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Abstract

We study subtype checking for recursive types in system kernel Fun, a typed A-
calculus with subtyping and bounded second-order polymorphism. Along the lines
of [AC93], we define a subtype relation over kernel Fun recursive types, and prove
it to be transitive. We then show that the natural extension of the algorithm in-
troduced in [AC93] to compare first-order recursive types yields a non complete
algorithm. Finally, we prove the completeness and correctness of a different algo-
rithm, which lends itself to efficient implementations.
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1 Introduction

1.1 Results

Recursive types are supported by all typed languages, since they are needed
to define fundamental data structures, such as lists and trees, and occur in
common programming patterns, such as the subject-observer [Cop].

Two different approaches to recursive types have been studied in the litera-
ture. Given a recursive definition let rec X = T[X], the strong (or equality
based) approach makes X equal to T'[X] ([Nel91, AC93]), while the weak (iso-
morphism based) approach ([GMW79, Gun92]) only gives the programmer a
pair of functions foldrix: T[X] — X and unfoldrix): X — T[X]. The weak
approach makes type and subtype checking very easy. The strong approach



is easier for programmers to use, but makes subtype checking much more
challenging, and is the one we study in this paper.

The combination of subtyping and recursive types has a significant practical
relevance. Both notions appear in every typed object-oriented language, and
are even useful for the compilation of languages that do not have a subtype
relation (as in the ML to JavaVM compilation project at Persimmon IT,
where subtyping between strongly recursive types is used in the intermediate
language for optimization purposes [Ken98, BKR9Sg]).

In [AC93] Amadio and Cardelli studied the problem of defining and checking
a subtype relation between first-order strongly recursive types. In that paper
they defined a subtyping algorithm which is sound and complete with respect
to several equivalent axiomatizations of the subtype relation.

In this paper we study the integration of strong recursion in a second-order
type system with subtyping. For this purpose we refer to system kernel Fun,
an abstract version of Fun [CW85], a language that combines subtyping with
parametric polymorphism, and that allows the definition of bounded quanti-
fied types, i.e. polymorphic types whose quantifier ranges over a set of subtypes
of a given type. Languages of the Fun family, with their extensions, were the
first foundational tools used to model object-oriented languages with expres-
sive and strong types (see, for example, [AC96, BCP96, DT88, FM96, Ghe9l,
GM94]). Although most current languages are based on some variant of type-
comparison by name, the structural approach to type-comparison that has
been pursued by the type-theoretical community has some advantages, espe-
cially in the context of open systems [AC93], where the structural approach
allows type checking to be performed independently of the particular environ-
ment where data and programs migrate. Moreover, the study of the structural
approach lays the foundations for a full understanding of comparison by name.

The main results of this paper are:

e We define a subtype relation over recursive kernel Fun, and we prove that
this subtype relation is transitive; transitivity is the key property needed to
prove that ‘well-typed programs do not go wrong’.

e We define an algorithm to check this subtype relation, and we prove that it
is correct and complete. The algorithm is not obvious, and the proof of its
correctness is very challenging.

e We show that the most natural algorithm for the same problem is incomplete
(Section 4.1), while its obvious generalization is incorrect (Section 4.2), even
if we restrict ourselves to a limited subset of system kernel Fun.

e We show that our algorithm can be implemented in an efficient way.

Our algorithm is obtained by a non-trivial extension of the first-order Amadio-
Cardelli algorithm. Their algorithm is based on the idea of keeping track of



the pairs of compared types that are met during the subtype-checking process,
so that it can stop when the ‘same’ pair is met for the second time. We show
that the obvious extension of their algorithm to kernel Fun fails to be com-
plete when ‘sameness’ is generalized to a-equivalence (or, even worse, simply
syntactical equality), and it fails to be correct when sameness is generalized
to a quite natural notion of ‘similarity’. However, we obtain a correct and
complete algorithm if we generalize sameness to this similarity relation, but
stop execution only when a similar pair is met for the third time.

In this study we do not examine the complexity of our algorithm. We know
that it may have an exponential behavior [Ghe96], and we suspect it may be
made polynomial, but in this paper this will remain an open issue.

1.2 Related Work

The problem of subtyping first-order recursive types was first addressed by
Amadio and Cardelli in [AC93], where they defined a subtype relation over
recursive types, and a sound and complete subtyping algorithm. In [KPS93| a
more efficient subtyping algorithm is described.

In [BH97] another possible axiomatization of the subtype relation between
first-order recursive types is presented, which is equivalent to the one de-
fined in [AC93]. The main difference is that while in [BH97] the subtype rela-
tion is defined by means of deduction rules that are interpreted coinductively,
in [AC93] the subtype relation is based on a notion of preorder over infinite
trees representing the infinite unfolding of recursive types.

In this paper we define the subtype relation between recursive types by means
of deduction rules, as in [BH97], but we generalize that work to second-order
systems. This kind of definition lends itself to be transformed into a set of rules
that define a subtyping checking algorithm. Moreover, the strong similarity
between the rules that define the subtype relation and the rules that define
the subtyping algorithm facilitates the proofs of completeness and soundness
of the latter with respect to the former.

In [GLPO0] an introduction to recursive types and subtyping algorithms is
presented; in particular, the authors highlight the connection between coin-
ductive structures, used to deal with recursion, and the framework of non-
recursive types and ordinary subtyping. In [AF96], first-order recursive types
are studied from a syntactic perspective and the two possible approaches to
recursion, equality-based and isomorphism-based, are compared. In particular,
the equivalence between the two approaches is proved.

Turning now to papers dealing with the subtype relation for recursive types



in second-order systems, a negative result was given in [Ghe93|: any attempt
to extend system F< [Ghe90] with recursive types leads to the definition of
a non conservative extension of the system. This is due to the fact that the
inductive and the co-inductive interpretation of the subtyping rules of F< yield
two different relations (and this is the main reason behind the undecidability
of subtyping in this system [Pie94, Ghe95]). Other papers where second-order
recursive types are studied do not deal with the subtype checking problem in
much depth. In [BCP96], a recursive extension of system F_.w [Car90, CLI1]
is defined, but only as a tool to compare different models of object-oriented
languages. Hence, the algorithmical aspects of the subtyping problem are not
considered, and the system defined is far less powerful than our extension
of the system in [AC93]. The extension of kernel Fun with recursive types
is studied in [Car89] from a semantical point of view, and it is proved that
extending the system with recursive types is consistent.

To our knowledge, the extended abstract of this paper published in [CG99]
was the first paper to address the problem of subtype checking second-order
recursive types, i.e. how to actually check that two such types are in the
subtype relation. This paper extends that abstract in that:

e we present here, for the first time, the proof of all our results, which con-
stitutes the main body of this paper; although the proof is complex, its
reduction to this (relatively) manageable form was the most challenging
aspect;

e we prove the transitivity of the type system we define; transitivity of sub-
typing is the key lemma in order to prove subject-reduction for kernel Fun
terms.

Building on the results of [CG99], Alan Jeffrey [Jef01] defines a subtype rela-
tion between F< types that conservatively extends the relation we defined on
recursive kernel Fun, and gives a characterization of this relation by means of
polar bisimulations between labeled transition systems. Based on this bisim-
ulation, he defines a subtyping algorithm for recursive F< that is partially
correct: if it terminates it returns the right answer. As implied by the non-
conservativity theorem of [Ghe93], Jeffrey’s system is not a conservative ex-
tension of F<, and indeed it terminates with success over F< judgements that
are not provable in non-recursive F<. In the special case of kernel Fun re-
cursive types, Jeffrey’s algorithm is correct and complete. Jeffrey’s algorithm
is more general than ours, since it deals with a subset of F< that is strictly
larger than kernel Fun, but is based on variable renaming and a-conversion.
Our algorithm avoids variable renaming and a-conversion, and this property,
as we explain later, is extremely important for its performance.

A different strand of research deals with a notion of subtyping where an in-
stance of a polymorphic type is a supertype of the type itself. In such a system,



the subtyping problem for second-order languages is undecidable even when
quantification is unbounded [TU96]. We do not comment on papers in this
family since their results and techniques cannot be applied to the subtype
checking of languages in the Fun family.

1.8  Structure of the Paper

The paper is organized as follows. In Section 2 we present a recursive version of
system kernel Fun. We extend the Amadio-Cardelli first-order subtype system
to system kernel Fun, adopting the style of [BHI7|: we present a set of rules
whose coinductive interpretation defines the subtype relation. In Section 3 we
introduce a new version of the coinductive rules where every type occurrence
is labeled. These labels are used both to rename types in a way that makes it
easier to test for type ‘similarity’, and also to reason about the properties of the
proofs in this type system. In Section 4 we first prove that the most natural
algorithm to solve the subtype checking problem is not complete, then we
prove that an algorithm that stops when a ‘similar’ pair is met for the second
time is not sound. Finally, we define our algorithm, which stops the third time
a similar pair is met.

In Section 5 we prove the completeness and soundness of our algorithm. In
Section 6 we prove that the subtype relation is transitive. Finally, in Section 7
we outline our conclusions and areas of future research.

2 Recursive Kernel Fun

2.1 Syntaz

Here we only present the kernel Fun types, since the type and reduction rules
for terms are not affected by the introduction of recursion; for a complete
introduction to the system see [CW85, Ghe90, CG92, CMMS94].

We will use lower case letters (¢, u, v,...) to indicate type variables, and
upper case letters (X, Y, K, ...) for recursion variables. Types are defined as
follows:

Types T.U =T |t|X | puXV<TU |puXT—-U

T is the top type, the supertype of all types. uX.Vt <T.U is a universally
quantified type where the type variable ¢ ranges over the subtypes of T and is



bound in U. uX. T — U denotes the type of all functions from values of type
T to values of type U.

In a type uX.Vt <T.U, or puX.T' — U, an occurrence of X in 7T or in U
recursively denotes the whole type, pX.Vt<T.U, or uX.T — U, respectively.
This means for example that, in any interpretation that respects this intuition,
the following equations must hold ! :

pX.T = [uX.T/X|T = [uX.T/X|T/X|T...

The notation [U/X]T is standard and indicates capture-free variable substi-
tution.

We consider a grammar where only function types or bounded quantified types
can be the body of a recursive type; as an alternative we may only add uX.T
to kernel Fun type language, with formation rules that forbid empty types
such as ©X.X. This is mainly a stylistic choice, with no major effect on either
the power of the language or the difficulty of the problem.

Notation 2.1 Hereafter Vt.'T' will be used as an abbreviation for Vt<T.T.

In type theory, two types that only differ in the names of their bound variables
(a-equivalent types) are usually identified. We will consider such types as
different (although one will be a subtype of another), because variable names
play a central role in our subtyping algorithm. Moreover, we require that
all variables in a single type have different names, and we say that a type
that satisfies this condition is an “R-Type” (well-formed Recursive Type).
This condition is not restrictive with respect to the usual presentation of the
system, where types are interpreted modulo a-equivalence, since every type
is a-equivalent to an R-Type. Variable uniqueness is enforced to guarantee
some good formation properties during subtype checking (Section 4.4) and to
simplify the definition of the termination conditions of our subtyping algorithm
(Section 4.3).

Definition 2.2 A type belongs to R-Types if and only if all its variables have
different names.

Definition 2.3 On R-Types we define DV(T') and FV(T), the defined and

I With a notational abuse, we will also use T as a metavariable for the body Vt <
T.U or T — U of a recursive type.



free variables of T respectively, as follows:

DV(T) =10

DV(t) =0

DV(X) =0

DV(uXVt<T'.U') = {X,t} uDV(T") UDV(U)
(

DV(uX.T' — U') = {X}UDV(T") UuDV(U')

FV(T) =10

FV(t) = {t}

FV(X) = {X}

FV(uX.T' — U') = (FV(T')UFV(U")) - {X}
FV(uXVt<T".U") = (FV(T") U (FV(U') = {t})) — {X}

The syntax of our system also includes the following definitions.

Pre-Judgements P :=Tr>Env|I'>T Type |I>T <U
Judgements Jo=TFEnv |THET Type | IFT <U
Bi-Environments II == () | IL, (t,u) <(T7,U) | I, (X =T,Y =U)
Environments D=0 |Tt<T |, X=T

Following [Ghe96], in our system we distinguish between pre-judgements and
judgements. Pre-judgements represent the input for the subtype and good
formation checking process; a judgement indicates that the corresponding pre-
judgement holds.

The main judgement is II = T < U, stating that, with respect to the bi-
environment 11, T is a subtype of U. The corresponding pre-judgement is
T <U.

Inll>T7T <UandIl - T < U the environment II defines (i.e. binds) type
and recursion variables occurring free in 7" and U. In particular, it contains
assumptions of shape (t,u) < (7",U’). Given Il > T < U, an assumption
(t,u) < (T',U’) in II defines t in T" and w in U. Moreover, the assumption
implies that ¢ is a subtype of v and u is a subtype of ¢, and indicates that 71"’
and U’ are the bounds for ¢ and u, respectively.

The use of bi-environments in subtyping judgement is another feature we
borrow from [Ghe96]. They are adopted to reduce the need for variable re-
naming during the subtype checking process. For example, the pre-judgement
O (Vt<T.t) < (Yu<T.u) is proved by reducing it to

(t,u)<(T,T)>t<u



where ¢ and u are unified in the environment, without renaming them with
a common name. This allows us to keep the original name of type variables
during subtyping checking, thus easing similarity checking (to be defined later)
among the generated pre-judgements. As already stated, similarity checking
is crucial in our subtyping algorithm.

InIl > T < U and II = T < U, recursive variable definitions in II have
the form (X =7",Y = U’), stating that each free occurrence of X in T (Y
in U) stands for the type 7" (the type U’). In this case no relationship is
implied between X and Y; definitions are paired because we only compare
one recursive type with another one.

A bi-environment II can be seen as the composition of two distinct environ-
ments, one for each of the two compared types. For this reason we call it a
bi-environment, and use the traditional term enwvironment for environments
I', which define variables one at a time. Environments appear in type well-
formation judgements I' = T" Type, which essentially state that every variable
in T is defined and that, if the definition of a variable is in the scope of another
one, then their names differ.

The two environments into which a bi-environment II can be divided are
respectively denoted by Left(II) and Right(II), defined in 2.4. We also use
the notation IT = T, U Type as a shortcut for Left(IT) = T Type A Right(II)
F U Type.

Definition 2.4 We consider the following operations over bi-environments.
We define them on bi-environment elements. They are lifted to the whole bi-
environment in the obvious element-wise way.

X=T,Y=T)
X,Y)
¢ <(T,T) | (Y=T,X=T)

(
(

Swap

(t,t)

Def (t,t)
(t',1)
t

Left <T X=T

Right | ¢/ <T" V=T

where (t,t') and (X,Y) are ordered pairs of variables.

These bi-environment operations will be used to define good formation and
subtyping rules in the next two sections. Moreover, we will use the following
operators on environments.

Definition 2.5 T'(t) indicates the bound of t in T, i.e. the type T such that
t<T el.



Definition 2.6 On environments I', Def(I") denotes the set of variables de-
fined in T'. Def(T") is defined in the following way

Def() =0
Def(I', t<T) = Def(I') U {t}
Def(I, X=T) = Def(I') U {X}

2.2  Good Formation

The good formation rules we present strictly resemble standard ones [Ghe96,
Ghe90]. The differences are that there are new rules for recursion plus a notion
of well-formedness, which we borrow from [Ghe96], which is stronger, in some
sense, than the traditional one — in rule (T-VarForm), as discussed below.

2.2.0.1 Good formation rules

tZDef(I') 'HTT
# Def(T) ype (I' BoundForm)

(I' EmptyForm)

() F Env [ t<TF Env
X ¢ Def(I') T FT Type
I' EqF
. X=TF Env (' EqForm)
t<Tel I'ET Type
T-VarF
I' =t Type (T-VarForm)

I'F Env X € Def(I') T'F Env
TP TE R-VarF
T T Type U1 Form) T X Type (R-VarForm)

[, X=TFTType T,X=TF U Type
(— Form)

' upuX.T — U Type

X=T,t<TFU Type
' pXVt<T.U Type

(V Form)
Note the particular definition of (T-VarForm). In the standard presentation

of the system, variable good formation is defined by the following rule:

I'FEnv ¢ e Def(I')
I' =t Type

(WeakVarForm)

Here, we adopt a stronger good formation property. Later (Property 4.14), we
show that when this stronger well-formedness is satisfied by a pre-judgement,
then all pre-judgements created during the subtype-checking process are still



well-formed, without any need for renaming; this is not true with the tradi-
tional weak notion of well-formedness. For example, consider the judgement
OFT < U with T =Vt < (Vu.u).Vu.t and U = Vt' < (Vu'.u').Vs.(Vv.v). We
have () = T < U Type if (WeakVarForm) is used instead of (T-VarForm),
but () =7 < U is reduced in three steps to the ill-formed judgement (¢,#') <
ooy (uys) < (T, T) F Vuau < Vo, This judgement is ill-formed because the
type variable u is defined twice, once in the environment and once in the com-
parison. In any case, the stronger notion of good formation we adopt is not
restrictive, since every weakly well-formed pre-judgement has a corresponding
a-equivalent strongly well-formed judgement.

The combined use of bi-environments, R-Types, and strong well-formedness
will allow us to confine the use of variable renaming to subtyping rules that
unfold recursive types.

Regarding rules (— Form) and (V Form) note that, in their premises, the
environment I' is enriched with X = T instead of X = pX.Vt < T.U (or
X =upuX.T — U). So we just extend I" with some information telling us that
the environment defines the recursion variable X. This is the only information
needed to check good formation.

It is not difficult to prove that these rules define a terminating good formation
checking algorithm; the proof is essentially the same as the termination proof
of kernel Fun subtype checking (see [Ghe95, KS92]).

2.8  Subtyping

In [AC93], a recursive type has been defined as a subtype of another if the
possibly infinite subtype comparison among their unfoldings does not fail. This
idea can be formalized in different ways (see [BH97, AC93]); in this paper we
formalize it by means of a set of coinductive subtyping rules, which essentially
consists of the standard algorithmical rules for kernel Fun [CW85, Ghe96]
enriched with rules to deal with recursion. Before presenting them, we make a
brief formal digression on inductive and coinductive subtyping (see [GLPOO]
for a broader discussion on this topic).

Given a set of subtyping rules S, the well-formedness relation
WF ={(I,T,U) : 11+ T,U Type}

and a generating function Fs defined on subsets R of WF in the following

10



way

Fs(R)={(Il, T,U) | II+T < U is a conclusion of a ground instance r
of a rule in S and all the premises of r are in R }

we say that a relation R C WF is compatible with S if and only if R is a fixed
point of Fg, i.e. R = Fg(R).

The existence of both least and greatest fixed points, denoted by uFs and v Fg
respectively, is guaranteed by Knaster-Tarski theorem [Tarb5], provided that
Fs is monotone:

RC R = Fs(R) C Fs(R)
This will be the case for the subtyping rules we are going to introduce.

The least fixed point (inductive subtyping) only contains subtyping judge-
ments with a finite proof, while the greatest fixed point (coinductive subtyp-
ing) may also contain judgements with an infinite proof. Our subtype relation
is defined by the greatest fixed point and contains such judgements.

