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Abstract. We present a new approach for termination proofs that uses
polynomial interpretations (with possibly negative coefficients) together
with the “maximum” function. To obtain a powerful automatic method,
we solve two main challenges: (1) We show how to adapt the latest de-
velopments in the dependency pair framework to our setting. (2) We
show how to automate the search for such interpretations by integrating
“max” into recent SAT-based methods for polynomial interpretations.
Experimental results support our approach.

1 Introduction

The use of polynomial interpretations [12] is standard in automated termination
analysis of term rewrite systems (TRSs). This is especially true for termination
proofs in the popular dependency pair (DP) framework [1,3,5,8] that is imple-
mented in most automated termination tools for TRSs.

A polynomial interpretation Pol maps every n-ary function symbol f to a
polynomial fp,; over n variables x1, ..., x,. The mapping is extended to terms by
defining [z]p, = x for variables x and [f(t1, ..., tn)]Por = frot([t1]Pots -+ [En]Pol)-
If Pol is clear from the context, we also write [t] instead of [t]pe;. Traditionally,
one uses polynomials with natural coefficients from N = {0,1,2,...}. Then
[t] € N for every ground term ¢. For example, consider the interpretation Pol with
Opor =0, spo; = 21 + 1, and minusp,; = x1. Then [minus(s(z),s(y))]por = = + 1.

An interpretation Pol induces an order =p, and quasi-order ZZp, where
s =por t (s Zpar t) iff [s] > [t] ([s] = [t]) holds for all instantiations of vari-
ables with natural numbers. So with Pol above we have minus(s(z),s(y)) >por
minus(z, y). Recently, two extensions to integer polynomials were proposed:

(a) [6] used polynomial interpretations with integer coefficients where ground
terms could also be mapped to arbitrary integers. However, this approach
only works for analyzing innermost instead of full termination.

(b) [9] proposed interpretations of the form max(p,0) where p is a polynomial
with integer coefficients. Thus, ground terms are still mapped to numbers
from N. So one could define minusp,; = max(z; —x2,0) which would result in
minus(s(z),s(y)) ~po minus(z,y). Here ~p,; denotes the equivalence rela-
tion associated with = p,;, where for any quasi-order 7~ we have ~ = -, N =.
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The drawback is that the approach of [9] was not easy to automate and that
it could only be combined with a weak version of the DP technique.

In this paper, we present a new approach which improves upon (a) and (b):

e It uses integer polynomials together with the function “max”, where ground
terms are only mapped to natural numbers, as in [9]. But in contrast to
[9], we permit arbitrary combinations of polynomials and “max”, e.g., “p +
max(q, max(r, s))” where p,q,r, s are integer polynomials. And in contrast
to [6], integer polynomials may be used for interpreting any function symbol.

o It uses the newest and most powerful version of the DP technique as in [6].

e In contrast to [6], it can also prove full instead of innermost termination.

e In contrast to [9], we show how to search for arbitrary polynomial interpre-
tations with “max” automatically in an efficient way using SAT solving.

After recapitulating the DP framework in Sect. 2, Sect. 3 extends it to handle
non-monotonic quasi-orders like integer polynomial orders with “max”. Sect. 4
shows how to search for such interpretations automatically using SAT solving.
Sect. 5 discusses our implementation in the provers AProVE [4] and TtTo [16].

2 Dependency Pairs

For a TRS R, the defined symbols D are the root symbols of left-hand sides
of rules. All other function symbols are called constructors. For every defined
symbol f € D, we introduce a fresh tuple symbol f* with the same arity. To ease
readability, we often write F instead of f¥, etc. If t = f(t1,...,t,) with f € D,
we write t* for f#(ty,...,t,). If £ — r € R and t is a subterm of » with defined
root symbol, then the rule ¢4 — t* is a dependency pair of R. We denote the set
of all dependency pairs of R by DP(R).

Ezample 1. Consider the TRS SUBST from [7] and [17, Ex. 6.5.42]:

AMz)oy—= AMzo(lx(yol))) idox — lo(zxy)—x
(xxy)oz— (xoz)*(yoz) loid—1 To(xxy) —y
(xroy)oz—zo(yoz) Toid—1

The dependency pairs are

Mz)ofy — zof (Ix(yol)) (1) (xxy)ofz = yof 2
M) of y = y o 1 ) (woy) otz - (yo2)
(xxy)ofz = zofz (xoy)ofz = yof 2

The main result of the DP framework states that a TRS R is terminating iff
there is no infinite minimal DP(R)-chain. For any set of dependency pairs P, a
minimal P-chain is a sequence of (variable renamed) pairs s1 — t1, 82 — to, ...
from P such that there is a substitution o (with possibly infinite domain) where
tic —% si+10 and where all ¢;0 are terminating w.r.t. R.

The DP framework has several techniques (so-called DP processors) to prove
absence of infinite chains. Thm. 2 recapitulates one of the most important pro-
cessors, the so-called reduction pair processor. It uses reduction pairs (72, >) to



compare terms. Here, 77 is a stable monotonic quasi-order and > is a stable well-
founded order, where = and > are compatible (i.e., = o 72 C > or ZZ o > C >).

If P is the current set of dependency pairs,® then the reduction pair processor
generates inequality constraints which should be satisfied by a reduction pair
(7, >). The constraints require that all DPs in P are strictly or weakly decreasing
and all usable rules U(P) are weakly decreasing. Then one can delete all strictly
decreasing DPs from P. Afterwards, the reduction pair processor can be applied
again to the remaining set of DPs (possibly using a different reduction pair).
This process is repeated until all DPs have been removed.

The usable rules include all rules that can reduce the terms in right-hand
sides of P when their variables are instantiated with normal forms. To ensure
that it suffices to regard only the usable rules instead of all rules in the reduction
pair processor, one has to demand that 7 is C.-compatible, i.e., that c(z,y) 77 x
and c(z,y) Z y holds for a fresh function symbol c [5,9]. This requirement is
satisfied by virtually all quasi-orders used in practice.*

Theorem 2 ([5,9]). Let (5, =) be a reduction pair where 7 is C.-compatible.
Then the following DP processor Proc is sound (i.e., if there is no infinite min-
imal Proc(P)-chain, then there is also no infinite minimal P-chain):

P\>= fPC>=UZ andU(P)C
P otherwise

Proc(P) = {

For any function symbol f, let Rls(f) = {{ — r € R | root(¢) = f}. For any
term t, the usable rules U(t) are the smallest set such that

U(f(tr,....tn)) = Ris(f) U | Ur) U

For a set of dependency pairs P, its usable rules are U(P) = J,_,,cp U(L).

YUt

{—reRIls(f) i=1

Ezample 3. For the TRS of Ex. 1, we use the reduction pair (ZZpor, =poi) With
Apol = 21 + 1 *pol = Max(r1,T2)
Opol = 05901 =21+ X2 1lpot = idpor = Tpoy =0

Then all (usable) rules and dependency pairs are weakly decreasing (w.r.t. 2= poi).
Furthermore, the DPs (1) and (2) are strictly decreasing (w.r.t. >=po;) and can be
removed by Thm. 2. Afterwards, we use the following interpretation where the
remaining DPs are strictly decreasing and the rules are still weakly decreasing;:

O?Pol =1 *po; = max(xy, xa) + 1
opol = 21 +x2 + 1 Apol = lpop = idpor = Tpy =0
Termination of SUBST cannot be proved with Thm. 2 using reduction pairs

based on linear polynomial interpretations, cf. Appendix A. Thus, this exam-
ple shows the usefulness of polynomial interpretations with “max”. Up to now,

3 For readability, we consider sets of DPs instead of DP problems [3]. This suffices to
present our new results, since the DP processors of this paper only modify the DPs.
4 An exception are equivalences like ~, which are usually not C.-compatible [9].



only restricted forms of such interpretations were available in termination tools.
For example, already in 2004, T7T used interpretations like max(z1 — x2,0),
but no tool offered arbitrary interpretations with polynomials and “max” like
max(z1,x2) + 1.

While SUBST’s original termination proof was very complicated [7], easier
proofs were developed later, using the techniques of distribution elimination
or semantic labeling [17]. Indeed, the only tool that could prove termination of
SUBST automatically up to now (TPA [11]) used semantic labeling.® In contrast,
Ex. 3 shows that there is an even simpler proof without semantic labeling.

3 Termination With Integer Polynomials and “max”

Our aim is to use polynomial interpretations with integer polynomials, together
with the function “max”. More precisely, we want to use interpretations that
map n-ary function symbols to arbitrary functions from N® — N. But Ex. 4
demonstrates that such interpretations may not be used in Thm. 2, since then
Zpol 18 not monotonic, and thus, (ZZper, =por) is not a reduction pair.

~

Ezample 4. Consider this non-terminating TRS (inspired by [6, Ex. 4]):

f(s(z),z) — f(s(x), round(x))
round(0) — 0 round(s(0)) — s(0)
round(0) — s(0) round(s(s(z))) — s(s(round(z)))

Here, round(z) evaluates to x if x is odd and to x or s(z) otherwise. We use the
interpretation Pol with Fp, = 21 +max(z1 — 22,0), ROUNDpy = z1, 0p = 0,
and spy; = roundp,; = x1 + 1, where F and ROUND are the tuple symbols for
f and round, respectively. Then all DPs are strictly decreasing and the usable
round-rules are weakly decreasing. So if we were allowed to use Pol in Thm. 2,
then we could remove all DPs and falsely prove termination.

