The recursive path and polynomial ordering for
first-order and higher-order terms*

Miquel Bofill', Cristina Borralleras?, Enric Rodriguez-Carbonell®, and Albert
Rubio?

! Universitat de Girona, Spain
2 Universitat de Vic, Spain
3 Universitat Politecnica de Catalunya, Barcelona, Spain

Abstract. In most termination tools two ingredients, namely recursive
path orderings (RPO) and polynomial interpretation orderings (POLO),
are used in a consecutive disjoint way to solve the final constraints gen-
erated from the termination problem.

In this paper we present a simple ordering that combines both RPO
and POLO and defines a family of orderings that includes both, and
extend them with the possibility of having, at the same time, an RPO-like
treatment for some symbols and a POLO-like treatment for the others.
The ordering is extended to higher-order terms, providing a new fully
automatable use of polynomial interpretations in combination with beta-
reduction.
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1 Introduction

Term orderings have been extensively used in termination proofs of rewriting.
They are used both in direct proofs of termination showing decreasingness of
every rule or as ingredients for solving the constraints generated by other meth-
ods like the Dependency Pair approach [I] or the Monotonic Semantic Path
Ordering [4].

The most widely used term orderings in automatic termination tools (e.g.,
AProVE [13], GGME [8], MU-TERM [2I], TTT [15], ...) are the recursive path
ordering (RPO) and the polynomial ordering (POLO). Almost all known tools
implement these orderings. RPO and POLO are incomparable, so that they are
used independently in a sequential way, trying first one method (maybe under
some time limit) and, in case of failure, trying the other one afterwards. Some
recent implementations use independent parallel calls to both methods.

As an alternative to this independent application of both methods we pro-
pose a new ordering that combines both RPO and POLO. The new family of
orderings, called RPOLO, includes strictly both RPO and POLO as well as the
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sequential combination of both. Our approach is based on splitting the set of
symbols into those handled in an RPO-like way (called RPO-symbols) and those
that are interpreted using a polynomial interpretation (called POLO-symbols).
In this paper, only linear polynomial interpretations are considered. These inter-
pretations are never applied to terms headed by an RPO-symbol. Instead, the
term is interpreted as a new variable (labeled by the term). This is crucial to
be able to extend the ordering to the higher-order case, since applying polyno-
mial interpretations to beta-reduction is not easy. However, the introduction of
different unrelated variables for every term makes us lose stability under substi-
tutions and (weak) monotonicity. To avoid that, a context relating the variables
is introduced, but then a new original proof of well-foundedness is needed.

Although the new ordering is strictly more powerful than its predecessors
and thus examples that can be handled by RPOLO and neither by RPO nor
by POLO can be cooked, in practice, there is no real gain when using RPOLO
on the first-order examples coming from the Termination Problem Data Base
(TPDB)Y

Due to this, we show its practical usefulness by extending it, using the same
techniques as for the higher-order recursive path ordering [I8] (HORPO), to
rewriting on simply typed higher-order terms union beta-reduction. The result-
ing ordering, called HORPOLO, can hence be used to prove termination of the
so called Algebraic Functional Systems [I7] (AFS), and provides a new automat-
able termination method that allows the user to have polynomial interpretations
on some symbols in a higher-order setting. Polynomial interpretations for higher-
order rewrite systems & la Nipkow, where studied in [22I23]. In contrast to our
approach, there, under some conditions, even the application operator can be in-
terpreted. Automation of these kind of interpretations has recently been studied
in [10].

In order to ease the reading, the ordering is first presented in Section
for first-order terms and later on for higher-order terms. All the novelties of
the ordering are already present in the first-order version, so that the method
can be fully understood within this part. Then the ordering is extended to the
higher-order case by adapting all proofs for HORPO in [18] to HORPOLO.

The paper is structured as follows. In Section [2] some preliminaries on first-
order terms and orderings are given. Section [3] is devoted to presenting the
ordering for first-order terms. In Section 4l basic definitions and notions on
higher-order terms and orderings are provided. In Section [5] the ordering is
extended to higher-order terms. A necessary improvement of the ordering is
given in Section [6] and the resulting ordering is applied to several examples in
Section [7] Finally, experiments and some details about the implementation of
the technique are given in Section [8| before the conclusions.

4 See http://termination-portal.org/wiki/TPDB
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2 First-order term rewriting and termination

A signature F is a set of function symbols. Given a signature F and a set of
variable symbols X with F N X = @, T(F, X) denotes the terms build from F
and X. Givent € T(F, X), |t| denotes the number of symbols in FUX occurring
in t; |t|x denotes the number of symbols in F occurring in ¢; Var(t) is the set of
variables occurring in ¢; and for t € X, top(t) denotes the topmost symbol of ¢,
i.e., top(f(t1,...,tn)) = f. The notation ¢ shall be ambiguously used for a list,
a multiset, or a set of terms ¢q,...,t,.

The subterm of ¢ at position p is denoted by ¢|,, where p is a sequence of
positive integers describing the path from the root of ¢ to the subterm, where
A denotes the empty sequence and hence the root position. Let > denote the
subterm relation, defined as ¢ > t|,, for all position p of ¢, and let > be its strict
part, which fulfils ¢ > ¢|, for all position p # A of t.

A context u[] is a term with a hole, and u[t] denotes the term resulting from
placing ¢ in the hole of u. A substitution -y is a mapping from variables to terms.
We denote the domain and the range of v by Dom(y) and Ran(vy) respectively.
The application of a substitution ~ to a term s is denoted by sv.

2.1 Term orderings

The reflexive and transitive closure of a binary relation > is denoted by >*, its
reflexive closure by == and its transitive closure by =*.

An equivalence relation is a reflexive, symmetric and transitive relation. A
transitive and irreflexive binary relation is a (strict partial) ordering and a tran-
sitive and reflexive binary relation is a quasi-ordering. The equivalence relation
associated to a quasi ordering >, denoted by =, is the intersection of > with its
inverse. The associated strict partial ordering, denoted by >, is their difference.
A relation > is said to be compatible with another relation > if > - > C > or
> - > C ». If > is the strict part of a quasi-ordering =, then > is compatible
with >.

Given a binary relation >, a term s is strongly normalizing with respect to
> if there is no infinite sequence with > issuing from s. The relation > itself
is strongly normalizing, well-founded or terminating, if all terms are strongly
normalizing with respect to . A substitution is said to be strongly normalizing
if all terms in its range are strongly normalizing. If > is a well-founded relation
then =7 is a well-founded ordering.

A precedence > r is a quasi-ordering on a signature F such that >z is well-
founded. Note that, in particular, if F is finite then > is always well-founded.

Let s and ¢ be arbitrary terms in 7 (F, X). A relation > is monotonic if s = t
implies u[s] >= wu[t] for all contexts u[], and stable under substitutions if s = t
implies sv > t~v for all substitutions ~.

Monotonic orderings that are stable under substitutions are called rewrite
orderings. A reduction ordering > is a rewrite ordering that is well-founded. An
ordering > included in the strict part of a quasi-ordering > is weakly-monotonic
if u[s] = u[t] for all contexts u[] whenever s > t.



Given a relation >, the monotonic extension of = on tuples of elements,
denoted by (>)mon, is defined as (s1,...,8,) (Z)mon (t1,...,tn) if 85 = &
Vi € {1,...,n} with n > 0. Similarly, the monotonic extension of = on finite
multisets is defined as {s1,...,8,} (>=)mon {t1,.-.,tn} if for some permutation
mof {1...n} we have s;(;) = t; foralli e {1...n}.

Note that, by a straightforward induction, M (=), N implies M (>=*)monN
for both tuples and multisets. Additionally, if > is stable under substitutions
then the extension (>)on on both tuples and finite multisets is stable under
substitutions.

Given a relation >, the multiset extension of = w.r.t. a relation > on finite
multisets, denoted by (>)mui, is defined as MU S (&) NUT if M (=) mon N
and either S 2T = or T # & and Vt € T Is € S such that s > t.

If > is a well-founded ordering on terms which is compatible with >, then
(>)mu is a well-founded ordering on finite multisets of terms. If > and > are
stable under substitutions then (), is stable under substitutions. Moreover,
if > is compatible with = then (), is compatible with (=)mon.-

Given a relation >, the lexicographic extension of > w.r.t. a relation > on
bounded tuples, denoted by (>)ics, is defined as (s1,...,8n) (&)iex (t1,-- - tm)
if (s1,.-+,86)(Z)mon(t1,-..,tx) for some k and k = m < mn or sp41 > tgi1.

If > is a well-founded ordering on terms which is compatible with > then
(>)iex is a well-founded ordering on bounded tuples of terms. If > and > are
stable under substitutions then (>);e, is stable under substitutions. Moreover,
if > is compatible with > then (>)., is compatible with (>=)mon.

Let >=1,...,>, be quasi-orderings and >1,...,>, be orderings such that
> is compatible with =; for all ¢ € {1...n}. The lexicographic combination of
=1,y n, denoted by (>1,...,>p)iex, is defined as s(>-1,..., >, ) et if either
5 >; t for some ¢ and s =; ¢ for all j < .

If all -; are well-founded (stable under substitutions) then so is their lexico-
graphic combination.

2.2 Term rewriting and termination

A term rewrite system (TRS) over a signature F is a set of rules | — r where
Lre T(F,X),1¢ X and Var(r) C Var(l).

Given a TRS R, s rewrites to ¢ with R, denoted by s — g ¢, if there is some
rule [ — r in R, such that s = u[ly] and ¢ = u[ry| for some context u and
substitution v. We denote by —+— g a parallel rewriting step using rules in R, i.e.
the application of several rewriting steps at the same time in disjoint positions
(i.e. non-overlapped).

A TRS R is terminating if — g is terminating. Thus, the transitive closure
i>R of —g for any terminating TRS R is a reduction ordering. Furthermore,
reduction orderings characterize termination of TRSs: a rewrite system R is
terminating iff all rules are contained in a reduction ordering >, i.e., [ >~ r for
every [ - r € R.

Instead of finding reduction orderings, most automatic tools for proving ter-
mination are based on constraint frameworks like [12] or [6]. There, a termination



problem is transformed into an ordering constraint problem using, for instance,
the Dependency Pair approach, which is successively simplified by applying dif-
ferent sound (and sometimes complete) rules. Some of these transformation rules
are based on finding a so-called reduction pair (=, >) satisfying a set of literals
of the form s = ¢t or s = t¢.

A quasi-ordering > and an ordering > form a reduction pair (=, >) if

> is monotonic and stable under substitutions,
>~ is well-founded and stable under substitutions, and
>~ is compatible with >.

3 The Recursive Path and Polynomial Ordering

We have a signature F split into two sets Fporo and Frpo where the arity of the
symbols is bounded, a precedence > on Frpo and a polynomial interpretation
I over the non-negative integers Z* for the terms in 7(F,X). All symbols f in
Frpo have a status, denoted by stat(f), which indicates if the arguments of f
are compared recursively using a multiset extension or a lexicographic extension.
We assume that if f = g then stat(f) = stat(g). Moreover, the interpretation
I is defined by a linear interpretation f; with coefficients in Z* for every symbol
fin Fporo and a variable x4 for every term s with top symbol in Frpo:

I(s) = {fI(I(Sl)a"'al(Sn)) if s= f(s1,...,8) and f € Fporo

T otherwise

In order to handle these introduced variables x,, we define a context information
to be used when comparing the interpretations. In what follows a (polynomial)
context is a set of constraints of the form x > E where z is a variable and E is
a linear polynomial expression over Z™.

The following arithmetic properties on polynomials will be extensively used.

Lemma 1. Let P, = ag+ay-x1+...+a,-x, and Py, = bg+by-x1+...+b, -z,
be two linear polynomials over ZT. Then

— Vx1,...,x, € ZT[P > Py] if and only if a; > b; for alli € {0...n}.
— Vx1,...,x, € ZT[Py > P] if and only if a; > b; for alli € {1...n} and
ag > by.

Proof. In both cases the right-to-left implication is trivial. For the left-to-right,
replacing all variables by 0 we conclude that ag > by and if P, > P, then ag > by.
For the remaining coeflicients, for every i we replace all variables x; with j # i
by 0 and x; by ag + 1. Then we have ag+a; - (ag+1) > bo+b; - (ag+1). Assume
b; > a;, then b; > a; + 1, which implies the following sequence by + b; - (ag +1) >
b0+(ai+1)~(a0+1) =bo+a;-ap+a;+ag+1>a;-ap+a;+ag = a0+ai~(a0+1),
which is a contradiction. a

Corollary 1. Let Py and P, be two linear polynomials over ZT.



— If P, > P, then P, = Py + P for some linear polynomial P over Z+.
— If P, > P, then P, = P, + P + 1 for some linear polynomial P over Z™.

Let us now show the way contexts are used when comparing polynomials.

Definition 1. Let C be a context. The relation —¢ on linear polynomial ex-
pressions over Z* is defined by the rules P+x —¢ P+ E for everyx > E € C.

Let p and q be linear polynomial expressions over Z*. Then p >c q (resp.
p >c q) if there is some w such that p ¢ u > q (Tesp. p > u > q).

We use here (the reflexive closure of) a parallel rewriting step —+=¢ instead
of the transitive closure of —¢ because it simplifies the proofs without losing any
power. Additionally, we can keep the same definition of >¢ in the higher-order
case, where, as we will see, the relations are no longer transitive.

The following three mutually recursive definitions introduce respectively the
context C'(S) of a set of terms S, the ordering > zro.0 and the two quasi-orderings
Trroro and = gporo-

Before giving the definition of the context we introduce some notation. Note
that for all variables z, € Var(I(s)) we have either v = f(uy,...,u,) and
f € Frpo or u is a variable. Let us define the set of accessible terms Acc(s) of
sas {u |z, € Var(I(s))}. By Xs we denote the set of labeled variables x,, with
u € S. Note that then we have Var(I(s)) = Xace(s)-

Definition 2. Let S be a set of terms u such that top(u) € Fporo- The context
C(S) is defined as the union of

1. x4 > E+1 for allu € S and for all linear polynomial expressions E over
Z* and variables {xy, , ..., %y, } such that u = prpoo vi for alli € {1,...,n}.
2. xy > @y for allu € S and all v such that w Jpporo v and top(v) € Frpo-

To ease the reading of the paper we define C(s) for some term s with top(s) €
]:POLO as C(ACC(S)).

Note that C(s) can be infinite. For this reason, in practice, when comparing
a pair of terms s and ¢ we only generate the part of C(s) that is needed. This
part is chosen by inspecting t.

Now we can define Jdypor0, ™ rproro a0d = zporo-

Definition 3. s Jyp0,0t iff

1. s=te X, or
2. s= f(s1,...,8n) and
(a) f € Fporo, I(s) ZC(s) I(t) or
(b) t=g(t1,....tn), f.9 € Frro, f =7 g and
i. stat(f) =mul and {s1,..., 82} (Zrroro)moni{ti,---stn}, OT
it. stat(f) =lex and (s1,...,n)(Zrroro)mon{t1s- - tn)-

Definition 4. s = f(s1,...,5,) =rrovo t iff

1. fe Fporo and I(s) >c(s) I(t), or



2. f € Frpo, and
(a) $i =rporot for some i€ {1,...,n}, or
(b) t=g(t1,...,tm), 9 € Froro and s = pporo u for all u € Acc(t), or
(¢c) t=g(t1,...,tm), g € Frpo and

i. f>7gand s> pporo ti for alli e {1,...,m}, or
it. f=xg, stat(f) =mul and {s1,..., 8, }(rroro)mut{tis- - tm}, or
114, f =F 9, Stat(f) = lex; <317 ceey 3n>(>1?P0L0)lez <t1, ce ;tm> and s = pporo

t; foralli e {1,...,m},
where s = pporo t iff 8 = pporo t 07 8 Dpporo t.

We show that > j;por0 and dgpe.o are well-defined by induction on the pair
(s,t) comparing lexicographically the sizes of the terms. It is easy to see that all
recursive calls in the definition of > 0.0 and Jgpo.o decrease in this ordering.
Moreover, in the definition of the context C(Acc(s)) all calls to =zporo and
Jrroro are of the form w =;poro v O © pporo v where |s| > |u], because
top(s) € Fporo and hence all u € Acc(s) are proper subterms of s.