The Knaster-Tarski theorem provides a way to construct the greatest fixed
point as the limit:

vEs =) F{(WF)

i=1

and this means that vFg can be constructed by starting from the full relation
WJZF and by eliminating, at each stage ¢, all pre-judgements that cannot be
deduced by Fs. The pre-judgements that are not eliminated at any stage are
in vFg.

We may also express this fact by saying that a pre-judgement I[It>T" < U holds
— (I, T,U) € vFg — if either a finite or an infinite proof for it exists. This
is the interpretation of subtyping that we will adopt here (see Definition 3.25
for the formal definition). Of course this is not an “algorithmic” definition.

The set of subtyping rules we consider is defined below. We assume some famil-
iarity with kernel Fun and subtyping recursive types [CW85, AC93, GLPO00].

Notation 2.7 (Type equality: T =U) We define:
MFT2U g4 DFT<U A Swap(I) FU < T

Notation 2.8 (Fresh renaming: IIF 7T1< U and I[I+ T < U1) Inthe
following, I1 = T 1T < U means that there exists an R-type T’ which is -

11



equivalent to T, such that no variable bound in T' is bound in Left(IT), and
such that IL= T" < U. The definition of I+ T < U7 is analogous.

Equivalently, we can say that T T denotes an arbitrary R-type obtained from
T by renaming its bound variables with variables that are fresh w.r.t. Left(II).
Inspection of the type rules shows that the specific choice of the fresh variables
is irrelevant.

2.3.0.2 Subtyping rules

II-T,T Type (T2) (t,u) € Def(Il) TIF ¢,u Type (1d.)
N-T<T = Mkt<u =

(t,u) < (T",U") € 11

forall X. (U#X) U#T U#uw HET <U

Hri<o (VarTrans<)

' = (I, (X=uX.T — U, Y=pY.T' — U"))
Swap(I') FT'<T WFU<U
MFuXT - U< YT — U (=)

' = (IL (X=pX V¢t <T.U, Y=Y <T'.U"))
T =7 Hla(t,t/>§(T,T,)|_U§U,
MF pXVt<T.U < pY S <T'.U’ (V<)

X=T¢€Left(ll) I+ TT< U
X <U

(LUHfS)

forall X. (T #X) Y=U€Right(ll) I+T < U}
nFT <Y

(RUnf.)

Since we are interested in solving the subtype-checking problem, we will com-
ment on the rules with respect to their backward reading (where the problem
of proving the conclusion is reduced to the problem of proving the premises).
Of course, the forward reading of the same rules makes perfect sense as well.

Reflexivity of subtyping follows by rule (Id<) and structural induction on the

type structure. (In this context, reflexivity means that Left(IT) = Right(II)
and II = T, T Type imply that I = 7" < T.) Moreover, instead of a general

12



transitive rule

Left(IT") = Left(II)
Right(I1") = Left(I1”)
Right(I1"”) = Right(II)

IeET<Vv mkEv<U
T <U

(Trans<)

we only impose transitivity in the specific case t < U (rule (VarTrans<)).
This is necessary since the greatest fixed point of a set of rules that includes
transitivity is the total relation (see [GLP00]). We will prove later (Section 6)
that the (VarTrans<) rule is sufficient to make our system transitive.

When quantified types are compared, kernel Fun requires equality of bound
types and, with this restriction, the subtyping algorithm for non recursive
types always terminates [Ghe96]. In our definition of the (V<) rule, equality of

bound types is expressed in the premises by the mutual subtyping judgement
nmerT=1".

In system F< [Ghe90] the inclusion between quantified types is checked by the
rule:
FET'<T TwW<T'F[t'/tIlU<U
Evt<T.U <V <T".U'

(VS)FS

where the equality of bounds required in kernel Fun is relaxed to a less re-
strictive subtyping requirement. As shown in [Ghe95], the existence of such
a rule makes the F- subtyping algorithm diverge when particular pairs of
types are compared. Moreover, in [Ghe93] it is shown that the existence of
such divergent pre-judgements makes it difficult to extend F< with recursive
types: the extended system is not conservative with respect to F, that is,
there are some non-provable judgements in F- that become provable in Fc
enriched with recursion. For this reason, in this paper we restrict our attention
to kernel Fun.

In order to guarantee well-formedness, in the premises of rules (V<) and (—<)
the bi-environment is extended with the equation defining the types occurring
in the conclusion. Moreover, the (V<) rule unifies the type variables ¢ and ¢’
of the two compared types.

The symbol 7' Tin (_Unf<) rules denotes a copy of T' where every bound variable
t or Y is renamed with an arbitrary fresh name (Notation 2.8). This renaming
cannot, in general, be avoided since otherwise the backward application of
the rules would produce ill-formed pre-judgements. As an example, consider
a comparison involving the type uX.Vt <T.t — X. After applying rules (V<)-
(—<)-(-Unf<)-(V<) we would end up with two definitions for X and ¢ in the

13



bi-environment. In the next section we will define a systematic way to perform
the renaming 7' 7.

Backward rule application is deterministic: as it is easy to check, determin-
ism is guaranteed by inequality conditions stated in rules (VarTrans<) and
(RUnf<); in rules (VarTrans<) and (RUnf.), the statement for all X. (T' # X)
means that 7" is not a recursion variable. Rule determinism implies that there
is a unique proof tree (modulo a-equivalence) for every judgement.

The rules also define a reduction system on pre-judgements. P B, P’ indicates
that P is reduced to P’ by backward application of a rule called (R), i.e. P’

is one of the premises, and P is the conclusion, of a ground instance of (R).

P — P’ means that P % P’ for some (R). The symbol — indicates the

reflexive and transitive closure of —.

By rule determinism, Il - 7" < U if and only if II > T < U is never reduced
to a pre-judgement II' > 7" < U’ that does not match the conclusion of any
rule. However, this criterion does not define a subtyping algorithm since the
unfolding rules (_Unf<) make the system diverge whenever, for example, two
equal recursive types are compared. In Section 4.3 we see how this divergence
can be stopped.

To simplify our study we will restrict ourselves to prejudgements P that satisfy
the following conditions: exist 7" and U’ such that () > 7" < U’ = P or
()>T <U — P, and:

e 7" and U’ are closed types
e DV(T)Nn DV(U') = 0.

3 Labeled Recursive Kernel Fun

In this section we introduce a labeled variant of recursive kernel Fun that we
use as a bridge between the “official” system and the algorithm we are going
to present. The labeled system is based on a set of labeled types defined below,
where a and 3 range over paths (elements of {0,1}"). Every variable t,, X,
will contain, in its name, an occurrence label a that makes it unique in the
unfolding; moreover every leaf T, ¢,, and X, of the type will also be marked
by its occurrence 3, indicated as T g, o3, Xa|g. The full grammar is:

TU = Ty | tap | Xepp | pXaVta <T.U| pXo.T — U

In Section 3.1 we give the formal definition of labels and we define a mapping
from non-labeled types to labeled types. In Section 3.2 we define the subtype
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relation over labeled recursive types.

3.1 Adding Labels

To move toward our subtype algorithm, in this section we define a specific
variable renaming technique to be used in the unfolding rules. Informally, we
interpret the repeated backward application of the subtyping rules starting
from () > T < U, with T" and U closed types, as a descent along the infi-
nite unfolding of T" and U, and we label every type occurrence in a derived
pre-judgement with the path a which corresponds to that occurrence in the
unfolding of 7" or U. In this way, every different definition of a variable X (or
t) in the unfolding is associated with a different label o, and we can rename
that variable as X,, (or t,). Hence, we obtain variable uniqueness, and we also
preserve, inside t,, the original name ¢ of the variable it comes from; we will
call such ¢ the “face” of the labeled variable ¢,. Similar considerations hold
for variables X,.

Since types are ordered binary trees, we represent paths on types by sequences
in {0,1}", ranging over by small Greek letters (c, 3,7,...); the empty path is
denoted by nal.

In the figure below we have a tree representation of the type T" = pX.Vt <
T.uY.t — X where the root is associated with a generic path a:

According to this figure we label the type T as follows:
T = p Xt <170 py et (>0 — xolt)

which corresponds to the following variable renaming;:
T, = pXo Vto <T.uYo1.(to — Xo).

where each variable has been renamed in accordance with the labeling of the
occurrence of its binder.
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Finally, we will use the following notation to represent the result of both
labeling and renaming a type (we avoid superscripts X* for typographical
reasons).

Tr|l = ,Uon-VtQ STa.O-MYa.l'(ta\a.l.O - Xa\a.l.l)-

Observe that in a type variable occurrence t,3, t, is the variable itself, while
B is an occurrence label; the same holds for X, 3. Also, observe that in 7,3
the occurrence path f is related to o by 35’". = «.1.4’. For an occurrence
Xqp of a recursion variable X, the relation 33". 8 = o.3 holds.

Hereafter, for variables t,3 and X, 3, labels a and 3 will be respectively called
variable label and position label.

For type variables, the position label will be used to prove some good-formation
properties of the labeled system we will define (Lemma 4.8 and Corollary 4.9).
For recursion variables, the position label will be used to perform renaming in
the unfolding rules of the labeled system (Definition 3.11): a recursion vari-
able X3 will be expanded to a type obtained from xX,.T" (the type defining
the binding for X,3) by updating the root a to 3 and all the internal labels
accordingly, without changing variable faces.

Below, we first define a mapping from non-labeled to labeled types and then
we define renaming. Hereafter, y will indicate either a labeled variable ¢, or
X

To label a type T" we have to specify the label § of the root, and a set L that
contains the variable label of each free variable in T'. Hereafter, such a pair
will be denoted as [L, 5] and called labeling pair. Labeling pairs must satisfy
a well-formedness condition, which we specify in Definition 3.4.

Definition 3.1 A labeling set L is a finite set of labeled variables:

L:{Xlu"'7xn}

Definition 3.2 Over {0,1}" we consider the relations <, (prefiz ordering),
=y (right-left ordering), and X (expansion ordering) defined as the least rela-
tions such that

(%,) Va,3€{0,1} a=,ap

(Z0) Vo, 8,6 € {0,1}" @.1.0 =%,4 a.0.58
(%) Va,p€{0,1}" a=f & a=,fora=.p

IA

As usual, <, <,;, < will denote the irreflexive versions of the corresponding
relations.

16



It is not difficult to prove that =< is a reflexive, asymmetric, transitive, and
total relation over {0, 1}". Indeed, this total order corresponds to a depth-first
visit of a binary tree where each node is visited before its descendants and
where the right subtrees have priority over the left ones.

Definition 3.3 For each labeled type T', Erase(T') is the type obtained by eras-
ing each label from variables and Tg that occur in T'. Moreover, for each set
A of labeled types, Erase*(A) is the set {Erase(T) | T € A}.

Definition 3.4 (Labeling Pair) A pair [L, 3], where L = {x1,...,Xn}, is a
labeling pair for T' € R-Types if the following conditions hold, fori,j =1...n:
Xi = ta = a.l jpﬁ

Xi=Xoa=> a0=2,8 V al=X, [

(B is in the scope of Vt,)

(
FV(T) C Erase*(L) (every free var. in T is defined in L)

(

(

B is in the scope of uXs,)

DV(T) N Erase*(L) = ()
i # j = Erase(x;) # Erase(y;)

no defined variable is defined twice)

AN

variables in L have different faces)
We can now define the labeling operator [L, 3] (T).

Definition 3.5 (Labeling) Let T' € R-Types, if [L, 5] is a labeling pair for
T then [L, ) (T) is defined by structural induction as follows:

[, B1(T)
L, B] (t)
L, 1 (X)
)

)

Tgs

tapg  wheret, € L

Xoip where X, € L
Vtﬁ [L', B.0](T). [L" U {tg}, B2 (T")
s-[L, 8.0 (T) — [L', B.1] (T")

L, B] (WX Vt<T.T’
L8] (uX.T — 7'

where L' = LU {X3}.

It is easy to see that the labeling pairs applied to 7" and T"” in cases V and —
respect Definition 3.4, hence Definition 3.5 is correct.

The result of labeling R-Types is called LR-Types (Labeled Recursive Types):

Definition 3.6 (LR-Types)

LR-Types = {T | exists T' € R-Types and a labeling pair [L, 3] for T’
such that T = [L, 8] (T")}
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Property 3.7 (Face determinism) For any type T € LR-Types, if x and X’
both occur in T' then Erase(x) = Erase(y’) = x = X'

Proof. By induction on the structure of 7" and by using Erase(T") € R-Types
and uniqueness of variable names in R-Types.O

Definition 3.8 For each type T € LR-Types we define DV(T') and FV(T), as
follows:

o

Ts)

-

als)

(
(t
(Xays)
(
(

-

D
D

puXo Vt, <T".U")

v
v
\4
\4
V(puX, TN — U")

0

0

0

{Xa,t.} UDV(T") UDV(U")
(X.} UDV(T") UDV(U")

]

Ts)

w—l

als)

(
(t
(Xay0)
(
(

o
<<<

0

{ta

{Xa}
FV(uXoT' — U') = (FV(T")UFV(U")) — {X.}
FV(uXoVta <T'.U") = (FV(T') U (FV(U') = {ta})) — {Xa}

The labeling operator allows an R-Type to be transformed into an LR-Type.
We will also use a relabeling operator that takes an LR-Type T and a label 3
and updates the root label of T to (3, and every other bound variable accord-
ingly; this operator does not modify the variable label of the free variables,
but only their position labels.

We now define when a pair (L, 3) is a relabeling pair for T

Notation 3.9 If T'e€ LR-Types, Root(T') is the root label of T. Formally, if
T = Ty | tus | Xagg | 1Xp 5ty STV | X = U

then Root(T') = 3.

Definition 3.10 The pair (L, 3) is a relabeling pair for T € LR-Types if and
only if the following conditions hold:

1. Root(T) <,
2. [L, 3] is a labeling pair for Erase(T)

Relabeling of LR-Types is defined as follows.
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Definition 3.11 Let T € LR-Types, if (L, [3) is a relabeling pair for T, then
(L, B) (T) is defined as follows:

(L, B) (T) = [L, B] (Erase(T))

Lemma 3.12 If T € LR-Types and (L,3) is a relabeling pair for T, then
(L,B) (T) € LR-Types.

Proof. By definition of LR-Types and by observing that if (L, (3) is a relabeling
pair for T, then [L, 3] is a labeling pair for Erase(7T").0

As already stated, relabeling is used when an occurrence of a recursion vari-
able X, g is substituted with its body pX,.T', during subtype checking. In
this case, we will guarantee the uniqueness of variables by expanding X, 3 to
(FV(uXo.T), 8) (nXaT).

Notation 3.13 Hereafter, (FV(uX,.T), ) (uXa.T) will be abbreviated with
(4XoT)1 .

Over LR-Types we consider the following equivalence relation.

Definition 3.14 (Similarity) For T,U € LR-Types, T ~ U < 4 Erase(T')
= Erase(U).

The relation T' ~ U (T similar to U) will be used to define the stop condition
of our subtype checking algorithm (Sections 4.2-4.3).

Definition 3.15 For each T € LR-Types and A, B C LR-Types, we say that
Te= A (T is in A modulo ~ relation) if Erase(T) € Erase™(A), A C= B if
Erase™(A) C Erase®(B), while AN~ B denotes the set Erase®(A)NErase®(B).

We now give some properties concerning types in LR-Types, which will be
used in the rest of the paper to prove soundness of the subtyping algorithm
we are going to present. First we need the following definition.

Definition 3.16 For each T' € LR-Types, SE(T') denotes the set of all subez-
pressions of T:

SE(Tg) ={Ts}

SE(ta)s) = {tas}

SE(Xay5) = {Xas}

SE(1Xo Vit <T.U) = {1 Xo Vo <T.U} USE(T) USE(U)
SE(uXo.T —U) = {uX,.T — U} USE(T)USE(U)

Observe that for each T € LR-Types, SE(T) is a finite set.
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Lemma 3.17 If T € LR-Types then SE(T') C LR-Types.
Lemma 3.18 If T € LR-Types, then for each T', U’ € SE(T):
Root(T") <, Root(U’') < U’ € SE(T")

Proof. By structural induction on 7" and by definition of labeling (Definition
3.5).0

Lemma 3.19 If T € LR-Types, then for any tg and Xg:

tg € FV(T) = § <, Root(T) Xp € FV(T) = B <, Root(T) (1)
tg € DV(T') = Root(T') <, X3 € DV(T) = Root(T) <, 6 (2)

Proof. By structural induction on 7" and by definition of labeling (Definition

3.5).0

Lemma 3.20 IfT € LR-Types, then for each T',U" € SE(T):
FV(T')NDV({U") #0 = T' e SE(U)

Proof. Let x € FV(T") N DV(U’), where x = ug or x = Yj3; by Lemma 3.19,
Root(U’) =<, 8 <, Root(T");

the claim follows by Lemma 3.18.0

Lemma 3.21 [fT € LR-Types, then for each T',U" € SE(T):
FV(T')n=DV(U") #0 = T' € SE{U’)

Proof. By hypothesis we have two variables y and x’ with the same face such

that x € FV(7”) and x’ € DV(7") and both occur in 7. By Property 3.7 (face

determinism), this implies that xy = x/, hence FV(T")NDV(U’) # 0, therefore
Lemma 3.20 can be applied.O

The lemma just proved can be generalized to the following corollary, where €
is substituted by €~.

Corollary 3.22 [f T'€ LR-Types, then for each T', U’ €= SE(T):
FV(T')N*DV(U') £0 = T € SEU)
Proof. By hypothesis there exist 7", U” € SE(T) such that 7" ~ T’ and

U" ~ U with FV(T") n= DV(U") # 0. Hence, by Lemma 3.21, T" € SE(U"),
which implies 7" €~ SE(U’) by 7" ~ 1" and U" ~ U'.0
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3.2 The Labeled Subtype Relation

We are now ready to provide a precise definition of labeled recursive kernel
Fun. This system is strictly related to the one defined in Section 2. One novel
feature is variable labeling and relabeling, which is used to perform renaming
in the unfolding rules. Moreover, in this variant, when a comparison X,z < U
or T' < Y,}, is met during subtype checking, this information is saved in the
bi-environment. This is only done for uniformity with the algorithmic version
of the next section, where this information will be used to stop the subtype-
checking process. In this abstract version, this information is not used.

Hereafter, T'x , will denote a type uX,.vt, <T". U’ or uX,. 7" — U’, while &
will range over < and >; if O is < (>), then 71 is > (resp., <).

The syntax for types, pre-judgements and judgements is as follows:

Types T.U:=Tg | tap | Xap | pXaVta <T.U

| X, T —U
Pre-Judgements P =T, Env| I'>,T Type| lI>, T <U
Judgements J =TIF/Env| ', T Type| OUF,T<U
Bi-Environments Il = ()| I (ta,us) <(T,U)

| 1L (Xoa=Txa, Ys=Uy;)
| IL XqpoT | 1L T o Xo8
Environments I' o= It.<T| I''Xo=Txo| I'\T
The Def, Left, Right and Swap operations are now defined as in the following
table; observe that now the Swap operation, used in rule (—<), also swaps

positions of types in assumptions X, < T and T' < X3 without changing
their meaning, thus yielding T' > X, g and X,3 > T, respectively.

