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ABSTRACT. This paper describes how to use Lee, Jones and Ben Amram’s size-change
principle to check correctness of arbitrary recursive definitions in an ML / Haskell like
programming language. The main point is that the size-change principle isn’t only used
to check termination, but also productivity for infinite objects. The main point is that
the resulting principle is sound even in the presence of arbitrary nestings of inductive and
coinductive types. A small prototype has been implemented and gives a practical argument
in favor of this principle.

This work relies on a characterization of least and greatest fixed points as sets of winning
strategies for parity games that was developed by L. Santocanale in his work on circular
proofs.

Half of the paper is devoted to the proof of correctness of the criterion, which relies
on an untyped extension of the language’s denotational semantics to a domain of values
extended with non-deterministic sums. We can recast all the syntactical constructions in
this domain and check they are semantically sound.
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INTRODUCTION

Inductive types (also called algebraic datatypes) have been a cornerstone for typed func-
tional programming: Haskell and Caml both rely heavily on those. One mismatch between
the two languages is that Haskell is lazy while Caml is strict. A definition' like

val nats : nat -> nat

| nats n = n::(nats (n+1))
is useless (but valid) in Caml because the evaluation mechanism will try to evaluate it
completely (call-by-value evaluation). In Haskell, because evaluation is lazy (call-by-need),
such a definition can be used productively. Naively, it seems that types in Caml correspond
to “least fixed points” while they correspond to “greatest fixed points” in Haskell.

The aim of this paper is to introduce a language, called chariot,? where the distinction
between least and greatest fixed points makes sense and where one can define datatypes with
an arbitrary nesting of polarities. To allow a familiar programming experience, definitions
are not restricted: any (well-typed) recursive definition is allowed. In particular, it is
possible to write badly behaved definitions like

val f : nat -> nat

| £0 =1
| £ (n+1) = £(£f n)
To guarantee that a definition is correct, two-steps are necessary:

(1) Hindley-Milner type-checking [Mil78] to guarantee that evaluation doesn’t provoke run-
time errors,

(2) a totality test to check that the defined function respects the fixed points polarities
involved in its type.

!The examples in the paper are all given using the syntax of chariot which is briefly described in
sections 1.2 and 1.5.
2A prototype implementation in Caml is available from https://github.com/phyver/chariot.
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The second point generalizes a previous termination checker [Hyv14]: when no coinductive
type is involved, totality amount to termination. It is important to keep in mind that any
definition that passes this test is guaranteed to be correct but there are correct definitions
that are rejected.® In a programming context, the result of this second step can be ignored
when the programmer (thinks he) knows better. In a proof-assistant context however, it
cannot be ignored: non total definitions can lead to inconsistencies. The most obvious
example is the definition

val undefined = undefined

which is non-terminating but belongs to all types, even the empty one! There are subtler
examples of definitions that normalize to values but still lead to inconsistencies [AD12] (c.f.
example on page 12).

In Coq [The04], the productivity condition for coinductive definitions is ensured by a
very strict syntactic condition (guardedness [Coq93]) similar to the condition that inductive
definitions need to have one structurally decreasing argument. In Agda [Nor08|, the user
can write arbitrary recursive definitions and the productivity condition is ensured by the
termination checker. The implemented checker extends a published version [AA02] to deal
with coinductive types, but while this is sound for simple types like streams, it is known to
be unsound for nested coinductive and inductive types [AD12]. This paper provides a first
step toward a solution for this problem.

Related Works.

Circular proofs. The primary inspiration for this work comes from the ideas developed by
L. Santocanale in his work on circular proofs [San02c, San02a, San02b]. Circular proofs are
defined for a linear proof system and are interpreted in categories with products, coproducts
and enough initial algebras / terminal coalgebras. In order to get a functional language,
we need to add rules and interpret them in cartesian closed categories with coproducts and
enough initial algebras / terminal coalgebras (like the category of sets and functions, or the
category of domains).

What is described in this paper seems to amount to using a strong combinatorial prin-
ciple (the size-change principle) to check a sanity condition on a circular “preproof”. This
condition implies that the corresponding cut free preproof (an infinite object) can be inter-
preted in a sufficiently well behaved category. This condition is strictly stronger than the
one L. Santocanale and G. Fortier used in their work, which corresponded to the syntactical
structurally decreasing / guardedness condition on recursive definitions.

Note however that while circular proofs were a primary inspiration, this work cannot
be reduced to a circular proof system. The main problem is that all such proof systems
are linear and do not enjoy a simple cut-elimination procedure. Cuts and exponentials are
needed to interpret the full chariot language and while cuts can added to the original
system of circular proofs [FS14, Forl4|, adding exponentials looks extremely difficult and
hasn’t been done.

Note also that more recent works in circular proof theory replace L. Santocanale’s cri-
terion by a much stronger combinatorial condition. Without going into the details, it is

3The halting problem is, after all, undecidable [Tur36] .
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equivalent to some infinite word being recognized by a parity automata (which is decid-
able) [Doul7b, Doul7a]. The presence of parity automata points to a relation between this
work and the present paper, but the different contexts make it all but obvious.

Size-change principle. The main tool used for checking totality is the size-change principle
(SCP) from C. S. Lee, N. D. Jones and A. M. Ben-Amram [LJBAO1]. The problem of
totality is however subtler than termination of programs. While the principle used to
check termination of ML-like recursive definitions [Hyv14] was inherently untyped, totality
checking needs to be somewhat type aware. For example, in chariot, records are lazy and
are used to define coinductive types. The following definition
val inf = Node { Left = inf; Right = inf }

yields an infinite, lazy binary tree. Depending on the types of Node, Fst and Snd, the
definition may be correct or incorrect (refer to page 12 for more details)!

Charity. The closest ancestor to chariot is the language charity* [CF92, Coc96], devel-
oped by R. Cockett and T. Fukushima, allows the user to define types with arbitrary nesting
of induction and coinduction. Values in these types are defined using categorical principles.

e Inductive types are initial algebras: defining a function from an inductive type amounts
to defining an algebra for the corresponding operator.

e Coinductive types are terminal coalgebras: defining a function fo an inductive type
amount to defining a coalgebra for the corresponding operator.

Concretely, it means the user can only define recursive functions that are “trivially” struc-
turally decreasing on one argument, or “trivially” guarded. In particular, all functions
terminate and the language is not Turing complete.
This is very different from the way one can write, for example, the Ackermann function
with pattern matching:
val ack ® n = n+l
| ack (m+1) 0 = ackm 1
| ack (m+1) (n+1) = ack m (ack (m+1) n)

Guarded recursion. Another approach to checking correctness of recursive definitions is
based on “guarded recursion”, initiated by H. Nakano [Nak00] and later extended in several
directions [CBGB16, Gual8]. In this approach, a new modality “later” (usually written “>”)
is introduced in the type theory. The new type b1 gives a syntactical way to talk about terms
that “will later (after some computation) have type T7”. This work is rather successful and
has been extended to very expressive type systems. The drawbacks are that this requires a
non-standard type theory with a not quite standard denotational semantics (topos of trees).
Moreover, it makes programming more difficult as it introduces new constructs in types and
terms. Finally, these works only consider greatest fixed points (as in Haskel) and are thus
of limited interest for systems such as Agda or Coq.

4By the way, the name chariot was chosen as a reminder of this genealogy.
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Sized-types. This approach also extends type theory with a notion of “size” for types. It
has been successful and is implemented in Agda [AbelO, Abel2]. This makes it possible,
for example, to specify that the map function on list has type Vn,list™(T) — list™(7),
where 1ist”(T') is the type of lists with n elements of type T'. These extra parameters allow
to gather information about recursive functions and make it easier to check termination. A
drawback is that functions on sized-types must take extra size parameters. This complexity
is balanced by the fact that most of them can be inferred automatically and are thus mostly
invisible to the casual user.’ Note however that this approach still needs to have a way to
check that definition respect the sizes.

Fized points in game semantics. An important tool for checking totality of definitions in
this paper is the notion of parity game. P. Clairambault [Clal3] explored a notion of game
(from a categorical, games semantics point of view) enriched with winning conditions for
infinite plays. The way the winning condition is defined for least and greatest fixed points
is reminiscent of L. Santocanale’s work on circular proofs and the corresponding category
is cartesian closed.

Because this work is done in a more complex setting (categories of games) and aims for
generality, it seems difficult to extract a practical test for totality from it. The present paper
aims for specificity and practicality by devising a totality test for the “intended” semantics
(i.e. in plain sets and functions) of recursion.

SubML. C. Raffalli and R. Lepigre also used the size-change principle in order to check
correctness of recursive definitions in the language SubML [LR18]. Their approach uses a
powerful but non-standard type theory with many features: subtyping, polymorphism, sized-
types, control operators, some kind of dependent types, etc. On the downside, it makes
their type theory more difficult to compare with other approaches. Note that like in Agda
or chariot, they do allow arbitrary definitions that are checked by an incomplete totality
checker. The similarity of the approach isn’t surprising considering previous collaborations
between the authors. One interesting point of their work is that the size-change termination
is only used to check that some object (a proof tree) is well-founded: even coinductive types
are justified with well-founded proofs.

Naz. Another programming language with nested inductive / coinductive types is the Nax
language [Ahn14], based on so called “Mendler style recursion” [Men91]. One key difference
is that the Nax language is very permissive on the definitions of types (it is for example
possible to define fixed points for non positive type operators) and rather restrictive on the
definition of values: they are defined using various combinators similar (but stronger than)
to the way values are defined in charity. From the point of view of a Haskell / Caml
programmer, the restriction on the way programs are written is difficult to accept.®

5The libraries’ implementors still needs to give the appropriate type to map though.
6No implementation of Nax language is available, it is thus difficult to experiment with it.
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Plan of the Paper. We start by introducing the language chariot and its denotational
semantics in section 1, together with the notion of totality for functions. Briefly, totality
generalizes termination in a way that accounts for inductive and coinductive types. An
interesting point is that this notion is semantical rather than syntactical. We then describe,
in section 2, a combinatorial approach to totality that comes from L. Santocanale’s work on
circular proofs. This reduces checking totality of a definition to checking that the definitions
gives a winning strategy in a parity game associated to the type of the definition. Section 3
describes how the size-change principle can be applied to this problem: a recursive definition
gives a call-graph, and the size-change principle can be used to check a totality condition on
all infinite path in this call-graph. This section is written from the implementor’s point of
view, and most proofs are omitted: they are given in the following section. The last section
is the longest and gives the proof of correctness. This works by showing that the call-graph
and the operations defined on it have a sound semantics in domains.

1. THE LANGUAGE AND ITS SEMANTICS

1.1. Values. We are interested in a condition on the semantics of recursive definitions.
What is interesting is that this doesn’t mention the reduction strategy: everything takes
place in the realm of values.

Definition 1.1. The set of values with leaves in Xi,..., X,, written V(X1,...,X,) is
defined coinductively” by the grammar

v = L | = | Cv | {Dy=wi;...;Dx = vi}
where

e cach zx is in one of the X,

each C belongs to a finite set of constructors,
each D; belongs to a finite set of destructors,
the order of fields inside records is irrelevant,
k can be 0.

Locally, only a finite number of constructors / destructors will be necessary: those
appearing in the type definitions involved in the definitions we are checking. There is a
natural ordering on finite values, which can be extended to infinite ones (c.f. remark about
ideal completion on page 26).

Definition 1.2. If the X; are ordered sets, the order < on V(Xy,...,X,,) is generated by

(1) L < w for all values v,
(2) if z <2/ in X, then z <2/ in V(Xq,...,X,),
(3) if u < v then Clu] < C[v] for any context C]].

It is natural to give an infinite semantics for coinductive types, and infinite values are thus allowed.
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1.2. Type Definitions. The approach described in this paper is entirely first-order. We are
only interested in the way values in datatypes are constructed and destructed. Higher order
parameters are allowed in the implementation but they are ignored by the totality checker.
The examples in the paper will use such higher order parameters but for simplicity’s sake,
they are not formalized. Note that it is not possible to just ignore higher order parameters
as they can hide some recursive calls:

val app £ x = f x -- mon recursive

val g x = app g X
In order to deal with that, the implementation first checks that all recursive functions are
fully applied. If that is not the case, the checker aborts and gives a negative answer.

Just like in charity, types in chariot come in two flavors: those corresponding to sum
types (i.e. colimits) and those corresponding to product types (i.e. limits). The syntax is
itself similar to that of charity:

e a data comes with a list of constructors whose codomain is the type being defined,
e a codata comes with a list of destructors whose domain is the type being defined.

The syntax is

data new_type where codata new_type where
| Ci @ 11 -> new_type | D1 : new-type -> 11
| Cp : Tx -> new_type | Di : mew_type -> Tj

Each T; is built from earlier types, parameters and new_type. Types parameters are written
with a quote as in Caml but the parameters of new_type cannot change in the definition.
Mutually recursive types are possible, but they need to be of the same polarity (all data
or all codata). We can always suppose that all the mutually defined types have the same
parameters as otherwise, the definition could be split in several, non mutual definitions.
Here are some examples:

codata unit where -- no destructor

codata prod(’x,’y) where Fst : prod(’x,’y) -> ’x
| Snd : prod(’x,’y) >’y

data nat where Zero : unit -> nat
| Succ : nat -> nat

data list(’x) where Nil : unit -> list(’x)
| Cons : prod(’x, list(’x)) -> list(’x)

codata stream(’x) where Head : stream(’x) -> ’Xx
| Tail : stream(’x) -> stream(’x)

The examples given in the paper (and the implementation) do not adhere strictly to this syn-
tax: m-ary constructors are allowed, and Zero will have type nat (instead of unit -> nat)
while Cons will be uncurried and have type ’x -> list(’x) -> list(’x) (instead of
prod(’x, list(’x)) -> list(’x)).

Because destructors act as projections, it is useful to think about elements of a co-
datatype as records. This is reflected in the syntax of terms, and the following defines the
stream with infinitely many Os.
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val zeros : stream(nat)
| zeros = { Head = Zero ; Tail = zeros }
As the examples show, codata are going to be interpreted as coinductive types, while data
are going to be inductive. The denotational semantics will reflect that, and in order to have
an operational semantics that is sound, codata need to be lazy. The simplest is to stop
evaluation on records: evaluating “zeros” will give “{Head = ?7?; Tail = ???7}” where
the “???” are not evaluated. Surprisingly, the details are irrelevant to rest of paper.