Ex. 4 shows the reason for unsoundness when dropping the requirement of
monotonicity of ~. Thm. 2 requires £ 2~ r for all usable rules £ — r. This is meant
to ensure that all reductions with usable rules will weakly decrease the reduced
term (w.r.t. 22). However, this only holds if the quasi-order ¥ is monotonic. For
instance in Ex. 4, we have round(0) ZZp,; 0, but F(s(0), round(0)) Z». F(s(0),0).

In [9], this problem was solved by requiring £ =~ r instead of £ >~ r. Then such
rules are not just weakly decreasing but equivalent w.r.t. . This requirement
is not satisfied in Ex. 4 as round(0) #p, 0. In general, this equivalence even
has to be required for all rules ¢ — r (not just the usable ones), since the
step from all rules to the usable rules in the proof of Thm. 2 also relies on the
monotonicity of 2. Thus, up to now one had to apply the following reduction
pair processor when using non-monotonic reduction pairs. The soundness of this

5 For the semantic labeling, TPA uses only a (small) fixed set of functions, including
certain fixed polynomials and the function “max”. So in contrast to our automation
in Sect. 4, TPA does not search for arbitrary combinations of polynomials and “max”.



processor immediately results from [3, Thm. 28] and [9, Thm. 23 and Cor. 31], cf.
Appendix B.® Here, a non-monotonic reduction pair (>, =) consists of a stable
quasi-order =~ and a compatible stable well-founded order =. But we do not
require monotonicity of 2~ (and 7 does not have to be C.-compatible either).
However, the equivalence relation ~ associated with >~ must be monotonic.”

Theorem 5. Let (2, ) be a non-monotonic reduction pair. Then Proc is sound:
P\>= fPC>=UZ and (a) or (b) holds:

(a) P UU(P) is non-duplicating and U(P) C =~

(b)) R C =~

P otherwise

Proc(P) =

However, demanding ¢ ~ r for the usable rules as in Thm. 5(a) is a very
strong requirement which makes the termination proof fail in many examples,
cf. Ex. 11 and 12. Therefore, as already suggested in [6], one should take into
account on which positions the quasi-order 7 is monotonically increasing resp.
decreasing. If a defined function symbol f occurs at a monotonically increasing
position in the right-hand side of a dependency pair, then one should require
£ = r for all f-rules. If f is at a decreasing position, one requires r 2~ £. Finally,
if f is at a position which is neither increasing nor decreasing, one requires £ =~ 7.

To modify our definition of usable rules accordingly, we need a monotonicity
specification which specifies which arguments of a symbol have to be increasing
(“0”) or decreasing (“|”). Afterwards, we search for a (non-monotonic) reduction
pair that is compatible with the monotonicity specification.

Definition 6. A monotonicity specification is a mapping v which assigns to
every function symbol f and every i € {1,...,arity(f)} a subset of {f},{}. 4
reduction pair (7, =) is v-compatible iff

e if ff € v(f,i) then ¥ is monotonically increasing on f’s i-th argument, i.e.,
t; 7= s; implies f(t1, .o tiy ooy tn) 75 f(t1y ooy Siyovey b)) for all terms ty, ... by, s;
e if J € v(f,i) then = is monotonically decreasing on f’s i-th argument, i.e.,
t; 7= s; implies f(t1, .o tiy ooy tn) S f(t1y ooy Siy ey tn) for all terms ty, ... ty, s;
o if v(f,i) = {f, I} then® additionally =~ must be independent on f’s i-th
argument, i.e., f(t1, ..., tiy ey tn) & f(t1, 0, Siy s tn) for all termsty, ... tn, S;

We call f v-dependent on its i-th argument iff v(f,i) # {f,}}. The concept of
monotonicity can be extended to positions in a term where v(t,e) = {t} and

6 An alternative to Thm. 5(a) is presented in [9, Thm. 40] for reduction pairs (X,
=pot) based on polynomial interpretations. Here, “non-duplication of P UU(P)” is
replaced by “Pol-right-linearity of P UU(P)”. So for every right-hand side r there
must be a linear term 7’ with r ~p,, v’ where r’ differs from r only in the variables.

7 Triples like (=, 7, =) were called “reduction triples” in [9]. “Non-monotonic reduc-
tion pairs” are also related to the “general reduction pairs” in [6], but there > did
not have to be well founded. Consequently, the notion of stability was weakened too.

8 Note that this condition is implied by the first two conditions whenever - is total
on ground terms and whenever so - to for all ground substitutions o implies s 7~ ¢.



{ﬂ7 U’} Zf V(f7 Z) = {ﬂﬁll'} or V(ti7p) = {TTNL}
{n} ifv(f,i) = v(ti,p) = {1} or v(f,1) = v(ti,p) = {I}
v(f(ta, - tn),ip) = § {U} if either v(f,1) = {N} and v(ti,p) = {4}
or v(f,i) = {4} and v(t;, p) = {ft}
1%} otherwise
A position p in a term t is called v-dependent iff v(t,p) # {1, I}.

Definition 7 (General Usable Rules [6]). Let v be a monotonicity specifi-
cation. For any TRS U, we define UM =g Uit =u, vt =y~ = { —
(|0 —reU},and U? =UUUL. For any term t, we define the general usable
rules GU(t) as the smallest set such that?

GU(f(tr,-.-ta)) = Rs(f) U U, . qu(r) U U, gu )

For a set of DPs P, we define GU(P) = U,_,cp GU(t). Moreover, we let
U™ (t) be those rules of R that contributed to GU(t), i.e., U™ (1) = {{—re
R | L—reGU(t) or r—LeGU(t)}. Similarly, U™ (P) = U _,cp U™ (t).1

Ezample 8. In Ex. 4, as Fp, = 1 + max(x; — x2,0), Zpy is monotonically
decreasing on F’s second argument. So (ZZpor, =por) is v-compatible for the
monotonicity specification v with v(F,2) = {{} and v(F,1) = »(ROUND, 1) =
v(s,1) = v(round, 1) = {ft}. Due to v(F,2) = {|}, the general usable rules are
the reversed round-rules. Thus, we cannot falsely prove termination with Pol
anymore, since Pol does not make the reversed round-rules weakly decreasing;

for example, we have 0 <py; round(0).

Our goal is to show that with the modified definition of usable rules above,
Thm. 2 can also be used for non-monotonic reduction pairs. However, this is not
true in general as shown by the following counterexample, cf. [9, Ex. 32].

Ezample 9. Consider the following famous TRS of Toyama [15]:

f(0,1,2) — f(z,z,z) glz,y) — glz,y) —y

We use a monotonicity specification v with v(F,1) = {{}, v(F,2) = {ft},
v(F,3) = {1, I} and a v-compatible reduction pair (ZZpor, =poi) Where Fpy =
max(za — 21,0), 0poy = 0, and 1p, = 1. The only DP is strictly decreasing and
there is no (general) usable rule. Hence, one would falsely conclude termination.

To obtain a sound criterion, we therefore impose certain requirements on all
rules £ — r € P UUC™". To this end, we need the following notions.

e A rule ¢ — r is v-more monotonic (v-MM) if variables occur at more mono-
tonic positions on the right-hand side than on the left-hand side. More pre-
cisely, for every v-dependent position p of r with 7|, = « there is a position
q of £ such that ¢|; = z and v(¢, q) C v(r, p). However, each position of £ can
only be used once, i.e., for different positions p and p’ of r we must choose
different positions ¢ and ¢’ of £. To define this notion formally, let PosZ(t)

9 Note that GU(t) is no longer a subset of R. We nevertheless refer to GU(t) as “usable”
rules in order to keep the similarity to Thm. 2.
10 4™ are the “usable rules w.r.t. an argument filtering” from [5].



be the set of all v-dependent positions p of ¢ with ¢|, = 2. Then a rule £ — r
is v-MM if for each variable = there is an injective mapping « from Pos¥(r)
to Posk () such that v(¢, a(p)) C v(r,p) for all p € Pos(r).

So for the right-hand side of the DP in Ex. 9, we have Pos%(F(z,z,z)) =
{1,2}. Hence, x would have to occur on at least two different v-dependent
positions ¢ and ¢’ in the left-hand side F(0, 1, z). Moreover, we would need
v(F(0,1,2),q) C v(F(z,z,2),1) = {4} and »(F(0,1,2),¢') C v(F(z,z,2),2)
= {t}. However, this DP is not v-MM as Pos%(F(0,1,z)) = &.

o ( — ris weakly v-MM if for each x with Pos%(¢) # @, there is an injective
mapping a from Posk(r) to Posk(¢) such that v(¢,a(p)) C v(r,p) for all
p € Posi(r). So in contrast to v-MM, now we also permit variables that
occur at dependent positions of r, but not at any dependent position of £.
Therefore, the DP of Ex. 9 is weakly v-MM.

o ( — 1 is v-right-linear (v-RL) if all variables occur at most once at a v-
dependent position in r. Formally, ¢ — r is v-RL iff for all z € V(r):
|Pos¥(r)] < 1. So the DP in Ex. 9 is not v-RL since x occurs twice at
v-dependent positions in the right-hand side.

A TRS is (weakly) v-MM resp. v-RL iff all its rules satisfy that condition.