(ta,ug) <(T,U) | (Xo=T,Ys=U) | TOU
Def | (ta,ug) (Xa, Y5)
Swap | (ug,ta)<(U,T) | (Ys=U,X,=T) | UOCTIT
Left | to,<T X,=T T
Right | ug<U Ys=U U

We now present the rules that define our subtype relation over recursive types;
we will call this set of rules . These rules will be interpreted coinductively
(Definition 3.25).
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Hereafter, u,|— indicates that the position label is an arbitrary label; likewise
for T_.

3.2.0.3 Subtyping rules

I+, T, T Type (T2) (ta,u,) € Def(Il) 11k, tq8, uyy Type (1d2)
n+=,7< Tﬂ = II F, ta|,6 < Uy =
(ta,u,) <(T",U") € I
for all Xg5. (U # Xg5) U F#wy- U#T_ T <U
Mty <U (VarTrans<)
1 =11, (Xo=pXoa.T — U, Y,=puY,.T' — U')
SW&p(H/) }_g T’ S T 1I }_g U S U’
MF, yXaT U < 1Y, T = U (=<)
' =11, (Xo=pX, Vt . <T.U, Y,=pY,Nu, <T".U")
W, TET I, (te,uw,)<(T,T") e U < U’
(V<)

My p Xy Vi, <T.U < pY, Vu, <T".U’ -

X,=T & Left(II)
Xy <UFTTB < U

LUnf
Mh Xos < U (LUnf<)

fOT’ all X9|5. (T 7'é X9|5) Y,,:U € nght(H)
ILT <Y,,teT < UTn

f
M T < Yy, (RUnts)

Observe that the unfolding rules now use the relabeling operation to rename
the unfolded types. We will see (Corollary 4.9) that this renaming is sufficient
to avoid name clashes and to preserve well-formedness. Moreover, we will give
sufficient and non restrictive conditions that will make this renaming always
applicable (Definition 3.23). Observe that no renaming is performed by rule
(VarTrans<).

If a pre-judgement P is reduced to P’ by one backward application of an 3
rule called (R), then we indicate this fact with

(R)

pP-—=_PF
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while P —,, P’ means that either P = P’ or P is reduced to P’ by one or
more backward applications of R rules.

As for the non-labeled system, rule application is made deterministic by in-
equality conditions expressed in rules (VarTrans<) and (RUnfc).

The restriction to closed judgement we made in Section 2 is formally extended
to the labeled system by definitions 3.23 and 3.24 .

Definition 3.23 We call Start-J the set of pre-judgements () >, T < U where
T,U are closed LR-Types and:

DV(T) "= DV(U) = 0

The non restrictive condition of uniqueness of type faces will be helpful later
in simplifying the statement of some properties (see Lemma 5.19).

Definition 3.24 We define Start-J> as the set of all subtyping pre-judgements
that we obtain by reducing a pre-judgement in Start-J by backward applications
of R rules. Formally:

Start-J° = {P': 3P € Start-J s.t. P —., P'}

The Start-J> pre-judgements satisfy some invariants that we prove in Sec-
tion 4.4; in particular, they are well-formed.

We now give our definition of inclusion between labeled recursive types; a
failure pre-judgement is a pre-judgement that is not equal to the conclusion
of any ground instance of any rule. We indicate with IT F3° T" < U the fact
that I+, T" < U holds with respect to R rules.

Definition 3.25 For each pre-judgement I1 >, T < U in Start-J>:

[P T <U < B a failure pre-judgement 11 >, T" < U’
sty T <U—» N>, T <U

Since every judgement has only one rule that may be used to prove it (rule
determinism), the previous definition can be restated as: I1 +3° T" < U if either
a finite or an infinite proof tree exists for it.

Good formation rules for the labeled system are the following. (I" TypeForm)

has been added to check that types coming from assumptions 7'¢ U are well
formed.
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3.2.0.4 Labeled good formation rules

ta € Def(I') ', T T
(I' EmptyForm) # Def(l) : ybe

(I' BoundForm)

() F¢ Env 't <T F, Env
'+, T Type
———— (I TypeF
T TF Eny (| Lypeform)
Xo & Def(I') T'+, T Type
[' EqF
T, X,=T ; Env (I" EqForm)
to<T el T'HTT
=L € : ype (T-VarForm)
I'Foty Type
' E X, €Def(I') THE
L (T Form) € Def(I) L= (R-VarForm)
r }_g Tg Type r l_g Xa\ﬁ Type
I Xo=TabFe T Type TI''X,=T,F,U Type
(— Form)

' uXo. T — U Type

F7Xa:—|—omto¢§T Foe U Type
'k pX, Vt, <T.U Type

(V Form)

Note that in the premise of (T-VarForm) and (R-VarForm) we ignore the
position label; as stated before, this label is only needed for renaming in the
subtyping rules.

The labeled system we have presented here is equivalent to the system defined
in Section 2, which means that the same closed judgements hold modulo la-
beling. To prove equivalence we need the following definition, where we define
equality up to variable names between R-Types and LR-Types; in the same
definition we extend this equality to non-labeled bi-environments and labeled
bi-environments.

Definition 3.26 For any injective function f from non-labeled variables to
labeled variables, we define the binary relation =; C R-Typesx LR-Types as
follows

T= T,
t=rtyg & flt) =t
X = X!, & f(X) =X,
pXT —U=; uX, T U &T=T,U=U, f(X)=X,
PXN<TU =5 p X\, <T'U' & T =, T, U=, U, f(X)=X].,

ft) =t
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We extend =y to bi-environments and pre-judgements as follows

0=r0
H7 (t’u) < <T7 U) if H,7 (f<t>7 f(u)) < (Tlv U/) Sal if Hl? T if Tl’
U= U

Hv(X:TvYZU) =y Hla(f(X):Tlvf(Y):U/) < = 1T, T =y T

U=,U
=, II', T o U’ & T =, 1T,

I, T, U" Type

MeT<U= T <U ST =11, T =T
U=;U

Now we can prove equivalence.

Theorem 3.27 For each injective function f and each pre-judgement 11 >
T < U in recursive kernel Fun,

O>T<U = 'y T"<U = [IFT<U 'R T <U)

Proof. Observe that, for any f and Il > T < U:

NeT<U = W T'<U AlNeT<U- 21T <0
= Jf I, T, UL IL Ty <Up =p I T) <UL A
e, 7 <0 2 s, 7 <U!
MeT<U = W T'<U A>T <UD I >, T <U!
= I, TL,ULIL T < Uy, =p I > T <UL A
HDTSU@JLDESUl

and observe that [I > T < U =; II' >, 7" < U’ implies that one judgement
is a failure judgement if and only if the other one is. Then conclude that
Il >, T" < U’ is reduced to a failure judgement if and only if II > T < U is
reduced to a failure judgement as well.O

Corollary 3.28 For each closed pre-judgement () >, T < U,

OVFX T <U < () F Erase(T) < Erase(U)
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Corollary 3.29 For each closed pre-judgement () > T < U in recursive ker-
nel Fun,

OFT<U < (FF[{}a(T) <[{},a]l )

4 A Subtyping Algorithm

In this section we provide an alternative set of rules for defining the subtype
relation over labeled recursive types. This set of rules defines an algorithm
since at most one rule can be selected for any pre-judgement, and the backward
application of these rules always terminates.

The rules presented in the previous section record the pairs X,3 < U or
T <Y, in the bi-environments. Thus, following [AC93], we can use this
information to stop backward rule application when such a pair of types is
met for the second time. Due to renaming, we cannot expect exactly the same
pair to be met twice. Hence the most natural idea is to stop when we meet a
pair that matches an already met pair modulo a-renaming.

This algorithm is very inefficient because of the high cost of a-equivalence
comparison, but, prior to this study, it was regarded as the best guess for
a correct and complete algorithm. We will show in Section 4.1 that this is
not the case, and we consider this as an important, though negative, result.
This algorithm is correct, but it is not complete since there exist provable
judgements that, during subtype checking, produce infinitely many pairs that,
though in some sense “similar”, always fail to be a-equivalent to a previously
met pair.

The counterexample in Section 4.1 suggests that, in order to define a com-
plete subtyping algorithm, one may look for a more “syntactical” equivalence
relation to be used in the stop condition in place of a-equivalence. Similarity
(i.e. erasure equality ~) is the first candidate for this task. Unfortunately, it is
too weak. The resulting algorithm is complete, i.e. it always terminates, but
is not correct, as shown in Section 4.2.

However, the algorithm becomes complete and correct if we use similarity but,
instead of stopping the second time we meet a pair, we wait until the same
pair is met, modulo similarity, for the third time, as formalized in Section 4.3.
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4.1 Divergence of the a-equivalence Based Algorithm

We show here that the algorithm that stops when it meets a pair that is a-
equivalent to an already met pair is incomplete, i.e. it diverges on a provable
judgement.

To define the a-equivalence based algorithm we consider the following end-rule
to be added to 3*>°; the resulting set of rules will be called R%-<; a-equivalence

13 29

~,” is defined as usual: free variables must be equal, while bound variables
can be freely renamed.

T7<Uell Te,T U~,U I+, T,U Type
n+=17<U

(End2)

Our complete algorithm (see Section 4.3) records a pair 7' < U only when the
unfolding rule is applied, which gives the end-rule fewer possibilities of being
applicable, but is still enough to make it complete. We show here that the
incompleteness of the a-based algorithm is not a consequence of this choice,
by showing the divergence of an algorithm that records every met pair.

To preserve determinism, we assume that the (End¢) rule takes priority over

all the other ones except for the termination rules (Id<) and (T<). No sub-
typing is lost since (End¢), (Id<) and (T<) are all termination rules.

The two relations ﬂalg—aa — qig-o are defined similarly to ﬂoo and . In

the R system, a prejudgement () >, T" < U is provable if and only if
the R backward reduction process starting from () >, T < U terminates
without failing.

The () >y T < U system is not complete: the stop condition expressed by
the (End%) rule does not guarantee termination, not even for > provable
pre-judgements. We prove this fact by showing a %> provable pre-judgement
that makes the algorithm diverge.

To this end, we first fix some conventions that we will use in the proof. Here-
after we assume that:

e Vt,.T denotes the type body Vt, < T.T where t, may occur free in 7T’
e V. T denotes a type body Vt, < T.T where t, does not occur free in T
e 1. T denotes a type uX,.T where X, does not occur free in the body 7.

Moreover, for simplicity, in variables t,3 and X3 we omit position labels 3

and only retain variable labels a.. Each time a variable is renamed, new labels
are simply indicated with new names (e.g. ¢, is renamed in ¢, with a # p).
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To simplify things, in the diverging pre-judgement we will use a type L that
is the subtype of every type, associated with the following termination rule:

II I_g J_Q,T Type
(L<)
Mk, Ls<T

We will also use pair types uX,. T x U with the usual covariant rule, corre-
sponding to the following pair of reduction rules, where II” is defined as in
rule (—<) and where it is explicitly indicated if the reduction is to the left or
right premise.

l
1>y pXo T X U < Y, T x U2 o I sy T < T
1>y pXo T X U < Y, T x U 22X T sy U < U

For product types we will also use the following notation:

e 1" x U denotes a product type uX,.T x U where X, does not occur free in
TxU.

Pair and bottom types make our counterexample much more readable, and we
can encode both of them in system kernel Fun, provided that L is not used
as the bound of a type variable (see Appendix C).

We can now present the diverging pre-judgement:
() D>y T < U

where

T = puN.puXoVtg. (L X pZ,N.pN.((L x ta x Xo) X Z,))
U = uYyVug.uK,; V.((ug x T x K,) x Yp)

<

Since these types are quite complex, we will split them, and will name their
parts as follows. Each name is parametrized with respect to the variables that
appear free in the corresponding type.

T = uV.puXoVta. (Ax,t.) Axate = (L X pZ,¥.uN. Bx,1..2,)
Bxy a2y = (Cxota X Zy) Cxpte = (L Xty x Xy)
U = puYp.Vug.pk V. (DY97u97K7> Dyy g i = (Eug,KT X }/9)

Euyr, = (ug x T x K)
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Both types T and U are characterized by the nesting pattern uX.Vt. uZ. Tx ; z:
a type variable is defined between two recursion variables, and the three of
them appear in the internal scope. As we will see, this binder alternation
is crucial in order to make both systems, R* and R, diverge, and this
divergence makes the pre-judgement provable in system R*° and not in system
éRalg-a.

The behavior of the type-checking algorithm is better explained through a
figure. Figure 1 illustrates how T and U are compared, and how they are
unfolded during the comparison. It shows how the repeated unfolding of the
two trees generates two long skeletons that have exactly the same structure,
along which the comparison goes on forever. Indeed, after six levels, similar
types are found, and similar pairs of types are subject to the application
of the same rule, producing another similar pair, and so on. There is only
one situation where similar comparisons may be reduced differently by the
subtyping rules, which is variable-to-variable comparison: u, < t3 is similar
to u, < ts, but rule (Id<) may be applicable to the first while rule (VarTrans<)
is applicable to the other (or vice versa), as exemplified in the next section.
But no variable-to-variable comparison is performed here, since variables are
only compared with L or with T. And no pair of compared types is ever
going to be a-similar to one that has been met before. Consider for example
the two similar pairs met at the second and eighth levels of the tree (we use
superscripts like ¢, 7. etc., to distinguish among a-equivalent types that have
no free variables to write in the subscript):

La S RYg,U@ 16 MXQ-Vta' (AXa,ta) S MKTV (DYg,ue,Kq—)
LP < Ry, ie. pX,5t,. (Ax,1,) < pKsV. (Dy, )

The comparison does not stop here, since Ry, ,, is not a-equivalent to Ry, .,
because of the different sets of free variables. After a couple of steps, in the
tenth line, the right-hand-side R gets rid of the free variables, and becomes a-
equivalent to R"® met at the fourth level. But, at this point, the left-hand-side

., has acquired two free variables that make it non equivalent to L_, .
These free variables will stay until the next repetition of the L™ < Ry ,, pair.

We now give a more formal and detailed account of this divergence. We first
present an initial part of the infinite 28?9 reduction chain that originates
from T < U.

In each reduction step we only write the last element added to the previous
bi-environment, and we assume that the current comparison is saved in the
bi-environment, without writing this down explicitly. Finally, we omit proof
branches concerning well-formedness (as already mentioned, in Lemma 4.14
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Yg — ,uY,,.Vu,,

.V, BXp’thg i,V DYu,uLqu

Fig. 1. How T and U are expanded and traversed

we prove that, for Start-J* pre-judgements, well-formedness is always guar-
anteed).

(1) () e VX0 V. (Ax,0.) < 1Yo Nug.uK N (Dy, k.
(2) —alg-a - - (—:T, Yb:U), (—7U9) < (T,T) >y
,uXa.‘v’ta.(Atha) S /JJKT.V.(DYQ’W)’KT)
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(12)

(V<)
—

alg-av - -

(Xa:uXa.Vta.(Atha), KT:,U/KTV (DY(%UQ’KT)),

(taa _) < (T7 T) D>
(J_ X MZ’Y\V//‘L\V/ (BXomtcuZ'y)) S (E'U‘(%KT X )/0>

(—I(J_ X ,LLZ,YVILLV BXoutouZ'y)7 _:<EUQ,K7— X Yb)) >y

pZy N pN(Bxyta,z,) < Yo
. Dy
2y NN (Bx, ta,z,) < 1YpNug. Ky V.(Ey, x, X Yp)
NZy=pZ N pu N (Bx, ta.2,);
Y= puY3Nug. 1KoV (Dy,us.k5)),
(—rup) < (T,T) b
W(Bxtoz,) < pKp¥.(Bu, i, % Vs)

(—:,UJ.V.(BXa’to”ZV), Kﬁ:/,LK’g.\V/.(EuﬂJ(ﬂ X Yg)),

(= =)< (T, T) >y
(Cxata X Zy) < (Bug iy X Yp)
(==Cxpta X Zy, ==Eus i, X Y3) D>y
(L x ta) x Xo < (ugxT)x Ky
(==(L X ty) X Xo, —=(ug x T) X Ky) >y
Xo < Ky
. Dy
pX, Nty Ax,i, < Ky
... >y (note that this is similar but not a-equivalent to

the pre-judgement in 2, since the free variable ug

is different from uy)

,uXp.th. Athp S MK@-V-DY5,u5,K¢

RN (XpI/LXp.\V/tp.AthP, K¢ZMK¢V DYﬂ,uﬂ,K¢)7

(tp’ _) < (Ta T) B>
1 x [LZQ\VIILL\V/ Bxpytng < Euﬁva X Yﬁ

R (—:(L X /LZQVIU,V AXp,tp)7 _:(E“[%Kso X Yg)) g

MZQ.V.M.V.BXp7tp7Z‘Q S Yﬁ
. Dy
pZyN.uN.Bx, 1, z, < Y, Nu, pK o N (Ey, k, XY,)
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(15) —aiga --- (Zo=Y.uN(Bx,41,2,), Yo=pY,Yu, uK,V.(E,, g, xY,),
(-,U,/) < (TvT) D¢
M.\V/.watng < ,qu.V.(Euy’Kw X Yy>
(16) —alg-a - -- (—IM.V.(Bthp,ZQ), Kw:/JJKw.V.(EuV’Kw X Yy)),
(_7 _) S (T7T) D¢
Othp X Zg S EuV,KW X Yy
(17) —_>alg—a c. (_:CXp,tp X Zg, —:Equw X Yl,) >y
(Lxt)xX, < (uxT)xK,
(18) — aga - (—=((L x t,) x X,), —=((u, x T) x K,)) >y
X, < Ky
(19) — aga --- D
,UX/{-Vt/{- AthH S Kw
nf.
(200 ML
,U,X,i.vt,{. Athn S /’LKL‘V'DYV,’U,V,KL
As seen in the picture, starting from the eleventh judgement, every pair of
compared types is similar to the one that has been met nine steps before.
However, it always differs in some free variables. For example, if we consider
the last nine steps, all the judgements from 12 to 17 contain a free variable ¢,
that is different from the variable ¢, met nine steps before. Step 18 differs from
9 due to X, and K,,, which differ from X, and Ky . Step 19 differs from 10 due
to K, /Ky. Step 20 differs from 11 due to u, and Y,. No variable-to-variable

comparison is performed; hence, once the first pair of similar comparisons is
met, we know that the reduction will go on forever, with the same structure.

Remark 1 Another kind of renaming could be used in the unfolding rules.
When X5 is defined by pX,.T, our unfolding rule substitutes X, with
(uXo.T) T B, in accordance with the meaning we gave to recursive types. It
would also be possible, however, to substitute Xy 3 with just the body T' T (3.
This alternative way of renaming corresponds to the following chain of equiv-
alences:

puX T =pX. [T/X]T =puX.[T/X]|([T/X]T)
rather than the following chain, which we exploit:
puX.T = [puXT/X|T=[pXT/X|T/X]|T...

