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Abstract Coinductive abstract compilation is a novel technique, which
has been recently introduced for defining precise type systems for object-
oriented languages. In this approach, type inference consists in translating
the program to be analyzed into a Horn formula f, and in resolving a
certain goal w.r.t. the coinductive (that is, the greatest) Herbrand model
of f.

Type systems defined in this way are idealized, since types and, con-
sequently, goal derivations, are not finitely representable. Hence, sound
implementable approximations have to rely on the notions of reqular types
and derivations, and of subtyping and subsumption between types and
atoms, respectively.

In this paper we address the problem of defining a sound and complete
axiomatization of a subtyping relation between coinductive object and
union types, defined as set inclusion between type interpretations. Besides
being an important theoretical result, completeness is useful for reasoning
about possible implementations of the subtyping relation, when restricted
to regular types.

1 Introduction

Coinductive abstract compilation [6, 2] is a novel technique, which has been recently
introduced, for defining precise type systems for object-oriented languages. In this
approach, type inference consists in translating the program to be analyzed into a
Horn formula f, and in resolving a certain goal w.r.t. the coinductive (that is, the
greatest) Herbrand model of f. Furthermore, union types, besides coinduction and

Davide Ancona, Giovanni Lagorio. On sound and complete axiomatization of coinductive subtyping for
object-oriented languages. In Journal of Object Technology, vol. N, no. M, 2010, pages 1-0.
Available at http://www.jot.fm/contents/issue_2010_NN/articleNN.html


http://www.jot.fm/copyright.html
http://www.jot.fm
http://www.jot.fm/contents/issue_2010_NN/articleNN.html
http://www.jot.fm/contents/issue_2010_NN/articleNN.html

2 . Davide Ancona, Giovanni Lagorio

object types, play an important role for guaranteeing the high expressive power of
the type language.

This novel approach is quite general and modular, since it can be used for defining
quite different type systems for the same language, by simply devising different kinds
of translations into Horn formulas, without changing the core inference engine. In
contrast with this, most of the solutions to the problem of type analysis of object-
oriented programs which can be found in literature [16, 15, 1, 21, 20, 13] have their
own inference engine, and cannot be easily compared and specified.

Furthermore, defining type systems in terms of compilation into a logical language
eases reuse of all those static analysis techniques proposed for compiler optimization
which can be fruitfully adopted for enhancing precision of type analysis. For instance,
we have shown that a more precise type analysis can be obtained when abstract
compilation is performed on programs in Static Single Assignment intermediate form
[5].

Type systems defined by coinductive abstract compilation are idealized, since types
and, consequently, goal derivations, are not finitely representable. Hence, sound im-
plementable approximations have to rely on the notions of regular types and deriva-
tions, and of subtyping and subsumption between types and atoms, respectively. For
this reason, studying subtyping between coinductive union and object types is very
important to investigate on possible implementations of the inference engine based
on coinductive constraint logic programming [7, 18, 17]. Such approach is similar
to the work by Sulzmann and Stuckey [19] who have shown that the generalized
Hindley /Milner type inference problem HM(X) can be mapped to inductive CLP(X);
the main difference is that we consider coinductive (rather than inductive) Herbrand
models and types, and that we are focused on type inference for Java-like (rather than
functional) languages.

However, devising a sound definition of subtyping between coinductive types is
far from being intuitive, since a suitable notion of contractive [9, 10] derivation has
to be introduced to avoid unsound derivations. Furthermore, without an appropriate
interpretation of types and subtyping, one cannot easily reason on the completeness
of subtyping. In a previous work [3] we have proposed to interpret coinductive types
as sets of values defined by a quite intuitive coinductive relation of membership,
and proved that the proposed axiomatization of subtyping is sound w.r.t. subset
inclusion between type interpretations. This result allowed us to relax the condition
of contractiveness as previously defined [5], and to add a new typing rule for dealing
with a case previously uncovered.

In a more recent paper [4] we discovered that the previously proposed axiomati-
zation [3] was not complete and proposed to add a new rule (split) (which is actually
a generalization of previous rules). Despite we have shown that such an axiomatiza-
tion still fails to be complete in the idealized system where types and proofs can be
non regular, we have conjectured that it is complete in the more interesting case (for
obvious practical reasons) when one considers only regular types and proof trees.

This paper is an extended version of the above mentioned work [4], where the
main new contributions are the following:

e We show by means of a counter-example that the previously defined axiomati-
zation [4] is not complete, even when we restrict ourselves to regular types and
proofs, thus disproving the corresponding conjecture.

e Correspondingly, we add a new rule (merge) to overcome the problem found
with the counter-example; we prove that the new axiomatization is still sound
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and is complete when one considers only regular types and proofs. Proof of
completeness relies on a conjecture which is weaker then the previously proposed
one.

e All the proof details have been added.

2 An introductory example
Let us consider the standard encoding of natural numbers with objects, written in
Java-like code where, however, all type annotations have been omitted.

class Zero { twice() { return this; } }
class Succ {

pred;
Succ(n) { this.pred=n; }
twice() {
return new Succ(new Succ(pred.twice()));
} 3

For simplicity, we just consider method twice; class Succ represents all natural num-
bers greater than zero, that is, all numbers which are successors of a given natural
number, stored in the field pred.

In the abstract compilation approach a program, as the one shown above, is trans-
lated into a Horn formula where predicates encode the constructs of the language. For
instance, the predicate invoke corresponds to method invocation, and has four argu-
ments: the target object, the method name, the argument list, and the returned
result. Terms represent either types (that is, set of values) or names (of classes,
methods and fields). In this example we use type int, union types t; V t2, object types
obj(e, [fittr, ..., fuitn]), where c is the class of the object and fi,...,f, and t1,...,t,
its fields with their types. In the idealized abstract compilation framework, terms
can be also infinite and non regular'; a regular term is a term which can be infinite,
but can only contain a finite number of subterms or, equivalently, can be represented
as the solution of a unification problem, that is, a finite set of syntactic equations of
the form X; = t;, where all variables X; are distinct and terms ¢; may only contain
variables X; [11, 18, 17]. For instance, the term ¢ s.t. ¢ = int V t is regular since it
has only two subterms, namely, int and itself.

Let us see some examples of regular types, that is, regular terms representing set
of values.

zer = obj(zero,[])
nat = zerV obj(suce, [pred:nat])
evn = zer V obj(succ, [pred:obj(succ, [pred:evn])])

Type zer corresponds to all objects representing zero, while nat corresponds to all
objects representing natural numbers and, similarly, evn to all objects representing
even natural numbers. An example of non regular types is given by the infinite
sequence fo V (&1 V (... V &, ...)), where the term #; represents the natural number 2°.

Each method declaration is compiled into a single clause, defining a different case
for the predicate has_meth, that takes four arguments: the class where the method
is declared, its name, the types of its arguments, including the special argument this
corresponding to the target object, and the type of the returned value. Predicate

I'We refer to the author’s previous work [6, 2, 5] for more details.
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has_meth defines the usual method look-up: has_meth(c, m, [this, t1,..., t,],t) suc-
ceeds if look-up of m from class ¢ succeeds and returns a method that, when invoked
on target object and arguments this, t1,..., t,, returns values of type ¢.

For instance, the method declarations of the two classes defined above are compiled
as follows:

has_meth(zero,twice, [This],This).

has_meth(succ,twice, [This] ,R4) <«
field_acc(This,pred,R1),
invoke(R1,twice, [1,R2),
new(succ, [R2] ,R3),
new(succ, [R3],R4).