Now, we provide some examples of comparisons between terms that are in-
cluded in our ordering and are neither included in RPO nor in POLO, i.e., using
(linear) integer polynomial interpretations. In fact, since we consider constraints
including both strict and non-strict literals, what we show is that they are in-
cluded in the pair (>rproro, = rrovo)-

Ezxample 1. Consider the following constraint consisting of three literals:

H(f(g9(9(2)),y),x) > H(f(g(y),z), f(9(y),x))
H(z,9(y)) > H(y, )
fg(z),y) > f(y,z)

The first literal cannot be proved by RPO since f(g(g(x)),y) cannot be proved
larger than f(g(y),x) as no argument of the former is greater than g(y). The
constraint cannot be proved by an integer polynomial interpretation either. In
order to explain this claim, let us consider I(H(x,y)) = ag, + am, -+ am, - Y,
I(f(z,y)) = ayg, +ay, -x+ay, -y and I(g(z)) = ag, + a4, - x. First note that the
combination of the three literals requires that all non-constant coefficients must
be strictly greater than 0, and then, due to the occurrences of the variable y in
the first literal we have that ap, - ap, > am, - ay, - ag, +am, - ay, - ag, and due
to the occurrences of the variable x in the third literal ay, - a4, > ay, is required
which altogether is a contradiction.

Let us prove it using RPOLO. We take H € Frpo with stat(H) = mul and
fy9 € Fporo with fr(x,y) =x+y and g;(z) =z + 1.

For the first literal we apply case [4lf2(c)iil and then {f(g(g(x)),v), 2} (> rroro
Yt {F(a(y), @), F(g(y),2)} is needed, which holds since F(g(g(2)).y) = rroso
F(9(y), @) by case HI] as I(f(g(g(@)),y)) = @u + 2y +2 > @y + 3y + 1 =
I(f(9(y), ).

The proof of the other two literals reuses part of the previous argument. a



Let us now show an example where we need symbols in Frpo occurring below
symbols that need to be in Fporo. Moreover, in this example a non-trivial use
of the context is also necessary.

Ezxample 2. Consider the following constraint coming from a termination proof:

£(0,2) >ac
f(s(z),y) > s(f(z, f(2,v)))
H(s(f(s(x),y)),2) > H(s(2), s(f(x,y)))

The third literal needs H and s to be in Fporo. To hint this fact, note that
we cannot remove s and, in that case, no argument in H(s(f(s(x),y)), z) can be
greater than or equal to s(z). On the other hand, since due to the third literal,
s cannot be removed and needs a non-zero coefficient for its argument, there is
no polynomial interpretation for f fulfilling the first two literals, i.e., f must be
in ]:RPO~

Therefore, we take H, s € Fporo with Hy(z,y) = z +y and sy(z) = 2 + 1,
and f € Frpo with stat(f) = lex.

The first literal holds by case For the second one, f(s(z),y) *rroro
s(f(x, f(x,y))) is proved by applying case which requires f(s(x),y) > rrovo
f(z, f(z,y)). We apply then case [dlf2(c)iii} showing s(x) > ppoLo &, by case
since I(s(x)) = z,+1 > z, = I(z), and f(s ( )sY) > rroro « and f(s ( ) Y) = rroro
f(z,y) for the arguments. The first one holds by applying cases [4f2a] and
consecutively, and the second one by case [4}f2(c)iii| as before.

Finally, for the third literal we apply case since

Tf(s(x)y) T T2+ 1 @ (5(2) ) T p (23 TS () +24az.+1>2 + Tf(z,y) T 2

Note that 2f(s(2),y) > Tf(,y) + 2 belongs to the context of H(s(f(s(x),y)), 2)
since f(s(z),y) =rroro f(T,Yy). =

Let us mention that, although in the previous example we have used the
context, in all non crafted examples we have tried the context is not used (see
Section . However, the context is still necessary, since otherwise we can prove
neither stability under substitutions nor (weak) monotonicity.

The rest of this section is devoted to proving that (>=rroro, ™rroro) i @ re-
duction pair.

Lemma 2. The relations Jpporo and = rporo are reflecive.

Proof. s Jpporo s easily follows by induction on |s| and case analysis on the
definition of Jy,0,0. Then reflexivity of > xpo.0 directly follows by definition. O

The following four lemmas provide some necessary results on subterms, being
the first three on accessible terms.

Lemma 3. Let s and w be terms in T (F,X). Then

(i) 8 = rporo W implies 8 = zporo w for all u € Acc(w).



(i) $ > rporo W implies s > pporo w for all u € Acc(w).
See the proof of Lemma [19| which extends this lemma to the higher-order case.

Lemma 4. Let s, u and v be terms. If u € Acc(s) and u =gporo v then x, >
I(v) 4+ 1 is in C(s).

Proof. By Lemma [3| © > prporo v implies u > pporo w for all w € Acc(v). There-
fore, by applying case [1| of the definition of C(s) we have that x,, > F 41 for all
linear polynomial E over variables x,, such that w € Acc(v). Therefore, as I(v)
is one of such polynomials, we have that z,, > I(v) + 1 is in C(s). O

The proof of the following lemma is very similar to the one of Lemma
which is an adaptation to what is needed in the higher-order case.

Lemma 5. Let s and t be terms. Then s = ppo,o t implies Yu € Ace(t), Jv €
Acc(s) such that v > gporo .

As in the RPO we have the following property for terms headed by a symbol
in ]:RPO~

Lemma 6. Lett = g(t1,...,tn) with g € Frpo-
S ¥ prono t implies 8 =ppopo ti for alli € {1,...,n}.

Proof. We proceed by induction on |s| + |t|. The cases with top(s) € Frpo are
standard. Notice that having s > zpo.0 t by case is not possible since top(t) €
Frpo- Consider now top(s) € Fporo. Then, as top(t) € Frpo, we have that
Acc(t) = {t} and hence, by Lemma [f] there is some u € Acc(s) s.t. 4 =pporo L.
By induction hypothesis, © = pporo t implies u > rporo ti, and hence, by Lemma
x, > I(t;) +1 € C(s). This implies I(s) = p+xy —cs) p+1(t:) +1 > I(t;) for
some polynomial p, and hence we have I(s) >¢(s) I(t;) which let us conclude
that s = poro t; holds by case O

The following lemma proves some compatibility and transitivity properties
for = pporo and dpporo, which are trivially extended to = ppos0-

Lemma 7. Let s, t and u be terms.

1. Let top(s),top(t) € Fporo- If $ =rroro t and I(s) = p “Cs) 4 o T
then p —Hz(s) .

If s Jrporo t =rroro U then s =rgporo U.

If s = pporo t Drroro W then s =pposo .

If s Dpporo t Drroro W then s Dpporo .

If s =rporo t =rroro U then s =gporo U.

Cuds Lo b0

Proof. We prove all four properties by induction on (|s|, |t|) compared lexico-
graphically. For cases from [2] to [} we use a second induction on |u|.



1. We proceed by a second induction on the number of steps with —¢(;) in
q ﬂ%g(t) r. If there are no steps then it trivially holds. Otherwise we have
q —{zu>E} ¢ 0 o’ for some x,, > E in C(t). If the occurrence of z,, has
not been introduced in the parallel rewriting step p ﬂ-l—)g(s) q then we have
that u € Acc(s), ., > E also occurs in C(s) and the step with —, >py
can also be performed in parallel with p —H—%(S) q, giving p —H—>§(S) q', and
hence we conclude by the inner induction. Otherwise, z,, has been introduced
inp s @ Let z, be the variable that has been rewritten in the step
introducing x,,. Therefore, we have some z,, > E’ in C(s) with x, occurring
in E'. We distinguish four cases:

— If B/ =z, and E = z,, for some term w then we have v Juporo U Jrroro
w and, by the outer induction hypothesis EL v Jpporo W. Therefore x, >
Xy 1s in C(s) and thus we can replace the step using =, > x, by a step
using x, > x,, and we have p —H—)E(S) q', and conclude by the inner
induction.

—If B/ = x, and u = ppoo w for all x,, occurring in E then we have
v Jrporo U > rporo W and, by the outer induction hypothesis |2, v > rproro
w. Therefore, x, > E is in C(s) and thus, as before, we can replace the
step using x, > z,, by a step using z,, > E obtaining p G (s) ¢' which
allows us to conclude by the inner induction.

- If & = B + x, with E” # 0 and F = z,, for some term w then we
have v >rporo U Drroro W and, by the outer induction hypothesis
v >=pporo W. Moreover, since z, > E"” 4+ x, € C(s), by definition, for
all z,, occurring in E” we have v ;0,0 2. Therefore, we have that
Ty > E" + xy is in C(s), since E” + x,, is a linear polynomial over

Z* and variables {x,,,..., 2., ,%y}, and thus, we conclude as in the
previous cases, replacing the step using z, > E” + z, by a step using
Ty > B + 2,

—If B = E"” + x, with E” # 0 and u = pporo w for all x,, occurring
in F then we have v >jppor0 U =rroro W and, by the outer induction
hypothesis bl v =grpoo w for all z,, occurring in E. Therefore, since,
as in the previous case, we also have v ;50,0 2 for all x, occurring in
E”, we have again that z, > E” + E is in C(s) and thus, we conclude
replacing the step as in the previous cases.

2. We distinguish cases according to s Juporo t. Since t = pporo w We have that
neither s nor t are variables.

(a) If s Jpposo t by case[3|Raland top(t) € Fporo then we have that t > por0
u holds necessarily by case Thus, we have I(s) >¢e) I(t) >c@
I(u), which implies, I(s) =g, ps = I(t) <5y P > I(u) for some
polynomials ps and p;, and, by Corollary I(s) 2 C(s) I(t)+p' )
I(u) + ¢ + 1+ p' for some polynomials p” and ¢'. Now, by Case we
have I(s) -5, I(u) + ¢ +1+p', and hence I(s) >c(s) I(u), which
implies s > ppoL0 U by case

(b) If s Jduporo t by case and top(t) € Frpo then we have Acc(t) = {t}
and thus I(t) = x;. By Lemma |5} there is some v € Acc(s) such that
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v > prporo t- Now, by induction hypothesis 2] and [5] we have v = ppor0 u
and hence, by Lemma {4} z, > I(u) + 1 belongs to C(s). Then I(s) =
Ty +Ps () L(u) + 1+ ps > I(u) holds, and we conclude by case
If s Jpporo t by case then we have that ¢t = f(t1,...,t,) with
f € Frpo. We distinguish the cases according to ¢t > ;por0 U.

i. If case applies then #; = ppor0 u for some ¢ and, by Lemma [6]
we have s > pporo ti- Thus, we conclude s > po.0 ¢ by the induction
hypothesis [3 and

ii. If case applies then ¢ >zporo w for all w € Acc(u). By the
induction hypothesis|2] we have s > por0 w and hence s >=po0 u by
case EIRH

iii. If one of the cases applies then we have s = f(3), t = g(t)
and v = h(u), with f,g9,h € Frpo and f =r g =F h. First, if
we are in case [d2(c)i] or flR(c)ii]] since t =pporo ' for all u' € u
by induction hypothesis [2| we have s =zpo0 u'. Now, if g =5 h,
we conclude by case [4l2(c)il Otherwise, f =7 g =7 h and either
stat(f) = stat(g) = mul or stat(f) = stat(g) = lex. In the first
case {5H Trrovo)monit} (= rroro)mui{®}, and by induction hypoth-
esis 2] and 4l we have {S}(>rroro)mui{t}, and hence s =zporo u
by case In the second case (3)(Drroro)mon () (- rroro)iex (),
and, by induction hypothesis[2{and |4} we have (3) (> rroro)iex (W), and
hence s = pporo u by case {lI2(c)iii
distinguish the cases according to s > ppoL0 t-
If s = pporo t by case[dl[l] and top(t) € Fporo then we have that ¢ Jypos0
u holds necessarily by case Thus, we have I(s) >c(s) I(t) >c@)
I(u), which implies I(s) —>c,) ps > I(t) =5 pe = I(u) for some
polynomials ps and p;, and, by Corollary , I(s) 2 C(s) I(t)+p +
T I(u)+q¢ +p' +1 for some p’ and ¢'. Now, by Case we have
I(s) =55 I(u) + ¢ +p"+1, and hence I(s) >c(s) I(u), which implies
8 =rprovo U by case
If s =rporo t by case and top(t) € Frpo or t is a variable then
top(u) € Frpo or u is a variable as well. Therefore, we have Acc(t) = {t}
and Acc(u) = {u}, and thus I(t) = 2; and I(u) = z,. By Lemma
there is some v € Acc(s) such that v =grporo t. Now, if v =prporo ¢
then, by induction hypothesis [B] we have v >,p0.0 u and hence, by
Lemma zy = I(u) + 1 belongs to C(s). Then I(s) = zy + ps =5y
I(u) + 1+ ps > I(u) holds. Otherwise, if v Juporo t then, by induction
hypothesis EL we have v Jyporo ¢, and thus both z, > x; and x, > z,
belong to C(s). Therefore, since I(s) >¢ () 1(t) = x4, by Lemma |1} we
have that I(s) G Tt T L ps > = I(t). There are two cases.
If z; has not been introduced by a rewriting step then we have that
t € Acc(s) and z; > z,, belongs to C(s), and hence we can also rewrite
x; in the parallel step obtaining I(s) 2 5(s) Tu 1+ ps > w0y = I(u),
and we conclude by case Otherwise, there must be a step replacing
Xy by 2y in I(s) = xy + ps 2 C(s) Tt + pl, > x = I(t). Then, since

11



. We

Xy > Ty belongs to C(s), we can replace x,, by z,, instead of z;, and we
obtain I(s) = Ty +Ps H5(,) Tu +pl >z, = I(u), and again s > ppoLo U
by case [

If s =rporo t by case I.. then s; > ppoLo t for some argument s; of s.
By induction hypothesis [3| and EL we have s; »rporo u and hence we
conclude s > pporo u by case

If s =pporo t by case then we have s > prporo w for all w € Acce(t).
By Lemma [5| for all v € Acc(u) there is some w € Acc(t) such that
W = rporo ¥, and, therefore, by induction hypothesis [3| and [l s > rporo v
for all v € Acc(u). Now, if top(u) € Fporo, we already have s >RP0LO u,
since Acc(u) = {u}. Otherwise, we have s > pp0.0 © by case [4

If s > rporo t by one of the casesthen we have s = f(3),t = g( ) and
u = h(u), with f,g,h € Frpo and f =7 g =7 h. First, since t > zporo u
for all ' € u by Lemma@, we have 5 > jpor0 ¢’ by induction hypothesis
Now, if f > g, we conclude by case{dli2(c)il Otherwise, f = g =7 h and
either stat(f) = stat(g) = mul or stat(f) = stat(g) = lex. In the first
case {5}(> rrovo)mut{t}(Zrroro)mon{t}, and by induction hypothesis
and [A] {3} (> rroro)mu {U}, and hence s = ppor0 u by case [@2(c)iil In the

second case <7>(> rrono)iez (8 (D rroro)mon (T), and, by induction hypoth-

esis 3] I 3| and ' Y (> rpovo)iex (W), and hence s =pp010 u by case [df2(c)iiil

distinguish the cases according to s Jpposo t-

If s € X then by definition of J,,,,, we have s =t = u € X and hence,
$ Jproro u by case BT}

If s Jrroro t and t Jpporo u by case then we have I(s) >¢(y)
I(t) Zc@) I(u), which implies, I(s) —>5,) ps = I(t) =5 Pe =
I(u) for some polynomials ps and p;, and, by Corollary (1} I(s) —H—%(S)
I(t) +p" =54 1(u) + ¢ +p'. Now, by Case we have I(s) -5,
I(u) 4+ ¢ + ', and hence I(s) >¢(s) I(u), which implies s Jppor0 u by
case Bl2al

If s Jpporo t by case and top(t) € Frpo or t is a variable, then,
top(u) € Frpo or u is a variable. By Lemma |5 we have that there is
some v € Acc(s) such that v =pporo ¢, since Acc(t) = {t}, and, by the
induction hypothesisand U = pporo w. Therefore, since Acc(u) = {u},
by definition z, > x, belongs to C(s), and hence I(s) = Ty +Ps Gy
Xy + ps > @, = I(u) and, hence s Jjpp0 u by case [3

If s Odpporo t and t Jpporo u by casethen s=f(3 ) t =g(t) and u =
h(w), with f =% g =7 h and either stat(f) = stat(g) = mul or stat(f) =
stat(g) = lex. In the first case {SHIDrrowo)monit}(Drroro)monit}, and
by induction hypothesis I {5} 3rroro)mon{t}, and hence s Jdyporo u by
case I- In the second case (3)(Drroso)mon (£)(ZDrroro)mon (W), and,
by induction hypothesis |4} (3)(drroLo)mon (), and hence s JdypoLo w by

case BIR(D)H

distinguish cases according to s >=pporo t and t >=pporo u. Notice that

neither s nor ¢ are variables.

