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Abstract

FGCJ is a minimal core calculus that extends Featherweight (generic) Java, FGJ,
with lambda expressions. It has been used to study properties of Simple Closure in
Java, including type safety and the abstraction property. Its formalization is based on
a reduction semantics and a typing system that extend those of FGJ. F is a source-to-
source, translation rule system from Java 1.5 extended with lambda expressions back to
ordinary Java 1.5. It has been introduced to study implementation features of closures
in Java, including assignment of non local variables and relations with anonymous class
objects. In this paper we prove that the two semantics commute.

1 Introduction

In [BO10], we extend Featherweight Java [IPWO01] with simple closures [BGR10,Reil0)]
(S-closure, for short). In that paper we define a minimal core calculus FGCJ to study
properties of S-closures in Java and we provide a reduction semantics, —, and prove
type safety and abstraction property for S-closures. In [BO09], we extend Java 1.5 with
S-closures. In that paper we provide a translation semantics, F, which translates S-
closures into objects of anonymous classes, built from single method interfaces. Based
on the translation semantics, we obtain an implementation of Java 1.5 with S-closures
by mapping, possibly through a preprocessor, programs of the extended language into
programs of ordinary Java 1.5.

In this paper, we prove that these two semantics commute. As a consequence, we
have that: (a) S-closures modeled in FGCJ are those considered in F; (b) S-closures
implemented in [BO09] satisfy the properties proved in [BO10]; (¢) FGCJ and F are
a framework to study and implement closures in Java in the form of S-closures and
possibly, variants of them [Goe07]. To prove equivalence, we extend Featherweight Java,
FGJ, to cope with interfaces and anonymous classes, obtaining FGAJ as a minimal
core calculus for Java 1.5. We do the same for FGCJ obtaining FGACJ as a minimal
core calculus for Java 1.5 extended with S-closures, Section 2. We extend the reduction
semantics — on the new constructs and prove type safety for such extended calculi,
Section 3. We restrict the translation semantics F to translate from FGACJ onto FGAJ
and prove that the diagram in Fig. 1, commutes, Section 4.

The paper is an Extended Version of the one presented at the International Workshop on Con-
currency, Specification and Programming, CS&P’2011, 28-30 Sept. 2011, Pultusk, Poland.
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Fig. 1. Commutation diagram

2 Featherweight GACJ

2.1 Notation and General Conventions

In this paper we adopt the notation used in [IPWO01], accordingly f is a shorthand for a
possibly empty sequence f1,...,f, (and similarly for T, %, etc.) and M is a shorthand for
M; ...M, (with no commas) where n is the size |£|, respectively M|, i.e. the number of
terms of the sequence. The empty sequence is o and symbol ”,” denotes concatenation
of sequences. Operations on pairs of sequences are abbreviated in the obvious way C f
is C; f1,...,C, £, and similarly C f; is C; f1;...C, f,; and this.f = f; is a short-
hand for this.f; = £f;;...this.f, = f,,; Sequences of field declarations, parameters
and method declaration cannot contain duplications. Cast, (-)-, and closure definition,
#__, have lower precedence than other operators, and cast precedes closure definition.
Hence #()(this!()) can be written as #()this!(). The, possibly indexed and/or primed,
metavariables T, V, U, S, W range over type expressions; T ranges over type expressions
which are not closures; X, Y, Z range over type variables; N, P, Q range over class types;
C, D, E range over class names; f, g range over field names; e, v, d range over expres-
sions; x, y range over variable names and M, K, L and m range respectively, over methods,
constructors, classes, and method names. [z/yle denotes the result of replacing y by =
in e. Eventually FV(T) denotes the set of type variables in T.

2.2 Syntax

The abstract syntax of FGJ is at the beginning of Tablel, followed by the syntactic
rules that extend FGJ with (generic) interfaces and anonymous class object creation,
defining language FGAJ. A type interface I(T) is an interface name I and a list T of the
type expressions that bind the type variables X of the interface declaration (see, rules
Trcay and Lpgy). In Java, a type interface may have subtypes, moreover classes may
implement interfaces: We omit such features in FGAJ , since we consider interfaces only
in combination with the mechanism of anonymous class object creation. Analogously,
we omit the use of classes in anonymous class object creation and restrict it to only
interfaces (see, rule epcay). The use of classes, instead of interfaces, in anonymous class
object creation, is more heavy since it involves method overriding: whose formalization
requires additional rules. On the other hand, such complication is unnecessary for this
paper aim, since translation F does not use such feature, The syntax of S-closures is the
one adopted in [Rei09], it includes lambda expressions and function types, it is reported



in the third box of Tablel and extends FGJ in FGCJ defining the calculus studied
n [BO10]. Lambda expressions consist of closures whose body is an expression and of
closures whose body is a block: Since sequencing and assignment are omitted in FGJ
as well as in FGCJ, the body of a closure can only be an expression (see rule Frgc;y)-
Closure types extend types as rule Trga; shows. A closure type #T(T) specifies the type
sequence (T), possibly empty (standing for the type unit), of the arguments and the
type T of the result. An example of closure is #(Integer x, Integer y) (x +y) which
has two arguments x and y, has body x+7y, and type #Integer(Integer, Integer). No
new generic variables can be introduced when defining a closure (reasons can be found
in [Reil0]) but of course generic variables (introduced in class or method declarations)
can occur in the type expressions of the arguments or be used inside closure body.

’ Table 1 : Syntax ‘

FGJ

Tu=X | N (Tecs)
N = C(T) (Nras)
L ::=class C(X<N) <N {T £;K M} (Lyas)
K= C(T f){super(f);this.f =£;} (Kpas)
Mi= (X <IMTn(TX){Te;} (Mra.s)
eu=x|ef | em(T)(€) | new N(&) | (N)e (eras)

TA: Eaxtensions for Interfaces and Anonymous Class Objects

T:= I<T> (TFGAJ)
L ::= interface I (X < N){H} (Lrcas)
H: <X < N>T m(T i) (HFGAJ)
e :=new I(T)() {M} (ercas)

Cl: Extensions for Closures

T := #T(T) (Traes)
exFlel(e (erccs)
Fu=#(T X)e (Fraes)

FGAJ=FGJ +1IA
FGACJ =FGJ+1IA + Cl
FGCJ = FGJ + Cl

Eventually, at the bottom of Tablel, the syntactic structure of the various calculi,
considered in the paper, is resumed. For space convenience, the reduction rules of the
semantics as well as the typing rules are not given in separate tables for each calculus.
In fact, since compositionality of the semantics (we use), the rules of the various con-
structs are the same in all calculi containing such a construct. However, for the reader
convenience, in all tables, but Table 3, the rules for each calculus, FGJ, FGAJ, FGCJ,
FGACJ, have a label which is indexed by the name of the minimal calculus including
the construct, involved in the rule. Note that C(T) include Object(since T may be the
empty sequence and C may be Object) hence generic variables in classes and methods
can be instantiated with types T that include interfaces or closures.



2.3 Programs

A program defines a mutually recursive scope for a collection of classes and interfaces
that are: (1) well formed according to the syntax in Table 1, (2) well typed according
to the typing rules GT-CLASSpq; and GT-INTERFpg,; of Tables 4a. The reduction
semantics, Red, of a program is the set of all pairs (e,e’) such that e is any closed and
well typed expression (i.e. 0,0 F e : T, for a type T, using the typing rules) that can be
expressed using classes and interfaces of the program, and e’ is such that e — €', using

l Table 2: Computation ‘

Computation
fields(N) =T £

(new N(€)).f; — &;

(GR-FIELDrgy)

mbody(m(V),N) = X.e

(new N(e)).m(V)(d) — [d/%,new N(&)/this]e (GR-INVKray)

0+ N<P

(P)(new N(8)) — new N(8) (GR-CASTray)

#(T%)e!(d) — [d/x, #(T X)e/thisle (GR-INV-CLOSrccy)

mbody(m(V),new I(T)(){M}) = x.e
(new I(T)(){M}) .m(V)(d) — [d/%,new I(T)(){M}/this]e

(GR-INVK-ANONYMrcays)

Congruence

(GRC-FIELDggy)

(GRC-T-INVgays)

(GRC-INV-ARGray)

eom(T)(...,e;,...) — eom(T)(...,e;...)

(GRC-NEWggy)

new N(...,e;,...) — newN(...,e},...)

(GRC-CASTray)

(GRC—CLOS—VALFccj)

e — ¢
—_—— (GRC-INV-CLOSrccy)
el(e) — e'l(e)

/
e — g

, (GRC-CLOS-ARGracy)
el...,e4,...) — el(...,ef,...)




the reduction semantic below: Formally, Let P be a program (in FGJ, FGAJ, FGACJ),
then Red(P) = {(e — ¢€') | 0,0 -e:T for T €P}.