Predicates field_acc, new and invoke correspond to field access, constructor invocation
and method invocation, respectively. Similarly to what happens for methods, each
constructor declaration is also compiled into a clause. For instance, the following
clause is generated from the constructor of class Succ:

new(succ, [N],obj(succ, [pred:N|R])) «
extends (succ,P) ,new(P, [1,0bj(P,R)).

Other generated clauses are common to all programs and depend on the semantics
of the language or on the meaning of types.

invoke (T1VT2,M,A,R1VR2) «
invoke(T1,M,A,R1), invoke(T2,M,A,R2).
invoke(obj(C,R) ,M,A,Res) «
has_meth(C,M, [obj (C,R) |A],Res) .

The first clause specifies the behavior of invoke with union types. The invocation
must be correct for both target types 77 and Ty and the returned type is the union
of the returned types Ry and Ro. When the target is an object type obj(C, R), then
invocation of M with arguments A is correct if look-up of M with first argument
obj(C, R), corresponding to this, and rest of arguments A succeeds when starting
from class C.

We show now that the goal invoke(nat, twice, | |, R) is derivable for R = evn. This
means that, not only we can prove that by doubling any natural number we get an
even number, but we can also infer the thesis (that is, the result is an even number),
since the query corresponds to just asking which number is returned when doubling
any natural number.

We recall that the coinductive Herbrand model is obtained by considering also infi-
nite proof trees (a.k.a. derivations) [18]. Then, since nat = zerV obj(succ, [pred:nat]),
by clause 1 for invoke the following atoms must be derivable:

invoke(zer, twice, [ ], zer)
invoke (succ(nat), twice, | |, succ®(evn))

where succ(t) is an abbreviation for obj(suce, [pred:t]), and succ?(t) is an abbreviation
for succ(suce(t)).

The first atom can be derived by applying clause 2 for invoke, and then the clause
for has_meth generated from class Zero. For the second atom we apply clause 2 for
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Figure 1 — Rules defining membership

invoke, and then the clause for has_meth generated from class Succ and get

field_ace(succ(nat), pred, nat),
invoke(nat, twice, [ ], evn), new(succ, [evn], succ(evn)),
new(suce, [succ(evn)], succ?(evn)).

All atoms are derivable, in particular invoke(nat, twice,[ ], evn) corresponds to our
initial goal, hence the derivation we obtain is infinite even though regular. Similarly,
it is possible to derive invoke(evn, twice, | ], four), where four = zer V succ*(four),
that is, by doubling an even number we get a multiple of four.

Surprisingly and regrettably, invoke(evn, twice,[ ], evn) is not derivable, since
new(suce, [t1], t2) is never derivable when t; is a union type. To overcome these
problems, a subtyping relation has to be introduced together with a notion of sub-
sumption between atoms. The definition of the subtyping relation is postponed to the
next section, however the intuition suggests that four < ewvn should hold, and since
subtyping is covariant w.r.t. the type returned by a method invocation, we expect
that invoke(evn, twice, [ |, evn) can be subsumed from invoke(evn, twice, [ |, four).

By introducing subtyping and subsumption it is possible to find regular derivations
for goals that would otherwise have infinite but not regular derivations (an example
can be found in another paper by the same authors [3]); in other words, subtyping
and subsumption are essential for implementing reasonable approximations of ideal-
ized coinductive type systems defined by abstract compilation. To do that, coSLD
resolution [18] is generalized by taking into account subtyping constraints between
terms, besides the usual unification constraints.

3 Definition and Axiomatization of Subtyping

In this section we define object and union coinductive types, and provide an intu-
itive interpretation of types as sets of values, and define subtyping as set inclusion
between type interpretations. Then we provide an axiomatization of subtyping based
on coinductive subtyping rules.

3.1 Interpretation of Types and Definition of Subtyping
The types we consider are all infinite terms coinductively defined as follows:
t == int|obj(c, [fittr, .., faitn]) | 1 V &

An object type obj(c, [fi:t1,. .., fn:tn]) specifies the class ¢ to which the object belongs,
together with the set of available fields with their corresponding types. The class name
is needed for typing method invocations. We assume that fields in an object type are
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t<t t <t Clh] <t Clt] <t
(VR1) ————— (VR2) ————— (split)
t<Hh Vi t<t Vi Clh V] <t
b <H,... <ty

MOt <int P obi(e, ity fnitns - 1) < 0bj(e, it fuith])

C[] s= 0 | 0bj(C7 [f:c[}vfl:tlu-"afn:tn])

Figure 2 — Coinductive subtyping rules of system S,

finite, distinct and that their order is immaterial. Union types t; V{; have the standard
meaning [8, 14].

We interpret types in a quite intuitive way, that is, as sets of values. Values are
all infinite terms coinductively defined by the following syntactic rules (where i € Z).

v o= i objle,[fi v, fo o vn))

As it happens for object types, fields in object values are finite and distinct, and their
order is immaterial. Regular values correspond to finite, but cyclic, objects.

Membership of values to (the interpretation of) types is coinductively defined by
the rules of Figure 1.

All rules are intuitive. Note that an object value is allowed to belong to an object
type having less fields; this is expressed by the ellipsis at the end of the values in the
membership rule (obj).

A proof tree (or, simply, a proof) is a tree where each node is a pair consisting of a
judgment of the shape v € ¢, and of a rule label?, and where each node, together with
its children, corresponds to a valid instantiation of a rule. For instance, the following
tree is a proof for obj(c, [f — 1]) € int V obj(c, [f:int]).

(0 e it

obj(c, [f — 1]) € obj(c, f:int)
obj(c,[f — 1]) € int V obj(c, frint)

(obj)

(VR)

Since values and types can be infinite, all rules must be interpreted coinductively,
therefore proofs are allowed to be infinite. However, not all infinite proofs can be
considered valid, but only those contractive (see the definition below). To see why we
need such a restriction, consider the regular type ¢ s.t. t =t V int, and the following
infinite proof containing just applications of rules (VL):

V) e et

obj(e,[]) €t

(VL)

We reject proofs built applying only rules (VL) and (VR), since they generate false
judgments, as obj(c,[]) € t derived above: t corresponds to an infinite union of int,
and therefore its interpretation cannot contain object values. Intuitively, the problem
is due to the fact that rules (VL) and (VR) allow membership checking only on one
part of the type, therefore we may end up with an infinite proof which in fact does
not check anything. Following the terminology used by Brandt and Henglein [9, 10],
we say that rules (int) and (obj) are contractive, whereas (VL) and (VR) are not.

2This labeling is necessary for the notion of contractive proof, see below.
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Def. 3.1 A proof for v € t is contractive iff it contains no sub-proofs built only with
membership rules (VR), and (VL). The membership relation v € t holds iff there is a
contractive proof for it.

The interpretation of type t is denoted by [t] and defined by {v | v € ¢ holds}.

In the following we use the term proof for contractive proofs, unless explicitly
specified.

Def. 3.2 Type t is a subtype of ta iff [t1] C [t2].

Example 1 1If L is the regular type s.t. L = LV 1, then [L] = 0. Indeed, the only
applicable rules for v € L are (VL) and (VR), hence only non contractive proofs can
be built, therefore no judgments of the shape v € L can be proved, and [L] = 0. A
type t s.t. [t] = 0 is called an empty type.

Example 2 If t is s.t. t = ¢V int, then [t] = [int] = Z. Indeed, all the contractive
proofs for v € t are obtained by uselessly applying n times (n > 0) rule (VL), before
the decisive applications of rule (VR) and (int):

(int) i€t
| remtVit

(VR)
(VL
(VL)
temtVit
Other interesting examples of types and their interpretations can be found in
another paper [3].

