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Size-based termination of higher-order
rewrite systems

Frédéric Blanqui* (INRIA, France)
3 January 2017

Abstract. This paper is concerned with the termination, in Church’ simply-
typed A-calculus, of the combination of S-reduction and arbitrary user-defined
rewrite rules fired using matching modulo a-congruence only.

Several authors have devised termination criteria for fixpoint-based func-
tion definitions using deduction rules for bounding the size of terms inhabiting
inductively defined types, where the size of a term is (roughly speaking) the
set-theoretical height of the tree representation of its normal form.

In the present paper, we extend this approach to rewriting-based function
definitions and more general notions of size.

1 Introduction

Consider the rewrite system of Figure [I] defining the substraction and division
functions on the sort N of natural numbers in unary notation, i.e. with the
constructors 0 : N for zero and s : N = N for the successor function.

Figure 1: Rewrite system defining substraction and division on natural numbers

subz 0 — =z

sub0y — 0
sub (sz) (sy) — subzxy
divO(sy) — 0
div(sz) (sy) — s (div(subzxy) (sy))

By termination, we mean the strong normalization property, that is, the
absence of infinite rewrite sequences tg — t; — ... A weaker property is the
existence of a normal form or weak normalization.

In our example, the size of a terminating term ¢ of sort N is the number
of s symbols at the top of the normal form of ¢ (this rewrite system is weakly
orthogonal and thus confluent [vO94]).
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While the termination of sub (i.e. the absence of infinite reductions starting
from a term of the form sub ¢ u with ¢ and « in normal form) is not very difficult
to establish (the size of the first argument is strictly decreasing in recursive calls),
proving the termination of div requires to observe that sub is not size-increasing,
that is, the size of (sub ¢ w) is less than or equal to the size of ¢.

The idea of sized types, introduced by Hughes, Pareto and Sabry in [HPS96]
for fixpoint-based function definitions, is to consider an abstract interpretation
of this notion of size into an algebra of symbolic size expressions, and turn the
usual typing rules of simply-typed A-calculus into deduction rules on the size
of terms. This allows us to automatically deduce some information on the size
of terms, and thus prove termination by checking that, for instance, the size of
some given argument decreases in recursive calls. Hence, termination is reduced
to checking typing and abstract size decreasingness.

In our example, this amounts to say: the 2nd rule of div does not jeopardize
termination since, assuming that x is instantiated by a term ¢ of abstract size
a, and y is instantiated by a term w of abstract size 3, then div (s t) (s u)
terminates because its first argument is of size o + 1 while, in the recursive call
div (sub t u) (s u), the first argument has a size smaller than or equal to a.

The goal of this work is to automate this kind of (inductive) reasoning, and
check the information given by the user (here, the fact that sub is not size-
increasing).

However, when considering type constructors taking functions as arguments
(e.g. Sellink’s model of uCRL [Sel93|, Howard’s constructive ordinals in Exam-
ple @ continuations in Example [7)), the size of a term is generally not a finite
natural number but a transfinite ordinal number. Hopefully, (finite) abstract
size expressions can also handle transfinite sizes.

Before explaining our contributions and detailing the outline of the paper, we
give hereafter a short survey on the use of ordinals for proving termination since
this is at the heart of our work though, in the end, we provide an ordinal-free
termination criterion.

1.1 Ordinal-based termination

A natural (and trivially complete) method for proving the termination of a
relation — consists in considering a well-founded domain (D, <p), e.g. some
ordinal (h, <p), assigning a “size” ||t|| € D to every term ¢, and checking that
every rewrite step (including S-reduction) makes the “size” strictly decrease:
It >p |Ju|| whenever ¢ — u.

In theory, it is enough to take D = w (the first infinite ordinal) when the
rewrite relation is finitely branching. However, after Gddel’s incompleteness
theorem [G6d31], defining || || and proving that [|t]| >p ||u|| whenever ¢ — w,
may require the use of much bigger ordinals. For instance, the termination of
cut-elimination in Peano arithmetic (PA) requires induction up to the ordinal

g0 =w*”  but PA cannot prove the well-foundedness of &y itself [Gen35]. Yet,
there is a function || || from the terms of Godel’ system T [G6d58] (which extends



PA) to w such that ||¢|| >p ||u|| whenever ¢t — u [Wei98].

An equivalent approach is finding a well-founded relation containing —, like
Dershowitz’ recursive path ordering (RPO) [Der79bl [Der82] or its extension to
the higher-order case by Jouannaud and Rubio [JR99 [JR07, BJR15] but, in
this paper, we will focus on the explicit use of size functions. For a connection
between RPO and ordinals, see for instance [DOSS].

Early examples of this approach are given by Ackermann’s proof of termi-
nation of second-order primitive recursive arithmetic functions using h = w*”
[Ack25], Gentzen’s proof of termination of cut elimination in Peano arithmetic
using h = ¢ [Gen35l How70, WW12|, Turing’s proof of weak normalization
of Church’ simply-typed A-calculus [Tur42], Howard’s proof of termination of
his system V, an extension of Godel’ system T with some higher-order induc-
tive type, using Bachmann’s ordinal [How72|. This approach developed into
a whole area of research for measuring the logical strength of axiomatic the-
ories, involving ever growing ordinals, that can hardly be automated. See for
instance [Rat06] for some recent survey. Instead, Monin and Simonot developed
an algorithm for trying to find size assignments in h = w® [MSO01].

But, up to now, there has been no ordinal analysis for powerful theories like
second-order arithmetic: the termination of cut elimination in such theories is
based on another approach introduced by Girard [Gir72, [GLT88], which consists
in interpreting types by so-called computability predicates and typing by the
membership relation.

In the first-order case, i.e. when there is no rule with abstraction or ap-
plied variables, size-decreasingness can be slightly relaxed by conducting a finer
analysis of the possible sequences of function calls. This led to the notions
of dependency pair in the theory of first-order rewrite systems [Art96l [AGOQ,
HMO05| [GTSKF06], and size-change principle for first-order functional programs
[ILIBAO1]. These two notions are thoroughly compared in [TG05]. In both
cases, it is sufficient to define a measure on the class of terms which are ar-
guments of a function call only. Various extensions to the higher-order case
have been developed [SWS01, [Wah07, [JB08, [KISB09, [Kop11], but no general
unifying theory yet.

The present paper is not concerned with this problem but with defining a
practical notion of size for simply-typed A-terms inhabiting inductively defined
types.

Note by the way that the derivational complexity of a rewrite system, i.e.
the function mapping every term ¢ to the maximum number of successive rewrite
steps one can do from ¢ [HL89], does not seem to be related, at least in a simple
way, to the ordinal necessary to prove its termination: there are rewrite systems
whose termination can be proved by induction up to w only and yet have huge
derivational complexities [Mos14], unless perhaps one bounds the growth rate
of the size of terms (measured here as the number of symbols) [Schl4]. The
notion of runtime complexity, i.e. the function mapping every n € N to the
maximum number of successive rewrite steps one can do from a term which
subterms are in normal form and which size is smaller than n, seems to provide
a better (Turing related) complexity model [AM10].



1.2 Model-based termination

In [MN70], Manna and Ness proposed to interpret every term whose free vari-
ables are x1, ..., z, by a function from E™ to E, where (E, <g) is a well-founded
domain. That is, D is the set of all the functions from some power of E to E
and <p is the pointwise extension of <g, i.e. f:E" = E <p g : E* — E if, for
all z1,...,2, €E, f(z1,...,25) <g 9(x1,...,Zn).

In the first-order case, this can be done in a structured way by interpreting
every function symbol f of arity n by a function fg : E® — E and every term
by composing the interpretations of its symbols, e.g. ||f (gx)|| is the function
mapping x to fg(gr(x)). If moreover these interpretation functions are monotone
in each argument, then checking that rewriting is size-decreasing can be reduced
to checking that every rule is size-decreasing.

A natural domain for (E,<g) is of course (N,<py). In this case, both
monotony and size-decreasingness can be reduced to absolute positivity. Indeed,

fx1,. . 2p) > gz, ..., 24) isequivalent to f(z1,...,2p)—g(z1,...,24)—
1>0
and monotony is equivalent to check that, for all 4, f(...,x;+1,..)—f(..., @i, ...)—
1 > 0. By restricting the class of functions, e.g. to polynomials of bounded
degree, one can develop heuristics for trying to automatically find monotone
polynomial interpretation functions making rules size-decrease [CL8T, [Luc03]
CMTUO05, IFGM™07|. Unfortunately, polynomial absolute positivity is unde-
cidable on N since it is equivalent to the solvability of Diophantine equations
(Proposition 6.2.11 in [TeR03|), which is undecidable [Mat70l [Mat93]. Yet,
these tools get useful results in practice by restricting degrees and coeflicients
to small values, e.g. 2.

A similar approach can be developed for dense sets like Q1 or R* by ordering
them with the (not well-founded!) usual orderings on Q™ and R if one assumes
moreover that the functions fg are strictly extensive (i.e. fg(z1,...,2,) > ;
for all 7) [Der79a], or with the well-founded relation <s where, for some fixed
§ >0,z <syifx+6 <y [LucOb [FNOT08|. In the case of R*, polynomial
absolute positivity is decidable but of exponential complexity [Tar48| [Col75].
Useful heuristics have however been studied [H.J98].

These approaches have also been successfully extended to linear functions
on domains like E = B™ (vectors of dimension n) or E = B"*" (square matrices
of dimension n) [EWZ08| [CGP10], where B is a well-founded domain.

Instead of polynomial functions, Cichori considered the class of Hardy func-
tions [Har04] indexed by ordinals smaller than gy [CT96]. The properties of
Hardy functions (composition is addition of indices, etc.) can be used to reduce
the search of appropriate Hardy functions to solving inequalities on ordinals.

Manna and Ness’” approach has also been extended to the higher-order case.

In [Gan80b], Gandy remarks that terms of the Al-calculus (i.e. when, in
every abstraction Azt, x freely occurs at least once in t) can be interpreted
in the set of hereditary strictly monotone functions on some well-founded set
(E, <g), that is, a closed term of base type B is interpreted in the set [B] = E,
a closed term of type T' = U is interpreted by a monotone function from [T7]



to [U], and f: [T = U] <pr=uy 9 : [T = U] if, for all x € [T], f(x) <qup 9(x)
(note that, in contrast with the first-order case, z itself may be a function).
Then, by taking E = N and extending the A-calculus with constants 0 : o,
s:0=-o0and + : 0 = 0 = o for each base type o, he defines a size function that
makes [-reduction size-decrease and provide an upper bound to the number of
rewrite steps. An exact upper bound was later computed by de Vrijer in [dV&7].

Gandy’s approach was later extended by van de Pol [vdP93| vdP96| and
Kahrs [Kah95| to arbitrary higher-order rewriting & la Nipkow [Nip91], IMNO9§],
that is, to rewriting on terms in S-normal 7n-long form and higher-order pattern-
matching [Mil91]. But this approach has been implemented only recently [FK12].

Interestingly, van de Pol also showed that, in the simply-typed A-calculus,
Gandy’s approach can be seen as a refinement of Girard’s proof of termination
based on computability predicates [vdP95l dP96].

Finally, a general categorical framework has been developed by Hamana
[HamO06], that is complete wrt. the termination of binding term rewrite systems,
a formalism based on Fiore, Plotkin and Turi’s binding algebra [FPT99] and
close to a typed version of Klop’s combinatory reduction systems [KvOvR93].

To the best of our knowledge, nobody seems to have studied the relations
between Howard’s approach based on ordinals [How70, WW12] and Gandy’s
approach based on interpretations [Gan80bl [dV8T7, vdP96].

Note also that the existence of a quasi-interpretation, i.e. ||¢|| >p ||u|| when-
ever t — u, not only may give useful information on the complexity of a rewrite
system [BMP11] but, sometimes, may also simplify the search of a termination
proof. Indeed, Zantema proved in [Zan95| that the termination of a first-order
rewrite system R is equivalent to the termination of lab(R) U >p, where lab(R)
are all the variants of R obtained by annotating function symbols by the in-
terpretation of their arguments, a transformation called semantic labeling. Al-
though usually infinite, the obtained labeled system may be simpler to prove
terminating, and some heuristics have been developed to use this technique
in automated termination tools [MOZ96, [KZ06, [SMO08]. This result was later
extended to the higher-order case by Hamana [Ham07].

1.3 Termination based on typing with size annotations

Finally, there is another approach based on the semantics of inductive types,
that has been developed for functions defined with a fixpoint combinator and
pattern-matching [BQS80].

The semantics of an inductive type B, [B], is usually defined, following
Hessenberg’s theorem [Hes09], Knaster and Tarski’s theorem [KT28| or Tarski’s
theorem [Tar55|, as the smallest fixpoint of a monotone function H® on some
complete lattice. Moreover, following Kuratowski [Kur22, [CC79], such a fixpoint
can be reached by transfinite iteration of HPB from the smallest element of the
lattice L. Hence, every element ¢ € [B] can be given as size the smallest ordinal
a such that ¢ € DB, where DE is the set obtained after a transfinite iterations

of H® from L. In particular, terms of a first-order data type like the type of



Peano integers, lists, binary trees, ...always have a size smaller than w.

Mendler used this notion of size to prove the termination of an extension of
Godel’ system T [G6d58| and Howard’ system V [How72| to functionals defined
by recursion on higher-order inductive types, i.e. types with constructors taking
functions as arguments [Men87, [Men91], in which case the size of a term can be
bigger than w.

In [HPS96], [Par00], Hughes, Pareto and Sabry proposed to internalize this
notion of size by extending the type system with, for each data type B, new
type constants By, B, ... By = B for typing the terms of type B of size smaller
than or equal to 0, 1, ..., co respectively, and the subtyping relation induced by
the fact that a term of size at most a is also of size at most b whenever a <y b
or b = co. More generally, to provide some information on how a function
behaves wrt. sizes, they consider as size annotations not only 0,1,... but any
first-order term built from the function symbols 0 for zero, s for successor and
+ for addition, and arbitrary size variables «, (3, ..., that is the language of
Presburger arithmetic [Pre29]. So, for instance, the usual list constructor cons
gets the type N = L, = Lso, and the usual map function on lists can be
typed by (N = N) = L, = L,, where a is a free size variable that can be
instantiated by any size expression in a way similar to type instantiation in
ML-like programming languages [Mil78§].

Hughes, Pareto and Sabry do not actually prove the termination of their cal-
culus but provide a domain-theoretic model [Sco72|. However, following Plotkin
[Plo77], a closed term of first-order data type terminates iff its interpretation
is not L. The first termination proof for arbitrary terms seems to have been
given by Amadio and Coupet-Grimal in [ACG97, [ACG98|, who independently
developed a system similar to the one of Hughes, Pareto and Sabry, inspired by
Giménez’ work on the use of typing annotations for termination and productiv-
ity [Gim96]. Giménez himself later proposed a similar system in [Gim98| but
provided no termination proof. Note that Plotkin’s result was later extended
to higher-order types and rewriting-based function definitions by Berger, and
Coquand and Spiwack in [Ber05], [CSQ07, [Ber08].

Size annotations are an abstraction of the semantic notion of size that one
can use to prove properties on the actual size of terms like termination (size-
decreasingness) or the fact that a function is not size-increasing (e.g. map),
which can in turn be used in a termination proof [Wal88| [Gie97]. Following
[Cou97], it could certainly be described as an abstract interpretation.

Hence, termination can be reduced to checking that a term has some given
type in the system with size-annotated type constants and subtyping induced
by the ordering on size annotations, the usual typing rules being indeed valid
deduction rules wrt. the size of terms (e.g. if ¢ : N, = N and w : Ng, then
tu: Np).

But, in such a system, a term can have infinitely many different types be-
cause of size instantiation or because of subtyping. As already mentioned, size
instantiation is similar to type instantiation in Hindley-Milner’s type system
[Hin69, [Mil78] where the set of types of a term has a smallest element wrt.
the instantiation ordering if it is not empty [Hue76]. In this case, there is a



complete type-checking algorithm for (¢,7') which consists in checking that T’
is an instance of the smallest type of ¢ [Hin69]. Unfortunately, with subtyping,
there is no smallest type wrt. the instantiation ordering (e.g. Azx has type
a = « for all a, and type B = Cif B < C, but B = C is not an instance of
a = a), or subtyping composed with instantiation (e.g. AfAzf(fz)) has type
(a = a) = (= «) for all a, and type (B = C) = (B = C) if B < C, but no
instance of (o« = a) = (o = «) is a subtype of (B = C) = (B = C)) [FM90).
To recover a notion of smallest type and completeness, all the works we know
on type inference with subtyping extend the notion of type to include subtyping
constraints.

We will not follow this approach though. One reason is that we consider
Church-style A-terms (i.e. with type-annotated abstractions) instead of Curry-
style A-terms and, in this case, as we will prove it, there is a smallest type wrt.
to subtyping composed with instantiation when size expressions are only built
from variables, the successor symbol and an arbitrary number of constants (the
“successor” size algebra). Note moreover that, although structural (function
types and base types are incomparable), subtyping is not well-founded in this
case since, for instance, N, = N > Ng,, = N > ... However, if we disregard how
size annotations are related to the semantics of inductive types, our work has
important connections with more general extensions of Hindley-Milner’s type
system with subtypes [Mit84, [FM90, Pot01], indexed types [Zen97], DML(C)
[Xi02], HM(X) [Sul00], or generalized algebraic data types (GADTs) [XCCO03|
Che03], which are all a restricted form of dependent types [dB70, IML75].

Hughes, Pareto and Sabry’s approach was later extended to higher-order
data types [BFGT04], polymorphic types [Abe04, BGP05, [Abe06l [Abe0]], rewriting-
based function definitions in the calculus of constructions [Bla04, [Bla05a|, con-
ditional rewriting [BROG|, product types [BGRO8|, and fixpoint-based function
definitions in the calculus of constructions [BGP06| [GS10] [Sac11].

It should be noted that, in contrast with the ordinal-based approach, not all
terms are given a size, but only those of base type. Moreover, although ordinals
are used to define the size of terms, no ordinal is actually used in the termination
criterion since one considers an abstraction of them. Indeed, when comparing
two terms, one does not need to actually know their size: it is enough the
difference between their size. Hence, transfinite computations can be reduced
to finite ones.

Finally, Roux and the author proved in [BR09] that size annotations provide
a quasi-model, and thus can be used in a semantic labeling. Terms whose type is
annotated by oo (unknown size) are interpreted by using a technique introduced
by Hirokawa and Middeldorp in [HMO6]. Interestingly, semantic labeling allows
one to deal with function definitions using matching on defined symbols, like in
rules for associativity (e.g. (z+vy)+ 2z — x+ (y+ z)), while termination criteria
based on types with size annotations are restricted to matching on constructor
symbols.

Current implementations of termination checkers based on typing with size
annotations include ATS [Xi03, [ATS|, MiniAgda [Abel0, Min14], Agda [Agd16],
cicminus [Saclll [Sac15] or HOT [Blal2]. Most of these tools assume given the



annotated types of function symbols (e.g. to know whether the size of a function
is bounded by the size of one of its arguments). Heuristics for inferring the
annotations of function symbols have been proposed in [TT00, [CKO01]. They
are both based on abstract interpretation techniques [Cou96].

1.4 Contributions

The first contribution of the present paper is to give a rigorous and detailed
account, for the simply-typed A-calculus, of the approach and results sketched
in [Bla04, Bla05a], hence providing the first complete account of the extension
of Hughes, Pareto and Sabry’s approach to rewriting-based function definitions
[D.J90, [TeRO3].

In all the works on size-annotated types, the size algebra is fixed. In those
considering first-order data types only, the size algebra is usually the language of
Presburger arithmetic, the first-order theory of which is decidable [Pre29 [FR74].
In those considering higher-order data types, the successor symbol s is usually
the only symbol allowed, except in [BGROS8| which allows addition too. Yet,
there are various examples showing that, within a richer size algebra, more
functions can be proved terminating since types are more precise.

The second contribution of the present paper is therefore to provide a type-
checking algorithm for a general formulation of Hughes, Pareto and Sabry’s
calculus parametrized, for size annotations, by a quasi-ordered first-order term
algebra (A, <,) interpreted in ordinals. In particular, we prove that this algo-
rithm is complete whenever size function symbols are monotone, the existential
fragment of (4, <,) is decidable and every satisfiable set of size constraints ad-
mits a smallest solution.

Third, in all the previous works, the notion of size is also fixed: the size
of t € [B] is the smallest ordinal a such that ¢ € DB, When the calculus
is confluent, this corresponds to the height of the tree representation of the
normal form of ¢ (an abstraction being represented as an infinite set of trees).
But this notion of size is clearly incomplete wrt. termination.

The third contribution of the paper is to introduce a more general notion
of size (though still incomplete) based on the stratification of the interpreta-
tion of inductive types, and to prove that one can build such a stratification
in the domain of Girard’s computability predicates [Gir72), [GLTS8S]|, by using
any monotone and extensive size function on ordinals for each inductive type
constructor.