2.4 Semantics: Reduction

The reduction semantics is given through the inference rules in Table 2, which define
the reduction relation e — e’ that says that “expression e reduces to expression e’ in
one step”. The set of expressions which cannot be further reduced is the set of normal

|

Table 3: Classes and Interfaces ‘

Subclassing
C<dD DJE class C(X<N) <D {S £;K M}
cdcC _—
CJE cJD
Auxiliary functions
fields(Object) = o (F-OBJECT)
class C(X<IN) <N {S £;K M} fields([T/X]N) =U g
fields(C(T)) = &, [1/X5 € (Fromss)
class C(X < N) <N {S £;K M} Y<PYUm (UX){Te;} €M
— MT-C
miype(n, (1) = [T/X) (T 2P)0 — V) (MECLas)

class C(X < N) <N {S £;K M} m¢gM
miype(m, C(T)) = mtype(m, [T/X]N)

(MT-SUPER)

terface I H Y <P)U m(U
interface I(X <1 {H} < - ) m(U (MT-INTERFACE)

miype(m, I(T)) = [T/X]((Y
class C(X < N) <N {S £;K M} Y<PYUm (UX){Te;} €M
mbody(m(V), C(T)) = x.[T/X,V/Y]e

(MB-CLASS)

class C(X < N) <N {S £;K M} mgM
mbody(m(V), C(T)) = mbody(m(V), [T/X]N)

interface I(X<IN) {...} Y<PWUn (UX){le;}eM
mbody(m(V),new I(T)(){M}) = x.[T/X,V/Y]e

(MB-SUPER)

(MB-INTERFACE)

Auxiliary predicates
override(m, Object, (Y < P)T — To) (OVER-Object)

mitype(m,N) = (Z <1 Q)U — Uy implies
((P,T) = [¥/Z](Q,U) and Y<P F To<:[Y/Z]Uo)

override(m,N, (Y < P)T — To)

(OVER)

DCast

dcast(C,D) dcast(D,E) class CX<N)<D(T) {...} X=FV(T)
dcast(C,E) dcast(C,D)

(DCasT)




forms and constitute values of the calculus. In FGACJ values are objects, constructed
out of an anonymous or named class, and of closures. Hence the grammatical category
v defines the syntactic form of the values (domain) of the calculus FGACJ:

v ::=new N(V)
| new I(T)(){M}
| #(T %X)e
This structure of values results from the reduction rules of the calculus. The rules indexed
by FGJ are the same as those of calculus FGJ introduced in [IPWO01], and those

Table 4: Typing Rules
AT Ex:I(x) (GT-VARpq;)

AT Feo:To fields(bounda(To)) =T £
A;F Feo.f;: T

(GT-FIELDpgy)

mtype(m, bounda(To)) = (Y<<P)U — U
A;T'Feg:To AV ok AR V<[V/Y]P
A;T'Fe:s A S<[V/Y]U
A;T'Fegm(V)(e) : [V/Y]U

(GT-INVrays)

miype(n, T(T)) = (¥ < BT — 0
A;TFeg: I(T) A+ V ok AR V<[V/Y]P
A;I'Fs:8 A S<[V/Y]U
AT+ eom(V)(e) : [V/Y|U

(GT-ANONYMINVpGay)

AFNok  fields(N)=T £
A;T'Fe:s Al S<T
A; T new N(e) : N

(GT-NEWrgy)

A I(T) ok A;T'EM OKIN I(T)
A; T new I(T)(){M} : I(T)

(GT-ANONYMNEWrGaAJ)

A;TFeo:To A F bounda(To)<N
A;TF (N)eg : N

(GT-UCASTrcs)

A;T'Feg:To AF N ok AFN < bounda(To)
N = ¢(T) bounda(To) = D(T) dcast(C,D)
A;TF (N)eo : N

(GT-DCASTrecy)

A; T eq:To AR N ok
N = C(T) bounda(To) = D(U) CAD DAC
A;T'F (N)eo : N

(GT-SCASTray)

AT ok A; X :T,this : #T(T) ke : T
A;TE#(TX) e: #T(T)

(GT-CLOSURErGcy)

A;TFe: #T(T) A;'Fe:s A S<T
A;T'Eel(e): T

(GT-CLOSURE-INVrgey)




indexed by FGCJ are the same as those of the calculus FGCJ introduced in [BO10]. In
particular, they include rule GR-INVK-CLOS that reduces a closure invocation replacing
it by the closure body in which the formal parameters are replaced by the corresponding
actual ones, and this is replaced by the closure itself, thus allowing recursive closures.
We have only one new rule, GR-INVK-ANONYMgzg,;, which is indexed by FGACJ and
gives the semantics of invocation with anonymous class objects. The rule is similar to
the one of method invocation with object of named classes. In fact, the two kinds of
invocation may be formulated similarly provided that the auxiliary functions mtype and
mbody, introduced in Table3, are suitably extended to select the type and the body
of anonymous class objects (see rules MT-INTERFACE and MB-INTERFACE). Moreover,
since anonymous class object creation is formulated as a new expression that extends
the calculus FGJ (resp. FGCJ), the rules of congruence of [IPWO01] (resp. [BO10]) are
unchanged.

2.5 Semantics: Typing

The typing rules are given through inference rules that use two different kinds of en-

vironment, A (for type variables) and I" (for value variables), and five different typing

judgements: one for each different term structure of the language. A (well formed) type
| Table 4a: Typing Rules ‘

Classes, Interfaces, Methods

A=X<N, Y<P  AFT,T,P ok
A;x:T,this: C(X) Fep: S AbS<T
class C(X < N) < N{...} override(m,N, (Y <P)T — T)
(Y<P)T m(T X){T eo; } OKIN C(X < N)

(GT-METHODrcy)

=|

"U\ <

FT,T,P ok

) OKIN I(X < N)

A = AX<N, Y<P  A;I,x:T,this: I( Y ep:
AFT,T,Pok AF v<.r/x]N A Fs<T
interface I(X < N){H} Y<P)Tm(Tx) € H

A;T'H (Y<P)T m(T X){1 eo; } OKIN I(V)

(GT-HEADERyGay)

&l

<P, X<
(Y<P)T m(T

(GT-ANONYMrgay)

X<:NFNNTok M OKIN c(iqﬁ)
ields(N) =Ug K=C(Ug,T £){super this.f
fields() =Ug K= 00 g, ){super(g); 1
class C(X < N) < N{T £;K M} OK

X<:NFNok H OKIN I(X<N)
interface I(X < N){H} OK

(GT-INTERFrgay)

environment A is a mapping from type variables to (well formed, in A) types written
as a list of X<T, meaning that type variable X must be bound to a subtype of type T:
A(X) = T if A contains X<T, undefined otherwise (i.e. X ¢ dom(A)). An environment I’
is a mapping from variables to types written as a list of x : T meaning that “x has type
T7: I'(x) = T if I" contains x : T, undefined otherwise (i.e. x ¢ dom(I")). When needed
and without loss of generality, variable renaming is used to avoid name collision among
environment bindings. The judgement for a (generic) type T (see Table 5) has the form



l Table 5: Subtypes ‘

Subtypes
bounda (X) = A(X) (B-VARras)
bounda(N) = N (B-CLASSkays)
A T<T (S-REFLrgy)

AFS <T AFT<U
AF 8<U

(S-TRANSkas)

A " X<A(X) (S'VARFGJ)

class C(X<N) < N{...}
AF C(T) < [T/XN

(S-CLASSrGs)

Well-formed types
AF Object ok (WF-OBJECTras)

X € dom(A)

WEF-VAR
AF X ok ( ras)

class C(X<N) < N{...} AFTok AFT<[T/X|N
AF C(T) ok

(WF-CLASSras)

interface I(X < N){...} AFTok AF T<[T/X|N
AF I(T) ok

(WF-INTERFrgag)

AFT ok AFTok
A #T(T) ok

(WF-CLOSURErGcy)

A F T ok meaning that “T is a well-formed type in the (well formed) type environ-
ment A”. The typing judgements for subtyping (see Table 5) has the form A F S<T
meaning that “S is a subtype of T in A”. The judgement for classes (see rule GT-
CLASSpq; in Table 4a) has the form C OK meaning that “C is well typed”. The typing
judgements for methods (see GT-METHODyq,; in Table 4a) has the form M OKIN C
meaning that “M is well typed when its declaration occurs in class C”!. The judge-
ment for expressions (see the rules of Table 4) has the form A;I" F e : T meaning
that expression e has type T in the typing environment A and in the (variable) en-

! For methods in instances, the judgement is the same than for classes but the inference has
to consider that these methods are defined for interface instantiations instead of interfaces.
These instances may be defined within other methods [hence the presence of I" for non local
variables| that are in classes [hence the presence of A for the type variables of the class or of
the method in which the instance is defined]). In particular, GT-ANONYMrgay is introduced
for rule GT-ANONYMNEWrGa; that defines the type of new I(T)(){M}) in a way that checks
that all the methods in M are well defined and correctly typed: Not the only methods on which
the object is invoked. In the different choice in which we limit correctness to the only methods
on which the object is invoked, then rules GT-ANONYMINVrga; and GT-ANONYMNEWgGA;
have to be modified to check correctness only for the method involved in the invocation



vironment I'. The typing rules are contained in Table 4 and extends those of FGJ.
Two rules have been added for closure construction and closure invocation. Such rules
simply assert the correctness of the involved types. Four rules have been added for typ-
ing (GT-ANONYMINVgg,;), judgement OK (GT-INTERFACEgq,;), judgement OK IN
(GT-INTERFgca;, GT-ANONYMgqa;). The rules for subtypes and wellformed types are
reported in Table 5.