(a)

If s = pporo t by caseand top(t) € Fporo then we have that t = ;,0.0
u holds necessarily by case Thus, we have I(s) >ce) I(t) >c@

12



I(u), which implies, I(s) 5, ps > I(t) =5 pt > I(u) for some
polynomials ps and p;, and, by Corollary [1} I(s) 2 5(s) I(t) +p' +
L G I(u) +¢ +1+p +1. Now, by Case 71} we have I(s) G ()
I(u) + ¢ +p" + 2, and hence I(s) >¢(s) I(u), which implies s > zpor0 u

by case [][i]
) If s >rporo t by case|[dlil|and top(t) € Frpo then it holds like in case
¢) If s =pporo t by case [4l2al then it holds like case [3¢
d) If t =,poro u by case [dlf2al then it holds like case [2(c)]]
)
)
)

If 8 = rporo t by casedll2D] then it holds like case [3d]

If t = rporo u by case 4f2b| and top(s) € Frpo then it holds like
If we apply one of the cases then we have s = f(5), t = g(t) and

u = h(w), with f,g,h € Frpo and f =z g =x h. First, since t > po,0 u
for all v’ € w by Lemma@, we have s = pporo v’ by induction hypothesis
Now, if f =7 g or g =7 h, we conclude by case 4i2(c)il Otherwise,
f =7 g =7 h and either stat(f) = stat(g) = mul or stat(f) = stat(g) =
lex. In the first case {5} (> rroro)mui{t} (= rroro)mui{t}, and by induction

hypothesis and B} {S}(>rroro)mui{t}, and hence s =jpor0 u by
Id

case ¢)ii} In the second case (3)(> rroro)iex (t) (= rrono)iex (W), and, by
induction hypothesis B and 5] () (> rror0)iex (W), and hence s = o0 u
by case |li2(c)iiil O

Corollary 2. >:50.0 and =pporo are transitive and > pporo 1S compatible with

ERPOLO .

Now we provide the lemmas needed for proving the monotonicity and stability
under substitutions.

Lemma 8. If s =pporo t then I(f(...,8,...)) 2c(f(s,.. ) L(f(.1t,..0)), for
all function symbols f € Fporo-

Lemma 9. J,.0.0 and = proro are monotonic.

See respectively the proofs of lemmas [22| and [23| which extend these lemmas
to the higher-order case.

In order to prove stability under substitutions, we extend the definition of
polynomial interpretation to substitutions in the natural way.

Definition 5. Let v be a substitution. Then we define
yr=A{zy = I(ty) |t € T(F,X)}.

The following lemma easily holds by induction on the size of the term (see
Lemma [24] for the details).

Lemma 10. Let v be a substitution such that xy ¢ Dom(y) for any term t.
Then I(sy) = 1(s)y; for every term s.

Using the previous lemma we can show stability under substitutions of our
relations (see the proof of Lemma [25( for details).
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Lemma 11. ;.00 and =prporo are stable under substitutions.
Corollary 3. =.p0.0 and = prporo are stable under substitutions.

The following lemmas are devoted to proving well-foundedness of the order-
ing. The first one roughly shows that >¢ is well-founded on linear polynomials
if the context C' is built using a set of strongly normalizing terms (the proof is
exactly as the one for Lemma [28)).

Lemma 12. Let S be a set of terms closed w.r.t. > pporo-

1. Ifp and q are linear polynomials, Var(p) C Xs and p >¢ sy q then Var(q) C
Xs.

2. 1If all terms in S are strongly normalizing w.r.t. =gporo then >c(s) is well-
founded on linear polynomials over Z+ and Xs.

The following two lemmas show roughly that POLO symbols and RPO sym-
bols preserve strong normalization. In the first case we assume that the accessible
terms are strongly normalizing, while in the second case we assume that the ar-
guments are strongly normalizing.

Lemma 13. Let t be a term with top(t) € Fporo s.t. Acc(t) = {uy,...,ur}.
If uy, ..., ug are strongly normalizing w.r.t. > prpoLo then t is strongly normal-
12ing W.T.t. > ppoLo-

Lemma 14. Let ty,...t, be terms in T(F,X).
If t1,...,t, are strongly normalizing w.r.t. =pporo and f € Frpo then
ft1, ... tn) is strongly normalizing w.r.t. > pgporo-

See the proofs of lemmas[29)and 30, which extend these lemmas to the higher-
order case.

Using the previous lemmas we can prove well-foundedness of the ordering (see
the proof of Lemma [31] which is the extension of this lemma to the higher-order
case).

Lemma 15. ;50,0 is well-founded.

We conclude the Section with the main Theorem of the first-order part, which
follows directly from corollaries [2] and [3] and lemmas [9] and

Theorem 1. (= zroros ™ rroro) 18 a reduction pair.

As we have seen, in order to form a reduction pair we just need the quasi-
ordering to be monotonic. However, if we want to use the ordering for directly
proving termination then we need a reduction ordering and, hence, monotonicity
of the strict ordering is required. In this case, to make = ,,,,, monotonic there
are two possibilities.

The first and simplest one relies on considering only monotonic polynomial
interpretations, i.e. interpretations fr(x1,...,%,) = co+c1 X1+ ...+ Cp - Ty
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where ¢; > 0 for all j € {1...n} and for all f € Fporo. Then, if s >pporo t
by case [A][T] then since top(s) € Fporo we have that C(s) C C(f(...s...)), and
hence I(s) >c¢(s) I(t) implies I(f(...5...)) >c(r(..s..y) L(f(-..t...)), which
implies f(...s...) »grporo f(-..t...) by case Otherwise, if s = ppor0 t by
casethen, since top(s) € Frpo and top(t) € Fporo, we have, by Lemma
xs > I(t)+1 € C(f(...,s,...)), and since I(f(...s...)) = ...+ x5+ ... and
I(f(...t...))=...+I(t)+..., we can conclude by case [d]l} again. Finally, the
rest of the cases are proved as in the recursive path ordering.

The second solution is based on splitting the case of RPOLO (where
top(s) € Fporo) in two cases. The first one is as before, i.e. requires I(s) >c ()
I(t), and the second one requires I(s) >c(s) I(t) and Acc(s)(>rroro)mutAcc(t).
Now, it is easy to prove monotonicity, but well-foundedness needs to be revised.
To this end we just need to consider a second component (combined lexico-
graphically) in the induction argument of the proof of Lemma Being precise,
we have to proceed by induction on the pair (I(t), Acc(t)) w.r.t. the ordering
(>¢, (> rroro)mul)iex, Which is well-founded since, by assumption, all terms in
Acc(t) are strongly normalizing w.r.t. > ppo,0. This is very similar to what is
necessary for proving Lemma Since these proofs are omitted, see the proofs
of Lemma [29] and Lemma [30] which respectively extend both lemmas to the
higher-order case.

4 Higher-order terms and orderings

Given a set S of sort symbols, the set of types is the usual set of simple types
generated by the constructor — for functional types:

Ts:=s€S|Ts—>Ts

Types are functional when headed by the — symbol, and data types otherwise.
The operator — associates to the right. We use o, 7, p, 6 for arbitrary types.

Function symbols are meant to be algebraic operators equipped with a fixed
number n of arguments (called the arity) of respective types o1, ...,0,, and an
output type o. Let F = h—)al,_“’gmo Foix..xon—o- The membership of a given
function symbol f to Fu, x. xo,—o is called a type declaration and written f :
[01 X ... X 0y] = 0.

The set T(F,X) of raw algebraic A-terms is generated from the signature
Y = (8, F) and a denumerable set X of variables according to the grammar:

T=X|(\X:Ts.T) | T, T) | F(T,...,T).

Raw terms of the form M\ : o.u are called abstraction, while the other raw
terms are said to be neutral. Q(u,v) denotes the application of u to v. We may
sometimes omit the type o in Ar : o.u. As a matter of convenience, we may
write Q(u, vy, ...,v,) for Q(...Q(u,v1),...,v,), assuming n > 0. The raw term
Q@Q(u,v1,-..,v,) is called a (partial) left-flattening of s = Q(... Q(u, v1),...,v,),
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u being possibly an application itself (hence the word ’partial’). We use Var(t)
for the set of free variables of ¢.

An environment I is a finite set of pairs written as {z1 : 01,..., 2, : opn},
where z; is a variable, o; is a type, and z; # x; for i # j. Var(I') = {x1,...,zn}
is the set of variables of I". Given two environments I" and I", their composition,
denoted by I' - I'V, is the environment I" U{z : 0 € I" | ¢ Var(I")}. Two
environments I" and I'" are compatible if I'- I" =T UTI".

Given a signature X, our typing judgements are written as I’ Fx s: 0. A
raw term s has type o in the environment I" if the judgement I' Fx s: 0 is
provable in the inference system given at Figure [Il An important property of
our type system is that a raw term typable in a given environment has a unique
type. Typable raw terms are called terms.

Functions:
Variables: filooX...Xon] >0€F
M Fthlial...FFEtn:Un
F}_EZ'IO' FFEf(th...,tn)ZO'
Abstraction: Application:
I' {z:o0} Fot:7 I'tss:o—7 I'lxt:o
I'ts (Az:ot):o—T I' b Q(s,t) : 7

Fig. 1. The type system for monomorphic higher-order algebras

A substitution v of domain Dom(y) = {x1,...,z,} is a set of triples v =
{In bty x1 = t1,....0n bx x, — t,}, such that z; and ¢; have the same
type in the environment [;. Substitutions are extended to terms by morphism,
variable capture being avoided by renaming bound variables when necessary. We
use post-fixed notation for substitution application.

Given a signature X, a higher-order rewrite rule is a triple written I Fx [ — r
where I' is an environment and [, r are higher-order terms such that Var(r) C
Var(l) C Var(I') and for all substitutions  such that I' + 5 Iy : o, then
I' b5 ry: 0. A higher-order rewrite system is a set of higher-order rewrite rules.

The rewrite relation which is considered in the following sections is the union
of the one induced by a set of higher-order rewrite rules and the - and 7-
reduction relations all working modulo a-conversion, i.e.,

—RBp = TR U—gU —n
where

{u:a,v: 0} Fx QAz: aw,u) =g v{z— u}
{z:a,u:a— B} Fx Ae.Qu,z) =, v if 2 & Var(u)

For simplicity reasons, typing environments are omitted in the rest of the paper,
except when presenting type inference rules.

16



For some proofs we will use an extension of the subterm relation > based on
a-conversion, which is denoted by >, and defined as u >, v if u>v or u = Az.u’
and v = vw{x — y} for some fresh variable y. We have that >, is well-founded
since ut>q v implies |u| > |v|. Moreover, since >, is compatible with S-reduction,
we have — U, is well-founded on typed terms.

Definition 6. A higher-order reduction ordering > is a well-founded ordering
which is

(i) monotonic: s: o = t: o implies uls] : 7 > ult] : T for all u[z : o] : T;
(ii) stable: s: o =t : o implies sy : 0 = ty: o for every substitution ~;
(i) functional: s : 0 =g U —, t: 0 impliess: o >t: 0.

Higher-order reduction orderings allow us to show that the relation —rg,, is
terminating by simply comparing the left-hand and right-hand sides of each rule
in R.

Theorem 2. Let R = {l; — r;};c1 be a higher-order rewrite system and = be
a higher-order reduction ordering such that l; = r; for every i € I. Then the
relation —grgy is strongly normalizing.

As in the first-order case, methods like the ones in [7I24I19] require higher-
order reduction pairs to solve the constraints generated by the method.

Definition 7. Given = and =, (>=,>) is a higher-order reduction pair if > is
a quasi-ordering which is monotonic, stable under substitutions and functional
and > is a well-founded ordering which is stable under substitutions, functional
and compatible with >.

In the following section we will provide a higher-order reduction pair by
extending the results of Section

5 The Higher-Order Recursive Path and Polynomial
Ordering

We have, as for the first-order case, F split into two sets Fporo and Frpo, a
precedence =z on Frpo and a polynomial interpretation over the natural num-
bers I on terms in 7 (F, X). For any symbol f whose output type is functional,
we have f € Frpo (i.e., for any term f(s1:01,...,8p:0n):p =T, [ € FrPO)-

The interpretation I is enlarged as follows. If ¢ has a functional type then
I(t) = 0 and otherwise if the top symbol of ¢ is @ then I(t) = x;. In any other
case we proceed as before. However, to be able to handle the introduced vari-
ables z;, while keeping monotonicity of beta-reduction, we need to add context
information recording the relation between z; and ¢.
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0 if s : 0 and o is functional

T if s =@Q(sy,...,8,) : 0 and o is a data type

I(s) =< fr(I(s1),...,I(sp)) if s = f(s1,...,8n) : 0, 0 is a data type, f € Fporo
T if s = f(s1,...,8n) : 0, 0 is a data type, f € Frpo
T ifs=xz:0€ X, and o is a data type

Given a term s, its set of accessible terms Acc(s) is defined identically as in
the first-order case. Remark that for all terms u : 7 € Acc(s), 7 is a data type
and either top(u) € Frpo U {Q} or u is a variable.

Now we define a quasi-ordering on types exactly as done in [2], which is also
an ingredient of the ordering:

Definition 8. Let >7 be a quasi-ordering on types satisfying the following prop-
erties:

Well-foundedness: >7 = >p U>_, is well-founded, where o0 — 7 1>_, 0;
Right arrow subterm: o — 7 > 7;

Arrow preservation: T o =y a iffa =7 — o' , 7 =77 and o =7 o';
Arrow decreasingness: T — o >7 « implies either 0 >7 a or aa =7 — o/,
T=p 7 and o > o’';

T oo =

where >r s its strict part and =7 its equivalence.

Remark 1. The type ordering >7 and the polynomial interpretation I have to
satisfy the following condition. For all f : [0y X ... X 0,,] = 0 € Fporo, and for
allie {1,...,n}, ifVaer...xn: I(f(x1,...,2,)) > x; then 0 >7 0;.

Using this condition we can infer the following crucial property.
Property 1. Let t : o and w : 7 be typed terms. If w € Acc(t) then o >1 7.

Proof. By induction on |¢|. Since w € Acc(t), we have that 7 is a data type. If
top(t) € Frro U{@Q} or t is a variable then it trivially holds since Acc(t) = {t}.
Otherwise, t = f(t1,...,t,) and f : [o1 X ... X 0,] = 0 € Fporo, and moreover
w € Acc(t;) for some i € {1,...,n} such that I(f(x1,...,2,)) > x;. Therefore,
by Remark [I} we have o >7 0; and since, by induction hypothesis, o; > 7 we
conclude o >7 7. O

The following three mutually recursive definitions introduce respectively the
context C'(S) of a set of terms S, and the relations Jyorporos = norroro and
Z HORPOLO-

We give first the definition of context as in the first-order case, but using
= norroro instead of = .., . Note that beta-reduction is included in the definition
of = yorroro and hence it is also considered in the definition of context.

Definition 9. Let S be a set of terms u : o such that o is a data type and
top(u) € Fporo- The context C(S) is defined as the union of
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1. z, > E+1 for allu € S and for all linear polynomial expressions E over Z+
and variables {xy,, ..., %y, } such that w > yopporo vi for alli € {1,...,n}.

2. x4y > xy for alluw € S and for all v such that uw Jyorporo v and top(v) €
Frpo U {@}

As before, we define C(t) for some term ¢ with top(t) € Fporo as C(Acc(t)).
Now we can define the relations Jyorror0s = norroro a0d = porporo-

Definition 10. s: o Jyoproro t: 7T iff

1. s=te X, or
2. s= f(s1,...,8n) and
(a) f € Fporo, o >7 T with T a data type and 1(s) >c (s I1(t), or
(b) t=g(t1,....tn), f.9 € Frro, f =5 g, 0 =7 7 and
1. stat(f) =mul and {s1, ..., $n}(Trorroro)mon{tis. - tn}, or
it. stat(f) =lex and (s1,...,Sn)(Drorroro)mon{t1,- .-, tn)
3. s =Q(u,v), t =Q,v"), {u,v}( Duorroro)mon{t’,v'} and o =1 7
4. s=dx:auandt =Ny : v witha =7, c =r 7 and u{x — 2z} Jyorroro
v{y — z} for some fresh variable z : a.