In this way, we would not create a new X wvartable. This variant has a greater
chance of meeting an already met pair, since the outermost recursive variable
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X is not renamed. We suspect that this variant is sound, but we did not prove
this fact. Anyway, this variant is still not complete. Consider our judgement:
every time we meet a pair of types that is similar to a previous one, it differs
because of the free type variables, and this difference remains if we mowve to the
variant algorithm. The only exceptions are the judgements in steps 18 and 19,
which only contain free recursion variables. Indeed, with the variant algorithm,
the X at step 9 would be the same as in step 18, while in the basic algorithm
they are different variables. However, the K would still be different, since a new
1K s generated every time Y is unfolded in step 9*1i+ 5. Hence, the variant
algorithm is not complete either. It would be interesting to try and prove the
soundness of this alternative algorithm, since it may be more convenient in
some situations. We leave this as an open issue.

4.2 The Unsoundness of a Similarity Based Algorithm

The a-equivalence based algorithm diverges since, for some couples of pairs
T,U and T",U’, it fails to recognize that the second pair will behave like the
first one; it exploits a notion of ‘sameness’ that is too strict.

Hence, it is natural to consider a weaker notion of sameness, and considering
a pair to be the same as an already seen pair when the two are in fact only
similar, according to the similarity relation ~. Thanks to the condition of face
uniqueness (Definition 2.2), when we meet two similar types during subtype
checking, this implies that they are “residuals” of the same subterm of the
original judgement (or that they are both T). This makes similarity quite a
strong condition, and also makes it very efficient to check. If we are able to
represent every type as a pointer to the subterm of the original judgement from
where it comes, plus, possibly, some relabeling information, then similarity can
be checked as pointer equality, which is the kind of efficiency we would need in
actual implementations. Indeed, consider that before performing a reduction
step in the subtype checking process, we have to compare the current pair
with all the pairs in II for sameness; hence the use of equality of pointer pairs
instead of a-equivalence makes a dramatic difference.

Definition 4.1 We say that T' < U €, 11 if the bi-environment 11 contains
at least n pairs T < U{,...T), < U, such that T ~ T and U ~ U], for
i =1...n. Otherwise, we say that T < U & 1I.

The next algorithm we consider is characterized by the following end rule.

T<UeTIl I+, T,U Type
n=7T<U

(Endlg)

To preserve determinism, we define (without loss of generality) that this rule
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takes priority over all the other rules except for the termination rules (Id<)
and (TS)

In this section, for the sake of simplicity, we still consider an algorithm that
records every met pair. It is easy to prove that our unsoundness proof still holds
if the unfolding rules are the only ones that record the pairs met (actually, in
this case the algorithm terminates only one step later, that is in step 10).

We call this new set of rules 1. They define a subtyping algorithm for
recursive types that is complete, i.e. that always terminates.

. R .. R
The two relations Qalg_ 1, —alg-1 are defined similarly to Qoo, — oo

In the following sections and in the proof of termination of 3! rules, we
will make use of the following definition.

Definition 4.2 (TypesIn) TypesIn(T') is the set of types contained in T';
more precisely:

TypesIn(()) =10

TypesIn(T',t, <T) = TypesIn(I") U{T}
TypesIn(I', X, =T) = TypesIn(I") U {T}
TypesIn(T", T') = TypesIn(I') U {T'}

To prove termination of %! rules, we also need the following lemma, where
we prove that in any %% reduction chain starting from () >, T < U €
Start-J, all the types created are subexpressions, modulo ~ equivalence, of
the initial types T and U. Hence, if we ignore labels, no new type is created
during subtype comparison.

Lemma 4.3 For each () >, T < U € Start-J, if
O T <U =g ', T < U,
then one of the following two pairs of properties holds
TypesIn(Left(Il")) U {T"} C= SE(T)
TypesIn(Right(IT")) U {U'} €= SE(U)
or
TypesIn(Left(I1')) U {T"} C= SE(U)
TypesIn(Right(II')) U {U"} €= SE(T)

Proof. By induction on the derivation length and by cases on the last applied
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rule; we move between (a) and (b) when we consider (V<) or (—<) as the last
applied rule.O

Lemma 4.4 (Termination) For each () >, T < U € Start-J, the R¥&?
reduction process starting from () >, T < U always terminates.

Proof. The termination condition used in the end rule does not consider labels
in the pairs that have already been met. Thus, using R rules, the reduction
process must terminate because: a) modulo ~, only subexpressions of the
initial types can be compared (Lemma 4.3); since initial types have a finite
number of subexpressions, the unfolding rules can only be applied a finite
number of times; b) termination of kernel Fun subtype checking implies that
we cannot have an infinite reduction chain with a finite number of unfolding
rule applications. If we had such an infinite reduction chain, then by starting
from the last application of an unfolding rule we could obtain a judgement
(with no recursive types) that makes the subtyping algorithm of standard
kernel Fun diverge.O

It is not difficult to prove that the R%9! algorithm has the same behavior as
the one in [AC93] on first-order recursive types. But, if we consider second-
order types, this algorithm is not sound with respect to the relation defined
by $>°. We prove this fact by showing a subtyping pre-judgement that holds
according to 3% but is not provable in R.

To simplify the presentation we still exploit the conventions used in the pre-
vious section, plus the following:

o A type uX,.Vt,.T where the variable X, does not occur free in T', will be
denoted by Vt,.T'.

The pre-judgement is () >, T < U, where

T = uZoNto.(1Xp.( X5 X (ta X Za)))
U = uNuy.puY, (T X (uy X (1¥0,.Y5))) X T)

Note that these types have the same particular nested recursion p-V-p that
characterized the pre-judgement studied in the previous section.

Using R*%91 rules, we have the following proof for our pre-judgement.

(1) O T <U
@) Eapr (Za=T,—=0), (tauy) < (T, T) >,
ILLX/@.(XB X (ta X Za))

< YL (T X (uy X (pV0,.Y))) x T)
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B) —agr - (Xg=pXp.(Xp x (ta X Za)),
Y =pY, (T X (u, % (1.¥0,.Y,))) x T)) >y
X < (T X (uy x (1.V0,.Y5)))
@) M X < (T x (g X (10, Y2))) B
X (X X (ta X Za)) < (T x (uy X (1¥0,.Y:)))
(5) " s o (X=X (X, X (o X Z)),
—=(T X (u, x (1.Y0,.Y5)))) >y
(ta X Zo) < (uy % (1.Y,.Yy))

(x<)"
O s T (=t x Za), =t x (10, 1)) ) b
Zo < pY,.Y,
(LeftUnf<)

()  — ags - Za < puVU,Y, Dy
P2y V. (X7 (Xr X (t, X Z,))) < pV,.Y,
(V<)
(8) —uges - (Zo=pZ, Nty uXr.(X: X (ty, x Z,)), —=(u-Y0,.Y5) ),
(to,v,) < (T,T) >y
pXr(Xr x (t, x Zy)) <Y,
(RUnf<)
9) " — agr - p X (X X (ty X Zy)) <Y, Dy
pX; (X, x (t, X Z,)) <

WY ((T X (g X (150, 3))) X T)
successful (since a similar pair is met in 2 and hence the rule (Endl) can
be applied).

All the derivations not illustrated are trivially successful, so the pre-judgement
is provable according to the R rules. However, if we consider R*, the
reduction continues as follows.

(x<)!

— o e (Xr=pXo (X X (t, X Z,)),
Yo=pYp.((T x (uy X (1.Vvy.Yp))) x T)) D
Xr < (T x (uy % (1.Vvy.Yy)))
(11). X < (T x (% (150,.Y))) B
X (X X (Lo X Zy)) < (T X (uy X (1.V0,.Yy)))

(10).

2 Note that the pre-judgement in 5 is also reduced to ... > t, < Uy, which is true
by (Id<).
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(12). 2L (X=X (X X (t X Z0)), —= (T x (uy % (1.Y05.Y9)))) B4
(to X Zo) < (uy X (11.V5.Yp))
(13). — o ... (—=(ty x Zy), —=(uy X (1.Yv4.Yy))) D¢

by < Uy
(14). (VarTE;SS)OO oDy T <y, faill

Note that in 13, ¢, refers to the variable defined in step 8 where t,, is unified
with v,. Then in 13 we cannot apply (Id<) as we did after step 5, so we have
to apply (VarTrans<), thus obtaining the failure pre-judgement shown in 14.

The above derivation shows us that, in order to define a sound stop criterion,
correct unification of type variables is the key issue. In Section 5 we will
prove that the stop conditions we propose in the next section guarantee some
properties of variable unification that imply the correctness of the resulting
algorithm.

4.8 A Sound and Complete Algorithm

We may say that the 1% algorithm was too eager to terminate; had it waited
a bit longer, it would have discovered the pending failure. Indeed, we stated
that stopping when a pre-judgement is met (modulo similarity) the third time
is a sound ending criterion that defines a sound algorithm.

The rules of our sound and complete algorithm are obtained by adding two
new termination rules to the 1*° system and by modifying the unfolding rules
as follows.

Xopp <U €T T H; Xop U Type

LEnd
Mh Xop < U (LEndx)
T <Y, €1 Ik, T,Y,, Type
E

Ik T < Y, (REnd)
XopSU &I
Xo=T € Left(Il) I, Xapg<UkTTp < U o

Mhy Xop < U (LUnfY)
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T <Y, & I for all Xgi5. (T # Xg5)
Y,=U € Right(Tll) LT <Y, T < UTn
kT <Y,

(RUanS)

In

To ensure termination, the (_LEnd<) rules take priority over rules (_Unf2) and

(VarTrans<) — we make this explicit in the first premises of the (_UnfZ ) rules
above. To preserve determinism, we also define that (T<) has priority over

(,Endg).

With this extension we have a new set of rules that we call %92 and whose
backward application defines a subtyping algorithm for recursive types. We
outline the termination proof in the next section. Hereafter we will indicate

with IT H/%* T < U the fact that II -, T < U holds with respect to R-2
rules.

4.4 Termination, Invariance of Good Formation and Non Necessity of Re-
naming

In this section we prove some basic properties of systems R and -2
namely:

e the algorithm defined by R%-2 always terminates;

e the backward application of both ®%9-? and R* rules reduces a well-formed
subtyping pre-judgement to a collection of pre-judgements that are still
well-formed;

e variable renaming is not necessary in the %2 and in the R system.

We will show later how to transform any R into an R* proof, using a
stepwise process that produces intermediate proofs where some unfoldings are
performed according to the R rule, and some are stopped according to the
Ral9-2 rule. For this reason we define a system R2¢/° where both the (_Unf%)
and the (_Unf<) rules can be used, and where proofs can be finite or infinite;
hence, Rl proofs are a superset of both R%2 and R> proofs. &> induces

. R .
two relations Qalg‘oo and — 4600, that relate a pre-judgement to those that

can be obtained by the backward application of a rule R (ﬂalgbo) or by a
sequence of zero or more rule applications (= agjoc)-

Definition 4.5 We define Start-J™>® as the set of all pre-judgements that
can be reached starting from a Start-J pre-judgement by using — qgjoo-

Of course, Start-J¥8/* is a superset of both Start-J*-? and Start-J.
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4.4.1  Termination

To prove termination of R%-? rules, we restate Lemma 4.3 for R%9-? and R
reduction chains starting from pre-judgements () >, 7' < U € Start-J.

Lemma 4.6 For each () >, T < U € Start-J, if
() >y T S U ™ alg|oo H, > T, S U/,

then one of the following two pairs of properties holds

TypesIn(Left(Il')) U {17} C= SE(T)
TypesIn(Right(IT")) U {U'} C= SE(U)
TypesIn(Left(II')) U {T"} C= SE(U)
TypesIn(Right(II")) U {U"} €= SE(T)

Proof. By induction on the derivation length and by cases on the last applied
rule; we move between (a) and (b) when we consider (V<) or (—<) as the last
applied rule.O

Property 4.7 (Termination) For each () >, T < U € Start-J, the R8>
reduction process starting from () >, T < U always terminates.

Proof. Use Lemma 4.6 and proceed as in Lemma 4.4.0

4.4.2  Invariance of good formation

In this section we prove that our renaming technique guarantees that the
backward application of R#2'8°° rules preserves good formation; we also prove
a couple of quite technical lemmas, like the first one below.

Lemma 4.8 For each () >, T < U € Start-J, if
() g T<U ™ alg|oo IT B>y T < Ula

then
1. T, U €LR-Types

2. FV(T") C Def(Left(I)), FV(U’) C Def(Right(IT))
3.V (te, ug) < (T",U") € 1T,
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3.0 FV(T") C Def(Left(I')), FV(U") C Def(Right(IT')
3.1 1", U" € LR-Types

3.2 Root(T") = .0, Root(U") = .0

3.3 a < Root(T"), 8 < Root(U")

4. V(Xo=T", Ys=U") €I,

4.0 FV(T") C Def(Left(IT')), FV(U") C Def(Right(IT')

4.1 7", U" € LR-Types

4.2 Root(T") = o, Root(U") =

4.3 o < Root(T"), < Root(U’)
Proof. Points 1, 2, 3 and 4 are simultaneously proved by induction on the
derivation length and by cases on the last applied rule.
The only interesting cases are (VarTrans<) and (-Unf<). We consider only
the proof of properties 3.3 and 4.3; the other ones are obvious. We have to
prove that if the lemma holds for II' >, ty, < U’ and ty <T" € Left(Il'),
then the lemma also holds for II' >, 7" < U’. To do this, we observe that, by
hypothesis, we have ¢y, €LR-Types and then v = ¥.1./; moreover, we have
Root(T") = .0 (by the induction hypothesis 3.2) and Root(ty,) = v = ¥.1./".
Therefore, Root(ty;,) <n Root(T”), hence Root(ty,) < Root(7”). Now the

proof follows by induction hypothesis and by transitivity of <. Case (-Unf<)
is similar, but <, is used instead of <,;.0

This lemma has some interesting corollaries.
Corollary 4.9 For each () >, T < U € Start-J, if
(Ve T <U = ggoe I' > TV < U,
and
a1, gy ey Oy 1, Qi

is the sequences of the labels of the type variables defined in Left(Il'), while

ﬁhﬁ% cee aﬁm—laﬁm

is the sequence of recursion variables defined in Left(I1"), then

o <0y < ... <y <, O < 0s < ... =< Bt < Om
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The same holds for Right(IT").

Proof. By induction on the derivation length and by cases on the last applied
rule. If we suppose that the corollary holds for 1" >, T < U” such that

5y T<U e W, T < U B s, 7 < U
g|

then the conclusion follows by 4.8 and by observing that II' may differ from
IT” only in terms of the last element inserted by the application of rule (R).O

This corollary implies that no variable is defined twice in IT’; indeed, each label
«; is different from the others.

Corollary 4.10 For each () >, T < U € Start-J, if
() >y T S U — alg|oo H, D>y T/ S Ula
then

Def(Left(IT')) N DV(T") = 0
Def(Right(IT")) N DV(U’) = ()

Proof. By contradiction and using Lemma 4.8 and Lemma 3.19.0

Corollary 4.11 For each II' >, T' < U’ € Start-J*s> .

1. II'=11"(X,=T1T",Y3=U"),1" =
Xo & (Def(Left(I1")) U Def(Left(I")))
T"=puXyA— B orT"=uX,vVt,<A.B
DV(T") N Def(Left(IT")) = (), FV(T") C Def(Left(IT"))
Y5 & (Def(Right(I1”)) U Def(Right(IT")))
U'=pYgA'— B or U" = uYsVug<A'.B'
DV(U") N Def(Right(I1”)) = 0, FV(U") C Def(Right(I1"))

2. II'=11", (to,ug) < (77, U"), 11" =
to & (Def(Left(I1”)) U Def(Left(I1")))
DV(T") N Def(Left(I1")) = 0, FV(T") C Def(Left(I1"))
ug & (Def(Right(I1”)) U Def(Right(I1")))
DV(U") N Def(Right(I1")) = 0, FV(U") C Def(Right(I1"))
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3. H/ — H// T// o U// H/// j
DV(T") N Def(Left(I")) = 0, FV(T") C Def(Left(I1"))
DV(U") N Def(Right(II")) = 0, FV(U") C Def(Right(I1"))

Proof. By induction on the derivation length and by applying Lemma 4.8 and
Corollary 4.9.0

Lemma 4.12 Let II' >, T' < U’ € Start-J>°. If T = Left(Il') and T = T"
(or T = Right(Il') and T = U’), then the pre-judgements T >, T Type and
T >, Env are provable by the backward application of the good formation rules
if they enjoy the following properties:

WF1: DV(T) N Def(T) = @, FV(T) C Def(T);

WEF2:V U € TypesIn(I')

X, & Def(T)
U=puX,A— BorlU=uX,Vt,<A.B or
f:f,XQZU,f =S orU=T,

-/

DV(U) N Def(T") = 0

FV(U) C Def(T")

U, & (Def(T") U Def(T"))
T=T,u,<UT" = { DV(U)NDef(T') = 0
FV(U) C Def(T")

r=r,u1 = DV(U) N Def(T") = 0, FV(U) C Def(T")

Proof. We first observe that backward application of good formation rules
always terminates, and preserves properties WF1 and WF2.

Then, we observe that if WF1 and WF2 hold for a good formation pre-
judgement, then rules (I" BoundForm), (T-Var Form), (I" EqForm) and (R-
VarForm) are always applicable. This proves the claim, since these rules are
the only ones that can fail. O

It is not difficult to prove that the two corollaries 4.10 and 4.11, derived
from 4.8, imply properties WF1 and WF2 for each Start-J*€>° judgement. In
other words, backward application of R8> rules preserves good formation.
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Hence, in the premises of rules (Id<), (T<), (LEnd<) and (REnd<) good
formation judgements are superfluous and thus can be eliminated.

Notation 4.13 Hereafter, Il =, T < U and 11 Fy_ywr T < U will respec-
tively indicate the fact that the pre-judgement I1 >, T < U is proved by R
rules by considering and by not considering good formation checking.

Property 4.14 For each 11 >, T < U € Start-J*>:

Mk, T,U Type = (I, T < U < I Fp_ywr T < U)

For this reason, hereafter we will ignore good formation rules when we analyze
judgements belonging to Start-J*sl>.

4.4.3 Non necessity of renaming

In this section we give an important property of our system, the ‘non necessity’
of renaming in both R>® and N2 systems. Some of the properties we prove
in this section will be needed to prove the correctness and transitivity of R 92
system.

Lemma 4.15 (Similarity of bounds) For each () >, T < U € Start-J,
>, T"<U and 11" >, T" < U" such that

Dy T < U — g ' >e T < U and
9]

()T <SU —ayoo I" >, 7" <U”
we have:

Xy =V"€ Left(Il') and X,»=V" € Left(1") = V' ~ V"

and

to <V' € Left(Il') and ton <V" € Left(Il”) = V' ~ V"
and the same holds when Left is substituted by Right.

Proof. By induction on the derivation length and by applying Lemma 4.6 and
the uniqueness of variable faces in T" and U.O

The following lemma is not immediate, but is crucial in order to prove both
the non necessity of labels (Corollary 4.17) and the correctness theorem.