3 Properties

Semantics is useful to prove language properties: We extend to FGACJ type soundness
and backward compatibility already proved for FGJ [IPWO01] and for FGCJ [BO10].
Then, we extend to FGACJ the closure abstraction property already proved for FGCJ
[BO11b]. All Lemma and Theorem proofs are deferred to the Appendix A.

Theorem 1 (Progress). Suppose e is a well-typed expression. If e includes as a subex-
pression:

fields(N) =T £, for someT and £, and £ € £.

1. new N(€).f then
m(V)(d) then mbody(m(V),N) = X.eq, for some X and ey, and |x| = |d|.

th
V)

2. new N(€).m(

3. new I(T)(){M}.m(V)(d) then mbody(m(V),new I(T)(){M}) = X.eq, for some X and ey,
and || = 1|d].

4. FI(d) then F = #(T X) eo, for some T, X and eq, and |x| = |d]. O

Theorem 2 (Type Soundness). If 0;0 Fpgacy e : T and e =g € with e’ a
normal form, then €' is a value w with 0;0 Fpaacy w: S and 0 Fpaacy S<T. O

Theorem 3 (Abstraction Property). Let A Fpgacg T ok, H[e] be any context,
G[e] be any context of type (I',T)? and with no free occurrences of this. Let ey be any
expression such that its free variables are not bound in e1 = Glea] (but possibly, in H[e]).
Then H[(#(T x)G[x])!(e2)] ~ H[e1], for any fresh variable x. O

Theorem 4 (Backward compatibility). If an FGACJ program is well typed under
the FGCJ rules it is also well typed under the FGACJ rules. Moreover, for all FGCJ
programs e and €' (whether well typed or not) e =paacy e <= e —pacye. O

4 The Translation Semantics of Java Simple Closures

The translation semantics F[], of S-closures has been defined in [BO11b], it is based
on the structures of interfaces, anonymous classes, and classes (of variable objects) and
translates S-closures into a composition of such structures. In this paper, we simplifies
Fll- in order to apply it to FGACJ, instead of Java 1.5 extended with S-closures and
to translate onto FGAJ instead of ordinary Java 1.5. FGACJ (resp FGAJ) is used as
a minimal core calculus for Java 1.5 extended with closures (resp. ordinary Java 1.5),
to formalize the translation semantics of closures with anonymous class objects. It is
shown in Fig. 2, where J is a syntactic projection of Java 1.5 onto FGAJ.

2 A context of type (I, T) is any context H[e], in FGCJ, such that A; I',x : T - H[x] : 8 for some
A F T ok and type S, and fresh variable x[BO11b]. The self reference this occurs bound,
in a context (or an expression), only when it occurs inside a closure or a method defined in
such a context (or expression). In all the other cases, this occurs free.



e€ Javal.bf ——————  ¢’c Javal.s

J(e)e FGACJ

a J(e')e FGAJ

Fig. 2. FGACJ is a Minimal Core Calculus for Translation F on Java 1.5 with S-Closures

A first and most evident simplification, is the elimination of parameter 7. In the
original translation 7 contained bindings for Java variables, which are not present in

FGACJ 3. In Table 6 we report the definition of F[] restricted to FGACJ.

l Table 6: F[] Translation Semantics
Translation Rules

1t. F[1] =T with T = X

2t. F[T] = 1$n(F[S]F[S]) with T = #5(S), n = |T|

3t. F[T] = A(F[T]) with T=A(T), (A=Cor A=1)

11. FJL] = class C(X < F[N]) < F[N] { with L = class C(X < N) <N {T £;K M}
T £ FIRLF)

21. F[L] = interface I(X < F[N]){F[H]} with L. = interface I (X < N){H}

k. F[X] = C(F[T] £){super(f); this.f =£;}  with K = C(T £){super(f); this.f =f; }

m. F[M] = X< FN]) FIT]m(F[T] 2){T Fle]} with M= (X < N)T n(T x){T e}

h. F[H] = X< F[N]) FIT]n(F[T] %) with H= (X <N)T n(T %)

le. Fle] = x with e = x

2e. Fle] = Fleo].£ with e = e¢.f

3e. Fle] = Fleo] m(F[T])(F[e]) with e = eo.m(T)(e)

4e. Fle] = new F[N](F[e]) with e = new N(¢)

5e. Fle] = (FN])(F[eo]) with e = (N)eo

6e. Fle] = Fleo].invoke(F[e]) with e = ep!(e)

7e. Fle] = new I$n(F[T]F[T])({ with e = #(T X)eo, n = |T|
F[T] invoke(F[T] X){T Fleo]}} and A; I'F e : #T(T)

8e. Fle] = new I(F[T))){FM]} with e = new I(T)(){M}

Translation Structures
interface I$n(X,X < Object,Object ){X invoke(X X)}  with n = |X]|

The inference rules of the definition are written following the compact notation used
in [BO11a], however:
Ci,....Cn, 21, ..., Zg

FUl=L" with U=L and C,..,C, stands for: ;
L —F LZ

3 FGACJ contains parameters and class fields whose life cycle is different from the one of
non-local variables [BO11a]



where: U ranges over the syntactic domains of the language, L € Urgac; (i-e. syntactic
domain U of FGACJ), L' € Urga, (i.e. domain U of language FGAJ), premises C;
are judgments (possibly including typing judgments), — x is the translation judgement.
Eventually, let F[l1],..,F[lx] be all the translated forms occurring in L’ (with k=0
when none occurs). Then, L', is L' where F|[l;] is replaced by I, for each i € [1..k], and

Translation F[] assigns meaning to closures by mapping closures of FGACJ into
method objects of FGAJ (F-rule 7e), type closures of FGACJ into FGAJ interfaces for
method objects (F-rule 2t), and closure invocation of FGACJ into FGAJ invocations
of the method wrapped in the method object associated to the closure (F-rule 6e). The
remaining F-rules express a sort of congruence of the F-rules above and allow to apply
such F-rules in each subterm of the FGACJ program.

Our final goal here is to prove that the two semantics (reduction and translation
semantics) commute. This is expressed primarily by Theorem 6 and also by Theorem
5. For technical convenience, we extend F to the environments I' and A: for each I'
(vesp. A), F[I'] (resp. F[A]) is the environment such that for each variable x (resp. X),
FlIM(x) = FII'(x)] (resp. F[A](x) = F[A(X)]. Moreover, we write Fpqa; if derivation
F uses only rules of the calculus FGAJ. We write Fpqac; if derivation uses, in addition,
rules of the calculus FGCJ.

Theorem 5 (Expression Typing Preservation). Let A; I’ Frgac; e : T in a program.
Then, F[A]; FII'] Fraas Fle] : FIT] in the F-program. O

Proposition 1 (Program Typing Preservation). Let P be any well typed FGACJ
program, i.e. A OK for each class and interface A of P. Then, F[P] is a well typed
program in FGAJ. O

Theorem 6 (Execution Preservation). Let A;T" Frgacy e : T and € —pgacy € in a
program. Then, F[e] —pca, Fle'] in the F-program. O

Proposition 2 (Semantics Equivalence). Let P be any well typed FGACJ program.
Then, if (e,e’) € Red(P) then (F[e], F[e']) € Red(F[P]). O

Ezample 1. Consider a program with two classes (of FGAJ, for simplicity):

class A {Object x; A (Object x){super(x); this.x=x;}}
class B {Object x; B (Object x){super(x); this.x=x;}}

Let e = (#(B x) (new A(x)))!(new B(new Object())) be an expression (of FGACJ)
for the program.: Reducing e and then translating, elsewhere translating e and then
reducing, yield the same term.

reduction e — g,
€ = GR—Inv—Clos,y, [new B(new Object())/x,#(B x) (new A(x))/this] new A(x)
= new A(new B(new Object()))
translation Fle]
F#A(B x)(new A x)!(new B(new Object))]
=F[#A(B x)(new A x)].invoke(F[new B(new Object())]
=new [$1<B,A>(){F[A invoke(B x){new A(x)}].invoke(F[new B(new Object())])
A

{F
=new [$1<B,A>(){F[A invoke(B x){new A(x)}]}.invoke(new B(new Object()))

[
[



=new [$1<B,A>(){A invoke(B x){] new A(x)}}.invoke(new B(new Object ()))
reduction Fle] —,
new I$1<B,A>(){A invoke(B x){] new A(x)}}
.invoke(new B(new Object ())) —GR—Invk—Anonymee,
[new B(new Object())/x)|new A(x)
= new A(new B(new Object()))

where interface I$1(X < Object,Y < Object){X invoke(Y x); } is defined.

5 Conclusions

We proved that the reduction semantics defined for S-closures, in the Straw-man pro-
posal version [Rei09], and the translation semantics F[P] implementing S-closure, as
interface based callbacks, commute preserving typing and computation. The translation
semantics required interfaces and anonymous objects hence we have extended the calcu-
lus FGCJ with such features and have proved that the semantic properties, type safety
and abstraction, are also preserved. Open problems and interesting questions that de-
serve further investigation are (i) closure conversion, (ii) contracovariant closures, (iii)
closures with this transparency.

