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Abstract

We propose a Java-like language where class definitions are first
class values and new classes can be derived from existing ones
by exploiting the full power of the language itself, used on top of
a small set of primitive composition operators, instead of using a
fixed mechanism like inheritance.

Hence, compilation requires to perform (meta-)reduction steps,
by a process that we call compile-time execution. This approach dif-
fers from meta-programming techniques available in mainstream
languages since it is meta-circular, hence programmers are not re-
quired to learn new syntax and idioms.

Compile-time execution is guaranteed to be sound (not to get
stuck) by a lightweight technique, where class composition er-
rors are detected dynamically, and conventional typing errors are
detected by interleaving typechecking with meta-reduction steps.
This allows for a modular approach, that is, compile-time execu-
tion is defined, and can be implemented, on top of typechecking
and execution of the underlying language. Moreover, programmers
can handle errors due to composition operators.

Besides soundness, our technique ensures an additional impor-
tant property called meta-level soundness, that is, typing errors
never originate from (meta-)code in already compiled programs.

Categories and Subject Descriptors D.3 Programming Lan-
guages [Language Constructs and Features]

Keywords Java, meta-programming, module composition

1. Introduction

The recognized need of going beyond inheritance has led, in the
last years, to a variety of proposals for improving the flexibility
and expressivity of object-oriented programming, such as, e.g.,
mixin classes [4, 16], virtual classes [12, 13], generic classes as
in Java 5, mixin modules [5, 14] and other proposals for adding a
module/component level [1, 25], traits [11, 15, 24, 27].

All these proposals share a common limitation: users are pro-
vided with a fixed set of composition mechanisms.

A natural way to overcome this limitation is to allow program-
mers to write (meta-)code that can be used to generate customized
code. However, meta-programming techniques provided in main-

[Copyright notice will appear here once ’preprint’ option is removed.]

stream Java-like languages,' such as template meta-programming
in C++, can be very difficult to understand, since their syntax and
idioms are esoteric compared to conventional programming, and
well-formedness of generated code can only be checked “a posteri-
ori”, making the whole process hard to debug.

In this paper, instead, we propose a limited meta-programming
approach which is meta-circular® and sound. That is, respectively:

e Class definitions® are first-class values, hence new classes can
be derived from existing, rather than by a fixed mechanism like
inheritance, by exploiting the full power of the language on top
of a small set of primitive composition operators, as in [7, 8,
21]. Hence, compilation of a class table requires to perform
(meta-)reduction steps, by a process that we call compile-time
execution.

e Well-formedness of generated code is checked during compile-
time execution itself, making the process easy to debug.

Here, rather than guaranteeing soundness employing (only)
static checks, that would require a sophisticated type system with
structural types for meta-expressions, we propose a lightweight
solution, called checked compile-time execution, where typecheck-
ing at the conventional level is the standard one. However, meta-
reduction steps are always perfomed on typechecked code, hence
are safe. Type checking at the level of class composition opera-
tors, instead, is dynamic, that is, performed during meta-reduction.
The motivation is twofold: to allow a modular approach, that is,
compile-time execution is defined, and can be implemented, on top
of typechecking and execution of the underlying language; and to
allow programmers to handle composition errors, e.g., by relying
on the Java exception mechanism.

Besides soundness, our technique ensures an additional impor-
tant property called meta-level soundness. Intuitively, typing errors
found during compile-time execution never originate from library
(meta-)code, that is, programs which have already been compiled.
This is not granted by other approaches like C++ templates.

We formally describe our approach by defining a calculus,
called METAFJIG, where class definitions are first-class values
which can be combined by using four primitive operators, namely
sum, restrict, alias, and redirect. The conventional (that is, exclud-
ing meta-level features) fragment of METAFJIG is a subset of FJIG
[21, 22], a Java-like calculus in the spirit of Featherweight Java
[18] (FJ for short), where inheritance has been generalized to the
much more flexible notion originally proposed in Bracha’s Jigsaw

I By Java-like languages we mean object-oriented class-based languages
with nominal types, such as Java, C++ and C#.