Lemma 4.16 For each I >, T' < U’ € Start-J%>, if x € FV(T') and
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IV = Left(Il') (xe FV(U') and I" = Right(1l') ), then:

1.1V =Ty, Xo=(uX,Vx<A A), x <A Ty or
I = F17 X:A7F2
2. TypesIn(I'y) U{T"} C= SE(A) (TypesIn(I'y) U{U’} C= SE(A))

Proof. We consider only the case x € FV(T”) and I = Left(Il’), the second
one has the same proof. Both points 1 and 2 follow by induction on the number
of the reduction steps needed to obtain II' >, 7" < U’, and by cases on the
last applied rule. Point 1 does not pose any particular problem, so we omit
the proof. We prove point 2 by considering only the most interesting cases,
i.e. cases (VarTrans<) and (LUnf<).

e Case (VarTrans<). We have to prove that if the lemma holds for II' >,
tap < U' and for each I1" >, T" < U" such that

()T <U g0 I" > T" SU" —aigi00 ' Dytop < U,

then it also holds for II" >, 7" < U’, where t, < T" € Left(Il'). For this
purpose we observe the following facts.
By the induction hypothesis, we have

Left(II') = IV = (), Xoa=(uXoVta <T".A), t, <T',Ty) (al)
TypesIn(I'y) U {t,} €= SE(A). (a2)

By the induction hypothesis, the lemma holds for the pre-judgement
Il >y (1 Xo Vi <T".A) < (uX!, Nt., <T T

that inserts ¢, and X, (the recursion variable that is defined together with
to) in IV. This means that II is the part of II' corresponding to I'y (I'; =
Left(I1;)) and that, by induction, for each ' € FV(uX,.Vt, <T'".A):

Fl = F1.17 Yg:(LLY5.VX/§B/.B), XISB/,FLQ or
Iy = ', X/:B, ['o
TypesIn(I'y 2) U {uX,.Vt, <T".A} C= SE(B). (b)

Moreover: (FV(T") —{X,}) C FV(uX,.Vt. <T".A) (c)

At this stage of the proof we have the following possible decompositions
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for TV = Left(IT"):

I" =114, Ya=(uYsVX' <B'.B), X' <B,
Fl_g, Xa = (,uXa.‘v’ta S T/.A), ta S T/, FQ or
I" = F1.17 X,:B, F1.27 Xa:(,uXa.VtagT’.A), tagT,,FQ
Now, let x € FV(T"). If x # X, then by (c¢) we have x € FV(uX,.Vt, <T".A)
and we can consider the two possible decompositions of I'y given above where
x = X’. Hence, for both decompositions, we have to prove
TypesIn(T'12, Xo=(uXa.Via <T".A), t,<T',Ty)U{T'} C= SE(B)

To this end we first observe that

TypesIn(T'y 2, Xo=(uXo Vo <T".A), t,<T",T3) =
TypesIn(I'y 2, Xo=(uXa.Vta <T".A), t,<T")U Typesln(Iy)

Then we observe that from (b) and 7" € SE(uX,.Vt, <T".A) we have
TypesIn(T'12, Xo=(uXa Vi <T".A), t,<T")U{T'} C= SE(B)
while TypesIn(I'y) C= SE(B) follows by
TypesIn(I'y) C= SE(A) by (a2)

SE(A) C= SE(uX,.Vt, <T'.A) by def.
SE(uXa.Vta <T'.A) C= SE(B) by (b)

If x = X,, since we can have only one definition of X, in [ (Corollary 4.9),
we have the following decomposition for I':

I'' = T, Xo=(uX Vit <T"A), t,<T' Ty
In this case the thesis to prove is
TypesIn(t, <T",Ty) U{T'} CF SE(uX,.Vt, <T'".A)
which directly follows by the induction hypothesis (a2) and by observing
that 7" € SE(uX,.Vt,<T".A).
Case (LUnf<). The proof is similar to the previous case. We have to prove

that if the lemma holds for II' >y X3 < U’ and for each II" >, 7" < U”
such that

() g T < U —alg|oo g g 7" < U’ ~alg|oo T g on|ﬁ < U
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then it also holds for II', X3 < U’ >, 7" < U" where T" = A T 3 and
X,=A € Left(Il'). By Lemma 4.11is A = uX,. A" — A" or A = uX,.Vt, <
A’ A”. Suppose we are in the first case (for the second one the proof is the
same). We observe that, by the induction hypothesis, we have

Loft(IT') = I" = (T}, Xoa=A,T5)
TypesIn(I'y) U { Xy 5} € SE(A)  (a)

By the induction hypothesis, we also have that the lemma holds for the
pre-judgement

> A< puX, T.—-T

that inserts X, in I (recall that A = pX,.A" — A”). As in the previous
case, this means that I'; = Left(IT;) and that for each x' € FV(A):

Fl = F1.17 Yﬂ:(MY5VX/§B/B), X/SB/,FLQ or
Iy = ', X/ZB,FLQ
TypesIn(I'12) U {A} €= SE(B). (b)

Moreover,

Now we have to prove that the lemma holds for II', X, 3 <U' >, T" < U".
Let x € FV(T"). By (c) we have x € FV(A) and, as in the previous case,
we can consider the two possible decompositions of I'; given above where
x = X'. Hence, for both decompositions, we have to prove

TypesIn(T12, Xo=A4,Ts, Xo3) U{T'} C= SE(B)
By (b) and (d) we already have

TypesIn(T'y 2, Xo=A)U{T'} C= SE(B)
and in particular

A €= SE(B)

which implies SE(A) C~ SE(B) (e).

Hence, to conclude the proof, it remains to prove that

TypesIn(I'y, Xq3) €~ SE(B)
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This directly follows by (a) and (e).O

By using Lemma 4.16, we prove below that for each pre-judgement I1" >, T" <
U’ in Start-J*&l> and for any y free in the compared types, no other variable
with the same face (even if with a different label) is defined after the definition
of x in the bi-environment. This property implies that labels can be ignored
during subtype checking, since the correct definition of a defined variable can
be identified simply by looking for the most recent one with the same face.

This is, in practice, an extremely useful result. During subtype checking, re-
naming is needed, in principle, to avoid variable capture. In a typical imple-
mentation, when a type is renamed, memory has to be allocated to store the
newly created type . From the experience gained in the study and realiza-
tion of languages such as Galileo [ACO85] and Fibonacci [AGO95] we learned
that memory allocation has to be reduced as far as possible to improve the
efficiency of type checking. So, avoiding renaming is already an effective way
to improve the efficiency of our algorithm. Moreover, as already stated, if
variables are never renamed, then type similarity can be checked by pointer
equality, hence we have an efficient way of establishing when the same pair of
types is compared twice during subtyping checking; as we have seen, this is
the crucial operation to optimize when recursive types are compared.

Corollary 4.17 (Irrelevance of labels) For each () >, T < U € Start-J
and I' >, T < U’ such that

() B>y T < U 7 alg|oo Ir g T < Ula

if x € FV(T") and T = Left(Il') (if x € FV(U’) and I" = Right(Il") ) then:
1.T =T, Xo=pXoVx<AA), x<A T7 or T' = 1", x=A, T
2. x ¢~ Def(I")

Proof. Both points 1 and 2 follow by induction on the number of the reduction

steps needed to obtain II' >, 7" < U’, and by cases on the last applied rule.

Point 1 does not pose any particular problem, so we omit the proof. To prove
(2), we first observe that

sy € Def(I") = 1" = T'y, (Z,=pZ, Vs, <B.B'), s,<B, I'y
Y, € Def(I") = I = Iy, Y,=B, Iy

Now, assume, towards a contradiction, that x €~ Def(I") and x = sg. In this
case we have

I' =T, Xo=puX,Vsg<AA, s53<AT
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and

" =Ty, (Z,=pZ,Ns,<B.B'), s,<B, I'y
By Lemma 4.16 we have

wZ,Ns, <B.B' €= SE(A")

Now, by Lemma 4.6 we have

uX, sy < AA €= SE(T)
wZz,Ns,<B.B' €= SE(T)

or

UXoVss < AA €= SE(U)
wZz,Ns,<B.B' €% SE(U)

Suppose we are in the first case (the second case is similar). In this case it
must be Z = X, because otherwise the type T" €LR-Types would have two
different variables with the same face s, and this contradicts the uniqueness
of face variables for LR-Types. Since Z = X |, by Lemma 4.15 (similarity of
bounds) we have

uZ,Ns, <B.B'~ X, Vszg<AA.

Hence puz,.Vs, <B.B' ¢~ SE(A’), which contradicts Lemma 4.16.
The case x = K is similar.O

According to Corollary 4.17, the (unique) definition in Left(Il') of each x €
FV(T"), can be found by visiting Left(II") from right to left and by stopping
when a x’ s.t. x =~ x’ is found. The same holds for U’ with respect to Right(II’).
Hence, as stated in Theorem 4.18, by ignoring labels, we can correctly find
the definition of free variables in the types compared.

Theorem 4.18 The label-based algorithm is equivalent to a label-free one,
defined as follows

o consider each R&2 rule without labels;

o specify in rule (Id<) that 11 = II', (t,u) < (., ), 11" for some I1" such that,
for any v, (t,v) &€ Def(Il") and (v, u) ¢ Def(I1").

Proof. By Corollary 4.17.0

A similar decomposition of II may also be added to the premises of the
(VarTrans<) and unfolding rules, but this is not necessary since, by uniqueness
of faces, if both X, =T and Xz=1T" are in II, then 7"~ T".
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However, hereafter we still consider rules % and R according to their
original formulation. This will make our soundness proof easier.

5 Soundness and Completeness

To prove the correctness and completeness of our algorithm we refer to the
reduction trees generated by the backward application of either R%9-? or R
rules in verifying judgements in Start-J®-2/°_ Therefore, in the first part of
this section we give some definitions about such reduction trees. In Section
5.2 we give the correctness and completeness proof.

5.1 Reduction Trees

Informally, the reduction tree of a pre-judgement Il >, T' < U € Start-J* is
the tree such that: a) its root is labeled with 11 >, "< U and b) if I >, T < U
is reduced to n pre-judgements II; >, T; < U; by the backward application of
an N> rule, then the children of the root are the reduction trees of the pre-
judgements I1; >, T; < U;. Hereafter R7 (I, T, U) will denote the (possibly
infinite) reduction tree of Il >, T" < U. Each node of a tree R7 (I, T, U) will
contain a label ranging over the values success and failure, which respectively
indicates that the pre-judgement in the node matches a rule conclusion and
that it does not match any rule conclusion.

Definition 5.1 We denote by RT|,(IL,T,U) the reduction tree obtained by
considering at most n consecutive R reduction steps starting from Il >, T <
U. Formally, for n =0:

(II>,T < U, success) if the pre-judgement matches
RT|o(IL,T,U) = the conclusion of a 3*° rule;

(Il>, T < U, failure)  otherwise.

Forn >0, if Il >, T < U is reduced to k pre-judgements I1; >, T; < U; by
the backward application of an R rule, then:

RT|, (I, T,U) = (II>, T < U, success)
N
RT|TL—1(H17T17 Ul) RT|n—1(Hk7Tk7 Uk)

otherwise RT |, (1L, T,U) = RT |,,.1(I, T, U).
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Hereafter, for the sake of simplicity, we often ignore the position label § in
to)p and T g occurrences.

Definition 5.2 For each Il >, T < U € Start-J>° we define RT(I1,T,U) as
the (possibly infinite) ordered tree that satisfies the following conditions:

o (=) T=pX,T7-T" U=py,U—U"
' =11, (Xo=pX.T = T",Y,=pY, .U — U")
= RT ALT,U)= (Il >, puX,T — T" < pY, .U — U, success)

SN

RT o (Swap(Il'), U, T")  RT (I, T",U")

o (VarTrans<) : for all Xg5. (U # Xos) U #uy—, U #T_,
=1, (ta,w,) <(T',U"), 11"

= RT (I, T,U) = (II>t, < U, success)
!

RT (1L, T", U)

o (Vo) : T =puXo Vo <T'T", U= pY,Nu,<U.U",
I =11, (Xo =t Xo Vto <T'.T".Y, = pY, Nu, <U'.U"),
" =10, (to, u,) < (T',U")

= RT (I, T,U) =
(M uXa Vo, <T". 1" < uY, Nu, <U'.U", success)

/ ! N\

RT (I, T U") RTo(Swap(Il'), U, T") RT(I1",T",U")
o (LUnf<): T=Xgp Xo=T € Left(Il)

= RT (L, T,U) = (> X3 < U, success)

l

RTOO((I_LXQW < U)aT/ 18, U)
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° (RUnfS) U = me, for all X9|5. (T =+ X9|5), Y,=U€ nght(H)

= RT (L, T,U) = (I>,T <Y}, success)

l

RTOO((Ha T < Yu|n)) T, U’ 7 77)

o (ldo) : T =t,, U=u,,
=10, (te,u,) < (1T",U"),11"

= RT o(IL,T,U) = (II>4ty < wy, success)

= RT(IL,T,U) = (II>,T < T, success)

o Fuailure: When none of the previous cases is satisfied, then
RT (I, T,U) = (I, T < U, fail)

Remark 5.3 For a formal definition of the tree RT o (11, T, U) we should first
define the space RT 4y, of all possible finite trees whose nodes are labeled with
pairs formed by a Start-J° pre-judgement and a success/failure mark. This
set is a metric space with respect to the usual metric on trees [AN80]. Hence,
we can define the complete metric space RT o, obtained by the completion of
RTy,,. By definition, in this metric space, every Cauchy sequence has a limit.
Hence, RT (I1,T,U) can be defined as the limit

RT (I T,U) = lim RT|,(I,T,U)
The existence of this limit is guaranteed by the fact that {RT |,(II, T,U)}, cx
is a Cauchy sequence.

Note that, thanks to good formation invariance (Lemma 4.11), we do not need
to consider subtrees generated by good formation checking. Also observe that,
by construction, paths in R7 o (II, T, U) are in one-to-one correspondence with
reduction chains, starting from II>,7" < U, produced by — .

In the same way, we now define the finite reduction trees generated by the
backward application of R%9-? rules.

Definition 5.4 For each I >, T < U € Start-J¥9I>® we define the reduction
tree RT(I1,T,U) as the ordered tree satisfying the following conditions (the
definition differs from 5.2 only for cases concerning applications of unfolding
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or ending rules; we thus report these cases only):
° (LEndg) T = X@W, Xa|ﬁ <U 62: 11

= RT(ILT,U) = (Il X3 < U, success)

o (REnd<) : as above.
o (LUNL) :T=Xyp Xop<UgsTl

= RT(LT,U) = (I Xy < U, success)

l

RT((HvXaL@ < U)vT/ T 63 U)

where X, =T" € Left(II).
o (RUnfZ) : as above.

Observe that, thanks to termination of R%? rules, R7 (II, T, U) is always
finite.

Since reduction trees are ordered trees where each node may have at most
three children, we will represent paths on reduction trees by sequences on
{0,1,2}", indicated by lowercase letters (a,b,c...).

Definition 5.5 Hereafter, if a reduction tree RT (11, T,U) (or RT (I, T,U))
has a node that corresponds to the path a, we indicate this fact with

RT(ILT,U)(a) |
(resp. RT oo(IL, T, U)(a) | ), and RT (11, T, U)(a) (resp. RT (11, T, U)(a)) will
denote the node that corresponds to the path a. Otherwise, we use the nota-

tion RT(IL, T,U)(a) T (resp. RT (I, T,U)(a) 1) to indicate that no node

corresponds to the path a.

To simplify the notation, hereafter in reduction trees we will abbreviate the
success and failure label using their initials.

5.2 Soundness and Completeness

We prove soundness by showing that, if R7 ((),7,U) is a successful tree (all
nodes are labeled as successful), then it can be transformed into the successful
tree R7T »((),T7,U) by the iterated expansion of the tree R7((),7,U), by
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eliminating all the applications of the (_End <) rules. Essentially, the idea is
that if R7((),T,U) has a leaf of shape

RT((),T,U)(a) = (I >y Xop < U',s)
RT((),T,U)(a) = (T >, T" <Y, 8)

(such leaves will be called end-nodes) then, by considering for example the first
case, we can extend R7((),T,U) thus obtaining a tree RT*((),T,U) that is
equal to R7((),T,U) after the leaf has been substituted with the whole finite
tree

(H >y Xa\ﬁ < U/,S)

!
RT((I1, Xopp < U'), T, U")

where 7" =T 1 3 and X, =T € Left(Il). In the same way we can obtain a
tree RT>((),T,U) from RT*((),T,U) and, more generally, we can define a
sequence

{RT™(0,T,U)}

neN

where each tree R7"((), T, U) is obtained by expanding R7"*((), T, U) in the
way just shown. To guarantee that this sequence converges to R7 «((), T, U),
in each expansion step an end-node with a minimum path is considered. In
the following definition we fix how this end-node, which will be called the
expansion node, is chosen.

Definition 5.6 For each () >, T < U € Start-J we define the sequence
{RT™((),T,U)}

neN

by induction on n:
When n = 0 we consider

RT((),T,U) =RT((),T,U)

When n > 0 we distinguish the following three possible cases:
1) (Left end-node) There is a path a € {0,1,2}" s.t. the node

RT" (), T,U)(a) = (Il >y Xop < U, )
is a leaf of RT" (), T,U) and, for each a’ € {0,1,2}" s.t. RT" (), T,U)(a’)

is an end-node, then |a| < |d'|. In this case we define RT"((),T,U) as the tree
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obtained by replacing the leaf RT™ (), T, U)(a) with the whole tree:

(I >y Xog < U s)
!
RT ((IL, Xop < U"), T, U")
where
T'=T1 83 and X,=T € Left(II).

2) (Right end-node) There is an end-node RT"~((), T,U)(a) with a minimal
length path a and with shape

(H D>y T < Y,,m, S).

In this case we define RT"((), T,U) as in the previous case, i.e. by replacing
RT" (), T,U)(a) with the tree

(I T' < Yy, )
l
RT(IL,T" <Y,,),T",U")
where
U =U1nandY,=U € Right(II)
8)When RT"((),T,U) has no end-node, we consider:
RT"(().T.U) =RT"(().T.U)

We assume that case 1 has priority over case 2. Moreover, we assume that
when RT™ (), T,U) has more than one leaf that satisfies case 1, the leftmost
leaf is considered; the same applies when case 2 is considered.

According to this definition, for each ()i>, T" < U € Start-J we have defined a
sequence

{RTTL(()7 Tv U)}neN

The sequence {R7"((),T,U)}, ey is clearly a Cauchy sequence in the complete
metric space RT ., hence it has a limit. Moreover, the way we choose the
expansion node ensures that the limit is R7 »((), T, U):

Property 5.7 For each () >, T < U € Start-J,

lim RT™((),T,U) = RT o ((), T, U)

n—oo
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Proof. Any end-node in a R7"((), T, U) is expanded away before step k"' +1,
where k is the number of expansion nodes of RT((),T,U).O

Lemma 5.8 For each () >, T < U € Start-J, RT ((),T,U) is successful if
and only if each RT"((),T,U) is successful.

Proof. Observe that each failure in the limit R7 ((), 7, U) is a failure in some
RT"((),T,U) and vice versa, and apply Lemma 5.7.0

In the next part we will need the following definition and lemmas.