The fourth contribution is the proof that, in the successor algebra, the satis-
fiability of a finite set of constraints is decidable in polynomial time, and every
satisfiable finite set of constraints has a smallest solution that can be computed
in polynomial time too.

In contrast with [Bla04, [Bla05a], the present paper:

e includes a short survey on the use of ordinals in termination proofs;

e develops a stratification-based notion of size for inhabitants of inductive
types;



e introduces the notion of constructor size function;

e shows how to define a stratification from constructor size functions that are
monotone and strictly extensive on recursive arguments;

e proves the existence and polynomial complexity of the computation of a small-
est solution for a solvable set of constraints in the successor algebra, using
max-plus algebra techniques instead of pure linear algebra techniques.

1.5 Organization of the paper

In Section 2] we define the set of terms that we consider, the relation the termi-
nation of which we are interested in, and the interpretation of types as Girard’s
computability predicates [GLT88| that we use to prove termination.

In Section Bl we introduce the notions of stratification, size wrt. a stratifica-
tion, stratification wrt. constructor size functions, and prove general properties
on the size of computable terms.

In Section M we introduce a general termination criterion based on a type
system with size-annotated type constants and subtyping which is parametrized,
for size expressions, by an arbitrary quasi-ordered first-order term algebra in-
terpreted in ordinals. This criterion is modular: each rewrite rule must satisfy
three conditions, one of them being very easy to check (accessibility), the other
two being a minimality property of size annotations used to abstract the sizes
of the arguments of the left-hand side, and a property of the right-hand side
mixing type-checking (for subject reduction) and size-decreasingness (for ter-
mination). This local size-decreasingness property could certainly be replaced
by a global termination analysis like in the dependency pair framework [AGQ0Q]
or in the size-change principle [LJBAOI|. Before proving the correctness of the
criterion, we provide various examples of its expressive power.

In Section Bl we provide a complete algorithm for checking subject reduction
and size-decreasingness, assuming that the size algebra is monotone, that the
satisfiability of finite conjunctions of subtyping constraints is decidable, and that
satisfiable finite conjunctions of subtyping constraints have a smallest solution
wrt. subtyping composed with instantiation.

In Section [6 we show how subtyping problems can be reduced to ordering
problems in the size algebra.

We then study the simplest possible algebra, the successor algebra. Although
this algebra is simple, our termination criterion based on it surpasses the ter-
mination criterion currently implemented in the Coq or Matita proof assistants
[Coq92} [Gim94], Boul2].

In Section [, we prove that the successor algebra fulfills the conditions de-
scribed in Section [l and, in Section Rl we provide a simple sufficient condition
for the minimality condition to hold in this algebra.



2 Types, terms and computability

In this section, we define the set of terms that we consider (Church’ simply-typed
A-calculus with constants [Chud0]), the operational semantics (the combination
of B-reduction and user-defined rewrite rules [DJ90, [TeR03]), and the notion of
computability used to prove termination.

Given a set E, we denote by E* the set of words or sequences over E (i.e. the
free monoid containing F), the empty word by ¢, the concatenation of words by
juxtaposition, the length of a word w by |w|. We also use € to denote a (possibly
empty) sequence e1, ..., e|g of elements of E.

Given a partial function f: A — B, a € A and b € B, let [a : b, f] be the
function mapping a to b and every z € dom(f) — {a} to f(z).

2.1 Types

Following Church, we assume given a non-empty countable set S of sorts B, C,
... and define the set T of (simple) types as follows:

e sorts are types;
o if T"and U are types, then T'= U is a type.

Implication associates to the right. So, T' = U = V is the same as T =
(U = V). Moreover, T = U is the same as T} = Ty = ... = T, = U where

The arity of a type T, ar(T'), is defined as follows: ar(B) = 0 and ar(T =
U)=1+ar(U).

2.2 Terms

Given disjoint countable sets V, C and F, for variables, constructors and function
symbols respectively, we define the set of pre-terms as follows:

e variables, constructors and function symbols are pre-terms;
e if 2 is a variable, T a type and u a pre-term, then Az”'u is a pre-term;
e if t and u are pre-terms, then tu is a pre-term.

Application associates to the left. So, tuv is the same as (tu)v. Moreover,
ti is the same as (... ((tu1)uz)...up—1)u, where n = |u.

As usual, the set of terms L is obtained by quotienting pre-terms by a-
equivalence, i.e. renaming of bound variables, assuming that V is infinite [CF58].

A substitution 0 is a map from variables to terms whose domain dom(f) =
{z € V| 0(z) # z} is finite. In the following, any finite map 6 from variables to
terms will be implicitly extended into the substitution 06U {(z,z) | = ¢ dom(6)}.
Let FV(0) = U{FV(f(z)) | « € dom(#)}. The application of a substitution 6
to a term t is written t0. We have 26 = 0(z), (tu)f = (t0)(uf) and (\zTu)f =
AzT (uf) if z ¢ dom(#) UFV (), which can always be achieved by a-equivalence.
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2.3 Typing

We assume given a map © assigning a type to every symbol s € CUF, and will
sometimes write s : T instead of (s,7) € © or O(s) =T.

A typing environment is a finite map I" from variables to types. The usual
deduction rules assigning a type to a term in a typing environment are reminded
in Figure As mentioned at the beginning of the section, [z : U,T] is the
function mapping x to U and every y € dom(T") — {z} to I'(y).

Given a symbol s, let r® = ar(O(s)) be the maximum number of terms s
can be applied to. For all s, there are types T1,...,7Tys and a sort B such that
O)=T1=...= T =B.

Figure 2: Typing rules

(s,7YeOUT TFt:U=V TFru:U [z:UTjFv:V
'ks:T 'Etu:V FEXeVo: U=V

2.4 Rewriting

Given a relation on terms R, let R(t) = {t’ € L | tRt'} be the set of immediate
reducts of a term ¢, R* be the reflexive and transitive closure of R, and R~!
be its inverse (zR™1y if yRx). R is finitely branching if, for all ¢, R(t) is finite.
It is monotone (or congruent, stable by context, compatible with the structure
of terms) if tuRt'u, utRut’ and \xVtRAxYt' whenever tRt'. It is stable (by
substitution) if tdRt'0 whenever tRt’. Given two relations R and S, let RS
(or Ro S) be their composition (tRSwv if there is v such that tRu and uSv). A
relation R is locally confluentif R~*R C R*(R™1)*, and confluentif (R™1)*R* C
R* (Rfl)* .

The relation of B-rewriting — 3 is the smallest monotone relation containing
all the pairs (A\zYt)u, t{(x,u)}).

A pair of terms (I,r), written | — r, is a rewrite rule if there are f € F and
[ such that:

o | =1l
o |l
e FV(r) CFV(l);

o I'~r:T whenever ' - [ : T'.

Given a set R of rewrite rules, let —% denote the smallest monotone and
stable relation containing R. The last condition implies that —x preserves
typing: if A t:U and ¢ =g u, then A+ w: U (subject reduction property).

11



It is satisfied if, for instance, [ contains no abstraction and no subterm of the
form z ¢ [BFGIT].

All over the paper, we assume given a set R of rewrite rules and let SN be
the set of terms strongly normalizing wrt.:

—=—=3U—=gr

We will moreover assume that — is finitely branching, which is in particular
the case if R is finite.

Given a relation R, let & Rproa ¥ if |Z| = |¢] and there is ¢ such that z; Ry;
and, for all j # 4, z; = y;. Given n relations R1,..., Ry, let & (R1,...,Rn)iex ¥
if |#] > n, |§] > n and there is ¢ such that z; R; y; and, for all j < i, z; = y,.
Rproq and (Ry, ..., Ry )iex are well-founded whenever R, Ry, ..., R, so are.

2.5 Computability

Following Tait [Tai67], Girard [Gir72, [GLTS8S8|, Mendler [Men87], Okada [Oka89],
Breazu-Tannen and Gallier [BTG89], Jouannaud and Okada [JO91, [BJO02],
...termination of a rewrite relation on simply-typed A-terms can be obtained
by interpreting types by computability predicates and checking that function
symbols are computable, that is, map computable terms to computable terms.

However, for handling matching on constructors taking functions as argu-
ments (or matching on function symbols), one needs to modify Girard’s defini-
tion of computability. In the following, we recall the definition that we will use
and some of its basic properties, and refer the reader to [Blal5l [Rib09] for more
details on the theory of computability predicates with rewriting.

Definition 1 (Computability predicates) A term ¢ is neutral if it is of the
form z#, (Azt)ud or ff with |f] > max{|l] | Ir,fl = r € RY. A computability
predicate is a set of terms S satisfying the following properties:

e S CSN;
e = (SCS;
e if ¢ is neutral and — (t) C S, then ¢t € S.

Let P be the set of all the computability predicates. An element of a com-
putability predicate is said to be computable.

In our definition of neutral terms, not every redex is neutral as it is the
case in Girard’s definition. However, the following key property is preserved:
application preserves neutrality: if ¢ is neutral, then tu is neutral too. This
definition also works with polymorphic and dependent types. It only excludes
infinite rewrite systems where the number of arguments to which a function
symbol is applied is unbounded (at the top of rule left-hand sides only, not in
every term).

Computability predicates enjoy the following properties:

IThe maximum exists since, by assumption, |I] < rf.
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e the set V of variables is included in every computability predicate;
e given a computability predicate S, (AzYv)u € S iff v{(z,u)} € S and u € SN;

e P is a complete lattice wrt. inclusion.

The greatest lower bound of aset Q C Pis (| Qif Q # 0, and SN (the greatest
element of P) otherwise. Note however that the lowest upper bound of Q,
written lub(Q), is not necessarily the union. For instance, with the non-confluent
rewrite system R = {f — a,f — b}, if P(X) denotes the smallest computability
predicate containing X', then P({a}) UP({b}) is not a computability predicate
since it does not contain f. There are a number of cases where the union of two
computability predicates is known to be a computability predicate, but this is
for a different notion of neutral term:

e In |Rib07, Rib08|, Riba proves that his set of computability predicates is
stable by union if R is an orthogonal constructor rewrite system.

e In [Wer94] (Lemma 4.14 p. 96), Werner proves that his set of computability
predicates is stable by well-ordered union.

Luckily, Werner’s proof does not depend on the definition of neutral terms:

Lemma 1 If — is finitely branching and Q is a set of computability predicates
well-ordered wrt. inclusion, then |JQ is a computability predicate.

Proof.

e Let t € UQ. Then, there is S € Q such that ¢t € S. Since S C SN, we have
t € SN.

e Let t € [JQ and w such that ¢ — u. Then, there is S € Q such that t € S.
Since — (S) € S, we have v € S and thus u € Q.

e Let ¢ be a neutral term such that — (¢) C Q. If — (¢) = (), then ¢ belongs
to every element of Q. Therefore, t € Q. Otherwise, since — is finitely
branching, we have — (¢t) = {t1,...,¢,} with n > 1. For every i € {1,...,n},
there is S; € Q such that ¢; € S;. Since Q is well-ordered wrt. inclusion,
there is k € {1,...,n} such that Sy is the biggest element of {Si,...,Sn}
wrt. inclusion. Hence, — (t) C Sk and t € Si. Therefore, t € Q. [ ]

The interpretation of arrow types is defined as usual, in order to ensure the
termination of S-reduction:

Definition 2 (Interpretation of arrow types) A (partial) interpretation of
sorts, that is, a (partial) function I : § — p(IL) (powerset of L), is extended into
a (partial) interpretation of types I: T — p(LL) as follows:

° E(B) =I(B);
e [(U=V)=1U)=LV) whereld =V ={t €L |Vuecl,tucV}.

13



Note that I(7') is defined whenever I is defined on every sort occurring in T,
and [(T') = J(T) whenever I and J are defined and equal on every sort occurring
inT.

Note also that &/ = V is a computability predicate whenever &/ and V so
are. Hence, I(T) is a computability predicate whenever I(B) so is for every sort
B occurring in 7.

For interpreting sorts, one could take the computability predicate SN. But
this interpretation does not allow one to prove the computability of functions
defined by induction on types with constructors taking functions as arguments.

Moreover, a computable term may have non-computable subterms. Consider
for instance ¢ : (B = C) = B, f : B= (B = C), R = {f(c z) — z} and
t = AxBfzz. Then, assuming that I(B) = SN, we have (c t) € I(B), but
t ¢ I(B) = I(C) since t(c t) ¢ SN because t(c t) —p f(c t)(c t) =g t(ct). It
is however possible to enforce that a direct subterm of type T of a computable
term of sort B is computable if B occurs in T at positive positions only [Men87]:

Definition 3 (Positive and negative positions) The set of positions Pos(B,T) C
{1,2}* of a sort B in a type T is defined as follows:

e Pos(B,C) ={e} if B=C;
e Pos(B,C) =0if B # C;
e Pos(B,U =V)={lp|pePos(B,U)} U{2p|p € Pos(B,V)}.

The sets of positive and negative positions in a type T, written Pos™(T) and
Pos™ (T) respectively, are mutually defined as follows:

T(B) = {6}
e Pos™(B) =
e Post(U=V)={lp|pePos (U)}U{2p|pe Post(V)};
e Pos (U= V)= {lp|pePosT(U)}u{2p|pe Pos (V)}.

Note that the positive and negative positions of a type are disjoint sets.

However, a sort can have both positive and negative occurrences. For instance,
Pos™(T,T = T) = {2} and Pos™ (T, T = T) = {1}.

Definition 4 (Accessible arguments) We assume given a well-founded or-
dering on sorts <g. The i-th argument of a constructor ¢ : 7' = B is:

o recursive if Pos(B, T;) # 0;

e accessible if T; is positive wrt. B, that is:

— every sort occurring in 7; is smaller than or equal to B:
for all C, Pos(C,T) = or C <g B, where <g is the reflexive closure of <g;

— B occurs only positively in T;: Pos(B,T;) C Post(T3).
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In the following, we will assume W10£ that there are 0 < p® < ¢ such that:
e for all i € {1,...,p}, the i-th argument of c is recursive;
e for alli € {1,...,q"}, the i-th argument of c is accessible.

Oc)=Tr=..=2Tc=>Tepn=..2Te=>Tenn=...=>T=B

rec. acc. args non-rec. acc. args non-acc. args

For instance, for the sort N of natural numbers with the constructors 0 : N
ands: N = N (successor) [Pea89], we can take p = q° = 0 and p* = ¢°* = 1 since
N occurs only positively in N. Similarly, for the sort O of Howard’s constructive
ordinals with the constructors zero : O, succ : O = O (successor) and lim :
(N=0) = O (limit) [How72], we can take p*™ = q** = 0, p* = ¢®“ =1
since O occurs only positively in O, and p'™ = ¢'™ = 1 since O occurs only
positively in N = O if one takes N <g O.

Non-accessible arguments are usually forbidden by requiring all the argu-
ments to be positive, or even strictly positivdﬁ as it is the case in the Coq the
proof assistant [CPM88|. Here, we do not forbid non-positive arguments and do
not require arguments to be strictly positive (Example[fluses a non-strictly posi-
tive sort). Hence, one can have a sort D with the constructors app : D = D = D
and lam : (D = D) = D, in which case we must have p®™ = 0 since the first
argument of lam is not positive. However, the termination conditions will en-
force that, although one can use in a rule left-hand side (lam z) as a pattern, x
cannot be used in the corresponding rule right-hand side: in a rule, constructors
with non-positive arguments can be pattern-matched in the left-hand side, but
only their positive arguments can be used in the right-hand side.

For the sake of simplicity, we consider an ordering instead of a quasi-ordering,
although a quasi-ordering might a priori be necessary for dealing with mutually
defined inductive types (e.g. the types of trees and forests with the constructors
empty : F, add : F = T = F and node : F = T). The results described in this
paper can however still be applied if one identifies mutually defined inductive
types, because a term typable with mutually defined inductive types is a fortiori
typable in the type system where they are identified. This abstraction is correct
but not necessarily complete since more terms get typable when two typed are
identified (e.g. add empty empty is typable if T =F).

Since <g is well-founded, we can can define an interpretation I for every sort
by well-founded induction on it as follows. Let B be a sort and assume that I
is defined for every sort smaller than B. Then, let I(B) be the least fixpoint of
the monotone function H® on the complete lattice p(IL) such that:

HB(X) = {t € SN | V(c,t,T) € CB..(t),Vk € {1,...,q}, tx € [B: X, 1 (T})}

2 Arguments can be permuted if needed.
3The i-th argument of c is strictly positive if Pos(B,T;) = @, or T; = U = B and
Pos(B, U) = 0.
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where CB,.. (t) = {(c,,T) € C® | t =* ci}, C®B = {(c,i,T) | c: T = B, |i| = |T}
and [B : X, 1] is the function mapping B to X and every C € dom(I) — {B} to
I(C).

That such a least fixpoint exists follows from Knaster and Tarski’s fixpoint
theorem [KT28| [Tar55] and the following fact:

Proposition 1 (|JBla05b]) Let B be a sort, I be an interpretation for every

sort smaller than B, and T be a type positive wrt. B. Then, [B: X, I](T) is
monotone wrt. X.

Moreover, one can easily check that HE(X) is a computability predicate
whenever X so is. Hence, for every type T, I(T) is a computability predicate.

In the following, for the sake of simplicity, we will not mention I anymore
and simply write t € T instead of t € I(T), and t € [B : X]T instead of

te[B: X, I(T).

3 Size of computable terms

In this section, we study a general way of attributing an ordinal size to com-
putable terms of base type by defining, for each sort, a stratification of com-
putable terms of this sort using a size function for each constructor, and assum-
ing that — is finitely branching.

By Hartogs’ theorem [Harl5|, there is an ordinal the elements of which
cannot be injected into p(IL), where L is the set of terms (note that this theorem
does not require the axiom of choice). Let h be the smallest such ordinal. Since
V is countably infinite and C and F are countable, § is the successor cardinal of
|p(L)| = 2¢ [EI99).

3.1 Stratifications

Definition 5 (Stratification of a sort) Given a family (Sq)q<p of computabil-
ity predicates, let Sy = lub{S, | b < a}.

A stratification of a computability predicate S is a monotone sequence of
computability predicates (Sq)a<p included in S and converging to S, that is,
such that Sy = S.

A stratification of a type T is a stratification of I(T).

Given a stratification S, the size of an element ¢ € Sy, written os(t), is the
smallest ordinal a < § such that t € S,.

A stratification is continuous if, for all limit ordinals 0 < a < h, S, =

lub({Se | b < al).

Since S is monotone, for all a < h, {Sp | b < a} is well-ordered wrt. inclusion.
Hence, since — is finitely branching, by Lemma [I, Sy = J{S. | b < a}).
Moreover, a stratification is continuous iff, for all infinite limit ordinals a < b,
Sa=U{Ss | b < a}).

We now prove some properties of os(t):
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Lemma 2 Let S be a stratification and ¢t € Sy.

1. If t = t/, then ¢’ € Sy and os(t) > os(t).

2. If S is continuous, then either os(t) = 0 or os(t) = b + 1 for some ordinal b.
Proof.

1. Since Sy4 () is stable by reduction, t' € S, (). Therefore, os(t') < os(t).

2. Assume that og(t) is a limit ordinal a > 0. Since S is continuous, we have
Sa =UJ({Ss | b < a}). Therefore, t € Sp for some b < a. Contradiction. W

By Proposition Il [B : X](T) is monotone wrt. X whenever T is positive
wrt. B. Hence, any stratification S of B provides a way to define a stratification
of T

Definition 6 (Stratification of a positive type) Given a stratification S of
a sort B and a type T positive wrt. B, let [B : S](T') denote the stratification T
of T obtained by taking T4 = [B : So|(T).

Note that [B : S]T is not continuous in general (see Example [I]).

Lemma 3 If S is a stratification of B, v € U = B and Pos(B,(j) = (), then
O[B:S]@:}B)(v) = sup{os(vd) | ©w € U}.

Proof. Let a= O, 8](U¢B)( v) and b = sup{os(vi@) | @ € U}. By definition
of a, we have v € U = S,. So, for all @ € U, vii € S and og(vit) < a. Thus,

b < a. We now prove that v € U= Sp. Let @ e U. By definition of b,
os(vi) < b. So, vl € Sp. |

A continuous stratification of a sort B can be obtained by the transfinite
iteration of H® from the smallest computability predicate L [Kur22l [CC79):

e DB = I;
® DE-H H®(Dg);
e DB =1ub({DB | b < a}) if a is an infinite limit ordinal.

The fact that DB is monotone follows from the facts that DE C D and HE
is monotone [CC79]. Now, by definition of h, DB is not injective. Therefore,
there are ¢ < 9 < b such that D¥ = DF. Since D is monotone, D, ; = DF and

= B [RR63].