2 Meta-circular languages are also called homogeneous, see, e.g., [29].

3 But not other kinds of language terms: in this sense the meta-programming
approach is limited.
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framework [8]. Here, for sake of simplicity, we have omitted some
FJ1G features which are not relevant for the present work.

To show the effectiveness of our technique, we have imple-

mented a prototype compiler, which can be downloaded (along
with its sources and some examples) at:
http://wuw.disi.unige.it/person/ServettoM/MetaFJig/.
This prototype compiler supports a superset of the language used in
the formal description, including primitive types int and boolean,
predefined classes Object, RuntimeException and String, arrays,
void methods, statements if, while, try-catch, for-each, variable
declaration and assignment.

The conventional and meta-level features of METAFJIG are
informally presented in Section 2.1 and Section 2.2, respectively,
whereas Section 2.3 shows some applications. The examples are
written in the extended syntax supported by the prototype compiler,
hence they can all be tested. Section 3 contains the definition
of the calculus. Section 4 formally defines checked compile-time
execution and states its properties. Section 5 describes how the
prototype compiler works, notably explaining how it is built on
top of Java compiler and Java Virtual Machine. Finally, Section 6
outlines related and further work.

A very preliminary presentation of the ideas in this paper has
been given in [20, 23].

2. An informal introduction
2.1 Primitive composition operators

In METAFIJIG, a class declaration associates an expression of prim-
itive type class with a class name. The simplest form of such
an expression is a class constant, which is similar to a Java class
body and contains, besides other components explained later on,
abstract or defined member (field or method) declarations.

The following example shows two class declarations where
class constants are directly associated to class names.

class A = {

abstract int m1();

int m2() { return m1() + 1; }
}
class B = {

abstract int m2();

int m1() { return 1 + m2(Q); }
}

These two classes are abstract (hence cannot be instantiated).

Compound expressions of type class can be constructed using
primitive composition operators. For instance, a concrete class can
be obtained from those above by applying the sum operator as
follows:

class Sum = A [+] B
This declaration is reduced to the following:

class Sum = {
int m1() { return 1 + m2(Q0); }
int m2() { return m1() + 1; }
}

Conflicting definitions for the same member are not permitted,
whereas abstract members with the same name are shared. Be-
sides sum, METAFJIG provides other three primitive composition
operators: restrict, alias, and redirect, which take as arguments a
class and one or two (member) names, that is, expressions of prim-
itive type name. The restrict operator removes a definition, making
the corresponding member abstract. The alias operator adds a def-
inition for an either abstract or new member, duplicating that of an
existing member. The redirect operator replaces all the internal ref-
erences (in method bodies or field initialization expressions) to an

abstract member name by a different name, and removes its decla-
ration*. For instance,

class Restrict = Sum[restrict $mi]
class Alias = Al[alias $m2 to $mi]
class Redirect = A[redirect $ml to $m2]

is reduced to

class Restrict = {
abstract int mi1();
int m2() { return mi1() + 1; }

}
class Alias = {
int m1() { return m1() + 1; }
int m2() { return m1() + 1; }
¥
class Redirect = {
int m2() { return m2() + 1; }
¥

The notation $n is used for the constant of type name corresponding
to name n.