(i) Closure conversion: It is an expression cnv(e,T) which specifies an expression e,
which must compute a closure, and a type T, which must be a Single Abstract Method
type [Reil0]. It converts the value of e into an object of type T. The interest for this
kind of mechanism resides in the re-use [Rei09,BGR10,Reil0], in callback programming,
of Java APIs by passing closures in method invocations, instead of class or interface
object creators. The treatment requires to extend FGACJ, hence both the reduction
semantics and the translation semantics, to cope with this kind of expressions and with
a satisfactory characterization of SAM types.

(ii) Contracovariant closures: The closures in the calculus of this paper have reflection
subtyping [Rei09,BGR10] which means that: Let A = #T(T), #S(S) ok. Then, by S-
REFLrpgy, A F #T(T)<<#S(S) if and only #T(T) and #8S(S) are the same type, i.e. T =8
and T = S. Contracovariant closures have the following more general subtyping rule:

Al T<S Al S<T
AF #T(T)<<#5(S)

In [BO11b], we proved type soundness for Java with contracovariant S-closures
[Reil0]. Contracovariant subtyping greatly extends the programs applicability by rec-
ognizing the type soundness of programs running on closures having types which are
contracovariant of the program expected types. However, contracovariance is an im-
plicit subtyping relation which (is a subtyping introduction that) contrasts with the one
adopted in Java for classes and interfaces, in which subtyping is introduced by means of
explicit declarations (through the use of extends and implements). Hence, additional
work is required deal with with the translation of contracovariant closures [Reil0] into
Java anonymous class objects.

(iii) This transparency: In Java, the self-reference this may occur in an object initial-
izer, constructor or instance method. Its meaning is a reference to the object being
constructed or respectively, to the object for which the instance method is invoked. Ac-
cordingly, such a meaning of this is preserved in FGJ [[IPWO01] and, in FGAJ in this
paper, where the occurrence of this is restricted to (instance) method bodies (since




initializers are not present in the calculus FGJ, while constructors have a stylized use of
this). What is the meaning of this when it occurs within a S-closure? Since S-closures
can occur only in method bodies we have two possibilities: A transparent definition of
this which is not affected from the presence of closures [BGR10] or a non transparent
definition [Reil0]. In the first case, the meaning of this is always the object for which
the method, where this occurs, is invoked, regardless this is within a closure. In [BO10]
we proved type safety of FGJ extended with S-closures having this transparency. In
the second case, the meaning relies on the closure in which this occurs: In terms of
the reduction semantics, given in this paper, this means a self-reference to the closure
itself. In terms of the translation semantics, this means a self-reference to the anony-
mous class object in which the closure is mapped. This interpretation copes with the
meaning given in [Reil0]. In this paper we have considered the latter one: Hence all the
properties proved in the paper are for S-closure with non transparent this.

A Property, Lemma and Theorem Proofs

Theorem 1: proof The proof is based on the analysis of all well typed expressions
that either are in normal form or fall in one of the above 4 cases and need be further
reduced to obtain a normal form. As already stated in section 2.4, in FGACJ there are
3 possible normal forms i.e. values. They are: new N(w) (Object in FGJ), new I(T)(){M}
(Object of anonymous class in FGAJ) and #(T %)e (Closure in FGCJ). O

Theorem 2: proof Immediate from Theorem 1, and Theorem 7 (on subject reduc-
tion, see Appendix B). O

Theorem 3: proof The set e[e] of expression contexts of FGACJ is the same of
FGCJ (see Definition 4.1 [BO11b]) extended with contexts for the new expression
new I(T)(){M}. But this expression cannot contain bullet since it is a value (see defi-
nition of v in Section 2.4), hence the set e[e] is: L

ele] i=o | x| e[e].f | e[o].m(T)(e[e]) | new N(e[e]) | (N)e[s] | F[o] | e[e]!(e[o])

_ | new (T)(){M}

Flo] := #(T X)e[o]
and the proof follows immediately from the Abstraction Property theorem on FGCJ
[BO11D). O

Theorem 4: proof All FGACJ sets of rules (from Table 2 to Table 5) include FGCJ
rules. O

Theorem 5: proof By induction on typing derivation and case analysis on the last
rule used. Two are the most intriguing cases: GT-CLOSUREpgc; and GT-CLOSURE-
INVeges
Case GT-VARgg,: if A; T Frgacy x : I'(x) then F[A]; F[I] b, x : F[L'(x)] since by
definition F[I'](x)=F[I'(x)], for each variable x and derivation uses only rules of FGJ.
Case GT-FIELDg;: e=eyf; T=T;

A; T Fpgacy eo : To and fields(bounda(Tg)) =T £
By induction hypothesis, F[A]; F[I'] Frcas Fleo] : F[To], and by F-rule k and by
F-Curass, fields(boundrya)(F[To])) = F[T] £. Then, by GT-FIELDgq,



]:[[A]],.FIIF]] "FGAJ f[[eo.fi]] . fﬂTz]]
Case GT-INVpq;: e=eon(V)(e) A;I Fpgacse:T
AT Fegacy e0:To and Abpgac; Vok and A; I Fpgacs €:S
mtype(m, bounda(To)) = (Y<1P)YU — U
Atbgpaacs S <[V/YJU and Abpgac; V<[V/Y]P and T = [V/Y]U
By induction hypothesis, F[A]; F[I'] Freas Fleo] : F[To]. By Lemma 6
mtype(m, F[bounda(To)]) = (Y < F[P])F[U] — F[U], and since Lemma 3 and Lemma 4
on V,S,U, and by GT-INVyq,
FIAL FII] Fraas Fleo]m(FV])(F[e]) : F[T].
Case GT-ANONYMINVygas: e=eom(V)(€) A;lFpgacse:T
interface I(X<N) {H} 0K and (Y<P)Um(UX)€H
AT Frgacy €0 ¢ I<T> and A7X<:ﬁ Freacs v<W/ﬂF and A; I Fpgacs € s
Abpeacy; T<[T/X|N, S <[V/Y]JU and A tpgacs V ok
Hence, T=[V/Y]U. By induction, F[A]; F[I'] Frcas Fleo] : I{F[T]) and, F[A]; F[I'] Frcas
F[e] : F[S]. By Lemma 3 and Lemma 4 on V,S,U, and using GT-ANONYMINVgg A,
FlAL; FII Freas Fleo] m(F[V])(F[e]) : FT]-
Case GT-NEWgpg;: e=newlN(e) T=N
AFNok and fields(N)=Tf and A;T bpeacs;€:S and Albpgacy S<T
By induction hypothesis, F[A]; F[I'] Frcas F[e] : F[S], and by F-rule k and by
F-Curass, fields(F[N]) = F[T] £. Then, by Lemma 3 and GT-NEW,
FIAL; FI'] Fraas new FN[(F[e]) : F[N].
Case GT-ANONYMNEWca;: e =new I(T)(){M} T=I(T)
AF I(T) ok and A;I Fpgac; M OKIN I(T)
By Lemma 3, F[A] Freay I{F[T]) ok. By Theorem 9, F[A]; F[I'] Frca; F[M] OKIN I{(F[T]).
Then, by GT-ANONYMNEW,; on the transformed terms:
FIAL FIT] Fecn new TFNOLFI - 1(F[T).
Case GT-UCASTgc;: e=N)egg T=N
A; I'tey:Tp and AF bOUTLdA(T(])<ZN
By induction hypothesis, F[A]; F[I'] Freas Fleo] : F[To]- By Lemma 3, letting C(S) =
bounda(Tp) for some C(S), F[A] F Fbounda(Tp)]<:F[N]. Then, using GT-UCASTyq,
on the transformed terms concludes the case.
Case GT-DCASTyq;: e=(C(T))ep T=¢C(T)
A;TFeg: Ty and bounda(To) =D(T) and At C(T) ok and
A C(T)<D(T) and dcast(C,D)
By induction hypothesis, F[A]; F[I'] Frcas Fleo] : F[To]- By Lemma 3, F[A] +
C(F[T]) ok and F[A] - C(F[T])<D(F[T]). By DCAST, dcast(C,D) holds in the trans-
formed program. Then, using GT-DCASTrq; on the transformed terms concludes the
case.
Case GT-SCASTgg;: e=(C(T))ep T=0C(T)
A;TFeg:Tg and bounda(To) =D(T) and Ak C(T) ok and
AF C(T)<D(U) and CD and D AC
By induction hypothesis, F[A]; F[I'] Frcas Fleo] : F[To]. By Lemma 3, F[A] +
C(F[T]) ok and F[A] F C{F[T])<D(F[U]). By subclassing, see Table 3, C €D, D 4C
hold also in the transformed program. Then, using GT-SCASTyq; on the transformed
terms concludes the case.
Case GT-CLOSUREgqc;: e=#(TX) ey T=H#To(T)
ApgFTok and Ag; I, X:T,this: #To(T) e : To
By Lemma 3, F[Aq] + F[T] ok. By induction, F[A¢]; F[Lo], x: F[T], this: F[#To(T)] F



Fleo] : FlTo], where, by F-rule 2t, F[#To(T)]=I$n(F[T]F|[To]). Using GT-ANONYMgga;
and letting, A = Ay, I' = Iy, N = Object (Y = o = P be the empty sequence),
V = F[T]F[To], m = invoke, I = I$n (as defined in Table 6 - translation Structures),
we obtain: FlAol; F[Lo] F M OKIN I(F[T]F[To]),
for M = F[Ty] invoke(F[T] %){T Fleo];}. Using GT-ANONYMNEWsq,; and letting,
M =M, we obtain: FlAol; FlLo] F new I{F[T]F[To]) O {M}: I{(F[T]F[To])
By F-rule Te, new I{(F[T] F[To]) ){M} = F[#(TX) eo], and by F-rule 2t, I{F[T] F[To]) =
Fl#To(T)]: This concludes the case.
Case GT-CLOSURE-INVpgey: e=eyl(e) T=Tp