Example 3 Let us consider the infinite (but not regular) type ¢ defined by the
following infinite set of equations (where ¢ corresponds to Xp):

Xo = YoVXi

Xn : Y,V Xnp1

Yo : obj(zero, [ ])

Y1 = obj(suce, [pred: Yo])
Ynt1 = obj(suce, [pred: Yy])

Let t; be the term s.t. 2 = obj(zero, [ ]) V obj(succ, [pred:tz]). Then [t1] € [t];
indeed, it is easy to show that [t;] is the set of all objects representing natural
numbers, and that such values belong to [t] as well (all proofs are finite, hence
trivially contractive), whereas the value v 8.t. V5 = 0bj(succ, [pred — v]) belongs
to t2, but not to ¢. Indeed, the following contractive and regular proof can be built
by alternatively applying rules (VR) and (obj) infinite times.

Uso € lo
Voo € 0bj(suce, [pred:ts])
Uso € lo
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Finally, it is not difficult to prove that the only proof for v, € #; is not contractive,
since it can be obtained by infinitely applying rule (VR); therefore vo, & t.

3.2 Subtyping rules

A possible axiomatization of the subtyping relation as defined in Section 3.1 is given
by the system S, of coinductive rules in Figure 2. Such rules are conceived for a
purely functional setting [2]; an extension for dealing with imperative features can be
found in another paper [5] by the same authors.

All the previously proposed axiomatizations of the subtyping relation [6, 2, 3], are
not complete, although the most recent proposal S; [3] has been proved sound.

In comparison to system S,, defined in Figure 2, system &; defines rules (VL) and
(distr) instead of rule (split), which is, in fact, a generalization of the former rules.

obj(c, [frur, fistr, ..o, fuita]) < 8

. <t t2<t . obj(c, [fiuz, fittr, ..., fuita]) <t
VL) —/—————————— istr
( ) t1Vt2 St ( )obj(c, [f:ul\/UQ,f12t1,...,fn:tn])St

Such a generalization has been devised to overcome the problem that rules (VL) and
(distr) do not ensure completeness of subtyping even when the system is restricted to
regular types and proofs; e.g., obj(c, [f:0bj(c',[g:t1 V ta2])]) <obj(e,[f:0bi(c,[g:t1])])V
obj(c, [f:0bj(c',[g:t2])]) cannot be proved without the more general rule (split).

The one hole context C (inductively defined on the depth of the hole; see the same
figure) is used for applying the rule when the type on the left-hand side of the relation
contains a union type; a context is either the empty one (consisting of just the hole),
or is an object type with a context inside (since the order of field is immaterial, the
hole can be contained in any field type). Note that there are no contexts which are
union types, since rule (split) is applied only to the outer union types; for instance, if
the judgement has shape ¢; V t; < ¢, then the rule can be instantiated only with the
empty context.

Rule (VL) is simply obtained by instantiating (split) with the empty context. Rules
(VR1), (VR2) and (VL) specify subtyping in the presence of union types: the union
type constructor is the join operator w.r.t. subtyping. Note also the strong analogy
with the left and right logical rules of the classical Gentzen sequent calculus for the
disjunction, when the subtyping relation is replaced with the provability relation.

Rule (obj) corresponds to standard width and depth subtyping between object
types: the type on the left-hand side may have more fields (represented by the ellipsis
at the end), while subtyping is covariant w.r.t. the fields belonging to both types.
Note that depth subtyping is allowed since we are considering a purely functional
setting [5]. Finally, subtyping between object types is allowed only when they refer
to the same class name.

Rule (distr) is obtained by instantiating (split) with contexts of shape obj (¢, [f:0, fi
where [ is the empty context. The rule states that object types distribute over union
types, in the same way Cartesian product distributes over union.

For instance, if u; = obj(c, [f:t1]) V obj(c, [f:t2]) and uy = obj(c, [f:t1 V t2]), then
[u1] = [uz], hence if completeness holds, one should be able to derive u; = ug, that
is, u1 < ug and up < ;. The relation v < uy can be derived by applying rules (VL),
(obj), (VR1) and (VR2), and by reflexivity®. Rule (distr) is necessary for deriving the
opposite direction uz < u; of the relation, since by applying rules (VR1), (VR2) and
(obj) we end up with ¢ V o < # or t; V t; < t» which in general do not hold.

31t is not difficult to prove that reflexivity of subtyping holds.
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(split-1) (split-2)

(split-0) : ' (split-1) obj(c, [f:t]) < int obj(c, [f:obj(c, [f:])]) < int

= ] :it]) <4
(split-0) b= mt obj(c, [f:1]) < int

t < int

Figure 3 — A non contractive derivation for ¢ < in¢, with ¢t = ¢V obj(c, [f:t]).

For reasons similar to those explained in the previous section, proofs have to be
contractive, otherwise unsound judgments can be derived. For instance, if t = ¢V int,
then we could derive obj(c,[]) < t by only applying rule (VR1). However, giving a
definition of contractive proof for subtyping which does not break soundness without
compromising completeness (at least when the system is restricted to regular types
and proofs) is not trivial. In this case Def. 3.1 alone does not ensure soundness. For
instance, if ¢ is the term s.t. ¢t = ¢tV obj(c, [f:t]), then we can build a proof for the
clearly unsound judgment ¢ < int by using only rule (split) as shown in Figure 3. We
have decorated the label of each rule application with a natural number corresponding
to the depth of the hole of the context used for applying rule (split); the problem with
the shown proof is that the hole depth of contexts used for applying rule (split) is
unbounded, hence types are never “consumed” as it happens in rules (int) and (obj).

Def. 3.3 The depth of a context C[ ] is inductively defined as follows:

depth(T) = 0
depth(Obj(ca [fC[ ]af1:t17 s 7fn:tn])) = depth(C[ ]) +1

An application of rule (split) has depth n iff the rule is applied with a context of depth
n.

Def. 3.4 A proof for t; < ty is contractive iff it contains no sub-proofs built only with
subtyping rules (VR), and (VL), and the depth of the applications of rule (split) is
bounded.

The subtyping relation t; < to holds iff there is a contractive proof for it.

Given the definitions above, we have that applications of rules (VL) and (distr)
are in fact applications of rule (split) having depth 0 and 1, respectively, hence any
subtyping proof in S; corresponds to a subtyping proof in S,, where the depth of the
applications of rule (split) is bounded by 1. This is the meaning of the subscript 1 in
81, whereas S,, means that applications of rule (split) can be bounded by any natural
number n. For this reason, the last condition on contractive definitions in Def. 3.4 is
always verified for proofs in system Sj.

4 Soundness
Soundness holds in the most general case, when types and derivations are allowed

to be non regular. The proof is a non trivial adaptation of that given by the same
authors [3] for the less general system with rules (VL) and (distr) instead of (split).
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Def. 4.1 Let V be a proof of v € C[t]. Then, rank(V,C[]) is inductively defined over
the depth of C[ ] as follows:

e IfC[] =10, then rank(V,C[]) is the number of consecutive applications of rules
(VL) or (VR) starting from the root of V. Such a number is always defined
since V is contractive (Def. 3.1).

o If C[] = obj(e,[f:C'[], fittr,-. ., fnitn]), then V has shape %(ob;‘),

where Vj is the proof of vy € C'[t] for an opportune vy, and rank(V,C[]) =
rank(Vy,C'[ ]).

Lemma 4.1 v € Cluy V ug] iff v € C[wa] or v € Clug].

Proof: By induction over the depth of C[ ].

If the context has depth 0 (therefore C[ ] = O), then the only applicable rules are
(VL) and (VR), therefore v € uy V us iff v € uy or v € up.