Definition 11. s: 0 >porrorot : T iff 0 >7 7 and

1. s= f(s1,...,8,) and
(a) f € Fporo and
i. T is a data type and 1(s) >c(s) 1(t), or
it. T 1s functional and u > gorporo t for some u € Acce(s), or

(b) f S -FRPO and

i Si ™ nonrroro t for some i € {1,...,n}, or
it. t=g(t1,...,tm), 9 € Froro and s > yorroro w for all u € Acc(t),
or
. t = g(tla v 7tm)’ g€ fRPO;
A. f »=7 g and for all i € {1,...,m} we have s > yopporo ti OT
8; Znorroro ti for some j € {1,...,n}, or
B. f=xg, stat(f) = mul and
{31, sy 5n}(>‘HORP0L0)mul{tla e 7t7n}; or
C. f=rg, stat(f) = lex,
<Sla ceey 3n>(>1—10m’0Lo)lem<t17 cee 7tm> and
foralli e {1,...,m} we have s = orporo ti O Sj = norroro ti for
some j € {1,...,n}, or
w. t = Q(ty...,ty) for some partial left-flattening of t and for all i €
{1,...,m} we have s >porroro ti OT Sj “morroro ti for some j €
{1,...,n}, or

2. s = Q(sy,5s2) and either
(a) 81 Zuorporo t OT 82 Zporporo L, OT
(b) t =Q(ty,...,tm) for some partial left-flattening of t and
{317 52}(>‘H0RP0L0)mul{t1a ce 7tm}7 or
3. s = Q(A\zr.w,v) and w{x — v} =uorroro t, OT
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4. s = Az :a.u and
(a) uw{x — 2} Zuorroro t for some fresh variable z : «, or
(b) t =Xy : B, a =7 B and uw{x — 2z} > yorroro V{y — 2} for some fresh
variable z : a, or
(c) u=Q(w,x), x & Var(w) and w > yorroro t;

where §: 0 Zporporot T Uff 810 =yorporot: T 07 S : 0 Jporporot: T-

In order to show that > orroro @nd Jyorroro are well-defined we proceed like
in the first order case but by induction on the pair (s, t) compared lexicograph-
ically with (—)5 Ul q, D)lex~

Let us show the use of the defined relations in a simple example. Some larger
examples will be given in Section

Ezample 3. Let o be a data type, F = {s: [o] = o,p: [0 X 0] = 0,7 : [0 X (0 —
0o—o0)]—=otand X ={z:0,y:0,F:0—0— o}
Consider the following constraint literal:

r(p(s(s(x)),y), F) > Q(F,y,r(p(s(y), x), F))

First of all, let us mention that HORPO fails to prove this literal since we need
p(s(s(z)),y) to be greater than p(s(y),z), which cannot happen in any RPO-
like ordering. However, it is proved with HORPOLO taking » € Frpo with
stat(r) = mul and p,s € Fporo with pr(z,y) =« +y and sy(z) =z + 1.

By case[L1}[I(b)iv} since F is already an argument of r(p(s(s(z)),y), F'), we just
need to show that 7(p(s(s(x)),y), F) > norroro ¥ and r(p(s(s(x)),y), F) = norrovo

r(p(s(y), ), F). For the former we first apply case|11Ji1(b)ijand then case|11}i1(a)i
since I(p(s(s(z)),y)) = x5 + x, + 2 > x, = I(y). For the latter, we apply first
case [11f1(b)iiiB] which requires p(s(s(z)),y) > unorroro P(s(y), ), that holds by
case Eﬁlce I(p(s(s(2)),y) =xz +xy+2>a,+xy+1=1(p(s(y),)).

O

As done in the previous example, in practice we would like to use the defined
relations > yorporo and = porroro to prove termination. However, the relation
> norroro Ccannot be proved transitive and moreover > yorporo and > yorporo are
not compatible, and hence (> yorrovo, ™= Horroro) is Dot a higher-order reduction
pair. Fortunately, we can define two more relations > ,orporo and > yorporo, which
extend respectively = yorroro and > orporo, and such that (>4, .0.00 > forroro) 1
a higher-order reduction pair. Note that, since > ,orpo0 is included in >,opp0r0
and thus in >j0m,0w, We can use > porporo i the termination proofs (and anal-
ogously for > yorroro and >% . ron0)-

Definition 12. The relations > yorporo and > porroro are defined as

_ *
>HORP()L() - gH(]RP()LO . >‘H<)RP0L0

_ *
ZHORPOLO - gHORPOLO : EHORPOLO
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. " .
Notice that 2 HorPOLO = ;n()RPOLO U >uorroros SINCE = porporo = worroro

= HORPO] I
U >rorroro lmplles 2 HorPoLO = gH()RP(}LO . (gH()RPOLO U >‘H()RPOL0)— gHoRP()L()

+ T
gH()RPOLO U >H()RPOLO - gH()RP(}LO U >HORP()L()'

+ - -
Torrono 1S an ordering.

*
U (EH()RP()LU ! >HORPOLO)

Moreover, >% .roro 15 @ quasi-ordering and >

The rest of this section is devoted to proving that (>%,,.000s >Horroro) 1S &
higher-order reduction pair. To this end we will show the following properties.

— > ono 18 compatible with >* . .

— >porroro 18 strongly-normalizing.

— >norroro 1S monotonic.

— both >, orroro and > porporo are stable under substitutions.
— both >, orroro and > porroro are functional.

The strong normalization proof proceeds like in [I8] but uses ideas already
introduced for the first-order case when handling polynomial interpretations.

5.1 Candidate terms

Our strong normalization proof is based on Tait and Girard’s reducibility tech-
nique. In order to apply this method we have to define for each type o, a set of
terms called the computability predicate [¢]. Terms in [o] are called computable.
In practice, [o] can be defined by the properties it should satisfy. The most im-
portant one is that computable terms must be strongly normalizable. The rest
of the proof is based on lemmas similar to the ones introduced in the first order
case but working on computable terms instead of strongly normalizing terms.
See [14] for a detailed exposition of the method in case of system F', and [11] for a
discussion about the different possibilities for defining computability predicates
in practice.

Since we work with an equivalence relation = on types, the set [o] is actually
associated to the equivalence class of ¢ modulo =p. Moreover, we need, for
instance, that if s € [o — 7] and ¢ € [o], then the raw term Q(s,t) must belong
to the set [7] even if it is not typable, which may arise in case t does not have
type o but ¢/ =r 0. Now we give a type system in which all raw terms needed
in the strong normalization proof become typable candidate terms.

Definition 13. A raw term s is a candidate term if the judgement I' Fx s:c o
is provable in the type system of Figure[d

The set of types of a typable candidate term of type ¢ is a union of type
equivalence classes modulo =7 :

Lemma 16. For all o and 7 such that o =7 7, we have I' + 5 s ¢ o iff
I' by s:eT.

This allows us to talk about the types of a candidate term up to type equiv-
alence.
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Equival Variabl Functions:
quivalence: ariables: .
I hesico oot e oe D filo1x...Xopn] 20 €F
e - e - I' Fstiicor ... I sty icon
ST Treo Fl—gf(tl,...,tn):cd
Abstraction: Application:
I' {z:0} FsteeT I' bty sico—=71 I bFstico
I'ts (Mx:ot):co—T I' bz Q(s,t) :c T

Fig. 2. The type system for Candidate Terms

5.2 Properties of the order

First of all, let us mention that, in this Section Definition [0} [I0]and [IT]are applied
to candidate terms, and moreover, since the proof of strong normalization works
on candidate terms and relies on all the following properties, we will prove them
for candidate terms as well.

Lemma 17. The ordering >}, 000 1S compatible with the quasi-ordering >% ..o, o-

Proof. We show that if s >% .00 t >Fomroro  then s >F . “u. We proceed
by induction on the length of the sequence from s to t. If s = t we are done.
Otherwise, we have a sequence s = 80 > porroro 51 - - - > rorroro Sn =t >onroro U
with n > 0. Now, on the one hand, by induction hypothesis we have s1 >7_ .00
u. On the other hand, > ,orror0 = QZORPOLO U > porroro- Thus, if s > uorroro S1,
then either so J%.r0m0 S1 O S0 >wnorroro S1- If S0 Dorrono S1 then so I urono
. >21_0Rpow u and, since > porporo = Jyorroro © > HorPOLOs WE have sg >§oapow Uu.
If, otherwise, so > norroro 51, then we trivially have so >, .., . Thus, we have

proved that s > u. 0

HORPOLO

In order to be able to prove most of the properties, some lemmas holding for
first-order terms need to be generalized for higher-order terms.

Lemma 18 (Generalization of Lemma. The relations Jorporo 0Nd > yorroro
are reflexive.

The proof holds trivially like in the first-order case.

Lemma 19 (Generalization of Lemma . Let s :¢c 0 and w :¢ T be candi-
date terms. Then

(i) $ = norroro W implies $ = yorporo w for all u € Acc(w).
(i) 8 > norroro W iMplies s > porporo w for all u € Acc(w).

Proof. We proceed by induction on s w.r.t. =g Ur>,. If 7 is functional then
Acc(w) = &, and hence the lemma trivially holds. Otherwise, 7 is a data type.
If top(w) € Frpo U {@Q} or w is a variable, then Acc(w) = {w} and the lemma
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trivially holds as well. Otherwise, top(w) € Fporo- Then, by definition, we have
o >r 7 and, by Property (1} for all u :¢ 7/ in Acc(w) we have 7 >7 7" and hence
o>p 1.

If s Jyorroro w then, since top(w) € Fporo, it can only be by case
Then we have I(s) >¢(s) I(w). By definition of I, for all u :¢ 7" € Acc(w), we
have I(w) = P +x,, for some polynomial P, which implies I(s) >¢ ) I(u) = 4.
Hence, since o >7 7/ and all terms in Acc(w) have a data type, s Jrporo u holds
by case

Otherwise, we have s > ,orporo w. Since top(w) € Fporo, these are the only
applicable cases.

— 8 porroro W holds by case [L1[{1(a)ii Then we have both ¢ >r 7 and
I(s) >c(s) I(w). By definition of I, for all u :¢ 7" € Acc(w), we have
I(w) = P + x, for some polynomial P, which implies I(s) >¢(s) I(u) = 2
and, since all terms in Acc(w) have a data type, we conclude s > pporo © by
case [[TJT(a]]

— S >norroro W holds by case [L1f1(b)il Then s; >uorporo w for some argu-
ment s; of s. By induction hypothesis, we have s; > ,oproro @ :¢ T for all

u € Acc(w), and hence, since o > 7/, we conclude s > yonpporo © :c 7' by
case [11JI1(b)i| for all u € Acc(w).

— S > porroro w holds by case [[T]2al The proof is analogous to the previous,
using case instead of case [L1J1(b)i

— S >pnorroro W holds by case [11Ji1(b)iil Then s > yorporo w for all u € Acc(w)

holds by definition.

— 8 ™ norroro W holds by case Then s =3 8 *yorroro W for some s’ ¢ o.
Then, by induction hypothesis, s’ :c 0 =orporo @ ¢ 7' for all u € Acc(w),
and hence s :¢ 0 = porporo U :c T by case for all u € Acc(w).

— S > yorroro W holds by case[l1dal Then s = Az : a.v and v{z — 2} =, 0pr0r0
w for some fresh variable z : a. Since Az : a.v >4 v{z — 2z}, by induction
hypothesis v{z — 2} *porporo u for all u € Acc(w) and hence s > yorporo U
by case for all u € Acc(w).

— 8 »pnorroro W holds by case Then s = Az : a.Q(v,z), & Var(v) and
U ¥ porroro W. By induction hypothesis v > yorporo © for all u € Acc(w) and
hence s > yorroro U Dy case for all u € Ace(w). O

The following lemma is adapted from Lemma E[, but using > orroro- The
proof is analogous.

Lemma 20. Let s, u and v be terms. If u € Acc(s) and u >=yorporo v then
Xy > I(v)+ 1 is in C(s).

The next lemma extends Lemma [B] to both = ,orroro and > yorporo- The first
one is used in Lemma 25| and the second one in Lemma

Lemma 21 (Generalization of Lemma . Let s :¢ o with o a data type
and t :¢c T be candidate terms.

— If $ Znorroro t then Yu € Acc(t), Fv € Acc(s) such that v = yorporo U-
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— If s Zhonroro t then Yu € Acc(t), v € Ace(s) such that v >% om0 U-

Proof. For the first property we distinguish two cases according to the type of ¢.

If 7 is functional then it trivially holds since Acc(t) = @. Otherwise 7 is a
data type. Then if s is a variable we necessarily have s = ¢ and since Acc(s) =
{s} = Acc(t) it trivially holds. If top(s) € Frpo U {@Q} then Acc(s) = {s} and
hence we conclude by Lemma

Otherwise top(s) € Fporo. Then whether s Jyorporo t OF 8 > porporo t, We
have that I(s) Zc(s) I(t), and hence I(s) -5, p = I(t) for some polynomial
p. Note that, by definition, for all z,, > E in C(s) we have that u € Acc(s).
Moreover, for all terms u € Acc(t) there is a variable x,, occurring in I(¢). The
property trivially holds for those variables x,, occurring in I(t) such that z,, also
occurs in I(s). For those variables x, occurring in I(t) such that z, does not
occur in /(s) we will have a step with —¢(,) in I(s) 0 P 2 I(t) introducing
Zy. Therefore, there exists some variable x, in I(s) such that either z, > z,
is in C(s) and =z, is replaced by z, or =, > P+ x, + 1 is in C(s) for some
polynomial P and z, is replaced by P + z, + 1. Now, we have that v € Acc(s)
and v Jyorroro ¢ in the first case and v > yorporo % in the second one.

For the second property we proceed by induction on the number of steps
with J,0rroro that we have in s > ,orror0 t-

If there are no steps, it holds by the first property. Otherwise, we have
$ Jyorroro 8 Znorroro t. Then, by induction we have that for all u € Ace(t)
there is some v' € Acc(s’) such that o' >% ..., u, and by the first property we
have that for all v € Acc(s’) there is some v € Acc(s) such that v > yorporo V'
Therefore for all u € Acc(t) there is some v € Acc(s) such that v >% 000 4. O

The next lemma is used in the following one, which states the monotonicity
of our non-strict relations on candidate terms.

Lemma 22 (Generalization of Lemma . If s :¢c 0 Zporroro t ¢ 0 then

I(f(oo8,00)) 20(f (s LUF(o oty o00)), for all terms f(...,x 2 0,...) such
that f € Fproro

Proof. £ I(f(...,s,...)) =I(f(...,t,...)) then it trivially holds. Otherwise o
is not functional and we have I(f(...,s,...)) =p+I(s) and I(f(...,t,...)) =
p + I(t) for some polynomial p, and Acc(s) C Ace(f(...,s,...)) which implies
C(s) CC(f(...,8,...)).

Now, if top(s) € Frpo U{@} then I(s) = xy, i.e., Acc(s) = {s}. In this case
S ¥ rorroro t gives us either zs > I(t) € C(f(...,s,...)) or, by Lemma T >
It)+1eC(f(.. s,. .)), and hence, since I(f(...,s,...)) = p+Ts —{z.>1()}
p+1t) = 1(f (( ) and L)) = p T s D

I(t)+1 > p+I(t) = ( (.. -)), we conclude I(f(...,s,...)) Zc(f(..s,...))
I(f(....t,...)). If to (s) € ]-"p()Lo then s = yorporo t gives us I( ) >c(s) I(t) and
since C(s) Q c(f ( ..)) we have I(f(...,s,...)) =p+1(8) Zc(f(...s,...))
p+I(t ) I(f(.. )) Therefore, we conclude I(f(...,s,...)) Zc(f(...s,... )
(st ).

Flnadly7 1f s is a variable then necessarily s J,orroro t by case which
implies s = ¢t and hence I(f(...,s,...)) =I(f(-..,t,...)). O
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Lemma 23 (Generalization of Lemma@). Jyorroro ANd = yorporo GT€ MONO-
tonic for candidate terms.

Proof. We have to prove that s :¢c ¢ Jyorroro t :¢ o implies u[s] :¢c T Dyorroro
ult] :c 7 and s ¢ 0 =porporo t ic o implies u[s] :c T = porporo ult] i T for all
ulz ¢ o] ¢ T

We proceed by induction on the size of u. If w is empty it trivially holds. For
the induction step we have to prove the following properties.