We will use the following conventions:

e outside of actual type definitions (given using chariot’s syntax), type parameters will be
written without quote: x, xq, ...

e an unknown datatype will be called 6,(x1,...,%x,) and an unknown codatatype will be
called 0, (x1,...,%n),
e an unknown type of unspecified polarity will be called 0(x,...,x,).

1.3. Semantics in Domains. Our notion of domain is the historical one: a domain is a

e consistently complete (finite bounded sets have a least upper bound)
e algebraic (with a basis of compact elements)
e directed-complete partial order (DCPO: every directed set has a least upper bound).

While helpful in section 4, intimate knowledge of domain theory is not necessary to follow
the description of the totality checker.

There is a natural interpretation of types in the category Dom of domains, where
morphisms are continuous functions. (Note that morphisms are not required to preserve
the least element.) The category theory aspect is not important because all the types are in
fact subdomains of V. The following can be proved directly but is also a direct consequence
of a general fact about orders and their “ideal completion”.

Lemma 1.3. If the X;s are domains, then (V(Xl, ey Xp), < ) is a domain.

Type expressions with parameters are generated by the grammar
T n= X | x| 0,(Th,....T) | 60,(Th,...,Ty)
where X is any domain (or set, depending on the context) called a parameter, and 6, is
the name of a datatype of arity n and 6, is the name of a codatatype of arity n. A type is

closed if it doesn’t contain variables. (It may contains parameters, that is, subdomains of
the domain of values.)

Definition 1.4. The interpretation of a closed type T(Y) with domain parameters is
defined coinductively as the set of (possibly infinite) values well typed according to:

(1) ————— for any type T,
1T
uecX
(2) ——— for any parameter X,
u: X
u: T[o] .
(3) where C: T'— 60,(0) is a constructor of 6,,,

Cu:0,(0)
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ul :Tl[O'] ’u,kZTk[O']

(4)

where D; : 0,(0c) — T;, i = 1,...,k are all the
D1 =w; ...; Dp =g} : 0,(0)
destructors for type 6,.
In the third and fourth rules, o denotes a substitution [xy := T1,...,%, := T},] and T'[0]
denotes the type T where each variable x; has been replaced by T;.

If T is a type with free variables x1,...,x,, we write [1] (Y) for the interpretation
of T[] where o is the substitution [x; := Xy,...,%, := X,,].

All the 1 coming from the parameters are identified. There are thus several ways to prove
that L belongs to the interpretation of a type: either with rule (1) or rules (2). The following
is proved by induction on the type expression 7'

Proposition 1.5. Let X1,..., X,, be domains, if T is a type then

o with the order inherited from the X;s, [T] (X1,...,Xy) is a domain,
o Xi,.... X, = [T] (X1,...,X,) gives rise to a functor from Dom™ to Dom.

o if T'=0,(x1,...,%y) is a datatype with constructors C; : T; — T', we have
1] (X) = Ciui|i:1,...,nanduie[[Ti]]}U{J_}
= ([MIE)+-+ (X)),
o if T =0,(x1,...,%,) is a codatatype with destructors D; : T; — T, we have
1(X) = {t.bi=wi 3|i=1..nandu € [T} U{L}
= ([[(X) x-- x [T (X))

The operations + and x are the set theoretic operations (disjoint union and cartesian
product), and S is the usual notation for SU{_L}. This shows that the semantics of types
are fixed points of natural operators. For example, [nat] is the domain of “lazy natural
numbers”:

Succ(Succ Zero)

~

Succ Zero Succ(Succ 1)
~ b
Zero Succ L
O P
1

and the following are different elements of [stream(nat)]:

o |,

e {Head = Succ L;Tail= 1}

e {Head = Zero;Tail = {Head = Zero;Tail = {Head = Zero;... }}}

1.4. Semantics in Domains with Totality. At this stage, there is no distinction be-
tween greatest and least fixed point: the functors defined by types are algebraically com-
pact [Bar92], i.e. their initial algebras and terminal coalgebras are isomorphic. For example,
Succ(Succ(Succ(...))) is an element of [nat] as the limit of the chain 1 < Succl <
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Succ(Succ L) < ---. In order to distinguish between inductive and coinductive types, we
add a notion of totality® to the domains.

Definition 1.6.

(1) A domain with totality (D,|D]) is a domain D together with a subset |D| C D.

(2) An element of D is total when it belongs to |D|.

(3) A function f from (D, |D|) to (E,|E|) is a function from D to E. It is total if f(|D|) C
|E|, i.e. if it sends total elements to total elements.

(4) The category Tot has domains with totality as objects and total continuous functions
as morphisms.

To interpret (co)datatypes inside the category Tot, it is enough to describe the associ-
ated totality predicate. The following definition corresponds to the “natural” interpretation
of inductive / coinductive types in the category of sets.

Definition 1.7. If T is a type whose parameters are domains with totality, we define |T'|
by induction
o if I'= X then |T| = | X|

o if '=0,(T",...,T,) is a datatype, then |T'| = uX.0,(X,|T|,...,|Tn|),
o if '=0,(T1,...,T,) is a codatatype, then |T| = vX.0,(X,|T1],...,|Ts]),
where

(1) if T'=0,(x1,...,%,) is a datatype with constructors C; : T; — T, 6,, is the operator
XXt Xa = {Ciu ( ue m[a]|}
i=1,...,k
(2) if T'=0,(x1,...,x%,) is a codatatype with destructors D; : T — Tj, 6, is the operator

X X,...,. X, =~ {{Dl =wuq;...;D = ur} | each u; € ‘Ti[a]‘}

In both cases, o is the substitution [T := X, x; := X1,...,%, 1= X,].

The least and greatest fixed points exist by Knaster-Tarski theorem: the corresponding
operators act on subsets of the set of all values. It is not difficult to see that each element
of |T| is in [T] and doesn’t contain L, i.e. is a maximal element of the domain [T7:

Lemma 1.8. If T is a type with domain parameters, ([T],|T|) is a domain with totality.
Moreover, each t € |T| is mazimal in [T7].

1.5. Recursive Definitions. Like in Haskell, recursive definitions are given by lists of
clauses. The Ackermann function was given on page 4 and here is the map function on
streams:?
val map : ("a -> ’b) -> stream(’a) -> stream(’b)
| map £ { Head = x ; Tail = s } = { Head = £ x ; Tail = map f s }
Formally, a (recursive) definition is introduced by the keyword val and consists of several
clauses of the form

fpr ... pp=u
8Intrinsic notions of totality exist [Ber93] but are seemingly unrelated to what is considered below.

9This definition isn’t strictly speaking first order as it take a function as argument. We will ignore such
arguments and they can be seen as free parameters.
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where

e f is a function name,
e each p; is a finite pattern

P = x; | Cp | {D1=pi;...;Dp = p}

where each x; is a variable name,
e and u is a finite term

u = X; ‘ f ’ Cu ‘ {Dlzul;...;Dk:uk} ‘ Uup u2

where each x; is a variable name and each f is a function name (possibly one of the
functions being defined).

Note that it is not possible to directly project a record on one of its field in the syntax

of terms. This makes the theory somewhat simpler and doesn’t change expressivity of the

language. It is always possible to

e remove a projection on a variable by extending the pattern on the left,

e replace a projection on the result of a recursively defined function by several mutually
recursive functions for each of the fields,

e replace a projection on a previously defined function by another previously defined func-
tion.

Of course, the implementation doesn’t enforce this restriction and the theory can be ex-

tended accordingly.

There can be many clauses and many different functions defined mutually. The system

(1) checks some syntactical constraints (linearity of pattern variables, ...),
(2) performs Hindley-Milner type checking (or type inference if no type annotation was
given),

(3) performs an exhaustivity check ensuring that the patterns cover all the possibilities and
that records have all their fields.

Those steps are well-known [PJ87] and not described here. Hindley-Milner type checking
guarantees that each list of clauses for functions £; : 71,..., £, : T, (each T; is an arrow
type) gives rise to an operator

O, £, [Th] x -+ x [T0] — [Th] x - -+ x [T3]

where the semantics of types is extended with [T — 7] = [[T] — [7"]]. The semantics
of f1,..., f, is then defined as the fixed point of the operator 0¢, ¢, which exists by Kleene
theorem.

Typing ensures that the definition is well behaved from an operational point of view:
the “1” that appear in the result correspond only to non-termination, not to failure of
the evaluation mechanism (projecting on a non-existing field or similar problems). For the
definition to be correct from a denotational point of view, we need to check more: that it
is total with respect to its type. For example, the definition

val all_nats : nat -> list(nat)

| all_nats n = Cons n (all_nats (Succ n))
is well typed and sends elements of the domain [nat] to the domain [list(nat)] but its
result on Zero contains all the natural numbers. This definition is not total because totality
for list(nat) contains only the finite lists (it is an inductive type). Similarly, the definition
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val last_stream : stream(nat) -> nat
| last_stream {Head=_; Tail=s} = last_stream s

sends any stream to L, which is non total.

A subtle example. Here is a surprising example due to T. Altenkirch and N. A. Daniels-
son [AD12]: we define the inductive type
data stree where Node : stream(stree) -> stree
where the type of stream was defined on page 7. This type is similar to the usual type of
“Rose trees”, but with streams instead of lists. Because streams cannot be empty, there is
no way to build such a tree inductively: this type has no total value. Consider however the
following definitions:
val s : stream(stree)
| s { Head = Node s ; Tail = s }
val t : stree
| t Node s
This is well typed, but because evaluation is lazy, evaluation of t or any of its subterms
terminates: the semantics of t doesn’t contain L. Unfolding the definition, we obtain

Node
\
{Head=_; Tail=_}
—
Node {Head=_; Tail=_}
\ - ~.
{Head=_; Tail=_} Node {Head=_; Tail=_}
e AN \ e AN
Node {Head=_; Tail=_} {Head=_; Tail=_} Node {Head=_; Tail=_}

L A L

Such a term leads to inconsistencies and shows that a simple termination checker isn’t
enough.

The rest of the paper describes a partial totality test on recursive definitions: some
definitions are tagged “total” while some other are tagged “unsafe” either because they are
indeed not total, or because the argument for totality is too complex.

2. COMBINATORIAL DESCRIPTION OF TOTALITY

The set of total values for a given type can be rather complex when datatypes and co-
datatypes are interleaved. Consider the definition

val inf = Node { Left = inf; Right = inf }
It is not total with respect to the type definitions

codata pair(’x,’y) where Left : pair(’x,’y) -> ’x

| Snd : pair(C’x,’y) >’y

data tree where Node : pair(tree, tree) -> tree

but it is total with respect to the type definitions
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data box(’x) where Node : 'x -> box(’x)
codata tree2 where Left : tree2 -> box(tree2)
| Right : tree2 -> box(tree2)
In this case, the value inf is of type box(tree2). Analysing totality requires a combinatorial
understanding of the least and greatest fixed points involved. Fortunately, there is a close
relationship between set theoretic least and greatest fixed points and winning strategies for
parity games.

2.1. Parity Games. Parity games are a two players games played on a finite transition
system where each node is labeled by a priority (a natural number). The height of such a
game is the maximum priority of its nodes. By extension, the priority of a transition is the
priority of its target node. When the node has odd priority, Marie (or “player”) is required
to play. When the node is even, Nicole (or “opponent”) is required to play. A move is
simply a choice of a transition from the current node and the game continues from the new
node. When Nicole (or Marie) cannot move because there is no outgoing transition from
the current node, she looses. In case of infinite play, the winning condition is

(1) if the maximal node visited infinitely often is even, Marie wins,
(2) if the maximal node visited infinitely often is odd, Nicole wins.

Equivalently, the condition could be stated using the priorities of the transitions taken
during the infinite play. We will call a priority principal if “it is maximal among the
priorities appearing infinitely often”. The winning condition can thus be rephrased as
“Marie wins an infinite play if and only if the principal priority of the play is even”.

In order to analyse types with parameters, we add special nodes called parameters.
Those nodes have no outgoing transition, have priority co'® and each of them has an associ-
ated set X. On reaching them, Marie is required to choose'! an element of X to finish the
game. She wins if she can do it and looses if she cannot (when the set is empty). Here are
three examples of such parity games:

2
. , .
lg ls ls
l3 l4 l
1
I l2
I3

l2

I

Each position p in a parity game G with parameters X7, ..., X,, defines a set ||G,|| de-
pending on Xj,...,X,, [San02c|. This set valued function p — ||G,|| is defined by induction
on the height of G and the number of positions having maximum priority:

e if all the positions are parameters, each position is interpreted by the corresponding
parameter ||Gx|| = X;

e otherwise, take p to be one of the positions of maximal priority and construct G/p with
parameters Y, X1, ..., X, as follows: it is identical to GG, except that position p is replaced

10T hose parameter nodes do not count when defining the depth of a parity game.
Hpecause oo is obviously odd ®
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by parameter Y and all its outgoing transitions are removed.'? Compute recursively the
interpretations (G/p),, depending on Y, X7, ... X, and:
— if p had an odd priority, define

{HGpH = wY.((G/p)g + -+ (G/p)gy)
1Gqll = (G/p)g[Y = |Gyl when g # p

where p — ¢1, ...p — g are all the transitions out of p.
— if p had an even priority, define

{||Gp|| =vY.((G/p)g X - % (G/D)gy)
1Gqll = (G/p)g[Y = 1IGyl] when g # p

where p — ¢1, ...p — g are all the transitions out of p.
An important result is:

Proposition 2.1 (L. Santocanale [San02c]).

e For each position p of G, the operation Xi,..., X, — ||G(X1,...,Xp)pl| is a functor
from Set™ to Set,

o there is a natural isomorphism ||Gp|| = W(G), where W(G), is the set of winning strate-
gies for Marie in game G from position p.

In order to analyse totality, we now construct a parity game G from a type expression T’
in such a way that |T'| 2 ||Gr||, for some distinguished position 7" in G.

2.2. Parity Games from Types.

Definition 2.2. If T is a type expression (possibly with parameters), the graph of T is

defined as the subgraph reachable from 7" in the following (infinite) transition system:

e nodes are type expressions (possibly with parameters),

e transitions are labeled by constructors and destructors: a transitions 73 NG 5 is either a
destructor ¢ of type 71 — T or a constructor ¢ of type 7o — T} (note the reversal).