Ao,FO Feg: #To(To) and Ao;Fo Fe: §0 and AgF §0<ITO
By induction ./'T[[Aoﬂ fﬂl—bﬂ F f[[eo]] : f[[#To(To)ﬂ, and, fﬂAo]], f[[Foﬂ F fﬂé]] : fﬂgo]],
where, by F-rule 2t, F[#To(To)]|=I$n(F[To] F[To]). By Lemma 3, F[Ao] F F[So] <F[To]-
Using GT-INTERFpgs; (and GT-HEADERgq,; of Table 4a) and letting I = ISn,
X = XX, with n=|X|, N = Object, we have:

interface I{X <N){H} OK and H = X, invoke(X X)
and by MT-INTERFACE, letting m = invoke, T = F[To]F[To], X0 = U = F[To] and
Xo=U= fﬂToﬂ,

mtype(invoke, ISn(F[To]F[To])) = F[To] — F[To]-
eventually, by GT-ANONYMINVga; and letting, A = Ap, V be the empty sequence, S =
F[So] we have F[Ao] - F[So]<To holds and also: F[A]; F[I'] + Fleo]-m(eo) : F[To]-
It concludes the case and the proof. O

Propositionl: proof. By case analysis on the typing rules on classes and instances
of Table 4a.

Case GT-CLASSgq;: A = class C(X < N) < N{T £;K M}
X <:NFN,N,T ok M OKIN C(X<N)
fieldsN)=Ug K=C(Ug,T £){super(g); this.f =£;}

By Lemma 3, let A =X <:N. Then, F[A] + F[N], F[N], F[T] ok;
By Theorem 8, F[M] OKIN C(X <1 F[N]) (since, F[C(X <1 N)] reduces to C(X <1 F[N]));
By F-CLass of Table 3, on F[A], and:

— by F-rule 11, fzelds(]:[[N]] Flu] g

— by F-rule k, F[K] = C(F[U] g, F[T] £){super(g); this.f = £; }.
Hence, by GT—CLASSFGJ, FA] OK.
Case GT-INTERFgga;: A = interface I(X < N){H}

X<:NFNok H OKIN I(X<N)
By Lemma 3, X <: F[N] - F[N] ok, and by Theorem 8, F[H] OKIN I(X <1F[N]) in the
F-program, hence by GT-INTERFpqa;, F[A] OK holds too in the F-program. O

Theorem 6: proof. By case analysis on the last rule used in the computation. The
most intriguing case is GR-INV-CLOSpgc;-
Case GR-FIELDpq,: e = (new C(Sp)(€)).f; €& =e;
fields(C(Sp)) =S £
By F-Crass and F-rule 11, let L = class C(X<IN) <N {T
FIN]) <« F[] {F[T] £;...}, and ﬁeldS( (Fso])) = 78]
new C(F[So]) (F[8]).£; — Fleil.
Case GR-INVKyq;: e = (new C(Sp)(e)).m(V)(d) e’ =[d/X,new C(Sp)(€)/this]eq
mbody(m(T), C(So)) = %.eo
By MB-CLASS (or MB-SUPER, if m ¢ M) and F-rule 11, let L = class C(X<IN)<N {...;..M}

...} then F[L] = class C(X«

f;
f, hence by GR-FIELDyq;:



andm € M, then F[L] = class CEX<F[N])<F[N] {...; .. F[M]}, and mbody(m(F[V]), C(F[So

= X.F[eo], hence by GR-INVg;:
new C(F[So])(7[e])) m{F[V])(F[d]) — [F[d]/%,new C(F[So])(F[e])/this]Feo]-
Case GR-CASTrgo; € = (P)(new N(8)) €' =new N()
0+ N<P

By Lemma 3, § - F[N]<:F[P], hence by GR-CASTygcy:

(F[P]) (new FIN[(F[e])) — new FN](F[e]).
Case GR-INV-CLOSpcoy;: e = #(TX)eg!(d) e = [d/%, #(T X)eo/thiseg
Assuming: A; I' Frgacs #(TX)eg!(d) : T, for some A I' and T. Then:
By F-rule 6e, F[#(T%)eo!(d)] = F[# (Ti)eoﬂ.invoke(fﬂaﬂ), and by F-rule 7e,

FI#(Tx)eo] = new 18n(F[TIF[T 1)() {1}

forn = |T| and A;I"F #(TX)ep : #T(T) and M = F[T'] invoke(F[T] X){1 Fleo]}
(with T' = T, since the assumption on the type of e);
By MB-INTERFACE, letting A= new I$n(F[T]F[T])(){M}, we have

mbody(invoke A) = x.F[eo]

v GR-INVK-ANONYM;gca;, on the transformed terms:

A.invoke(F[d]) — [F[d]/%,A/this]F[eo]
that we can apply since, by Theorem 9, A, F[T], F[T], F[d], F[eo] are terms of FGAJ,
and by Theorem 5, are all well typed terms. This concludes the case.
Case GR-INVK-ANONYMpgay.

e = (new I(D(){T}).n(®) (@) ¢ = [3/%,new 1(T)(){F} /thisley

mbody(m(V), new I( YO{M}) = X.eq o B
By MB-INTERFACE and F-rule 11, let L = interface I{X<N) {H} and (Y<<P)Um (UX){7

ey; } € Mwith eg = [T/X,V/Y]e(. Then F[L] = interface I(X <1 F[N]) {F[H]} is defined
since F-rule 21, and (Y <t F[P])F[U] m (F[U] 2){1 Flep]; } € F[M] is defined since F-rule
m, hence by MB-INTERFACE on the transformed terms:
mbody(m(F[T]), new TFIO{FM}) = £ [FIT)/X, FIV] /T Fleh]
(new I({[F[T]) O{FM}).n(F[V])(F[d]) — F[[d/x,new I(T)(){M}/this]|eo].
since [F[T]/X, F[V]/Y]F[eo] = Fleo] and Lemma 4 O

Proposition 2: proof. Immediately from the Theorem 6. 0

B Auxiliary Lemmas and Theorems

Lemmas A.2.1 through A.2.5 and A.2.7 through A.2.9 in [[PWO01] remain valid for
FGACJ without proof extensions and are not reported here. Proof of Lemma A.2.6
need to be extended to consider rules (WF-INTERFpq,;) and (WF-CLOSUREgqc; ), anal-
ogously proofs of Lemma A.2.10 and A.2.11 need to be extended to consider rules (GT-
ANONYMINVgq,;) and (GT-ANONYMNEW q,;), and cases for (GT-CLOSUREgpqc;) and
(GT-CLOSURE-INVgqe;), whose proof needs to be modified since S-closures are not
contro-covariant. Furthermore, the proof of Theorem 7 needs to be extended to case GR-
INVK-ANONYM;pgay, while cases GR-INV-CLOSpgc;, GRC-CLOS-VALggc;and GRC-
CLOS-ARGgqc;proved in [BO10] are still valid. Eventually, two new lemmas are neces-
sary: Lemma 1 to assert that type substitution preserves method signatures and Lemma
2, analogous to Lemma A.2.12, to assert correctness of miype and mbody defined on in-
terfaces.

1)



Lemma A.2.6. If A;,X<N, Ay F T ok and Ay F U<[U/X|N with Ay b U ok and none of
X appearing in Ay, then Ay, [U/X]Ag b [U/X]T ok .

Proof: The proof is given by induction on the derivation of A;,X<:N, Ay - T ok with a
case analysis on the last rule. We extend proof in [IPWO01] with the analysis of the new
cases.
Case WFEF-INTERFpqa;. The same as case WEF-CLASS:
T=I(T), A, X<N,AyFTok

Al,i<IN, Ay T< [T/Y] P

interface I{Y <P){...}
By induction hypothesis, Ay, [U/X]A; F [U/X|T ok. By Lemma A.2.5, Ay, [U/X]As +
[U/X]T<[U/X][T/Y]|P and, since Y<.P I P by rule GT-INTERFpq,,, P does not include
any X as free variable. Thus [U/X]|[T/Y|P = [[U/X]T/Y|P, and by WEF-INTERFgq.,we have
Ay, [U/X]As - I{[U/X]T) ok.
Case WF-CLOSUREpqc;. T = #To(T). By induction hypothesis: Ay, [U/X]As F [U/X]Tj ok
and Ay, [U/X]As F [U/X]T ok hence premises of WF-CLOSURE are satisfied. O

Lemma 1. Let A,Z<:V F V ok and A,Z<V F T ok and none of Z appears in A. If
mtype(m, I(T)) = (Y <P)W — W, then mtype(m, I([V/Z]T)) = (Y < [V/Z|P)[V/Z]W — [V/Z]u

Proof: By rule MT-INTERFACE there exists interface I(X<IN) {H} and (Y<P)Um(UX) €
Hand (Y<P)W — W = [T/X]((Y<P)U — U). Without loss of generality X and Y and Z are dis-
tinct, hence and by rule MT-INTERFACE mtype(m, I{[V/Z]T)) = [V/Z][T/X]((Y<P)U - U