These four primitive operators are a minimal, yet very expres-
sive set. Sum, restrict’ and alias are very similar to the trait opera-
tors defined in [11], with the difference that they uniformly work on
fields as well, as shown below. Other trait-based languages [7, 26]
also include a rename operator. We prefer to have the redirect oper-
ator since it is conceptually more primitive, and it allows to express
many different forms of renaming, see the examples in Section 2.2.5

In METAFIJIG, as in FJIG, the modifier abstract applies to
fields as well, as shown by the following example which also
illustrates how constructors work.

class Al = {
abstract int f1;

int £2;
constructor (int x) { f2 = x; }
int m() { return f1 + f2; }
¥
class Bl = {
int £f1;
abstract int f2;
constructor (int x) { f1 = x + 1;}
} [+1 A1

A class constant defines one’ constructor which specifies a se-
quence of parameters and a sequence of initialization expressions,
one for each non-abstract field. We assume a default constructor
with no parameters for classes having no defined fields. In order
to be composed by the sum operator, two classes should provide a
constructor with the same parameter list. The effect is that the re-
sulting class provides a constructor with the same parameter list,
that executes both the original constructors.

Classes composed by sum can share the same field, provided it
is abstract in all except (at most) one. Note that this corresponds to
sharing fields as in, e.g., [6]; however, in our framework we do not
need an ad-hoc notion.

4Unless it is a member of a supertype, see later on.

5 Restrict is called exclude in trait literature; here we prefer to stick to the
original name in Jigsaw [8].

%In METAFJIG we have omitted some FJIG features not relevant for the
present work. Notably, in Jigsaw and FJIG defined members can be virtual,
frozen or local, whereas here they are all implicitly virtual. As a conse-
quence, METAFJIG does not include the freeze primitive operator which
allows to express, e.g., member hiding. Moreover, the reduct operator of
FJ1G, handling maps from names into names, has been replaced by three
operators which handle single names (restrict, alias and redirect). They pro-
vide the same expressive power and are more convenient for the meta-level.

7 As in FJ and differently from Java, overloading is not allowed.
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METAFJIG keeps the Java nominal approach, that is, types
are class names. However, desired subtyping relations must be
explicitly written by the programmer, by declaring a set C ... Cy,
of supertypes, introduced by the keyword implements, in a class
constant. This is also used to typecheck occurrences of this inside
method bodies®, as illustrated by the example below.

class C = {
abstract int m1();
abstract int m2();

}

class D = implements C {
abstract int m1();
int m2() { return 1 + m1(Q);}
C m() { return this; }

}

The type system checks, for each C;, that the subtyping relation can
be safely assumed, that is, members of C; are members of the class
constant as well’. We assume as default supertype the predefined
class Object with no members.

To conclude this overview of the conventional features of
METAFJIG, note that m(. . .) is not a shortcut for this.m(. ..), but
a different form of invocation, called internal, whereas this.m(. . .)
is a special case of client invocation where the receiver is the cur-
rent object. Only the former is affected by composition operators.
For instance, with C as above:

class D2 = implements C{

abstract int m1();

abstract int m2();

int m3(D2 x){return m1() + x.m1()+ this.m1();}
}[$m1 redirect $m2]

is reduced to

class D2 = implements C{

abstract int mi1();

abstract int m2();

int m3(D2 x){return m2() + x.m1()+ this.m1();}
}

However, this difference is no longer relevant when all class defi-
nitions have been reduced to class constants.

2.2 Meta-level features

Since class is a primitive type of the language, a class definition

can be the result of a method. For instance, in the following meta-
10

program
class C = {
class m() {
return { int one() { return 1; } };
}
}
class D = new C().m()

method m returns a value of type class. This value is a class con-
stant declaring the method one. Class D is defined by an expression
that has to be evaluated in order to obtain the corresponding class
constant. In this example, the definition of D is the value returned
by the method m of C, so this program could be equivalently written
as:

class C = /*
class D = {

.as before... */
int one() { return 1; } 1}

8 See rule (THIS-T) in Figure 6.

9 Formally, that the type of this is subtype of the structural type of C;, see
rule (CLASS-T) in Figure 5.

10 A METAFJIG meta-program is an arbitrary sequence of class declara-

tions, whereas a program is a sequence where all right-hand-sides are class
constants.