We call this stratification the default stratification. It is the one used in all
the previous works on sized types, except in [Abel2] where, after [SD03|, Abel
uses a stratification having better properties, namely S& = lub({HB(SE) | b <

a}).
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The default stratification measures the height. If no constructor of B has
accessible functional arguments and — is finitely branching, then every element
of B has a size smaller than w. Hence, when considering first-order data types
only (e.g. natural numbers, lists, binary trees) and a finitely branching rewrite
relation —, one can in fact take h = w.

On the other hand, when one wants to consider constructors with accessible
functional arguments, then one can get terms of size bigger than w:

Example 1 Take the sort O of Howard’s constructive ordinals mentioned in the
previous section and let inj : N = O be the usual injection from N to O defined
by the rules inj 0 — zero and inj (s #) — succ (inj z). Then, opo(lim inj) = w+1.
Indeed, opo (lim inj) is the smallest ordinal a such that lim inj € D9. By definition
of D, a = b+ 1 where b is the smallest ordinal such that inj € N = ’Dg. By
Lemma 3] b = sup{opo(inj t) | t € N}. Now, a term of the form (inj ¢) can only
reduce to a term of the form (inj u), zero or (succ w). Hence, opo(inj t) < w.
Finally, one can easily prove that, for all n < w, opo(inj(s™0)) = n+1. Therefore,
b=w. ]

One can also get terms of size bigger than w by considering infinitely branch-
ing and non-confluent rewrite relations. For instance, with R = {f = s0 | i €
N}, one gets opn(f) = w + 1.

3.2 Stratifications based on size functions

We now introduce a general way of defining a stratification:

Definition 7 (Size function) A size function for c : T = B is given by:

e a function ¢ : h9° — h for computing the size of a term of the form c# from
the sizes of its accessible arguments;

e for every non-recursive accessible argument k € {p°+1,...,q°}, a sort ¢ <g
B occurring in T}, only positively, and with respect to which we will measure
the size of the k-th argument of ¢ (in the following, we let X¢ = B if k €

{1,...,p}).

For instance, consider the type T of labeled binary trees with the constructors
leaf : B = T and node : T = T = B = T, where B <g T is a sort for
labels. We can take p'®f = 0, ¢'®f = 1, pnode = 2 grede = 3 yleaf(g) = 0 and
E"°de(a, b,¢) = a+ b + 1, so that the size of a tree is not its height as in the
default stratification but the number of its nodes.

Note that ¥° may depend on all accessible arguments, including the non-
recursive ones. That is why we need a sort ¥} <g B wrt. which the size of the
k-th argument will be measured. For instance, one can measure the size of a
pair of natural numbers by the sum of their sizes: given a type P for pairs of
natural numbers with the constructor pair : N = N = P, one can take pPr =0,
qPr = 2, 3P = $P* = N and ¥P¥"(a,b) = a + b.
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Finally, the two can be mixed so that, for instance, the size of a list of natural
numbers can be defined as the sum of the sizes of its components. With this
notion of size, a list with only one big element can be greater than a list with
many small elements.

Definition 8 (Stratification defined by a size function) Assume that —
is finitely branching. Given a size function 3¢ for every constructor c, we de-
fine a continuous stratification S® for every sort B by induction on >g as fol-
lows, where, given (c,i,T) € CB.. (t), os-(f) denotes the sequence oge1(t1), - ..,
0sen (t,) with n = ¢ and S&F = [5¢ : S¥*|T}, that is, 0gex (tx) is the size of t
in Ty wrt. ¢ (which is B if k € {1,...,p}):

e SB is the set of terms ¢ € SN such that, for all (c,#,T) € CB,. (t):

— p°=0 (ie. ¢ has no recursive argument),
—Vk e {pc—l—l,...,qc}, ty € Ty,
— (0s:(f)) < 0.

-,

e SB., is the set of terms ¢ € SN such that, for all (c,7,T) € CB,. (¢):

- Vk e {1,...,pc}, t, € [B:SE]Tk
—Vke{p“+1,....,qY}, tr € Ty,
— Y0s:(t)) < a+1.

o S8 =1ub({SP | b < a}) if a is an infinite limit ordinal.
Note that S is well-defined because:
e in the case of S§:

— p® =0 and thus, for all k € {1,...,q}, oge.x (i) = Ofse .55 1, (tr) is well-
defined since t;, € T}, and 3, <g B.

e in the case of 82 ;:

— Vk < DS, oger(tr) = op.seyp, (tk) is well-defined and < a since t; € [B :
SelT;
— Vke{p“+1,...,q°}, oscr(ty) is well-defined since ¢, € Ty and X <g B.

The definition of SB is similar to the definition of the default stratification
except that the size functions %¢ are used to enforce lower bounds on the size of
terms. Hence, if one takes for every X the constant function equal to 0, then one
almost gets the default stratification. To get the default stratification one has
to slightly change the definition of S by taking S = 1. The current definition
has the advantage that both variables and nullary constructors have size 0 so
that, for instance, if one takes X = Xg(a) = 0, then ogn(siz) = ogn(s'0) = i
while, in the default stratification, opn(siz) = i and opn(s'0) = i + 1 (nullary
constructors do not belong to L).

We now check that SB is indeed a stratification of B.
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Lemma 4 For every sort B and ordinal a < b, SE C B.
Proof. We proceed by induction on <g and a.

e Let t € SB. Then, ¢t € SN. Let now (c,#,T) € CB..(t) and k € {1,...,q}.
Then, p¢ = 0 and t; € T). Hence, t € B since B = HE(B).

e Let t € SB,|. Then, t € SN. Let now (¢, ;T) e CB.(t) and k € {1,...,q}.
If k < p°, then t;, € [B : SE|T;. By induction hypothesis, S® C B. Since B
occurs only positively in T}, Proposition [ gives [B : SB]T} C [B : B|T}, = Tj.
Therefore, ¢, € Ty. Now, if k € {p+1,...,q}, then t; € T} too. Therefore,
t € B since B = HB(B).

e Let t € S® with a a limit ordinal. Then, ¢t € S for some b < a. Therefore,
by induction hypothesis, ¢t € B. |

Lemma 5 For every sort B, SB is monotone.

Proof. = We prove that, for all a, for all b, if b < a, then SE C SB, by
induction on a (1). If a is a limit ordinal, then this is immediate. Otherwise,
a=a +1and b <da' If b <a then, by induction hypothesis (1), SB C SB.
Otherwise, b = a’. Hence, in both cases, we need to have SE/ - SE,H to

conclude. To this end, we prove that, for all ¢ < a, SB C S§+1v by induction on

¢ (2).

e Let t € SB. Then, ¢t € SN. Let now (c,#,T) € CB..(t) and k € {1,...,q}.
Then, p¢ = 0; for all k € {1,...,q°}, tx € T; and X(os(t)) < 0 < 1.
Therefore, t € SE.

o Let t € SB . Then, t € SN. Let now cf € CB.(¢) and k € {1,...,q}. Then
ose(t) < ¢ <c+1;if k <pS, then ty € [B: SB|T}; and if k € {p+1,...,q},
then t; € Ty. Assume that k < p®. By induction hypothesis (2), SE C S?H.
Since B occurs only positively in Ty, [B : SB]T), C [B : S ,]Tk. Therefore,
te S8,

o Let t € SB with ¢ an infinite limit ordinal. Then, ¢t € S8 for some 0 < «.
Thus ¢ € SN and, by induction hypothesis (2), ¢t € S8, ;. Let now (c, 5T) e
CB,.(t) and k € {1,...,q°}. Then, osc(t) <041 < ¢+ 1; if k < pc, then
ty € [B : SB|Ty; and if k € {p® + 1,...,q}, then t; € Ty. Assume that
k < pS. Since d < ¢ < a, by induction hypothesis (1), S§ C SB. Since B
occurs only positively in T, [B : S§]T; C [B : SE|T}. Therefore, t € S2, ;. W

Lemma 6 For every sort B and ordinal a < b, SE is a computability predicate.

Proof. = We proceed by induction on <s and a. If a is an infinite limit
ordinal, then S2 is a computability predicate by definition of lub since, by
induction hypothesis, for all b < a, SE is a computability predicate.

We are left with the cases of 0 and successor ordinals. Given a predicate
P on triples (c,t,T), let SNE(P) = {t € SN | CB,.(t) C P}. We have SB =

20



SNB (Py) for some predicate Py, and SEH = SNB(PaH) for some predicate Pyy1.
However, for all predicate P, SNB (P) is a computability predicate:

e SNB(P) C SN by definition.
e If t € SNB(P) and t — #', then ¢’ € SNB(P) since t' € SN and CB,. (t') C
CB..(t).

e Assume now that ¢ is neutral and — (t) € SN®(P). Then, t € SN. Assume
moreover that (c,i,7) € CB,.(t). Since ¢ is neutral, there is ¢’ such that
t — ¢ and (c,t,T) € CB.(t'). Therefore, (c,i,T) € P and t € SNB(P).

Lemma 7 For every sort B, SB = B.

Proof. Since SB C B = DE, it suffices to prove that, for all a, D& C SE,
that is, for all a, there is b < b such that DE - SE. We proceed by induction
on <gs and a.

e Df =L CSP.

e Let a be an infinite limit ordinal smaller than h. By induction hypothesis,
for all b < a, DE - SE. Therefore, DE C SE.

e Let now a + 1 < . By induction hypothesis, ’DE C SE.

First note that, since b is a successor cardinal, it is regular, that is, it is equal
to its cofinality. And since it is uncountable, it is w-complete, that is, every
countable subset of h has a least upper bound in bh.

Let X = {ogs(t) | t € DB} and ¢ = sup(X). Since |X| < |DB| < |L| < w, we
have ¢ < h and DB C SB.

Let now 0 = sup(X UY) where Y is the set of the ordinals X(os<(t)) such
that there are t € DB and (c,t,T) € CB,.(t). Since |Y| < w (— is finitely
branching), we have sup(Y) < hand 0+ 1 < b.

We now prove that D2,, C S2 ;. Let t € DB, . Then, t € SN. Let
now (c,t,T) € CB.(t) and k € {1,...,q°}. If k € {p°+1,...,q}, then
ty € T. Otherwise, ¢, € [B : DB]T}). Since B occurs only positively in T},
we have [B : DB]T}, C [B : SB]T}. Since ¢ < 2 and SB is monotone, we have
[B: SBIT}, C [B : SB|T}. Finally, X(0s(#)) < 0. Therefore, t € S5, . [ |

Let us now see some properties of S:
Lemma 8
1. t € 8B iff t € B and, for all (c,,T) € CB,.(t), £(osc (1)) = p¢ = 0.

2. t € 8B, iff t € B and, for all (c,#,T) € CB,.(t), £%(0s<(f)) < a + 1 and, for
all k€ {1,...,p%}, oser (tr) < a.

Proof.
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1. Immediate.

2. Assume that ¢t € SB, ;. Then, ¢ € B. Assume moreover that (c,f,f) €
CB,.(t). Then, ¥(0s:(f)) < a+ 1 and, for all k € {1,...,p}, t, € [B :
SBIT), = S5*. Hence, ogex(ty) < a. Conversely, if oger(tx) < a, then
tr € [B: SBITy. |

Lemma 9 If (c,ﬂf) € CB and ct e B, then:

1. ogs(ct) > X(0s:(t)).

2. oge(ct) > oger(ty) for all k € {1,...,p}.

Proof. Let a = ogs(ct).

1. If a = 0, then ct € S§ and X(0s<(t)) = 0 < a. Otherwise, since SB is
continuous, a = b+1 for some b. Hence, cf € SEH and X(0se(f)) < b+1=a
too.

2. Ifa=0,thenct e SE and p° = 0. Otherwise, since SB is continuous, a = b+1
for some b. Hence, ct € SEH and t; € [B: SE]Tk. Thus, ogex(tx) < b < a.l

Theorem 1 If t € B, then ogs(t) = Jsup(RU S U T)E where:
e Ja =a+ 1if ais an infinite limit ordinal, and da = a otherwise;

o R={ogs(t') |t —t'};

S = {oger(ty) +1|(c,t;,T) € CB, t =ct, ke {l,....p}};

T = {>(os: (1)) | (c,&.T) € CB, t = cit}.

Proof. Let a =sup(RUSUT}) and b = ogs(t).

We first prove that b > da. First, we have b > 0. Let now t' such that
t — t/. Then, b > ogs(t') by Lemma B (1). Assume now that (c,#,7) € CB
and t = ct. Then, b > X(0sc(f)) and, if & € {1,...,p}, then b > ogex ().
Therefore, b > a.

Since SB is continuous, b cannot be an infinite limit ordinal. So, if a is an
infinite limit ordinal, then b > a and thus b > da. Otherwise, da = a and thus
b > da.

Now, to have b < da, we prove that ¢ € S(';Ba, by case on da.

e 6a=0. Then, a=0. Let (c,i,T) € CB,.(¢).
— Case t = ct. Then, S =0, p° = 0 and X(0s:()) = 0. Thus, by Lemma 8]
teSE.

— Case t — t' —* ct. Then, ogs(t') = 0. So, p° = 0, X(0s<(t)) = 0 and
teSE.

4Note that sup(f) = 0 by definition of sup.
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e da=a +1. Let (c,#,T) € CB,.(t).

— Caset =ct. If k € {1,...,p}, then ogex(t;) < a’ since, by Lemma [ (2),
0ger(ty) < a < da=a’+1. Moreover, X(0sc(t)) < &’ 41 since, by Lemma
(1), (0s(t)) < a < da = a’ 4 1. Therefore, by Lemma [ ¢t € Sq/41.

— Caset —t' —*ct. Ifk € {1,...,p}, then ogex(t) < a’ since oger () <
oge(ct) < oge(t') < a < da = a’ + 1. Moreover, X(0sc(t)) < a’ 4 1 since
Y (0s<(t)) < oge(ct) < oge(t') < a < da=a’ + 1. Therefore, t € Syy1. B

Note that T has 0 or 1 element, and S has a finite number of elements. So,
sup(RUSUT?}) is an infinite limit ordinal only when R is infinite, that is, only
when — is infinitely branching.

Note also that taking (@) < sup{ar +1 |k € {1,...,p°}} gives the same
notion of size as taking (&) = 0. On the other hand, if £°(a) > sup{ax + 1 |
k€ {1,...,p}}, then X determines the size of irreducible terms of the form
ct:

Corollary 1 Assume that Y€ is strictly extensive wrt. recursive arguments
(i.e. ap < X°(@) if k € {1,...,p°}) and X°(d) is not an infinite limit ordinal.
Then, for all (c,,T7) € C® such that cf € B and cf is irreducible, we have

oge(ct) = X(0s<(f))-

Proof. Since ct is irreducible, R = §. Let a = X(osc(f)). Since
a > oger(tr) whenever k € {1,...,p}, ogs(ct) = da. Since a is not an in-
finite limit, da = a. u

Note that all the previous results hold even if C and F are not disjoint: up
to now, we used no assumption on the rewrite relation —. In the following, we
will use the fact that there is no rule of the form cl — r with c € C:

Corollary 2 Assume that X° is monotone wrt. every argument, strictly exten-
sive wrt. recursive arguments and not an infinite limit ordinal. Then, for all
(c,t,T) € CB such that ct € B, we have ogs(ct) = £(0s¢(t)).

Proof. We proceed by induction on  with prod as well-founded relation.
Assume that ¢ — u. Then, there are @ such that v = c@ and ¢ —prod U.
Hence, 0s¢(%) <proa 0s:(f) and, by induction hypothesis, o(c@) = X(os:(1)).
So, o(c ) < X(0s¢(t)) since ¥¢ is monotone. Therefore, o(ct) = X(os<(t)). W

Finally, we are going to prove that, if — is locally confluent, hence confluent
on strongly normalizing terms [New42], then the size of a term is equal to the

size of its normal form when its type is a strictly positive sort:

Definition 9 (Strictly positive sorts) A sort B is strictly positive if, for ev-
ery constructor ¢ : T = B and argument k € {1,...,q%}, T} is positive wrt. B
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and either T}, is a strictly positive sorfl C <s B or Ty, is of the form U = B
with Pos(B,U) = 0.

Examples of strictly positive sorts are Peano natural numbers and Howard
constructive ordinals.

Lemma 10 Assume that — is locally confluent and, for every constructor ¢, 3¢
is monotone wrt. every argument, strictly extensive wrt. recursive arguments
and not an infinite limit ordinal. Then, for every strictly positive sort B and
term ¢ € B, oge(t) = 0gs(t]), where t] is the normal form of .

Proof. First note that ogs(t)) < oge(t) since t —* t|. We now prove that,
for all B, for all t € B, ogs(t) < oge(t]), by induction on (B,ogs(t),t) with
(<s, <, ¢ )iex as well-founded relation. If ¢ — u then oges(u) < oge(t). Hence,
by induction hypothesis on the 2nd or 3rd component, ogs(u) = ogs(ul) =
os8(td). Assume now that (c,t_:f) € CB and ¢t = ct. Then, by Corollary 2]
0ge (t) = X0 (t)) and oge (1) = (0s<(£])). Since X is monotone, it suffices
to prove that, for all k € {1,...,q%}, 0ge.rk(tg) < 0ger(tx ). Since B is strictly
positive, there are two cases:

e T} is a strictly positive sort C <g B. Then, by induction hypothesis on the
1st component, o0ge,x (t;) = 0gc(tr) = osc(tid) = oger (tr ).

e Thereis U such that Ty, = U = B and Pos(B, U) = §. Then, by Lemmal3 (3),
0ge (tr) = sup{oge (tx@) | @ € U} and oger (t ) = sup{oge (t @) | @ € U}.
Since oge(tr i) < oge(tri) < oge(t), by induction hypothesis on the 2nd
component, oge ;) = oge(tr}@). Therefore, ogex (tr) = 0ge.x (tr ). [ |

4 Termination criterion

In this section, we describe a termination criterion that capitalizes on the fact
that some terms can be assigned an ordinal size. The idea is simple: if for every
rewrite step fl — 7 and every function call gm in r, the size of m is strictly
smaller than the size of [, then there cannot be any infinite reduction.

The idea, dating back to Hughes, Pareto and Sabry [HPS96|, consists in
introducing symbolic expressions representing ordinals and logical rules for de-
ducing information about the size of terms, namely, that it is bounded by some
expression. Hence, termination is reduced to checking the decreasingness of
symbolic size expressions.

Following these authors, we replace every sort B by a pair (B, a), written B,
where a is a symbolic expression from an algebra interpretable in ordinals, so
that a term is of size-annotated type B, if it is of type B and of size smaller than
or equal to the interpretation of a. The typing rules of Figure [2 are then easily
turned into valid deduction rules on size annotations. Moreover, the monotony

5This is a restriction wrt. the definition given in [CPMS88| where T} can be any type where
B does not occur.
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of stratifications naturally induces a notion of subtyping on size-annotated types:
a term of type B, is also of type By if a < b.

4.1 Size-annotated types

In the previously mentioned works, only two particular algebras have been con-
sidered so far. First, the successor algebra, that is the algebra generated by a
unique size function symbol s interpreted as the successor function on ordinals
(see Definition [2I)). Second, when b is restricted to w (e.g. when inductive
types are restricted to first-order data types), the algebra of Presburger arith-
metic generated from the symbols 0, s and + interpreted by zero, the successor
function and the addition on natural numbers respectively, the first-order theory
of which is decidable [Pre29].

Other algebras are however interesting as we shall see in some examples. For
instance, the max-successor algebra, that is, the successor algebra extended by
a max operator, and the max-plus algebra, that is, the algebra generated by the
symbols 0, 1, 4+ and max.

So, in the following, we consider an arbitrary size algebra and prove general
results under some conditions on it. Then, in Section [{] we prove that these
conditions are in particular satisfied by the successor algebra.

Definition 10 (Size algebra) A size algebra is given by:

e a first-order term algebra A built from a set V of size variables «, (3, ... and a
set F of size function symbols £, g, ... of fixed arity, disjoint from V;

e a quasi-ordering <, on A that is stable by size substitution: ap <, by (ap ~4
by resp.) whenever a <, b (a >~ b resp.) and ¢ : V— A;

o for each size function symbol £ € F of arity n, a function fy : h™ — b so that,
for every valuation p : V— b, ap < by (ap = by resp.) whenever a <, b (a ~
b resp.) where, as usual, ap = p(a) and (fa1...an)p = fy(aip, ..., anp).

A size algebra is monotone if every size function symbol is monotone in every
argument, that is, £@ <, £b whenever @ (<j)prod b.

Let a <ext 0 iff, for all p, ap < bu. Note that <y satisfies the above
conditions, and every ordering <, satisfying the above conditions is included
in <ext- So, one can always take <.y for <, but, as this ordering may be
undecidable, one may prefer to use a decidable subordering instead.