Definition 5.9 We say that the tree RT"((),T,U) is expandable if it has
at least one end-node. In this case, according to the previous definition, the
node that is expanded to transform RT"((),T,U) into RT"((),T,U), will
be called the expansion node.

Lemma 5.10 (Forward node equality) For each () >, T < U € Start-J,
ki € N and a € {0,1,2}*:

RTH((),T,U)(a) | = RTH((),T,U)(a) = RT**((),T.U)(a)
Proof. By induction on ¢.0

Lemma 5.11 (Backward node equality) If () >, T < U € Start-J, and
the tree RT*((), T,U) is expandable by the expansion node RT*((),T,U)(a),
then for each i > 0 and a’ s.t.

RT*((),T,U)(a’) |
| < |al
we have

RT*((),T,U)(a) |
RT((),T.U)(d') = RT*((), T, U)(')

Proof. By induction on ¢ and by minimality of «.O

Lemma 5.8 implies that soundness and completeness can be established by
proving that, for each () >, 7' < U € Start-J, RT ((), T, U) is a successful tree
if and only if each R7"((), T, U) is successful (i.e. R7 «((), T, U) is successful).
While the ¢f implication is trivially true since

RT(()? T, U) —def RTO((), T, U),

we will prove the only if direction by induction on n, i.e. by proving that if
RT"((),T,U) is a successful tree then so is RZ"((), T, U).
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We know that R7""!((), T, U) differs from RT"((), T, U) only with respect to
a subtree that is rooted at the expansion node of the latter. We will see that
the key of the problem of showing that this subtree is successful, is to prove
that each new node IT 1>, ¢, < u,, created in the subtree (two type variables are
compared) is the root of a successful tree. To this end we will prove that similar

successful subtrees rooted at the nodes I >, ¢, < u, exist in R7"((),T,U)
and that this implies that the new subtree rooted at II >, ¢, < u, is successful
as well. Observe that this is not true if we consider R instead of R*-? rules.
Indeed, in the counterexample of Section 4.2, although the node IT >, ¢, < u,
is a successful leaf, we have a new node II >, t, < u, which is reduced, by
rule (VarTrans<), into a failure node.

Below, we outline properties for this kind of (II, ¢,, ug)-rooted subtrees of a
successful tree. These properties will be used to prove the soundness of the
subtyping algorithm defined by 22 rules.

Lemma 5.12 If () >, T < U € Start-J, RT"((),T,U) is a successful tree,
and

RT™((),T,U)(a) = (T ¢ pnXo Vto <t,,.T" < pYpNug<up.U',s)
then (t,,, ujy) € Def(II).
Proof. By hypothesis we have:

RT"((),T,U)(a.0) =
(ﬁ,( uX Vt <Zf, a1’ Yg ,uYg V’LL5<U/6/ U/) >y t/ < uﬁ, )

RT™((), T, U)(a.1) =
(Swap( (Xa=pXo Vo <t T, Y= puYs.Vug <up U')) >p uy < t,,5)

If we suppose that one of these two nodes is not a leaf, then it is easy to prove
that the other one is a failure node. So, both nodes are leaves of the reduction
tree, hence (t[,, ujy) € Def(II).0

Corollary 5.13 If () >, T' < U € Start-J and RT"((),T,U) is a successful

tree such that

RT™((),T.U)(a) = ([T T < U,s),
where 1T = (ILy, (ta, ug) < (t, uly),Ilz), then we have
I =10y, (th, ulp) < (A, B),TI

Proof. By induction on the length of II, and by the previous lemma.O
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Lemma 5.14 If () >, T < U € Start-J and RT"((),T,U) is a successful tree
such that

RT™((),T,U)(a) = (Il >, to < ug, s)

then either (to,ug) € Def(I) and RT™((),T,U)(a) is a leaf proved by (Id<),
or (ta,up) € Def(Tl) and:

e 1. the subtree rooted at RT"((),T,U)(a) is generated by k > 1 applications
of (VarTrans<) and has the following shape:

(ﬁ Dyt < Ug, 8)
!
(ﬁ >y 7%1 < ug, S)

l

(TT >, tZ;_ll < ug, s)
!
(ﬁ > tl;ék < ug, S)

o 2. 1I has the following structure:

I = Hk-l-la ( ok uﬂ) (T/ U/)

Hk; (t];k 11, gk 11) < (t];ka Uﬂ)a

ﬁ ( a17uﬁl)<(ta27u62)

H (ta,uﬁo) (ta1,u51) HO
where u' #u fori=0...k— 1.

Proof. Since RT™((),T,U) is successful, Il >, t, < ug is provable. If it
is proved by (Id<) then (f,,ug) € Def(I); otherwise (t,,us) & Def(Il). In
this case we proceed by induction on k, the depth of the tree rooted at
RT"((),T,U)(a), and prove 1 and 2 together.

We first note that since (¢4, ug) € Def(II) then :

= =

II = H (ta,uﬁo) (T U) Hg A Up #uﬁo
and the pre-judgement IT >, t, < wug is reduced to II >, T < wug by

(VarTrans<). Since IT >, T < wug is provable, T must be a type variable
tl,, that is T = t., (in the other case this pre-judgement would correspond
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to a failure node in the reduction tree R7"((), T, U)). Moreover, by the (V<)
rule, which has inserted (t, ugo) <(T,U) in II by requiring O+, T =0 with

T =t},, also U must be a type variable ug,. Hence we actually have

ﬁ = ﬁ/, (ta, U%o) < (til,Ub1),ﬁ0

and, by Corollary 5.13, we have

These properties imply that IT >, ¢, < ug is reduced to II > ¢!, < ug by
(VarTrans<) and that up = ug in the case that (Id<) application is possible
for TT > 31 < ug (case k = 1). Otherwise (case k > 2), we have uj # ug and,

since ug € Def(Right(ﬁ”)), by 4.17 we also have u! # u. Then it is sufficient
to apply induction to

RT"((), T,U)(a.0) = (Il >y tli < ug,s)

so as to obtain the indicated shape of the sub-tree R7"((),7,U)(a) given in
1, and the structure of II together with inequalities u* # u given in 2.0

The following lemma is needed to justify Definition 5.16.
Lemma 5.15 For each () >, T < U € Start-J and 11>, T" < U’ such that
RT™((),T,U)(a)=(II>, T <U', )

if I' =Left(Il) and I' = T, to <sgpy, [, then sz € Def(I) and sz & Def(I').
The same holds for I' = Right(II).

Proof. We prove the case I' = Left(II), the other one is the same. Assumptions
I' =Left(IT) and I = I", ¢, < sy, I mean that

I =1, (ta, us) < (s, A), 11"

I" = Left(IT')

I = Left(IT")

By Corollary 4.11, we have
FV(sg,) = {sp} C Def(Left(Il')) = Def(I")

which entails sg € Def(I"). Therefore, if we assume sg € Def(I'”), Lemma 4.9
would be contradicted, since we would have sz defined twice in I' = Left (1) =
(I, to < sppy, I'") and the label 3 occurring twice in the sequence of labels of
type variables defined in Left(II) . O
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Definition 5.16 For each () >, T < U € Start-J and 11>, T" < U’ such that
RT™((), T,U)(a) = (I >, T <U', )

if I' =Left(II) (or I' = Right(II)) and t, € Def(T"), we define Bounds(t,, I'),

the set of direct and indirect type-variable bounds of t, in I', as follows

{ta} UBounds(sg, I'V) ifI' =1, t,<sgp,, I'" for
Bounds(t,, I') = some type variable sg
{to} otherwise

In the following we denote with #Bounds(t,, I') the number [Bounds(t,, I')|.

Lemma 5.17 If () >, T < U € Start-J and RT"((),T,U) is a successful tree
such that

RT™((),T,U)(a) = (I'>, T < U, s)
and (to,ug) € Def(Il'), then

#Bounds(t,, Left(Il')) = #Bounds(ug, Right(II"))
moreover

V t,, € Bounds(t,, Left(I')). 3 uj € Bounds(ug, Right(Il')) s.t.
(t/a/, u,ﬁl) S Def(H,)

and vice versa.
Proof. Easy induction on #Bounds(t,, Left(Il')) (use Lemma 5.14).0

Lemma 5.18 If () >, T < U € Start-J and RT"((),T,U) is a successful tree
such that

RT™"((),T,U)(a) = (Il >pty < ug,s)

and up is the variable unified in 11 with t,, i.e. (to,up) €Def(Il), then
ug €Bounds(uj, Right(I1)). Moreover, if ug # uj, then

#Bounds(ug, Right(II)) < #Bounds(uj, Right(II))

Proof. Easy induction on the depth of the subtree rooted at R7"((),T,U)(a)
— remember that this subtree has the shape illustrated in Lemma 5.14.0

Lemma 5.19 If () >, T < U € Start-J and RT"((),T,U) is a successful tree
with two nodes

RTY(),T,U)(a) = (I >, T' < U", 5)
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and
RT™((), T,U)(b) = (H” >, T <U”, s)

such thatt, € Def(I"), with I = Left(II') or I'" = Right(II'), and t,, € Def(I"),
with I'" = Left(I1") or I' = Right(I1"), then

#Bounds(t,, I'') = #Bounds(t,, ')

Proof. By induction on #Bounds(t,, I'"), uniqueness of face variables in () >,
T < U and similarity of bounds (Lemma 4.15).0

Lemma 5.20 If () >, T < U € Start-J and RT"((),T,U) is a successful tree
such that

RT"((),T,U)(a) = (I >ty < ug,s)
and

RT™((), T,U)(b) = (Tl >p t, < Uy, S)
then

(H Doty < ug, S)

!
(I >pth < wug,s)

if and only if

(M >ty < uy,s)

|
(ﬁ Dg ti1 S Un, S)

Proof. It is enough to prove that (¢, ug) & Def(II) iff (¢,,u,) & Def(Il). Then
the claim easily follows by uniqueness of the bound of type variables and by
the assumption stating that R7"((), T, U) is successful.

Suppose that (¢,,us) ¢ Def(1l), then by assumptions and by Lemma 5.14 we
have that

I = ﬁb (ta, u%o) < (t}xl,u%1), ﬁo
and ug # u%o. Hence, by Lemma 5.18 and by Lemma 5.17, we have

#Bounds(ug, Right(Il)) < #Bounds(ugo, Right(II))
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and #Bounds(ug, Right(IT)) = #Bounds(t,, Left(IT)).
By this and by Lemma 5.19, we have that
#Bounds(u,, Right(IT)) < #Bounds(t,, Left(II))

So, it cannot be (t,,u,) € Def(Il), because in this case by Lemma 5.17 we
would have

#Bounds(u,, Right(IT)) = #Bounds(t,, Left(I))
which contradicts the previous inequality.O

Lemma 5.21 If () >, T < U € Start-J and RT"((),T,U) is a successful tree
such that

RT((),T,U)(a) = (ILIT > to < ug, s)
RT™((), T,U)(b) = (ILII" ¢t < uy, )

and

to, t- € Def(Left(II))
ug, u, € Def(Right(II))
then to =t and ug = u,.

Proof. We only prove that t, = t,, the proof of the second equality is analo-
gous.
Given I' = Left(II), by hypothesis we have

I=I"t, <711
hence by Corollary 4.17
Bp s.t. t, € Def(T”) (1)

Now, towards a contradiction, suppose that t, # t,, then it must be either
t, € Def(I") or t, € Def(I'). The second case contradicts (1). So it may only
be t. € Def(I”), that is

=Tt <T"' Tyt <T 1"
but, by Corollary 4.17, we have

Bp s.t. t, € Def(Ty, t, <T',T")
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which is absurd.O
Notation 5.22 Hereafter, Swap(Il) will be abbreviated to 117" .

Definition 5.23 We extend the relation ~, which is defined over LR-Types,
to environments I' and bi-environments 11 as follows:
environments I :

bi-environments 11 :
I ~ I < Left(Il) ~ Left(II), Right(IT) ~ Right(II)

The next two lemmas highlight interesting properties of a generic successful
and expandable reduction tree R7"((),T,U) where () >, T < U €Start-J.

Lemma 5.24 If () >, T < U € Start-J and RT"((),T,U) is a successful and
expandable tree whose expansion node is

RT™(), T,U)(a) = (I >y Xog < U, s),

then Jay, as, as such that the following properties hold:

(1) a = ay.as.a3 and

RT™(().T,U)(a) = (T >¢ Xgm <U's)
RTM(),T,U)(ar.az) = (', Xorypn < ULTE B Xpopp2 < U2, 6)
RT”(()aTa U)(al'aQ'a3) = (ﬁlaXallﬂl < U17ﬁ2>Xa2|52 < U2,
ﬁS >y XaIB < U/,S)
= (ﬁ D>y on|ﬁ < U/,S)
where

Ut~ U? U’

~ =1
Xop <U &7 11

~ =3
Xop <U g7 11
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(2) Vb € {0,1,2}" such that RT"((),T,U)(a1.a2.b) | we have that
(a) either

RT((), T, U)(ar.a2.b) =
(T, X0 < ULTE, Xz < UL TT 5y A< B, s)
and

RT((), T, U)(ar.b) = (I, Xonjpr < UL, T 1, A< B, s)

or

RT"((),T,U)(ay.a9.b) =
((ﬁl,Xa1|ﬁ1 < Ul,ﬁQ,XQQW2 < UQ)_l,ﬁ* >, A<B, 8)
and
RT™(), T, U)(a1.b) = (T, Xgrypn < UH) T >, A< B, s),

where II' ~T'*, A~ A, B~B.
(b) in particular:

RT((),T.U)(ar.as) = (I, X < UL By Xosgon < U, 9)

where ﬁg ~ ﬁg, U* ~ U'. Moreover, by the minimality of a and by
ay # nil, RT"((),T,U)(ay.a3) is not a leaf.

Proof.
(1) By hypothesis we have
RT™(), T, U)(a) = (LI >y Xoyg < U',s)
and
Xop <U €511

Therefore in IT we have at least two occurrences of pairs X_|_ < U where
U’ ~ U. Now, if we consider

Xy <U!
on2|ﬁ2 S U2

as the first and the last of such a pairs, then

=T, Xop < U'TT, Xpoppe < U T
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and

Ul~U?2~U'
~ =l
Xopp <U" g7 11
~ =3
Xop U &1 11
Moreover, due to the stop condition that %2 adopts, and since:
(' ¢ Xorpsr < UY) —agoo (1 Xgr 0 < ULTE g X252 < U?)

~algloo (I B¢ Xop < U')

then daq,as, a3 s.t. a = ay.a2.a3 and

RT'((),T,U)(a1) = (T B¢ Xy < U's)
RT"((),T,U)(ar.as) = (I, Xoypr < ULTE g Xozye < U%s)
RT™((), T,U)(ar.az.a3) = (L', Xpyn < U T, X2 < U2,
I >y Xopp < U',s)
= (II>y Xop < U,s).

(2) By induction on [b|. If [b| = 0 then b = nil and the conclusion follows
by (1). If |b] = n > 0 then b = 0'.b where b € {0,1,2}. By ¥’ <, b
and RT"((),T,U)(ay.az.b) | we have that RT"((),T,U)(ay.a2.b") |, so
by induction we have:

RT"((), T,U)(aj.az.b") =

(T, Xpr 0 <ULTE, Xpoyp <UL T >y A< Bys)  (al)
or
RT"((),T,U)(aj.az.b") =

(T, X1 0 < UM, X2 < U2) 1T >0 A < B)s) (a2).

We consider here the first case, the second case is similar.
By induction hypothesis we have

RT™((), T,U)(ar.t') = (T, Xor < U, T 15, A < Bls)

where
I~
A~ A
B ~ B.
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The proof continues by cases on the shape of A and B, and then by cases
on the rule applied to expand the node R7"((),T,U)(a;.az2.b’). The most
interesting cases are (LUnf2), (—<) and (VarTrans<).

In the first one, we have that either this node has been an expansion
node for RT*((),T,U) with k < n (case i) or that for this node the stop
condition of the subtyping algorithm is not satisfied (case ii). In case (i),
by minimality of |a;.a0.b/| in RT*((),T,U) and by |ai.b/| < |aj.as.V|
we have that R7T*((),T,U)(a;.b') is not a leaf, and by Lemma 5.10
RT™((),T,U)(ar.t)) is not a leaf either. In case (ii), by I ~ I in
the induction hypothesis, we also have that for R7"((),T,U)(a;.V') the
stop condition is not satisfied, hence it cannot be a leaf. Now, the thesis
follows by applying Lemma 4.15 (similarity of bounds).

To prove case (—<) it is sufficient to consider the bi-environment swap-
ping and the similarity between A and A and between B and B.
Finally, if we are in the (VarTrans<) case (this means that A and A
are similar type variables), we further distinguish these two sub cases:
(i) both B and B are not type variables, (ii) both B and B are similar
type variables. In case (i) the thesis follows by Lemma 4.15 (similarity of
bounds). For case (ii) it is sufficient to apply Lemma 5.20.0

The next lemma is just the same as the previous one, where the left and right
hand sides are swapped.

Lemma 5.25 If () >, T < U € Start-J and RT"((),T,U) is a successful and
expandable tree whose expansion node is

RT”(()? Tu U)(CL) = (ﬁ B> T < Ya\ﬁa 5)
then Jay, as, as such that the following three properties hold:

(1) a = ay.as.a3 where

RT"((),T.U)(a) =1 &¢T" < Yarp, s)
RT"((),T,U)(ar.a) = (T, T < Yor 0, I 1 T% < Yoo 2, 9)
RT((), T.U)(ar-az.a5) = (IT', 7" < Yoy, T, T2 < Yooy,
I >, T/ < Yaig, )
= (> T < Yo, 9)
and
Tl ~ T2 ~ T/
T <Yys g5 T
T < Yo g7 T
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2) Vb € {0,1,2}" such that RT"((),T,U)(a,.as.b) | then:
(2) 1, T,
(a) either
RT™((),T,U)(ay.a.b) =
(T, T < Yo 51, I, T2 < Yoo 2, I >0 A < B, 5)
and RT™((),T,U)(ay.b) = (TI', T* < Yoy, T 1>, A < B, s)
or
RT”((), F.F7 U) (al.(lg.b> =
((ﬁl,Tl < Yal|ﬁ1,ﬁ2,T2 < Yazwz)*l,ﬁ* >, A< B,s)
and
RT™((), T, U)(ay.b) = (TI', T < Yory) L, T >, A< B, s)
where II' ~T, A~ A, B~B.
(b) in particular:
RT™((), T, U)(ar.a5) = (T, T" < Yauyr, I g T4 < Yiayn, 9)
where T ~ T, T* ~ T'. Moreover, by the minimality of a and by
as # nil, RT"((),T,U)(ay.a3) is not a leaf.

Proof. As in the previous lemma.O

The next lemma is the first one regarding reduction trees that are not neces-
sarily successful. It states that when two nodes of a generic tree R7"((),T,U)
compare two similar pairs, then the first one is successful if and only if the
second one is successful too.