Here is for example the graph of 1list(nat)

unit

NilT

list(nat) nat ) Succ

Cons ( ) Snd
Fst

prod(nat,list(nat))

Zero

The orientation of transitions means that

e on data nodes, a transition is a choice of constructor for the origin type,

e on codata nodes, a transition is a choice of field for a record for the origin type.
Because of that, a value of type T can be seen as a strategy for a game on the graph
of T where Marie (the player) chooses constructors and Nicole (the opponent) chooses
destructors.

12This game is called the predecessor of G [San02c].
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Lemma 2.3. The graph of T is finite.

Proof of Lemma 2.3. We write Ty C 15 if T7 appears in T5. More precisely:

e TCLX I T =X,

e TLCH(TY,...,T,) ifand only if T'=0(Ty,...,T,) or t C Ty or ... or t C Tp,.

To each datatype / codatatype definition, we associate its “definition order”, an integer

giving its index in the list of all the type definitions. A (co)datatype may only use parameters

and “earlier” type names in its definition and two types of the same order are part of the

same mutual definition. The order of a type is the order of its head type constructor.
Suppose that the graph of some type T is infinite, and that 7' is minimal in the sense

that it is of order k and graphs for types of order less than « are finite. Since the graph of T’

has bounded out-degree, by Konig’s lemma, it contains an infinite simple (without repeated

vertex) path p =T — Ty — Ty — ---. For any n, there is some [ > n such that 7; is of

order k. Otherwise, the path T},41 — T,,492 — - -+ is infinite and contradicts the minimality

of T.

All transitions in the graph _of T are of the form §(T) — B where 3 is built using the
types in T and possibly the 6'(T") with the same order as 6. There are three cases:

(1) In transitions H(T) — Tj;, i.e., transitions to a parameter, the target is a subexpression
of the origin. It is the only way the order a type may strictly increase along a transition.
This is the case of Head : stream(nat) — nat.

(2) In transitions 6(T) — 0'(T ), i.e. transitions to a type in the same mutual definition,
the order remains constant. An example in Succ : nat — nat.

(3) In all other cases, the transition is of the form §(T') — 3, where f3 is strictly earlier
than 6. In this case however, because of the way [ is built, the subexpressions of 5 with
order greater than that of § are necessarily subexpressions of #(T'). This is for example
the case of Cons : list(nat) — prod(nat, list(nat)) (recall that the transition goes
in the opposite direction).

The only types of order x reachable from T' (of order k) are thus:

e subexpressions of T' (obtained with transitions of the form (1) and (3)), o
e or variants of the above where some types 0(T") of order x have been replaced by 6'(T")
of same order (obtained with transitions of the form (2)).

Since there are only finitely many of those, the infinite path p necessarily contains a cycle!
This is a contradiction. L]

Definition 2.4. If T is a type expression (possibly with parameters), a parity game for T
is a parity game G7 on the graph of T satisfying

(1) each parameter of T is a parameter of G,

(2) if Ty is a datatype in the graph of T, its priority is odd,

(3) if Ty is a codatatype in the graph of T, its priority is even,

(4) if Ty C Ty then the priority of 77 is greater than the priority of T5.

Lemma 2.5. Fach type has a parity game.

Proof. The relation C is a strict order and doesn’t contain cycles. Its restriction to the
graph of T can be linearized. This gives the relative priorities of the nodes and ensures
condition (4) from the definition. Starting from the least priorities (i.e. the larger types),
we can now choose a priority odd / even compatible with this linearization. (Note that we
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don’t actually need to linearize the graph and can instead chose a normalized parity game,
i.e. one that minimizes gaps in priorities.) ]

Here are the first two parity games from page 13, seen as parity games for stream(nat)
and list(nat) (the priorities are written as an exponent).

unit? Zero

A
G e
0 . . 0 Fst
stream(nat) Tail prod(nat,list(nat))

The last example from page 13 corresponds to a coinductive version of Rose trees:

codata rtree(’x) where
| Root : rtree(’x) -> 'x
| Subtrees : rtree(’x) -> list(rtree(’x))

Zero Nil

Head

list(nat)?!

) Snd

with parity game

rtree(X)?

Subtrees

Fst

| prod(rtree(X) ,list(rtree(X)))° |

As those examples show, the priority of T can be anything from minimal to maximal in its
parity graph.

Lemma 2.6. For any type T, if G is a parity game for T and if Ty is a node of G, we have
a natural isomorphism ||Gr, || = |To|.
Proof. The proof follows from the following simple fact by a simple induction:

Fact 2.7. If G is a parity game for T" and Tj one of its maximal nodes, then the predecessor
game G/Ty(Y) is a parity game for T[Ty = Y.

[

Corollary 2.8. If T is a type and G a parity game for T, we have W(G)r = |T|. In
particular, v € [T] is total iff every branch of v has even principal priority.'3

13gince any v € [T gives a strategy in the game of T, priorities can be looked up in the game of 7.
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2.3. Forgetting Types. A consequence of the previous section is that checking totality
doesn’t really need types: it needs priorities. We thus annotate each occurrence of construc-
tor / destructor in a definition with its priority (taken from the type’s parity game). The
refined notion of value is given by

v = L | = | CPv | {Dy=w1;...;Dp =vp}P
where

e cach zx is in one of the X,

e cach priority p belong to a finite set of natural numbers,

e cach C belongs to a finite set of constructors, and their priority is odd,
e cach D; belongs to a finite set of destructors, and their priority is even,
e k can be 0.

The whole domain of values ¥V now has a notion of totality.

Definition 2.9. Totality for V is defined as v € |V| iff and only if every branch of v has
even principal priority.

Priorities are an artefact used for checking totality. They play no role in definitions or
evaluation and are inferred internally:

(1) each instance of a constructor / destructor is annotated by its type during type checking,

(2) all the types appearing in the definitions are gathered (and completed) to a parity
games,

(3) each constructor / destructor is then associated with the priority of its type (and the
type itself can be dropped).

Because none of this has any impact on evaluation, checking if a definition is total amounts
to checking that the annotated definition is total, which can be done without types.

3. CALL-GRAPH AND TOTALITY

3.1. Introduction. A function f between domains with totality is total if it sends total
elements to total elements. Equivalently, it is total if whenever f(v) = w, either v is non
total, or w is total. As a result, checking that a recursive definition of f is total requires
looking at the the arguments that £ “consumes” and at the result that £ “constructs”. The
two are not independent as shown by the following function:
val sums : stream(list(nat)) -> stream(nat)

| sums { Head = [] ; Tail = s } = { Head = ® ; Tail = sums s }

| sums { Head = [n] ; Tail = s } = { Head = n ; Tail = sums s }

| sums { Head = n::m::1 ; Tail = s }

= sums { Head = (add n m)::1 ; Tail = s }

where we use the following abbreviations:

e [] for Nil,

e [a] for Cons { Fst = a ; Snd = Nil 1},

e a::1lforCons { Fst = a ; Snd =1 }.

This function maps a stream of lists of natural numbers into a stream of natural numbers
by computing the sums of all the lists. It does so by accumulating the partial sums of a
given list in its first element. This function is productive (it constructs something) because
the third clause cannot occur infinitely many times consecutively (it consumes something).
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As we saw in the previous section, a total value in type t is a winning strategy for a
parity game of t. The totality checker thus needs to check something like:
for all pairs (v,w) in the graph of the recursive function,
e cither all the infinite branches of w have an even principal priority,
e or v contains an infinite branch whose principal priority is odd.

The analysis is local: it only looks at one mutually recursive definition. The previously
defined functions are assumed to be total, but nothing more is known about them. For that
reason, we only look for infinite branches that come from the current definition.

The first step of the analysis is to extract some information from the clauses of the
definition. The resulting structure is called the call-graph (section 3.3). The analysis then
looks at infinite path in the call-graph. In order to use the size-change principle [LJBAO1,
Hyv14], care must be taken to restrict the information kept along calls to a finite set.
This is done by introducing a notion of approximation and by collapsing calls to bounded
information.

Formalizing and proving that this condition is correct will be done in the last section
(starting on page 26). We will for the moment only give a high level description of how one
can implement the test, using both the concepts developed in the previous section and the
size-change principle.

Simplifying assumptions. In order to reduce the notation overhead, we assume all the func-
tions have a single argument. As far as expressivity is concerned, this is not a real restriction:
we can introduce ad-hoc codata (product types) to uncurry all functions. This restriction
is of course not enforced in the implementation. Dealing with multiple arguments would
require using substitutions instead of terms [Hyv14].

3.2. Interpreting Calls. A single clause may contain several recursive calls. For example,
the hypothetic rule

| £ {D1 =%x;D2=Cyl}) = C (£ @ {EWGWM

contains two recursive calls (underlined). It is clear that the final result starts with Cs,
constructed above the leftmost recursive call. It is also clear that the rightmost recursive
call uses part of the initial argument. It is however unclear if the rightmost call contributes
anything to the final result or if the leftmost call uses part of the initial argument. For each
recursive call in a recursive definition, we keep some information about

e the output branch above this recursive call,

e the way the argument of the call is constructed from the initial argument.

The information about the argument of the recursive call uses the same technology that was
used when checking termination [Hyv14]. The information about the output is simpler: we
only record the number of constructors above the recursive call. A recursive call is guarded
simply when it occurs under at least one constructor / record.'* Each call will thus be
interpreted by a rule of the form:

fx— (W) fo

where W is a weight and v is a generalized pattern with free variable x. For example, the
interpretation of the previous clause will consist of two calls:

MRefer to page 45 for an idea about what could be done without this simplification.
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o £ x— (—1) f (Co Q) for the leftmost call:
— (—1): this call is guarded by one constructor (Cs3)
— Co Q: the argument starts with constructor Cy
o fx— Qf (C ¢ .Dy ¢ x) for the rightmost call:
— Q: we don’t know what this call contributes to the result
— (€1 G5 .Da (] x): the argument starts with C; and “C5 .Dy C] X” represents the y from the
definition: it is obtained from the argument x by: removing C; (written Cj), projecting
on field Dy (written .Dy) and removing Co (written C5).
Since we want to to check totality using parity games, counting the constructors is not
enough: we also need to remember their priority. The weights are thus more complex than
plain integers.

Definition 3.1. Define

(1) Zoo = Z U {o0} with the obvious addition and order,
(2) W, the set of weights is generated by

W= Q| (] WP | W+W

where w € Z«, and each p comes from a finite set P of natural numbers called priorities.
This set is quotiented by
e associativity and commutativity of +,
e O+ W =1Q,
o ()P + (') = (w+ ),
e equivalence generated from the order given below.
(3) Order < on weights is generated from
e Q< W,
(0)P <),
(w1)P < (w9)? whenever wy > wy in Zeo,
W+ W' <W. (In particular, W + Q = Q.)
“kp” is a synonym for (1)? and we usually write (W) for an arbitrary weight and (0) for
> o<i<p (0)* (where p is the maximal priority involved locally). The symbols { and ) are
loosely used as grouping for weights...

)

The intuition is that x, represents anything that adds at most one constructor of priority p.
Similarly, —r, represents anything that removes at least one constructor of priority p. Note
that (0)P is different from (): the former could add one constructor of priority p and re-
move another, while the later does nothing. The weight  is not very different from the
weight > (00)? and can be identified with it in the implementation.

Definition 3.2. Generalized patterns are given by the following grammar

t = CPt | {D1=ty;...;Dp =1t} |
(Wikty s - % (W)t |
¢t | .DPt | x | O | £t

where n > 0, x is a formal parameter, each £ belongs to a finite set of function names
and each (W) is a weight. As previously, C and D come from a finite set of constructor
and destructor names, and their priorities come from a finite set of natural numbers. They
are respectively odd and even. The product is implicitly commutative, idempotent and
associative.
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Here are some points worth remembering.

x is the parameter (unique in our case) of the definition.

e Priorities are associated to instances of constructors: the list constructor may appear in
the parity game with different priority!'™® We write CP to give a name to the corresponding
priority, and just C when the priority is not important.

e In ML style, the term C w is similar to the partial “match v with C v -> v” with a
single pattern. This is used to deconstruct a value.

e 0 represents runtime errors which we can ignore in our analysis because typing forbids
them. It propagates through values.

e The product is used to approximate records: {Fst=Succ™ x; Snd=Succ x} can for exam-

ple be approximated by (1)Succ™ x * (2)x. All the branches of an element approximated

by (Wi)tq * - -+ % (W, )t,, must be approximated by a (W;)t;.

Definition 3.3. A call from g to £ is of the form “g — (W) £ v” where (W) € W and v
is a generalized pattern.

For symmetry reasons, output weights are counted negatively: adding one constructor on
the output will be represented as (—1). Just like removing some constructor in a recursive
argument is “good” (think structural recursion), adding a constructor on the result is “good”
(think guardedness). The two are thus counted similarly.

The next few pages recall, without proofs, the notions and results that are useful for
implementing the totality criterion. The proofs will be given in the next section.

Definition 3.4. We define a reduction relation on generalized patterns:
(0) co, C0, .DO

NS

only for unary product

ifnot; =>*0
if £
if the record has no field D

)

)

)

)

) .Dj{...;Dj:tj;...}
) 't
) .D{...}
) c{..}
) .DCt
) (WPt
) (WD =ty;... 3P
) P I (Wit
) DP [T (Wit i (Wi = Fp)t

) (WHPTT; (Wits) = P (TL (W + W; — kp)ti) * P

Group (1) of reductions corresponds to the operational semantics of the language, group

(3) deals with approximations in a way that is compatible with group (1), and groups (0)
and (2) deal with errors. In particular, in group (2)

%OOOOQ"”‘O’UOO

+ k)t
+ Kp)ty k- if the record is not empty
; <WZ - Hp>ti

2

=

N A A e A

e the first 3 reductions are forbidden by type checking (we cannot project a constructor, or
pattern match on a record),

e the last reduction is forbidden by the operational semantics (if the argument starts with
a ', the reduction doesn’t take the C clause).

L5for example when dealing with lists of streams of lists
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Looking at groups (3) of reductions, is is clear that weights absorb all constructors on their
right and all destructors on their left. As a result, non-0 normal forms have a very specific
shape:

e a tree of constructors (akin to a value),
e followed by (linear) branches of destructors.