Definition 11 (Size-annotated types) The set T, of (possibly) annotated
types is defined as follows:

o if T is a type, then T € Ty;
e if B is a sort and a a size expression, then B, € Ty;

e if U and V belong to Ty, then U = V € Ty.
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Let Var(T') be the set of size variables occurring in T'.

Given an annotated type T, let |T| be the type obtained by removing in T'
every size annotation.

Given a sort B, a size variable @ and a type T, let Annot(T,B,a) be the
annotated type obtained by annotating in 7" every occurrence of B by a.

The set of positions of a size variable « in an annotated type T, Pos(a, T),
is defined as follows:

e Pos(a,U=V)={lp|pe€Pos(e,U)} U{2p | p € Pos(a,V)};

® I'OS

0os

os(a, B) = {e} if a = B;
sa,ﬁ)—@lfa#ﬁ,

e Pos(a, £b) = {ip | p € Pos(a, b;)};

(
(o,
(a,By) = {0p | p € Pos(a, ) };
(
(
(

The sets of positive and negative positions of an annotated type are defined
as follows:

e PosT(U=V)={lp|pePos (U)}U{2p|pe Post(V)};

(

o Pos™ (U= V)={lp|pePos"(U)}U{2p|pePos™ (V)};
T(B) = {e};

e Pos™(B) = 0;
(
~(
(

® [0S

® [0S
® [0S

) =
) =
e Post (£b) = {ip | icMon™ (£), pePos* (b))} U{ip | i € Mon™ (£),p€Pos™ (b;)};
e Pos™(£b) = {ip | ieMon™ (£), pePos™ (b;)}U{ip | i€ Mon™ (£),pePos™ (b;)};

where Mon™ (£) (Mon ™ (f) resp.) is the set of arguments in which f is monotone
(anti-monotone resp.) wrt. <.

In order to combine terms with annotated and unannotated types, we extend
A by a greatest element oo and identify B, with B:

Definition 12 (Top-extension of a size algebra) The top-extension of a size
algebra A is a set AU {oco} with co ¢ A. Given B € S, let B, = B (we identify a
sort B annotated by oo with B). Given extended size expressions a,b € AU{o0},
let a <§°bifa <y borb=o0. Given ¢ : V= AU{o0}, let ap = oo if a contains
a variable « such that ¢(a) = 0o, and ay be the usual substitution otherwise.
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We now propose to users a syntactic way to specify their own notions of size
through the annotation of constructor types. We assume that every constructor
type is annotated in a way that allow us to define a size function, hence a
stratification for every sort, and thus an interpretation of every annotated type
in computability predicates.

Definition 13 (Annotated types of constructors) We assume that every
constructor ¢ with ©(c) =Ty = ... = T\« = B is equipped with an annotated

type

O(c) = Annot (T, X5, 05) = ... = Annot(Tye, S5e, afe) = Tqepr = ... = Tie = Boe

where:

e af,...,an €V

® afciq,. ., al € VU {oo};

e the variables of {af,...,af} are either pairwise equal or pairwise distinct,

in which case we say that the annotated type of ¢ is functional,
o foralli e {1,...,p}, ¢ = B;
o forall i e {p°+1,...,p°} with af € V, X5 occurs in T;;
e foralli € {p°+1,...,p} with af € V, Pos(X¢, T;) C Pos™ (T});
o o€ e AU {cx};

o Var(o¢) = {af € V};

e o° is monotone wrt. every argument: for all ¢ € {1,...,q}, Pos(a$, o) C
Pos™ (0°);

e 0° is strictly extensive wrt. recursive arguments: for all ¢ € {1,...,p},
Oélc- <, o€

We say that © is functional if every constructor has a functional annotated type.

The precise semantics of these annotations will be given in the next defini-
tion. The intuition is that the size of a term of the form ct will be given by
the interpretation in ordinals of ¢¢ with each of, the abstract size of the i-th
argument of ¢, interpreted by the actual size of ¢; in [XS : S¥T;.

Note that a constructor ¢ can always be annotated under the above condi-
tions in any algebra extending the successor algebra by taking:

e af =...= g
C — — c .
® Qfeyq =... = Qg = 00

e 0 =00 if p° =0, and ¢ = saf otherwise.
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For instance, for the constructors of the sort T of labeled binary trees with
labels in some sort B <g T, one can take in the successor algebra leaf : B = T
and node: T, = T4, = B = Tg,. So, we have Z'faf =B, a'faf = 00, o't —
; and Yode = ypede — T ghode — grode —  and o"°% = sa. Because leaf is
not given a definite size, every tree containing a leaf has no definite size too. In
this case, the size information is useless for proving the termination of a rule
like f (nodeleaf 2) — f .

As for the constructors of the sort O of Howard’s constructive ordinals, we
can take zero : O , succ : O, = Ogq and lim : (N = O,) = Og,, that is,
0% = 00 ; 13U = 0, o' = o and 0% = sa; and XM = O, of™ = o and
o™ =sa.

However, in the successor algebra, constructors with at least two accessible
arguments cannot have functional annotated types (because there is only one
non-nullary symbol).

In contrast, in any algebra extending the max-successor algebra, a construc-
tor ¢ can always be equipped with a functional type satisfying the above condi-

tions by taking:

® af, ..., pairwise distinct;
C J— J— c __ .
® Qfeyy =... = Qg = 00

e 0¢ =00 if p° =0, and 0° = s(maxaf...af:) otherwise.

For instance, for the constructors of the sort T of labeled binary trees, we
can take leaf : B = T and node: To, = Tg = B = Tg(q4p)-

We now extend the interpretation of types in computability predicates to
annotated types, by defining a size function 3¢ for each constructor c:

Definition 14 E[nterpretation of size-annotated types) First, for each con-
structor ¢ with ©(c) as in Definition [[3] we define a size function 3¢ as follows:

o X°(d) =0 if 0° = oo,
o otherwise X°(d) = o°v where v : Var(c€) — b is defined as follows:

— if all the af € V are pairwise distinct, then Vi € {1,...,q°} with o € V,
oSy = ag;

— if all the of € V are equal to some a, then av = sup{a; | i € {1,...,q},af €
v}
Then, given a valuation u : V— b, we interpret annotated types as follows:
e Bu=B8B,

e B,u= SE# if a € A, where S is the stratification defined by ¥ as in Definition
B

e U=Viu=Up=Vpu.
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Note that the size function 3¢ is monotone wrt. every argument and strictly
extensive wrt. recursive arguments, since ¢¢ is monotone wrt. every argument
and strictly extensive wrt. recursive arguments.

We end this section by introducing some reflexive and transitive closure of
the notion of accessible argument and prove some properties about it. In order
to keep track of the sort with respect to which the size is measured, we consider
a relation on triples (¢,T,B) made of a term ¢, its type T and the sort B used
to measure the size of ¢ in [B : SB]T.

Definition 15 (Accessible subterm) We say that (u,U,C) is accessible in
(t,T,B), written (u, U, C)<,(t, T, B), if (v, U, C) = (¢, T, B) or there are (c,,T) €
CBand k € {1,...,q°} such that t = ct, T = B and (u, U, C) <, (tg, Tk, X5).

For example:
e (z,N,N) is accessible in (sz,N,N) if s: N = N;
e (f,N=0,0) is accessible in (lim f,0,0) if lim: (N = O) = O;
e (z,N,N) is accessible in (pair (sx)y, P,P) if pair: N =N =P ands: N=-N.
e (z,B = C,B) is not accessible in (cz,B,B) if c: (B = C) = B.

Note that <, is stable by substitution, and that C occurs only positively in
U whenever (u, U, C) <, (¢, T, B), where <, is the strict part of <,.

Lemma 11

1. Accessibility preserves computability: if (u, U, C) <, (¢,T,B) and t € T, then
uel.

2. Accessibility makes size decrease: if for every constructor ¢, X¢ is (strictly

resp.) extensive wrt. every argument and (u,U,C) <, (¢,T,B) ((u,U, C) <,
(t,T',B) resp.), then ojc.scjy(u) < og.sejr(t) (o[c.scjv(u) < op.se)r(t) resp.).

Proof. By induction on <,:
o (u,U,C)=(t,T,B). Immediate.

e There are (c,f:f) € C®and k € {1,...,q°} such that t = ct, T = B
and (u,U,C) <, (t,Tk,25). Then, t, € T} and, by induction hypothe-
sis, u € U and ojc.squ(u) <° O[E%:SE%]Tk(tk), where <¢ = < (< resp.)
if 3 is (strictly resp.) extensive. Since X¢ is extensive wrt. every ar-
gument, Oppe oxgy, (tr) <¢ 2(0sc(t)) < oge(t) = og.se)r(t). Therefore,

<

ojc:seju (v) <€ o.seyr(t). u
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4.2 Termination conditions

An important ingredient of the termination criterion is the way the sizes of
function arguments are compared. In frameworks where functions are defined
by fixpoint and case analysis, exactly one argument must decrease at a time.
Here, we allow the comparison of various arguments simultaneously, possibly
through some interpretation functions (.

Since not every term can be assigned a notion of size, and since two function
calls can have different numbers of arguments, we first need to specify what
arguments have to be taken into account and how their size are compared:

Definition 16 (Order on function calls) We assume given:

e a well-founded quasi-ordering <p on F (precedence) that we extend into a
well-founded quasi-ordering on VUCUF by taking s <p f whenever s € VUC
and f € F;

e for each f: T = B:

— a number ¢f such that, for all i € {1,...,q'}, T} is a sort ©f (the first
q" arguments of f are the arguments that will be taken into account for
proving termination);

— an annotated type
O(f) = Annot (11,2, 0f) = ... = Annot(qu,E;f,agf) =Ty = ... = Tyr = By

with &f distinct variables, of € AU {00} and Var(of) C {af};
— forfeach X € {A, b}, a well-founded quasi-order (Dfy, <) and a map (% :
X9 — DY such that:
« (DY, <) = (D%, <) whenever f ~ g;
* dp <%’f by whenever @ <A"c band p:V—b;
* au :%’f by whenever @ ~&" b and 1 : V — b;
« @ <8 @ whenever @ <3° b and b <5' &

% a <%’f ¢ whenever d <%’f band b < ¢
K :
where (21, .., 2qs) <& (Y1, ., Yor) iff g =5 fand (& (21, .., 2qs) < Ce(wr, - yy)-

A function call ft gives rise to a pair (f,¢) where ¢ : {df} — A maps of to
the size of t;.

We then define the quasi-ordering on function calls, <, as follows. Given
he VUCUF, ¢ : {a"} — AU {oo} with {a"} =0 if he V,f e, ¢:{a} —
AU {oo}, let

(hy) <a (f,9) i b <e for @ <37 d'.
Its counterpart in b, <y, is defined similarly as follows. Given g € VUCUF,
v:{ag} = b, feF, pu:{a} —b, let (g,v) <y (f,u) if g <p f or a&v <%’f atp.
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For the sake of simplicity, we assume that termination arguments come first.
This is not a real restriction since arguments can always be permuted if needed.

For CE(, one can often take the identity (assuming that qf = q& whenever
f ~ g). In Example[0 we use a different function. When ¢% is the identity, one
can for instance take for <} (g‘; resp.) the lexicographic or multiset extension
[IDMT79] of <, (< resp.), or some combination thereof, for which one can easily
prove the compatibility of <} (gg resp.) with <{° (< resp.). Indeed, we have
(<8°)prod © (<a)iex € (<a)iex (where o is relation composition) since <¢° o <, C
SA; and <lex © Sprod C <lex-

We can now state our general termination theorem under abstract conditions
on size annotations. We will then discuss these conditions in turn.

Theorem 2 Assume that constructor types are annotated as in Definition
The relation - = —3 U —x terminates on the set T of well-typed terms if —
is finitely branching and, for each rule [ — r € R C T?, the left-hand side [ is
of the form fl_: the annotated type of f is as in Definition [16] |l_] > ¢f and there
are:

e a typing environment I' : FV(r) — T, with, for every (z,U) € I:

— an integer k% € {1,...,|l]} such that 2 occurs in Iz and,

— if k* < ¢f, asort ¥ and a size variable o such that U = Annot(|U|, £%, a®),
indicating how to measure the size of z;

e symbolic size upper bounds ¢ : {a'} — AU {oc} for l1,...,1;
such that:
e Accessibility. For every (z,U) € I":

— either k* > ¢f, Iy = 2 and Tje = U,

—or k% < o and (, |U|,%?) <, (Ije, The, 250 );

e Subject reduction and decreasingness.
r Ffp T (TmJrl = ... = T = B,r)p, where Ffp is defined in Figures B and

e Minimality. For all substitutions 6 with 10 e f, there exists a valuation v
such that:

— forallie {1,...,q}, afpr = 0 s (1;0);
— for all (z,U) € T’ with k* < ¢, 050 g5y (20) < a®v,

where S is the stratification defined in Definition [8 using the size function
defined in Definition 14t

e Monotony. For allic {1,...,q}, Pos(af,of) C Pos™(of);
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Figure 3: Computability closure of (f, )

(h,V=V)eTU®©
h<gfV(h~gfAV]|>q)
Y {aht — AU {oo}
(hvw) <a (f7 90)

(V)T H, ug : Vi

f har -
(app- T H hid: Vi
decr)

(lam) F,a::UH;v:V (Sub)FF‘;t;U U<v
T Xalv: U=V TH t:V
Figure 4: Subtyping rules
(size) a SKO b (prod) U<U V<V

B, < By U=VU =V
(refl) (trans) T<U U<V
T<T T<V

In (app-decr), v is any size substitution of the size variables of 1% (after
Definitions [[3] and [M6]). This rule works like the rule for type instantiation in
Hindley-Milner type system [Hin69, IMil78| except that, here, 1 is not a type
substitution but a size substitution. Hence, if s is declared of type N, = Ng,
then, by (app-decr), l—‘; s : N, = Ny, for any size expression a (in annotated
types, size variables are implicitly universally quantified).

The rule (app-decr) is a compact formulation that subsumes in a single
rule the usual rules of simply-typed A-calculus for variables (T H; x T if
(z,T) € I), constructors and function symbols (I' H, ¢ : T if (¢, T) € © and
1 is any size substitution), and application (T’ F‘; tu: Vif T H; t:U =1V and
r l—fp u : U), with the following restrictions on application. First, the head of an
application cannot be an abstraction: l—fp only accepts terms in S-normal form
since rule right-hand sides usually so are. Second, if an application is headed by
a function symbol g, then g <p f (note that h <y f whenever h € VUC), or we
have: g ~p f, g applied to at least g8 arguments, and the sizes of the arguments
of g, represented by 1, smaller than ¢ in <j.

Hence, in (app-decr), h is either a variable of T, in which case V= Vis
the type of h declared in I', or a constructor or function symbol, in which case
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V = V is the annotated type of h declared in ©. In addition, if & is a variable,
a constructor symbol or a function symbol strictly smaller than f, then h can
be applied to any number of arguments compatible with its type. On the other
hand, if h is a function symbol equivalent to f, then it must be applied to at
least " arguments, and the abstract sizes of these arguments, given by the size
substitution ¢, must be strictly smaller than ¢ in <,.

An equivalent less compact formulation of (app-decr) is given in Figure

Figure 5: Typing rules equivalent to (app-decr)

(c,V=V)ecO
P {a@} - AU {oo}
(var) (z,U) el (Vi)D HF i Vi
T F‘; x:U (cons) r H; ci: Vi
(g, V=>V)e®
(gV=V)e® gor fA|V] >
g<rf {8} — AU {o0}
1/} : {&g} — AU {OO} (ga 1/}) <a (fv <P)
(Vi)L H w2 Vi (Vi) H w2 Vi
TF gid - Vi TF gid - Vi
(prec) (rec-call)

Before proving this theorem, let us discuss the conditions and give some
examples.

Accessibility. As explained in Section 2.5l not every subterm of a com-
putable term is computable. The definition of computability ensures that all
accessible subterms so are. The accessibility condition ensures that each free
variable = of the right hand-side is either a parameter or an accessible sub-
term of a termination argument. Hence, every instance of z is computable if
the arguments of f so are. Now, by definition of accessibility, there must be a
sort X% with respect to which the size of instances of = are measured. Since x
can be instantiated by terms of any size, the type of x should be of the form
Annot(|U], %, &™), that is, every occurrence of 3% should be annotated by some
size variable o, and no other sort should be annotated.

Subject reduction and decreasingness. This condition enforces two
properties at once. First, the right hand-side has the same type as the left
hand-side (subject reduction). Indeed, since the interpretation of a type has to
be stable by reduction, there cannot be a rule fI — r such that the size of r is
strictly bigger than the size of fl: rewriting cannot increase the size. Second,
by rule (app-decr), in every function call ht, the symbolic size upper bounds
of the actual sizes of the termination arguments of h are strictly smaller than
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those of ffgiven by ¢.

The relation l—‘; is similar to the notion of computability closure introduced
in [BJOO2, Blal5] except that, when comparing function arguments, it uses the
sizes given by the type system instead of the structure of terms. As already men-
tioned in the introduction, using the size information instead of the structure
of terms relates our termination technique to well-founded monotone algebras
[IMNT70, vdP96l [Ham06], semantic labeling [Zan95, Ham07] or the notion of size-
change principle [LJBAOIL [Hyv14]. Now, as remarked in [Bla06a, [KS07], the
notion of computability closure itelf has strong connections with the notion of
dependency pair [AG00]. It is also a tool for defining and strengthening the
higher-order recursive path ordering [Bla06bl JRO7, BJR15]. Finally, all these
notions are known to be related in some way: size-change principle and de-
pendency pairs [TG05|, semantic labeling and recursive path ordering [KL80],
dependency pairs and recursive path ordering [Derl3|, and size-based termina-
tion and semantic labeling [BR09].

Minimality. Since ¢ provides symbolic upper bounds only, this does not
suffice for getting termination. We also need ¢ to be minimal. Indeed, consider
the rule f  — f & with f : N, = N, and ' = [z : N.]. By taking, ap = sz, one
hasl"l—;fx:Nw sincel"l—‘;x:Nm and r <, s .

Monotony. Finally, the monotony condition requires the size of terms
generated by f to be monotone wrt. the sizes of its termination arguments.
It can always be satisfied by taking of = co. This condition also appears in
[Abe04, BFGT04]. It is necessary because, in the rule (app-decr), v is not
necessarily minimal: it may be set to a strict upper bound by using the rule
(sub) beforehand. This could lead to invalid deductions wrt. sizes. Take for
instance the subtraction on natural numbers sub : N = N = N defined by
the rules of Figure I Because of the monotony condition, we cannot take
sub : N, = Ng = N,_g. Otherwise, given f : N, = N and 0 : Ng, the rule
f (s 0) — f (sub (s 0) 0) would satisfy the other conditions. Indeed, by taking
sub <p f and ¢ = {(«a,s0),(8,s0)}, one gets I’ F‘; sub (s 0) 0 : No (while
opn(sub (s 0) 0) = 1) and T' 5, f (sub (s 0) 0) : N since 0 <, s 0, but the system
does not terminate since f (sub (s 0) 0) — f (s 0).

The accessibility and monotony conditions can be easily checked. In the next
section, we study the decidability of l—fp and, in Section 8 we provide a syntactic
condition for the minimality condition to hold in the successor algebra.

To end this section, note that the termination conditions do not require
[ itself to be typable in F‘;. Hence, for instance, assuming that B has two
constructors ¢ : B, = Bgo and b : B, = B, = Bgsa, we can handle the rule
f(bxzy (cw2)) — fag by taking T' = [x3 : Baeo] and of ¢ = sa®. On the other
hand, we cannot handle the rule f (bx; (cx2)) — f(bxyx2). Indeed, in this
case, we can have oge(bx10220) = oge(bx10 (c220)) if o(x20) < o(z16): the
height is not a decreasing measure in this case.
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4.3 Examples

We now show, for various examples, how to check these conditions, except the
minimality condition whose verification is postponed to Section [§
We will use the following sorts and constructors:

e B: the sort of booleans with the constructors true : B and false : B;
e N: the sort of natural numbers with the constructors 0: N and s: N = N;

o O: the sort of Howard’s constructive ordinals with the constructors
zero : O, succ: O = O and lim: (N = 0) = O;

e L: the sort of lists with the constructors nil : L and cons: L = N = LE;

with N <g L and N <g O.

Example 2 (Division) Consider the function symbols sub (substraction) and
div (division) both of type N = N = N defined by the rules of Figure Il

One can easily check the accessibility condition.

For constructors, take in the successor algebra, 0 : N and s : N, = Ng,. For
sub and div, take N, = N = N, with ¢®® = ¢V =1 (and thus 25'® = ¥V = N
and o'®* = adV = @), which expresses the fact that these functions are not
size-increasing. One can easily check the monotony condition.