One very basic use of this mechanism allows to obtain conditional
compilation. For instance:

class C = {
class m() {
if (DEBUG) return /#*debug version#*/;
else return /*release wversion*/;
}
¥

The following method:

class mixinFoo(class parent) {
return { /#* ¥/ } [+] parent;
}

behaves like a mixin class, extending in some way a parent class
passed as argument'".

The class to be used as parent could be constructed, having
a class ClassList implementing lists of classes, by chaining an
arbitrary number of classes:

class chain(ClassList parents){
if (parents.isEmpty()) return {};
else return parents.head() [+]
chain(parents.tail());

}

This is indeed similar to mixin composition, with the advantage
that the operands of this arbitrarily long composition do not have
to be statically known.

We show now how to derive other useful composition operators
from the primitive ones. To this end, we use an additional primitive
operator members which returns the array of member names of a
class, omitted in the formalization in Section 3 since it poses no
significant new technical problems. This operator allows to emulate
a type-driven translation. Moreover, we use the following class

class IsDefined = {
boolean apply(class c, name n) {
try{c[restrict nl;
return true;l}
catch(RestrictException e){return false;}

}

which defines an operator'? which checks whether a member is
defined (that is, declared and non abstract) in a class. This operator
can be derived from the restrict operator, which throws an exception
when invoked on a non defined member.

The following class defines the override '* operator as the com-
position of restrict and symmetric sum [8].

class Override = {
class apply(class h,class p){
for (name n:h[members])
if (new IsDefined().apply(h,n) &&
new IsDefined().apply(p,n))

p=plrestrict nl;

try{return h [+] p;}

catch (SumException se){

throw new OverrideException("...");
}
}
}
class OverrideException=
implements CompositionException{...}

' Instead of sum, we should more appropriately use the derived override
operator described in the sequel.

12 The operators in this sequence of examples should better be implemented
as static methods, but these are not supported yet by our prototype.

13 Corresponding to Java extends.
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For all members which are defined both in “heir” h and in “parent”
p, the definition in p has to be removed. An exception can still be
raised if some member is declared in both with different types.'*
The predefined CompositionException should be a supertype of
all the exceptions modeling composition errors.

The following class defines a rename operator as, e.g., in [7].

class Rename = {
class apply(class c, name o, name n){
if (!isIn(o,c[members]))
throw new RenameException("...");
if (o==n)return c;
if (isIn(n,c[members]))
throw new RenameException("...");
if (new IsDefined.apply(o,c))
c=cl[alias o to n][restrict ol;
return cl[o redirect n]l;
}
boolean isIn(name n,name[] ns){...}

}

The operator can be applied only if the old name o is declared in
c and the new name n is not. If o is defined, then its definition is
moved to n. Finally, the occurrences of (now certainly abstract) o
as internal references are replaced by n.

The following classes define two less standard operators.

class StrongAlias = {
class apply(class c, name o, name n){
try{return cl[alias o to nl[restrict ol
[n redirect o][alias n to o]l;}
catch(CompositionException ce){
throw new StrongAliasException("...");

}

class Unbind = {
class apply(class c, name o, name n){
try{return StrongAlias.apply(c,o,n)
[restrict nl;}
catch(CompositionException ce){
throw new UnbindError("...");
}
}
}

The former is a variant of alias which also replaces internal refer-
ences'>. This operator works in four steps: duplicates the definition
of o as n, removes the definition of o, redirects the (now abstract)
name o to n, and finally restores the original definition of o.

The latter replaces internal references to a defined member o
by a new name n. This effect can be obtained by first applying
StrongAlias, then removing the definition of n. This operator has
been introduced in [5] to deal with unanticipated code modification
due to poor design. The converse operator, which binds internal
references to an existing defined member, is a special case of
redirect.

2.3 Real world examples

The following example is a graphical library that adapts itself with
respect to its execution environment, without requiring any extra-
linguistic mechanisms:'

14 See rule (SUM-ERROR) in Figure 2.

15 A similar operator is defined in [24], but only affects internal references
appearing in the body of the method itself.