= ((Y<[V/Z][T/X]P)[V/Z][T/X]U — [V/Z][T/X]U. Letting [T/X]U = W and [T/X]U = W finishes
the proof. 0

Lemma A.2.10. If A, X<N,Ay; "' F e : T and Ay F U<[U/X]N where Ay F U ok
and none of X appears in Ay, then Ay, [U/X]Ay; [U/X]T" - [U/X]e : S for some S such that
Ay, [U/X] Ay - S<[U/X]T

Proof: As in [IPWO01], the proof is given by induction and case analysis on the last
rule used to infer the type of e. We consider here, only the new cases.
Case GT-ANONYMINVga,: Similarly to GT-INVgg;:
e = ep.m(V)(e) A, X<, Ag; T+ ep : I(T)
mitype(m, I(T)) = (Y <P)W — Wy
Al, X<SN, AV = V ok A17X<IN7 As V< W/?]ﬁ
Al, X<SN, AQ; I'e:sS Al,i<iﬁ7 Ao S< W/Y]W T= [V/Y}WQ
By induction we have:
Ay, [U/X]Ag; [U/X]I"+ [U/X]eo : I([U/X]T)
Ay, [U/X) A2 [0/ - [0/X]6 : §
A, [0/8 Agi - S <[0/XS
By Lemma A.2.6, we have: Ay, [U/X]Ay b [U/X]V ok. Furthermore, without loss of gen-
erality we can assume X and Y are distinct and none of Y appears in U, hence by Lemma
A.2.5 we have: Ay, [U/X]Aq b [U/XV<[U/X][V/Y]P (= [[U/X]V/Y]P), and
Ar. [0/84 - [0/XS<[T/XV/TW (= ([5/X7/TW), and
by transitivity, A, [0/X]A, F § <[0/X][V/¥]W. By Lemma 1 we have: mtype(m, I([U/X]T)) =
(Y < [U/X]P)[U/X]W — [U/X]Wo hence by GT-ANONYMNEWq,; S = [U/X][V/Y]Wo which



finishes the case.
Case GT-ANONYMNEWggay: e=new I(W)(){M} A=A4A,I<N, Ay
A; M OKIN I(W) AR I(Wok
By Lemma A.2.6
1) A [0/%] 8 - 1{(0/K7) ok
Moreover, we prove below, that:
(2) Ay, [0/% Ay [0/ - [0/KH 0KIN T([0/XW)
Then, from (1) and (2), by using rule GT-ANONYMNEWyq4; we have:
A [0/%) 433 [0/X)T" F new 1([0/KW){[0/XJi}+ 1 ([0/K]W)
which concludes the case since new I([U/X]|W){[U/X]M} = [U/X]e and letting S = I{[U/X|W),
Ay, [U/X]Ag F 8<:[U/X]I{W) holds.
We prove here, that (2) holds.
Let M = (Y<P)To m(S X){1 e; } be any method in M: We prove that [U/X]M is well-formed
(in Ay, [U/X]Ag; [U/X]T"). By GT-ANONYMyq,,: interface I{Z<:Q){H} and (Y<P)Tom(SX) €
H with A" = Ay, X<N, Ay, Y<P,Z<:Q and A;,X<N, Ay F S,To,P ok and A; X% :
S,this : I(T) F e : Sp and A’  Sy<cTy. Letting A, = Ay, Y<P,Z<Q, by Lemma
A.2.6 we have Ay, [U/X] A} - [U/X]S, [U/X]To, [U/X]P ok. By induction we have:
Ay, [U/X])AY; [U/X]|T,% : [U/X]S, this : I( [U/X]T) - [U/X]e :
for 8’ such that Ay, [U/X]A, F S'<:[U/X]So, and, since Lemma A.2.5 (see [IPWO01]),
Ay, [U/X] AL F [U/X]So<[U/X]To and by rule S-TRANS Ay, [U/X]|A) F S'<:[U/X]To.
Hence, by GT-ANONYMgpgas:
(7<[0/XJF) [0/KTo u([0/TS %){1 & } OKIN T([T/ET)
which concludes the proof.
Case GT-CLOSUREpqq;: e=#Ww) e T=H#uW)
A= Al,i<ZN, Ay
A;Tw:W,this: #W(W) Fep: W AF #W(W) ok
By induction: Ay, [U/X]|Ag; [U/X]| T, w: [U/X]W, this: #[U/X|W([U/X]W) F [U/X]eq:S’
for a type 8’ such that Ay, [U/X]A2 F S'<:[U/X]W.
By GT-CLOSUREgpgc;: A1, [0/X|A2; [U/X]T" = #([0/X]W w)[U/X]eq: #S'([U/X]W)
with [U/X]W = 8’ (because of this:#[U/X|W([U/X]W) in the rule premises). Hence,
([0/XJi )[U/Xeo = [0/Xe and Ar, [0/X A, - #8'([0/XW)< [0/X] (43(W))
conclude the case.
Case GT-CLOSURE-INVuge;: e=¢egl(e) T=W
A= Al,i<:ﬁ, Ag
A;TFeg: #WW) A T'He:S<W
By induction Ay, [0/X]Ay; [U/X|I" + [U/X]e:§ such that Ay, [U/X]A; + §'<[0/X]S. By
Lemma A.2.5, since A F S<W then Ay, [U/X]A; F [U/X]S<:[U/X]W and by S-TRANSgq;,
Ay, [U/X] Ay F S <[0/XJW. By induction Ay, [0/X]As; [0/X|I" + [0/X]eq : S such that
Ay, [U/X]Ag - 8" <[U/X]#(W(W)) = #[U/X]W([U/X]W). Since closure subtyping, S" = #[U/X]W([U/X](W))
by S-REFLgq;. Hence, by rule GT-CLOSURE-INVygc; A1, [U/X]A2; [U/X] F [U/X]eo ! ([U/X]E):
[U/X]W. Letting S” = [U/X|W, then Ay, [U/X]Ay F 8" <:[U/X]W, by S-REFLgq;, concludes
the case. 0

Lemma A.2.11. If A;T,x : T+ e: T and A; T + d : S where A + S<T, then
A;T'F [d/x]e:S for some S such that AF S<T

Proof: As in [IPWO01], the proof is given by induction and case analysis on the last
rule used to infer the type of e. We consider here, only the new cases.



Case GT-AnonymInvyg,,: Similarly to GT-INVgg;.
e=¢om(V)(e) T=I[V/Y|U
AN :Theo: I(T) mtype(m, I(T)) = (T<P)T—U
AFVok AFV<[V/YP
A;Nx:THe:S AFS<[V/Y[U
By induction A;I" + [d/%|e : 8 for A + §'<<I(T') and, since interface subtyping,
AF 8 = I(T) by S-REFLq,. Moreover, by induction A; I" - [d/x]e: W for A  W<S.
By GT-AnonymInveg,, A; I+ [d/X]e F/TU Letting 8 = [V/Y]U, then A F S<T, by
S-REFLgqy, concludes the case.
Case GT-ANONYMNEW A ;: Trivial.
Case GT-CLOSUREgge;: e=#W7y)eg T =HW(W)
AFWok  A;I,7:W, this: #W(W)kF eg:W
Without loss of generality let [d/X](#(W ¥)eo) = #(W ¥)[d/X]ep (since variable renam-
ing). By induction, let A; I,y : W,this : #W(W) F [d/X|ep : W for some W' such that
A F W<W. By GT-CLOSUREgpqc; we have: A; '+ #(W y)[d/X]eo : #W(W) only with
AFW=W. Letting S = #W(W), A+ S<T, by S-REFLyc;, concludes the case.
Case GT-CLOSURE-INVpqo;: e=¢yl(e) T=W
A;TFeg:#WW) A;T'Fe:S  AFS<W
By induction, A; I' - [d/X]eo : S’ for some 8 such that A F S'<:#W(W) and, since closure
subtyping, A F 8’ = #W(W) by S-REFLgpq;. Moreover, by induction, A; ' - [d/X]e
for some S such that A F § <. Hence, by GT-CLOSURE-INVpgc; we have: A;I” }—
([d/%]eo)! ([d/x]€):W. By factoring: A; 't [d/X]|(eo!(€)):W. Letting S =W, AI—S<T by
S-REFLgqy, concludes the case. O

Lemma 2. If mtype(m,I(T)) = (Y <P)U — U and mbody(m(V),new I(T)(){M}) = X.eo
where A; I F new I(T)(){M} : I(T) and A+ V ok and A+ V<[V/Y|P. Then S exists such
that A+ S<[V/Y]U and AF S ok and A; I,x:[V/Y]U, this: I(T) | e(:S.

Proof By MB-INTERFACE
mbody(n(¥),new I(T)(){1}) = %.eo
interface I(X <) { .} ¥ <PV n@ 5){le}eh
eo = [T/X,V/T]e
By GT-ANONYMNEWgga;
A; T'Fnew I(T)(){M}: I(T)
AI—I()ok A;T'FM OKIN I(T)
Hence, A; ' (Y <P)U0 m(T %){] e;} OK N 1(T).
By GT-ANONYMgga,, letting I = I'%:T,this: I(T) and A’ = A X <V, ¥ <P, we
have: AT H{ aP)v (U %){T e;} OKIN I(T)
interface I(X <V ){H} Y <P\ n %) cH
AT e:Sy A+ T<[T/X N A'F 5o<U
By MT-INTERFACE

mtype( Ll < >)// <? < ﬁzy —>7[/J/ =/ =/
interface I(X <N > {H'} (Y <PHU' m(U %) €H
F — ﬁ/i“]ﬁ” r/x//]ﬁ// U — H/X”]UH.