+ constructors: {...;D=_;...}or C

(Wa)y*(Wa) - () ~

X WW DO

t destructors: .D or C -

Lemma 3.5.

(1) This reduction is confluent and strongly normalizing. We write nf(t) for the normal
form of t.
(2) The normal forms are either 0, or generated by the grammar

p  u= Cp | {..;Di=pi;--- 3 | (WA x5 (W),
A = {3} | ox
) = 5C | 6.D

There is a notion of approximation: for example, S"S"S"S™x can be approximated by
S°S7(—2)x where (—2) means that “at least 2 constructors were removed”.

Definition 3.6. The relation “u <v” (read “u approximates v”) is defined with

< is contextual: if u < v then t[x := u] < t[x := v],
< is compatible with reduction: if v — v then v < u, and in particular, nf(u) < u,
0 is a greatest element,
for every weights (V) < (W), we have (V')t < (W)t,
e (0)t <t
This order is extended to calls with
fx— W)fu < fx— (W) fd
iff
WYy < (W'Y and wu <4

3.3. Call-Graph and Composition. The next definition is very verbose, but the example
following it should make it clearer.

Definition 3.7. From a recursive definition, we construct its (oriented) call-graph with

e vertices are the names of the functions mutually defined
e arcs from f to g are given by all the “f x — (W) g v[o,]” where “(W) g v” € calls(u)
for some clause £ p = u and o, and calls(u) are defined with:
(1) Given a pattern p, define the substitution o, as follows:
— oy =[y:=x]
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— ocp = C o0y,

— 0{ Di=pi;..} = U;(:Dioop,).
where o represents composition of substitutions.
(2) From each right-hand side u of a clause f£p; ...pr = u, we define calls(u):

calls(CP u) = (kp).calls(u) (1)

caIIs({...;Di:ui;..-}p) = U<“p>-53”5(ui)

)

calls(fup...wy) = {(0) £ uf.. .u}u U Q.calls(u;)  (i1)
calls(g uy ... w) = U Q.calls(u;) (ii7)
calls(x) = 0

where
(i) (kp).S is a notation for {(kp)u | u € S},
(73) if £ is one of the functions recursively defined and where u** is obtained from wu
by replacing each function application gu; ...u; (recursive or otherwise) by (2.
(#4i) the name g could also be a parameter x; coming from the left pattern.

Q

An example is probably more informative. Consider the definition from page 17 with
explicit priorities:
val sums : stream’(list!(nat!)) -> stream®(nat!)
| sums { Head? = []' ; TailY = s } = { Head? = ® ; Tail® = sums s }
| sums { Head’ = [n]'! ; Tail® = s } = { Head’ = n ; Tail® = sums s }
| sums { Head® = n::'m::!'1 ; Tail® = s }
= sums { Head? = (add n' m!)::!'1 ; Tail® = s }
O sums (.Tail® x) (twice) and
sums x -> () sums { Head’ = Q::'(.Head’ .Tail® .Snd! .Tail® .Snd' x) ;
Tail? = .Tail® x}
(Recall the “a::1” is an abbreviation for “Cons{Fst=a; Snd=(}".)
A call gives some information about one recursive call: depth of the recursive call, and
part of the shape of the original argument. We can compose them:
val length : list(x) -> nat
| length Nil = Zero
| length (Cons{Fst=x; Snd=1}) = Succ (length 1)
has a single call: “length 1 — (—1) length (.Snd Cons™ 1)”. Composing this call with
itself will give length 1 — (—2) length (.Snd Cons™.Snd Cons~ 1).

The three associated calls will be sums x — (—1)

Definition 3.8. The composition 5 o « of the calls « = £ x — (W) g p and § =
g x — (W) h qis defined as

Boa = fx— W+W) h g[x:=p]
Some compositions are automatically ignored: “fx — () £ Cy C] x”, arising from

val £ (C; x) = £ (C3 X)
|
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gives 0 when composed with itself. This is because “Co x 7 doesn’t match “Cyy”.

Totality can sometimes be checked on the call-graph. Since we haven’t yet formalized
infinite compositions, this condition is for the moment expressed in a very informal way.

Definition 3.9 (Informal Totality Condition). A call-graph is total if, along all infinite
path,

(1) either its output weight obviously has an even principal priority,

(2) or one of the branches in its argument obviously has an odd principal priority.

Two such examples are the call-graphs with a single arc:

(1) fx — ((—=1)2 + (=2)1) f x: the prefixes of the only infinite path give the compositions
o fx = ((—2)2+ (-4)!) f x
o fx  ((=3)2 + (—6)!) f x
o ..
The recursive calls are guarded by an increasing number of constructors of priority 2
(coinductive). Some inductive constructors are also added,'® but those have smaller
priority. The limit will construct a term with infinitely many constructors of priority 2
and infinitely many constructors of priority 1: this is a total value.

(2) fx +— Q f Succ!™ x: prefixes of the only infinite path in this graph give
o fx — Q f Succ'” Succ!” x
o fx — O f Succ!” Succ'” Succ!™ x
o ..
Such terms only apply to arguments having enough Succ constructors (of priority 1)
and no other constructors. The limit thus only applies to arguments having infinitely
many constructors of priority 1 (and no other): that is not possible of total values!

Theorem 3.10 (informal). If a call-graph is total, then the original recursive definition
defines total functions.

3.4. Collapsing. The totality condition on call-graphs involves infinite path. It is natural
to try using the size-change principle to get a decidable approximation of this condition.
For that, we need a finite call-graph that is closed under composition (its transitive closure).
This is impossible: the example of length 1 can be composed with itself many times to get

length 1 — (—n) length (.Snd Cons™ ... .Snd Cons™ 1)
Both the output weight and the recursive argument of the call can grow arbitrarily. To

prevent that, we collapse the calls to bound their depth and weights [Hyv14].
Definition 3.11. Given a strictly positive bound B, the weight collapsing function |_|

acts on terms by replacing each weight (w)? by ([w],)? where
-B ifw<-B
[wl,=<¢w f—-B<w<B
00 ifB<w

B

16Recall that constructors are counted negatively for the output.
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Ensuring a bounded depth is more complex: we introduce some “(0)” below D construc-
tors and above D destructors. Because of the reduction, those new weights will absorb the
constructors with depth greater than D and the destructors with “inverse depth” greater
than D. For example, collapsing C;CoC3(W).D4C5C;.Dix at depth 2 gives

C1Go <0>C3<W>C5 .D4C5 <0>C§ .Dix = C1C2<1 + W — 3>Cé .Dix

Definition 3.12. Given a positive bound D, the height collapsing function _;, acts on
terms by integrating constructors below D and destructors above D into weights:

(ct), = c(t) iti>0
(D=t} D=ty ;... ifi>0
(W8),, ::e: W (B,,) ifi>0
ﬁh‘ = BD
t, € nf((0)1), (+)
and
(W)t 5= (Wata) :2: (Wa)t), % (Wadta) ), ()
w =W Kok
(W){1),, w (W){3 (%)
(W)gx), = (W)Bx (%)
(BCP)LZ_ :%: B,
(5 Dp) | ;f 5[271 Dp
5[0 = 5<0>

e The clauses are not disjoint and only the first appropriate one is used.
e We compute a normal form in clause (%) to ensure that the clauses (xx) cover all cases
(since weights absorb constructors on their right, (0)¢ doesn’t contain constructors),

We can extend collapsing to calls.

Definition 3.13. If aisacall £ x — (W) g u, we put
o [a],=f x = [W], g [u],
sa,=fx+— (W) g Urp

Lemma 3.14 ([Hyv14]). For any call a, we have
o [a]; <e,
e o, <a.

Definition 3.15. Given some bounds B and D, collapsed composition is defined by

Boppa = nfU(goa) bh)

Since the bounds are fixed, we usually write 5 ¢ «.

Unfortunately, this composition is not associative.!” For example, with bound B = 2 if
a=fx— (1) f xand5=1f x — (—1) £ x we have fo(aoa)=1f x — (o0) £ xbut
(Boa)oa =£f x — (1) £ x. The next property can be seen as a kind of weak associativity.

17excep‘c when B=1and D=0
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Lemma 3.16. Ifo,0---001 # 0, and if 71 and o are the results of computing o, ¢ - 007
in two different ways, then ™ and T are compatible, written T < To. This means that
there is some 7 # 0 such that 71 < 7 and 75 < T.

Proof. Take T =0, 0---007. L]

3.5. Size-Change Principle. The initial call-graph G of a definition is finite, and collapsed
composition ensures that there exists a finite transitive closure of this initial call-graph:
starting with Gy = G, we define the new edges of G,,41 with:

if a and B are edges from £ to g and from g to h in G,,, then fo« is a new

edge from £ toh in Gp41.
Finiteness of the set of bounded terms guarantees that this sequence stabilizes on some
graph, written G*.

To simplify the statement of the size-change totality principle, we first define the p-

norm a finite branch inside a generalized pattern: it counts constructors and destructors of
priority p.

Definition 3.17. Given p € P and a branch g in a generalized pattern, the p-norm of 3,
written ||, is defined with:

[(w)PBlp = w and [(w)1B, = |B], if p # q,

(W1 -+ W) Blp = 22 (W) Blp-

Theorem 3.18 (size-change principle). Suppose every loop v = £ x — (W) £ u in G*
that satisfies v < v o~y also satisfies one of the following two conditions:

o |CPBl, = |Blp + 1 and [C78], = |B], if p # g,

e [{D= 33|, =[B], + 1 and [{D = B}!|, = [B], if p # q,
o [CP"Bl, =8l — 1 and [CT |, = [B], if p # ¢,

e |.DP° 8|, = [B], — 1 and [.D9" 8|, = [B], if p # q,

hd |Qﬁ|p:OO,

e [OBlp = |Blp,

e cither the mazximal priority appearing in (W) is even, with negative weight,

e or there is a subterm B[ (Wi)\i of v where the mazimal priority p of each B{W;)\; is
odd, with negative weight (i.e. |B(W;i)Xilp < 0)

then the definition is total.

Here is an informal sketch of the proof. The combinatorial lemma'® at the heart of
the size-change principle implies that every infinite path can be decomposed (up to a finite
prefix) into an infinite sequence of the same idempotent loop (7 < 7 ¢ ). The condition
of totality on Gy involves such infinite path, i.e., infinite sequences of identical idempotent
loops in G*.

e If such a loop satisfies the first condition, composing it infinitely many times will surely
add!'? an infinite number of constructors of even priority, while not involving constructors
of higher priority. Hence the infinite path satisfies the first totality condition from page 23.

18given in a slightly simplified form in section 4.37, or in greater generality in [Hyv14]

19recall that on the output, negative weight means adding constructors
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e If such a loop satisfies the second condition, composing it infinitely many times will
explore, in the original argument, a branch 8({W; )X, (Wi, )i, ... containing an infinite
number of constructors of odd priority, and no constructor of higher priority. Thus, there
is a branch of the initial argument with odd principal priority (second condition from
page 23).

3.6. The Algorithm. All this makes it possible to actually implement a correct (but in-
complete) totality test for some mutual recursive definition of £y, ... £,.

(1) Compute the call-graph G of the definition. This step is purely syntactical and linear
in the size of the definition.

(2) Compute the transitive closure G* of Gy by iterating collapsed composition. G* is
potentially exponentially bigger than Gg, but this doesn’t happen in practice.

(3) Check all idempotent loops against the conditions of theorem 3.18. Since there are only
finitely many branches, finding 5 can be done by exploring the argument.

This is what is implemented, with minor variations, in the chariot prototype. More details
about the actual implementation, including the definition of the order or compatibility
relations by induction on terms can be found in [Hyv14].

4. SEMANTICS AND CORRECTNESS OF THE CALL-GRAPH

We can now define the semantics of the call-graph from the previous section, and prove
correctness of the size change principle. It roughly proceeds as follows:

e we extend the domain of values with non-deterministic sums,

we define (generalizing definition 3.2) a domain of syntactical operators,

totality of such an operator implies totality of the corresponding definition,

the call-graph is another operator and its totality implies that of the previous one.

Several notions from domain theory will be used in this section but the prerequisites
are kept to a minimum. They can be found in any of the several introductions to domain
theory [Plo83, SHGL94, AJ94]. One particular result that is worth knowing is that any
partial order can be completed to an algebraic DCPO whose compact elements are exactly
the elements of the original partial order. This ideal completion formally adds limits of all
directed sets. Moreover, if the original order is a sup-semi-lattice,2’ its ideal completion is
a domain. This is one way to easily prove that values (definition 1.1) form a domain.

4.1. Smyth power domain. We first extend the grammar of values with formal sums:
v = L | v | {Di=wv1;...;Dk=v} | v+
together with the order generated from:

o the order on V (definition 1.2),

e commutativity, associativity and idempotence (v + v = v) of “+7,
e (multi)linearity of C and {D=_; ...},

o u—+v < u.

200 sup-semi-lattice is a partial order where every finite bounded set as a least upper bound.
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This gives rise to a preorder instead of a partial order which we implicitly quotient by
the corresponding equivalence. This construction is well known: it is the “Smyth power
domain” [Smy78]. The ideal completion of the finite terms generated by this grammar
introduces some infinite sums: the Smyth power domain contains all “finitely generated”
sums.?! The following gives a concrete description of the corresponding order [Smy83, AJ94].

Proposition 4.1. The Smyth power domain on V satisfies

2) Elements are finitely generated subsets V C V),

3) U<V iff VI CUT, (where VI = oy v" and vT = {u|v <u})
4) directed least upper bounds are given by intersections,

5) binary greatest lower bounds exist and are given by unions.

The resulting structure is a preorder rather than a partial order, but it is possible to
take VT as a representative for the equivalence class of V' (if V' is finitely generated, so is V1)
in which case the order is reverse inclusion. When working with concrete examples, it is
easier to take Min(V'), the set of minimal elements of V', as a representative of V', which will
often be finite. This can serve as a representative of V' since V1 = Min(V)' for any subset
of V. Note that this gives a way to check that an infinite sum is finitely generated: we need
to check that it is the limit of a directed set (or chain) of finite sums of compact elements.

We also need a special term 0, greater than all other elements, to denote errors.