We now extend the processor from Thm. 2 to non-monotonic reduction pairs.
Thm. 10 shows that to remove all strictly decreasing DPs, it is still sufficient if
the (general) usable rules are weakly decreasing, provided that P U U™ (P)
satisfies »-MM. Alternatively, one can also require weak v-MM and v-RL.

As shown in [6], if one only wants to prove innermost termination, then
Thm. 10 can be used even without the conditions (weak) »-MM and v-RL. How-
ever, we now extend this result to full termination. Of course, if P U U7 (P)
is not (weakly) v~-MM resp. v-RL and one wants to prove full termination with
a non-monotonic reduction pair, then one has to use Thm. 5 instead.

Theorem 10. Let v be a monotonicity specification and let (77,>) be a v-
compatible non-monotonic reduction pair. Then Proc is sound:'!

P\= ¢ PC=UZ, GU(P)C Z, and one of (a) or (b) holds:
(a) PUUC™ (P) is v-MM
(b) PUUC™"(P) is weakly v-MM and v-RL

P otherwise

Proc(P) =

Ezample 11. To modify Ex. 4 into a terminating TRS, we replace the f-rule by
f(s(z),z) — f(s(zx), round(s(x)))

similar to [6, Ex. 9]. We use the monotonicity specification from Ex. 8. The
interpretation Pol from Ex. 4 is modified by defining roundp,; = x1. Then
(Zpol, =Pol) is v-compatible, all DPs are strictly decreasing, and the (general)
usable rules (i.e., the reversed round-rules) are weakly decreasing. Moreover, all
rules in P UU“™"(P) are v~-MM. Thus, by Thm. 10(a) we can transform the
initial DP problem P = DP(R) into P \ > = @& and prove termination.

In contrast, this was not possible by the method of [9] which requires ¢ = r

1 The proof can be found in Appendix C.



for all usable rules. There is no (possibly non-monotonic) reduction pair that
satisfies round(0) ~ 0 ~ s(0) and F(s(z),z) = F(s(x), round(s(z))). The method
of [6] can only prove innermost termination of this example. However, this TRS
does not belong to a known class of TRSs where innermost termination implies
termination. So in fact, up to now all tools failed on this example.

Ezample 12. The following example illustrates Thm. 10(b):

p(0) — 0 minus(z,0) —

) — minus(s(z) (1)) — minus(, )

div ) = minus(z, s(y)) — p(minus(z,y))
div(s(z),s(y)) — S(d'V(m'nUS(S(Z),S(y))vs(y)))

log(s(0),s(s(y))) —

log(s(s(x)),s(s(y))) — S('Og(diV(minUS(axy)ﬁ(S(?J))),S(S(y))))

p(s(x
v(0,s(y
(

We use a monotonicity specification v with v(s,1) = v(p,1) = v(minus, 1) =
v(MINUS, 1) = v(div,1) = v(DIV,1) = v(LOG,1) = {1}, V(mlnus 2) = {I},
v(P,1) = v(MINUS, 2) = v(div,2) = v(DIV,2) = v(LOG,2) = {{, |}, and the
interpretation ppo; = max(xy —1,0), minusp, = max(z1 —22,0), 0por = Ppor =
0, spoy = MINUSp,; = divpyy = LOGp, = x1 + 1, DIVpy = 21 4+ 2. Now
(ZPol, =Pot) is v-compatible, all DPs except MINUS(z,s(y)) — MINUS(z,y) are
strictly decreasing, and the remaining DP and the usable p-, minus-, and div-rules
are weakly decreasing. In addition, all DPs and usable rules are weakly v-MM
and v-RL. Hence, by Thm. 10(b) we can remove all DPs except MINUS(z,s(y)) —
MINUS(z,y). Afterwards, we use MINUSp, = 22 and spoy = 1 + 1 to delete
this remaining DP. (Now there are no usable rules.) Hence, termination is proved.

Note that here, Thm. 10(a) does not apply as the DP DIV(s(x),s(y)) —
DIV(minus(s(z),s(y)),s(y)) is not v-MM: the first occurrence of y in the right-
hand side is at a non-increasing position, whereas the only occurrence of y in
the left-hand side is at a v-independent, and thus increasing position.

The technique of [9] cannot handle the DP LOG(...) — LOG(div(...),...),
because it would have to find an interpretation which makes the div-rules equiva-
lent. In contrast, Thm. 10 only requires a weak decrease for the div-rules. Indeed,
all existing termination tools failed on this example.

4 Automation

The most efficient implementations to search for polynomial interpretations are
based on SAT solving [2]. However, [2] only handled the search for polynomial
interpretations with natural coefficients as well as interpretations of the form
max(p — n,0) where p is a polynomial with natural coefficients and n € N.
So we permitted interpretations like max(zq — 1,0), but not interpretations like
max(zr; —x2,0) (as needed in Ex. 11 and 12) or max(z1,x2) (as needed in Ex. 1).

We want to use SAT solvers to search for arbitrary interpretations using poly-
nomials and “max”. Compared to existing related approaches, there are two chal-
lenges: the additional use of “max” in polynomial interpretations (Sect. 4.1) and
the handling of non-monotonic quasi-orders and general usable rules (Sect. 4.2).
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4.1 Automating Polynomial Interpretations with “max”

We start with encoding the “classical” reduction pair processor of Thm. 2 as a
SAT problem. This is simpler than encoding Thm. 10, because in Thm. 2 we use
a monotonic reduction pair (ZZpor, =poi) and thus, the applicability conditions
and the usable rules & do not depend on a monotonicity specification. But in
contrast to our earlier encoding from [2], now Pol can be an interpretation that

combines polynomials and “max” arbitrarily.'?

Definition 13 (max-polynomial). Let V be the set of variables. The set of
max-polynomials Py, over a set of numbers M is the smallest set such that

o ifp,g e Py, thenp+q €Pur, p—q € Pur, pxq € Py, and max(p, q) € Py

At the moment, we only consider interpretations Pol that map every function
symbol to a max-polynomial over N that does not contain any subtraction “—".
Obviously, then (Zpor, =poi) is a Cc-compatible (monotonic) reduction pair.

To find such interpretations automatically, one starts with an abstract poly-
nomial interpretation. It maps each function symbol to a max-polynomial over
a set A of abstract coefficients. In other words, one has to determine the de-
gree and the shape of the max-polynomial, but the actual coefficients are left
open. For example, for the TRS of Ex. 1 we could use an abstract polynomial
interpretation Pol where xpo, = max(a; x1 + a2 2, ajx1 + ayx2), Tp,y = b,
opol = T1 + T2, etc.r? Here, ay, as,al, ab,b are abstract coefficients.

Now to apply the reduction pair processor of Thm. 2, we have to find an in-
stantiation of the abstract coefficients satisfying the following condition. Then all
dependency pairs that are strictly decreasing (i.e., [s] > [t] + 1) can be removed.

N Bleo = [tpa AV [slpa 2 [tpa+1 A A por = [rlpor (3)
s—t € P s—t P L—r € U(P)
Here, all rules in P UU(P) are variable-renamed to have pairwise different vari-
ables. The polynomials [s]por, [t]por, etc. are again max-polynomials over A. So
with the interpretation Pol above, to make the last rule of Ex. 1 weakly decreas-
ing (i.e., 7o (z*xy) Zpor y) We obtain the inequality [T o (z * ¥)|por = [Y]Por:

b+max(a1x+azy, ajx+aby) =y (4)

We have to find an instantiation of the abstract coefficients a1, as, ... such that
(4) holds for all instantiations of the variables x and y. In other words, the
variables from V occurring in such inequalities are universally quantified.

Several techniques have been proposed to transform such inequalities further
in order to remove such universally quantified variables [10]. However, the exist-
ing techniques only operate on inequalities without “max”. Therefore, we now
present new inference rules to eliminate “max” from such inequalities.

Our inference rules operate on conditional constraints of the form

12 Of course, in an analogous way, one can also integrate the “minimum” function and
indeed, we did this in our implementations.

13 Here we already fixed o’s interpretation to simplify the presentation. Our implemen-
tations use heuristics to determine when to use an interpretation with “max”.
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PLZQAN APy = D2gq (5)

Here, n > 0 and p1, ..., pn, q1, .-, gn are polynomials with abstract coefficients
without “max”. In contrast, p, ¢ are max-polynomials with abstract coefficients.

The first inference rule eliminates an inner occurrence of “max” from the
inequality p > ¢. If p or ¢ have a sub-expression max(p’, ¢’) where p’ and ¢’ do
not contain “max”, then we can replace this sub-expression by p’ or ¢’ when
adding the appropriate condition p’ > ¢’ or ¢’ > p’ + 1, respectively.

I. Eliminating “max”

PLZQA...ADPn 2= qn = ...max(p’,q)... if p’ and ¢ do
; / / not contain
PLZ2q@N...\DnZ2qnAND =2 q = ... P N« »

max
PLZQA AP Z g NG Zp +1 = q

Obviously, by repeated application of inference rule (I), all occurrences of
“max” can be removed. In our example, the constraint (4) is transformed into
the following new constraint that does not contain “max” anymore.

axT+agy=ajrta,y = btarztay>y A (6)
adix+taby>axt+ay+1l = b+dir+adiy>y (7)

Since the existing methods for eliminating universally quantified variables
only work for unconditional inequalities, the next inference rule eliminates the
conditions p; > ¢; from a constraint of the form (5).1* To this end, we introduce
two new abstract polynomials p and g (that do not contain “max”). The polyno-
mial g over the variables x1, ..., ,, is used to “measure” the polynomials p1, ..., pn
resp. qi, ..., qn in the premise of (5) and the unary polynomial p measures the
polynomials p and ¢ in the conclusion of (5). We write g[p1, ..., pn] to denote the
result of instantiating the variables x1, ..., z, in ¢ by p1, ..., pn, etc.