— $:¢ 0 Dyorroro t :c o implies f(...,s,...) :¢ 0 Jrporo f(...,t,...) ;¢ 0 and
S:i¢c 0 Zporroro t :c o implies f(...,8,...) :¢ 0 Z=rporo f(...yt,...) ¢ 6 for
all function symbol f. If f € Fporo, we apply Lemma [22] and case
Otherwise, it holds as in RPO applying the case depending on the status of
I

— If s :¢ 0 Jyorroro t :¢c 0 then Q(s,v) :¢ 0 Jyorroro Q(t,v) :¢ 0 (respectively
Q(v, 8) :c 0 Tuorroro @(v,t) :¢ ), which holds by case

— If s :¢c 0 =porroro t ¢ 0 then Q(s,v) ¢ 0 =yorroro Q(t,v) :¢ 0 (respectively
Q(v, s) :¢ 0 > norroro @(v,t) :¢ @), which holds by case

— If s :¢ 0 Jyorroro t :c o then Ay.s :¢ 0 Jyorroro AY-t ¢ 8, which holds by
case [T01E

— If s :¢c 0 =norroro t :c 0 then \y.s :¢c 0 =,orroro Y.t :c 0, which holds by
case [[1145L O

Corollary 4. >,orroro 18 monotonic and > yorporo 18 weakly monotonic for can-
didate terms.

Now we proceed to prove stability under substitutions of both 3,orporo and
> norroro, Which also implies that > ;orroro is stable under substitutions.

Lemma 24 (Generalization of Lemma . Let v be a substitution such
that xy ¢ Dom(y) for any term t. Then I(sy) = I(s)y; for every candidate term
SicT.

Proof. By induction on |s|. If 7 is functional then I(s) = 0 and, since sub-
stitutions preserve types, I(sy) = 0 as well. Hence, in this case the lemma
trivially holds. Otherwise, 7 is a data type. If s is a variable or a term with
top(s) € Frpo U {Q@} then I(s) = x5 and hence I(s)y; = I(s7v). Finally, if
s = f(s1,-..,8n) with f € Fporo then I(s) = fr(I(s1),...,1(s,)) and since,
by induction hypothesis, I(s;y) = I(s;)ys for all i € {1,...,n}, we have that
I(sv) = frI(s17), - I(sn)) = f1(L(s1)v1s - L(sn)vr) = 1(s)vr- 0

Lemma 25 (Generalization of Lemma . The relations Jyorporo and
> norroro are stable under substitutions for candidate terms.

Proof. Given s :¢ o and t :¢ 7, we have to prove that s Jyopporo ¢t implies
87 Duorroro ty and s =porporo t implies s =porporo t, for every substitution
v s.t. z, ¢ Dom(y) for any term u, by induction on the pair (s,t) w.r.t. (=3
U, B> )iex- Since substitutions preserve types, we will only consider the term
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comparisons of the ordering and omit all references to types. Notice that we can
restrict the domain of the substitution in the indicated way, as we can assume
that no variable of the form x,, occur in the terms. There are the following cases
according to the definitions:

1.

2.

If s Jyorroro t by case then s = t € X and hence sy Jyorroro tY by
reflexivity of Jyorroro-

If s dyorroro t by case we must show that I(s) >¢(5) I(t) implies
I(s7) >¢(sy) 1(ty). First we will show that if z,, > E is in C(s) then 2, >
E~p is in C(sv).

— If x, > x, is in C(s) then we have u € Acc(s), v Dyorporo v and
top(v) € Frpo U {@}. Hence we have that top(uvy),top(vy) € Frpo U
{@}, wy € Acc(sy) and, by induction hypothesis, uy Jyorroro vy. There-
fore we have that x,, > x,, is in C(sv). Now, since I(vy) = x,, and,
by Lemma 24, I(vy) = I(v)7;, and I(v) = x,, we conclude Zyy > Zy7r
is in C(s7).

— If x, > P+ 1is in C(s) then we have u € Acc(s) and u > yopporo v for
all labeled variables z, in P. Hence, as top(u) € Frpo U {@Q} we have
that top(uy) € Frro U{Q} and wy € Acc(sy). Moreover, by induction
hypothesis, we have uy = ,orproLo vy for all labeled variables x,, in P, and,
by Lemma WY > porroro U7y implies wy = yonrporo w for all w € Acc(vy).
Now, as all labeled variables in P~; are either z,, for some labeled
variable x, in P, or z,, for some w € Acc(vy) and labeled variable ,, in
P, we conclude x,, > Py; +11isin C(sy).

We have proved that if z, > E is in C(s) then x,, > E~v; is in C(s7). Now
we will prove that if p + zy —(s,>p} P+ E then pyr + o1 —{s,,>84,}
pyr + Evr. By Lemma [24] we have that I(uy) = I(u)y;, and since top(u) €
Frro U {Q@}, we have I(u) = z, and I(wy) = x4,. Thus, we have that
ZTuy = Ty and hence, we conclude pyr + x,vr —H{zuy > By} PYT T E~p.

Finally, we have that I(s) >c(s) I(t) implies I(s) —>5,) p = I(t) for some
polynomial p, and by Corollary [1} p = ¢+ I(¢). Moreover, we have seen that
I(s) ~+G (s q + I(t) implies that I(s)y; —>5(,.) ¢y + I(t)yr and hence,
by lemma [24] we have I(sy) G (sy) AV T I(ty). Therefore, we conclude

I(s7) Z¢(sy) 1(ty) and hence sy Jyorporo ty by case [10)2a)
If s Jyorroro t by case [10l2b] by case or by case [10ll4] we conclude by
induction hypothesis and by each of the cases, respectively.

If s > porroro t by case[l1ll1(a)il the proof is analogous to that of s Jyorroro t
by case

If s >uorroro t by case [L1)1(a)iil then there is some u € Acc(s) such

that « > gorporo t. Then w cannot be a variable and hence uy € Ace(sy).
Therefore, since by induction hypothesis, uy >orporo ty We conclude by

case [L1}{1 (a)ij
If s > horroro t by case [L11(b)i} by case [11]i1(b)iii, by case |[111(b)iv} or by

case we conclude by induction hypothesis and by each of the subcases.

If s =,orroro t by case [L1)1(b)il) then we have top(s) € Frpo, top(t) €
Froro and s >porporo w for all u € Acc(t). Therefore, we have that
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top(sy) € Frpo, top(ty) € Fporo and, by induction hypothesis, 87 = yorroro
uy for all u € Ace(t). Now we will prove that sy =gorroro vy for all v €
Acc(ty) which will allow us to conclude that sy > yorporo ty by case[11)I1(b)il
If v € Acc(ty) with v = wy for some u € Acc(t) then since sy > porporo WY
for all u € Acc(t) we have sy > orroro v. Otherwise v € Acc(ty) with
v € Acc(zy) for some variable x € Acc(t) and hence we are done since
87 > norroro T, by Lemma [TI9] implies sv = yorporo v-
8. If s > yorroro t by case[II][3] then the property holds by induction hypothesis,
stability of S-reduction, and case
9. If s > porroro t by case L1l dal then s = Az.u and w{z — z} > jorporo t for

some fresh variable z. Let v be a substitution of domain Var(s) U Var(t).
By induction hypothesis u{z — 2z} > orporo t7y. Then, since Dom(~y) only
contains free variables we have x ¢ Dom(y), and since z is fresh, we have
that z ¢ Dom(v). Thus, we have u{z — z}y = uy{zx — z} which implies
uy{x — 2z} =norroro ty and hence, we conclude sy = Az.uvy > porporo ty by
case [[1li4al

10. If s = yorporo t by case then s = Az.u, t = Ay.v and u{x — 2} > yorroro
v{y — z} for some fresh variable z. By induction hypothesis we have that
u{x — 2}y = orroro V{y — z}7, and assuming that x,y, z ¢ Dom(y) (z and
y are not free variables and z is fresh) then we have u{x — z}v = uy{z — z}
and v{y — 2}y = vy{y — z} which implies uy{x — 2z} = yorroro VY{y — z}.
Therefore, we conclude that sy = Ax.uy > yorporo AY.vy = t7y by case [L1]4D)

11. If s > yorroro t by case the property holds by induction hypothesis,
stability of n-reduction and case a

Corollary 5. >,orroro and > yorporo are stable under substitutions for candi-
date terms.

5.3 Candidate interpretations

To prove well-foundedness of the ordering we follow Tait and Girard’s com-
putability predicate proof method. We denote by [o] the computability predi-
cate for candidate terms of type o. Our definition of computability for candidate
terms is standard and it is like the one in [I§], but without considering polymor-
phism.

Definition 14. The family of candidate interpretations {[o]}ocTs is the family
of subsets of the set of typed terms whose elements are the least sets satisfying
the following properties:

1. If o is a data type, then s :¢c o € [o] iff Vt :¢ T such that s >porporo t,
t e [7].

2. Ifs:co=1—pthen s € [o] iff Q(s,t) € [p] for every t € [7].
A typed term s of type o is said to be computable if s € [¢]. A vector 5 of

terms is computable if and only if so are all its components.
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As in [I8], computability is shown to be well-defined by a lexicographic com-
bination of an induction on the well-founded type ordering >7" (which includes
>7 and >>_, ), and a fixpoint computation for equal data types. Since Casedoes
not involve any negation, it is monotonic with respect to set inclusion, which
ensures the existence of a least fix point.

Then, if we apply case |Z| we decrease in >77 as it includes >_, and if we
apply case [I] either we decrease in >77, as it includes >p, or ¢ =7 7 and both
are data types, and then we conclude by the fixpoint computation. Note that for
data types this definition can be seen as a closure w.r.t. case [l taking as initial
set for each data type the set of minimal, w.r.t. >,orp0L0, terms (which includes
the variables).

Preservation of data types follows easily from arrow preservation:

Lemma 26. Assume that o =7 7 and o is a data type, then T is a data type as
well.

Lemma 27. If o =7 7 then [o] = [7].

Proof. We proceed by induction on >_,. Consider first ¢ is a data type. By
Lemmal(l6] s :¢c 0 and 0 =7 7 implies s :¢ 7. On the other hand, 0 =1 7 gives us
S :¢c 0 =nonroro t ic p I ¢ T =porroro t :¢c p. Consequently, since by Lemma [26]
we have that 7 is also a data type, by applying Definition we conclude
s € [7].

If o =7 7 and o is a functional type of the form o — p then, by arrow
preservation, 7 is also a functional type of the form o’ — p’, where a =7 o’ and
p =T p'. Moreover, by Definition s € [o] iff Q(s,t) € [p] for every t € [a].
By induction hypothesis, [o] = [¢/] and [p] = [¢'], and hence s € [7]. O

In order to prove the well-foundedness of > ;orporo, We first prove five prop-
erties on computability of candidate terms. Recall that a term is neutral if it is
not an abstraction.

Property 2. Computability properties.

Every computable term is strongly normalizing w.r.t. > ,orporo-

If s is computable and s >7% ..., t then t is computable.

A neutral term s is computable if ¢ is computable for every ¢ s.t. s > porporo t-
If £ is a vector of at least two computable terms s.t. @(%) is a candidate term,
then @(%) is computable.

5. Az : o.u is computable iff u{x — w} is computable for every computable

term w ¢ 0.

=W o=

All proofs are adapted from [I8], with some additional difficulties.
Proof.
— Property 4l By induction on the length of ¢ and applying case |2 of the

definition of candidate interpretations.
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— Properties [T} 2] 3] are proved together.
Given a type o, we prove by induction on the definition of [o] that
1. Given s :¢c o € [o], then s is strongly normalizing w.r.t. > ;orporo-

2.

3.

Given s :¢c o € [o] such that s > opporo t for some ¢ ;¢ 7, then t € [7]. By
repeated applications of such property we have that given s :¢ o € [o]
such that s >% ..., t for ¢t :c 7, then t € [7].

A neutral candidate term u :¢ o € [o] if w :¢ 6 € [0] for all w such that

U > porroro W. In particular, variables are computable.

We prove each property distinguishing in each case whether o is a data type
or functional.

1.

Given s :¢ o € [o], then s is strongly normalizing.
If o is a data type then, by definition 141} s computable implies ¢ com-
putable for every ¢ such that s >orporo t- By induction hypothesis ¢ is
strongly normalizing, and hence s is strongly normalizing.
Otherwise 0 = 6 — 7. We will prove that t :¢ p is strongly normalizing
for every t such that s > opporo t- Then, let s’ ;¢ 0’ be a term such that
$:ic 0 horrore S ic 0 =uorroro t ¢ p. By definition of Jyorp0r0, We
have that ¢/ = 0’ — 7/, with 6 =7 6’ and 7 = 7. By definition of
= norroro, We have o’ >7 p and hence, by arrow preservation and arrow
decreasingness, there are only two cases to be considered:

e Case 7 =p 7 >7 p. Then we have Q(s,y) J% Q(s',y) by

—HORPOLO

caseand Q(s',y) > norroro t by casefor some variable y : 6.
Since y :¢ 0 is computable by induction hypothesis 3] Q(s,y) :¢c 7 is
computable by assumption and definition of [7]. Then, by induction
hypothesis on Q(s,y) :¢ 7, we have that ¢ is strongly normalizing.

e Case p=0" - 7" with § =0 0/ =1 0" and 7 =¢ 7" >7 7”. Then
we have @(S, y) QZORPOLO @(8/7 y) by case and @(sla y) 7 HORPOLO
Q(t,y) by case for some variable y : 6. Since y :¢ 0 is com-
putable by induction hypothesis (3} @Q(s,y) :¢ 7 is computable by
assumption and definition of [7]. Then, by induction hypothesis on
Q(s,y) :¢c 7, we have that Q(¢, y) is strongly normalizing, which again

by case [L1]2b] implies strong normalization of ¢.

. Given s :¢c o € [o] such that s >,onporo t for some ¢ :¢ 7, then ¢ € [7].

Consider first that o is a data type. Then if s >,orpor0 t the property
follows from case [1| of the definition. Otherwise, s % .,0.0 t- Since
s € [o], we have Yw :¢ 7 such that s >,oppor0 w, w € [7]. Now as
VYw :¢ T such that ¢ > orporo w We have s J% 00,0 t > rorroro W and
hence s > onrroro W, we conclude ¢ € [r] by case
Consider now 0 = § — p. First, note that, by definition of J,,rror0,
for every s’ :¢ o', such that s :¢c ¢ Jyopporo S ¢ 0, we have ¢/ =7 o
and, thus, ¢’ is functional. Now, by arrow decreasingness and by arrow
preservation there are two cases:
(a) p > 7. Since s :¢ o is computable, by case Q(s,u) is com-
putable Vu € [0]. Let y :¢ 6. By induction hypothesis 3] y € [6],
hence Q(s, y) is computable. Then, as Q(s,y) :¢ p Thonroso = HorPoLO

t :c T by cases and and hence Q(s,y) :¢ p > pnorroro t ic Ty
we conclude ¢ is computable by induction hypothesis [2]
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(b) 7=0"— p/ with  =r ¢’ and p >7 p’. Now, by case [14]2] for all u €
[0] we have Q(s,u) € [p]. Then, since Q(s,u) %, roro * = norroro
Q@(t,u) by cases and and hence, Q(s,u) > yorporo Q(t, u),

by induction hypothesis [2} @(¢,u) € [p']. Since by Lemma [27) [0] =

[0'], then t € [7] by case

. A neutral candidate term u :¢c o € [o] if w:¢ 8 € [0] for all w such that

U >pgorroro W-

If 0 is a data type then, the property follows from the definition of
candidate interpretations.

Assume now that c =07 — ... = 0, — 7 where n > 0 and 7 is a data
type. By case u € [o] if @(u,uy,...,u,) € [r] for arbitrary terms
ur € [o1],...,u, € [o,] which are strongly normalizing by induction
hypothesis [1} Since 7 is a data type then, by definition, @(u, u1, ..., u,)
is computable iff so are all its reducts.

We prove that for all w :¢ p such that @Q(w,uq,...,ux) >porroro W,
w € [p], for all k € {0...n}. It is proved by induction on the multiset
{u1,...,ur} ordered by (>yonrroro)mui- Taking k = n yields the desired
property, implying that « is computable.