If the context has shape obj(c, [f:C'[ ], fi:t1, .., fu:ts]), then the only applicable

rule is (obj), therefore v € obj(c, [f:C'[w1 V w], fitta, ..., fu:tn]) iff v = 0bj(c, [f — vp, i — 1, ...

and vy € C'[uy V up), v1 € t,..., v, € t,. By inductive hypothesis vy € C'[uy V uy] iff
vf € C'[u1] or vy € C'[ug], hence, since (obj) is the only applicable rule, we conclude
that v € obj(e,[f:C'[ur V ual, fiite, ..., fuita]) ff v € obj(e, [f:C'w], fiste, .., fuitn])
or v € obj(c, [f:C'[ual, fittr, .-, fuitn])-

As a final remark, note that the proof V' of v € Clu;] or v € C[ug] can be obtained
from the proof V of v € Clu; V ug] by just removing an application of rule (VL) or
(VR), respectively, corresponding to the node u; V uy which fills in the hole of the
context C[ |. That is, rank(V’,C[]) = rank(V,C[]) — 1. O

Corollary 4.1 The following fact

v € t1, and t; < to with a proof where the first applied rule is (split) with a context
C[ ] s.t. tl = C[ul \Y UQ]

s equivalent to
(v € Cluy] or v € Cluz]) and Clwy] < ta,Clug] < to.
Proof: A direct consequence of Lemma 4.1, rule (split) and the hypotheses. O

Lemma 4.2 If v € ty and ty < u, then any proof V of ty < u cannot contain an
infinite sequence of terms ty < u,...,t, < u,... starting from the root of V and
obtained by applying only rule (split), where v € t; for all i.

Proof: By contradiction, let us assume that there exists such a sequence where for
all i > 0, t;41 is obtained from ¢; by applying rule (split) with a certain context C;| ]
s.b. t; = Ci[ta V ] (for suitable t, and %), ;41 = C;[t] with t = #, or t = t,, C;[t] < wu,
and v € t; for all 7.

By Lemma 4.1, for all ¢ we can associate with ¢; a proof V; for v € t;, where Vo =
V, and for all i > 0, V,1 is derived from V; and rank(V,;41,C;[ |) = rank(V;,Ci[ ])—1,
as noted in Lemma 4.1.

To obtain a contradiction, we associate with each type t; in the sequence an
element |t;| in a Noetherian poset and show that |t;+1| < || for all ¢. Since V
is contractive (Def.3.4), the applications of (split) in V are bounded by a natural
number k. Therefore we can associate with each ¢; a tuple (ng,...,ngy1) of length
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k + 2 defined as follows: for all j € 0,...,k, n; =| Cy ; |, where C} ; = {C[] |
depth(C[]) = 4,3/, v" Clu' v u"] = ¢;}. Hence, j is the number of splittable terms
at depth j contained in t;, whereas ngy; = Zc[ Jecs (rank(V;,C[])), where ij =
t; k i
{C[] | depth(C[]) < j,3t C[t] = t:;}.
The Noetherian poset we consider is the set N¥*2 equipped with lexicographical
order:

(no,...,nk_H)<(né,...,ngﬁ_l)@ﬂj60,...,k+1Vm€O,...,j—lnm:n;n/\nj<n;»

We prove now that |t;11] = (ng,...,n5 1) < (no,..., k1) = |t for all i. There
are two distinct cases.

Case 1 ¢4 = C;[u'], where v is a union type. Hence, for all j € 0,...,k,
n; = n;, since CZHJ = CZ_J. Furthermore, since V1 is obtained from V; by just re-

moving an application of rule (VL) or (VR) (see Lemma 4.1), then rank(V;41,C;[]) =
rank(V;,C;[]) — 1, while for all C[] # C;[] in Ct,éi,k = Ctahk’ rank(Viy1,C[]) =
rank(V;,C[ ]). Therefore nj,; =n; —1, and |t;41] < [t].

Case 2 t;y; = C;[u], where v’ is not a union type. Let d = depth(C;[ ]), then

forall j €0,...,d—1, n; = nj, whereas n/; = nq — 1, since the term in the hole of
Ci[ ] is no longer splittable, therefore |t;+1] < |#].

We finally note that if the sequence ty < u,...,%, < u,... is infinite, then we
obtain the contradiction that there exists a infinite decreasing chain ..., |t,+1] <
[tnl,--.,|t] < |t] in a Noetherian poset. O

Corollary 4.2 If v € ty and ty < u, then any proof V of ty < u cannot contain an
infinite sequence of terms ty < ug,...,tn < Uy, ... starting from the root of V and
obtained by applying only rules (VR1), (VR2) and (split), where v € t; for all i.

Proof: Since the proof is contractive, it cannot contain an infinite subsequence built
only with subtyping rules (VR) and (VL), hence the whole sequence must contain
infinite (though not necessarily contiguous) applications of rule (split). This is not
possible, otherwise we would have an infinite chain [t < |#| < ... < || < ... where
|t;] are elements of the Noetherian poset as defined in Lemma 4.2. Lemma 4.2 can be
reused since applications of rules (VR) and (VL) leave unchanged the terms on the
LHS of the subtyping relation. O

Lemma 4.3 If v € t; and t; < to, then there exists a type u (not necessarily equal
to t1) s.t. v € u and u < ty with a proof whose first applied rule is not (split).

Proof: If the first applied rule of the proof of ¢ < t» is not (split), then the
Lemma trivially holds for v = ¢;. Otherwise by corollary 4.1 we can follow the path
up of one level to get the proofs of C[u'] < #2 and v € C[’] for suitable v/, and iterate
this process until we end up with a proof whose first applied rule is not (split). The
termination of this process is guaranteed by Lemma 4.2, since there cannot exist an
infinite path where only rule (split) is applied in the proof of #; < t;. Again, as noted
in Lemma 4.1 and 4.2, from any proof of v € #; we can deterministically build a proof
of v € u. Furthermore, the proof of u < #3 can be obtained by deterministically
selecting a subproof from the proof of #; < . O
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To prove soundness we first define a total function F associating a pair of proof
trees for t; <ty and v € #;, respectively, with a proof for v € t,.

The definition coinductive, and by cases on the first applied subtyping rule of such
a proof.

Rule (int in in = (in) 7eing -
ule (int) -7:(( t)intg it t)iG int) (int) 7ine
Vi

t1 < 11,1\/11,27
t1 < uy, and Vs is a proof for v € t;.

F(V1,Va)

Rule (VR1) F ( (vr1) =V,
1V up

, where V1 is a proof for

V2> = (VL)

F(Vi1,V2)

, where V1 is a proof for
VE U VU

V 1
1 A S —
Rule (VR2) F ((vR2) <oV Vg) (VR)

t1 < ug, and Vs is a proof for v € t;.

Rule (obj)

(obi) Vi,...,V,
! obj(c, [fritn, oy fuitn, .. .]) < obje, [fiiug, ..., fuiul])’ B
/ ’ -
(obi) 1,...,Vn,..:
obj(e,[fi— vi,.o s fu = Un,y..]) € 0bj(c, [frivn, ..oy foitn, .- .])
(b F(Vi,Vi),...,F(V,, V)
o B .
! obj(c,[fi = vi,y- oy fo = Un, .. ]) € 0bj(c, [friug, ..., fuiuh])
where V4,...,V,, are proofs for u; < uy,...,u, < u}, respectively, whereas V},..., V",
are proofs for v; € uy, ..., v, € u,, respectively.