II. Eliminating Conditions
if § and p do not contain “max”, p is

— — — — strictly monotonic, and g is weakly mono-
plpl —pla] = @lp1,- - el —Tlars - @] tonic

PLZ2@N...APn2qn = p2=2¢q

Here, the monotonicity conditions mean that x > y = p[z] > Ply] must hold
and similarly that z1 2 y1 A ... A2y 2 Yn = ql@1, -, Zn] Z Y1, -+, Ynl-

To see why Rule (II) is sound, let p[p] —p[q] = q[p1, .- ., Pn]—qlq1, - - -, qn] hold
and assume that there is an instantiation o of all variables in the polynomials
with numbers that refutes p1 > g1 A ... Apn = gn = p = q. Now p1o = g0 A
we N\ Do = qno implies Glp1,...,pulo = qlq1,- .., qn]o by weak monotonicity
of g. Hence, pl[plc — Plglo = 0. Since the instantiation ¢ is a counterexample
to our original constraint, we have po 2 go and thus po < go. But then strict
monotonicity of p would imply p[p]o — D[¢lo < 0 which gives a contradiction.

14 Such conditional polynomial constraints also occur in other applications, e.g., in the
termination analysis of logic programs. Indeed, we used a rule similar to inference
rule (II) in the tool Polytool for termination analysis of logic programs [14]. However,
Polytool only applies classical polynomial interpretations without “max”.
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If we choose'® the abstract polynomials p = cx; and § = dx; for (6) and
D= x1 and § = d' z; for (7), then (6) and (7) are transformed into the following
unconditional inequalities. (Note that we also have to add the inequalities ¢ > 1
and ¢ > 1 to ensure that P is strictly monotonic.)

c-bt+arz+ay)—c-yzd-(arz+ay)—d-(a)z+ayy) A (8)
- (btdiztayy)—c-y>d-(aiztayy) —d-(az+ayy+1) (9)

Of course, such inequalities can be transformed into inequalities with 0 on their
right-hand side. For example, (8) is transformed to

(ca; —day +da)) x + (caz—c—dag+day)y + cb > 0 (10)

Thus, we now have to ensure non-negativeness of “polynomials” over variables
like x, iy, where the “coefficients” are polynomials over the abstract variables like
cay; —day + da). To this end, it suffices to require that all these “coefficients”
are > 0 [10]. In other words, now one can eliminate all universally quantified
variables like z,y and (10) is transformed into the Diophantine constraint

ca; —day +day >0 A cag—c—dag+day >0 A cb>0

ITI. Eliminating Universally Quantified Variables

e11 en1 1k enk . . .
potprart oaptt e pr ™ oo @n™ 2 0 if the p; neither contain “max” nor

po=0ApL20A...Apr=0 any variable from V

To search for suitable values for the abstract coefficients that satisfy the
resulting Diophantine constraints, one fixes an upper bound for these values.
Then we showed in [2] how to translate such Diophantine constraints into a
satisfiability problem for propositional logic which can be handled by SAT solvers
efficiently. In our example, the constraints resulting from the initial inequality
(4) are for example satisfied by a1 = 1, a3 =0,a} =0, a5 =1,b=0,¢ =1,
d=1,c =1,d = 0. With these values, the abstract interpretation max(a; z1 +
ag Ta, af 21+ ah x2) for x is turned into the concrete interpretation max(z1, x2).

4.2 Automating Thm. 10

Now we show how to automate the improved reduction pair processor of Thm. 10.
As before, our aim is to translate the resulting constraints into Diophantine
constraints and further into propositional satisfiability problems.

Again, we start with an abstract polynomial interpretation Pol. But since
the values for the abstract coefficients can now be from Z, we add the constraint

[f1=0 for all function symbols f (11)

to ensure the well-foundedness of the resulting order. In the TRS of Ex. 12,
we could start with an abstract interpretation where minusp,; = max(miz; +
Mmoo, mg). Here, mg, mq, mo are abstract coefficients which can later be instan-

15 A good heuristic is to choose § = bixz1 + ... + bpz, where all b; are from {0, 1} and
D=a-z1 where 1 < a < max(XjLb;, 1).
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tiated by integers. Thus, we obtain the constraint max(mixi + moza, mg) = 0.
The challenge when automating Thm. 10 is that the general usable rules
GU and the conditions (weakly) »~-MM and v-RL depend on the (yet unknown)
monotonicity specification v, which itself enforces constraints on the quasi-order
Zpoi that one searches for. Nevertheless, if one uses max-polynomial interpreta-
tions, then the search for reduction pairs can still be mechanized efficiently. More
precisely, we show how to encode all conditions of Thm. 10 as a formula which
is independent of v. In other words, this formula only contains Diophantine and
Boolean variables. The latter are used to encode v. The formula has the form

Orient A Usable A (More vV (Wmore A Rlinear)) A Compat A Depend — (12)

where Orient requires that the DPs and general usable rules are weakly decreas-
ing and at least one DP is strictly decreasing. Here, we use Boolean variables
that state which rules are usable and Usable ensures that these variables have the
correct values. More, Wmore, and Rlinear correspond to v-MM, weak v-MM,
and v-RL, respectively. Compat requires that 2~p,; is v-compatible. Finally, the
formula Depend computes the sets v(t, p) from the monotonicity specification v.

We start with defining Depend. To represent a monotonicity specification
v, for every function symbol f of arity n and every 1 < ¢ < n we introduce
two Boolean variables {};; and |} ; ; which encode the set v(f,4). So g 1s true
iff f# € v(f,4) and likewise for | f.i- Depend is the conjunction of the following
formulas for every term ¢ in P UU(P) and every position p of ¢. They introduce
two Boolean variables f, ,, and |}, , to encode the sets v(t, p) according to Def. 6.

ﬂm & true

TTf(lh,m,ltn)mn = (ﬂfz A TTtmﬂ) Vv (llfz A lltmﬂ) v
(ﬂfﬂ' A llf,i) v (ﬂth;n A lltiyp)

Ut.e & false

Vitrytmrin © M A p) Vo (Ui Afy,)
(TTf,i A Uf,i) \ (ﬁtq,,p A ‘Ut“p)

Next we define Usable. We use two Boolean variables usy and usy for every
defined symbol f. Here, us; (resp. TSy) is true if the f-rules (resp. reversed f-
rules) are usable according to Def. 7. So whenever an f occurs at a non-decreasing
position of a right-hand side of P then the f-rules are usable. Similarly, if f occurs
at a non-increasing position, then the reversed f-rules are usable. Moreover, if
(possibly reversed) f-rules are already usable then this may yield new usable
rules due to right-hand sides of f-rules. Here, one has to keep the direction of
the rules for non-decreasing positions and reverse the direction for non-increasing
positions. This gives rise to the following formula Usable.

A =iy =usp) A (T, =TSF) A
s—teP, tlp=f(...), f defined

A (usp = (Sl usg) A (S, = T5)) A (85 = (b, = T5) A (of,, = us,))
t—rERIs(f), rlp=g(...), g defined

With the Boolean variables usy and Usy we can easily formalize that the
rules in P U GU(P) are weakly decreasing and that at least one pair is strictly
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decreasing. We obtain the following constraint Orient which is analogous to (3).

/\ [slpot = [tlpor A \/ [slpo = [tlpor +1 A
s—teP s—teP

/\ (usf = [lpor = [rlpor) A (G5 = [Flpar = [Ipor)
{—rER, f=root(l)

To ensure that P UU""(P) is v-RL, we interpret the Boolean values true
and false as 1 and 0. Then we express v-RL as a Diophantine constraint which
we solve in the same way as the ones obtained from Orient later on. For any
variable z, any term ¢, and any set M C {f, |}, let #2(¢) be a polynomial that
describes the number of occurrences of x in ¢ at positions p where v(¢,p) = M.
Thus, #7 (1) = 22 (=1 pA~ly,) and £ @), #£59 @), #£8M% (¢) are defined
accordingly. Moreover, #,(t) = Ztlpzx(ﬂﬁt,p V =l ,) encodes the number of
occurrences of x at dependent positions of ¢. Then the constraint Rlinear is:

#a ()<L A A (usy vVTs; = #4(r)<1)
s—teP,z€V(s) L—reR,zeV(L), f=root(£)

More and Wmore ensure that P UU ™" (P) is (weakly) v-MM. For every rule
{ — r and every variable x at a v-dependent position p of r, this variable must
also occur at a unique less monotonic “partner” position ¢ of £. Thus, we could
require #2(r) < #2(¢), i (r) < #iM(0), and #Q{EU}(T) < #Y(0). However,
these requirements would be too strong, because they ignore the possibility that
the “partner” position in ¢ may also be strictly less monotonic than the one in
r. Therefore, for every rule £ — r we introduce two new Diophantine variables
ptll and pt! which stand for the number of those positions p € Pos%(r) with
v(r,p) = {ft} (resp. v(r,p) = {y}) where the “partner” position ¢ € Pos%(¢) is
non-monotonic (i.e., v(¢,q) = @). Then Wmore is the following formula:

/\(#z(s) >1= mm(s — t,z)) A /\ ((usp vEsp) A #:(0) =1 = mm(l — r,x))
s—teEP,zeV(t) l—reR,xzeV(r), f=root (L)
where mm(¢ — r,z) is the following formula to encode v~-MM. Its first part
ensures that ¢ contains enough non-monotonic occurrences of = to “cover” all
occurrences of x in r that have a non-monotonic “partner” position in /.