Since unicity of the interface names in the program, and unicity of method names in
each mterface we have:

¥=Y=Y" x=X=X' P=[TQXP T=[XT U=[TIV



(Since XUY)N(VUT) = {}) From A; I + e: SO, ie. A, X <N, Y<P;I"F e:Sg, by
Lemma A.2.10 we have A, Y<[T/X|P'; I’ % : [T/X]U, this:I(T) I [T/X]e : S} and, since
P =[T/X|P', U= [T/X]U"

(1) A, Y<P;I,%:U,this:I(T) - [T/X]e : S,
for 8; such that A, Y<:P F S{<:[T/X]So.
From A’ F Sy<U’, by Lemma A.2.5 ([IPWO01], pag. 429): A, Y<P + [T/X]So<<[T/X|U’.
Since U = [T/X]U": A,Y<P I [T/X]So<U. By S-TRANSgq;: A, Y<P I 8{<U. Finally, from
(1), by Lemma A.2.10:

(2)  A;Ix: [V/Y]U, this: I(T) b [V/Y][T/X]e : Sj
for S{ such that A F S§<:[V/Y]S). From A, Y<P + S{<U, by Lemma A.2.5, A +
[V/Y]S;<:[V/Y]U. Then, using S-TRANSyq, and letting S = Sjj finishes the proof. O

Theorem 7 (Subject reduction). If A;T"'-e: T and e — & then A; '€’ : T/, for
some T/ such that A+ T'<T

Proof. By induction on the reduction e — &', with a case analysis on the reduction
rule used. It extends the proof, [[PWO01] (pp. 435-436), of the corresponding theorem
for FGJ with the following additional case.
Case GR-INVK-ANONYMpga,: Similarly to GR-INVKgq;
e =new {T)(){M}n(V)(d) _ mbody(n{V), new I({T)(){M}) =x.e9
e’ = [d/%,new I(T)(){M}/this]eg
By GT-AnonymlInvye,y, let ef = new I(T)(){M}, we have:

AT Fepm(V)(d):T  T=[V/Y]U
mtype(m, I(T)) = (Y<SP)U—-U
AT el I(T) AFVok AFV<[V/Y]P
A;T'Fe:S AFS<[V/Y|U

By GT-ANONYMNEWy,; we have:
AT ef : I(T)
AFI(T) ok A TFM OKIN I(T)
By Lemma 2, A; I''X: [V/Y|U, this: I(T) I ep: S for some S such that A F S<[V/Y]U.
Then, by Lemma A.2.1 and Lemma A.2.11, A;T" F e : S’ for some S’ such that
A 8'<[V/Y]U, by S-TRANSgq;. O

Lemma 3 (F[] Preserves Types Structure). (a) If A b T < U, then F[A4] +
FIT] < F[U]. (b) If AT ok, then F[A] - F[T] ok.

Proof (Part a) By case analysis on subtypes in Table 5.

Cases S-REFLyg;, S-TRANSpq;, S- VAR are immediate.

Case S-CLASSpg; A C(T) < [T/XN for class class C(X<1N) <IN{...}

By F-rule 11, class C(X < F[N]) < F[N]{...} is in the F-program and by Theorem 9,
F[T] is a type, and by S-CLASSgq;, F[A] F C(F[T]) < [F[T]/X]FIN]

(Part b) By case analysis on well-formed types, and induction on the structure of the
types.

Cases WF-OBJECTyq; and WF-VAR.; are immediate.

Case WF-CLASSgq;, A F C(T) ok for class class C(X<N) <N{...}, AF T ok,
A T < [T/XN. By induction, F[A] + F[T] ok, and by F-rule 11, class C(X <
FIN]) < FIN]{...} is in the F-program, and by part (a) of this Lemma, F[A] +
FIT] < [FIT]/X]F[N]. This completes the case.



Case WF-INTERFrqa; can be proved simply rephrasing the previous case (using inter-
face and I, instead of class and C).

Case WF-CLOSUREpgcy, A F #T(T) ok for types AFT ok AF T ok. By F-rule 2t,
F[#7T(T)] = 1$n(F[T], F[T]) for A =interface I$n(X,X < 0,0){X invoke(X X)} and
n = |T| (and 0 standing for Object). By induction, F[A] - F[T] ok F[A] - F[T] ok
By WE-INTERF: F[A] F I$n(F[T], F[T]) ok (since we can assume?, A T<:Object,
for A and T). O

Lemma 4 (F[] Preserves Term Substitution). F[ [e/x|e | = [F[e]/x] Fle].

Proof By cases on the form of expression and by induction on the structure.
Case e = x. Then either (a) [€/F]e = e; (case x = y,), or (b) [€/F]e = x (case
x #y;, for all i). Hence, (a) F[ [€/y]e | = Fle:] = [Flel/7] Fly;] (by F-rule le); (b)
L [5/7)x | = FIxl = [FIs)/5) Flx.
Case e = eg.f. Then [6/X|eg.f = ([€/X]ep).f, since £ # x; for all i. By F-rule 2e,
Fl([e/%]eo)-£] = F[ [e/%]eo ].£. By induction F[ [e/x|eo | = [F[e]/Z] Fleol, Fl [e/Z]eo-£ ] =
[Flel/x]F[eo]-f- Then, [F[e]/x]F[eo]-£ = [Flel/x]F[eo].[Flel/Z]f, since £ = [F[e]/z]f.
By factoring [F[e]/x]:

(F[81/%\Fleol [F[61/5)2 = (FIe)/F)(Fleol-£) = [FIe] /5 Fle]
Case e = eo.n(T)(€'). Then [¢/x](eom(T)(¢')) = ([€/%]eo).m(T)([¢/x]€’), since m and
T do not contain term variables. Hence, by F-rule 3e, F[([e/%]eo).m(T)([e/x]e")] =
Flle/z]eo] m(T)(F[[e/x]e']), and by induction F[[e/x|eo] = [F[e]/Z]F[eo] and F[[e/x]e'] =
[F[e]/z]F[€'] and by factoring [F[e]/x]:

Fl [e/xle | = [F[el/x]F[eo] m(T)([F[e] /x| F[e'])
= [Fel/xF [eo]. (7 [&] /xIm)(([F[e]/=IT)) ([ [e] /% F[E'])
= [F[el/x](F[eo] m(T))(F[E'])) = [F[e]/%)(F el

Case e = new N(e’). Then [e/x|(new N(e’)) = new N([e]/x]e’), since N cannot contain
term variables. Hence, by F-rule 4e, F[new N([é/%|e')] = new N(F[[e/x]|e’]). By in-
duction F[[e/x[e'] = [F[e]/x]F[e'], and by factoring [F[e]/x], new N(F[[e/x]e']) =
new N([F[e]/x]F[e']) = [F[e]/x]F[new N(&")].

Case e = (N)eo. A rephrasing of the case above where (N), eg and F-rule 5e are replac-
ing new N, € and F-rule 4e.

Case e = ¢(!(€'). Then [e/x]e = [6/X|(e0!(g)) = ([e/X]eo)!([e/x]|e’). Hence by F-rule
6e, F[[e/x]e] = F[[e/x]eo].invoke(F[[e/x]e]). By induction F[[e/x]eo] = [F[e]/X|F[eo]

and F[[e/x]e'] = [F[e]/x|F[€'], we have F[[e/x]e] = ([F[e]/x|F[eo]) -invoke([F[e] /x| F[e']).
By factoring [F[e]/x], ([F[e]/x]F[eo])-invoke([F[e]/ ] F[e']) = [F[e]/x](F[eo].invoke(F[e']).

Then by F-rule 6e,
[7[€]/x](F[eo]-invoke(F[e']) = [F[e] /%] F[eo!(e)] = [F[e] /%] F[e]
Case e = #(T ¥')eg. Then, assumed without loss of generality, x N % = ():
[6/x]e = [6/%](#(T ¥')eo) = #(T X')[e/x]e".
Hence by F-rule Te, with A; '+ e : #T(T) and n = |T|:
Fl[s/ge] = new I$n(F[T]F[T])(){F[T] invoke(F[T] ¥){1 Fls/F5]}.

4 The Java type system includes the axiom on the top class: A - T<:Object. In the type
systems of the calculi, considered in the paper, including FGJ, FGCJ, FGAJ and FGACJ,
the axiom is not included since it would be necessary only because of the simplification done
in the class and interface header structure: forced to have a superclass, i.e. 7 <<N”. In Java,
Object is the default superclass: the same can be in our calculi, or may not since such axiom
is never used in all properties proofs.