For the subject reduction and decreasingness condition, we only detail the
case of the last rule of div by taking T" = [z : N,y : N], o = {(c, s )}, sub <p div
and the identity for ¢4V. Let - = l—gj". By (var), T’ Fz : N, and T+ gy : N.
By (prec), I' b sub  y : N, (by taking v = {(a,z)}). By (cons), ' Fsy: N
(by taking ¢ = {(«,0)}). By (app-decr), T I div (sub « y) (s y) : N, since
x <j sz. Finally, by (cons), I' s (div (sub x y) (s y)) : Nsz = Nuo. ]

Example 3 (Map and filter) Consider the function symbolsmap: L = (N =
N) = LA if: L= L= B = Landfilter : L = (N = B) = L defined by the
rules:

map nil f — nil
map (consl z) f — cons (mapl f) (f x)
if xytrue — =z
if zyfalse — y
filter nil f — nil
filter (cons ! z) f — if (cons (filter I f) ) (filter I f) (f )

For annotated types, we could take in the successor algebra, true : B, false : B,
nil : L, cons: L, = N = Lgo, map: Ly = (N = N) = L, with ¢™P =1 (and
thus 7" = L and of"*® = «), if : L, = L, = B = L, with qf = 2 (and
thus ¥ = 3 = L and of = of = ), and filter : L, = (N = B) = L, with

6We permuted the arguments of cons so that the typing conforms to Definition E
"We permuted the arguments so that the typing conforms to Definition
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qfi**" = 1, expressing the fact that these functions are not size-increasing. One

can easily check the monotony condition.

Unfortunately, the annotated type of if does not satisfy the conditions of
Definition [[6 because oif = off (the variables oif should be distinct). There are
however two solutions to get around this problem:

e Annotate if in the max-successor algebra by taking if : B = L, = Lg =
Lmaxa,@-

e Introduce a new type C >g L with constructor cond: L, = L, = B = C,, a
new function symbol newif : C, = L, with q"¥f = 1, and define newif and
filter by the following rules instead:

newif (cond x y true) — =z
newif (cond z y false) — vy

filter nil f — il
filter (cons ! z) f — newif (cond (cons (filter I f) ) (filter I f) (f x))

For subject reduction and decreasingness, we only detail the case of the last
rule of filter by takingI' = [f : N = B,z : N,1: L], » = {(a, s 1)}, newif <g filter,
cond < filter and the identity for ¢fi**". Let - = l—‘:‘,'te'. By (var), T F z : N,
F'Fil:Land T+ f x: B. By (app-decr), T' b filter I f : L; since [ < sl. By
(cons), T' F cons (filter I f) x : Lg;. By (sub), T' | filter [ f : Lg since | <3° sl.
By (prec), I' - cond (cons (filter I f) ) (filter I f) (f x) : Lg. So, by (prec),
T F newif (cond (cons (filter I f) x) (filter I f) (f x)) : Lst = Lo |

Example 4 (Godel’ system T and Howard’ system V) Cousider the re-
cursor on natural numbers rec) : N = 7 = (N = T = T) = T from Godel’
system T [G&d58], and the recursor on ordinals rec® : O = T = (0 = T =
T)= (N=0)= N=1T)=1T) =T from Howard’ system V [How72|
defined by the following rules:

N
rect 0 u v

N N

- u

recy (sz)uv — va(rech x uv)
%
%

rec% Quvw U
recQ (succ ) u v w v (recd zuvw)

rec? (lim fluvw — w f (AnNrec (f n) uvw)

One can easily check the accessibility condition.

For annotated types, take in the successor algebra, 0 : N, s : Ny, = Ngq,
zero : O, succ: Oy = 054, lim: (N = 0,) = Ogo, rect : Ny =T = (N=T =
T)=Tandrec?:0,=T=0=T=T)=(N=0)=N=T7)=T)=
T'. One can easily check the monotony condition.

For subject reduction and decreasingness, we only detail the case of the last
rule of f = rec by taking I' = [f : N = Og,u : T,v : O = T = T,w :
(N=0)= (N=T) = T], ¢ = {(0,sB)} and the identity for ¢'. Let
F:F‘;andA:[n:N]F. By (var), '+ f: N = 0Og and A+ f: N = Og,

36



'ru:Tand A+ u: T, THFv: 0=T=TAFrv:0=T=T,
Fr'Fw:(N=0)=N=T)=TandA+w:(N=0)=(N=T)=T.
By (var) again, A - f n: Og. By (app-decr), A I rec (f n) u v w : T since
B <asfB. By (lam), ' F AN.rec® (fn)uvw:N=T. By (sub), - f:N=0
since N = Og < N = O. Finally, by (var), A w f (AN.rec® (f n) uvw) : T.
|

Follows a similar example showing that we cannot capture all non-increasing
functions as one can easily expect:

Example 5 (Quicksort) Let P be the sort of pairs of lists with the constructor
pair: L = L = P, and C be the sort with the constructor cond : P =P = B =
C. Then, let the functions fst,snd : P = L, le : N = N = B, if : C = P,
pivot:L=N=P,gs:L=L=L and gsort : L = L be defined by the rules:

fst (pa!r Im) — 1 le0y — true
snd (pairim) — m
: le (sz) 0 — false
if (cond truepgq) — p le(s7) (sy) — lea
if (cond falsepgq) — ¢ y y
pivot nil x  —  pair nil nil

pivot (cons I y) x — if (cond (pair (cons p1 y) p2) (pair p1 (cons p2 y)) (le y z))
where p; = fst p,ps = snd p,p = pivot | z
gsnill — 1
gs (cons ! z) m — gs p1 (cons (gs p2 m) x)
where p; = fst p, p2 = snd p,p = pivot z [
gsort I — gs I nil

Again, one can easily check the accessibility condition.

Now, for the annotated types of constructors, we take in the successor algebra
true : B, false : B, 0 : N, s : N, = Ngq, nil : L, cons : L, = N = Lg,,
pair: L, = L, = P, and cond : P, = P, = B = C,. Hence, a term of type
P, is a pair of lists of length smaller than or equal to «.

Now, for function symbols, we take fst,snd : P, = L, if : C, = P,
le: N, = N= B, pivot: L, = N=P,,qs: L, =L =1L and gsort : L, = L,
which expresses the fact that fst, snd, if and pivot are not size-increasing. Again,
one can easily check the monotony condition.

For the subject reduction and decreasingness condition, we only detail the
case of the last rule of gs by taking I' = [z : N, : L;,m : L], ¢ = {(«,s1)},
fst,snd, pivot <p gs and the identity for (%. Let - =F&. By (var), I' -z : N,
FHi:LandTFm:L By (prec), PFp:P;,T'Fpy: L and T ps: L. Since
l <u sl, by (app-decr), ' gs p2 m : L. By (cons), I F cons (gs v m) « : L.
Finally, since | <, s, by (app-decr) again, I' - gs u (cons (qs v m) z) : L.

Note however that we cannot express that gsort is non-increasing, that is,
take gsort : L, = L,. To do so, we need a more precise type system with
existential quantifiers and constraints on size variables where pivot can be given
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the type:
(Va)Lle = N = (38)(F7)(a = B+ )L x L, [BROG]. ]

We now give an example using interpretation functions QE( different from the
identity:

Example 6 (Reverse) The reversal of a list can be defined as follows [HHS2]:

last nilz — =z
last (consly)x — lastly
revremlast nil z  — nil
revremlast (cons ! y) x — rev (cons (rev (revremlast [ y)) z)
rev nil — nil
rev (cons [ ) — cons (revremlast | x) (last [ x)

where rev: L = L, revremlast : L = N =L and last : L = N = N.

Consider the 4th rule. Take cons : L, = N = Ly41, rev @ Ly = Lg,
revremlast : L, = N = Lo, I' = [z : Nyy : N,I : L] and ¢ = {(a,] + 1)}.
One can easily check the accessibility and monotony conditions. We now check
the subject reduction and decreasingness condition. Let F = l—[;‘”em'a“. For
comparing termination arguments, take <, = <$**. rev ~ revremlast, ("' (a) =
2a and (reem™st(q) = 2a 4+ 1. By (var), T2 :N, TFy:Nand ' 1:L;. By
(app-decr), T - revremlast [ y : N; since ¢reremiast(]) = 2[4+ 1 <, ¢revremlast(1 1) =
2(l+1)4+1 = 20+ 3. By (app-decr), T' I rev (revremlast { y) : N; since
¢"™(l) = 21 < 214+ 3. By (cons), ' - cons (rev (revremlast I y)) = : Lj41.
Finally, by (app-decr) again, T' I rev (cons (rev (revremlast I y)) x) : L;4; since
CvV(l+1)=20+2<20+3. |

Here is an example of a recursor for a non-strictly positive type the termi-
nation of which can be proved neither by HORPO [JR99] nor by CPO [BJR15]:

Example 7 (Continuations) One can implement a breadth-first search al-
gorithm on leaf-labeled binary trees by using a non-strictly positive type of
continuations C whose constructors are b : C and ¢ : =—=C = C, where =T =
T = L and L is the sort for lists of labels [Hof95]. Its recursor for type T,
rect.: C= T = (-—C = -=T = T) = T, can be defined by the rules:

rec%buv - u
C

recs (cx)uv — va Ay Ao (A\2Cy (rec§ 2z uv)))

Again, one can easily check the accessibility condition.

Now, take ¢ : =—C, = Coq and f = rec$ : C, = A = (--C = -4 =
A) = A. One can easily check the monotony condition.

For the subject reduction and decreasingness condition, we only detail the
case of the second rule by taking I' = [z : ==C,,u: A,v: =—=C = =4 = A
and ¢ = {(a,sz)}. Let Iy = [y : 2AT, Ty, = [z : G,y and - = -, By
(var), Tz :--Cp, TFu: A TkFv:--C=--A=A4T,,Fy:-Aand
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[y, F 2z :C,. Since x <4 sz, by (app-decr), T'y. I rec$ z u v : A. By (var),
Ty,. Fy (rec$ 2z wv) : L. By (lam), Ty = Azy (rec$ z u v) : =C,. By (var),
Iy 2 (\zy (rec$ 2z wv)) : L. By (lam), I' = Ay 4z (Azy (rec$ z u v)) : =—A.
By (sub), I' - 2 : ==C. Thus, by (var), I' v z (Ay™ 4z (A\zy (rec$ 2 u v))) : A.
|

We end this series of examples with one using non-standard constructor size
annotations:

Example 8 (Normalization of conditionals) Let C be the sort of condi-
tional expressions with the constructors at : C and if : C3 = C. Following
[BM79], one can define a normalization function nm : C = C as follows:

nmat — at
nm (if aty z) — if at (nm y) (nm 2)
nm (if (ifuvw)yz) — nm(if u(nm (if vy 2)) (nm (if wy 2)))

In [Pau86] is given a measure on terms due to Shostak that is decreasing
in recursive calls. Hence, we can prove the termination of nm by using the
following annotated types: at : C, if : C,, = Cg = C; = C(q41)(8+y+3) and
nm : C, = C,. One can easily check the monotony condition.

Now, for the 3rd rule, let I' = [u : Cy,v : Cp,w : Cyu,y : Cy,z : C;],
v ={(a,a)} wherea = ((u+1)(v+w+3)+1)(y+2+3)) = vy +uvz +uwy+
uwz+3uv+3uw+3uy+3uz+vy+wy+vz+wz+9u+3v+3w+4y+42+12, and ("™
be the identity. One can easily check the accessibility condition. We now check
the subject reduction and decreasingness condition. Let - = HJ™. By (cons),
I'Fifoyz @ Cuqnyytsts) and ' F ifwyz © Clyir)yyrzts). By (app-decr),
L'Enm(ifoyz): Cogryytz+s) since (v+1)(y+2+3) = vy+vz+y+z+3 <pa,
and I' = nm (if wy 2) : Cupg1)(y42+3) since (w+1)(y+2+3) = wy + wz+y +
z+ 3 <y a. Finally, by (app-decr), I' - nm (if u (nm (if vy 2)) (nm (if wy 2))) : Cp
where b = (u+ D((v+ Dy +2+4+3)+ (w+ 1)(y + 2+ 3) + 3) since b =
vy +uvz +uwy Fuwz + 2uy + 2uz vy +vz+wy +wz+9%u+2y+2249 <, a.
Therefore, by (sub), T'F nm (if u (nm (ifvy 2)) (nm (ifwy))) : C,. |

4.4 Proof of Theorem

We now prove Theorem 2] by checking that every term is computable, that is,
t € T whenever I' ¢ : T.

Computability of constructors. We first prove that, for all (c, , f) with
Oc)=T1=...=T,=Band O(c) =Ty = ... = T, = B, as in Definition I3
(we drop the c’s in exponents), |t| = r and (Vi)t; € T;u, we have ct € B, pu, by
induction on # with < prod as well-founded relation. First, we have ct € SN since
£ € SN and there is no rule of the form c/ — r. Second, for every accessible
argument i € {1,...,q}, we have T;u C T; since T; = Annot(T;,%;, a;) and
Pos(%;,T;) € Pos™(T;). Moreover, og:(t;) < a;u since t; € T;u. Therefore,
ct € B. If 0 = oo, then we are done. Otherwise, we are left to prove that
oss(ct_) < op. If ¢t — wu then u = c& with ¢ —prod ¥ and, by induction
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hypothesis, oge(ctt) < op. Now, if i € {1,...,p}, then ogi(t;) < ajp < op
since o is strictly extensive on recursive arguments. Finally, Y(os(f)) = ov
where v = {(ai,0si(t;)) | ¢ € {1,...,q}, a; € V} if the variables «; are pairwise
distinct, and v = {(a,sup{og:(t) | i € {1,...,q°}})} if the variables ; are equal
to some variable a. Hence, ov < op since ¢ is monotone and v < y. Therefore,
by Theorem [0 oge(ct) < op.

Computability of function symbols. We now prove that, for all (f, , f)
with ©f) =Ty = ... =T, = Band Of) =T1 = ... = T, = B, as in
Definition (we drop the f’s in exponents), |{] = r and £ € Ty, we have
ft € By p, by induction on ((f, 1), f) with (<, prod)lex as well-founded relation
(1). Since ft is neutral, it suffices to prove that, for all v such that f& — v, we
have v € B, . There are two cases:

e v ="fvand f—)mod ¥. By subject reduction, ¢ € fu. Therefore, by induction
hypothesis, v € B, pu.

ot = f@ﬁ, fl > r e Rand v = r00. By minimality, there is v such that
iy = ogx; (1i0) and oj5e.gv+) | (20) < v if (z,U) € I'. Hence, pv < pu.

Computability of the matching substitution. We now prove that, for
all (z,U) €T, 20 € Uv. There are two cases:

— k™ > q, lyge =z and U = Tyo. Then, 260 = 20 = tge and Uv = Tgav =
Tyo pt = Tia pt. Therefore, 20 € Uv.

— k% < q, U = Annot(|U], X%, a®) and (z,|U|, X%) <, (lge, Tk, Tie ). Hence,
(20, |U],5*) <a(lgeb, Tke, T=) and, by Lemma [ 26 € |U|. Therefore,
20 € Uv since U = Annot(|U], X%, a®), Pos(X?,|U|) € Pos™(|U|) and
O[Em:szm”[ﬂ(x@) S a’u.

Correctness of the computability closure. We now prove that, for all
(T,¢,T,0),if T H; t: T and 26 € Uv whenever (z,U) € T', then t§ € Tv, by
induction on F‘; (2).

(app-decr) If h € V, this follows by assumption. So, assume that h € CUF and O(h) =
V = V. By induction hypothesis (2), u; € Vitpw. Since (h,v) <4 (f, ),
we have (h,¢v) <y (f,r) by assumption on <. Since v < u, we have
(h,yv) <y (f, ) by assumption on <y. Therefore, by induction hypothesis
(1), hit € Vipu.

(lam) Wlog. we can assume that = ¢ dom(f) U FV(). We have (\zUv)8 =
AzY (vd) € Uv = Vv because, for all u € Uv, (v0){(z,u)} € Vv since
(W) {(z,u)} = v0 where 8 = 0 U {(z,u)} and v8’ € Vv by induction
hypothesis (2).

(sub) We prove that Uv C Vv whenever U < V by induction on < (3):

(size) If b = oo, then B,v C B by definition. Otherwise, av < bv and B,v =
8B, C 8B = Byv since SB is monotone.
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(prod) Let t € Uv — Vv and «' € U'v. By induction hypothesis (3), U'v C Uv.
Hence, u € Uv and tu € Vv. By induction hypothesis (3), Vv C Vv/.
Therefore, tu’' € V'v.

(refl) Immediate.
(trans) By induction hypothesis (3) and transitivity of C.

Hence, since I’ l—‘; r:Up with U :T\ﬂﬂ = ...=T, = B,,and 20 € Uv
whenever (z,U) € T, we have rf € Upr. Hence, v = r00 € B,pv. Finally,

since v < p and Pos(a;, o) C Pos™ (a), we have v € B, pu.

Computability of every well-typed term. Now, it is easy to check
that every well-typed term is computable. The proof is similar to (2). We just
detail the case of a function symbol f with ©(f) = T3 = ... = T, = B and
O(f) =T, = ... = T; = B,. Let ¢ such that |f] =r and # € T. Let p be the

valuation mapping, for_all i€{1,...,q}, a; to the smallest ordinal b; such that
ShTZ = T;. Then, t; € T;u and ft € B,u € B. We conclude by noting that the
identity substitution is computable. |

5 Deciding I—‘;

In this section, we study the decidability of the relation l—‘; used in Theorem
and defined in Figures [l and @l

The differences between l—‘; and the usual typing relation for simply-typed
A-calculus are the followings. First, the set of typable symbols is restricted to
those smaller than f. Second, the application of ¢ to w is restricted to the terms
t whose head is not an abstraction. Moreover, when the head of ¢ is a symbol
equivalent to f, the number of arguments must be bigger than qf and the size
of the arguments must be decreasing.

If we remove the decreasingness condition, we get the relation F* defined by
the same rules as those of H; except (app-decr) replaced by:

(h,V =V)eTUB
h<pfV(hopfA|Ul>q")
w:{&h}—ﬂxu{oo}
(V)T HF ;2 Vi
L H hit: Vo

(app)

that is, without checking the decreasingness condition v <Z’f @ when h ~ f.
Hence, deciding T’ l—fp t : T can be reduced to finding a derivation of I' Hf ¢ : T
where, at each application of (app), the decreasingness condition is satisfied.
The relation Hf differs from Curry and Feys’ typing relation with functional
characters or type-schemes (a type with type variables) [CE58| in two points.
First, we consider subtyping. Second, our type-schemes are not built from type
variables but from size variables. We will however see that some techniques
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developed for Curry and Feys’ type system or, more generally, Milner’s type
system [Mil78| and its extensions, can be adapted to our framework.

In [Hin69], Hindley proved that a term is well-typed in Curry and Feys’
system iff it has a most general type-scheme that can be computed by using
unification [Her30, [Rob65], a type-scheme T' being more general than another
type-scheme U, written 7' C U, if U is an instance of T, that is, T8 = U for
some substitution #. This comes from the fact that, if T F¢: Ty and T+ ¢ : T,
then there is T such that ' - ¢ : T, T C T; and T C Ts. And, as shown by
Huet [Hue76|, every non-empty subset of types has a greatest lower bound wrt.
C. So, in particular {T'|T'F ¢ : T} if ¢ is typable in T.

This line of work was later extended in many directions by considering richer
types, more complex constructions or by improving the algorithm computing
the most general type-scheme. One of the most advanced generalization seems
to be Sulzmann’s HM(X) system [Sul01], where the type variables of a type-
scheme are required to satisfy a formula of an abstract constraint system X. For
his system, Sulzmann provides a generic constrained-type inference algorithm
assuming a procedure for solving constraints in X. It would be interesting to
study whether our framework can fit in this general setting. However, in this
paper, we will simply follow Hindley’s approach.

Hindley uses a procedure computing the most general unifier of two type-
schemes. Unifying two type-schemes 7" and U simply consists in solving the
equation 7' = U in the algebra of type-schemes, that is, in finding a substitution
6 such that T6 = U6. In [Hue76|, Huet proved that solving T' = U is equivalent
to finding an C-upper bound to both 7" and U. He also showed that every
non-empty bounded set of types has a least upper bound wrt. C. Hence, every
solvable unification problem on types has a most general solution.

In our setting, we have to take into account subtyping. Hence, the following
definitions:

Definition 17 (More general type) We say that an annotated type T is
more general than another annotated type U, written T C U, if there is a
substitution @ such that 70 is a subtype of U, i.e. TO < U.

One can easily check that C is a quasi-ordering.

Definition 18 (Subtyping problem) A subtyping problem P is either L or
a finite set of subtyping constraints, a subtyping constraint being a pair of
types (T,U) written T <7 U. It has a solution ¢ : V. — AU {oo} if P # 1,
dom(yp) C Var(P) and, for all T <" U € P, Ty < Up. Let Sol(P) be the set
of all the solutions of P. A solution ¢ is more general than another solution 1,
written ¢ C 1), if there is 6 such that 8 <3° 1, that is, for all a, apd <§° a.
Finally, let = be the equivalence relation C N 1 associated to C.