The proof for obj(c,[fi — V1, fo — Un,...]) € 0bj(c, [friur, ..., faitn,...]) con-
tains ellipses in the right hand side of the subproofs V/,..., V. and of the fields of
both the value and the type, to mean that there are parts of the proof that may be
omitted since the definition of F is independent from them.

va Vb
C[Ua vV Ub} < tg,
are proofs of Clu,] < to and Clup] < to, respectively, Vo is a proof of v € Clug V w),
and by Lemma 4.3 V{ and V), are the proofs of u < ¢, and v € u (for a suitable )
deterministically obtained from V; and Vg, where the first applied rule of V/ is not
(split). Therefore the definition of F for case (split) is delegated to one of the other
cases.

Rule (split) F(V1,Va) = F(V,V5), where Vi = (split) Va, Vi

Lemma 4.4 The function F is well-defined and for any contractive proofs Vi and
Vo of t1 < ty and v € ty, respectively, F(V1,Va) returns a contractive proof of v € ty.

Proof: We first need to prove that F is well-defined. Since F is defined coinductively,
we have to prove that F is deterministic, that is, F(V1,Vs3) =V, F(V1,V3) =V’
implies V = V’. This can be proved by coinduction over the definition of V = V',
and by noting that all cases defining F are disjoint and that case (split) can always
be reduced to one of the other cases, by virtue of Lemma 4.3.
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We now prove that if V; and Vs, are proofs of ¢ < ¢, and v € {1, respectively,
then F(V1, Va) is defined and returns a proof of v € t; (for the moment we do not
assume that proofs are contractive).

The proof that F(V1, Va) is defined is by coinduction over the definition of F, and
is based on the facts that the cases defining F are exhaustive, and that case (split)
can always be reduced to one of the other cases, by virtue of Lemma 4.3.

The proof that F(V1,Va) returns a proof of v € t is by coinduction over the
definition of proof, and is based on the definition of F and on the fact that case
(split) can always be reduced to one of the other cases, by virtue of Lemma 4.3.

Finally, we prove that if V; and Vs are contractive, then F(V1, V3) is contractive
as well. By contradiction, if F(Vy, V2) is not contractive, then it contains a subproof
built only with membership rules (VR), and (VL). By construction, this can only be
obtained if at a certain point only cases (VR1), (VR2), and (split) of the definition
of F are applied. By Lemmas 4.3 and 4.1, if V; and Vs, are contractive and case
(split) is applied (therefore F (Vi,V2) = F(V1,V5)), then the proofs Vi and V,
are obtained from Vi and Vs, respectively, by removing some rule applications, and,
therefore, V| and V) are contractive as well. Finally, we obtain a contradiction by
applying Corollary 4.2, since in case (split) V) is always a subproof of V. ]

Theorem 4.1 (Soundness) For all t, ta, if t1 < ta, then [t1] C [t2].

Proof: This theorem is a corollary of Lemma 4.4, since the claim of the theorem
is equivalent to #; < tp, v € t; implies v € tp, and a proof of v € ¢, is given by
F(V1,Vs3), where Vi and V5 are proofs of t; < ¢, and v € #;, respectively. O

5 Towards completeness

Although we discovered pretty soon that the axiomatization defined in Figure 2 is not
complete w.r.t. the idealized model where non regular types and proofs are allowed,
the case where one restrict the model to regular types and proofs was not so clear, and
initially we conjectured that the rules were complete. Unfortunately, completeness
does not hold also for the restricted model.

We first provide a counter-example involving non regular types. Consider the
terms defined by the following infinite set of equations:

t1 = obj(c,[f:ta V ty, g:ta])
to = ug V up

Ua = obj(c, [fita, g:ta])
U =UyV ...V U, V...
ug = obj(c, [f:ty, g:t1])

Un41 = Obj(c7 [f:tang:un])

We assume that ¢, and ¢, are two non empty incomparable types ([t.] # 0, [t] # 0,
[ta] N [t] = 0). Types & and t; correspond to all infinite lists where each element
has type t, or ;. Each w, corresponds to the infinite lists where the n + 1-th element
has type tp, all preceding n elements have type t,, and all remaining elements have
type t, V tp. Let v be a value s.t. v € [t1]. If all fields f in v are associated with
values in [#,], then v € Ju,], but v & [u,] for all n (hence v ¢ [w]), since each
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value in [u,] must contain a subvalue in [[¢,] associated with the field f at position
n + 1. On the other hand, if v contain at least a subvalue in [#] associated with a
field f, then v € [u;]], where i + 1 is the lowest position of a field f associated with a
value in [#]. Therefore [up] = [t1] \ [ua]. Even though [#] = [#2], the only proofs
for & < ty are not contractive since the depth of the applications of rule (split) is
necessarily unbounded. Indeed, by applying n (for n > 0 arbitrary) times rule (split)
at increasing depths we obtain 2" terms among which all are provably subtypes of
up, except for the one (let us call it ¢') which represents the lists where the first n
elements have type t,. Since [t'] € [u.] and [¢'] € [uw] t' < ug and ¢’ < up cannot
be derived by soundness. We conclude that all possible proofs are those which try to
split indefinitely ¢;, thus having an infinite path containing just applications of rule
(split) with an unbounded depth.

The counter-example shown above relies on the fact that ; is not a regular term,
however it can be adapted as follows to work also with regular types.

t = Obj(C, [f:ta \ th v Obj(C, [f:ta V tp, gtlD
to = ug V up

uq = 0bj(c, [fita]) V 0bj(c, [fita V 1, g:ua])

uy = 0bj (¢, [f:t)) V obj(c, [fita V' to, g7t)

Type t; corresponds to the set of all finite (but not empty) and infinite lists with
elements of type ¢,V t, (where, again, [t,] # 0, [t] # 0, [t.]N[t] = 0). Type u, and
up, correspond to the sets of all finite (but not empty) and infinite lists with elements
of type t, V &, where, however, the last element (if the list is finite) has type ¢, and
ty, respectively. Therefore [#] = [t2], but # < # is not provable. Indeed, since
[t1] € [ua] and [t1] € [uw], by soundness we have that ¢ < u, and # < w, cannot
be proved, therefore a proof for ¢t < ¢ can only be obtained by first applying rule
(split). Independently of the number of consecutive applications of rule (split), we
have always to prove t] < t for t; obtained from # s.t. [¢{] € [ua] and [¢] € [us],
hence the only possible prove we obtain is not contractive, since the depth of the
applications of rule (split) is unbounded.

We overcome this problem by adding a new (merge) rule allowing to merge object
types in the LHS types of the subtyping relation.

5.1 Rule (merge)

Before defining rule (merge), we provide the coinductive definition of the function
A(t1, t2) which returns the type corresponding to the intersection of ¢ and t. Note
that we are not introducing a new type constructior, but simply defining an auxiliary
function used in rule (merge). Except for the intersection of object types of the same
class, all other cases are trivial. The intersection of two object types, of the same
class ¢, corresponds to an object type containing the union of all the fields, whose
type is the intersection of the source types, for fields that are shared between the two
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object types, and the (single) source type for the others.
A(int, int) = int A(int, obj(,, ) = L A(obj(-, ), int) = L
A(obj(c,-),0bj(c’,)) =L (if c# <)
At t2 V t3) = Aty t2) V At t3) AtV o, t3) = Aty t3) V A(t2, t3)

Aobj(c, [fittr, - faitn, g1iW, oo, Gmitm]), 007 (e, [fiit], .o, futth, b, .o b)) =
obj(e, [fis A (i, t]), ooy fut A (s B), g1, < ooy Gt Baig, - o Byt ])
if{917...,gm}ﬂ{h1,...7hk}:(Z)