16 To keep the example compact, we do not detail all the classes named in
the example, and we simply assume that they are declared elsewhere.

class Graphicallibrary = {
class producelibrary () {
class result = BaseGraphicallibrary;
String producer =
System.getProperty ("sys.vcard.brand");
if (producer.equals ("NVIDIA"))
result = NVIDIASupport [+] result;
else if (producer.equals("ATI"))
result = ATISupport [+] result;
else
throw new UnsupportedHardwareException (
"No compatible hardware found");
if (System.getProperty("os.name")
.contains ("Windows"))
result = CygwinAdapter.adapt(result);
return result;
}
}

The method produceLibrary builds a platform-specific library by
combining the generic library BaseGraphicalLibrary with the
brand-specific drivers (represented by the two classes NVIDIASupport
and ATISupport) and wrapping the result, if required on the spe-
cific platform, with the class CygwinAdapter, which emulates a
Linux-like environment on Windows operating systems.

In this way the compilation of the same source produces cus-
tomized versions of the library depending on the execution plat-
form. In other words, this approach can be used to write active
libraries [9], that is, libraries that interact dynamically with the
compiler, providing better services, as meaningful error messages,
platform-specific optimizations and so on.

Finally, one simple and interesting application is in managing at
compile-time external applications like databases. For instance, the
following class DBRecord provides the method create that, taken
a table name, produces a class which mimics the structure of the
table.

class DBRecord = {

StringClassMap map=...

//{"int"->{int n;constructor(){n=0;}},
//"String"->{String n;constructor (){n="";}11,
/7 ks

class create(String table){

TableStructure structure=
DB.getTableStructure (table);
class result={};
for(Column c:structure.getColumns ())
result=result [+]

Rename.apply (map.get(c.type),$n,c.name);

return result;
}
}

The create method takes the name of a table, and for all the
Column c of such table adds to the class stored in result a field
with the type and name of c.

Many applications rely on the fact that the shape of some
database table is known and immutable, but with conventional ap-
proaches the programmer needs to duplicate the structure of the
external table in the code, and checks on the table shape are per-
formed only at runtime. With our approach, instead, a class defined

by
class Foo = DBRecord.create("Foo")

will have the shape of the table "Foo" in the DB. That is, the
following code:

int m(Foo x){return x.bar;}
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will be successfully compiled only if the table "Foo" has a field bar
of type int. That is, checks on the table shape are performed at
compile-time.'”

The two examples above also show that our approach allows, in
a statically typed setting, an expressive power which is typical of
dynamically typed languages.

3. The language

3.1 Syntax and reduction rules

In Figure 1 we give the syntax of METAFJIG. We use the bar
notation for sequences, e.g., d is a sequence of declarations d.

We assume infinite sets of class names C, (member) names n, and
variables x.

mp = class C=e meta-program

» = class C=c program

c = implements C'{k d} class constant

k = kh{fe} constructor

kh == constructor(ﬂ) constructor header

fe = f=e; field expression

d u= ad| fd|md declaration

ad = abstract fd | abstract mh; abstract declaration

fd == Tf; field definition

mh == Tm(Tz) method header

md = mh{returne;} method definition

T = (| name | class type

e = z|f|m(e expression (conventional)
| e.f | e.m(€) | new C(e)
| C (jTe) expression (pre-object)
[n| C|clel+]e expression (meta-level)
\ ey [alias e3 to 62]
‘ el [restrict 62]
\ ey [redirect ez to 63]

f = n field name

m = n method name

v = C(v)|n|c value

fo n= f=v; field value

Figure 1. Syntax

A meta-program is a sequence of class declarations, where an
expression is associated to a class name. A program is a meta-
program where all these expressions are class constants.