Lemma 4.2. For any domain D, DU{T} is a domain.?

Applied to a Smyth power domain, adding a greatest element amounts to allowing the
empty set, which is explicitly forbidden in the definition of finitely generated set. We write
this new empty sum 0.

Definition 4.3. The domain A of values with approximations is obtained from V by the
Smyth power domain construction, allowing the empty sum.

Definition 4.4. An element of A (a sum of elements of V) is total when all its summands
are total. In particular, O is total.

The following follows directly from lemma 1.8 and proposition 4.1. It implies in partic-
ular that totality is compatible with equivalence: if T} ~ T5 and T} is total, so is T5.

Lemma 4.5. If T1 <T5 in A and if T} is total, then so is T5.
Here is a summary of the properties of A.

Corollary 4.6. The compact elements of A are inductively generated by
v = L | v | {Dy=wv1;...;Dpk=v} | vi4+wve | O
The order satisfies
e ifu<wvinV thenu<wvin A,
e + is commutative, associative and idempotent, with neutral element 0,
o u + v is the greatest lower bound of u and v and 0 is the greatest element,
e constructors and records are (multi) linear:

21The sets of limits of the infinite branches of a finitely branching tree of elements of the domain.
22Domains with a top element are in fact complete lattices and thus, algebraic lattices.
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- C(Zivi) :Zini
—{..5D=>tys... =2 {...;D=t;... }.

4.2. Preliminaries: Recursion and Fixed Points.

Simplifying assumption. In order to simplify notation, we will restrict the rest of this section
to the case where the recursive definition we are interested in contains a single function (no
mutually recursive functions) with a single argument.

A formula for fized points. Whenever ¢ : D — D is a continuous function on a domain
and b € D such that b < ¢(b), it has a least fixed point greater than b (Kleene theorem)

defined with
fix(f,0) = || )
n>0
In our case, we are interested in the fixed point of an operator from [A — A] to itself.
Moreover, we require that the functions satisfy f(0) = 0, i.e. that errors propagate. There
is a least such function, written 2:

v o= Q) = {
The fixed points we are computing are thus of the form

fixp, ) = | ['¢" (@)
n>0

0 ifv=0
1 otherwise

From now on, every fixed point is going to be of this form, and we will simply write fix(¢).

A recursive definition for £ : A — B gives rise to an operator O on [[A] — [B]] whose
fixed point is called the semantics of £. It is written [£f] : [A] — [B]. The operator ©s is
defined as follows: if f : [A] — [B] and v € [A], the value of ©¢(f)(v) is obtained by:

7

(1) taking the first clause “f p = w” in the definition of £ where p matches v,

(2) returning [u[o]], ;._, where o is the most general unifier of u and p.

The unifier matching a pattern p to a value v can be described as [p := v], computed

inductively:

o [Cp:=Cv] = [p:=v],

L4 [{Dl =p1;..-;Dp an} = {Dy =1;...;Dp :Un}] = [pl = ?)1] U---u [pn ::Un]a

e [Cp:=Cv] (whenC#C), [{...}:={...} (when the records have different sets of fields),
[Cp:={...3} and [{...} := Cv] are undefined: the patterns don’t match the values.

The fact that definitions are well-typed guarantees that there is always a matching clause.
It is possible for patterns to overlap, and in that case, the first matching clause is used.
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Setup. Our aim is to define a domain that extends the language of the call-graph (defini-
tion 3.2). Every element of this domain will represent an operator and the call-graph will
be a particular one satisfying the condition “if its fixed point is total, then so is the fixed
point of the recursive definition”.

A definition of £ naturally gives rise to an “untyped” ¢¢: [A — A] — [A — A]:

o d£(f)(Xv) =X oe(f)(v)

o for ¢(f) (v), with v € V), take the first clause “f p = u” where p matches v, and
return [u[o]] where o is the most general unifier of v and p,

e if no clause matches v, ¢ 4(f)(v) = 0.

In order for this to make sense, the functions from the environment need to be lifted to

accept arbitrary values: if g is a previously defined function of type 17 — 15, its semantics

is extended by giving 0 for any value outside of [T1].23

Lemma 4.7.

(0) Q< o).

(1) fix(¢pg) restricted to [A] is equal to fix(Of).

(2) If fix(¢g¢) is total (on A), then fix(Of) is total (on [A]).

Proof. The first point follows from the definitions. The second follows from the fact that
if f satisfies f(a) € [B] for every a € [A], then ¢£(f);ja) = ©£(fipa). This follows from the
definition of ©f and ¢¢. This implies that ¢F(Q);14) = OF(Q). Since fix(F) = | |} F"(9Q),
we get fix(Of) = fix(¢g)pa)- The last point is immediate as b € [B] is total iff {b} € A is
total. ]

The following lemma shows how approximations relate to totality.

Lemma 4.8.
(1) Suppose 0 < ¢ in [A— A] — [A — A], then fix(8) < fix(¢) in A — A.
(2) If f<gin A— A and f is total, then so is g.

Proof. The first point follows from the fact that fix(¢) = | |" ¢"(£2) and that § < ¢ implies
that 0™ < ¢™ for any n. The second point follows from the fact that if U <V (in A) and U
is total, then V' is also total (lemma 4.5). ]

4.3. A Language for Operators.

4.3.1. Terms.
Definition 4.9. Fj is the set of terms inductively generated from
t = Pt | {Dy =t1;...;D, =t} |
¢t | Dt | x|
Q0 | ft |
0

where x is a formal parameter, each f belongs to a finite set of function names and each
0 ={ty,...,t,} is a finite set (possibly empty) of terms. As previously, C and D come from

23This is monotonic because types are downward closed sets of values.
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a finite set of constructor and destructor names, and their priorities come from a finite set
of natural numbers. They are respectively odd and even. We usually write “Q” for Q{}
and “Q¢t” for Q{t}.

We impose the following (in)equalities:

( (0) co =0

(0) co =0

(0) .00 = 0

(0) {D=0;...3 =0

(0) Q{0,0} = 0

(0) fO = 0

(1) cct = ¢

(1) .Dio{...;Di:ti;...} 2 tzo ifHOtiZO
()4 (2) ccdt = 0 if C#C’

(2) D{...} =0 if the record has no field D

(2) c{..} =0

(2) .DCt = 0

(3) Q{ct, 0y = Qft,0}

(3) QD1 =t1;...;Dp = 3,0} = Q{t1,... 1, 0}

(3) cQl = Q0

(3) DO = Qb6

(3) Q{Oft1;.. 5t },0) = Qtr,... 1, 0}
The order < on Fy is furthermore generated from

e <0,

Q{tl} < Q{tl,tg} and Q{} < t,

e contextuality (if C[] is a context, then t; <ty = C[t1] < C[ta]),
e if C[] is a context, then Q{t} < C[t], and in particular, Q{t} <t,
We call simple term any element of Fy different from O.

The whole group of inequalities (*) naturally gives rise to a notion of reduction (writ-
ten —) when oriented from left to right.

Lemma 4.10. The reduction — is strongly normalizing and confluent. We write nf(t) for
the normal form of a term. Non zero normal forms are given by the grammar

t = Pt | {Dy=ty;...;Dp=1t,3Y | B
B = Q{01,...,00} | ¢
O o | .DP6 | x | ft

Sketch of proof. Reduction is strongly normalizing because the size of the term decreases.

Because of the side condition “no ¢; = 0” in the rule .D;;{...;D; =1;;...} —
reduction is not strictly speaking a rewriting system and we cannot use Newman’s lemma
as usual. Because we don’t know (yet) that reduction is confluent, we write ¢ —* ¢’ for
“there exists a reduction from ¢ to t'.” First, we prove

Fact 4.11. We have t =01iff t > 0 iff ¢t —* 0.

The first equivalence follows from the fact that O is the greatest element, and the right
to left implication of the second equivalence follows from fact that ¢ — ¢’ implies t > ¢'.
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For the left to right implication, it is enough to prove that for all the inequalities ¢; < t9
(or t; = t3) generating the order, we have “¢; —* 0 implies to —* 0”. This is obvious for
most of the generating inequalities except:

e the inequalities involving €2,

o CCt<t,

e contextuality,

Qft} < C[t].

In order to deal with those inequalities, we prove

(1) ¢t —=*0iff t »* 0,

(2) {...;D; =t;;...3 =" 0iff t; —»* 0 for some 1,

(3) Qf...;t;...} = 0iff t; =* 0 for some ¢, (this point requires the previous two).

Point (3) takes care of all inequalities of the form Q6 > 0 and of Q{t} < C[t], point (1)
takes care of C"Ct < t. For contextuality, we need one additional fact.

Fact 4.12. If Ct; < t9, then either to —* 0 or to —* Ct, with ¢; < t; and similarly,
lf{ ;D = tLZ’;...} < to, then either to —* 0 or to —* {... ;D = t27i;...} with tl,i < t27i
foralli=1,...,n.

To prove confluence, we need to prove that each ¢ has a single normal form. We
distinguish 2 cases:

e t # 0. Because of fact 4.11, none of the reductions from ¢ can involve 0. Those reduction
form a confluent rewriting system (the side condition “no t; = 0” is always true) which
is strongly normalizing. The only critical pairs are

C Q{C't, 0} CQ{{D; =t1,...},6} CQ{Q{0'},0}
.DQ{C't, 6} .DQ{{Dy =t1,...3,0} .DQ{Q{¢'}, 0}
Qf{Q{c't,6},6' QQ{{Dy =t1,...3,6},6'} {0}, 01,06}

and inspection readily shows that the system is locally confluent. By Newman’s lemma,
it is confluent, and each t % 0 has a unique normal form.

e t = 0. In that case, t has one reduction to 0 (by the previous lemma) and one reduction
to a non 0 term. The only reduction that allows to decrease (for the order <) a term
is .Djy{...;D; =t;;...} — t;,. But in this case, the left side of the rule is equal to 0,
which implies that one of the t; is also equal to 0 by fact 4.12. This is forbidden by the
side condition.

Reduction removes all destructors (C* and .D) that are directly above constructors (C
and {...}). It also remove any constructor directly below Q and destructors directly
above ). This is exactly what the given grammar does. L]

Because of the property t = 0 iff ¢ —* 0, the easiest to way to compute the normal form
of a term is to reduce “bottom-up”, i.e. reduce all the ¢; before reducing .D; {...; D; = t;;... }}}

Unfortunately, Fy isn’t a sup semi-lattice, or, since 0 is a greatest element, a sup-lattice.
We thus need to formally add least upper-bounds before taking the ideal completion.

Definition 4.13. F is obtained as the Smyth power construction (without empty sums) of
the ideal completion of the free sup-lattice generated by Fy.

The free sup-lattice F'(O) generated from an order (O, <) is obtained as the set of non-empty
subsets of the form UV ordered by inclusion. The fact that this is a free construction means
that defining a (sup preserving) function from F'(Fp) to another sup-lattice L is equivalent
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to defining an increasing function from Fy to L. In particular, by proposition 4.1, to define a
linear continuous function from F to another domain D, it is enough to define an increasing
function from Fj to D (as is done in definitions 4.14, 4.17 and 4.30).

Since 0 is a top element, it can implicitly be added to all sums without changing their
meaning. Because of that, O can, a posteriori, be identified with the empty sum and we
don’t need to add it explicitly as we did when defining A.

The ideal completion introduces infinite elements like “CCCC--- = | ['{Q,CQ,CCQ,...}”
but also like “--.D.D.D.Dx = [ |"{Q,2.Dx,Q.D.Dx,...}. Notice however that there
is no real infinite element of the form “.D.D.D--- = [|"{Q,.DQ,.D.D,...}" because

each .D---.DQ2 is equal to €2. Note also that, just like V, F contains some infinite sums.

The constructions “.D” and “C™” have natural interpretations as continuous functions:

1L ifo=1
v = .D(v)=1<u ifvisoftheform{...;D=u;...}
0 otherwise
and
1 ifo=1
v = C(v)=4qu ifvisof the form Cu

0 otherwise

Definition 4.14. Given an environment p associating functions to names, and t # 0 an
element of Fo, we define {t},: A — A with

o {Ct}, (v) = Co{if,,
o {{...;Di =ti;... }t,=ve=> {..sDi = {ti}, (v);... 3,
o {Qf... 8, ... }]}, = max; (Qo {t;} ), or more concretely
- {[Q]}p = Q7
—{{....ti,... }}, (v) = 0 if one of {t;}, (v) = 0, and L otherwise,
o {Ct}, =Co{th,,
o {.Dt}, = .Do {t},,
° {[x]}p =uru,
° {[O]}p =ur— 0,
o {£t}, = p(£) o {t},,
We extend {_}, to the whole of F with
o {Vik,=V{tl, (pointwise),?4
o {>_th, =>_{t}, (pointwise), and in particular, {0} , (u) =0,
o {]UTT[}p (w) =11"{ {th, (w) |t e T} (pointwise).

Lemma 4.15.

1) If tl < tg, then ﬂtll}p < {[tz]}p.

2) If p(£) is continuous for any £, then {t}, is also continuous.

3) T+ {T} is continuous as a function from F to [A — AJ.

4) If p(£) =2 Q (in [A — A]) for all function names, then {T}, > Q.

5) For all terms t1,ty € Fo and environment p, we have {t1[x := tg]l}p = {t:}, o {2},

(
(
(
(
(

24recall that we used the ideal completion of the free sup-lattice generated by Fo
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Sketch of proof. Checking the first points amounts to checking that all inequations from
definition 4.9 hold semantically in [A — A]. This is immediate. The functions C ~, .D and
are easily shown continuous, [¢] , 18 continuous as a composition of continuous functions.
Continuity of [_] follows from the definition of [| |"...]. The only thing that really needs
checking is that [_] is monotonic. This is an easy induction. Points (4) and (5) are proved
by immediate induction. L]

Definition 4.16. We identify a special function name “f” for the recursive function being
defined and we assume given an environment p for all the other names. Then each T € A
gives rise to an operator [T from [A — A] to itself:

m, - 5 o= AT, () = AT}, e

All other functions will be called g, h etc.. The typical environment p is given inductively,
it will be omitted in the rest of the paper. A consequence of point (4) from lemma 4.15 is
that if p(g) > Q for all function names, then [T] () > 2, and we can thus use the formula
for the least fixed point of [T, greater than (2.