#2 () +ptd+pth <#7(0 A # () <pl 400 A #EY () < prk Y (0)

Now More results from Wmore by removing the premises “#,(-) > 17.

Compat ensures that whenever the Boolean variable 1}, is true, then fpo
is a max-polynomial that is (weakly) monotonically increasing on its é-th argu-
ment (similarly for | fl) We express such monotonicity conditions by the partial
derivatives of fpor. If fpe is differentiable (i.e., fpo; contains no “max”), then
Zpol 1S monotonically increasing on f’s i-th argument iff agzc’f’ > 0 (similarly
for monotonic decrease). If fp,; is a max-polynomial, then it is in general not
differentiable, but piecewise differentiable and continuous. Then

ol is monotonically increasing (resp. decreasing) on f’s i-th argument iff

~

662;—;’1?1 > 0 (resp. %7;;1 < 0) holds for all values where aggjl is defined.
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Omax(x1—1,2)
1
:Ofor:cl<3andW:lfor:cl>3.But as%@}Owhen—
ever it is defined, the function max(x; —1,2) is indeed monotonically increasing.

Therefore we introduce a new function symbol der, for partial derivatives.
Here, der,(p) stands for % whenever p is a function depending on x. However,
at the moment the expressions der,(p) are not “evaluated”. Thus, we can also
write der,(p) if p is not differentiable. Then, Compat is the conjunction of the

following constraints for all function symbols f and all 1 < ¢ < arity(f):

(s = derg, (fpot) 20) A (U7 = 0= ders, (fror))

This is indeed sufficient to guarantee that (ZZpor, =por) is v-compatible. In
particular, fi;; A {;, now implies ders,(fpor) = 0, which ensures that Zpo is
independent on f’s i-th argument. Thus, the third condition of Def. 6 is always
satisfied for quasi-orders like 7Zp,;, cf. Footnote 8.

So to automate Thm. 10,'¢ we start with the constraint (12) instead of (3).
In addition, we need the constraints of the form (11). Then we again apply the
inference rules (I) - (III) in order to obtain Diophantine constraints.

However, now inequalities also contain “der,(p)” for max-polynomials p.
Here, we apply Rule (I) repeatedly in order to eliminate “max”. So by Rule
(I), the constraint der,, (max(mix1 +maxa, mg)) = 0 would be transformed into

For instance, max(z; — 1, 2) is not differentiable at 21 = 3. We have

(mlzl + maoxo = My = dery,, (mix1 + maxs) > 0) A

(mo > mix1 +maze +1 = dery, (mg) > O) (13)

Y

To eliminate “der,” afterwards, we need the following rule for partial derivation:

IV. Eliminating “der”

e e e e ] . ] _
. .ders, (po +p1 xS TG 4 pr IR ER) L if Fhe p; neither con
tain “max” nor any

Cnk .
- Tn"" yariable from V

e11 ej1—1 eq eip—1
cooprepaittll z coatnl 4 eyt @R

So in (13), one could replace dery, (myz1 + mex2) by my and derg, (mg) by 0.

5 Experiments and Conclusion

We showed how to use integer polynomial interpretations with “max” in termina-
tion proofs with DPs and developed a method to encode the resulting search
problems into SAT. All our results are implemented in the systems AProVE and
T1To. While AProVE and T7To were already the two most powerful termination
provers for TRSs at the International Competition of Termination Tools 2007
[13], our contributions increase the power of both tools considerably without
affecting their efficiency. More precisely, when using a time limit of 1 minute per
example, AProVE and T7T can now automatically prove termination of 15 ad-

16 The automation of Thm. 5 works as for Thm. 2. To automate the combination of
Thm. 5 and Thm. 10, one first generates the constraints for Thm. 10 and tries to
solve them. If one does not find a solution, one checks whether P UU(P) is non-
duplicating. In this case, one uses Thm. 5(a) and otherwise, one uses Thm. 5(b).
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ditional examples from the Termination Problem Data Base that is used for the
competitions. Several of these examples had not been proven terminating by any
tool at the competitions before. Moreover, AProVE and T7Ty now also succeed on
all examples from this paper (i.e., Ex. 1, 11, and 12), whereas all previous tools
from the competitions failed (with the exception of TPA that could already solve
Ex. 1). Our experiments also show the advantages over the earlier related con-
tributions of [6,9] which were already implemented in AProVE and TyT, respec-
tively. To run the AProVE implementation via a web-interface and for further de-
tails, we refer to http://aprove.informatik.rwth-aachen.de/eval/maxpolo.

References

10.

11.

12.

13.

14.

15.

16.
17.

T. Arts and J. Giesl. Termination of term rewriting using dependency pairs. The-
oretical Computer Science, 236:133-178, 2000.

. C. Fuhs, J. Giesl, A. Middeldorp, P. Schneider-Kamp, R. Thiemann, and H. Zankl.

SAT solving for termination analysis with polynomial interpretations. In Proc.
SAT’07, LNCS 4501, pp. 340-354, 2007.

. J. Gies], R. Thiemann, and P. Schneider-Kamp. The dependency pair framework:

Combining techniques for automated termination proofs. In Proc. LPAR’04, LNAI
3452, pp. 301-331, 2005.

. J. Giesl, P. Schneider-Kamp, and R. Thiemann. AProVE 1.2: Automatic termina-

tion proofs in the DP framework. Proc. IJCAR’06, LNAI 4130, pp. 281-286, 2006.

. J. Giesl, R. Thiemann, P. Schneider-Kamp, and S. Falke. Mechanizing and im-

proving dependency pairs. Journal of Automated Reasoning, 37(3):155-203, 2006.

. J. Giesl, R. Thiemann, S. Swiderski, and P. Schneider-Kamp. Proving termination

by bounded increase. Proc. CADE’07, LNAI 4603, pp. 443-459, 2007.

. T. Hardin and A. Laville. Proof of termination of the rewriting system SUBST on

CCL. Theoretical Computer Science, 46(2,3):305-312, 1986.

. N. Hirokawa and A. Middeldorp. Automating the dependency pair method. In-

formation and Computation, 199(1,2):172-199, 2005.

. N. Hirokawa and A. Middeldorp. Tyrolean Termination Tool: Techniques and fea-

tures. Information and Computation, 205(4):474-511, 2007.

H. Hong and D. Jakus. Testing positiveness of polynomials. Journal of Automated
Reasoning, 21(1):23-38, 1998.

A. Koprowski. TPA: Termination proved automatically. In Proc. RTA’06, LNCS
4098, pp. 257-266, 2006.

D. Lankford. On proving term rewriting systems are Noetherian. Technical Report
MTP-3, Louisiana Technical University, Ruston, LA, USA, 1979.

C. Marché and H. Zantema. The termination competition. Proc. RTA’07, LNCS
4533, pp. 303-313, 2007.

M. Nguyen, D. De Schreye, J. Giesl, P. Schneider-Kamp. Polytool: Polynomial inter-
pretations as a basis for termination analysis of logic programs. KU Leuven, 2008.
Y. Toyama. Counterexamples to the termination for the direct sum of term rewrit-
ing systems. Information Processing Letters, 25:141-143, 1987.

TtTo. Available from http://colo6-c703.uibk.ac.at/ttt2.

H. Zantema. Termination. In Term Rewriting Systems, by Terese (ed.), Chapter 6,
pp.- 181-259, Cambridge University Press, 2003.

17


http://aprove.informatik.rwth-aachen.de/eval/maxpolo
http://colo6-c703.uibk.ac.at/ttt2

A Why SUBST Does Not Work With Linear Polynomials

As mentioned after Ex. 3, termination of the SUBST-TRS from Ex. 1 cannot
be proved with Thm. 2 if we use reduction pairs based on linear polynomial
interpretations. To show this, first assume that the interpretation of of depends
only on its first argument. Then the DP (2) cannot be oriented (unless all ground
terms were mapped to the same number, which however would prevent any pair
from being strictly decreasing). Alternatively, if of only depends on its second
argument, then it is easy to see that none of the DPs can be strictly decreasing.
Hence, ogpol = 0§x1 + ogacg + og with oﬁ, og > 1.
Together with this information, decrease of the DP

(zoy)otz — ol (yo2)
implies 07 > 1 and oo = 1, whereas the decrease of the DPs

(xxy)of z — zof 2
(I*y)oﬁZHyouz

requires xg,*1 = 1. But then the the second rule
(xxy)oz — (zoz)x(yoz)

cannot be weakly decreasing due to the variable z.

B Proof of Thm. 5

Proof. We first consider Variant (b). If R C &~ and P C > U 7, then the absence
of infinite minimal chains from P\ > also implies the absence of infinite minimal
chains from P by [9, Cor. 31].