Lemma 5.1 For all types t1, t2, [A(t1,t2)] C [t] and [A(t, t2)] C [t2]-

Proof: (Sketch) The claim is equivalent to the following one: for all types ¢, ¢z, and
value v, if v € A(t, t2) then v € ¢; and v € t. The proof uses the same technique
adopted in Theorem 4.1, even though in a much simpler way: first we coinductively
define a function which takes a proof for v € A(#y, t2) and returns two proofs for v € t;
and v € t, respectively. Then, we prove that that such a function is well-defined and
maps contractive proofs into contractive proofs. O
Rule (merge) allows merging two object types in the LHS type & having shape u; V
Vi V. ViV, . . Vu, (see the definition of the rule and of the two and one holes con-
texts M|, ] and M| ] in Figure 4), where t; = 0bj(c, fita, fiit1, -, fuitn, G1:U1, - -+ y Gmitm)
and t = obj(c, fity, frety, -, foith, hacul, ..o hewy,), with {g1, ..., g J0{h1, ... A} =
(. Of all the fields shared between these two object types, f fi ... fn, the field f (recall

M[]
M[, ]

O|M[]VvE]|tvM[]
MV M[]

t < Mlobj(e,[fita Vito, fii At 8])y ooy i A (0, 8L,

GLIUL, - oy G U, P, o hgig]), L

t< M[Obj(cvf:tavfl:tlv cee vfn:tna g1iut, - . '7gm:um)7
obj(e, fitp, firtl, oo, fuit), hasul, .. ., hyiy,)]

(merge) {915-s9m IN{h1,..shi }=0

Figure 4 — Definition of rule (merge) and contexts M|, ] and M ]

that the order of fields is immaterial) is kept with a type that is the union of the
source types, t, and t,, while the other source types are pairwise intersected by using
the auxiliary function A.

Note that for making rule (merge) more readable, in the premise we keep both
holes of the context, even though the one replaced with the empty type L would be
deleted in practice; note also that replacing both holes with the same “merged” type
would not be equivalent, since in this case the rule could be applied infinitely many
times without “consuming” any type, hence, would not be contractive.

The following lemma is important for proving that the axiomatization remains
sound when adding the new rule (merge).

Lemma 5.2 The following inclusion holds:

HM[Obj(C, [f:ta V ty, fi: A (t1, t{), ey fi A (tn, tll),glzul, ey OmiUm, h1:u{, ceey hku,;]),L]]]
C

[Mobj(c, fitas fiitry - s faitn, GLitin, - -y Gmitm), 005 (C, fitp, fiitl, - o faitn, hizut, ..o hiiug)]]
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Proof: (Sketch) The claim is equivalent to the following one:
if v e Mlobj(c,[fita Vi, i At 81), ooy frui A(fny £)s Gri%y -« vy Gt Um, BaiUL, - . o hig]), L]

then v € Mlobj(c, fita, fiiti, . oy foitn, g1it, -y Gmitm), 007 (¢, fity, fritly ..oy fuith, haiul, ..., hiiug)].

The proof is by induction on the sum of the depth of the two holes in the context.
The most interesting case is the proof of the basis. Obviously, v is an object of the
shape

Obj(ca[f'_)vfafl'_’v1f,~~'afn'_>v£agl'_)vfa"'vgm'_)vr%ahl'_’vlhaﬂwhk'_’fulg])

By Lemma 5.1 we know that Yo/ € [A(t,#)], with i € {1,...,n}, v/ € [t] N
[¢]. Also, vy € [t.] or vy € [t]. Let us assume the former (the other case is
symmetric), then v € [obj(c, fite, fiiti, .-, faitn, g1:U1, - .., gmitm)] by applying rule
(obj), ignoring fields h;, with ¢ € {1,...,k}. O

5.2 Completeness

In the rest of the paper we restrict the subtyping relation to regular types and proofs,
and the interpretation of regular types to regular values and membership proofs.

Before investigating the completeness of our axiomatization of subtyping, we first
show that there is a sound and complete axiomatization for the notion of non empty
type (that is, ¢ s.t. [¢{] # 0). Such an axiomatization is given by the following
coinductive rules:

tTo taT1 tTe, oo te TL

T 1 (TVR)T—— (T int) ——— (T obj) ——
t1 Vit TL t1 V to TL mt Tl . OZ)](C7 [f1:t17...,fn:tn]) TL

We say that ¢ T, holds iff there exists a contractive proof for ¢ T, build by instantiat-
ing the rules above. A proof is contractive if it does not contain a subproof obtained
by only applying rules (T VL) and (T VR).

Recall from Example 1 of Section 3 that L is an abbreviation for the type t s.t.
t =tV t, and that [L] = 0.

(T vL)

Proposition 5.1 For all types t, t T, iff [t] # 0.

Proof: The proof can be found in a companion paper (see Theorems 5.1 and 5.3
3))- 0
The following lemmas are instrumental to prove completeness.

Lemma 5.3 [[C[tl]]] - [[C[tl V tg]]], [[C[lfg]]] - [[C[tl \Y tg]]].

Proof: By Def. 3.1 and Lemma 4.1, v € C[t;] implies (v € C[t1] or v € C[t]) which
implies v € C[t; V 2] (and analogously for [C[t2]] C [C[t1 V t2]])- O

Lemma 5.4 If [t] =0, then t contains L as a subterm.

Proof: By virtue of Proposition 5.1, the claim is equivalent to the following: if
t f ., then t contains | as a subterm. For any type ¢, by direct coinduction, there
always exists a (not necessarily contractive) proof of ¢ 1, therefore ¢ J, implies that
all proofs of ¢ T, are not contractive, that is, contain a subproof obtained by only
applying rules (1 VL) and (T VR). By induction on the depth of the node we have
that if ¢’ T, is a node of the proof of ¢ 1, then ¢’ is a subterm of ¢; therefore all non
contractive proofs of ¢ T, contains a node ¢’ T, where t’ is infinite and contains only
V nodes, hence t’ = 1, and ¢’ is a subterm of ¢. O

Journal of Object Technology, vol. N, no. M, 2010


http://www.jot.fm/contents/issue_2010_NN/articleNN.html

On sound and complete axiomatization of coinductive subtyping for object-oriented languages - 17

Lemma 5.5 If t = Obj(c7 [f15t17 s 7fn:tn+hD’ [[tﬂ C [[Obj(cv [fl:tiv cee 7fn5t7/z,])ﬂ’ and
[¢] # 0, then [t:] C [t] for alli=1,...,n.

Proof: By Def. 3.1, if [t] # 0, then [#] # 0 for alli = 1,...,n+h, hence there exists
v; s.t. v € [t;] foralli =1,...,n+h. Then, for any k =1,...,n, if v € [#], then the

value v = obj(c,[fi — vi,... fom1 = Vo1, fk = U for 1 7 Vktts oo fah 2 Vngn])
is s.t. v’ € [t], therefore, by hypothesis, v' € [obj(c, [fi:t],. .., fn:t,])] and, hence,
v e [t]. O

For proving the main lemma 5.9 (given below) we first need some auxiliary defi-
nitions and lemmas. The following coinductive rules define an equivalence relation ~
on values (which corresponds to bi-similarity between values w.r.t types):

/ /
I I TR
(int) - - (obj) "
11 ~ g obj(c,[fi— V1o fn = vn]) ~
Obj(C, [fl = U{w .. afn = U;L])

Lemma 5.6 If v; ~ vy and vy € t then vy € t.

Proof: By case analysis on ¢ and coinduction on the membership rules. O
Field paths (or simply paths, when no ambiguity may arise) are finite and possibly
empty sequences of fields, inductively defined by the following productions:

p u= €|fp
The prefix prefiz(f.p) of a non-empty path f.p is inductively defined as follows:

B € if p=c€
p?"@ﬁl'(fp) - { fpreﬁaj(p) otherwise

If v is a value, then the path selection v.p may either be undefined or denote a
particular subvalue v’ of v; in this case we write v.p ~ v’. The relation v.p ~ v’ is
inductively defined in the standard way:

v;.p ~ v’

(empty) —— (not-empty) 1<i<n
v.