4.3.2. Composition. Given two terms t; and to, we want to find a term representing the
composition [t1]o[tz2]. The idea is to replace each “fw” inside t; by “ta u”, i.e. by to[x := u].

Definition 4.17. If t; #£ 0 € Fy and T, € F, we define t; o T» by induction on ¢; where

(Ctl)OTg :C(tlng)
Dz: . }OTQ_{ z—t OTQ,...},
( )OTQ—Q{tZOTQ)},

(C tl) OT2 =C (tl OTQ)

( Dtl)OTg (tlng)

xo'lh =x,

(ftl) olTy = TQ[X =t10 Tg].

This is extended to 7} € F by commutation with \/, > and | |".

Only the last case is interesting, and because of it, we sometimes use the less formal nota-
tion Ty o Ty = T) [ft = Thlx := t]], or even Ti[f := Ty|. This definition of o generalizes
definition 3.8 on page 22. Note that because the definition is by induction on ¢1, composition
is automatically linear in its left argument but not necessarily on its right argument.

Lemma 4.18. For any t1,ta,t3 € Fo, t10 (ta oty) = (t1 ota) o ts.

Proof. We first prove that ¢[x := t1] oty = (t o t2)[x := t1 o t3] by induction on ¢:

e if t = x, this is immediate,

e if ¢ starts with a constructor, record, destructor or €2, the result follows by induction,
e if t = £/, we have

(ft)[x:=ti]ote = (ft'[x:=t1])ots
= tox == t'[x 1= t1] o t3] definition of o
= to[x = ( oty)[x:=t1 0 ty]] induction
=  to[x =1t oty][x:=t; ot substitution lemma
(£t' oty)[x := t oty definition of o

We can now prove that t1 o (tg o t3) = (¢1 o t2) o t3 by induction on ¢;:
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e if t; = x, this is immediate,

e if t; starts with a constructor, record, destructor or €2, it follows by induction,

o if tl = ftll, we need to show that tQ[X = tl 9] tg] @) t3 = (t2 9] tg)[X = tl o (t2 @) tg)]. By
induction, it is enough to show that t5[x := t; o ta] oty = (tg 0 t3)[x := (¢ o t2) ot3)]. This
follows from the previous lemma, with ¢ = t9, to = t1 o t9, and ty = t3.

L]
Lemma 4.19. For any Th,T> € F, [11 o T3] = [Th] o [T2]. When Ty doesn’t contain £, we
also have {Ty o To}y = [T1] ({T2} ). In particular,
{To---oToQ}f = [I" ()

Proof. The first point is proved by induction. The crucial case is (f1) oty = to[x := t1 ots]:

[(ft1) o tg]]p = [ {(ft)o tgl}p’f:f definition of [_]
= [ ﬂtg[x i=1t10 tg”}p’f:f definition of o

= [ {tol, e—po{tiota}, sy point (5) of lemma 4.15

= fe{th,eyo {[tll}p7f={[t2]}p,f:f induction

f— ﬂftl]}p,fz{[tz]}p,f:f definition of {_}

= [ft:], 0 [t2], definition of [_]

[

4.4. Interpreting recursive definitions. We can now replace the operator ¢¢ (obtained
from a recursive definition) by the interpretation of an element of F. Consider a single
clause “fp = u” of the recursive definition of £. The pattern p allows to “extract” some
parts of the argument of £ to be used in u. We can mimics that in F:

Definition 4.20. Given a pattern p, define the substitution o, (a function from variables
to terms) as follows: (also in definition 3.7 on page 21)

o oy =[y:=x|,

e ocp =C ooy,

® ¢ Di=p;:..} = U;(:Di 0 0p,) (note that because patterns are linear, the union is disjoint).
where o represents composition functions. For example, C oo, =[...,y 1= Cop(y),...].
Lemma 4.21. If v € V matches p, then o,(y)[z := v] # 0 for all variables y in p. In that
case, op o [x = v| is the unifier for p and v.

Proof. The proof is a simple induction on the pair pattern / value. (Refer to definition of
the matching unifier on page 28). O]

An example should make that clearer. Consider the pattern Cons{Fst=n; Snd=1} (simply
“n::1” in Caml), we get the substitution

n:= .Fst Cons™ x, 1:= .Snd Cons™ x

which precisely describes how to get n and 1 from a value (x).

A part of a pattern that doesn’t contain variables isn’t recorded in o,. For example,
the pattern Cons{Fst=Zero; Snd=1} would only give the subsitution [1 := .Snd Cons™ x]
and would thus match any non-empty list.
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Definition 4.22. Given a recursive definition of £, define T¢ with

T = Z ufoy]

fp=u
where the sum ranges over all clauses defining f.

Each summand of this sum is a simple term (a non 0 element of F() and we interpret in
this way any recursive definition as a compact element of F. The previous lemma makes it
easy to show

Corollary 4.23. If Tf is defined as above for a definition of £, we have [[Tf]]p < ¢¢, where
the environment p associates to each previously defined function, its interpretation (lifted

to A— A).

One reason T is generally smaller than ¢« is that patterns may overlap. In that case, ¢¢
only uses the first matching clause while T¢ sums over all matching clauses. The other reason
is that we forget about the patterns without variables (like Zero above). By lemma 4.8,
totality of fix([T¢]) implies totality of fix(¢f). Note that nothing in this corollary requires p
to be the interpretation of previously defined functions, we only need to interpret each g by
a total function! Because of lemma 4.19, we have

Lemma 4.24. To check that fix(¢¢) is total, is is enough to check that

UT TfO...TfOQ
n n

1s total.

From now on, we will omit the semantics brackets and write T for [T%] o We will also
write T2 (S2) for T¢o -0 T¢o Q and the notation “fix(7,)” will refer to | |l T¢o...T¢ o Q.

4.5. Removing finite path. During evaluation, or when using the formula for fix(7"), some
computations are finite. Since the size-change principle only deals with infinite path, such
finite computations are ignored. In simple cases, this is justified by the following.

Lemma 4.25. Suppose Ts doesn’t contain 2 and is of the form Ty + Ty, where all summands
of T} contains a single occurrence of £, and all summands of Ty contain no occurrence of £.2°
Then fix(Ty 4+ To) is total iff fix(Th) is total.

Sketch of proof. We have Ty + Ty < T, which proves the left to right implication. For the
other direction, note that Ty (t+t") = Ty o (t+1¢') by lemma 4.19. Since each summand of T}
contains a single occurrence of £, its semantics is linear: we have Ty o (t+t') = Ty (¢) + T1 ().
This implies that (71 + Tp)?(t) = T2(t) + T1(Tp) + T, and more generally:

n—1

(Ty +To)"(t) = Ti(To) + T7'(t)
i=0
2‘L—’Memy everyday recursive function are of this form. The first real counter example that comes to mind

is the Ackermann function.



36 PIERRE HYVERNAT

We now have

fix(Ty +Tp) = | [\ + To)"(Q)
n>0

n—1
0y (zmm +T1n<sz>)
n>0 \ i=0

= Y @)+ '@ *)

n>0 n>0

= S TP(Ty) + fix(Ty) 1)
n>0
where (x) follows from basic properties of unions (+) and intersections (L'). Each T7'(Tp) is
a finite composition of total functionals and is thus total. Since fix(77) is total by hypothesis,
we can conclude. L]

When T contains nested calls, the previous lemma is false! The following ad-hoc

definition provides a counter example:
val f : prod(nat, nat) -> nat

| £ {Fst=0; Snd=s} = s

| £ {Fst=n+1; Snd=s} = £ {Fst=n; Snd=f {Fst=n+1; Snd=s}}
This definition yields a non total T: it is undefined whenever the first projection of its
input is strictly greater than 0. However, removing the base case, or replacing it with

| £ {Snd=0; Snd=s} = 3
yields a total function, at least in call-by-name.?® To derive a general formula analogous
to (1), we start by indexing the occurrences of £ in T if T is £fx, we write f;f5x. Substi-
tuting £ by g+h gives ggx + ghx + hgx + hhx, i.e. each occurrence of f is substituted either
by g or h. Since substituting a single occurrence of f is linear, substituting all of them is
multilinear.

Lemma 4.26. We have
To(ti+-+t,) = > Tlo]
o:occ(£,T)—>{t1,...,tn}

where occ(£,T) represents the set of occurrences of £ in T, and the substitution occurs at
the given occurrences. More precisely, T[o] = T[£;t := o(£;)[x :=t]] as in definition 4.17.

In particular, if T'= )", ¢; is a sum of simple terms, then 7" is a sum of simple terms
obtained in the following way:
e start with a simple term ¢;,
e replace each occurrence of £ by one of the ¢;,
e repeat n — 2 times.

We now extend this to infinite compositions.

Definition 4.27. Given T' = t; + --- + t,, a sum of simple terms, a path for T is a se-
quence (S, 0k )k>0 such that:

260ur semantics corresponds to call-by-name, but the fact that this definition is total can also be checked
using the formula for fix(7%), i.e. without referring to the operational semantics of the language.
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o 59 =1x,

® Sii1 = Sk[ok] where o replaces occurrences of f inside s by t1, ..., or t,.

If some s; doesn’t contain any occurrence of £, then all latter s;.; are equal to s;. We call
such a path finite.

We usually don’t write the substitution and talk about the path (sx). Note that s;
is just one of the summands of 7. We can now state and prove a general version of the
formula (1).

Lemma 4.28. Suppose T =1ty + --- + t,, is a sum of simple terms, then

fix(T) = Z |_|T 5i(€2)

s path of T 1>0

Proof. Let s be a simple term in fix(T) = | |" T™(£2). We want to show that s is greater than
some | ]l5 si(Q). For each i, T%(Q) is a finite sum of elements of Fy. Define the following
forest:

e nodes of depth i are those summands ¢ in 7" satisfying t(Q) < s,
e anode s at depth i is related to a node s” at depth i + 1 if s’ = s[o], where o substitute
all occurrences of f in s by one of t1,...,t,.

This forest is finitely branching (there are only finitely many possible substitutions from a
given node) and infinite (because T"(92) < fix(T") < s, each T™(2) contains some term ¢
such that t(Q) < s). It thus contains an infinite branch (Koénig’s lemma) sg, $1,.... This
sequence satisfies all the properties of definition 4.27 and its limit is less than s (because
all s;(Q2) are less than s by construction). We thus have

LT = > | |Fs:(9)

s path of T >0

For the converse, it is enough to show that for each path (sj) and natural number n, the
limit of s,(2) is greater than 7™ (£2). This is immediate because each s;(2) is a summand
of T*(Q). []

Corollary 4.29. If T doesn’t contain Q and fix(T) is non-total, then there is an infinite
path (si) for T such that | |" 5;() is non total.

Proof. If fix(T) is non total, then by the previous lemma, there is a path of T that is
non total. Since every finite path is total as a finite composition of total operators, there
necessarily exists a non total infinite path. L]

4.6. The Call-Graph. In an infinite non total path (s), each s, must contain at least one
occurrence of f that leads to non totality. The call-graph allows to keep that occurrence
alive. All other occurrences are either removed or replaced by Q.

Definition 4.30. Let T'=t1 4+ --- + t,, be a sum of simple terms that do not contain ).
Define G(T') = > _s¢ser BLf u? where

e [ is a branch (i.e. a term where records have a single field),

e S ft €T means that T contains the subterm ft at position S,

e 3% is equal to 3 where all function names (£, g, h, etc.) have been replaced by 2, and
similarly for ¢
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A more pedestrian inductive definition is

(1) G(ft) = ftif £ doesn’ t occur in t,

(2) G(£t) = £(t%) + QG(2) if £ occurs in t, (note that there is no recursive call to G in the
left Summand)

(3) G(gt) = QG(),

(4) G(x) =x,

(5) G(Ct) = CG(t),

(6) G({ e ;Di = ti; e }) = Zz {Di = G(tl)},
(7) G(Ct) = C G(b),

(8) G(.Dt) = .DG(?),

extended by commutation with \/, 3 and | |".

In particular, G(t) = 0 whenever ¢ doesn’t depend on f. In general, T and G(T') are not
comparable. However, we have

Proposition 4.31. If fix(G(T)) is total then so is fix(T).

Proof. Suppose fix(T') is non-total. By corollary 4.29, it implies there is a path (sj) and an
element u € V with | |"s;(2)(u) € V non-total, i.e. contains a non total branch (either a
finite branch ending with L, or an infinite branch with odd principal priority). In particular,
no $;(Q)(u) is equal to 0. Denote this branch with 3.

We index occurrences of £ in T¢ by a natural number and extend that indexing to
occurrences of f in (sg). The occurrences of £ in s are indexed by lists of length k:

(1) the only occurrence of f in sy = £x is indexed by the empty list

(2) occurrences of f in s; are indexed using the list with a single number corresponding to
the index of this occurrence in T¥.

(3) given k > 1, suppose the original substitution oy, replaces occurrence f; in s; by some
summand ¢ of T¢. The new substitution replaces occurrence fr,; by the same ¢, but
where each f; is instead indexed by £ ; ;.

An example should make this clearer: suppose f35t occurs in sp, corresponding initially
to f5tin s9. If this occurrence was originally replaced by oo(f5) = £4C£7x, we now replace it
with o9(f35) = £354Cf357x. The new s3 will thus contain f35 4Cf3 5 7 u. These lists record
a kind of genealogy of each occurrence of £ by keeping track of which previous occurrences
introduced it.

An occurrence f;, € s;, is called non-total if the path

/ / / /
so = f1x, 51 = ox(fL), 85 = s1[op4a], -
is non-total. In other words, an occurrence is non-total if it “converges to a non-total term”.

We now construct a path (s;) of G(T): suppose we have constructed oy, ...o}_; so
that each s/ is of the form 8}; 75 £, ¥ where
e B);7vi fr t; is a subterm of s;, with f; being non-total,
e [}; is a prefix of 3 (it contains only C and {D = _}),
e 7; is either empty or starts with a function name (f or some g) and only contains unary

records.