Lemma 5.26 For each () >, T < U € Start-J and paths a and b such that
RT™"((), T,U)(a) =TI'>, T < U’
RT((), T,U)(b) = I" >, T" < U”

where
T ~T" and U ~U"

then RT™((),T,U)(a) is successful (is labeled as success) if and only if the
node RT"((),T,U)(b) is successful too.

Proof. We only prove that if the node R7"((),7,U)(a) is successful then
RT"((),T,U)(b) is too; the other direction is identical.

Suppose, towards a contradiction, that R7"((), T, U)(a) is successful and that
RT"((),T,U)(b) is not. This means that the second node cannot be proved
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by any of the R%-? rules. Hence the pair of types 7" and U” are of the form
given in the following table:

" U

Top type type variable
Top type -V type
Top type p- — type
p-v type p- — type
p- — type p-v type

In fact when two type variables are compared in a node of a reduction tree,
then either the rule (VarTrans<) or (Id<) is applicable to reduce the pre-
judgement of the node, hence this is always a successful node. A similar sit-
uation holds when one of the two compared types is a recursion variable; in
this case either the expansion or the end rules are applicable.

Now, since the shape of a type is preserved by ~-similarity, we have that if
for T and U” one of the cases of the table above holds, then this also holds
for 7" and U’, and this means that R7"((),T,U)(a) is a failure node, which
is absurd.O

Observe that Lemma 5.26 does not exclude the case

RT™((),T,U)(a) =1I' >y ty < ug
RT™((), T,U)(b) =1I" >4 t, < u,

where the first node is successful by (Id<) and the second by (VarTrans<), or
conversely (actually, we will see that this never happens for successful reduc-
tion trees). Remember that, for a node, being successful is not the same as
being provable: successful means that the node is not a failure node itself (a
rule is applicable), while provable means that all the nodes contained in the
subtree rooted at that node are successful.

Many of the properties previously stated will be used to prove the following
lemma. It states that a successful and expandable tree R7"((),T,U) always
expands to a successful tree RZ " ((),T,U). In particular, Corollary 4.17
(used to prove non necessity of renaming) will play a crucial role.

The proof of this lemma is long, but, once it is completed, we have finished
our work. Observe that this is the only place where we really exploit the
fact that we wait until the third time we meet a pair before stopping, hence
this is the lemma that tells us something about the difference between our
correct algorithm and the non correct one presented in Section 4.2. The key
question we have to address here is: is it possible that two variables ¢, u are
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reduced by the (Id<) rule the first time they are met, but, after the expansion
of a recursion variable, a similar pair is generated that is reduced by the
(VarTrans<) rule? This is the problem that may arise when the %! rules
are used, and we are going to prove that this never happens in a tree generated
by the expansion of a successful %92 tree.

Lemma 5.27 If () >, T < U € Start-J and RT"((),T,U) is a successful and
expandable tree whose expansion node is

RT"((),T,U)(a) = (1> Xo5 < U', 5)

then RT ((IL, Xo 5 < U"),T",U"), where T" =T 1 8 and X, =T € Left(II), is
a successful tree. Hence the tree RT"((),T,U) is successful too.

Proof. We have to prove that
RT((IL, Xop < U, T",U")

contains only successful nodes.

From Lemma 5.24, we know that a = a;.as.a3 such that:
RT™((),T.U)(a1) (T >y Xanp < U,s)
RT((),T,U)(a1.02) = (', Xqr 0 < ULTE ¢ Xooppe < U2, 5)
RT™((), T, U)(ar.as.a3) = (IT', Xpr 0 < UL T, X220 < U2,

I >y Xopp < U, s)
RTY(().T.U)aras) = (', Xayp < ULTE By Xgo < U, s)

where:

Ul U2~ U3 ~ U

3 .
0~
M=T0", X < ULTE, X2 < U2 T

In particular, by Lemma 5.24(2), we know that R7"((),T,U)(a;.a3) is not a
leaf.

Figure 2 illustrates this situation. In the figure, Y,, ,, and Y, ,, denote
the subtrees of R7"((),T,U) rooted at the nodes R7"((),T,U)(a;.a3) and
RT"™((),T,U)(ay.as) respectively. Yq, 4,4, denotes the tree RT (I, Xp 5 <
U, T', U’ that extends RT"((), T,U) to RT"((), T,U).

Now, as in Lemma 5.24, we will prove that the tree RT (I, X3 < U"), T", U)
(i.e., Yo, a9.05) 18 ‘similar’ to the subtrees Yq, 4, and Y, 4,. Since both YT, 4,
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RT"H(), T,U)—,
O>T<U RT™((), T,U)__

Tal.ag.ag

Fig. 2. The subtrees Yy, a3, Ya,.00> Ya;.a0.a3

and T, 4, are successful, by Lemma 5.26, we have that the tree R7 ((II, X5 <
U"),T",U") is successful as well.

Formally, we prove that: Vb € {0,1,2}" s.t. RT ((IL, Xo3 < U'), T",U")(b) |,
we have either (1):

RT (T, Xop < U), T, U")(b) = (T, Xop < U, T >, A< B, _)
AN RT™((),T,U)(ay.a2.0.b) =

(', Xy < UL TE, Xoope < UPTT >y A< Bs)
A RT((),T,U)(ar.a3.0.b) =

(T, Xgryn < Ul,ﬁ:s,XasWs < U3,ﬁ4 > A < B,s)
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or (2):

RT (T, Xop < U), T, U)(b) = (T, Xop < U) LTI >y A< B, )
A RTM(),T,U)(a.as.0.b) =
T Xy < UL T Xopie < U2)LTT 5y A< B.s
E E
A RT™(),T,U)(ar.a3.0.b) =
__ —4 — —
((ﬁl,Xalml < Ul,ﬁS,Xas‘/gs < U?’)_l,ﬁ >y A< F, S)

= = _ =3 _ — =4
where A~ A~A B~B~D0B, H3:H3, H4:H4:H

We prove case (1), by induction on |b| (case (2) is similar).

The case |[b| = 0 is trivial. If [o] > 0 then b = ¥'.b where b € {0,1,2}.
By the induction hypothesis we have that the similarity relation holds with
respect to the path o'. The proof of the induction step is by cases on the shape
of the types compared in R7"((),T,U)(a1.a2.0.t"), RT"((),T,U)(a;.a3.0.t')
and RT (I, Xo 3 < U'),T",U")(V). The only interesting case is when two
type variables are compared; in the other cases the similarity is proved as in
Lemma 5.24. Hence we assume that:

RT (T, Xog < U, T, UYb) = (T, Xajg < UL 4ty < uy,s)

RT"((),T,U)(a1.a2.0.0") — (I, Xouyp < UNTE, Xz < U2 T
D¢ty < s, S)
RT'((,T.0)(0ra508) = (T Xop < ULT Xy < UL T
D>yt < uy,s)
where

=10, Xp 0 < ULTE, Xoo 2 < U2 T
3 ﬁ3

4

~

e

4

~

=
=
=]

This situation is illustrated by Figure 3.
By hypothesis we have that RT ((II, X3 < U’),T",U’)(V'.b) | and this means

that the pre-judgement in ' is reduced to the pre-judgement in ¥'.b by rule
(VarTrans<). Now the proof continues by distinguishing the following two
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RT"™H(), T, U)—,
O>T<U RT™((),T,U)__

a

Fig. 3. Type variables comparison.

possible cases:

(i) t, € Def(Left(IT°, X5 < U',11Y))
(i4) t, & Def(Left(IT°, Xy < U',T17))
(that is t, € Def(Left(TT', Xp1j5 < UL, 1))

In a nutshell, in case (i) we will show that ¢, < w, is also reduced by
(VarTrans<), and ¢, < us will follow by Lemma 5.20, and, similarly, in case
(ii) we will show that t, < wus is also reduced by (VarTrans<), and ¢, < u,
will follow by Lemma 5.20.

Suppose we are in case (7). To simplify the notation we let

ﬁ34 — ﬁ37 Xa|6 g U/7ﬁ4
—34 =3 =4
M =10, X < U T

_ =34 =

which implies TI"" ~ TI (recall that ¢, is defined in ", hence t, is defined
=34

in Il ).
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If we suppose, towards a contradiction, that R7"((),T,U)(a1.a3.0.b") is a leaf
proved by (Id<), we have

=34 =34 4

0 =T (h,u) < (4, B), Ty

where, by Corollary 4.17,
:3-4
Bp s.t. t, € Def(Left(IL, ))

3.4

Bp s.t. u, € Def(Right(IL, ))
_ =34

Since 1! ~ TI , in this case we have

ﬁ3.4 = ﬁg.ﬁl? (t% uﬁ) < (Alv B/)v ﬁ§4

Bp s.t. t, € Def(Left(ﬁ;M))
Bp s.t. u, € Def(Right(ﬁgA))
and this implies that 7 = v and 7 = 7, therefore the pre-judgement in

RT((IL, Xop < U'), T',U")(V) could be proved by (Id<), but this contradicts
the hypothesis stating that

RT((TL, Xyp < U'), T, U")(V'B) |

Hence it must be that the node R7"((),T,U)(ay.a3.0.0") is not a leaf and it

is reduced to R7"((),T,U)(ay.a3.0.b'.b) by (VarTrans<). So we have

—=3.4 —=3.4 =34
I =1L 7(t77u11;1)§(t12-27u2 ), 1L,

and
RT((), T, U)(a1.a5.0.6.) = (IT', Xoayn < ULTE B¢ 2 < g, 5)

which, by Lemma 5.20, implies that

RT”((),T7 U)(al.ag.O.b’.b) =
(T, X < ULTE, Ko < UALTT B0 22 < g, s)

_ =34
Now, by '~ and by what was stated before, we have that

34 =34 1

3. 3.4
I =T, (t,ul, ;

) < (82, ), 1T

v2
which completes the proof of case (i) because this means that

RT (T, Xajp < U, T, U ) 5) = (T, Xapp < U/ T ¢ 2 < uy,5)
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The remaining case to be considered is (ii):
(i1) t, € Def(Left(TT', Xq1 0 < UL, TT))

We are going to prove that, in this case, ¢, t,, us, u,, are all defined in
—=1.2

M2 =g T, X1 < UL TE.
Property (ii), by Corollary 4.17, implies that
fp s.t. t, € Def(Left(IT°, Xop < U, TT))
and, by " ~ T and T ~ T ~ ﬁ4, that
Bpst.t, € Def(Left(ﬁ4))
Bp st t, € Def(Left(IT, Xoap < U3,ﬁ4))
This implies that we have
t, € Def(Left(IT))
ty € Def(Left(TT', Xpup < UL, TT))

hence, by Lemma 5.14, we also have

u, € Def(Right(IT"))
Us € Def(Right(ﬁl, Xa1|,61 < Ul,ﬁz))

In particular, by Corollary 4.17, u, € Def(Right(ﬁl)) implies that
=3 . =4
Bp s.t. u, € Def(Right (I, X35 < U?, L))
—3 —3 —4 =4

and, by II" ~II and II" ~ II , that:

#p s.t. u, € Def(Right (T, X, < U, TT))
hence we have

uy € Def(Right(TT, X < U, TT))
So, if we consider T~ =TT, Xorjp < UL, TT°, we have that

t,, t, € Def(Left(IT"?))
1

=1.2

us, u, € Def(Right(II'7))
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and thus, by Lemma 5.21, t, = ¢, and us = u,,.

Moreover, by hypothesis, we have that R7 ((II, Xo 3 < U’),T",U’) (V') is not a
leaf and that it is reduced to

RT (T, Xojp < U, T, U )(H5) = (T, Xapp < U/ T 10 2 < uy,5)

by (VarTrans<). Since t, = t, and us = u,, RT"((),T,U)(a;.a2.0.t) is re-
duced to

RT((), T, U)(a1.a2.0.6'5) = (T, Xoaype < UL g 2 < uyes) ()

by (VarTrans<). Now, we can apply Lemma 5.20 to the induction hypothesis
on

RT™((),T,U)(a1.a2.0.b))

and R7"((),T,U)(ay.a3.0.b") and to (*), so to obtain:

RT"((),T,U)(ay.a3.0.'.b) =

_ —3 =4
(T, X0 < ULTE, Xgayge < USTT g 12 < 1wy, ).

This concludes the proof of the last case (ii), hence we have proved the simi-
larity of the subtree Y, 4,.4, With respect to the subtrees T,, 4, and Y, 4,.0

Let us say that two comparisons are “corresponding” if they are generated by
the same sequence of rule applications, starting with two similar comparisons
X < T, in the same proof tree. By Lemma 5.26, if a subtree rooted in X < T
succeeds (up to the next instance of a similar pair) and another subtree, rooted
in a similar pair, fails, then a variable-variable pair must be reduced by (Id<)
in the first subtree, and the corresponding pair in the second subtree must be
reduced by (Trans<). For example, in the judgement of Section 4.2, the var-var
pair ¢, < u, s reduced by (Id<) at step (6), and the corresponding var-var
pair t, < wu, is reduced by (Trans<) at step (13), and then fails. Intuitively,
ty < u, behaves differently from ¢, < u, because, in the transition from one
comparison to the other, the ¢ variable changed from ¢, to t,, while u is u, in
both comparisons. In both ¢, < u, and t, < wu, comparisons, the ¢ variable
has been defined three steps before, hence it is a different variable, but with
the same De Bruijn index, while u is the same variable, but with a different
De Bruijn index. Let us say that, with respect to these pair of comparisons, ¢
is “De Bruijn fixed” while u is “fixed”. Our proof shows, essentially, that if we
find two successive corresponding var-var comparisons that are both solved by
(Id<), this is enough to conclude that the compared variables are both “De
Bruijn-fixed”, or are both “fixed”, and that they will be so with respect to all
other corresponding pairs, and hence their comparison will always by solved
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by (Id<). Hence, when we have completely explored two successive similar
subtrees, we can safely stop. The end of the second exploration is marked by
the third appearance (modulo similarity) of the same compared pair. This
explains the magic three.

Lemma 5.28 If () >, T < U € Start-J and RT"((),T,U) is a successful and
expandable tree whose expansion node is

RT™((),T.U)(a) = (I > T" < Yoys.9)
then the tree RT (I, T < Yo 5),T",U’"), where U' = U 1 3 and Y, =U €
Right(TT), is a successful tree. Hence the tree RT" T ((),T,U) is successful
too.
Proof. As in the previous lemma.O
Now we can prove soundness.
Theorem 5.29 (Soundness) For each () >, T < U € Start-J.
OH¥*T<U = ()FFT<U
Proof. We have to prove that if R7((),T,U) is a successful tree then so is
RT ((), T,U). By Lemma 5.8 this amounts to showing that each tree of the

sequence (see Definition 5.6)

{RT"(IL,T,U)}

neN
is successful, and this follows by induction on n, by observing that

RT°(I, T,U) =RT((),T,U)

and by applying Lemmas 5.27 and 5.28 to prove that, for each n, if the tree
RT"(I1,T,U) is successful then RT" (I, T, U) is successful too.O

In the following theorem we prove completeness; unlike soundness, the proof
does not present any particular problems.

Theorem 5.30 (Completeness) For each () >, T < U € Start-J:
OFrT<U = ()F2T<U
Proof. We have to prove that if R7 o ((),T,U) is a successful tree then so

is RT ((),7,U). This fact follows by Lemma 5.8 and by observing that
RT((),T,U)=RT°(II,T,U).O
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6 Transitivity

In this section we prove that the subtype relation we defined on recursive
kernel Fun is transitive. We decided not to deal here with the terms of the
language kernel Fun and with their reduction relation, since the standard
proof of their basic property (subject reduction) works for recursive kernel
Fun as well, provided that transitivity holds. Hence, in this section we provide
the basic lemma needed to prove that, for recursive kernel Fun, well-typed
programs do not go wrong.

We first prove the transitivity of the labeled version of the system, namely that
for each T',U, V € LR-Types such that the three pre-judgements () >, 7T < U,
O U<V, ()T <V are in Start-J:

OFFT<Uand )FPU <V = FPT<V

Then, transitivity of recursive kernel Fun will follow from the equivalence of
the two systems (Theorem 3.27).

To simplify the notation, in this section we will omit the success and fail-
ure labels in the nodes of reduction trees. We start with a couple of lemmas

regarding type variables.

Lemma 6.1 For each () >, T < U € Start-J, for any a such that
RT>((), T U)(a) = (> to < up)

the subtree rooted at RT>°((),T,U)(a) is successful <
3 ¢, € Bounds(t,, Left(IT)) s.t. (t,,up) € Def(II)

Proof.

(=) By induction on the depth of the subtree rooted at R7*°((),T,U)(a).

(<) By induction on #Bounds(t,, Left(II)).0

Definition 6.2 For each () >, T < U in Start-J, a path @ such that
RT(().T.U)(@) |

15 called var-var-free if
Ba <, a such that RT™((), T,U)(d") = (T >4 to < up)

Note that RT>((),T,U)(a) = (II>yt, < ug) is not excluded by the definition.

76



Lemma 6.3 For each () >, T < U, ()>,U <V, ()>,T <V in Start-J such
that () F° T < U and () F* U <V, and for each var-var-free path a such
that

RT=((),T,V)(a) = (I'>, T" < V')
there exist two paths a, and ay and a type U’ such that

RT®((),T,U)(a)) = ("> T <U)
RT®((),U,V)(as) = (", U <V’

Moreover the three bi-environments I, 1", TI" satisfy the following properties
1.V (ta,ug) € Def(Il").V (ug, vs) € Def(I1").

(to, v5) € Def(IT')

Bounds(t,, Left(Il")) = Bounds(t,, Left(II"))
Bounds(ug, Right(II”)) = Bounds(ug, Left(II"))
Bounds(vs, Right(I1”)) = Bounds(vs, Right(Il"))

2. X,=A € Right(Il") & X,=A € Left(I1"”)

3. Xo=A¢€ Left(Il') & X,=A € Left(I1")

4. Xo=A € Right(Il') & X, =A € Right(I1"”)
Proof. By induction on |a|. The case a = nil is trivial. Suppose that a = o’ .a,
with @ € {0, 1, 2}, and assume that the lemma holds for the path a’. The
most difficult case is @ = 2, the other ones are similar or even simpler. When

@ = 2 the node R7°°((),T,V)(a) has been reduced from R7>°((),T,V)(d’)
by (V<) (see Definition 5.2). Formally:

RT=((), T,V)(@) = (I > (X0 Ve <AT') < (uY3.Yvug < B.V'))
RT>((),T,V)(a'a) =M, T" <V

where

!

=10, (Xo=pXoVta <AT', Ys=pYsz.Yog<B.V'), (to,v3) < (A,B)

By the induction hypothesis we have that there exist two paths | and af, and
a type U” such that

RT>((),T,U) @) = (I >y (nXaVia <AT) <U”")

-/

RT=((),UV)(d) = (0" U" < (u¥3us < BV)
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and that the three bi-environments IT, II', II" satisfy properties 1, 2, 3, 4.
Since RT>°((),T,U) and RT>°((), U, V') are successful, the type U” is either a
-V type or a recursion variable that unfolds to a -V type. We consider only
the second case because it is slightly more difficult than the first one.