Again, one can easily check that the ordering C on substitutions is a quasi-
ordering.
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Remark 1 In the case of a unification problem, i.e. when <° is the equality,
one may more naturally define the ordering on substitutions as the pointwise
extension of C: ¢ Cey ¢ if, for all T, T C T4. Huet proved in [Hue76] that
the two definitions are equivalent if the algebra is non-monadic, that is, if it
has a term constructor of arity > 1, which is the case for types where = is of
arity 2 (the result also holds if all term constructors are of arity 0). Indeed, in
a monadic algebra, if you take ¢ = {(a,7),(8,7)} with « # B, and ¥ = id,
then ¢ Cext ¥ but ¢ [Z 4 (there is no 6 such that @8 = 1). Hence, the above
definition is more appropriate than Ceyy.

Here, like for unification, we can check that C.y; C C. Indeed, assume that
© Cext ¥. Let V = dom(p) U dom(y)) U Var(p) where Var(p) = |J{Var(ay) |
a € dom(¢)}. Then, let T be a type such that Var(T) =V and, for all a € V,
there is B € S and p € P0s+(T) such that the subtype of T at position p is B,.
To build such a type, we can proceed by induction as follows. Assume that we
have to build a type T,, with n variables ay, ..., a,. Then, let T} = B,, and, for
all k > 1, let Tpy1 = (Bq,,, = B) = T}, where B is any sort. Since ¢ Eext ¥,
there is 6 such that T < T. For all a € V, Pos(a, T) C Pos'(T). Hence,
apl < arp. Now, by taking 0|y = {(a,af)|a € V}, we have o(]y) <§° 7.
Therefore, ¢ C 1.

However, since <§° is not symmetric, the converse only hold for the types T'
such that, for all a € dom(p) U dom(v)), Pos(a, T) € Pos™(T). |

To define our algorithm for computing the most general type of a term
(Figure [6l), we make the following assumptions:

e every solvable subtyping problem P has a most general solution mgs(P);

e there is an algorithm for deciding whether a subtyping problem is solvable
and, if so, computing its most general solution.

We will see in Section [7] that these assumptions are satisfied when types are
annotated in the successor algebra. On the other hand, they are not generally
satisfied in the Presburger algebra or the max-plus algebra.

In the case of an application A, the algorithm proceeds as follows:

1. It checks that h is declared and get back its declared type T

2. Tt checks that h can take at least |i| arguments, that is, T is of the form
V =V with |V| = |4d].

3. If h is a function symbol equivalent to f, then it checks that |\7| > qh.
4. Tt tries to infer the types of every u;.

5. If it succeeds and gets U; for the type of u;, then it renames the variables of
every U;, using permutations p1, ..., py, so that, for all ¢, U, p; has no variable
in common with the declared type of h and, for all ¢ # j, U;p; and Ujp; have
no variable in common.
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Figure 6: Type inference algorithm

(inflam) I,z:U Horv
et U=V

(h,V=V)eTUu®
h<gfV(h=pfA|V]>g")
p1,. .., pn permutations on V (n = |V])
(Vi)Var(U;p;) N Var(V = V) =0
(Vi)(V4)i # § = Var(U;p;) N Var(U;p;) =0
n=mgs({Uip1 <" Vi, ..., Unpn <7 Va})
TH ha 1V

(inf-app)

6. Finally, it tries to compute the most general solution 7 of the problem
{Ui1p;1 <"Vi,..., Unpn <’ V..} and returns V7 in case of success.

We first check that our algorithm computes a valid type. To this end, first
note that:

Lemma 12 If I' - ¢ : T then, for every size substitution 6, T'9 H 6 : T4.

Proof. Straightforward induction using the fact that <, and thus <{° and
< are stable by substitution. |

In the following, we assume that I" and ¢ contain no size variables. This is
not a restriction wrt. the termination conditions since:

e ¢ is then a subterm of a rule right-hand side and rules are made of terms in
T and thus contain no annotated types;

e On the other hand, I" contains the variables o*. The condition Var(I') = )
can however be enforced wlog. by replacing every size variable a” by a new
constant ¢” so that ¢ = ¢¥ whenever o = a¥.

Theorem 3 (Correctness wrt. ) If T' - ¢ 4+ T and Var(T') = Var(t) = 0,
then ' =F ¢ : 7.

Proof. By induction on T' ' ¢ © 7. We only detail the case (inf-app).
By induction hypothesis, I' Ff w; : U;. By Lemma [ T +f w; : U;p;n since
Var(I') = Var(u;) = 0. Since U;p;n < Vin, by (sub), T' FF w; : Vin. Therefore,
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by (app), I' Ff hii : V. [ |

We now prove that our algorithm computes the most general type of ¢ in I’
and thus is complete:

Theorem 4 (Completeness wrt. ) If T F ¢ : T, Var(l') = Var(t) = 0
and every function symbol occurring in ¢ satisfies the monotony condition of
Theorem [}, then there is U such that T'H ¢ 1+ U and U C T

Proof. We proceed by induction on I' H ¢ : T. We only detail the case
(app) when h € CUF. By induction hypothesis, I' Ff w; + U; and there is
0; such that U;0; < V;v0. Wlog. we can assume that dom(#;) C Var(U;). Let
now pi, ..., pn satisfying the conditions of (inf-app), and £ = {(,a®)) | a €
Var(V = V)} U {(o, ap;10;) | @ € Var(U;p;),1 < i < n}. Then, for all i,
Uipié = Uy < Vinp = Vi&. Therefore, P = {Uip1 <’ Vi,...,Unpn <7 Vi)
is solvable, n = mgs(P) exists and there is 6 such that nf <3* £. Hence, by
(inf-app), T F hii + V. After the monotony condition, variables occur only
positively in V. Therefore, Vnd < V& = V. Hence, Vi C V. ]

Next, we prove that, if the size algebra is monotone, then it is enough to check
the decreasingness condition on some appropriate instance of the derivation of
the most general type. To this end, we need to make the notion of derivation
more precise:

Definition 19 (Derivation) Derivations of I' - ¢ : T are defined as follows:

e If (h,V = V) € TU® and, for all i, 7; is a derivation of I' H w; : V;1), written
7; > T F w0 Vi, then a(T, hil, ; 7) is the derivation of I Hf hil : Vi) whose
last rule is (app).

e If r>T,2: U v:V, then I(n) is the derivation of T' Hf X\aVv : U = V
whose last rule is (lam).

o If r>T ' t:U and U <V, then s(m, V) is the derivation of I' - ¢ : V whose
last rule is (sub).

Similarly, derivations of I' - ¢ + T are defined as follows:

o If (h, V= V) € T'U O, j are permutations satisfying the conditions of (inf-
app) and, for all 4, m; > T' -5 w; 1 U;, then i(T, hii, p: 7) is the derivation of
I' Hf hit 1 Vip whose last rule is (inf-app).

e If r>T,z: U v 1V, then I(r) is the derivation of T' Hf \zVv 4+ U = V
whose last rule is (inf-lam).

Given a derivation 7>T Hf ¢ : T and a substitution @, let 78 be the derivation
of T Hf 16 : TH obtained by applying 6 everywhere in 7.
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After the proof of Theorem Hl a derivation of 7 > T' Ff ¢ : T is transformed
into a derivation 71 > T' Ff ¢ + U for some type U such that a(T', hii, ;7)1 =
i(T, hit, p} @ 1) where p are some permutations satisfying the conditions of rule
(inf-app). Moreover, there is 6 such that U <¢° T.

After the proof of Theorem [B] a derivation 7 > I' Hf ¢ + T is transformed
into a derivation |7| > T' Ff ¢ : T such that |i(T, hii, §; ©)| = a(T', hii, n; ¥) where

v; = s(|milpin, Vin).
We can now prove that the most general type is complete wrt. the decreas-
ingness condition:

Lemma 13 In a monotone algebra, if r>T F ¢ : T, 7¢/ > T l—‘; t:T¢ and
&< ¢, then 7€ >T H; t:TE.

Proof. By induction on 7 > T f ¢ : T. We only detail the case (app) when
h ~p f. We have (h,V =V)eo, m>THu Vi, 7,¢ >T l—fp u; : Vi€ and
ahpe’ <" & o, By induction hypothesis, m;¢& > T Ffp u; : Vi€, Since € <g° ¢
and the size algebra is monotone, we have ¢ <$° ¢, Hence, a"¢ <Z’f afy
by assumption on <Z’f (see Definition [I6]). Therefore, 7€ >T I—fp ha:VyE. R

Theorem 5 (Completeness wrt. l—‘;) In a monotone algebra, if 7>1T° l—‘; t:
T, Var(l') = Var(t) =0, 7t > T F t 1 U and U6 < T, then s(|716,T) > T +,
t:T.

Proof. We proceed by induction on 7 > T’ l—‘; t : T. We only detail the
case (app-decr) when t = hi, (h,V = V) € ©, T = V¢, ahp <" afp and
U = V1 where 7 is given by the rule (inf-app). We have m = a(T', hii, ¢; T),
1 =T, hit, p; 71), 71| = a(l, hii, n; ) where v; = s(|m; t|pin, Vin), |71 =
a(L, hit, nd; 5) and, for all i, m;>T H, w; : Vi, mt>T H ¢ 1 U; and U;6; < Viep
for some 6;. By induction hypothesis, s(|m; 16;, Viv)) > T F‘; u; : Viyp. In par-
ticular, |m; 110; > T l—‘; u; @ U;0;, that is, |mpi& > T l—‘; u; : Uip&, where £
is defined in the proof of Theorem @l Since nf <3° ¢, by Lemma [I3] we get
|7; T pind > T F‘; u; = Uspinf. Hence, v;0 > T' F‘; u; @ Vin. Moreover, since
ahnd <g° ah¢ = @M and Aty <Z’f afp, we get a'nb <Z’f afp by assumption
on <!*. Therefore, s(|x 1|6, T) > T F‘; t:T. [ |

We therefore get, for monotone algebras, the following complete procedure
for deciding T" l—fp t:T:

1. Let v be a size substitution mapping every o to a new constant c” so that
c® = c¥ whenever a” = a¥.

2. Check whether there is U such that Ty Ff ¢ 4 U. If it fails, then ¢ is not
typable in T'.

3. If it succeeds, then try to solve the problem {U <’ Tw}. If it fails, then
I' +f ¢ : T does not hold.
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4. If it succeeds, then let 6 be the smallest solution of {U <? Ty}. Then, try
to check whether |7l > T+, ¢ : U6, where 7 is the (unique) derivation of
I' - ¢t + U. If it succeeds, then ' l—‘; t : T. Otherwise, T’ l—‘; t : T does not
hold.

6 Reducing subtyping problems to size problems

In this section, we show how a subtyping problem can be reduced to solving
constraints in AU {oo}. As subtyping is not syntax-directed, we first prove that
it is equivalent to a syntax-directed relation. To this end, we prove that the
subtyping rules (refl) and (trans) are redundant/can be eliminated, following a
proof technique used by Curien and Ghelli in [CG92]:

Theorem 6 T < U iff T' <, U, where <, is inductively defined by the rules
(size) and (prod) only.

Proof. Let <; be the relation inductively defined by the same rules as <
except for (size) replaced by:

By <iT a<i®d

(size’) B. <. T

We can easily check that < and <; are in fact the same relations:

o < C <. (size) is admissible in <;. Indeed, B, < B; by (refl) and B, < By
by (size’).

e <; C <. We proceed by induction. In the case of (size’), we have B, < T by
induction hypothesis. By (size), B, < By. Therefore, by (trans), B, < T.

Let <5 be the relation inductively defined by the rules (refl), (size’) and
(prod). Clearly, <5 C <;. We now prove that any deduction tree for U <; V
can be transformed into a deduction tree for U <5 V. To this end, we define a
transformation = on deduction trees for <; as follows.

Let 7 be a deduction tree of T' <; V ending by an application of (trans)
from a deduction tree m; of T' <; U and a deduction tree my of U <1 V:

e T
T<4,U U< v
T<1V

(trans)

e If m; ends with (refl), then 7= U and = replaces 7 by ma:

2
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e Symmetrically, if w2 ends with (refl), then U = V and T replaces m by m:

Uyt

(refl) T
T<,U U< U —
(trans) T<,U

T<,U

(11

e If m ends with (size’), then there are a, b and 7 such that 7 is a deduction
tree of B, < U, a <{° b and T' = B;. Then, = acts as follows:

)
Bb Sl U a Sio b )
(size’) —_—
Ba Sl U U Sl V
Ba Sl |4
) )
By <1 U U<V
(trans)
By <1V a<,b

Ba SIV

(trans)

$
i1l

e If both m and 72 ends with (prod), then = acts as follows:

T T2 21 22
A/ Sl A B Sl B/ A// Sl A/ B/ Sl B//
I 1 (pI‘Od) / / " " (pI‘Od)
A=B<{A=18 A =B <{A"=1B

A=B< A= DB"

(trans)

21 11 12 22
AI/ Sl A/ AI Sl A B Sl B/ B/ Sl B/I

Y (trans) TPNT (trans)
- —! (prod)

A=B< A= B

1
a

The transformation = can be more synthetically represented by a rewrite
system on first-order closed terms representing deduction trees for <;. Indeed,
if 7 represents a deduction tree for By <; T and a <§° b, then let s(m) represent
the deduction tree of B, <; T made of 7 followed by an application of (size’).
Similarly, we can use r for (refl), t for (trans), and p for (prod). Hence, =
consists in applying the following rewrite rules on the top of a term representing
a deduction tree:

trmy — o
tmr — m
t (S 7T0) T — S (t o 7T2)
t (p w1 mi2) (p w21 m22) —  p (t oy wi1) (t w2 T22)



This rewrite system clearly terminates. Moreover, one can easily check that
it is locally confluent (every critical pair is joinable) [KB70]. Therefore, it is
confluent [New42| and every term ¢ has a unique normal form. Now, we can
easily check that every normal closed term ¢ contains no t, by induction on t.
Indeed, assume that ¢ =t m; 7o is a normal closed term. Since t is closed, 7
and mo must be headed by a symbol. By induction hypothesis, this cannot be
t. Since t is normal, 7m; cannot be headed by r or s. So, 1 must be headed by
p. Then, ms cannot be headed by r nor p. Therefore, 7o must be headed by s.
But these case is impossible since (size’) applies to sorts only.

So, <7 and <5 are equal and we are left to prove that <5 is equal to <.

First note that <, C <5 since, as seen at the beginning, (size) can be replaced
by (refl) followed by (size’) respectively.

Now, <, C <, since a deduction tree for <5 not ending with an application
of (prod) is necessarily of the form s"r, and thus can be replaced by a single
application of (size). [ |

As a consequence, we can prove that a subtyping problem can be reduced
to an equivalent size problem as follows:

Definition 20 (Size problem) A size problem is either L or a finite set of
size constraints, a size constraint being a pair of extended size expressions (a, b),
written a <’ b. It has a solution ¢ : V— AU {oc} if P # L, dom(p) C Var(P)
and, for all a <” b € P, ap <$° bp. Let Sol(P) (Soly(P) resp.) be the set of all
the (algebraic resp.) solutions ¢ : V.— AU {oo} (¢ : V— A resp.) of P.

We define the size problem associated to a subtyping problem as follows:

o 0] =0,

o [PUQ|=|P|U|Q|if [P]# L and |Q| # L,

o [{Ba <" By} = {a <" 0},

e U=V U VY ={U < UV LTV},
e |P| = L otherwise.

Lemma 14 Sol(P) = Sol(|P]).

Proof. = We proceed by induction on P. We only detail the case where

P={T<"T}:

e Let ¢ € Sol(P). Then, Ty <, T"p. If T = B, then 7" = B}, and ap <{° bep.
Otherwise, T =U =V, T' =U' = V' Up <y Up and Vp <, V'p. By
induction hypothesis, ¢ € Sol(|U’" <” U[) N Sol(|[V <7 V’|). So, in both cases,
¢ € Sol(|P)).

e Let ¢ € Sol(|P|). If T = B, then T = By and ap <3° byp. Otherwise, T =
U=V, T'=U =V ¢cSol(JU < U|)NSol(]V <* V'|). By induction
hypothesis, U'¢p <, Uy and Vi <, V'p. So, in both cases, ¢ € Sol(P). N

To go further, we need to make more assumptions on the size algebra.
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Figure 7: Ordering in the successor algebra

a<Ab a<Ab b<AC
a<pa a<pb a<usa a<pc

7 Solving size problems in the successor algebra

In this section, we prove that, in the successor algebra, the solvability of a size
problem is decidable in polynomial time, and solvable size problems have a most
general solution that can be computed in polynomial time too. Although this
algebra may seem overly simple, it is already enough to subsume the termination
criterion that is for instance used in the Coq proof assistant, as we have seen in

Section A3l

Definition 21 (Successor algebra) The successorsize algebra is given by the
first-order term algebra A built from an arbitrary (empty, finite or infinite) set Fy
of nullary symbols, the unary function symbol s interpreted in § as the successor
function and, for <y, the reflexive closure of the smallest strict ordering <, such
that, for all a, a <, sa, which can also be defined by the rules of Figure [1
Given k € N, let s¥ denote the k-th iterate of s.

Note that, in this definition, constants are incomparable. In particular, we
do not assume that A has a smallest element, that is, a constant 0, interpreted
by the ordinal 0 and such that that, for all a, 0 <, a.

Lemma 15

e If a <, b, then there is b’ such that b = sb’ and a <, V'.

e If sa <, sb, then a <, b.

e Conversely, if a <j b, then sa <, sb, that is, A is a monotone algebra.
e <, is a strict ordering.

e <, is an ordering.

Proof. First note that <, is the reflexive closure of <, and <, is transitive.
Hence, a <, b whenever a <, b, and a <, b whenever a <, c and ¢ <, b, or
a<pcandc<pb,and a <, b whenever a <, c and ¢ <, b.

e By induction on the derivation height of a <, b. If b = sa, then this is
immediate. Otherwise, there is ¢ such that a <, ¢ and ¢ <, b. By induction
hypothesis, there is b’ such that b = sb’ and ¢ <, b’. Therefore, a <, V'.

e By induction on the derivation height of sa <, sb. If b = sa, then this is
immediate. Otherwise, there is ¢ such that sa <, ¢ and ¢ <, sb. Hence,
there is ¢’ such that ¢ = sc¢’ and sa <, ¢’. By induction hypothesis, ¢’ <, b.
Therefore, a <j sa <; ¢’ <p b.
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e By induction on the derivation height of a <, b. If b = sa, then this is
immediate. Otherwise, there is ¢ such that a <, ¢ and ¢ <, b. By induction
hypothesis, sa <, sc and sc <, sb. Therefore, by transitivity, aa <, sb.

e We prove that a £, a by induction on a. Assume that a <, a. After the first
property, a = sb for some b. After the second property, b <, b. By induction
hypothesis, b £, b. Therefore, a £, a and <, is a strict ordering.

e Assume that a <p b <) a and a # b. Then, a <, b <, a. By transitivity,
a <, a, which is not possible by the previous property. Therefore, a = b and
<, is an ordering. |

Note that these properties do not depend on the number of function symbols
of A. Hence, they will be preserved if we add new symbols without changing the
definition of <,.

However, for the moment, since there is only one non-nullary symbol and
this symbol is unary, every term of A is of the form s*a with a being either a
variable « or a constant ¢ € Fy.

7.1 Satisfiability

If there were no nullary symbol, a problem in AU {oo} would be equivalent to
a problem in the idempotent semi-ring (Z U {£o0}, max, +) for which there are
well known resolution and optimization techniques [ABG14].

To deal with constants, we put a size problem into a canonical form. Solvabil-
ity of this canonical form can be straightforwardly reduced to the satisfiability
of a conjunction of integer inequalities between variables and integers, the decid-
ability of which is in turn equivalent to proving that there is no cycle of strictly
positive weight in a directed labeled graph built from the set of the inequalities
[Pra’7]:

Definition 22 (Integer problem) Let an integer problem be (here) a set of
constraints of the form a + k < b with k € Z and a,b € {0} WV. A solution
of an integer problem P is a function ¢ : Var(P) — N such that, for every
constraint a+k <’ b € P, one has 1(a) + k < 1(b), where 1)(0) = 0. Let Sol(P)
be the set of all the solutions of P.

An integer problem P can be represented by a directed graph G(P) on

{0} W Var(P) such that there is a labeled edge a s bin GP)iffa+k<"b
is a constraint in P. Conversely, a finite directed graph G on {0} WV with its
edges labeled by integers corresponds to the integer problem P(G) such that
a+k<"beP@G)iffa 5 beG.