If k = 0 then we have to prove w € [p] for all w :¢ p such that u > ;onrror0
w which holds by assumption. For the general case, let k = (j + 1) < n.
We need to consider all terms w s.t. @(Q(u, w1, ..., %), Uj+1) >norroro W
ie. QQ(u,u1,...,uj),Uj+1) Dhorroro * > norroro W. We consider several
cases according to the definition of > ;orporo. Note that Q(u, uq, ..., u;) is
neutral even if j = 0. Then, for every u' such that Q(u, uy,...,u;) I .ror0
u’, we have that v’ is neutral since otherwise, by definition of Jj0zp0r0,
@(u, uy, ..., u;) must be an abstraction. Therefore case [L1I3] of > orroro
does not apply and hence we only need to consider case [L1][2]

o If Q(Q(u,u1,...,u5),Uj+1) Thorroro * > norroro W USINg case

then we have that either Q(uw,...,u;) J%orroro © ~HorPoro W OF
Uj41 QTIORP()LO * Znorporo W-
s« If Q(u,...,uj) Dhoproro - = Horroro W then, as w is also a reduct
of @Q(@(u,...,u;),uj+1), for typing reasons, we actually have
@(u, cen ,Uj) Trorroro * = morroro W that is @(u, e ,Uj) > HORPOLO

w. We conclude w is computable by inner induction hypothesis.

w If wr 3% nrono - T rorroro W and hence ug >yorporo W, We con-
clude by assumption and by induction hypothesis

o If Q(Q(u,u1,...,u5),uj+1) Thorroro = —norroro W = Q(W) using
case then, for some partial left-flattening Q(wy, ..., ws) of w,
we have {@(Uw Uty .- 7uj)7 Uj+1}(;nozapow):non'(>‘HORPOLO)mul{w17 cee 7ws}
and hence we have {Q(u, u1, ..., u;), uj+1}(Thoproro)mon * (= norroro
Ymui{wi, ..., ws}. By definition of the monotonic and multiset ex-
tensions and for type reasons, there are two possibilities:

* Consider first the case Q(u,u1,...,u;) Dhonroro W1 and w;q1
% onroro  uorroro Wi Vi € {2,...,s}, implying that w; is
computable by assumption and induction hypothesis [2| (since
> orroro = Dworroro © —norrono). By induction hypothesis all
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reducts of Q(u, uy, ... ,u;) are computable. Therefore, all reducts
of wy are computable and, as w; is neutral (it is an application),
we have that w; is computable by induction hypothesis It
follows that w is computable by Property

* Otherwise, Yw; € {wi,...,ws} we have either Q(u,u,...,u;)
Thorroro * = rorroro Wi OF Uiyl Diopporo * Zrorroro Wi- In the
first case we have @(u,u1,...,u;) >norroro Wi and we conclude

w; is computable by induction hypothesis. For the second case we
have w41 > uorroro W; and as u; 11 is computable by assumption,
we conclude w; is computable by induction hypothesis [2} Then,
by Property we conclude w is computable.
As a consequence, all reducts of @Q(u,uq,...,u,) are computable and we
are done.

— Property b} Az : o.u is computable iff u{z — w} is computable for every
computable term w :¢ o.
First we prove the only if part. By definition[14)2} Az : 0.u € [0 — 7] implies
Q(A\z.u,w) € [7] for all w € [o]. Then, by Property Q(A\x.u, W) >yorroLo
v implies v is computable. Therefore, we have that u{z — w} is computable
since Q(A\z.u, w) > porporo u{x — w} by case and hence, by definition
of >yorroros QAU W) >porporo u{® = w}.
For the if part we will prove that u{z — w} € [r] for every w € [o]
implies @(Az.u,w) € [r] since, by definition this implies Az : o.u is
computable.
Since variables are computable by Property u{x + z} is computable by
assumption for some fresh variable z. Therefore, by Property [2J[I] we have that
u{z — z} and w are strongly normalizing and hence we can use induction
on the pair (u{z — z},w) ordered by (>orroLo)iez t0 prove Q(Az.u,w) is
computable.
Since @Q(Az.u,w) is neutral, by Property it is computable if v is com-
putable for all v such that @(Az.u, w) > yorroro v, that is, Q(Az.u, w) IFrovo
- > norroro V. There are three cases:

1. QAz.u,w) T%proro © —morroro U USIng case for Dyorroro and
case for > yorroro. There are two cases:

(a) if w D% onroro © “uorroro v We conclude that v is computable by
Property @-@ as > yorroro = gf{()np()LO * ” HorPoLO-

(b) if Ax.w T¥opporo © “rorroro v then, for typing reasons, we have
Axu ¥ wroro © —rorroro V. Steps of Jyorroro hold by case [10[l4]
and for = yorroro there are three cases:

i If Azw D% pporo © = norroro U Dy case then we have that
U{JJ = Z} QTIORP()LO - norroro v and hence u{x — Z} = gorroro V-
We conclude again that v is computable by Property 22

ii. If Az Dinroro © =nonroro v = Ay : B by case [11][4H] then,
since z is fresh, we have u{x — 2z} 3%, 000 * > Horroro W{y —
z}. Now, for every computable term w’ :¢ 3, we have that u{z —
w'} is computable by assumption, and u{x — w'} >orroro
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u'{y — w'}, by stability under substitutions, which, by Prop-
erty implies that «/{y — w'} is computable. Now, by in-
duction hypothesis applied to the pair (u/{y — z},w’), we have
that @(Ay.u’,w") is computable, and we conclude that v is com-
putable by definition

iii. If Az.u 33000000 © ™ norroro ¥ by case then we have u =
Q(u,z), z & Var(') and v’ % ror0 © = norroro U, and hence
' >yorroro v- By the main assumption we have that Q(u’, z){z —
t} = @(v/, t) is computable for all computable term ¢ and hence,
by definition we have u' is computable. Therefore, since

u' > yorroro U, We conclude v is computable by Property
2. QAz.u,w) Dipnrono © —uorroro Q(T) using case for Jorroro and
case for =norroro. Then, {Ax'uyw}((gHORPOLO)mOn)* : (>H()RPOL()
)mui {0} and hence {Az.u, w} (D%, pono)mon * (= rorroro)mui{0}. For typ-
ing reasons, there are two cases:

e Mz Tionroro V1 = Ay’ and w Ji..000 © >uorroro vj for all
j > 1. By Property we have that v; is computable for all v;
S.t. W >porroro Vj- As Az Jioiporo V1 = Ay.v/ implies u{z —
2} Donroro W{y — =z}, then by stability it also holds u{x —
v2} Dhonroro Wy — va}. Now, as u{z — v} is computable by as-
sumption, and we have u{z — va} >yonroro ' {y — v2}, we conclude
that u/{y — v} is computable by Property Hence, by induction
hypothesis we have @(vq, v2) is computable. Now if v = Q(vy,v3) we
are done and we conclude by Property 24 otherwise.

e \r.u QZQRPOLO * >morroro Uj OI W QZ(JRP()LO * Zpnorroro Vj for all
j > 1. By Property we have that v; is computable for all v; s.t.
W 2 yorpoLo v; Oor u{x — Z} = HORPOLO Vj. If Az.u QZORPOLO * ™ HORPOLO
v; holds by case [11]4c| we can prove that v; is computable as done
in the previous c Otherwise it holds by case and
hence Az.u %1 pono = > norroro AYU = v; with w{x — 2} 3% 0.0
- =norroro W{y — z}, and hence u{x — 2z} >yonroro W{y — z}.
Then, by assumption u{z — v”} is computable for an arbitrary
computable v and, by stability under substitutions, it also holds
u{x — 0"} >nonroro W'{y — v"}. Now by Property [2|2| we conclude
u'{y — v} is computable. Hence, by induction hypothesis A\y.u' =
v; is computable. Therefore @Q(7) is computable by Property

3. @(\z.u,w) Thorroro * =morroro U UsIng case for Jyorroro and
case for > porroro, that is @(Az.u, w) % oo @Ay.u/,w') and
u'{y — w'} =yorroro v. Then, by definition of Jorpoo We have u{z —
2z} Dhonroro W{y — 2z} and w J%, .0, W', and hence, by stability
and monotonicity u{z — w} J%,.r0n0 W {y — w'}. Therefore we have
u{x — w} >uorroro v and since u{x — w} is computable by the main
assumption, then v is computable by Property a

Lemma 28 (Generalization of Lemma [12)). Let S be a set of terms closed
w.T.t. 2 gorporo-
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1. Ifp and q are linear polynomials, Var(p) C Xs and p >¢(s) q then Var(q) C
Xs.

2. If all terms in S are computable then >c(s) is well-founded on linear poly-
nomials over Zt and Xs.

Proof. Let C be C(S). Given a polynomial p = ag+ a1 - Ty, + ...+ ap - T, over
labeled variables in Xs, we define M (p) as the multiset containing a; occurrences
of u; for all i € {1...n}, and K(p) as the non-negative integer ay.

Then, if we have p + x,, —¢ p + E then there are two cases:

1. E = x, with v Jyoproro v- Then v € S which implies z, € Xs, M(p +
xu)(gHORPoLO)monM(p + E) and K(p + xu) = K(p + E)

2. E = q+ 1 with u > 0rpor0 v € S for all x, occurring in F, which implies
T, € Xs and M(p + fL'u) (>’H()RP()LO)mul M(p + E)

Repeatedly applying both cases above, if p —++5 p’ then we have that (i)
Var(p) C Xs implies Var(p') C Xs, and (ii) either M (p) (> yorroro)mur M (p') or
both M (p) (Zrorroro)mon M (p') and K (p) = K (p'). Moreover, by Corollary [1} if
p’ > g then p’ = g+ ¢ + 1 for some ¢/, which implies that (iii) Var(q) C Var(p')
and (iv) either M (q¢+ ¢’ + 1) (> sorroro)mut M (q) or M(¢') = 2.

Therefore, by (i) and (iii) we have that if Var(p) C Xs then Var(q) C
Var(p') C Xs, which ends the proof of . Now, we conclude with the proof of
. Assume we have an infinite sequence py >¢ p1 >¢ p2 >c¢ ... with Var(pg) C
Xs. By definition, we have py +=7 pj > p1 25 Py > p2 25 ph > ... Then,
for all 4 > 0, it holds that

— Var(p;) UVar(p;) C Xs, by induction on i using to prove Var(p;) C Xs
and then (i), as above, to conclude that Var(p;) C Xs;
- M(pi) (>‘HORPOL0)mul M(p;) or both M(pi) (gHORPOLO)mon M(p;) and K(pz) =
K (p;), by (ii);
- M(p;) (>HORP()LO)mul M(pi+1) or M(p;) (EHORPOLO)mOn M(pi+1)7 by (iV)~
As, Var(p;) U Var(p,) C Xs, we have M(p;) U M(p;) C S for all i > 0,
and since all terms in S are strongly normalizing w.r.t. >porporo, We have
that (> proro)mul is well-founded. Thus, from some point k£ on we have that

M(pi)(gnORPOLO)monM(p;)(gnORPOLO)monM(pi-‘rl) and K(pz) = K(p;) for all ¢ >

k, since otherwise, as > ,0rr000C> norroro @A JyorroroC > norroro and >:IFORP0L0

is compatible with >* .  we would have an infinite sequence with (>}, ...,
)mui. Therefore, we have K(p;) = K(p;) > K(pi+1) for all ¢ > k, which is a
contradiction. O

Lemma 29 (Generalization of Lemma . Let t :c T be a candidate term
with top(t) € Fporo s.t. Acc(t) = {u1,...,up}t. If uy,...,ur are computable
then t is computable.

Proof. Let S be the closure of {uj,...,ux} wW.r.t. >yorroro- Note that, since
computability implies strong normalization by Property we have that >c¢(s)
is well-founded by Lemma 28|2]
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Now, since 7 is a data type, by Property 2|3} we have to prove that w is
computable for all candidate terms w :¢ p such that ¢t >,orpor0 w. We proceed
by induction on I(t) w.r.t. >¢, taking C = C(S).

If p is a functional type then there is some u € Acc(t) such that v > yorporo W,
and hence u >yorporo w. Since u is computable by assumption, we have w is
computable by Property

Otherwise, p is a data type. By Lemma [2I] ¢ > ;50,0 w implies that for all
v € Acc(w) there is some u € Acc(t) such that uw >% ..., v. Therefore, since S
is the closure of Acc(t) w.r.t. > pyorporo, we have that all terms in Acc(w) are in
S, and thus computable by Property

There are two cases to be considered. If top(w) € Frpo U {Q@Q} or w is a
variable then, since Acc(w) = {w}, we have that w is computable. Otherwise,
top(w) € Fporo and hence, by definition of the ordering, I(t) >¢ ;) I(w). Since
C(t) = C(Acc(t)) and Acc(t) C S, we have that C(t) C C(S) = C, which
implies I(t) >¢ I(w). Finally, by Lemma Var(I(w)) C Xs, which allows
us to conclude, by induction hypothesis, that w is computable. a

Lemma 30 (Generalization of Lemma . Let f :¢c @ — 7 € Frpo and
t1 ¢ O1,...,ty ¢ On be a set of candidate terms. If t1,...,t, are computable
then f(t1,...,t,) :c T is computable.

Proof. The proof is done by induction on (f,{t1,...,t,}) ordered lexicographi-
cally by (=7, (>forroro)stat(f))iex Where stat is either mul or lex depending on

the symbol f and (>},..0.0)mw 1S the multiset extension of > ..., , w.r.t.
> onroro and (>0 Ve, is the lexicographic extension of >% .. . w.r.t.
>* onrono- Lhis relation is well-founded since we are assuming that ¢1,...,¢,

are computable and hence strongly normalizing w.r.t. > ,orror0 by Property 2|1}

Since f(t1,...,t,) is neutral, by Property it is computable if every w
such that f(t1,...,tn) >norroro W :¢ p is computable, which we prove by an
inner induction on |w|.

By definition of >jorporo, t = f(t1,...,tn) >norroro w implies that ¢ =
Ft1, o tn) Tiorroro ' =norroro w for some ¢ :¢ 7. Now, by definition of
Tyorroro we have that 7 =1 7/, top(t) = top(t') € Frpo and we also have that
for all ¢’ argument of ¢’ there is some ¢; argument of ¢ such that ¢; 3%,,.,0 t},
and hence, by definition of > ,orror0, ti = norroro t:. Therefore, as by assump-
tion tq,...,t, are computable then, by Property all arguments of t' are
computable.

We distinguish several cases according to the definition of > ,orpor0-

— Ift' > orroro w holds by case then we have t; > worroro W for some t;

argument of ¢’. Thus, by Property[2[l2] w is computable since > ;;0rr010C > norroro
and as we have seen, t; is computable.

— If ¢ >jorroro w holds by case [11)[1(b)ii] then we have top(w) € Fporo
and t' > yopporo W' Yw' € Ace(w). By the inner induction hypothesis, w’ is
computable and hence, by Lemma w is computable.

— If t/ > yorroro w holds by case [11[1(b)iiiA| then top(w) € Frpo, top(t') »r

top(w) and for every w; argument of w either t' > ,orroro Wi, in which case w;

34



is computable by the inner induction hypothesis (as t 3% 1 000 t = norroLo Wi
implies ¢t >yorroro Wi), OF t ™ worroro W; for some t; argument of ¢/, and
since = yorroroC> HorrorLos wi is computable by Property Therefore, w; is
computable for all w; argument of w, and since top(t) =z top(t') =r top(w),
we conclude that w is computable by the outer induction hypothesis.

