys+1
12: z4+ys+1 2 z4+ys+1
13: z4+ys+1 2 z4+ys+1
14 : 1>1
15 : 1> 1
200 z+y+3 > x+y+2
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e Consider the SCC {22,24,25}. By taking the simple projection = with
m(FILTER) = 2 and 7(IFg1er) = 3, the dependency pairs simplify to

22: y:rys — y:ys
24: y:rys — ys
25: y:rys — ys

and are compatible with the subterm relation: rule 22 is weakly decreasing
and the rules in {24, 25} are strictly decreasing.

e Counsider the SCC {26}. By taking the polynomial interpretation truey =
nily = falsey = Oy = 1, —n(2,y) = z, SIEVEN(x) = sieven(z) = sy(z) =
x + 1, filtery(z,y) = vy, In(z,y) = <y(z,y) = n(z,9y) = y+ 2 + 1,
iffitern (2, y, 2) = z and ify(x,y,2) = z + y, the involved rules reduce to
the following inequalities:

1 T 2w

2 r+1 > 2

3 y+2 > 1

4 r+3 > 1

5: z+y+3 > z+y+1
6 Ty 2

7 T+y 2y

8 r+2 > 1

9 r+y+3 2 x+y+3
10 : 1>1

11: ys+y+1 2 ys+y+1
12 ys+y+1 > ys

13: ys+y+1 2 ys+y+1
14 : 2 >1

15: zs+x+2 2 zs+z+2
26: zs+z+2 > zs+1

Hence the TRS is terminating.



Index

=4, 16
>mul 14
>4, 16

>r, 63
>kbos 1D
>lpos 14, 15
>mpo, 14
>por 14
O, 11

~, 15
>q, 28

Z A, 16
>r, 63
Zlpo, 15
LR, 12

AF(G), 49
AF(R), 51
AF(T), 50
AF". 52

AFipo, 53

AFypo(l — 1), 51
AF'(t, ), 50
AF(t, ), 49
AFo(l — 1), 51
Alpo(R)a 51
A-right-linear, 63
CJ, 11
CAP, 37
CAPS', 38
CAP,, 38

Ce, 31

¢(P), 59

DG, 21
dom(7), 49
DP, 20

D5’ 38
EDG, 37
EDG*, 38
EIDG, 38
EIDG*, 38
F, 10

Ft 20

F, 63

fa, 16

f4 20
Fun(t), 10
Ig, 30

IDG, 39
M(a), 13
M(A), 13
maxa (R), 54
N, 9

n(P), 59
outer(t, ), 49
Piet, 59
Prighta 59
P>o, 65
P<o, 65
Pos(t), 10
Q(t), 65
REN, 38



96

RIG, 28
root(t), 10
T(F,V), 10
t[s]p, 11
tlp, 11
7., 19
U(C), 28
U(t), 28
v, 10
v(P), 66
Var(t), 10
7,9

abstract variable, 66
algebra, 16
weakly monotone, 16
well-founded, 16
argument filtering, 26
reverse, 71
arity, 10
assignment, 16

carrier, 16
collapsing, 13
compatible, 50
constant, 10
context, 11

closed under, 12
cycle, 21

defined symbol, 12
dependency graph, 21
approximation, 37
estimated, 37
estimated*®, 38
dependency pair, 20
symbol, 20
domain, 11, 49
duplicating, 13

n-saturation, 74
evaluation, 16
extension, 49

function
strictly monotone, 16
weakly monotone, 16
function symbol, 10

ground, 11
ground term existence condition, 74

INDEX

head variable instantiation, 74
hole, 11

induced algebra, 58

innermost dependency graph, 22
estimated innermost, 38
estimated* innermost, 38

innermost rewrite relation, 12

innermost terminating, 12

interpretation, 16, 30

KBO, 15
Knuth-Bendix order, 15

lexicographic path order, 14
with quasi-precedence, 15

linear, 11

linearization, 63

LPO, 14

mgu, 12

minimal non-terminating term, 19
MPO, 14

multiset, 13

multiset extension, 14

multiset path order, 14

natural polynomial interpretation, 57
non-overlapping, 13
normal form, 12

overlapping, 13

partial order, 9

polynomial interpretation
negative coefficient, 61
negative constant, 57
real coefficient, 67

position, 10

precedence
strict, 13

preorder, 9

quasi-precedence, 15
quasi-simplification order, 13

recursive SCC algorithm, 43
reduction order, 12

reduction pair, 25

reduction triple, 25

reflexive and transitive closure, 9



INDEX

reflexive closure, 9

relation, 9

rewrite order, 12

rewrite relation, 12

rewrite rule, 12

rewrite sequence, 12
C-minimal, 21
C-minimal innermost, 21

root, 10

root symbol, 10

SCC, 41
set extension, 63
signature, 10
simple projection, 22
simple type, 71
simplification order, 13
simply-typed applicative rewrite sys-
tem, 72
simply-typed applicative term, 72
some, 48
some more, 48
STARS, 72
strict order, 9
strongly connected component, 41
subcycle condition, 43
substitution, 11
closed under, 12
subterm, 11
superterm, 11
superterm relation, 11

term, 10

term rewrite system, 12
terminating, 12

total order, 10
transitive closure, 9

TRS, 12

unifiable, 12
unifier, 12

most general, 12
usable rules, 28

variables, 10

weight function, 14
well-founded, 9
well-founded order, 10
well-order, 10

97