Now we regard Variant (a). If P UU(P) is non-duplicating, then the polyno-
mial interpretation that maps every n-ary symbol f to the polynomial 21 +...+
xp, results in a reduction pair (7/,>’) where =’ is monotonic and where every
DP and every usable rule is weakly decreasing. By [3, Thm. 28], one can there-
fore replace the underlying TRS R by U(P) in the termination proof. Hence,
then the correctness follows from the correctness of Variant (b). ad

C Proof of Thm. 10

Proof. Throughout this proof we consider contexts C' with multiple holes, but
where all holes are at v-dependent positions and we write C[w] to denote that the
holes are filled with (the terms in) the vector w. We first show the following state-
ment (x) which allows us to prove part (a) of the theorem. Here, P UUZ ™" (P)
must be v-MM. Moreover, we require P C = U = and GUR(P) C 7.

Ift »g s, Cifwe] =t, and GUR(Cy) € GUR(P) then there are Cy and (%)
ws such that Cs[ws] = s, GUR(Cs) C GUR(P), and (wy,t) > (ws, s).
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Here, > is defined as the lexicographic combination of the multiset extension of
(—rUD>)T and of . (As usual, > denotes the proper subterm relation.) So the
transitive closure of the multiset extension of —x U > is used to compare the
vectors wy and ws (that are interpreted as multisets) and > is used to compare
the terms ¢ and s. We define (ws,t) > (ws, s) iff (wy,t) > (ws, s) or if wy and
w; are the same multiset and ¢ - s.

Before proving (x), we give some intuition. Our goal is to refute the assump-
tion that there is an infinite minimal chain sio —p t10 =% s20 —p taoc =%
s30 ... where a strictly decreasing pair of P is used infinitely often. We will show
that every such chain results in an infinite decrease w.r.t. >. To this end, we
decompose the terms ¢ that occur in the reduction into the components C; and
wy. For instance, consider the term ¢ = ¢t10. The outermost part of ¢ is captured
by the context C; where C} is like ¢10, but each subterm at a variable position
of t; is replaced by a hole if the position is v-dependent. Thus, the context C\
contains those parts of ¢t where we can ensure that the corresponding usable rules
are oriented. Reductions at positions within C; are therefore decreasing w.r.t. .
And due to »~-MM the number of terms in wy (i.e., the number of holes in C})
is not increased, thus there also will be a decrease w.r.t. >.

The terms in w; which fill the holes in C; originate from the substitution.
Hence, whenever a step is performed at a position pointing into a hole, then one
can perform that step within w;. Thus, one obtains a decrease w.r.t. > as w; is
getting smaller w.r.t. the multiset extension of —x%.

We start with proving (x) and afterwards show how to prove the theorem
with the help of (x). So, let ¢ —x s at position p. There are three possibilities
for the position p.

Case 1: p is a position of C} that is v-independent

Then we have v(Cy,p) = v(t,p) = {1, I}. We choose Cs = C[s|p], and ws = wy.
Hence, t = t[s|p], = s by v-compatibility of the reduction pair. Consequently,
(we,t) > (ws,s). And since holes of C; only occur at v-dependent positions
we conclude Cs[ws] = Cifs|plp[ws] = Cilwe][s|plp = t[s|plp = s. Finally, since
GUR(Cy) does not depend on Cy|, as p is v-independent, we obtain GURr (Cy) =
GUR(Cs) € GUR(P).

Case 2: p is a position at or below a hole in C;

In this case, the reduction step is performed in we, i.e., if wy = wy,..., Wy
then for some i we have w; —g v; and s = Cilwy,...,v;, ..., wy]. We de-
fine C5 = C; and ws = w1,...,0;,...,wy, Then obviously, s = Cs[ws] and

GUR(Cs) = GUR(Ct) C GUR(P). Additionally, (we,t) > (ws, s) since there is a
strict decrease in the first component.

Case 3: p is at a v-dependent position of C; which is not a hole
We only consider the case that p is at a monotonically decreasing position of C;
and ¢, i.e., v(Cy,p) = v(t,p) = {U}. The other cases can be proved in a similar

way. Let wy = wa, ..., wy, with Ciw:] = ¢, t|, = lo — ro, s = t[ro],, and
C{ = C4|, where w.l.o.g. the first k£ holes are present in C}, i.e., t|, = Cj[w}]
for wi = wi,...,wg. By the construction of Gl we know that {r — (} U
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GUR' (C)) C GUR(Cy) € GUR(P) C . Hence, we can directly conclude
t =tlo], 7 trolp, = s (14)

by v-compatibility of .

We now have to choose Cs and ws. To this end we will use C; and the terms
W1, - - -, Wn,. However, we change the context C} at position p and we also
change the first terms of the vector w;. So we only look at what happens below
the position p of the redex. From C}lwj] = o we conclude that C; and ¢ have
the same symbols on all common positions, i.e., positions which are neither a
hole in C{ nor a variable in ¢. This allows us to enlarge C] to C} such that all
positions of £ are also positions of CY'.

To be more precise, to obtain C} from C], we have to change C] as follows.
Whenever Cj|, is the i-th hole [0 but ¢ is a non-variable position of ¢ then
C{lq = Cq. Here, Cy is like ¢4, but all variables at v-dependent positions are
replaced by new holes [ and all other variables are instantiated by o. The latter
is needed to ensure that the new holes occur only at v-dependent positions. Let
wy’ result from wy by filling every new hole OJ in C, according to o (i.e., if the
new hole was obtained by replacing a variable z in ¢|;, then in w}; we fill the
hole with xo). Then we have C{' [w}']|, = {|q0 = C{[w}]|; = w;. This also shows
that the term w; is replaced by zero or more proper subterms w1, ..., w;q with
w; = Cylwit, . .., wiq] when going from wj to wj’. Hence, wj >} , w; where the
vectors w; and w;’ are again compared as multisets and >, is the multiset
extension of [>.

To summarize the construction, we obtain C;’ and wj’ such that:

o C/wy] = Cilw;] = lo (15)
o wi >y wy (16)
e every position of £ is a position of C}'. (17)

Thus, we only have to analyze the reduction step C{'[w}'] = o — ro = s|,
where all positions of ¢ also occur in C{’. We now have to define w’ and C;
such that C;[w’] = ro. The idea is to mimic the rewrite step as follows. The
context C! is essentially like r but a variable = at a v-independent position is
fully instantiated by o. And if & occurs at a v-dependent positions we know by
v-MM that it also occurs on a v-dependent position in . Thus, the subterm zo
already occurs in fo = C}'[w}'], cf. (15). However, zo can consist of parts from
both C} and the vector w}’ since a variable position in ¢ is not necessarily a hole
in C}'. Those parts that are in the context C;" will be copied to the context C7.
Hence, these parts will contribute to the usable rules of C!, but due to v-MM
the corresponding usable rules were already usable rules of C}'. The parts of zo
that are in w;’ will be copied to w’. Moreover, v-MM ensures that subterms
from w;’ do not have to be copied repeatedly, i.e., w’ does not contain more
terms than wy’.

To be more formal, C, is like  where we replace the variables as follows. Let
us choose a first variable position g of r where r|; = x. If ¢ is v-independent in
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r then C!|, = o(x). Otherwise, ¢ is v-dependent. Then we use that ¢ — r is v-
MM and thus, there is an injective mapping o which maps ¢ to a less monotonic
position a(q) in £ (and C}’ by (17)) such that £|,(4) = x. We define C|, = CY'|4(q)
and extend w?’ by those terms of wj’ which fill the holes in C{'[,(g). Then we
obtain Cl[w!]|, = vo = ro,.

Repeating this process for all variable positions of  results in the final context
C: and the final vector w’,. Note that every term of wj}’ is used at most once to
construct w’, since « is injective. Hence, we obtain

wy D w!. (18)
Moreover,
Cllw)) = 1o (19)
as for all variable positions ¢ of r we have Cl[w!]|, = r0],.
It remains to define Cy = C;[C], and ws = W, Wi41,. .., Wn. Then clearly
s = C{wy][ro],
= Cirolp[Wet1, - . ., W)
= Ci[Ci[w]]p[wit1, - - ., wm] Dby (19)
= Ct[C’;]p[w;, wk+17 . ,wm]
= Cs['ws

From wj >, wy 2w’ (by (16) and (18)), we obtain wyj >, , w’ and thus
wy >F o ws. Hence, we have (wy,t) > (ws, s) by additionally using (14).

To finish the proof of (x) we need to consider the usable rules. Note that
GUR(C?) only contains GUR(r) and (possibly reversed) sets GURr(C|q) for all
variable positions ¢ of r where the term C7|; is not a hole. From the con-
struction of C7, the latter implies that the variable must also occur at a v-
dependent position in ¢. Hence, by v-MM we conclude v(¢,a(q)) C v(r,q)
where a(q) is a position of ¢, C}', and even Cj: since £|,(4) is a variable we
know that the position a(g) is not in the extended part that was added to
build C} from Cj. Moreover, C¢|; = C{|o(q) = Cila(g) and thus, we obtain
GUR(CLq)" ™D C GUR(CL|)" D) = GUR(CY|a(q)" C* D) C GUR(CY). As
we also have GUR(r) C GUR(CY), this directly yields GUR(CL) C GUR(CY).
Hence, GUR(Cy) = GUR(Cilz]y) U GUZR'(C) S GUR(Cilalp) U GUR'(CF) =
GUR(C:) C GUR(P) where z is an arbitrary variable.