— If ¢/ > orporo w holds by case [L1f1(b)iiiB| then we have top(t') =F top(w) €
Frro and {t\,...,t) Y~ rorroro)mui{wi, - . -, W, }. Thus, we have top(t) =x
top(w) and {t1, ..., t, }(3 HORPOLO)mon{t oo st Y (= worroro) mul{we, - -, wm b,
and hence, {t1, .. t 3% orroro)monitls - -« s th Y (= norroro)mul {W1, -« s Wi
Now, we prove that {t1,. ., tn}(>norroro)mul{wi, - - -, W }, which implies
that all terms ws, ..., w,, are computable and allows us to conclude that w
is computable by the outer induction hypothesis using the second component

of (>, (>H()RPOLO);‘,at)lez

By definition, {¢1, ..., ¢, (3 HORPOLO)m,m{tl, ..., t, } implies that there is some
permutation 7 such that tr(i) Dhorroro t; for all i, and {t}, ..., (>~ norrovo
Ymut{w1, ..., wy} implies {t},...,t)} = M'US" and {wy,...,wn} =NUT

and M'(3 HORPOLO)monN and for all w; € T there is a t; € S’ such that
t; = norroro Wj. Take M = {t ;) | t; € M'} and S = {t.(;) | t; € S’}. Then
M<QZORP0LO)m0’ﬂMI(:IHORPOLO)WOTLN which implies M (3 HORPOLO)monN and
for all w; € T we have that ¢, € S fulfils trqy Tionroro Ui =norroro

w;. Finally, by definition of >yorporo and > porroro, we have M (> rorroro
JmonN and Vw; € T 3tr;y € S such that tr;) >porroro wj, and hence

{tlv e ,tn}(>HORPOLO)mul{w1) e 7wm}~
— If ¢ > onrroro w holds by case [11)[1(b)iiiC| then we have top(w) € Frpo,
top(t') =F top(w), (t1,...,t,) (= norroro)ies (W1, - - -, W) and for all w; argu-

ment of w, either ¢ > ;orroro W5 OF ) = yorporo w; for some t; argument of
t’. As in case we conclude w; is computable for all w; argument
of w. Moreover, we have (t1,...,t)(Duorroro)imon (tls - - - » th) (= norroLo)ies
(w1, ..., wy,) and hence, by definition of the lexicographic extension we
have that (¢}, ...,t,) (= norroro)iex (W1, - . ., wy,) implies (¢, ..., t}.)(Duorroro
Ymon{W1, ..., wg) for some k and either ¥k = m < n or tk:+1 > HORPOLO
wg4+1. Thus, by definition of the monotonic extension on tuples, for all
ie{l,. k}, We have t; 3% srono ti Duorroro Wi, and either k = m < n or
th+1 QHOM voro L1 = norroro Wi+1. Hence, by definition of > j0rp010, we have
ti > norroro Wi for alli € {1,...,k}, and either k = m < n or tx4+1 > yorroro
wyy1. Therefore we conclude <t1, eyt Y (> rorroro)iex (W1, - - -, Wiy ). Hence,
as top(t) = top(w), we conclude that w is computable by the outer induction
hypothesis using the second component of (=x, (> xorroro)drat )icz-

— Consider now t' = ,orpoL0 w by case|[L1fI(b)iv|for some @Q(wy, ..., w,,) partial
left-flattening of w. Hence, we have for all ¢ € {1,...,m}, either t' >, onror0
w; or t;- = norroro W; for some j € {1,... n}. By the inner induction in the
first case and by Property in the second case, we conclude w; is com-
putable for all ¢ € {1,...,m}, and hence w is computable by Property

O

Lemma 31 (Generalization of Lemma . > porroro 18 well-founded.

35



Proof. We will prove that tv is computable for every typed term ¢ and com-
putable substitution . Then, taking the empty substitution we have that all
terms are computable and hence, by Property strongly normalizing w.r.t.

>HORI’OLO'

we

The proof is by induction on [¢].

If ¢ is a variable « then either © € Dom(y) and z+y is computable by assump-
tion, or &y = x, which is computable by Property

If ¢ = Ax.u then, by Property tvy is computable if uy{z — w} is com-
putable for every well-typed computable term w. Let § = v U {z — w}.
Then we have uy{zx — w} = u(yU {z — w}) = ud since z may not occur
in 7. Since § is computable, and [¢| > |u|, by induction hypothesis, ud is
computable and hence tv is computable.

t=f(t1,...,t,) with f € Frpo. By induction hypothesis t;y is computable
for all ¢, and hence, ty is computable by Lemma

t = Q(t1,t2). By induction hypothesis ¢17y and toy are computable, and
hence, tv is computable by Property

t = f(ti,...,tn), f € Fporo and Acc(t) = {uq,...,ux}. By induction
hypothesis u;7y is computable for all ¢ € {1,...,k}. Now, for all w € Acc(ty)
we have that w € Acc(u;y) and, by Lemma we have that w;y = yorroro W-
Therefore, w is computable by Property 2J2] and hence ¢ is computable by
Lemma O

As in the first-order case, we conclude with our main theorem stating that
have a reduction pair.

Theorem 3. (>%..0.00 > torroro) 18 a higher-order reduction pair.

Proof. We show that all required properties hold.

6

By Corollary [l we have that > 0rr010 is monotonic and hence, as the reflexive
and transitive closure of a monotonic relation is also monotonic, we have that
> orpoLo 1S monotonic.

By Corollary 5] we have that both >,0nr000 and >,onro0 are stable under
substitutions and hence, as the reflexive and transitive closure of a stable
under substitutions relation is also stable under substitutions, we have that
both >* ..., and >} are stable under substitutions.

By Lemma [31| we have that > ,oppor0 is well-founded, and hence, >} ...,
also is.

By Lemma we have that >} ..., is compatible with >* .

Finally, we have > yorror0 © > norroro © = norroro, and —g U —; C > yogrporo
by cases [3[ and |4c| of Definition Therefore both >7F ... and >% ...,

are functional. 0

The computability closure

Like for the HORPO in [18], in order to have a useful ordering the HORPOLO
has to be extended with the so called computability closure.
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In order to ease the reading we will only consider a simplified definition of
the computability closure that includes the cases that are used most often.

Definition 15. Given a term s = f(3) with f € Frpo, we define its com-
putability closure CC(s) as CC(s, D), where CC(s, V) for a set of variables V with
Y NVar(s) = &, is the smallest set of typable terms containing all variables in
V, all terms in's and closed under the following operations:

1. precedence: let g € Frpo such that f =x g and t C CC(s,V), then g(t) €
CC(s,V);

2. status: let g € Frpo such that f =7 g, if 5(>=orroso)stat(p)t andt C CC(s, V)

then g(t) € CC(s,V);

polo: let t = g(t) with g € Fporo and Acc(t) CCC(s,V), thent € CC(s,V);

4. application: let Q(t) be a partial left-flattening of t and t C CC(s,V), then

t € CC(s,V);

abstraction: let x ¢ Var(s)UV and t € CC(s,VU{z}), then A\x.t € CC(s,V).

6. reduction: let u € CC(s,V) and u = yorroro t, then t € CC(s, V).

o

&

Note that in case |2} if the status is mul then the condition ¢ C CC(s,V)
already holds applying the reduction case and the fact that 3 (> yorroro)mui t-

Now we give a modified version of »,rror0 Which includes the use of the
computability closure in some of the cases with top(s) € Frpo-

Definition 16. s: 0 =,orrorot: 7 iff 0 >7 7 and

1. s= f(s1,...,8,) and
(a) f € Froro and
i. T is a data type and I(s) >c (s 1(t), or
it. T 1s functional and u > yorporo t for some u € Acc(s), or
(b) f € Frpo and
i. Si Znorroro t for some i € {1,...,n}, ort e CC(s), or
it. t=g(t1,...,tm), 9 € Froro and $ > yorporo 4 or u € CC(s) for all
u € Acc(t), or
. t=g(ty,... 7tm), g € Frpo,
A. f »F5 g and for all i € {1,...,m} we have s > opporo ti OT
t; € CC(s), or
B. f=xg, stat(f) = mul and

{317 ceey 5n}(>H0RPOLo)mul{tla cee 7tm}7 or
C. f=rg, stat(f) = lex,
<51; B 3n>(>‘HORPOLO)lez<t17 cee >tm> and
for alli e {1,...,m} we have $ = opporo ti ort; € CC(s), or
w. t = Q(ty...,ty) for some partial left-flattening of t and for all i €
{1,...,m} we have s > yorporo ti or t; € CC(s), or

2. s = Q(sy,5s2) and either
(a) $1 Zworroro t OT 82 Zporporo L, OT
(b) t =Q(ty,...,ty) for some partial left-flattening of t and
{517 52}(>H()RP0L())mul{tla ce 7tm}: or
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3. s = Q(A\zx.w,v) and w{x — v} Zuorroro t, OT
4. s =Ax:a.u and
(a) uw{x — 2} =uorroro t for some fresh variable z : «, or
(b) t =Xy : B, a = B and u{x — 2} > uorroro v{y — z} for some fresh
variable z : «, or
(¢c) u=Q(w,x), x & Var(w) and w > yorroro t;

where 5 : 0 =porporo t 1 T iff 510 =porporot: T 07 510 Jyorporot: T.

First of all note that now the definition of > ;orpor0 is also mutually recursive
with the definition of CC, and due to the Caseof = norroro and the Case |§|0f
CC we cannot use a measure on (s, t) to prove well-definedness. Therefore, in this
case, we prove that the ordering is well-defined by a fixpoint computation. Note
that, since no case involves negation, the definitions are monotonic with respect
to set inclusion, and hence the existence of the least fixpoint is guaranteed.

A more compact and elegant way to combine the ordering with the com-
putability closure is given in [2]. There, a single ordering, called the computability
path ordering (CPO) is defined. Combining CPO with polynomial interpretations
can be done in the same way as in this paper for HORPO.

The proofs are extended following the same approach as for HORPO in [18].
In what follows, only the proofs that differ from the previous section are provided.

We first need to prove again Lemma stated for the ordering with the
computability closures, whose proof has to consider two additional cases.

Lemma 32 (Revision of Lemma . Let s :¢c 0 and w :¢ T be candidate
terms. Then

(i) $ = norroro W implies $ = yorporo w for all u € Acc(w).
(i) 8 > norroro W iMplies s > porporo w for all u € Acc(w).

Proof. The proof proceeds as before, but due to the use of the Computability
Closure in the definition of > ;ozpor0, tWOo new cases must be considered when
top(w) € Fporo- Note that, by definition, if u has type 7’ then we have that
o>r 1> 7.

— 8 > yonroro W because w € CC(s) by case [16/[1(b)il We have already proved
(without any use of the induction hypothesis) that w >=jopporo u for all
u € Ace(w). Therefore, by the case of reduction we also have that u € CC(s),
and since o > 7" we conclude that s > jorporo 4 by case [16)/1(b)i]

— 8 »ponroro W by case [L6J1(b)iil that is, s > yorporo © or u € CC(s) for all
u € Acc(t). If u € CC(s) then since o > 7" we have that s =,oppor0 ¢ by

case [16]l1(b)il and hence, we can conclude in both cases.
O

Due to the mutually recursive definition of HORPOLO and the computability
closure, the stability under substitutions of J,orporo and = yorroro has to be
proved along with the stability under substitutions of the membership in CC.
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Lemma 33 (Extension of Lemma. The relations Jyorporo NA > rorroro
are stable under substitutions for candidate terms, and if u € CC(t) then uy €
CC(ty) for all type-preserving substitutions .

Proof. We prove all three properties by induction on the four mutually recursive
definitions (the context, Jyorroro, ™= morroro and CC). The proofs of stability
under substitutions of J,orporo a0d = yorroro are as before but now use the new
induction argument and the property on CC when needed.

Now, we prove that if u € CC(¢, V) with V C X'\ (Var(t)UVar(ty)UDom(y)),
then uy € CC(ty, V). Note that the property on V depends on ¢ and +y, but not
on u. It will therefore be trivially satisfied in all cases but polo and abstraction.
And indeed, these are the only cases in the proof which are not routine, hence
we do them in detail.

— Case |3} u = g(u) with g € Fporo where Acc(u) C CC(¢,V). By induction
hypothesis Acc(u)y C CC(ty,V). We will prove that Acc(uy) € CC(tv, V)
and hence uy € CC(ty,V) by Case |3| Let v € Acc(wy). If v € Acc(u)y
then we are done. Otherwise v € Acc(xy) for some variable x € Acc(u)
and top(zy) € Fporo. Since xy € Acc(u)y and Ace(u)y C CC(ty,V) then
xy € CC(tv,V). Now, since by Lemma |32 v = ,orroL0 ¥, We conclude that
v € CC(t,V) by Caself]

— Case [} let u = Ax.s with € X\ (VU Var(t)) and s € CC(¢t,V U {z}).
At the price of renaming the variable x in s if necessary, we can assume in
addition that = & Var(ty) UDom(7), and therefore VU {z} C X'\ Var(t) U
Var(ty) U Dom(y)). By induction hypothesis, sy € CC(tvy,V U {z}). Since
x & Var(ty) UV, by Case [5| of the definition \z.sy € CC(ty,V) and, since
x & Dom(7y), we have uy = Az.s7.

— Case @ U ¥ porroro W for some v € CC(t,V). Then by induction hypothesis
we have vy = ,orroro wy and vy € CC(ty,V), which implies wy € CC(tv, V),
by Case [0} O

The precise formulation of this statement arises from its forthcoming use in the
proof of Lemma

Lemma 34. Assume t : T is computable, as well as every term g(3) with g €
Frpo, S computable and smaller than t = f(t) in the ordering (>x, (>Tonroro
)stat(f))iex Operating on pairs (f,t). Then every term in CC(t) is computable.

Proof. We prove that uy : ¢ is computable for every computable substitution
of domain V and every u € CC(t,V) such that ¥V N Var(t) = &. We obtain the
result by taking V = &. We proceed by induction on the definition of CC(t, V).

For the basic case: if u € V, then w7y is computable by the assumption on ~;
and if u € £, we conclude by the assumption that ¢ is computable, since uy = u
by the assumption that ¥V N Var(t) = &. For the induction step, we discuss the
successive operations to form the closure:

— Case |1} u = g(u) where w C CC(t,V). By induction hypothesis, uy is com-
putable. Since f =z g, uwy is computable by our assumption that terms
smaller than f(¢) are computable.
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— Case [2} v = g(u) where f =7 g, t(=norroro)stat(s)8 u S CC(t,V) and
Var(u) C Var(t). By induction hypothesis, @y is computable. By assump-
tion, and by stability of the ordering under substitutions, (> sorroro) stat ()Y
and hence #y(>yorroro) stat(f)Wy- Note that #y = £ by our assumption that
V N Var(t) = &. Therefore uy = g(uwy) is computable by our assumption
that terms smaller than f(f) are computable.

— Case |3 u = ¢g(u) with g € Fporo where Acc(u) C CC(t,V). By induction
hypothesis, for all v’ € Acc(u) we have u'y is computable. Then for all
v € Ace(wy), if v € Ace(u)y then v is computable; otherwise v € Acc(xy) for
some variable z € Acc(u) and top(zy) € Fporo. By Lemmal[32} v € Acc(z)
implies that =y > orroro v and hence xv > orporo ¥ Which implies that v is
computable by Property Therefore, we have that Acc(uy) is computable
and hence uvy is computable by Lemma

— Case[4} by induction hypothesis and Property [2]d]

— Case[5} let w = Xz.s with ¢ VU Var(t) UDom(y) and s € CC(¢,V U {z}).
Then we have (V U {x}) N Var(t) = @ and, given an arbitrary computable
term w, we have that v/ = v U {& — w} is a computable substitution of
domain V U {z}. Therefore, by induction hypothesis, s7' is computable and,
by Property (Az.s)y is computable as well.

— Case [} by induction hypothesis, stability and Property 0
Lemma 35. Let f:c 0 = 7 € Frpo and ty :c 01,...,tn :c 0n be a set of can-
didate terms. If t1, ..., t, are computable then f(t1,...,t,) :c T is computable.

Proof. The proof is done by induction on (f, {t1,...,t,}) ordered lexicographi-
cally by (=7, (>} orroro)stat(f))iee and is exactly like the one for Lemma but
applying Lemma when the computability closure of f(t1,...,t,) is used. O

7 Examples

In the following examples, the type ordering > is defined by equating all sort
symbols and considering that ¢ — 7 > p if 7 > p. This ordering can be easily
extended to one fulfilling all conditions of Definition

The constraints we show in all the examples have been automatically gener-
ated by our tool THOR (see Section |8 for more details).

Ezample 4. Let nat be a data type, F = {s : [nat] — nat,0 : [| — nat,dec :
[nat x nat] — nat, grec : [nat x nat x nat x (nat — nat — nat)] = nat, + :
[nat x nat] — nat,log2 : [nat x nat] — nat, sumlog : [nat] — nat} and X = {x :
nat,y : nat,u : nat, F' : nat — nat — nat}.
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Consider the following set of rules:

dec(0, x) —0

dec(x,0) -

dec(s(z), s(y)) — dec(z,y)

grec(0,y,u, F) —u

grec(s(w), s(y), u, F) = grec(dec(z,), 5(y), 8(Q(F,u), z), F)
0+ —x

s(x) +y = s(z +y)

log2(s(0),0) -0

10g2(0, 5(y)) — 5(log2(s(y), 0))

log2(s(0), 5(y)) — 5(log2(s(y), 0))

log2(s(s(z)), y) — log2(x, 5(y))

sumlog(x) — grec(x, s(s(0)), 0, Az : nat.Azs : nat.log2(s(z2),0) + z1)

The first rules define a tail recursive generalized form of the Gédel recursor where
we can decrease in any given fixed amount at every recursive call. Using it we
define a function that given a natural number n computes the sum of the series
of the logarithm to base two of n, n — 2, etc. Note that log2(n,0) computes the
the logarithm to base two of n.