€~V obj(c,[fi — viy .oy fro = On])Sip ~ v
Each node v’ € ' in a contractive proof V for v € t can be uniquely associated
with a field path p s.t. v.p ~» ¢'. Intuitively, such a field path is determined by
the applications of rule (obj) in the path of the proof from its root v € ¢ up to the
node v’ € t’. Note that, conversely, a field path can be associated with several nodes;
this happens when ¢ contains union types. If ¢ does not contain union types, then
there is a bijection between the field paths and the nodes of the proof. The set of
all field paths defined for a contractive proof V is denoted by fp(V), and defined by
{p | p € V}, where p € V is coinductively (or inductively) defined as follows:

peV

M———v
ecV PE MG

(empty) r=VL or r=VR

pEV;

(obj) 1<i<n,n>0

. Vi,..0y n
Ji-p € (5D sgarte it o]

Rules (empty) and (obj) are contractive, whereas (V) is not, however if V is contrac-
tive, then there may exist only contractive proofs for p € V. Note that, since field
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paths are finite, in this case all proofs for p € V are finite, hence the rules above can

be indifferently interpreted coinductively or inductively.

Analogously, if v is a value, then fp(v) is the set of all field paths corresponding

to the subvalues of v (included itself), inductively defined by the following rules.

. VASRY
ECU © J)f;;.pe0bj(C,[f10—>1}1,...7fnl—>Un])

(empty) 1<i<n,n>0

Lemma 5.7
1. The sets fp(V) and fp(v) are prefiz-closed.
2. If V is a proof for v € t, then fp(V) C fp(v).

Proof:

1. The proof that fp(v) is prefix-closed is by induction on the length of the path.
If f.e € v, then by definition € € v. If f.p € v, with p # ¢, then necessarily

v = Obj(cy[fl*—>U1,--~,fn'—>UnD7 f = fl for 1 < { < n, andp € v;.

By

inductive hypothesis, prefiz(p) € v;, hence by rule(obj), f.prefiz(p) € v, but

[ -prefiz(p) = prefiz(f p).

The proof that fp(V) is prefix-closed is by induction on the rules defining p € V,
and case analysis on the first instantiated rule. The first instantiated rule cannot
be (empty), since p # 0 (prefiz is defined only for non empty paths). If the first
instantiated rule is (V), then we can directly conclude by inductive hypothesis. If
the first instantiated rule is (obj), then f = f; for 1 <14 < mn, and we distinguish
two subcases: if p = f.e, then we can conclude by virtue of rule (empty);
otherwise, p = f.p’ with p’ # ¢, and by inductive hypothesis, prefiz(p’) € V.,

hence by rule(obj), f.prefix(p’) € V, but f.prefix(p’) = prefiz(f.p').

2. The proof is by induction on the rules defining p € V, and case analysis on
the first instantiated rule. If the first instantiated rule is (empty), then p = ()
and we conclude by instantiating the corresponding rule to obtain € € v. If

the first instantiated rule is (V), then by inductive hypothesis p € wv.

Fi-

nally, if the first instantiated rule is (obj), then p = fi.p' for 1 < i < n,
v=o0bj(c,[fi = V1, s fn— Un,...]) and t = 0bj(c, [fi:th, ..., fuita]); by induc-
tive hypothesis, p’ € v;, hence we conclude by instantiating the corresponding

rule to obtain f;.p’ € v.

Lemma 5.8 If t does not contain union types and vy, vy € t, then:

1. there exists a unique proof V1 for vi € t and Vo for va € t, and fp(V1)

fp(VQ);
2. if fp(vi) = fp(V1) and fp(v2) = fp(Va), then vy ~ vy.

Proof:

|

1. This is a direct consequence of the fact that membership rules (int) and (obj)

are disjointly applicable.
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2. The proof is by case analysis on ¢ and coinduction on the rules defining v; ~ v5.
If t = int, then v,v; € Z and we conclude v; ~ ve by rule (int). Other-
wise t = obj(c, [fiit1,-..,fnits]), and by the hypothesis fp(v1) = fp(V1) and
fo(v2) = fp(Va) we deduce that v; and vy are object values containing ex-
actly the same fields as those in t, hence, v = obj(c, [fi — vi,...,fu — v}]),
vy = obj(c, [fy = vf,. .., fu = v7]). Since fp(vi) = fp(V1) and fp(v2) = fp(Va2),
then fp(v}) = fp(V}) and fp(v?) = fp(V?) for all i = 1,...,n; indeed, by con-
tradiction, if there exists p € vf s.t. p ¢ VF (forany i = 1,...,n, k = 1,2), then
fi-p € v, but f;.p € Vi, and hence fp(vg) # fp(Vi). Therefore we can conclude
by applying the coinductive hypothesis to rule (obj) to obtain v; ~ vs.

a
If V is a proof of v € t and fp(V) = fp(v), then v is minimal w.r.t. ¢: any subvalue
of v is essential for proving v € ¢, if we remove any of them we obtain a value v’ s.t.
v’ € t is no longer provable.
If P is a (possibly empty) set of non empty paths, then P | f denotes the set
{p| f.p € P}. If v is a value, and P C fp(v), then the restriction v \ P is the value
coinductively defined as follows:

i\P=iificZ
U\P: Obj(C, [fkl = U,y \ (P ifk1)7"~afkm = Uk, \ (Plfkm)}) if
v=obj(c,[fi = v1,. .., fu—v]) and {fi., ..., fn-€} \ P = {fi, € ..., fr, -€}

Intuitively, v\ P is the value v’ obtained by removing from v all subvalues determined
by the non empty paths in P.

Lemma 5.9 [#] C [ur V u], [t1] € [w], [t1] € [uz] = t1 contains a union type.

Proof: We arrange the claim in the following equivalent form: if [#] C [ur V ug],
and t; does not contain union types, then [#] C [ui] or [t1] C [uz]-

We first observe that by Lemma 5.4, [#;] # 0, and that by definition of [ | and
of membership, [uy V uz] = [ur] U Jug]. If [u1] = 0 or [ue] = @, then the claim
trivially holds. The proof is less simple when [u;] # 0 and [ug] # 0. Let us assume
by contradiction that [t1] € [ui] and [t1] € [uz], that is, there exist vy, va € [#1] s.t.
v € [un] \ [uz], w2 € [ug] \ [wa].

Since #; does not contain union types, by Lemma 5.8(1) there exists a unique proof
Vi for vy € t; and Vy for vy € ¢, and fp(V1) = fp(Vse) = P; however, in general
fo(v1) # P # fp(we), but rather P C fp(v1), fp(v2). Nevertheless, it is possible to
find o, of st ol € [, v € [l \ [, @ € [ua]\ [ur], fo(of) = foo}) = P.
Indeed, v; (and analogously v}) can be obtained by removing from v; all subvalues
determined by the paths p € fp(v1) \ P s.t. prefiz(p) € P. More precisely, v; =
v\ {p € fp(v1) \ P | prefiz(p) € P} and vy = v \ {p € fp(v2) \ P | prefiz(p) € P}.
Since removed fields are not checked in the proof Vi for v; € t;, then there exists
a valid proof for v € t;. Furthermore, since v; ¢ [ug], then v{ ¢ [uz], therefore
vy € [us], since [t1] C [u1] U[uz]. Similar considerations apply for v5 as well. Hence,
by Lemma 5.8(2) vy ~ v5 and by Lemma 5.6 we obtain the contradiction v € [us]
and vj € [u]. O

Theorem 5.1 (Completeness, step one) For all reqular types t1, ta, if [t1] C [t2],
then there exists a (not necessarily contractive) proof of t; < ta.
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tl\tg nt vV Obj
int (int) (\/Eelr)nr(ifa(’;'\)/.g{m vacuous
v (split) (split), (VR1), (VR2) or (merge) (split)
Lemma 5.3 Lemma 5.3 Lemma 5.3
obj (split) (split), (VR1), (VR2) or (merge) (split) or (obj)
Lemma 5.4 Lemma 5.3, 5.9 and 5.4 Lemma 5.4 and 5.5

Table 1 — Applied rules

Proof: The proof is by coinduction on the definition of < and by case analysis on
the top level type constructors of both ¢ and #;. Table 1 summarizes the rules which
can be applied for each case, and the needed auxiliary lemmas.