Since s), contains a single occurrence of f, the substitution o} only need to act on fy.
Suppose f;, was replaced (by o) by the summand ¢ of 7'. Since f;, was chosen non-total, ¢
necessarily contains non-total occurrences £y, ;.
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e If 4, was non empty, we replace £, by any 7/*f; ;#* where 7/£ ;' corresponds to a
non-total occurrence of f in ¢. This is indeed a summand of G(T), and s, is equal to

Bre e £ ) [£:=72£0] = Byt v £t x = 1]
= B (wy)? £ (F[x = )"
o If 74 was empty, the summand t starts with part of the branch £: there is a sub-
term B k417 £1,it" of ¢ such that
— BikBik.k+1 is a prefix of 3,
— ~/ is either empty or starts with a function name,
— fr; is a non-total occurrence.
In that case, we replace f; by ﬁmkﬂy,&lftﬁrl, which is indeed a summand in G(T).
The term s, 41 s then equal to

(Bt ty) [£ = B g1y L") = B Biewsr ¥ fr itz =1
= Bk B+ ¥ £ (F[x = t])"

In both cases, the resulting s} 41 as a shape compatible with the invariant given above.
Fact 4.32. This path (s}) of G(T) is non-total.

We started by supposing that | |"s;(Q)(u) is a non-total element of V containing the
non-total branch . In particular, it implied that no s;(2)(u) was equal to 0. The
limit | |" s}, (92)(u) is thus a limit of the form | |" By vxQ¢(u) where ¢(u) is never equal to 0.
This means that Q¢(u) = L. Since v starts with a Q (or is empty), the limit is of the form
| " Br L. Because 3 is non-total, this limit is also non-total. ]

Note that this is only a soundness result and doesn’t say anything about the strength of
reducing totality for 7' to totality for G(T"). (The same holds trivially of G'(T") = Q, which
is never total!) The only argument presented in this paper about that is of a practical
nature: experimenting with chariot shows that G(7') is quite powerful. General results
like “all structurally recursive definitions are total” or “all syntactically guarded definitions
are total” are certainly provable, but they are left as an exercise to the reader.

Note that since summands in G(T¥) contain exactly one occurrence of £, an infinite path
for G(t), usually given by a sequence of substitutions (o,,) is simply given by a sequence (t,)
of summands of G(T%). Such a path is total if | |"(t; o -+ 0t,)(2) is total.

4.7. Weights. Before proving correctness of the size-change principle for recursive defini-
tions, we need to define the terms (W7)ty * - -+ x (W)t that were used for collapsing in
section 3.4.

Definition 4.33. We write A for an element of F inductively built from
A = CPA | {Di=As...;Dp=Ak;... 3 | 0 | Q06
o6 == x | CP6 | .DPS
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where k£ > 0. Given a branch leading to one x;, its weight is an element of W defined
inductively:

1Bl = (mp) + 16
[{D = B¥| = (rp) + 5]

Given some W; € W, we put (Wi)¥xy *---* (W,)¥x, = > A where for each A, the branches
leading to x; have weight less than (W;). Given ty,...,t, in F, we write (W;)*ty % --- %
(W), for the corresponding > A[xg = t1,...].

A summand of (Wi)¥xy * - -- % (W, )*x,, looks like:

|B] < (W), etc.

Z MWW 9

Lemma 4.34. The infinite sum from the previous definitions is finitely generated.

Sketch of proof. This relies on the fact that there only are finitely many constructor and
destructor names: given some weights W; € W, write = for (Wi)txy - (W, )¥x,. We
want to show that = can be obtained as the limit of a chain of finite sums of elements of F.
Given d € N, define Z4 C Fy as the set of all those A obtained as collapses of elements of =
of “syntactical depth” d. Collapsing an element A is done by introducing some 2 inside A
and normalizing. For example,Succ Succ Succ Succ™ x has several collapses at depth 3:

e Succ Succ () x,

e Succ ) Succ™ x.

Because there are only finitely many different constructors and destructors, each one of the
set =4 is finite. Moreover, Z is the limit of the chain

Enp < Ep <

Indeed, each element of =441 is either in =4 (when its syntactical depth is less than d), or

greater than an element of ((Wy)¥xy - - - x <Wn>¢xn)i (when its syntactical depth is strictly
X .

greater than d). This shows that (Wj)tx; -~ (W,)¥x, is a limit of compact elements
of F. L]

Those new terms are “compatible” with the reduction of generalized patterns containing
approximations (c.f. definition 3.4 in the previous section).

Lemma 4.35. We have, where each P denotes a product (Wy)¥sy x - x (W, )¥s,,:

(1) distribution: (W)¥(ty + t2) x P = ((W)¥ty * P) + ((W)¥ty x P),
(2) W0 xP =P,
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) 10 = 0 for a unary product,

) YCPtx P = (W + k)t x P,

5) (WYW{...;D; =t;;...}P x P = IL (W; + /{p>¢ti * P if the record is not empty,
)
)

EEE

P [T (Wiyrts =TI, (W — wp) ¥y,

7) DPTL (Wiyrts =TT, (W — rp)*ts,

8) (VIHIL; (Wiytti)) » P = (T1;{V + Wi)*t;) = P.
also have:

.« O <1,

o if W< W' inW, then (W')*t < u(W)*t.

Proof. We only look at one case, the other being treated similarly.
(4) Suppose A[x := CPty,...] is a summand in (W)*CPty * P. We construct A’ by replacing

each occurrence of xg in A by CPxg. We have that A'[xg := tg,...] = Alx := CPty,...]
is a summand in (W + k)t * P. This shows that (W)*CPto P > (W + k,)¥to * P.
For the converse, let A[x := tg,...] be a summand in (W + kp)*to * P. We con-

struct A’ by replacing each xg by CP"xg. The term A’[xg := CPtg,...] > A[x :=tg,...]
is then a summand in (W)+CPtq * P.

[

Formally speaking, we also need to introduce terms (Wy)Tt; % --- % (W,)T¢,, to approx-
imate the output. This is done in exactly the same way, except we start from Z U {—o0}
and the order on weights (definition 3.1 on page 19) satisfies
o (w1)PT < (w9)PT whenever wy < wy in Ze
In other words, while (1)¥ removes at least one constructor (good one an argument), (1)T
adds at least one constructor (good on top of a recursive call). We then have the same
properties (lemma 4.35).

4.8. The Size-Change Principle. Putting everything together (proposition 4.31, corol-
lary 4.29 and lemma 4.24), we get

Corollary 4.36. If all infinite path in G(T%) are total, then [[f]]p is total for every total
environment p.

This is where the size-change principle comes into play. We first prove a variant of
combinatorial lemma at the heart of the size-change principle.

Lemma 4.37. Suppose (O,<) is a partial order, and F C O is a finite subset. Suppose
moreover that o is a binary, associative and monotonic operation on O X O and that ¢ is a
binary, monotonic operation on F' x F satisfying

Vo1,09 € F, (010 02) < (01 009)

then every infinite sequence 01,09, ... of elements of F' can be subdivided into
O1y--+,0n9—1, Ongs---50n3—15, Onyy--.,0ny-1,
initial prefix r T
where:

o all the (... (0, ©0p,41) ©-++) ©0n,,,—1 are equal to the same r € F,
e 1 is coherent: there is some o € O such that r,(ror) < o.
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In particular,

<OTLQO”'OOTL1—IOO’H1O“'OOTLQ—IO”'OOTL]C,1O”'OOTLk—1> 2 0000 ++00
k times
Proof. This is a consequence of the infinite Ramsey theorem. Let (0,),>0 be an infinite

sequence of elements of F. We associate a “color” ¢(m,n) to each pair (m,n) of natural

numbers where m < n:

def
cm,n) 2 ((0m O Omg1) O+ ) O 0p_1

Since F' is finite, the number of possible colors is finite. By the infinite Ramsey theorem,
there is an infinite set I C N such all the (7,7) for i < j € I have the same color o € F.
Write [ = {ng <ny <---<np<---}. Ifi <j<kel, we have:

0 = (..(0;00i41)0 ) 0051
(...(0j00jq1)0 )0 0K_1
(.i((-(0s ©0j41) 0+ ) 00j) 0+ ) 0 0k_1

The first two equalities imply that

000 = (((0i®0ir1) 0 +)00j-1) o ((-.(0j 0 0j11) ©+++) 0 0p1)
If ¢ is associative, this implies that 0 ¢ 0 = o. If not, we only get that both 0 and 0 ¢ o are
smaller than
Oio...ooj_loOjO"'OOk_l

[

We can now mimic what was done in section 3:

(1) terms with weights are elements of F (definition 4.33) and combine just like in section 3
(lemma 4.35)

(2) collapsing decreases information, almost by definition (collapsing weights decreases the
weight, and collapsing depth inserts (0) at some strategic places)

There is one subtlety when collapsing the output: terms in G(7%) are of the form fft where £
doesn’t appear in u. We want to have a lower bound on the number of constructors in f,
and an upper bound on the number of constructors in u (or equivalently, a lower bound
on the number of destructors). For that reason, collapsing on the u part is done (as in
section 3) by introducing (W)¥, while collapsing on the 3 part is done by introducing (W)T.
The implementation used (—W )} instead, which behaves similarly.

With all that, we can define the transitive closure G* of G as in the previous section.
By construction, it satisfies:

27

Lemma 4.38. For every finite sequence sg, s1=so|f:=to), ..., sp=sk_1[f:=tk_1] in G, we
have t <tgo---tp_1 for some simple term t in G*.

We can now state and prove correctness of the size-change principle here in the case of
a single function. (The definition of p-norm for a branch is given on page 25.)

Theorem 4.39 (size-change principle). Suppose every simple term t = Bfu in G* that
satisfies t = t ot also satisfies one of the following two conditions:

e cither the maximal priority p appearing in (3 is even and positive (|3|, > 0)

2"Note that G* is not an element of Fp as it may contain weights, which are not compact in F.
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e or there is a subterm B[ (W;)*\; of v where the mazimal priority p of each B{W;)¥)\; is
odd, with negative weight (i.e. |B(W;)*Xil, <0)
then fix(G) is total.

The proof is nothing more than a rephrasing of the intuition given on page 25.

Proof. By lemma 4.28, we only need to check that infinite paths are total. Let (sj) be an
infinite path of G. By the lemma 4.37, we know that such a path can be decomposed into

S0 ... Smg=S0[to0 - Otng—1] .- Sny = Snoltng O - 0tn—1] ... Sn,
where:
e all the t,, ., 10...0t,, are equal to the same ¢,

e tis coherent: tot < t.

Suppose that ¢ satisfies the first condition. If we write init for tgo---ot,,_1, we have
| [Pse@) = | [Ttootio--oti()
k

k
= I_thOO"'Otno—l Otj(Q)
J

= | |Minitop’ fu(Q)

v

J
init o UT BIQ
J

Now, for any simple value v, 8 (v) is either 0 or has at least k constructors of priority p =
2¢ coming from (¥ above any constructor coming from v. At the limit, there will be
infinitely many constructors of priority p = 2¢, all coming from 5. Because § doesn’t
involve constructors of priority greater than p = 2¢q, the limit will be total.

Similarly, if ¢ satisfies the second condition. We have
|_|T sp(Q) = |_|Ttoot1 o---0t()
k k

> | [Finit ot/ ()
J
> qnito |_|T Qu?
J

By hypothesis, u* = u[x := u¥~!] contains a subterm S [] (W;)*)\; with |B(W;)¥\;], < 0 for
all i, p being the maximal priority appearing in S]] (W;)*A;. Since u contains approxima-
tions, it is in fact an infinite sum of elements of Fy. By definition of approximations, each
summand of u* necessarily has a branch of the form

where, by hypothesis, each |38 Ai;[, < 0. Such a branch globally removes at least &
constructors of priority p = 2¢+ 1 and doesn’t involve greater priorities. If v is a total value,
then each u*(v) can only be non-0 if v contains at least k constructors of priority p = 2¢ + 1

and no constructors of greater priority. At the limit, the only values such that |_|£ uF(v)
are non-0 are values that contain a branch with an infinite number of constructors of
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priority p = 2¢g 4+ 1 and no constructor of priority greater than p. This is impossible for
total values! []

4.9. Back to the Previous Section. We can now recast all of section 3:

e generalized patterns (definition 3.2) are just elements of F incorporating weights (defini-
tion 4.33),

o generalized patterns decrease along reduction (definition 3.4) because it consists of reduc-
tions in F and equalities in F (lemma 4.35),

e the call-graph of section 3.3 is a smaller than G(T¥) of section 4.6: comparing the defini-
tions, we see that the call graph can be obtained from G(T¥) by
— replacing the output branch 8 by its weight, for example by taking (0)/3(0), which is

smaller than S,

— in the arguments, replacing each Qu by €2, which is smaller than Q u.
None of these simplifications is really necessary in the implementation.

e Composition of calls (definition 3.8) is an instance of composition on F (definition 4.17).

e Collapsing and the rest of the criterion is then copied verbatim from sections 3.4 and 3.5
to section 4.8.

CONCLUDING REMARKS

Complezity. Since this totality test extends the termination test described in [Hyv14] and
thus the usual size-change termination principle, its complexity is at least as bad: P-space
hard. The extensions presented here do not make it any harder. As a result, the complexity
of this totality test is P-space complete. However, it seems to work really well in practice.
Letting the user choose the bounds B and D (with sane default values®) allows to limit
the combinatorial explosion to the definitions that really need it. Several other implemen-
tation tricks described in previous works [Hyv14] also contribute to a more than reasonable
practical complexity.

Rewrite rules vs pattern matching. The choice of presenting the language in Haskell style
with rewriting rules rather than using a “match” construction as in ML isn’t very important.
The approach taken here is mixed:

e the language itself uses rewriting rules,
o the semantics (the domain F) uses C and .D which are closer to (partial) match expres-
sions.

The reason is that the prototype was developed with clauses, but the theory is simpler
with pattern matching: the semantics of C” and .D is very simple, while the semantics of
rewriting rules would require introducing formally unification on sums of values and make
for an even more verbose definition of F.
The advantage pattern matching is that it allows direct analysis of definitions like
val £ x = ...
match f v with
Cy >u

8BBp=2and D=2isa good choice
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by producing a term u[y := C fv]. With this approach, the function
val £ x = Succ (match f x with
Zero -> Zero
| Succ n -> Succ Zero)
could be seen as total. For such a definition, rewriting rules would hide the match with
an external function doing the pattern matching, and by doing so, would loose all the
information about this external function:
val m Zero = Zero
| m (Succ _) = Succ Zero
val £ x = Succ (m (f x))
(Recall that the analysis is local and that nothing is assumed of previously defined functions
but their totality).
Such definitions are rare since their results depend on the evaluation mechanism: the
Caml version doesn’t terminate, but the corresponding Haskell version does, with the (ex-
pected) value Succ (Succ Zero).?