The weight of a path ay Fay ey apt1 is 21 k;. A cycle (i.e. when
an+1 = a1) is increasing if its weight is > 0. A problem P is increasing if G(P)
has an increasing cycle.

Following Pratt [Pra77|, an integer problem P is satisfiable iff P is not
increasing. That a problem is increasing can be decided in polynomial time
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“e.g., by forming the max/+ transitive closure of the graph and searching for a
self-edge with a positive label”.

Now, our “solved” form for size problems will be obtained by normalizing
the problem wrt. a terminating set of rules of different kinds:

1. Since sa < sb iff @ < b, a constraint of the form sa <’ sb can always
be replaced by the simpler constraint a <’ b without changing the set of
solutions.

2. Some constraints are true whatever the instantiation of their variables is (e.g.
a <’ 00) and can thus be removed without changing the set of solutions. We
will however keep some constraints of this form for preserving the set of
variables of the problem.

3. Conversely, some constraints are always false (e.g. oo <’ ¢). In this case, the
problem can be replaced by L without changing the set of solutions (which
is empty).

4. If there is a constraint of the form oo <7 a then, for any solution ¢, ap = co.
This means that a can be replaced by oo in all the other constraints without
changing the set of solutions. But this may also happen for more complex
reasons. Take for instance the problem P = {sa <’ 8,3 < a}. There is no
oo symbol occurring in it but one can easily see that both o and 8 must be
set to oo for P to be satisfiable. For detecting these situations, we can again
use Pratt’s graph:

Definition 23 (Linear problem) A constraint is linear if it is of the form
sfa <? Bor a <’ 3 with a # . A problem is linear if it only contains linear
constraints. Given a linear problem P and an injection x : V. — V (for technical
reasons explained after Definition [25)), let its associated integer problem be
I(P) = {k+xo <"l +x5 | sfa <" s!8 € P}, where x, = x(a). A linear
problem P is non-increasing if I(P) is non-increasing.

We will see that, given a linear problem P, if G(I(P)) is an increasing cycle,
then every variable of P must be set to oc.

5. Finally, if there is a constraint of the form o <” s'c then, for any solution ¢,
a is of the form s*c with k& < I. This means that a can be replaced by s*c
in all the other constraints without changing the set of solutions. However,
we cannot know in advance what should be the value of k. To get around this
issue, we consider a richer size algebra in which sXc, where X is a variable,
is a valid size expression; replace o by s¥c in all the other constraints; and
add a constraint of a new kind, namely X <.

Definition 24 (Successor-iterator algebra) Let B be the following multi-
sorted algebra:

e sorts: O interpreted by b, and N interpreted by w;
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e variables: every variable is given a sort;

e symbols: 0 : N interpreted by zero, s : N — N and s : 0 — 0 (we use
overloading) both interpreted by the successor function, c : 0 for every c € Fy,
s : Nx 0 — 0, with s(a,b) written s%b, interpreted as the iteration of the
successor function, that is, (s®b)u = bu + ap.

e quasi-ordering: let <z = <, U ~p where ~j is the smallest congruence defined
by the following semantically valid equations:

0

sy = Y
57y ~p  s(sTy)
s”(sy) =~ s(s"y)

Let Var,(a) be the variables of sort s occurring in a.

In a multi-sorted algebra, substitutions map a variable of sort s to a term of
sort s, and constraints are pairs of terms of the same sort.

Closed terms of sort N are isomorphic to natural numbers. Hence, in the
following, we identity s*0 where k € N with k itself, use the letters k and [ (e
and f resp.) to denote closed (arbitrary resp.) expressions of sort N, and denote
s*a by k + a.

One can easily check that, when oriented from left to right, the equations
defining ~p form a confluent and terminating rewrite system. Hence, every term
has a normal form and two equivalent terms have the same normal form. So,
in the following, we will always assume that terms are in normal form, and use
<, instead of <. Moreover, any normalized term is of the form kg | gong
with a € VUFy. However, since we start from terms in A and only substitute
terms of the form s®c, we will only have terms of the form s*« or s®c with
e=kore=k+ a.

As explained above, to decide whether a size problem P in AU{oo} is solvable,
we are going to transform it into an equivalent size problem @ in B U {co},
assuming that all the variables of P are of sort 0. But for the two problems to
have the same solutions, we need to restrict the notion of solution for problems
in BU {oo} as follows:

Definition 25 A size problem P in BU {oc} has a solution ¢ : V. — AU {oo}
if P# 1, dom(p) C Var(P), ¢ maps every variable of sort N to a closed term
of sort N and, for every constraint a <’ b € P, ap <§° bp. A solution ¢ is
algebraic if ¢ : V. — A. Let Sol(P) (Sola(P) resp.) be the set of all the (algebraic
resp.) solutions of P. Given a substitution ¢ and a set V of variables, let

elv ={(a,ap) [a € V}.

The symbol co will be considered as a symbol of sort 0. Hence, there will
be no constraint of the form oo <’ o with « a variable of sort N. This means
that an expression e will always be interpreted by a natural number and that

ep <3° fo iff ep <n fo.
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For technical reasons, we assume given an injection x : V— V mapping every
variable of sort 0O to a variable of sort N.

A problem P can then be uniquely decomposed in 5 disjoint subsets as
follows:

e Py the set of constraints a <7 oo € P such that a ¢ Var(P — {a <7 0o});

Py the set of constraints co <7 a € P such that a ¢ Var(P — {oc <7 a});

P, the set of constraints o <” s¥ec € P or s¥c¢ <’ @ € P such that
a ¢ Var(P — {a <? s*ec,s¥c <" a}), and a <" s¥ec € Py iff s¥**c <" a €
P;

P; the set of constraints e <7 f € P with Var(e <7 f) C {x, | @ € Var(P)};

P, the remaining constraints.

Note that Py, P;, P> and P3U P, have disjoint sets of variables of sort 0. In
the following, given ¢ € Sol(P), let ©; = ¢|var(p,) and @34 = p3 U @y,

Applying the rules of Figure { (modulo ~p) until none is applicable will
transform P into an equivalent problem () such that either Q = 1L and P
is unsatisfiable, or QQ # 1 and P is satisfiable. Note that Figure [ actually
describes an infinite set of rules since a and b stand for arbitrary size expressions,
e and f for arbitrary size expressions of sort N, « for an arbitrary size variable,
¢ and 4 for arbitrary constants, and PW(Q for an arbitrary set with two disjoint
parts, P and Q.

Lemma 16 (Termination) The rewrite relation generated by the rules of Fig-
ure [§ is terminating.

Proof. Given a problem R, let fR be the number of constraints in R, |R| be
the number of symbols in R, and £(R) be the pair (§R), |R|), where R, is the set
of constraints in R4 that are not of the form a <’ 0o. Let = be the well-founded
ordering on problems such that R > S iff £(R)(>n, >N)1exl(S). We prove that
R > S whenever R — S.

No rule makes #R), strictly increase. The rules 6-13 makes §R} strictly de-
crease. For instance, in rule 10, the constraint co <’ « is moved from RZ to
Sp since a € Var(P) and a ¢ Var(P{(a,0)}), and S; C P}{(a,o0)}. For
the rules 1-5, when ﬂRZ does not strictly decrease, then |R| strictly decreases.
For instance, #P} is invariant by rule 4 (a <’ co ¢ R} and {a <" 00 | a €
Var(a) — Var(P)} C Sp). If Var(a) — Var(P) = (), then S = P and |R| > |S].
Otherwise, a = s'™*a or a = s**®c. In both cases, S = P U {a <’ co} and
|R| > |S]. |

Lemma 17 (Preservation of variables) If R — Sand S # L, then Var(R) C
Var(S).

Proof. Straightforward. |
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Figure 8: Rules for deciding the satisfiability problem in the successor algebra

Pw{sa<’sb}
Puw{s‘c <’ slc}
P {oo <’ s'tra}

Pw{a <’ oo}
Pw{a <’ s%}

P {co <7 s°c}
P {sttka <’ c}
Puw{sc <’ s/d}
PwQ

Pw{oo <’ a}
Pw{s'tka <" a}
PyQ@

Puw {sFa <" s}

N A R A A A

i

Pu{a<’b}
Pu{e<’ f}
PU{co <" a}

PuU{a <’ oo|a € Var(a) — Var(P)}
if a ¢ Vorae Var(P)
PuU{a <’ oo|a € Var(a) — Var(P)}

L

L

1 ifc#d

L if the variables of @ are of sort N and Sol(Q) = ()

P{(a,)}U{co <" a} if a € Var(P)
P{(a,00)}U{oc <" a} if a is of sort 0
P{(a,00) | @ € Var(Q)} U{oco <" a | a € Var(Q)}
if the variables of @ are of sort 0,

Q is linear and G(I(Q)) is an increasing cycle

P{(a,s*c)} U{a < s™c,s™c < ok +xq <' e}

if (k,e) # (0,x4)
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Lemma 18 (Correctness) The rewrite relation generated by the rules of Fig-
ure B is correct: if R — S and ¢ € Sol(S), then ¢|va(r) € Sol(R), that is,

{@lvar(r) | ¢ € Sol(S)} C Sol(R).
Proof.
1. We have ap <g° bp. There are two cases:

— by = o00. If b = oo, then sa <” sb is not a well-formed constraint. So, there
are k and f such that b = s*$ and By = co. Therefore, (sb)p = oo and

(sa)p < (sb)e.
— ap <p bp. Then, (sa)p = s(ap) <p s(bp) = (sb)¢ and thus (sa)p <§°
(sb)e.

2. We have ep <y fp. Therefore, (s°c)p = s%“c <, s/?c and thus (sa)p <§°
(sb)ep.

3-12. Immediate.

13. We have ap <¢° s*¥c, s¥¥c <{° a and k + xop <y ep. Since s**¥c #
00, ap <, s¥Pc and s¥¥c <, ap. Therefore, (sa)p ~p sFt*e¥c <,
s9c = (s°c)p. Now, given a <’ b € P, we have app < by where

1 = {(a,s%c)}. But o ~p . Therefore, ap <° bp.

Lemma 19 (Completeness) The rewrite relation generated by the rules of
Figure B is complete: if R — S and ¢ € Sol(R), then there is ¢ € Sol(S) such
that ¢|var(r) = ¥, that is, Sol(R) C {¢|var(r) | ¢ € Sol(5)}.

Proof.

1. We have (sa)p <P° (sb)p. If (sb)p = oo, then by = oo and ap <° bep.
Otherwise, (sa)y <j (sb)p, ap <j bp and thus ap <{° bep.

2. We have (s¢c)p = s%c < (sfc)p = sf?c. Hence, s*?c <, s’¥c and
ep <n fo.

3-11. Immediate.

12. We first prove that, if oy LI N apt1 is a path in G(Q), ¢ € Sol(Q)
and X k; > 0 (B ,k; < 0 resp.), then s¥i=thiq o <p g1 (a1p <a
s~ ¥i=1*iq, 1o resp.), by induction on n. If n = 1, this is immediate. We
now prove it for n + 1 assuming it for n. Let k = X7 k;.

— Case k > 0. Then, skalgp <p Qpi1.

x Case kpi1 > 0. Then, sk +1ay, 110 <4 aniap.
- Case k + k,41 > 0. By monotony and transitivity, s*+*
Qn42.

- Case k + kn41 < 0. Impossible.

n+1 04180 SA
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x Case kp41 < 0. Then, anr19 <p s™"+lay,i9p and, by transitivity,

k

skalcp <ap 8Tty o0,
- Case k + kny1 > 0. Since kyyq < k, sFTFnt1a,0 <y ayp00.
- Case k+ kny1 <0. Since k < —kpy1, a1 <p s F Fntia, 0.

— Case k < 0. Symmetric to previous case.

Now, if a1 = a1 and k > 0, then skomp <p ajp. Therefore, ap = oo for
every a € Var(Q).

13. We have sFap <$° s®°c. Hence, there is [ such that ap = slc and k +1 <y
ew. Therefore, ¢" = @lvar(r) U{(Xa,1)} € Sol(S). [ |

Combining correctness and completeness, we get that, if R — S then Sol(R) =
{@lvar(r) | ¢ € Sol(9)}.

Lemma 20 Let P be a problem in AU {oo} and @ a normal form of P wrt.
the rules of Figure Bl If Q # L, then Q4 is the disjoint union of:

e a linear and non-increasing set of constraints,
. ?
e a set of constraints of the form s¢c <7 ska.

Proof. Since P has no iterator symbols and iterators can only be introduced
by rule 13, every sub-expression of () that is headed by an iterator is of the form

s*@c. Hence, the size expressions occurring in @) are either oo or of the form

s*a, s¥c or sFt*ec. Moreover, Q4 cannot contain a constraint of the form:

e a <’ 0o because of rule 4;

e 00 <7 b because of the rules 3, 4, 6 and 10;

e ska <7 s because of the rules 7 and 13;

o sfc <’ s/d because of the rules 2, 5, 8 and 9;
e ska <7 sla because of the rules 5 and 11.

Therefore, a constraint of Q4 can only be either of the form ska <7 s!g with
kl = 0 (because of rule 1), that is, a linear constraint, or of the form s*c <? s!g
or sht*ac <7 s!8 with kI = 0 in both cases (because of rule 1). Moreover, linear
constraints must be non-increasing because of rule 12. |

Note that linear constraints and constraints of the form s®c <’ s*a are
always satisfiable by setting all their variables to co. Therefore, we can conclude:

Theorem 7 (Satisfiability) The satisfiability of a size problem in the succes-
sor algebra is decidable in polynomial time wrt. the number of symbols.
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Proof. To decide the satisfiability of a problem P, we can proceed as follows.

First, we apply the rules of Figure [§ as long as possible. Whether a rule
can be applied is decidable. Indeed, the satisfiability of a set of constraints
of the form e <’ f (for firing rule 9) is decidable in polynomial time [Pra77]
since, if Varg(Q) = 0, then Sol(Q) = Sol(Z(Q)). Whether a linear problem has
an increasing cycle (for rule 12) is decidable by the same algorithm. Indeed,
either there is an increasing cycle and no bounded solution exists, or there is
no increasing cycle and the problem is satisfiable. Hence, as the rewrite system
terminates, we must end on a normal form Q.

Now, if Q@ = L, then P is unsatisfiable, by completeness of the rewrite
system. Otherwise, Q3 is satisfiable by rule 10. So, let ¢ € Sol(Q3). Then, as
one can easily check, ¢ U{(a,00) | @ € Var(Q1) U Var(Q4)} U{(a,s%%c) | a <’
s¥ec € Q2} € Sol(Q). Therefore, P is satisfiable by completeness of the rewrite
system.

We now prove that the complexity of computing @ is polynomial in the
size of P. Deciding whether a rule can be applied and computing the result of
applying a rule can be done in polynomial time. Therefore, it suffices to show
that, from P to @, the size of intermediate problems and the number of rewrite
steps are polynomially bounded by |P).

Let R be an intermediate problem. Since only variables of the form x,
with a € Var(P) can be introduced (by rule 13), we have fVar(R) < 2fVar(P).
Since there are at most two variables per constraint, we have fVar(P) < 24P.
Moreover, for all ¢ € {1,2, 3}, we have §{R; < §Var(P). Hence, {R; < 2§P. Now,
Ry = Ryw{a <" 00 € Ryla ¢ V}W{a <’ oo € Ry}. After the termination
proof, 4R, < #P} < #P. Next, one can easily check that #{a <’ co € Ryla ¢ V}
can only decrease (by rule 4). Hence, #{a <’ co € Ryla ¢ V} < #P. Finally,
t{a <7 co € Ry} < #Var(P) < 24P. Therefore, #Ry < 44P and {R < 104P.
Now, since every constraint contains at least 2 symbols, §P < |P|/2. Hence,
tR < 5|P|.

We now prove that the maximum size of a constraint in R, |R|/c, is also
linearly bounded by |P|. In rules 1-5, a constraint is removed or replaced by a
smaller one. In rules 10-12, « is replaced by oo, which does not change the size.
On the other hand, in rule 13, «, which size is 1, is replaced by s*~c, which size
is 3, and the constraints o <” s¥ec and s*>c <’ «, which size are 4, are added.
Hence, if R — S and S # L, then ||S||cc < max(4, |R||co +3) = || R||co + 3 since
IR]lcc > 2. However, such a substitution cannot be iterated since x, is of sort
N. Hence, || R]|oo < ||P|loo +3 < |P| + 3.

Therefore, |R| < fR X | R||cc < M = 5|P|(|P|+3). Hence, after the termina-
tion proof (lexicographic ordering), there are at most ij4b x M rewrite steps. In
conclusion, since 1P} < #P < |P|/2, there are at most 5|P|?(|P| 4 3)/2 rewrite
steps. |

Our procedure can be related to the one described in [BGP05| where, as
many works on type inference, the authors consider constrained types. But they
do not bring out the properties of the size algebra and, in particular that, in the
successor algebra, satisfiable sets of constraints have a most general solution.
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7.2 Computing the most general solution

We now turn to the problem of whether, in the successor algebra, a satisfiable
problem has a most general solution and, if so, how to compute it.

We first prove some properties of the specialization quasi-ordering C and its
associated equivalence relation = (see Definition [I8]).

First note that a substitution ¢ : V — A U {oco} uniquely determines two
functions ¢y : V— N and ¢y : V.= VUFy U {oco} such that, for all a, ap =
sy, and apy = 0 whenever apy = co.

Lemma 21 ¢ C ¢ iff there is p: V. — VUFo U {oo} such that pp <3° 1.

Proof.  Assume that there is 6 such that o <g° 9. Let p = Oy|var(ey)
where Var(gy) = U{Var(apy) | o € dom(py)}. Then, one can easily check
that @p < . If apy ¢ V, then app = apld < arp. Otherwise, app =
s aupyly <§° st 0y = aupl) < an. [ ]

Lemma 22 ¢o = ¢ iff 9 = 1€ for some permutation & : V— V.

Proof. In [Hue76], Huet proved this result when <§{° is the equality. His
proof can be easily adapted to our more general situation since, when «, 5 € V,
a <¢° fiff @ = 8. By assumption, there are 6, and 63 such that ¢16; <§° @2 and
w2b2 <§° 1. Hence, p160102 <3° @1 and @a2b261 < ¢o. Let V = dom(y1) U
dom(pz) and V; = J{Var(ay;) | « € V}. Given a € Vi, either ap; = sPc
and thus 30,10, <$° B, or ap; = s¥B and thus 6,02 <° 3. Hence, for all
a € Vi, 80105 = §. Similarly, for all g € Va, 8626, = 3. Therefore, 6; is an
injection from V; to V5, and 3 an injection from V5 to Vi. Hence, Vi and V5
are equipotent, and V3 — V5 and Vo — Vi as well. Let v be any bijection from
Vo—Vito Vi — Vo, and £ = {(a,ab:) |a € i} U {(a,av) | o € Vo — V1 }. The
function £ is a bijection. We now prove that, for all o, ap1€ = apy. There are
three cases:

o ap; = 0o. Since ap1d; <° aps, we have ap1€ = apa = 00.

e ap; = sFB. Then, B € V; and ap& = s¥B6;. Since @16, <$° 9, we have
aps = skt 30, for some [. But since @965 <8 1, 1 =0 and ap1€ = aps.

k

® qp = sFc. Since o101 <§° agpa, either apy = 0o or apy = s +l¢ for some

[. Since awals <3° a1, I =0 and api1€ = apa. |

Even after normalization, a problem P may contain two constraints s¢c <’
sPa and s'd <’ s'a with ¢ # d, in which case, for any ¢ € Sol(P), ap = oo.
More generally, & must be set to 0o if ¢ <p @, d <p a and ¢ # 4, where <p is
defined as follows:

Definition 26 (Affine problem) Given a set of constraints P, let <p be the
smallest quasi-ordering on V U Fy such that o <p [ if there is a constraint
sfa <" s!B € P, and ¢ <p B if there is a constraint s°c <’ s!3 € P. A problem
P is affine if:
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Figure 9: Additional rule for finding all the variables that must be set to oo

(14) P — Pl{la,0)}U{c<’a} ifc<pa,d<pa,c#d

e it only contains constraints of the form s®c <’ s!3 or skFa <? s!8 with o # ;
e there is no tuple («, c,d) such that ¢ <p o, d <p a and c # d.

An affine problem is non-increasing if its linear constraints are non-increasing.
Given an affine problem P, let its associated integer problem be I(P) = {k +
a<'l+B|sfa<’s!Be Pyuf{e<’1+8|s%c<"s!Be P}

To detect all the variables that must be set to oo, we extend the rules of
Figure 8 with the rule of Figure[@ The results of the previous section are easily
extended when adding this new rule:

Lemma 23 Let — be the relation generated by the rules of Figure [8 and

e — terminates.

o If R— S and S # L, then Var(R) C Var(S).

e Sol(R) = {¢|var(p) | ¥ € Sol(S)}.

e Let P be a problem in AU{co} and @ a normal form of P wrt. —. If Q # L,
then Q)4 is a non-increasing affine problem.