Now that we have finished the proof of (%), we prove the theorem with the
help of (x). Note that one can also replace —r by —p in (x) where steps with
—p are only allowed at the root position. Then the modified version of (x) is
still valid where additionally every reduction with a strictly decreasing pair of
P results in a strict decrease (i.e., in (we,t) > (ws, s)).

Now assume that there is an infinite minimal P-chain sjo0 —p tij0 —%
890 —p tao —% ... where a strictly decreasing pair of P is used infinitely
often. We define C; to be like ¢t; where all variables at v-independent positions
are instantiated by o, and for each variable position p of ¢; at a v-dependent
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position we define Ci|, = O. Moreover, the term ¢;0]|, is added to w; as the
corresponding term which fills the hole 0. Thus, C1[w1] = t10 and GUR(C1) =
GUR(t1) C GUR(P). Hence, we may apply () infinitely often and obtain C; and
w; such that t;o0 = C;[w;] for every ¢ > 1 and

(wl,tla) 2 (1U2,t20') 2 (’u)g,tgo') 2 e

with an infinite number of strict decreases. This directly leads to a contradiction
to the well-foundedness of > or to termination of the terms in wy w.r.t. R (which
however follows from the minimality of the chain). Hence, then we can conclude
that pairs of P N> can only occur finitely often, and thus, can be removed. This
finishes the proof of part (a).

We continue to prove part (b) of the theorem. The structure of the proof is
similar to the one of part (a), however there are some differences. The require-
ments in part (b) allow usable rules and DPs where a variable only occurs at
a v-dependent position of a right-hand sides. Thus, there is not necessarily a
decrease between w; and w; since wg can contain more elements as there will
be an additional hole in Cy for such a variable. Therefore, we only use - instead
of the lexicographic combination containing 7.

However, now there is need for another way to deal with reduction steps
below holes. The idea is that due to v-RL, for each term w; € wy there is
a unique final term v; on a v-dependent position to which w; is reduced in the
chain. Then instead of comparing t = C¢[we] with Cs[ws] = s we compare Cy[vy]
with Cs[vs] where vy and vs are the vectors containing the resulting terms v;.

For readability we again show the full proof in all detail, although several
steps are similar to the proof of part (a). One can observe the following major
differences.

o The statement (%) is adapted to (xx). This new statement contains the ad-
ditional vectors vy and vs, but does not need > anymore.

e There is a difference when dealing with reductions below holes (Case 2).

e When building C from r in Case 3 there is an additional case for variables
which only occur on v-dependent positions of the right-hand side of a rule.

e The decrease w.r.t. 27 in Case 3 is not trivial to achieve. This new problem
has been solved by proving (xx) inductively.

e Assembling the proof of the theorem from (%x) is more challenging.

We start to prove part (b) of the theorem by showing the following statement
(x%) for all terminating terms ¢ which allows us later to prove part (b) of the
theorem. Here, P UUZF™" (P) must be weakly »~-MM and v-RL. Moreover, we
require P C = Uz and GUR(P) C 7.

If t =% s, Cilw] = t, and GUR(C) € GUR(P) then there are Cj
and ws such that Cs[ws] = s and GUR(Cs) € GUR(P). Moreover, for
every vs with ws —% v, there is a vector vy such that wy »% vy and
Ci[ve] Z Cslvs].

(%)
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Here, —%, denotes the extension of —% to vectors, i.e., w = (w1,...,Wm) »%
(V1. .., Um) = v iff w; =% v; for every i.

To prove (xx) we perform induction using a lexicographic induction relation.
It first compares ¢ w.r.t. - U> and then considers the length of the reduction
t —% s. This induction relation is well founded for all terminating terms ¢.

If ¢ = s then there is nothing to show since one can just choose Cy = C4,
ws = Wy, and for every vy with ws —% vs we choose vy = vs.

If t g u —7% s then we know from the induction hypothesis that (xx)
already holds for the reduction ¢t —x w since this reduction is shorter than the
reduction t —% s. This yields C,, and w,, such that C,[w,] = v and GU%(C,,) C
GUR(P). From the induction hypothesis, we also know that (xx) holds for the
reduction u H;’é s since t —g u yields a strict decrease w.r.t. the first component
of the induction relation. Hence, we obtain Cs and ws with Cslws] = s and
GUR(Cs) C GUR(P). Given vs such that ws -5 vs we additionally obtain v,,
with w, —% vy and Cy[vy] 7 Cs[vs]. Thus, from the first application of the
induction hypothesis we additionally extract v¢ which satisfies both w; —7% v
and Ci[ve] 2 Cy[vy,]. Assembling the comparisons yields Ci[ve] 22 Cs[vs], which
finishes this case.

It remains to consider the main case where there is exactly one reduction
between t and s. So, let ¢ —x s at position p. There are three possibilities for
the position p.

Case 1: p is a position of C; that is v-independent

Then we have v(Cy,p) = {f, }}. We choose Cs = Ci[s|,], and ws = wy. More-
over, for every v, with ws % vs, we choose vy = v, and obtain wy = ws -3
vs = v¢. Since all holes in C; are at v-dependent positions, the holes are at
positions which are neither above nor below p. Hence, by v-compatibility of the
reduction pair we know that Cilve] = Ci[ve][s|plp = Ci[slplp[ve] = Cs[ve] =
Cslvs]. Consequently, Cilve] 7 Csvs]. Moreover, Csws] = Cis|plplws] =
Cilwe][s|plp = t[slplp = s. Finally, since GUR(C;) does not depend on Cyl,
as p is v-independent, we obtain GUx% (Cy) = GUR(Cs) C GUR(P).

Case 2: p is a position at or below a hole in C;

In this case we only have to change wy, i.e., we choose Cs = Cy. Then obviously,
GUR(Cs) = GUR(C,) C GUR(P). Let wy = w,...,w;,. .., wy,. Hence, the re-
duction is performed in some w;, i.e., w; —g w; and for wg = wy, ..., W, ..., Wy
we obtain s = Cylws] = Cslws]. Moreover, for every vs with ws —% vs, we
choose vy = vs. Then ws % v, implies wy % ws % vs = v¢. In addition,
we obtain C[ve] = Cs[vs] and thus, Ci[ve] 72 Cs[vs].

Case 3: p is at a v-dependent position of C; which is not a hole
We only consider the case that p is at a monotonically decreasing position of
Cy and ¢, ie., v(Ct,p) = v(t,p) = {U}. The other cases can be proved in a

similar way. Let wy = wy, ..., wy, with Cilws] = ¢, t|, = lo — ro, s = t[ro]p,
and C] = C}|, where w.l.o.g. the first k¥ holes of C; are present in Cj, i.e.,
tlp = Cilwj] for w; = wy, ..., wy. By the construction of GURr we know that

{r — £} UGUZ(C]) € GUR(Cy) C GUR(P) C =.
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‘We now have to choose Cs and wg. To this end we will use C; and the terms
Wkt1, - - - , W, However, we change the context C} at position p and we also
change the first terms of the vector w;. So we only look at what happens below
the position p of the redex. From Cj[w;] = fo we conclude that Cj and ¢ have
the same symbols on all common positions, i.e., positions which are neither a
hole in C{ nor a variable in ¢. This allows us to enlarge C; to C}’ such that all
positions of £ are also positions of CY'.

To be more precise, to obtain C; from C}, we have to change C; as follows.
Whenever Cj|, is the i-th hole [0 but ¢ is a non-variable position of ¢ then
C/ly = Cy. Here, C is like ¢'|,, but all variables at v-dependent positions are
replaced by new holes [J and all other variables are instantiated by ¢. The latter
is needed to ensure that the new holes occur only at v-dependent positions. Let
wjy result from wj by filling every new hole O in C, according to o (i.e., if the
new hole was obtained by replacing a variable z in €|, then in w;’ we fill the
hole with z¢). Then we have C}' [w}']|, = ¢|,0 = C{lw}]|; = w;. This also shows

that the term w; is replaced by zero or more proper subterms w1, ..., w;q with
w; = Cylwit, . .., wiq) when going from wj to wy'.

Note that whenever w; —% v;’ for some v;’, then we can define a suit-
able vector vy such that w; -5 v;. We have wy’ = (..., wi,...,Wid,...) -}
(o Vil ey Vids - -) = ) (Le., wy; =% v for all 1 < j < d). Thus, we define
v; = Cq(vi1, ..., vig) and get wy = (..., wi,...) = (..., Cglwit, ..., wiq), ...) =R
(..., Cglvit, ..., via),...) = (..., v;,...) = vy. Moreover, C{[vy]|q = Olv;] = v; =
Cqlvi, ..., via] = C{'[v]]|4-

To summarize the construction, we obtain C}" and wy’ such that:

o CYlw] = Cilwy] = lo (20)
e for every vy’ with w; —% v}’ there is a corresponding v; (21)
such that w; —% v; and Cj[v;] = C/'[v}']

e every position of £ is a position of C}'. (22)

Thus, we only have to analyze the reduction step C} [w}] = o — ro = 3|,
where all positions of £ also occur in C;. We now have to define w’ and C
such that C;[w’] = ro. The idea is to mimic the rewrite step as follows. The
context C" is essentially like 7 but variables at v-independent positions are fully
instantiated by o. For the remaining variables we distinguish two cases.