By induction F[[e/x]e’] = [F[e]/x]F[e]:
F[le/xle] = new I$n(F[T]F[T])({F[T] invoke(F[T] x'){1 [F[e]/x]F[e']}.
and by factoring [F[e]/x]: B
[F[e]/x](new I$n(F[T]F[T])(O{F[T] invoke(F[T] ¥ ){T F[']} = [F[e]/x)(F [[e]])
Case e = new I(T)(){M}. Then [e/%]e = new I(T)){[e/xM}. By F-rule 8¢, F[[e/x|e] =
new I(T)(){F[[e/xM]}. By induction F[[e/x|M] = [F[e]/x|F[M]:
new I(T)){F[[e/xM]} = new (T)O){[F[e]/x]F[M]}

and then by factoring [F[e]/x]:

new I(T)(){[F[e]/=x)FM] = [F[e]/x](new I(TY){F[M]}) = [F[e]/x]F[e] N

Lemma 5 (F[] Preserves Overriding). Ifoverride(m, N, T) is inferred for a program
in FGACJ then, override(m, F[N], F[T]) is inferred for the F-program.

Proof Immediate since rule OVER involves (type) variable renaming. O

Theorem 8 (F[] Preserves Methods). Let M be a method in a class C (resp. interface
I) of a program in FGACJ. If M OKIN C (resp., M OKIN I) then F[M] OKIN F[C]
(resp. F[M] OKIN F[I]) in the F-program. Moreover, if H OKIN I in the program then
F[H]) OKIN F[I] in the F-program.

Proof We prove separately, the cases of methods definitions in classes, anonymous
classes and interfaces according to the first three rules in Table 4.a.

Case GT-METHODgg;. Let M = (Y <P)T m(T X){T eo;} OKIN C(X <« N). By GT-
METHODyg;, we have for A = X<N, Y<:P, that the followings hold (since it is the
only rule that applies to M): A;X : T,this : C(X) - ey : S, and A F S<T, and
override(m,N, (Y <P)T — Tp). Then, by Theorem 5 we have: F[A];% : F[T], this :
C{X) + Fleo] : F[S]; By Lemma 3 we have: F[A] + F[S]<F[T]; By Lemma 5
we have: override(m, F[N], (Y <« F[P])F[T] — F[To]). Then, by GT-METHODgq;,
FM] oK IN FC].

Case GT-ANONYMggys;. Let M = (Y <P)T m(T X){1 eo;} and for some A, I' and
V, A; T+ M OKIN I(V). By GT-ANONYMpgay, for A = A X<N, Y<P, we have:
A’,F,x : T,this : I(V) F eg : S, and A" F T,T,P ok, and A" F V<[V/X|N,S<T,
and interface I(X < N){H}, and <Y < P)T m(T i) € H. Then, by Theorem 5 we
have: F[A']; F[I'],x : F[T],this : I(F[V]) F Fleo] : F[S]; By Lemma 3 we have:
FlA v F[T], FIT], F[P] ok, and F[A'] - F[V]<F[[V/ XN], F[S]<F[T]. Eventually,
by F-rule 21, interface I(X < F[N]){F[H]} is in the F-program, and by F-rule h,
(Y < FIP])FIT] m(F[T] X) € F[H]. Then, by GT-ANONYMgcas, F[M] OKIN F[I].
Case GT-HEADERygc,4;. Let HOK IN I(X<IN) for a method signature H = (Y<<P)T n(T X)
of an interface in the program. By GT-HEADERp4;, Y<:P,X<:N T, T, P ok holds in the
program, and by Lemma 3, Y<F[P],X<F[N]  F[T], F[T], F[P] ok holds in the F-
program. Hence by GT-HEADERyq,; in the F-program, F[H] 0K IN F[I{X < N)] O

Lemma 6 (F[] Preserves Class Method Types). If mtype(m,N) = (Y <P)U — U
then mtype(m, F[N])= (Y < F[P])F[0] — F[U]

Proof By F-rule 11, if class C(X<IN) </N {S £;K M} is in the program then class C(X <
FIN])<FN] {S] £; F[K] F[M]} is in the F-program, and by F-rule m, if (Y<<P)Um (UX){T
e;} € M then (Y < F[P)F[U] m (F[U] 2){1 Fle];} € F[M]. Hence, by MT-CLASS,



if mtype(m,N) = (Y < P)U — U is inferred from the program then mitype(m, F[N])=
(Y < F[P])F[u] — F[u] is inferred from the F-program. O

Theorem 9 (F[] is Complete and preserves classes and interfaces). (a) Let
u € FGACJ be any term, including types, classes, interfaces, expressions, then Fu]
erists and Flu] € FGAJ. (b) If A - #T(T) ok for some T,T, then A - A 0K for
A =interface I$n(X,X< 0,0){X invoke(X X)}. (¢) If At w OK, then F[A] + Flu] OK

Proof

(Part a). For each syntactic form u of FGACJ exactly one rule of F-system (Table 6)
applies: The rule may requires the application of only a finite number of other rules of
F-system to the sub-terms of u. Let k be the constituent (sub-)terms of u. Then, the
application of the rule may involve no more than the application of k rules in total.
This proves that F[u] exists. Rule 2t removes closure types, F-rule 6e removes closure
invocations, F-rule 7e removes closure expressions, and no rule introduces closure types,
closure invocations, closure expressions. This proves that F[u] is in FGAJ

(Part b). Let #T(T) = w. Then, interface A =interface I$n(X,X<10,0){X invoke(X %)}
is added to the F-program, n = |T| and 0 stands for Object. By GT-HEADERgg;(since,
X<:0,X<:0 F X,X ok), and by GT-INTERFpga;: A OK.

(Part ¢) We have two cases.

Case class C(X < N) <N {T £;K M} = u. By GT-CLASSpq;, and by Lemma 3, X <:
FIN] + FN], F[N], F[T] ok, and by Theorem 8, F[M] OKIN C(X < F[N]). Moreover,

Flfields(N)] = F[U] g, and F[K] = C(F[U] g,]—'[[ ] £){super(g); this.f = £; } are easy
to obtain. Hence, by GT-CLASSgq;, class C(X <1 FN]) < F[N] {F[T] £; ]-'[K] FM]} oK.

Case interface I(X < N){H} = u. By GT-INTERFyq,,, and Lemma 3, X <: F[N] F
F[N] ok, and Theorem 8, F[H] 0K IN I(X<F[N]).Hence, by GT-INTERFyg,;, interface

1(X < F[N]) {F[H]} 0K O

Theorem 10 (F[] is Idempotent). Let w € FGACJ. Then F[F[u]]=F[u]

Proof By case analysis on the last F-rule used and induction on the application of F
to the subterms of w.

Case 1t. Trivial

Case 2t. Let u = #5(8). Let Z = F[F[u]]. By F-rule 2t, Z = F[I$n(F[S]F[S])]. By F-
rule 3t, and then, by induction, Z = ISn(F[F[S]]F[F[S]]) = I$n(F[S]F[S]) = F[u].
Case 3t. Immediate by induction.

Case 1l. Let u = class C(X < N) <N {T £;K M}. Let Z = F[F[u]]. By F-rule 1l
Z = Flclass CX <1 F[N]) < F[N] {}"[[ﬂ] £; FIK] F[M]}]. By F-rule 1], Z = class C(X <
FIFIN) <« FIF [[ N AFIFITN £ FIF K] FIFM]}- Then, by induction, Z = Fu].

|
Case 21. Let u = interface I(X < N){H}. Let Z = F[F[u]]. By F-rule 21, twice,
Z = interface I<X < FIFIN]DAFIFH]]} Then, by induction, Z = interface I(X <
FEFEY.
Case k. Let u = C(T £){super(f); this.f = £; }. Let Z = F[F[u]]. By F-rule k, twice,
Z = C(F[F[T]] £){super(f); this.f = £; }. Then, by the induction, Z = C(F[T] £){super(f); this.f =
£;} = Flu].
Case m. Let u = (X< N)T n(T 2){1 e}. Let Z = F[F[u]]. By F-rule m, twice, Z =
(< F LA FIFIT] n(FIFIT] D1 FIFe]]). Then, by induction FLF[N] = F[1,
FIFIT]) = FIt], FIFIT] = FI71, F[FTell = Flel, we have Z = X< F[W])) F[T] m(F[T] 2){1



Flel} = Flu].

Cases h, le-5e and 8e are proved by trivial re-phrasings of the proof of the above case.
Case 6e. Let u = eg!(e). Let Z = F[F[u]]. By F-rule 6e, Z = F[F[eo].invoke(F[e])].
By F-rule 3e, Z = F[F[eo]].invoke(F[F[e]]). By induction F[F[eo]] = Fleo] and
F[F[el] = Flel, we have Z = F[eo].invoke(F[e]) = F[u].

Case 7e. Let u = #(T X)e, with |T| = n and A;I" F e : #T(T), for some A and I
Let Z = F[F[u]]. By F-rule Te, Z = F[new I$n(F[T]F[T])(){F[T] invoke(F[T] x){T
Fleol}}]- By F-rule 8e, Z = new I$n(F[F[T]F[T]]) O{F[F[T] invoke(F[T[x){T F[e]]}}.
By induction F[F[T]F[T]] = F[F[TT]] = F[TT], by F-rule m on invoke, by
induction F[F[T]] = F[T], FI[F[T]] = F[T] and F[F[e]] = F[e], we have Z =
new I$n(F[TT]) O{F[T] invoke(F[T] D){T Flell}} = Flu]. O
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