Hence, suppose that U” = K.p. We have that

RT>((),T,U)(a}.0) =
(M, (uXaVta <AT < K,p) Dy X0ty <AT' < pKyN¥sy < C.D)
RT>((),U,V)(ay.0) =
(ﬁm, (Kﬂg < uYg.VUﬁgB.V/) >y /LK@.VS@SC.D < MYg.VUﬁSB.V’)
where uKy.Vsy<C.D = (uK, Vs, <C'.D') T 0 with

(K,=pK, Vs, <C'.D') € Right(TT").

Moreover, we have that

RT>((),T,U)(d,.0.2) = (I >,T' < D)

RT>=((),U,V)(dy0.2) = (I (D <V
with

"= T, (uXoVta<AT < K.4),

(XaZpJXa.thSA.T/, KQZILLKQ.\V/SQSC.D), (ta,SQ)S(A, C)
"= ", (K < pYp.Vos<B.V'),
(KQZILLKQ.\V/SQSC.D, Yﬁquﬂ.VvﬁgB.V’), (S@,UQ)S(C,B)

Now, by the induction hypothesis and by the definition of IT’, II” and II”, it
is easy to prove that these bi-environments satisfy properties 1, 2, 3, 4.0

Theorem 6.4 For each ()>,T < U, ()>,U <V, ()>>,T <V pre-judgements
i Start-J,

OF*T<Uand )FPU<V = OFT<V

Proof. We split the proof into two parts. In the first one we prove that all the
nodes in R7°°((), 7, V) that correspond to a var-var-free path a are success-
ful nodes of R7>°((),7T, V). Then, in the second part, we prove that all the
subtrees of a reduction tree

RTOO(()7T7 V)(a) = (H/ Dyla < Uﬁ)
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are successful.

(1) Suppose, towards a contradiction, that for a var-var-free path a we have

a failure node (which is actually a leaf) of R7°°((),T,V). Formally we
have that

RT=((),T,V)(a) = (', T" < V')

where the shape of 7" and V' corresponds to one of the cases of the
following table

T’ V!

Top type type variable
Top type 1Y type
Top type u- — type
p-v type p- — type
p- — type p-v type

The first three cases can be synthesized in
T"=T and V' #T
In this case, by Lemma 6.3, we have that
RT((), T,U)(a;) = (", T <U)
RT((),U,V)(ay) = (", U <V’)

Since RT*°((), T, U) is successful, it must be that U’ = T, but this implies
that R7°°((), U, V') (az) is a failure node because of V' # T and this would
contradict the fact that R7°°((), U, V') is successful.

Now suppose that

T = puXy NVt o <T"T" and V' = puYz.V" - V"
By Lemma 6.3 we have that
RT((), T,U)(a1) = (II"ppuX, Vo, <T"T" <U’)
RT>((),U,V)(az) = (">, U < puYp V" — V")
and, since R7*((),T,U)(ay) is successful, it must be that
(1) U =pzZ,Ns, <U"U" or 2)U' =T or 3)U' = 2Z,,
and Z,), expands to a type pZ,.Vs, <U".U" after an application of the

(RUnf.) rule.
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In the first two cases we immediately have that R7>°((), U, V)(az) is a
failure node, while in the third case we have that R7°°((), U, V)(az) is
reduced to a failure node after an application of the (LUnf<) rule, since,
by Lemma 6.3(2), for this node too the variable Z,), expands to a type
W12, s, <U".U" ; hence in both cases we reach a contradiction.

The case

T =uY, T = T" and V' = pXgVtg<V".V"

is analogous to the one just proved.
Now we prove that all the subtrees of a node

RT>((),T,V)(a) = (II' >y ta < vg)

where a is a var-var-free path, are successful.
Suppose that for a var-var-free path a we have that

RT>((),T,V)(a) = (II' >y to < vp)

By Lemma 6.3 we have that

RT=((),T,U)a1) = (II">eta < uy)
RT=((),U,V)(az2) = (II" > uy < vp)

and by assumption and Lemma 6.1:

35, ts € Bounds(t,, Left(II")) (a')
and (t5,u,) € Def(Il") (a”)

Ju). v\ € Bounds(u,, Left(II"")) (b')
and (u),vg) € Def(I") (b")

80



Now we observe the following facts

(c)  Bounds(u), Left(Il"")) C Bounds(u,, Left(Il"))
by (b')
(d) Bounds(u,, Left(II"")) = Bounds(u,, Right(II"))
by Lemma 6.3
(f) v\ € Bounds(u,, Right(Il"))
by (b') and (d)
(g) 3ty € Bounds(tj, Left(I1”)) (gl) s.t.
(1, u}) € Def(IT") (g2)
by (a”), (f) and Lemma 5.17
(h) tj € Bounds(t,, Left(Il"))
by (g1) and (2
(i)  Bounds(t,, Left(II"”)) = Bounds(t,, Left(II"))
by Lemma 6.3(1)
(1)t € Bounds(t,, Left(Il"))
by (h) and (i)
(m) (t,vs) € Def(IT)
by (g2), (b”) and Lemma 6.3(1)

By (1), (m) and Lemma 6.1 we can conclude that the subtree rooted at
RT>((),T,V)(a) is successful.O

Theorem 6.5 (Transitivity) For each closed pre-judgements () > T < U,
O U<V and ()>T <V in recursive kernel Fun,
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Proof.

By hypothesiss () FT<U A U<V
By Corollary 3.29,
02 {3 ol (T) < [{},a] (U) A
02 {h o) < [{hal (V)
By transitivity: () F° [{}, o] (T) < [{}, o] (V)
()
()

for any a:

By Corollary 3.28: () F Erase([{}, o] (T")) < Erase([{}, o] (V))

FT <V

1.e.

7 Conclusions

We have studied the subtype relation for recursive types in kernel Fun. This
problem is important because the combination of subtyping, parametric poly-
morphism, and recursion is essential in the context of strongly typed object-
oriented languages.

The main result of this work has been the definition of a subtyping algorithm
for strongly recursive kernel Fun, which was the only one known for this class
of languages (building on a preliminary version of this paper [CG99], Jeffrey
defined in [Jef01] a new algorithm with quite different features).

We have proved our algorithm to be sound and complete and the proof is
technically challenging. We have also been able to prove, by showing non trivial
counterexamples, that the most natural algorithm to attack the problem is
not complete, and that a natural obvious relaxation is not correct. These two
examples explain why we needed to look for a more complex approach. We
consider these counterexamples to be important contributions of this work.

We have proved that our algorithm can be defined without variable renaming.
This makes the algorithm very efficient in practice since, if variable renaming
can be avoided, memory allocation is greatly reduced during the execution
of the subtyping algorithm, and the key step of similarity checking can be
reduced to pointer equality checking. Moreover, this property may allow the
efficient first-order subtype checking algorithm presented in ([KPS93]) to be
imported in this context. That algorithm is based on reusing, in a branch of
a proof, a comparison 7' < U that has been proved in a different branch. This
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technique seems to be very hard to adopt if variables can be renamed. Simi-
larly, [Ghe96] describes a technique that transforms the standard exponential
subtype checking algorithm for kernel Fun into a PTime algorithm, crucially
exploiting the memorization of already proved judgements. This technique
only works in the absence of renaming.

Finally, we have proved that the subtype relation defined by our algorithm is
transitive. This is the core of the proof of the subject reduction property for
the underlying term language, although, due to lack of space, this problem is
not discussed in this paper.

As a consequence of this work, we now feel the need to study the more general
field of “regular” trees with variables, i.e. those trees that abstractly describe
the terms of a language that combines a pu-like operator with variable binders.
Both our counterexamples involve infinite trees-with-variables that can be
finitely described but that are not regular in the usual sense of the word. The
study of relations coinductively defined on such trees constitutes a generaliza-
tion of this work which would probably shed light on some of the ‘surprising’
results we have described here.
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Appendix A: Recursive Kernel Fun

Syntax
Types TU =T |t| X | puXVt<TU | pXT —-U
Pre-Judgements P :=T>Env|['>T Type |lI>T <U
Judgements J uw=TFEnv|TFTType | IFT <U
Bi-Environments I == () | II,(¢,u) <(T,U) | II,(X=T,Y=U)
Environments I == |t<T|IX=T

Good formation rules

I'=
t ¢ Def(l) I ype (I' BoundForm)

(I' EmptyForm)

()l_TnV I't<Tt+ Env
4040 £ T
t< Tlfgtl:l“;pjeﬂ Type (T-VarForm)
m (T Form) X e 1]36:(;) T;p: Eny (R-VarForm)

OLX=TFT Type [I''X=THFU Type
' puX.T — U Type

X=T,t<TFU Type
' pXVt<T.U Type

(— Form)

(V Form)

Subtyping rules

II-T, T Type (T2) (t,u) € Def(I) IIt+ t,u Type (1d.)
M-T<T = MFt<u =

(t,u)<(T",U") eIl
forall X.(U#X) U#T U#u NIFET <U

Tri<u (VarTrans<)
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I = (IL, (X=pX.T — U, Y=pY.T' — U"))
Swap(IY FT'<T THU<SU

(—<)
NEpuXT—-U< YT — U
Il = (I, (X=pXVt<T.U, Y=pYNt'<T".U"))
nerT=17 1 (t<(T, TYFU<U'
(V<)

IMEpXVE<TU < pY N LZT".U' -

X=Te€Left(ll) I+ T1< U
IFX < U

(LUHfS)

forall X. (T #X) Y=U €Right(ll) I+T < U1
IFT <Y

(RUnf.)

The symbol T T"in (_Unf<) rules denotes a renaming of both type and recursive
defined variables in 7.
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Appendix B: Labeled Recursive Kernel Fun

Syntax

Types T.U:=Tg| tap | Xap | pXaVta <T.U

| uXo.T —U
Pre-Judgements P :=Tp>,Env| ', T Type| >, T <U
Judgements J =DIF,Env| T'kH,TType| UF,T<U
Bi-Environments II == ()| II, (ta, ug) <(T7,U)

| II, (Xo=Tx 0, Ys=Uy;)

| IL XqpoT | ILT o Xy
Environments I' o= It.<T| ' Xo=Txo| I'\T

Good formation rules

to & Def(I') T'kp T Type

(I" EmptyForm) (I" BoundForm)

() F¢ Env [t,<Tt, Env
', T Type
———— (I TypeF
T Tr Eny ( Lypeform)
X, & Def(I') T'F, T Type
I' EqF
T, X,=T ¢ Env (I" EqForm)
to<T el' T'F, T Type
T-VarF
sty Type ( arForm)

I' ~, Env X, € Def(I') T F; Env
- (T F R-VarF
', T Type ( orm) 'ty Xo 3 Type ( arForm)

I Xo=TabFe T Type T',X,=T,F,U Type
(— Form)

'y puX,. T — U Type

[N Xo=Ta,ta <T F, U Type
'y u X, Vi, <T.U Type

(V Form)

Subtyping rules

M=, T, T Type
=T <Tg

(ta,u,) € Def(Il) 11k, to8, uyy Type
(Id<)
II l_g ta|,8 < Uy|n

(T<)

88



(ta,u,) <(T",U") € I
for all Xg5. (U # Xg5) U F#wuy- U#T_ T <U
Hbptys <U

(VarTrans<)

IV =11, (Xo=pXo.T — U, Y,=pY,.T' — U
SW&p(H/) "g T, S T H/ }_g U S U/
Ok, pXoT — U < pY, T — U =

I =10, (Xo=pXo Vta <T.U, Y,=pY, Nu, <T'.U")
W T=T IV, (tg,u)<(T, T, U<U
0 pXo NVt <T.U < pY,Nu, <T".U’ =

X, =T € Left(Il)
ILXug<UHTTB < U
I+, Xa|6 < U

(LUHf§>

fO’I“ all X9|5. (T 7& X9|5) YV:U S nght(H)
LT <Yy, beT < Ulny
Mk T < Yy,

(RUnf<)

The rules of our sound and complete algorithm are obtained by adding two
new termination rules to the > system and by modifying the unfolding rules
as follows.

Xopp <U €T IHy Xop U Type

LEnd
Mhy Xos < U (LEnds)
T <Y, eIl Ik T,Y,, Type
E

Ik T < Y, (REnd)
Xop <U g5 T
Xo=T € Left(ll) ILX,s<UFTT8<U P

Mhe Xos < U (LURE)
T S Yyln ¢2: II fO?“ all Xg‘(g. (T 7§ X@\g)
Y,=U € Right(Il) I,T <Yy, - T < UTn P

M T < Yy, (RUnf)
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Appendix C: Encoding Pair and Bottom Types in Recursive Kernel
Fun

In this appendix we show how to encode pair and bottom types in recursive
Kernel Fun. For our aims, we do not need here to define types whose terms
behave as pairs, or types with no terms; we only need types which reflect pair
and bottom type subtyping behaviour.

Our encoding of pair types is very similar to that proposed by Cardelli et al. in
[CMMS94], where pair types are encoded in terms of unbounded quantification
and arrow types, in an extension of system F' with subtyping. In that paper,
if we assume A and B not containing pair types, pairs are encoded as follows:

AXxBEVt(A— B —t)—t
with ¢ not free in A and B.

In [CMMS94], the encoding of bottom type is not considered. Here we propose
an encoding that works for both pairs and bottom. More formally, we provide
an encoding from types

AB:=1|T|t|X|puXVt<AB|puX.A— B|uX.AxB
to types

TU =T |t| X | puXVt<TU | unXT - U
Hereafter, we use letters A, B to denote types with bottom and pairs.

We impose that the bound B in pX.Vt < B.A must not be L; this limitation
preserves the antireflexivity of the system, and does not limit its expressive

power, since a type uX.Vt < 1.A just introduces a variable ¢ that is equivalent
to L.

Subtyping among these types is defined by rules B> together with the follow-
ing two rules.

ITF 1, A Type (L)
M-1<A =

II'= (I, ( X=pX.Ax B, Y=puY. A x B'))
MFA<A TI'EB<LPB
IMFuX.Ax B<uY. A" x B’

90



To define the encoding, we first define type negation =T as follows:

where p.U stands for a type puY.U where Y does not occur free in U.

It is easy to prove that:

OF-T<-U & FU<T

and therefore () - -7 <—--U & ()FT <U.

The encoding is defined by a pair of functions, external double negation [_|
and internal double negation (|_|). Informally, |A] doubly negates A and all
its subterms, while (A]) only double-negates the subterms. The encoding is
based on the fact that, since T > =T for any T, then =T < —=T for any T,
hence =T is the bottom type in a set where any other type is doubly negated.
However, the bound of a bounded type variable cannot be doubly negated at
the outermost level.

Consider a comparison Vi<A.t < Vt<A.A. Tt gets translated as Vt<(Al).——t <
Vt<(A]).]JA]. The rule V reduces this into t<(A|) F ==t < |A[] which is then
reduced to t<(A|) Ft < (A)), and finally to t<(A|) - (A]) < (A]), as desired.
Here, it is crucial that the substitution of ¢ with its bound does not add a new
pair of negations around ((A[). This is even clearer if we consider a situation
like v<w, u<v,t<u b |t] < |w]|. It is essential that ¢ is substituted by u and
u by w with no double negation added in the process. For this reason, we use
internal double negation for variable bounds. Internal double negation is well
defined since such bounds are never equal to L. The bound regains the needed
external double negation, in a sense, when it is substituted to a variable type
t in the comparison, since ¢ was doubly negated to begin with.

Formally, |_] and (- are defined by mutual recursion as follows. |A] is to-
tal, while (A|) is undefined on L. Internal double negation is defined on bi-
environments as well.

L] £ =T
[A] £ -=(4)  fA#L
(L)  undefined
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Vs < [T]p-(puJAl = p([B] — 5)) — s
where s is a fresh variable

(pX .Vt < A.B) & puX.(Vt < (A).|B])
(IL (t,w) < (A, B)) = (M), (t,u) < ((A). (B))
(IL (X=A,Y=B)) £ (1), (X=(A),Y = (B))

This encoding enjoys the following property, where =  is the subtype relation
of the system extended with L and X.

M, A< B« () - (A) < (B)
Mk, . A< B () - [A] < [B]

We have first to prove the following inversion lemma.

Lemma 7.1 (II)) - (A1) < (B implies that one of the following conditions
holds.

A=A, Bi=T, I+ (A)) Type
A=t Bi=u, (t,u)<((A), (B')) € (1)
Ay =t, (t,u)<((A), (B)) € (M),
for all X. (Bi) # X), (Bi) # T, (Bi) # u, () F (A) < (Bi)

Al = [I,XA — B, Bl = MYAI — B/,
I = (II, (X =uX.A — B, Y=uY.A' — B')),
Swap(IT') - (A) < (A), I (B) < (B')

92



Al = /.LXA X B, Bl = ,U/YA, X B,,
1 = (M1, (X =uX.A x B, Y =uY. A’ x B')),
'E(A) < (A), I'E(B) < (B)

Ay = uXVt<A.B, By = pY.Nt' < A'.B’
I = (I, (X =p XVt < A.B, Y =pYNt' < A'.B')),
I = (A) = (A7), I, (¢, ¢) < ((A). (A'D) F (B) = (B)

Ay =X, B =B, X=(A') € Left(Il), (M) = (A)T1< (B)

A=A, By =Y, YX. A, # X, Y =(B')) € Right(II),
() = (A) < (B'DT

Proof. For any A, if its outer constructor is different from x, the outer con-
structor of (A| is the same as that of A, hence (A]) < (B]) can only be proved
by using the rules that correspond to their outer constructor. If one among
A and B is a product, then it is mapped to a u-V type, which may be com-
pared, in principle, to the image of a u-V type. However, uX.A x B types are
mapped into p-V types where the upper bound for the variable is [T, that
is == T. Types uX.Vt < A.B, instead, are mapped into u-V types where the
corresponding bound is (A|), which is always different from | T[. This ensures
that it is impossible to prove that |uX.Vt < A.B| < (uY.A’ x B'), and vice
versa. The rest of the proof is trivial. O

Lemma 7.2 (M) FJA] <|B] < (I)F(A) <(B)vA=1)
We can now prove the basic theorems.

Theorem 7.3 (I)FJAl<|B]|=1+F_.«A<B

Proof. We give a coinductive (aka lazy) proof of the existence of a function T
that transforms any proof, finite or infinite, of (II)) - [A] < [B] into a proof
of [I+, « A< B.If A= 1 the thesis is immediate. Otherwise, by Lemma 7.2,
we have that (II)) - (A < (B]), hence we only have to examine the cases
of Lemma 7.1, and each case allows us to build a piece of the desired proof.
Assume, for example, that we are in case X < B. Lemma 7.1 guarantees the
existence of a proof of (II)) = (A’)) 1< (B]). Hence, Lemma 7.2 guarantees
the existence of a proof of (II)) = [A’| 1< [B], hence of (II)) = [A"T] < |B].
Hence, T can return a proof for II =, , X < B that is formed by an instance
of the p rule applied to the result of applying T to a proof of (II)) + [A"T
| < 1B1.0

Theorem 7.4 I, « A<B= (II) - [|A] <|B]
Proof. We give a coinductive definition of a function that transforms any proof
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of T+, « A < B into a proof of (II)) - |A] < [B]. O
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