Whenever a variable x also occurs on a dependent position in ¢, then the
subterm zo already occurs in fo = C}' [w}'], cf. (20). However, xo can consist of
parts from both C}’ and from the vector w}’ since a variable position in £ is not
necessarily a hole in C{. Those parts that are in the context C}’ will be copied
to the context C’. Hence, this part will contribute to the usable rules of C?, but
due to weak v~-MM these usable rules were already usable rules of C}’. The parts
of zo that are in w;’ will be copied to w’. Finally, if a variable 2 does not occur
on a dependent position on the left-hand side, then we just use a new hole for
the dependent position of x in r. This position is unique due to v-RL.

To be more formal, C/, is like » where we replace the variables as follows. Let
us choose a first variable position ¢ of r where 7|, = x. If ¢ is v-independent
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in r then C!|; = o(x). Otherwise, g is v-dependent. If & occurs on dependent
positions in both sides ¢ and r, then we use that £ — r is weakly v-MM and thus,
there is an injective mapping « which maps ¢ to a less monotonic position a(q)
in £ (and C}' by (22)) such that £|, ) = z. We define C}[, = C{'[+(q) and extend
s’, w’ by those terms of wj’ which fill the holes in C{'|4(4). Then we obtain
Cilwl]|; = xo = rol,. In the remaining case, = only occurs at a v-dependent
position in r. Here, we define C}|, to be a new hole and extend the vector w’,
by zo. Then again we have Cl[w’]|, = vo = r0|,.

Repeating this process for all variable positions of 7 results in the final context
C; and the final vector w’. Moreover,

Clfuw) = ro (23)

as for all variable positions ¢ of 7 we have C{[w’]|, = ro],.

*

Now let w! —% v’. We have to construct a vector vy’ such that wj —7%
vy and C/'lvy] 3 Ci[vl]. (By (21), this means that then one can also define
a suitable vector v such that w; —% wv; and Cjlv;] = C/{[v}] 2 Ci[vl].)
Recall the construction of w’ from wj’. Essentially, for every variable z at a
v-dependent position of ¢ we have subcontexts C1, ..., C. at positions qi, ..., g
of CY, subvectors t1,...,t. of t”, and subvectors wy, ..., we of w}’ such that
lo = Cl'lw)]|q, = Cilw;] = xo for all i € {1,...,e}. In order to define v}/,
it suffices to define the subvectors vy,...,ve of vy’ where C}[v{]|,, = Cilvi].
If © does not occur at a v-dependent position of r (and C?) then we define v;
to be wj; for all ¢ and we define zo’ = xzo. Obviously, w; —% v;. In the other
case x occurs at exactly one v-dependent position g of r and C by v-RL. Thus,
there is a subcontext C, of C?, and subvectors sq of s’ and wq of w’, such that
Cilwl]ly = Cqlwg] = xzo. There is a j € {1,...,e} with a(q) = ¢; and thus,
Cy = Cllag = Cflg; = Cj, 8q = tj, and wg = w;. We define v; = vq and
conclude wj = wq —% vg = vj. Moreover, we define zo’ = C{'[v})']|4, = C;[v;].
Note that xzo’ is indeed well defined, since in both cases, x occurs at most once
at a v-dependent position of 7 and C. Essentially, ¢’ replaces w’, by v. below
the hole that corresponds to the variable z in r. But ¢’ would also perform this
replacement for occurrences of x at v-independent positions of r. For this reason,
ro’ may differ from C[v’], but only at v-independent positions. Hence,

lo' Zra’ = CLvl).

Up to now, we have already defined v;, but not v1,...,vj-1,vj41,...,Ve. How-
ever, since £ is not necessarily linear, it is not yet clear how to define the rest
of vy’ (and indeed, we will not achieve C{[v}| ~ lo’). Instead, we consider
the reduction zo = Cylwg] —% Cylvg] = zo’. Thus, for every ¢ # j we know
zo = Cj|w;] =% xo’. We only consider the case where ¢; is a decreasing position
of CY, ie., v(C/,q) = {|}, since the remaining cases are similar. Since ¢; is a
variable position of C}’ we know that C; is a hole or it was already a subcontext
of C]. Thus, we conclude GUR (C;) C GUR(C})™ C GUR(P) and we can apply
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the induction hypothesis'” to obtain C/ and w/ such that C/[w!] = zo’. More-
over, for v} = w; we obviously satisfy w; —7% v. and thus, there exists a v; with
w; —3 v and Cjlv;] Z Cf[vi]. Hence, C{' [v)]|4, = Cilvs] Z Cj[v}] = zo’. Here,
the latter equality is achieved by our choice v, = w}. Since ¢; is a decreasing
position of C{ we conclude

CY'lvy] Z 0o’ Zro’ = CLvl]. (24)
It remains to define Cy = C;[C], and ws = W, Wi41,. .., Wy Then clearly
s = Cilwy][rol,
= Cilro]p[wptt, - wn]
= Ci[Ci[wi]]p[wt, - - ., wm] by (23)
= C[C%]p [ws,wkﬂ, e Wi
= Cs[ws].
For every vg = v1,..., Uy, with ws -5 v, we define vy = v}, vpy1, ..., vy Where
v; is determined from the previous results for the vector v/ = vi,...,v; which

satisfies w! —% v! since ws —% v,. Using (21), we know that w; -} v} and
thus, wy —% v¢. Moreover, we get a decrease by v-compatibility of 2Z.

Ct [’Ut]
=Cy [C{[’Uﬂ] [Vkt1, -+ - 5 Um]
= GG [v)]lp[vk+1, - - vm] Dy (20)
2 CelCi[vi]lplvrsa, - - - vm] by (24) and v(Cy,p) = {{}
=Ch [C;]P[Ug Vk+1y- - 7vm]
= Cs[vs]

It remains to consider the usable rules. Note that GURr(C’) only contains
GUR(r) and (possibly reversed) sets GUR(C.|,) for all variable positions ¢ of
r where the term C’|, is not a hole. From the construction of C?, the latter
implies that the variable must also occur at a v-dependent position in £. Hence,
by weak v-MM we conclude v(¢, a(q)) C v(r,q) where a(q) is a position of
C{, and even Cj: since £|,(q) is a variable we know that the position a(q) is not
in the extended part that was added to build C{ from Cj. Moreover, Cl|, =
C/'la(q) = Cila(q and thus, we obtain GUR (C’[)" "9 C GUR(CL|,)"E@) =
GUR(Cila(q)” (Ch@) C GUR(CY). As we also have GUR(r) C GUR(CY), this
yields guR(c;) C GUR(CY). Hence, GUR(Cs) = GUR(Cy[z],) U GUZ'(CL) C
GUR (Cy[z],)UGUR' (C}) = GUR(Ct) € GUR(P) where z is an arbitrary variable.

Now that we have finished the proof of (**) we prove the theorem with the
help of (xx). Note that one can also replace —% by —p in (xx) where steps with
—p are only allowed at the root position. Then the modified version of (xx) is

17 The reduction zo —% xo’ is possibly longer than the reduction t —3% s. Therefore,
one needs the lexicographic component in the induction relation. However, ¢ > zo is
satisfied, since ¢ # j implies ¢ # x, because then e = 1 and there is no i # j with
1€ {1,...,e}. Then we have t > lo > z0o.
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still valid where additionally every reduction with a strictly decreasing pair of
P results in a strict decrease (i.e., in Ci[ve] = Cs[vs)).

Now assume that there is an infinite minimal P-chain sjo0 —p ti0 —%
890 —p tao —% ... where a strictly decreasing pair of P is used infinitely
often. We define C; to be like ¢t; where all variables at v-independent positions
are instantiated by o, and for each variable position p of ¢; at a r-dependent
position we define C1|, = 0. Moreover, the element ¢10|, is added to w1 as the
corresponding term which fills the hole 0. Thus, C1[w1] = t10 and GUR(C1) =
GUR(t1) C GUR(P). Hence, we may apply (xx) infinitely often and obtain C;
and w; such that t;0 = C;[w;] for every i > 1.

For every n > 1, let v = w,, which satisfies w,, —% v}. Then by (%) there
exist v, ..., vy _; with w; -3 v} for all ¢ such that

Cilof] Z Colvz] Z -+ Z Calvy,] (25)

where every step with a strictly decreasing pair results in a strict decrease. The
only problem is that the vectors vT, ..., v, depend on n and it is not guaranteed
that for every n’ we will obtain the same vectors 'v,?l with 'v,?l = v?. So to obtain
an infinite decrease, one has to determine all vectors v; independent of a fixed n
such that (25) can be turned into an infinite sequence. If this is achieved, then
we directly have a contradiction to the well-foundedness of . Hence, then we
can conclude that pairs of P N > can only occur finitely often, and thus, can be
removed.

Since all terms in the vector w; are terminating (due to the minimality of the
chain), for every i there exist only finitely many different vectors v* with n > i.
Hence, in the sequence [v] | n € N|, there is a vector v1 occurring infinitely
often. Let N; be the (infinite) set of all natural numbers n € N with v = v;.
Hence, in the sequence [v} | n € Ny, there is a vector ve occurring infinitely
often. Let Ny be the (infinite) set of all natural numbers n € Ny with v} = v,.
Hence, in the sequence [v | n € Ny|, there is a vector vs occurring infinitely
often, etc. In this way, we construct the desired infinite sequence

1 [’01] i: CQ['UQ] i: Cs [’03] ,>\_/ L. O
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