In order to prove this example we need to solve, among others, the constraint
below

GREC(s(z),s(y),u, F) > GREC(dec(x,y), s(y), Q(Q(F,u),x), F)

dec(0,2) >0 dec(xz,0) > x dec(s(x), s(y)) > dec(z,y)
Ot+z>z s()+ty=s@+y)  grec(0,y,u,F) > u
grec(s(z),s(y),u, F') = grec(dec(z,y),s(y ) Q(F,u),x), F)

Q(
log2(s(0),0) > 0 10g2(0, 5(y)) = s(log2(s(y), 0))
log2(s(0),5(y)) = s(log2(s(y),0))  log2(s(s(x)),y) = log2(z, s(y))
sumlog(x) > grec(z, s(s(0)),0, Az1 : nat.Az2 : nat.log2(s(z2),0) + 21)

Note that HORPO fails to prove this constraint due to the combination of
the first literal (the one on terms headed by GREC) and the last three literals
on terms headed by log2.

The constraint can be proved by HORPOLO taking Frpo = {GREC, grec,
+, sumlog} with sumlog > grec, sumlog > + and all having status lexz, and
Froro = {dec,log2, s,0} with decy(z,y) = z, log2;(z,y) = x+2-y, s;(x) = z+1
and 07 = 0.

In the remainder of the example we show how three of these literals are

included in the reduction pair (=7, ;0,00 = orroro)- Note that, in fact, we just
use > pyorroro a0d > yorporo-

— GREC(s(x),s(d),u, F) = yorroro GREC (dec(z,d), s(d), Q(Q(F,u), z), F).
We start applying case[16)/1(b)iiiC| To this end we first need (s(x), s(d), u, F)
(> norroro)iex{dec(x, d), s(d), @Q(Q(F,u), x), F), which holds since s(x) > yorroro
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dec(z,d) by case as I(s(z)) = x4+ 1 >¢(sa)) © = I(dec(x,d)). We

conclude showing that

e 5(d),F € CC(GREC(s(x), s(d),u, F)), by the base case.

o GREC(s(x),s(d),u, F) >norroro dec(x, d), which holds by case.q 1(b)iil
showing x,d € CC(GREC (s(z), s(d),u, F)) by the base case and case [
since both s(x) > yorroro © and s(d) = porroro d hold by case [16)/1(b)|

e GREC(s(x),s(d),u, F) = pyorroro @(F,u, z), which holds by case[L6}{L(b)iv|
since as seen F,x € CC(GREC (s(x), s(d),u, F')) and u € CC(GREC (s(x),
s(d), u, F')) by the base case.

— 10g2(s(s()), y) Znuorroro Llog2(z, s(y)).

We show that t = log2(s(s(x)),y) Duorroro l0g2(z, s(y)), by case since
I(log2(s(s(x)),y)) =2+ 2y +2 >c@) = + 2y + 2 = I(log2(x,5(y))).

— sumlog(x) > porroro grec(x, s(s(0)),0, Az : nat.Azy : nat.log2(s(z2),0) +
z1). We show that sumlog(z) >uorroro grec(z,s(s(0)),0,Az1 : nat.Azs :
nat.log2(s(z2),0) + z1) by case [L6)]1(b)ii1A] showing that

e x € CC(sumlog(x)) by the base case.

o sumlog(x) > yorroro $($(0)) and sumlog(x) > yorroro 0 by case 161 (b)i
Note that Ace(s(s(0))) = Acc(0) = @.

e Az : nat. Az : nat.log2(s(z2),0) + z1 € CC(sumlog(x)) by case [5| twice
and showing that log2(s(z2),0) 4+ 21 € CC(sumlog(x),{z1,22}), applying
case |1/ first and then proving log2(s(z2),0) € CC(sumlog(x),{z1,22}) by
case [3| and 22, 21 € CC(sumlog(z), {z1, 22}) by the base case. O

Ezample 5. The example is based on the previous one, replacing the last five
rules by the following ones.

quad(0) -0

quad(s(x)) — s(s(s(s(quad(x)))))

sqr(z) — sqrp(p(x,0))

sqrp(p(0,0)) =0

sqrp(p(s(s(x)),y)) = sqrp(p(z, s(y)))

sqrp(p(0,s(y))) = quad(sqrp(p(s(y),0)))

sqrp(p(s(0),y)) = quad(sqrp(p(y,0))) + s(quad(y))

sumsqr(x) — grec(z, s(s(0)),0, Az1 : nat.Azy : nat.sqr(s(zz)) + 21)

and F extended with {quad : [nat] — nat, sqr : [nat] = nat, p: [nat x nat] —
pair, sqrp : [pair] — nat, sumsqr : [nat] — nat}.

This example computes the square of z using the recurrence 22 = 4(z div 2)?
when z is even and 22 = 4(x div 2)?+4(x div 2)+1 when z is odd. Note that in the
square definitions the even/odd checking is done along with the computation.
To be able to handle this example we need to introduce the symbol p, which
allows us to have sqrp € Frpo and p € Fporo- Checking termination of these
rules requires solving the constraint obtained from replacing the last five literals
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of the previous example by:

quad(0) = 0 quad(s(z)) = s(s(s(s(quad(x)))))
sqr(z) > sqrp(p(z,0)) sqrp(p(0,0)) > 0

sqrp(p(s(s(x)), y)) = sarp(p(z, s(y)))

sarp(p(0, (y))) > quad(sqrp(p(s(y), 0)))

sqrp(p((0).)) > quad(sqrp(p(y.0))) + s(quad(y))

sumsqr(x) > grec(z, s(s(0)),0, A\z1 : nat.Az2 : nat.sqr(s(zz2)) + 2z1)

Using HORPOLO, the constraint holds using the following settings:

Frro = {GREC, grec,+, sumsqr, sqr, sqrp} with sumsqr =r grec, sumsqr > r
+, sumsqr =x sqr »=x sqrp and all status lex and Fporo = {0, s, +, p, quad}
with 0y = 0, s;(z) = z+ 1, +;(z,y) = 2+ vy, pr(z,y) = 2+ 2 -y and
quadr(z) =4 - z. O

The following two examples introduce several standard operations on lists.
The first one computes some permutation of the tail of a given list by shuffling
the elements a logarithmic number of times with respect to the first element of
the list.

Ezample 6. Let nat and list be data types, F = {s : [nat] — nat, nil : [] —
list, app : [list x list] — list, cons : [nat x list] — list, shuffle : [list] —
list, rshuffle : [list] — list, reverse : [list] — list, hrepeat : [nat x (list —
list) x list] — list, 0 : [] — nat, ceilhalf : [nat] — nat, tail : [list] —
list, head : [list] — nat} and X = {n : nat,x : list,y : list,] : list, F : list —
list}.

app(nil, 1) — 1

app(cons(n,l),y) — cons(n,app(l,y))
reverse(nil) — nil

reverse(cons(n,l)) — app(reverse(l), cons(n,nil))
shuffle(nil) — nil

shuffle(cons(n,l)) — cons(n, shuffle(reverse(l)))
ceilhalf (0) -0

ceilhalf (s(0)) — s(0)

cez’lhalf(s(s(n))) — s(ceilhalf (n))

hrepeat(0, F, 1) =1

hrepeat(s(n), F,1) — hrepeat(ceilhalf (n), F, Q(F,1))
tail(cons(n, 1)) — 1

head(cons(n,l)) —n
rshuffle(l) — hrepeat(head(l), Az.shuffle(z), tail (1))
In order to prove this example we need to solve, among others, the constraint

below
HREPEAT (s(n),F,l) > HREPEAT (ceilhalf (n), F,Q(F,1))

app(nil, 1) >1 app(cons(n,l),y) > cons(n,app(l,y))
reverse(nil) > nil reverse(cons(n,l)) > app(reverse(l), cons(n, nil))
shuffle(nil) > nil shuffle(cons(n,l)) > cons(n, shuffle(reverse(l)))
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ceilhalf (0) > 0 ceilhalf (s(0)) > s(0) ceilhalf (s(s(n))) > s(ceilhalf (n))
hrepeat(0, F,1) > 1 hrepeat(s(n), F,1) > hrepeat(ceilhalf (n), F, Q(F, 1))
tail(cons(n,l)) > 1 head(cons(n,l)) > n

rshuffle(l) > hrepeat(head(l), Az.shuffle(z), tail(l))

The system can be proved using HORPOLO where Frpo = {rshuffle, HREPEAT,
hrepeat, head, tail} with rshuffle = hrepeat, rshuffle = head and rshuffle =

tail and all having status lex, and Fporo = {app, cons, nil, reverse, shuffle, s, ceilhalf }
with apps(z,y) = = +y, cons;(z,y) = z +y + 1, nil; = 0, reversey(z) = z,
shuffle;(x) =z, sy(xz) = x + 1 and ceilhalf ;(z) = x. O

The last example is somehow different, as the only strict literal of the gener-
ated constraint does not contain any application symbol.

Ezample 7. Let nat, natlist, plist and pair be data types, F = {0 : [] —
nat, s : [nat] — nat, nil : [] — natlist, pnil : [] — plist, app : [natlist x
natlist] — natlist, cons : [nat X natlist] — natlist, p : [natlist x natlist] —
pair, pcons : [pair x plist] — plist, fst : [pair] — natlist, shuffle : [natlist] —
natlist, reverse : [natlist] — natlist, pshuffle : [natlist] — pair, prefixshuffle :
[pair x natlist] — plist, pps : [natlist] — plist apply2 : [(pair — nat —
pair) X pair x nat] — pair} and X = {n : nat,z : natlist,y : natlist,l :
natlist, z : pair, F' : pair — nat — pair }. Consider the higher-order rewrite
system consisting of the rules in Example [f] for app, reverse and shuffle plus
these ones

fst(p(z,y)) -
pshuffle(l) — p(l, shuffle(l))
prefizshuffle(z, nil) — peons(z, pnil)

prefixshuffle(z, cons(n, 1)) — pcons(z, prefirshuffle(apply2(Ax.\y.
pshuffle(app(fst(x), cons(y, nil))), z,n), reverse(l)))

apply2(F, z,0) -z
apply2(F, z, s(n)) — Q(Q(F, z),s(n))
pps(l) — prefizshuffle(p(nil, nil), 1)

The constraint generated by the termination prover contains the following liter-
als:
Prefizshuffle(z, cons(n,1)) > Prefizshuffle(Q(Az.\y.

pshuffle(app(fst(x), cons(y,nil))), z,n), reverse(l))

fst(p(z,y)) >
pshuffle(l) > p(l, shuffle(l))
prefizshuffle(z, nil) > pcons(z, pnil)

prefizshuffle(z, cons(n,l)) > pcons(z, prefixshuffle (apply2(Ax.Ay.
pshuffle(app(fst(x), cons(y,nil))), z,n), reverse(l)))

apply2(F, z,0) >z
apply2(F, z,5(n)) > Q(Q(F, z),s(n))
pps(l) > prefizshuffle(p(nil, nil), 1)
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and the ones for app, reverse and shuffle given in the Example [0}

The system can be proved using HORPOLO where Fporo = {shuffle, cons,
peons, app, reverse, nil, pnil, fst} with shuffle;(z,y) = = + vy, cons;(z,y) = = +
y+1, pconsi(z,y) =y, appr(z,y) = = +vy, reverser(z) = x, nily =0, pnil; =0
and fst;(z) = x, and where Frpo = {pshuffle, p, prefizshuffle, Prefizshuffle, pps,
apply2}, with pps == prefizshuffle = r pshuffle = p, Prefizshuffle = pshuffle
=r apply2 and all with status lex (right-to-left). O

8 Implementation and experiments

HORPOLO has been implemented as base ordering in THOR-1.0 El, a higher-
order termination prover based on the monotonic higher-order semantic path
ordering [7].

The implementation of HORPOLO is done by translating the ordering con-
straints s > t and s > t into problems in SAT modulo non-linear integer arith-
metic (NIA) which are handled by the Barcelogic [3I5] SMT-solver.

In order to perform an evaluation of the experiments we have used three new
different versions of our tool. The first one, called “DISJOINT” in Figure |3} can
use both HORPO and polynomial interpretations (POLO), but in a disjoint way.
Note that this version already properly extends the old version of THOR that
only uses HORPO. This way we have been able to check that the examples shown
in Sectionlj |§| and |7)) can only be proved using HORPOLO. The other two
are versions using HORPOLO. The first one, called “HORPOLQO”, implements
the ordering using the context C(s) when comparing polynomial interpretations
while the second one, called “HORPOLO-NC”, implements the ordering without
the context. The first one is, in principle, more powerful. However, all examples
can also be proved with the second one, which is more efficient, as can be seen
in Figure|3| Note that, although the context is necessary to ensure monotonicity
and stability under substitutions of the ordering, the relation obtained from
removing the context is included in the original relation, which makes it suitable
for proving termination.

For our experiments, we are using the problem database TPDBS8.1, which
is the one used in the recent 2011 Termination Competition. There are three
families in the Higher-Order category, which altogether include 156 problems.
We have also considered a fourth category called “HORPOLO-need” which has
got our four new examples.

We have performed the experiments in Figure [3]on a 2.4 GHz 2.9 GB Intel
Core Duo with a 32-bit architecture. Runtimes are given in seconds. The table
contains a row for each problem set, which displays for every tool version the
number of instances that can be proved terminating (YES) and the ones that
cannot (MAYBE) together with their respective solving times.

The analysis of the results on the considered benchmarks shows that the
time consumption using HORPOLO is comparable to all other variants. Al-
though most of the examples do not involve very complex constraints, there are

% See http://www.1lsi.upc.edu/ albert/term.html
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DISJOINT HORPOLO HORPOLO-NC
YES MAYBE YES MAYBE YES MAYBE
# | Time | # | Time || # | Time | # | Time || # | Time | # | Time

Kop-11 2| 0.325| 4| 0.110| 2| 0.326| 4| 0.123|| 2| 0.314| 4| 0.112
Mixed _HO_10 26| 2.993| 14| 0.445]| 26| 3.207| 14| 0.495|| 26| 3.045| 14| 0.479
U_A_11 67|26.246| 43| 5.801|| 67|28.610| 43| 6.289| 67|26.253| 43| 5.885
HORPOLO-need| 0 0| 4| 2.166| 4| 4.104] 0 0|| 4| 3.652] 0 0

Fig. 3. Experimental results with THOR-1.0

enough instances to conclude that the implementation of HORPOLO is feasible
in practice.

Moreover, we have to mention that the reason why HORPOLO does not
improve the results on the already existing examples in the TPDB is due to
the fact that most of them contain many first-order rules combined with a small
higher-order part, which is mainly handled in the constraint generation and sim-
plification process. Therefore the constraints sent to HORPOLO do not require
the combined ordering. However, our four new examples show that it is not that
hard to find situations where the HORPOLO is needed, and hence probably in
the near future if the database is extended with more and larger examples some
more constraints needing HORPOLO will appear.

Finally, we have tried to prove termination of our four new examples using
WANDA [20]. In fact, we have tried with two different versions of it. The first
one is a release of 2010 and the second one is a release of 2011, both available
at the author’s web page. Both versions use different techniques described, for
instance, in [I9], but finally rely on HORPO for solving the generated constraints
on higher-order terms. Both versions of WANDA fail to prove termination of all
four examples. However, we have been able to check that the constraints that
cause the failure of WANDA 2011 could be proved using HORPOLO, which
shows that the new ordering is not only useful in our tool.

9 Conclusions

In this paper we have shown a new way of combining polynomial interpretation
based orderings with RPO-like orderings. Terms that have to be compared with
RPO are abstracted and replaced by variables when the polynomial interpre-
tation is applied. The relations between the introduced variables are kept in a
context that is used when comparing the interpretations of the terms. This way
we can have monotonicity properties without needing any kind of interpretation
on symbols that are handled with RPO.

In the second part of the paper the ordering is extended to the higher-order
case. Polynomial interpretations in the higher-order case have only been success-
fully used in [23] and implemented in [I0]. In our approach we combine polyno-
mial interpretations with HORPO, obtaining an automatable technique, which
has been successfully implemented within our tool THOR. Finally, in order to
avoid some weaknesses of the ordering in presence of functional type terms, we
have introduced an additional technique, called computability closure, which is
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directly inherited from HORPO. Several examples illustrating the power of the
presented techniques have been given.

As future work, we plan to combine the polynomial interpretations consid-
ered in [23] and [10] with our combined method, since this would allow one to
decide whether the application symbol should be handled by the polynomial
interpretation or by the RPO part of the ordering, getting the best of both
methods.

Finally, it would be interesting to study whether our results can be extended
to handle matriz interpretations [16J9], which have recently been adopted in
automated tools as an alternative to RPO and polynomial interpretations for
solving ordering constraints.
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