On the other hand, keeping rewriting rules allows the test to see that
val f Zero = Succ Zero

| £ (Succ n) = £ Zero
is total. In this paper, this definition is interpreted by f Zero 4 Succ Zero which will be
tagged “non-total”. The reason is that the recursive call £ Zero doesn’t use the n variable
and the interpretation thus forgets about the corresponding left pattern.

Those two examples are rather ad-hoc and seldom appear in practice. The choice is
thus mostly a matter of taste.

Copatterns. A. Abel has advocated the use of “copatterns” while writing coinductive defi-
nitions. This syntactical “trick” amounts to replacing the definition
val all_nats : nat -> stream(nat)
| all_nats n = { Head=n; Tail=all_nats (Succ n)}
by30
val all_nats : nat -> stream(nat)
| (all_nats n).Head = n
| (all_nats n).Tail = all_nats (Succ n)

This doesn’t change the semantics of the program in any way and has the nice side effect
that as rewriting rules the definition is terminating. The drawback is that writing functions
such as sums (page 17) involves additional functions and is very tedious.

Operational Semantics. We have voluntarily refrained from giving the operational seman-
tics of the language. The idea is that totality is a semantical property that is checked
syntactically. The operational semantics has to guarantee that evaluating a total function
on a total value is well defined, in particular that it should terminate. For example, head
reduction that stops on records guarantees that a total value has a normal form: it cannot
contain | and cannot start with infinitely many inductive constructors (their priority is
odd). Evaluation must reach a record (coinductive) at some point.

2981mpler definitions where, for example, the matched call has a decreasing argument would still be
accepted in their rewriting rules form.
30This syntax is in fact supported by the chariot prototype.
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Of course, a real programming language could introduce two kinds of records: coinduc-
tive ones and finite ones. The later could be evaluated during head reduction. Even better,
destructors themselves could be coinductive (like Tail for streams) or finite (like Head for
streams. )

In a similar vein, the language could have coinductive constructors to deal with coin-
ductive types like finite or infinite lists. At the moment, the only way to introduce this type
is with

data list_aux(’a, ’'b) where
Nil : unit -> list_aux(’a, ’'b)
| Cons : prod(’a, 'b) -> list_aux(’a, ’b)

codata inf_list(’a) where
unfold : inf_list(’a) -> list_aux(’a, inf_list(’a))

Needless to say, using this quickly gets tiring.

Call-by-Value. Our semantics is “lazy” in the sense that values containing | are not nec-
essarily equal to L themselves. The fact that value constructors are lazy is crucial when
applying the size-change principle. This is what guarantees that a CP corresponds exactly
to one constructor of priority p. With the strict version, a CP corresponds either to one
constructor (when its argument is different from 1), to 0 (which is total), or nothing (when
its argument is L).

However, because the call-graph contains all the recursive calls appearing in the defini-
tion, it seems like it cannot see the difference between call-by-name and call-by-value. For
example, examples like

val f {Fst=0; Snd=s} = 3

| £ {Fst=n+1; Snd=s} = £ {Fst=n; Snd=f {Fst=n+1; Snd=s}}

from page 36 are always rejected as the call-graph contains the call
f {Fst=n+1; Snd=s} — ) f {Fst=n+1; Snd=s}

The way the call-graph is constructed is reminiscent of the concept of dependency pairs [AGOO]|}
from term rewriting, where we replace a rule £l ...l — r by the £l ... [ > guy1 ... y
where guy ... u; are subterms of r. This new rewriting system is terminating if and only if
the original one is terminating. Note that “terminating” for a rewriting system is indepen-
dent of the reduction strategy.

If the analogy holds, it would make the criterion as described a criterion that would
work unchanged for call-by-value.

Higher order types. The theory should extend to account for some higher order datatypes.
Defining T-branching trees as (coinductive)
codata tree(’b, 'n) where
child : tree(’b, 'n) -> (b -> tree(’b, 'n))
or (inductive)
data tree(’b, ’'n) where
root : unit -> tree(’b, ’'n)
| fork : (b -> tree(’b, ’n)) -> tree(’b, ’n)

should for example make the corresponding map function pass the totality test.
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Dependent Types. Dealing with dependent types is easy: tag dependent functions as “non-
total”. While this sounds like a joke, it illustrates the fact that even without any theory
for dependent types, this totality checker can be used for dependently typed languages. Of
course, the idea would be to extend it to actually do something interesting on dependent
types.

Many useful dependent types like “lists of size n” can in fact be embedded in bigger
non dependent datatypes like (“lists” in this case). The totality checker can, at least in
principle, be used for those types. That, and the extension to some higher order as described
above would go a long way to provide a theoretically sound totality checker for dependent
languages like Agda or Coq.

Sized types. Just like in Agda, it seems using sized-types for termination and totality is
mostly orthogonal to this totality checker. Considering the type of sizes to be a datatype is
probably enough to make the totality checker “size aware”. Adding sized types would help
dealing with examples that the current totality test ignores, like

val nats = {Head = 0; Tail = map_stream Succ nats}

We could have the information that Succ as type nat® — nat®t!. Even purely inductive
functions like

val sum_list : list(nat) -> nat
| sum_list [] = 0O
| sum_list n::1 = n + sum_list(l)

data rose_tree(’a) where
Node : list(rose_tree(’a)) -> rose_tree(’a)

val sum_rose_tree : rose_tree(nat) -> nat
| sum_rose_tree (Node(l)) = sum_list (map_list sum_rose_tree 1)

would benefit from sized types.

REFERENCES

[AA02] Andreas Abel and Thorsten Altenkirch. A predicative analysis of structural recursion. Journal
of Functional Programming, 12:1-41, January 2002.

[Abel0] Andreas Abel. Miniagda: Integrating sized and dependent types. In In Partiality and Recursion
(PAR 2010), 2010. arXiv:1012.4896.

[Abel2] Andreas Abel. Type-based termination, inflationary fixed-points, and mixed inductive-
coinductive types. In Proceedings 8th Workshop on Fized Points in Computer Science, FICS
2012, Tallinn, Estonia, 24th March 2012., pages 1-11, 2012.

[AD12] Thorsten Altenkirch and Nils Anders Danielsson. Termination checking in the presence of nested
inductive and coinductive types. In Ekaterina Komendantskaya, Ana Bove, and Milad Niqui,
editors, PAR-10. Partiality and Recursion in Interactive Theorem Provers, volume 5 of FasyChair
Proceedings in Computing, pages 101-106. EasyChair, 2012.

[AGO0] Thomas Arts and Jiirgen Giesl. Termination of term rewriting using dependency pairs. Theor.
Comput. Sci., 236(1-2):133-178, 2000.

[Ahn14]  Ki Yung Ahn. The Naz Language: Unifying Functional Programming and Logical Reasoning in
a Language based on Mendler-style Recursion Schemes and Term-indexed Types. PhD, Portland
State University, December 2014.

[AJ94] Samson Abramsky and Achim Jung. Domain theory. In Samson Abramsky, Dov M. Gabbay, and
T. S. E. Maibaum, editors, Handbook of Logic in Computer Science (Vol. 3), chapter Domain
Theory, pages 1-168. Oxford University Press, Inc., New York, NY, USA, 1994.



48

[Bar92]
[Ber93]

[CBGB16]

[CF92]
[Cla13]
[Coc96]
[Coq93]

[Doul7a]

[Doul7b]

[For14]

[FS14]

[Guals§]

[Hyv14]

[LIBAOI]

[LR18]

[Men91]
[Mil78]
[Nak0O]
[Nor08]
[PJ87]
[Plo83]
[San02a]
[San02b]

[San02c]

PIERRE HYVERNAT

Michael Barr. Algebraically compact functors. J. Pure Appl. Algebra, 82(3):211-231, 1992.
Ulrich Berger. Total sets and objects in domain theory. Annals of Pure and Applied Logic,
60(2):91-117, 1993.

Ranald Clouston, Ales Bizjak, Hans Bugge Grathwohl, and Lars Birkedal. The guarded lambda-
calculus: Programming and reasoning with guarded recursion for coinductive types. Logical Meth-
ods in Computer Science, 12(3), 2016.

Robin Cockett and Tom Fukushima. About Charity. Yellow Series Report No. 92/480/18, De-
partment of Computer Science, The University of Calgary, June 1992.

Pierre Clairambault. Strong functors and interleaving fixpoints in game semantics. RAIRO -
Theor. Inf. and Applic., 47(1):25-68, 2013.

Robin Cockett. Charitable thoughts, 1996. (draft lecture notes,
http://www.cpsc.ucalgary.ca/projects/charity/home.html).

Thierry Coquand. Infinite objects in type theory. In H. Barendregt and T. Nipkow, editors, Types
for Proofs and Programs, pages 62—78. Springer, Berlin, Heidelberg, 1993.

Amina Doumane. Constructive completeness for the linear-time p-calculus. In 32nd Annual
ACM/IEEE Symposium on Logic in Computer Science, LICS 2017, Reykjavik, Iceland, June
20-23, 2017, pages 1-12, 2017.

Amina Doumane. On the infinitary proof theory of logics with fized points. (Théorie de la
démonstration infinitaire pour les logiques & points fizes). PhD thesis, Paris Diderot University,
France, 2017.

Jérome Fortier. Expressive Power of Circular Proofs. PhD, Aix Marseille Université ; Université
du Québec a Montréal, December 2014.

Jéome Fortier and Luigi Santocanale. Cuts for circular proofs. In Nikolaos Galatos, Alexander
Kurz, and Constantine Tsinakis, editors, TACL 2013. Sixth International Conference on Topol-
ogy, Algebra and Categories in Logic, volume 25 of FasyChair Proceedings in Computing, pages
72-75. EasyChair, 2014.

Adrien Guatto. A generalized modality for recursion. In Proceedings of the 33rd Annual
ACM/IEEE Symposium on Logic in Computer Science, LICS 2018, Ozford, UK, July 09-12,
2018, pages 482-491, 2018.

Pierre Hyvernat. The size-change termination principle for constructor based languages. Logical
Methods in Computer Science, 10(1), 2014.

Chin Soon Lee, Neil D. Jones, and Amir Ben-Amram. The size-change principle for program
termination. In Symposium on Principles of Programming Languages, volume 28, pages 81-92.
ACM press, january 2001.

Rodolphe Lepigre and Christophe Raffalli. Practical subtyping for curry-style languages, 2018.
accepted for publication in ACM Transactions on Programming Languages and Systems
(TOPLAS).

Nax Paul Mendler. Inductive types and type constraints in the second-order lambda calculus.
Annals of Pure and Applied Logic, 51(1-2):159-172, 1991.

Robin Milner. A theory of type polymorphism in programming. Journal of Computer and System
Sciences, 17:348-375, 1978.

Hiroshi Nakano. A modality for recursion. In 15th Annual IEEE Symposium on Logic in Computer
Science, Santa Barbara, California, USA, June 26-29, 2000, pages 255-266, 2000.

Ulf Norell. Dependently typed programming in agda. In In Lecture Notes from the Summer
School in Advanced Functional Programming, 2008.

Simon Peyton Jones. The Implementation of Functional Programming Languages. Prentice Hall,
January 1987.

Gordon Plotkin. Domains, 1983. Pisa Notes.

Luigi Santocanale. A calculus of circular proofs and its categorical semantics. In Mogens Nielsen
and Uffe Engberg, editors, FoSSaCS, volume 2303 of Lecture Notes in Computer Science, pages
357-371. Springer, 2002.

Luigi Santocanale. From parity games to circular proofs. Electr. Notes Theor. Comput. Sci.,
65(1):305-316, 2002.

Luigi Santocanale. pu-bicomplete categories and parity games. Theoretical Informatics and Appli-
cations, 36:195-227, 2002.


http://www.cpsc.ucalgary.ca/projects/charity/home.html

THE SIZE-CHANGE PRINCIPLE FOR MIXED INDUCTIVE AND COINDUCTIVE TYPES 49

[SHGLY94] Viggo. Stoltenberg-Hansen, Edward R. Griffor, and Ingrid. Lindstrom. Mathematical Theory of
Domains. Cambridge University Press Cambridge ; New York, 1994.

[Smy78]  Michael B. Smyth. Power domains. Journal of Computer and System Sciences, 16(1):23-36, 1978.

[Smy83]  Michael B. Smyth. Power domains and predicate transformers: A topological view. In ICALP,
volume 154 of Lecture Notes in Computer Science, pages 662—675. Springer, 1983.

[The04] The Coq development team. The Cogq proof assistant reference manual. LogiCal Project, 2004.

[Tur36] Alan Mathison Turing. On computable numbers, with an application to the entscheidungsprob-
lem. Proceedings of the London Mathematical Society, s2-42(1):230-265, 1936.

This work is licensed under the Creative Commons Attribution License. To view a copy of this
license, visit https://creativecommons.org/licenses/by/4.0/ or send a letter to Creative
Commons, 171 Second St, Suite 300, San Francisco, CA 94105, USA, or Eisenacher Strasse
2, 10777 Berlin, Germany



	Introduction
	Related Works
	Plan of the Paper

	1. The Language and its Semantics
	1.1. Values
	1.2. Type Definitions
	1.3. Semantics in Domains
	1.4. Semantics in Domains with Totality
	1.5. Recursive Definitions

	2. Combinatorial Description of Totality
	2.1. Parity Games
	2.2. Parity Games from Types
	2.3. Forgetting Types

	3. Call-Graph and Totality
	3.1. Introduction
	3.2. Interpreting Calls
	3.3. Call-Graph and Composition
	3.4. Collapsing
	3.5. Size-Change Principle
	3.6. The Algorithm

	4. Semantics and Correctness of the Call-Graph
	4.1. Smyth power domain
	4.2. Preliminaries: Recursion and Fixed Points
	4.3. A Language for Operators
	4.4. Interpreting recursive definitions
	4.5. Removing finite path
	4.6. The Call-Graph
	4.7. Weights
	4.8. The Size-Change Principle
	4.9. Back to the Previous Section

	Concluding Remarks
	References