Proof. Rule 15 makes strictly decrease card(R’}) and preserves variables.
One can easily check the third item since, if ¢ <p « and ¢ € Sol(P), then either
ap = 0o or ay = s¥c for some k € N. |

Assume now that we have a problem P. Let @ be a normal form of P wrt. the
rules of Figure@and[@ As just seen, we have Sol(P) = {¢|var(q) | ¥ € Sol(Q)}.
We now prove that the most general solution of P, if it exists, is the restriction
to Var(Q) of the most general solution of Q:

Lemma 24 Let Q be any normal form of P wrt. the rules of Figures[§ and
If P has a most general solution 1, then ) has a most general solution ¢ and
¢lvar(@) = ¥. Conversely, if ) has a most general solution ¢, then ¢|yvay(q) is
the most general solution of P.

Proof. Assume that P has a most general solution . Then, there is
¢ € Sol(Q) such that 1) = @|yar(p). Assume that there is ¢’ € Sol(Q) such that
o L ¢'. Since ¢'|varp)y € SOl(P), ¥ T ¢ |var(p), that is, there is § such that,
for all o, ar) <§° a|var(p). Since ¢ [Z ¢, there is o such that apd £3° ay'.
Hence, o ¢ Var(P) and there are 8 € Var(P), [ and c such that a« = x5 and
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B <" s% € Q. Therefore, a is a closed term of sort N and apf = ap £y ay'.
Since ¢, ¢’ € Sol(Q), By = s*¥c and By’ = s2?'c. Since 8 € Var(P) and
VY = @lvar(p) C ¢ [var(p), B <3° By'. Therefore, ap <3 ay’. Contradiction.
Assume now that @) has a most general solution ¢, and let ¢ € Sol(P). Then,
there is " € Sol(Q) such that ©) = ¢|var(p) and ¢ E @', i.e. there is 6 such that
0 <$° ¢'. Hence, dom(f) C dom(yp) U dom(¢') C Var(Q). For all a € Var(P),
Var(ay) C Var(P) since ¢ maps variables of sort 0 to terms of sort 0 and the
variables of Var(Q) — Var(P) are of sort N. For all o € Var(Q) — Var(P), ayp is
closed. Thus, ¢|var(p)f <3° @' lvar(p) = ¥ u

Hence, we are left to find whether Q has a most general solution or not.
One can easily check that Sol(Q) is fully determined by the solutions of Qg and
Q3 U Q4. Moreover, the most general solution of @ is fully determined by the
most general solution of Q3 U Qy:

Lemma 25 Sol(Q) = {poUp1UPz 1Ups . | o € Sol(Qo), w34 € Sol(QsUQ4)},
where p1 = {(a,0) | @ € Var(Q1)} is the unique solution of Q1 and P31 =
{(a, s%e®31¢) | a <* s%ec € Q2} € Sol(Q2).

Moreover, if () has a most general solution ¢, then ¢y = id and ¢34 is the
most general solution of @3 U Q4. Conversely, if 3 U Q4 has a most general
solution 1, then ¢; U1 U1 is the most general solution of Q.

Proof. Assume that ¢ = mgs(Q) and let ¢ € Sol(Q3 U Q4). Then,
01 U Uy € Sol(Q). Thus, there is 6 such that pf < ¢; Uy U, Let
V = U{Var(ap) | a € Var(Q4)}. Then, pf]y <5° @1 Uy U, Indeed, if
a € Var(Q1), then ap; = co. If a € Var(Q2), then ap = s*¥c for some c.
And if a € Var(Q3), then ap = k for some k. Therefore, @3 40|y <3° 1.

Assume now that ¢ = mgs(Qs U Q4) and let ¢ € Sol(Q). Then, ps4 €
Sol(@Q3 U Q4). Thus, there is 6 such that ¥6 <§° (3 4. Hence, 98 <3° B31.
Therefore, (o1 U U)8 = @1 U U o <° . |

We now prove that any non-increasing affine problem has a most general
algebraic solution. To this end, we first show that the set of algebraic solutions
of an affine problem (@ is fully determined by the set of solutions of 1(Q). Then,
we prove that any satisfiable integer problem has a smallest solution.

Lemma 26 If Q) is affine, then:
e there is a strictly monotone map 1 — 1 from (Sol(I(Q)), <) to (Soly (@), C);

e © — y is a monotone map from (Soly(Q),C) to (Sol(1(Q)), <);

e Soly(Q) = {¥p | ¥ € Sol(I(Q)),p: V — V};
e if mgs(Q) = ¢, then mgs(I(Q)) = pn;

8Note that ¢ C ¢ = ¢|y C |y does not hold in general. Take for instance the permu-
tation of x and y for ¢, its inverse for 6, the identity for ¢, and V' = {x}. Then, ¢|v £ ¥|v
since yply 0 = yf = z and yy|y = y.
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e if mgs(I(Q)) = ¢, then mgs(Q) = ¢.
Proof.

o Let ~ be the smallest equivalence relation on VUF, containing <g and such
that « ~ 0 if « is of sort N, [a] be the equivalence class of & modulo ~, and
n: VUFy/~ — VUF( be any injection such that n(X) =c iff c € X. Such a
function exists since @ is affine and thus every equivalence class contains at
most one constant.

Now, given 9 € Sol(I(Q)), let at) = s*Ya* where of = n([a]).

We check that ¢ € Sol,(Q). If sFa <* s'B € Q, then sFtova* < g/TAv3*
since k4 o) < 1+ By and o* = g*. If s°c <’ s!8 € Q, then s®¥c < s!tP¥p*
since ey < [+ By and c = S*.

Then, one can easily check that ¢ +— 1Z is injective (41 = 12 whenever
11 = 1b2) and monotone wrt. < (@ <¢° ¢ whenever ¢ < ¢) and thus wrt.
C.

o Let ¢ € Sola(Q). We check that ¢y € Sol(I(Q)) and ¢y is invariant by ~.
If sha <" s!'f € Q, then sFT*vapy < P9 By, So, apy = Byy and
k+ apy < I+ Pey. Assume now that sc <’ slg e Q. Then, s"c <
s!TB9 By, So, ¢ = Byy and epy < I + Boy.

We now check that ¢ — @y is monotone. Let 1 € Sol,(Q) such that ¢ C 1.
Hence, there is p : V— VUF( such that pp <3° 9. Therefore, oy < ty.

e Let ¢ € Sol(I(Q)) and p : V— V. Then, ) e Soly(Q) and Vp € Solx(Q) since
Soly(Q) is closed by algebraic substitution.

Given ¢ € Sol(Q), let a*p = apy for all & € V. The function p is well defined
since (y is invariant by ~. Now, one can easily check that ¢ = pyp, which in
particular implies that @y C .

e Assume that @) has a most general solution ¢, and let ¥ € Sol(I(Q)). Then,
¥ € Sol(Q) and ¢ T 3. Therefore, gy < ¢y = 9.

e Assume that 1(Q)) has a most general solution ¢, and let ¢ € Sol,(Q). Then,
en € Sol(I(Q)) and 1) < py. Therefore, 1) <° oy C . [ |

If @ is a non-increasing affine problem, then I(Q) is non-increasing. There-
fore, 1(Q) is satisfiable and @ has an algebraic solution. So, if @ has a most
general solution, then it must be algebraic. Moreover, the most general solution
of @ is given by the most general solution of I(Q)). We now prove that:

Lemma 27 Any satisfiable integer problem has a smallest solution (wrt. the
pointwise extension of <y).

Proof. Assume that P has no smallest solution. Then, it has two incom-
parable solutions ¢ and @s. But, as we are going to see, ¢ = min(y1, ¢2) is a
solution strictly smaller than both ¢; and 5. Contradiction. We proceed by
case on the form of the constraints of P:
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e a+i <’ B. Then, ap; +i < Byp1 and as + i < Bs.

— If agpy < v and Bp1 < Byg, then ap +1i = apy +1i < Bor = B
— Ifapr < aps and Bpa < Bei, then ap+i = apr+i < apa+i < Bps = Bep.
— If aps < ay and By < Bpa, then ap+i = aps+i < a1 +1i < B = Bop.
— If agpa < apy and B < Bor, then ap +1i = aps +1i < Ppa = Bo.

o a <’ . Then, apy < i and aws < 4. Therefore, ap < 1.

e i <’ . Then, i< a1 and i < agpy. Therefore, i < agp. |

Lemma 28 The smallest solution of a satisfiable integer problem can be com-
puted in polynomial time.

Proof. Let P be a satisfiable integer problem whose variables are al, ey Qg
We first prove that P is equivalent to a problem in the dioid (Zm&x,@ ®)
where Zpyax = Z U {00}, @ = max and ® = + both applied component wise
[BCOQ92|.

Wlog. we can assume that P contains no constraint of the form 0+ <0 (k
is a constant; since P is satisfiable, this constraint is always satisfied). Hence,
P contains only constraints of the following two forms:

e oy +k<ajor0+k<ay,
[ ] Ozl—FkSO

Then, one can check that ¢ € Sol(P) iff thereis z € Zmax such that ax®b < z <
cand ¥(a;) = ZCZl, where a;; = max({k € Znax | aj + k <" oy € P}U{—00}),
bij = max({k € Zmax | 0+ k <" oy € P} U{—o00}) and ¢;; = min({k €
Lomax|i + (—k) <7 0 € P} U {+0o0}).

By Theorem 4.75 in [BCOQ92|, ax ¢ b < z has a smallest solution that is
a*b where a* = EBZOE a®. Since P is satisfiable, P is not increasing. Hence,
in this case, a* = @},_,a* [CGT9 (Theorem 3.20 in [BCOQ92|). Therefore,
¥ € Sol(P) iff a*b < ¢, and the smallest solution of P is the function ¢ such
that ¢(a;) = @)_; aji,br1, which can clearly be computed in polynomial time.H

We can therefore conclude:

Theorem 8 In the successor algebra, any satisfiable size problem has a most
general solution that can be computed in polynomial time.

Proof.  To compute the most general solution of P, we can proceed as
follows. Let @ be a normal form of P wrt. to the rules of Figure [§ and [0
and ¢ be the smallest solution of I(Q3 U Q4). Then, return ¢; U v, where
p1={(a,00) | o € Var(Qn)}-

After the previous lemmas, this algorithm is clearly correct. We now check
that it is complete. By completeness, @ # L. Since Q3 U Q4 is affine, mgs(Q3 U

Q4) = 1Z Therefore, mgs(Q) = p1 U 1ZJ\U 1Z and mgs(P) = p1 U 1Z
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Whether rule 14 can be fired can be decided in polynomial time. Hence,
computing @ can be done in polynomial time. Now, computing ¥ can be done
in polynomial time. Hence, mgs(P) can be computed in polynomial time. N

8 Minimality property in the successor algebra

In this section, we study the minimality property of Theorem [2lin the successor
algebra. To this end, we need to know how the size of [;6 depends on the sizes
of the subterms x0 where x is a variable of ;.

To make things simpler, we will assume that the size of a term headed by a
constructor ¢ only depends on the size of the recursive arguments of c, that is,
following Definition [I3] we assume that, for every constructor c:

® af =...= g
C — — c .
® QLeyq =... = Qg = 00

e 0 =00 if p¢ =0, and ¢ = saf otherwise.

So, after Definition [4], ¥¢(ai, ..., aq) =sup{ai +1,...,ap + 1}.
We now introduce a number of definitions to express the size of a constructor-
headed term wrt. the sizes of its non-constructor-headed subterms.

Definition 27 A constructor term of sort B is either a variable or a term of
the form cf with (c, 1, f) € CB and, for all i € {1,...,p}, either T; = B and ¢,
a constructor term of sort B, or T; # B and ¢; is a variable.

The height h(l) of a constructor term [ is defined as follows:

e h(z) =0,

o h(cl) =sup{h(li) +1,...,h(lp) + 1}.

The (maximal) depth of a variable x in a constructor term [, d, (1), is the
element of the semi-ring (N U {—o00}, max, +) defined as follows:

e d,(z) =0,
o d,(y) = —0if x #£y,

o d (cl) =max({—oco}U{ds(l1) +1,...,ds(lpc) +1})
Note that d,(I) < h(l). Moreover, d,(I) = —occ iff ¢ FV(I).

Lemma 29 If [ is a constructor term of sort B and [ € B, then:
ose (16) = max({h(l)} U{op.sejr(zb) + da(1) | (z,U,B) <a (I,B,B)}).
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Proof.  We proceed by induction on the size of [. If [ is a variable, this
is immediate. Assume now that [ = ¢l with ¢ : T = B. By Corollary 2]
058 (10) = X(opz,) (110), - - -, o) (Ipeh), . . .) where [T'] denotes the stratification
[B : SB]T. By Definition 4} oge(16) = sup{ofr,j(l16) + 1, ..., 07,¢] (Ipet) + 1}
Let i € {1,...,p}. If T; = B then I; is a constructor term of sort B. By in-
duction hypothesis, ofp,)(1;6) = ogs(l;6) = max({h(l;)} U {o[(z8) + dz(l;) |
(z,U,B) <, (1;,B,B)}). Otherwise, T; # B and I; = z. Thus, ogs(l0) =
sup({h(l) +1 1 € {1,....,p}} U {op(e6) +d, (1) + 1 | (x.U. B) <, (1. B.B)})
= max({h(/)} U {O[U] (20) +dz (1) | (z,U,B) <a (1, B, B)}). u

In the following, we assume to be under the conditions of Theorem [2]for some
rule fl — r € R, typing environment I' and size substitution ¢. In particular:

O(f) = Annot(T3, 21,0l ) = ... = Annot(T, E;;,agf) =Ty = ... = Ty = By

with &f distinct variables, of € AU {00} and Var(of) C {af};

Since we are in the successor algebra, for all j, there are n; € Nand v; € V
such that ag-cp = s™~,. Let x1,...,2, be an enumeration of dom(T'). For all j,
let I; be the biggest possible size for z;6. Finally, for all j, let Acc(j) = {z €
V|3, (z, U, Zg) <. (4, T35, Eg)} be the set of variables accessible in [; whose
size is measured wrt. Z;.

The minimality property is then equivalent to the following purely numeri-

cal problem on ordinals: for all ay,...,a, (for the sizes of z10,...,x,0 respec-
tively) smaller than or equal to Iy,..., [, respectively, there are by,..., b, (for
a®y,...,a" v respectively) and ¢, ..., ¢y (for y1v,. .., v,v respectively) such
that:

1. (Vj)(Vk) b = by, if o = a™*,

Do

)
Vi) (V) ¢ = e if 5 = Vi,
/)
)

é(

(Vk) b = ¢ if o™ =y,
¢; +n; = max({h(};)} U{an +ds,, (1) | m € Acc(4)}),
V]) a; < bj.

(
- (
3. (
4. (V)
(

5.

The first three constraints are coherence conditions for v to be well defined.
The last two constraints correspond to the first and second conditions of the
minimality property respectively.

For the 4th constraint to be satisfiable, one may think at first glance that it
is sufficient to have n; < h(l;). While this is true with finite ordinals, this is not
true with infinite ordinals. For instance, with I3 = bzy(cax2), a1 = w, ag = 0
and ny = 2, there is no ordinal ¢ such that ¢ + 2 = max{w + 1,2}. So, we need
to have n; < min({0} U {d,(l;) | x € Acc(j)}).

Now, this condition is not sufficient for the other constraints to be satisfied.
Take for instance Iy = czq, lo = b(cx1) (cza), @™ =a™ =5 =y, n1 =1
and no = 2. In this case, the minimality condition says that, for all a;, as, there
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is b such that a; < b, az < b, sup{a;+1} = b+1 and sup{a; +2,a2+2} = b+2,
which is not possible. The problem comes from the fact that I; and [y share
a variable z; but the depth of z; in [; is distinct from the depth of z; in Is.
Hence, the following conditions:

Lemma 30 Assume that the type of constructors are annotated as described at
the beginning of this section, and the type of function symbols as in Definition
For all ¢, let n; be the unique integer and ~; be the unique variable such
that afp = s™,. For all j, let Acc(j) = {x € V| 3T, (2, T, E;) <, (lj,Tj,E;)}
be the set of variables accessible in [; whose size is measured wrt. Z;.

Under the assumptions of Theorem Pl the minimality property is satisfied if
the following conditions are verified:

o (Vj) nj < min({0} U{ds(l;) | = € Acc(j)});
o (V§)(Vk) if v; = g, then:

- Ny =Nk,

— h(l;j) =h(lk),

— Acc(j) = Acce(k),

— Vz € Acc(j), da(lj) = da(lr);
o (Vj)(Vzx) if 4; = o then x € Acc(j).

Proof. Let ¢; = max({h(l;)} U {a, +ds, (i) | ©p € Acc(i)}) — n;. It is well
defined since n; < min({0} U {d(%;) | # € Acc(i)}) < h(l;). Now, let b; = ¢, if

a®t =y, for some m, and b; = sup{a, | a®» = o} otherwise. It is well-defined
since, if 7; =k, then ¢; = ¢,. We now prove that the five numerical constraints

equivalent to minimality are satisfied:

1. Assume that o™ = o®*. If o = ~,,, then b; = ¢, = by.
Otherwise, b; = sup{a,, | a®™ = a% } = by.

2. Assume that v; = ;. Then, ¢; = cj.

Assume that o’ = 7. Then, b; = c.

- oW

For all j, ¢;+n; = max({h(l;) }U{amn +ds,.({;) | m € Acc(j)}) by definition.

5. For all j, a; < b;. Indeed, if a®/ = 7, then b; = ¢, > a; since z; € Acc(m).
Otherwise, b; = sup{a, | o™ = o™} > a;. ]

Now, one can easily check that all the examples of Section 3] that are
annotated in the successor algebra satisfy the above conditions.
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9 Conclusion

We have presented a general termination criterion for the combination of S-
reduction and user-defined rewrite rules, based on the use of type-checking
with size-annotated types approximating a semantic notion of size defined by
the annotations given to constructor symbols. This extends to rewriting-based
function definitions and more general notions of size, an approach initiated by
Hughes, Pareto and Sabry for function definitions based on a fixpoint combina-
tor and case analysis [HPS96].

First, we have shown that these termination conditions can be reduced to
solving problems in the quasi-ordered algebra used for size annotations. Then,
we have shown that the successor algebra (successor symbol with arbitrary con-
stants) enjoys nice properties: decidability of the satisfiability of sets of inequal-
ities (in polynomial time), and existence and computability of a most general
solution for satisfiable problems (in polynomial time too). As a consequence,
we have a complete algorithm for checking the termination conditions in the
successor algebra.

We have implemented a simple heuristic that turns this termination crite-
rion into a fully automated termination prover for higher-order rewriting called
HOT [Blal2|, which tries to detect size-preserving functions and, following
[AA02], to find a lexicographic ordering on arguments. Combined with other
(non-)termination techniques [JO91l [Bla00, BJO02], HOT won the 2012 inter-
national competition of termination provers [Terl6] for higher-order rewriting
against THOR |[BR14] and WANDA [Kop15]. It could be improved by replac-
ing the lexicographic ordering by the size-change principle [LJBAOI, [Hyv14],
and using abstract interpretation techniques for annotating function symbols
[TT00, [CKO1]. A more complete (and perhaps more efficient) implementation
would be obtained by encoding constraints into a SAT problem and send it to
state-of-art SAT solvers [FGM™07, BACOS, [CGSKTTI].

A natural following is to study other size algebras like the max-successor
algebra (i.e. the successor algebra extended with a max operator), the plus
algebra (i.e. the successor algebra extended with addition) or their combination,
the max-plus algebra. Indeed, the richer the size algebra is, the more precise the
typing of function symbols is, and the more functions can be proved terminating.

Following [BRO6], it is also possible to consider full Presburger arithmetic
[Pre29] and handle conditional rewrite rules, by extending the system with ex-
plicit quantifiers and constraints on size variables, in the spirit of HM(X) [Sul01].
Simplification of constraints is then an important issue in practice [Pot01].

We have presented this criterion in Church’ simply typed A-terms but, fol-
lowing [Bla05b], it should be possible to extend it to richer type systems with
polymorphic and dependent types. Similarly, we considered matching modulo
a-congruence only but, following [Blalj], it should be possible to extend it to
rewriting modulo some equational theory and to rewriting on S-normal forms
with matching modulo 8n as used in Klop’s combinatory reduction systems
[KvOvR93| or Nipkow’s higher-order rewrite systems [MNO98].

Another interesting extension would be to consider size-annotated types in
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the computability path ordering [BJR15], following Kamin and Lévy’s extension
of Dershowitz’ recursive path ordering [Der79bl [IKL.80|, and Borralleras and Ru-
bio’s extension of Jouannaud and Okada’s higher-order recursive path ordering
[JR99, BRO1].
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