1. ¢ = int, & = int: one can conclude by trivially applying rule (int).

2. t1 = int, to = uy V uy: since t; does not contain union types, by Lemma 5.9
we deduce that either [t1] C [ui] or [t] C [uz]. If only [t1] C [us] holds,
then we conclude by coinductive hypothesis and rule (VR1); conversely, if only
[t1] € [uz] holds, then we conclude by coinductive hypothesis and rule (VR2).
If both [[t1] C [u1]) and [t1] C Juz] hold, then not always rules (VR1) and (VR2)
are applicable interchangeably. Consider for instance the case where to = t2Vint;
if rule (VR1) were always be chosen when both rules are applicable, then we
would end up with a non contractive proof obtained by only applying rule
(VR1). To solve this problem, we need to avoid applying rule (VR1) or (VR2)
if uy or ug, respectively, have the following shape: all paths either contain only
constructor V or lead to t; through only constructor V. More precisely, we
need to avoid applying rule (VR1) or (VR2) if cyclic(uy) or cyclic(uz) holds,
respectively, where cyclic is defined by the following pseudo-code (we assume
that initially all the nodes of the term are not marked):

cyclic(u) {
if (marked(u) || u==t2)
return true;
else if (u==u'Vu") {
mark (u) ;
return cyclic(u’) && cyclic(u”);
}
else
return false;

}

Note that since [int] # 0, and cyclic(uy) and cyclic(ug) implies u; V up = L,
then it can never happen that cyclic holds on both w; and ws.

3.t = int, to = obj(c,[fi — w1,...,fn — up]): this case is vacuous since [t;] €

[t2]-

4.ty = wy V ug, to = int: by Lemma 5.3 (applied when C[ ] = O) we have [u;] C
[t], [uz] C [t], hence, by transitivity, Jui] C [t2], [u2] C [f2], therefore
we conclude by coinductive hypothesis and by rule (split) (instantiated with
Cl[]=0).
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taVip<tsVitp t1 <t

obj (¢, [fta V t4]) < P b (e, [fota V 1o, gia]) <
obj(c,[f:ta V ]) obj(c, [f:ta V t, g:t2])

(v R1) obj(e,[f:ta Vo)) <13 (v R2) obj(e,[f:ta V tv, g:ta]) < 3

(split-0) t < obj(c, |fla V ]) V 0bj (¢, [ la V by, g712]) = I3

(merge-1) t < obj(e, [fita V ]) Vobj(c, [fita V by, g:ua]) V 0bj (¢, [fita V Ty, g1up))

(merge-0) h <t

Figure 5 — Regular proof tree for the counter-example using (merge)

5.t = wp Vug, to = uj Vuj: if [] = 0, then we proceed as for case 4 by applying
rule (split). If [t1] # 0 and [#1] C [ui] or [#] C [u], then we can proceed
as for case 2 by applying rules (VR1) or (VR2). If [t;] # 0, [t1] € [v{], and
[t1] € [us], then there are two possible cases:

(a) if rule (merge) is applicable with premise t; < ¢, (where t) is the term
obtained from # by applying (merge)) with t) s.t. [t1] C [¢], then we
conclude by coinductive hypothesis.

(b) if the previous condition is not satisfied, then we proceed as for case 4 by
applying rule (split).

6. 1 = wy V ug, to = obj(e,[fi — ul,...,[n— ul]): we proceed as for case 4 by
applying rule (split).

7. t1 = obj(e,[fi = u1y...,fu = uy]), t2 = int: in this case [t1] C [t2] only if
[t1] = 0. By Lemma 5.4 # contains L as a subterm, hence rule (split) is
applicable and we proceed as in the subcase of 5 when [#] = 0.

8.t = obj(c,[fi — wr,...,[fn— uy]), ta = uj V up: this case is almost the same
as b, except for the subcase (b), for which one has to prove that rule (split) is
applicable; this is the case, by virtue of Lemma 5.9.

9. ty = obj(c,[fi = wt,... . fo = wn]), o = 0bj (', [f{ = ui,....fl — ) if [t.] =
(), then we proceed as in case 7; otherwise, by definition of [¢] for object types,
we have that ¢ = ¢, and {f/,...,f.} C{A,....fn}; finally, by Lemma 5.5 we
can conclude by coinductive hypothesis and rule (obj).

The second step of the proof is the most awkward and consists in showing that
the proof built in Theorem 5.1 is always contractive, The proof relies on the following
conjecture.

Conjecture 5.1 (Final decomposition) If uiVus is a reqular type, [t] C [ur V uz],
[¢] € [wl], [t] € [uz], no merge can be performed on uy V up to obtain a type u s.t.
[t] C [u], then it is possible to decompose t, by iterative splits, into ty,...,t, s.t.
[t] = Uiy, o (6] and for alli=1,....,n [t] C [w] or [t;] C [ue].

Theorem 5.2 (Completeness, step two) For all reqular types ty, t2, if [t1] C [t2],
then the proof of t1 < ty built as in Theorem 5.1 is contractive.
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Figure 5 shows that our second counter-example, explained on page 14, ceases to
be a counter-example if we add rule (merge), described in Section 5.1, to our system.

In the example, in trying to derive #; < 3, we can apply rule (merge) only twice,
because if we applied (merge) three times, that is, if we merged the two operands of
the outer union of t3, we would obtain the type t; = obj(c, [f:t, V &, g:t2]) that is not
a supertype of ¢1; indeed, if we consider v = obj(c, [f — v,]), with v, € [{.], it is easy
to see that v € [t1] but v & [t4], so 1 < t4 cannot be deduced because it would not
be sound.

After having applied (merge) twice we are in the situation described in Conjec-
ture 5.1, in fact, we can iteratively split ¢ and conclude by using rules (VR1), (VR2),
(obj) and the reflexivity of the subtype relation (that can be trivially proved).

6 Conclusion

We have addressed the problem of defining a sound and complete axiomatization
of a subtyping relation between coinductive object and union types, defined as set
inclusion between type interpretations.

We have shown that the axiomatization of subtyping proposed in our previous
work [4] is not complete even when regular types and proofs are considered. To
overcome this problem, we have extended the axiomatization by adding a new rule
(merge), we have proved that the new axiomatization is still sound and is complete
when one considers only regular types and proofs. Proof of completeness relies on
a conjecture which is weaker then the one previously proposed [4] and disproven in
this paper. Interestingly enough, if such a conjecture is correct, then one can easily
devise a semi-computable procedure which returns a contractive and regular proof
tree for #; < t; whenever [#] C [t2]. However when [t;] € [t2], the procedure may
terminate with a correct failure, but may also diverge. Besides trying to prove such
a conjecture, we leave open for future work the question whether complete subtyping
between regular types is decidable. An interesting approach to investigate could be
the one proposed by Damm [12] for proving decidability of recursive types (with
intersection, union, and function types, but without record types), based on inclusion
between regular tree expressions.
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