A class constant declares a sequence of supertypes, a construc-
tor, and a sequence of (member) declarations, which can be either
abstract or non abstract (member definitions). The first component
means that the type of this must be a subtype of (the structural
type of) C' for each class name C in the sequence. This informa-
tion is needed to typecheck occurrences of this in method bodies,
see [7, 22]. There is no overloading, hence a class has only one
constructor. However, differently from FJ, where this unique con-
structor has a canonical form, there is no a priori relation among the
parameter list and the constructor body which is a sequence of field
expressions associating (initialization) expressions to field names.
Members can be fields or methods, and member declarations are in
the style of FJ.

17 However, since the table shape can change after compilation, the code
that reads the table will perform integrity checks at runtime.

Sequences of class declarations, this supertypes, declarations,
and field expressions are considered as sets, that is, order and repe-
titions are immaterial. Moreover, in a well-formed (meta-)program,
a class name cannot be declared twice, that is, a (meta-)program is
a map from class names to expressions, hence we can safely use the
notation mp(C'). Analogously, no member can be declared twice
in a class constant. This implies that, differently from Java, there is
no method overloading, and there is no overloading between field
and method names. However, for better readability, we will use the
metavariable f when a name is used for a field, m for a method.
A parameter name cannot be declared twice in a constructor or
method header. Finally, a field name cannot appear twice in a se-
quence of field expressions, hence we can safely use the notation
fe(f), and there is exactly a field expression in the constructor for
each non abstract field.

Types are class names and the primitive types name of names
and class of classes.

Expressions in method bodies include conventional constructs,
pre-objects, and meta-expressions.

Conventional constructs are similar to those of FJ. We omit
cast for simplicity since it is not relevant for our technical treat-
ment; moreover, we distinguish between internal field accesses and
method invocations, which have the current object this as implicit
receiver, and external field accesses and method invocations which
have an explicit receiver. As explained at the end of Section 2.1,
only internal references are affected by composition operators.

Pre-objects are runtime expressions which cannot be written
in programmer’s code, but are obtained by reducing a constructor
invocation. Indeed, since the constructor has no canonical form, we
need two different syntactic forms [21, 22], differently from FJ.

Meta-expressions are names, class names, class constants, or are
constructed by the four operators sum, reduct, alias, and redirect.
The behaviour of these operators will be described when explaining
the corresponding reduction rules.

In the concrete syntax used by the prototype, we use the notation
$n for the constant meta-expression denoting the name n, which
needs to be distinguished from the conventional expression 7,
which is an internal field access expected to be bound to a field
name existing in the current scope.

Values are objects, names and class constants. Objects are pre-
objects where all field expressions are (recursively) values.

In Figure 2 we give the rules which define the reduction of an
expression e in the context of a program p. We omit standard rules
for contextual closure and error propagation.

We use the following notations, informally defined for brevity
(formalization is straightforward):

* mbody,(C,m) gives parameters and body of method m in
class C'in p;

e ¢ is the expression obtained from e by replacing internal ref-
erences (that is, internal field accesses and method invocations)
by the corresponding external versions with receiver this;

names(d), abs(d) and def (d) is the set of all, abstract and de-

fined names declared in d, respectively; names(p, C')=names(d)

if p( C):implements _{_g};

if n€names(d), then mtype(n, d) is its type (member types
are defined in Figure 3);

o EHE/ means that d and d are non conflicting, that is,
def (d)Ndef (d')=0, and coherent, that is, for all
nenames(g)ﬂnames(gl), mtype(mg):mtype(n,gl);

® d[restrict n] is obtained from d by making abstract the non
abstract declaration of n, if any, or removing the abstract dec-
laration of n, if any; analogously, fe[restrict n] is obtained
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mbody, (C, m)=z;e

(CLIENT-FIELD) —C(}TU) f — fo(f)=v (CLIENT-INVK) v.m(ﬁ) T>é [ﬁ/f]['u/this] v=C(_)

p(C)=implements _{constructor(_=z..._=z,){fe}d}
OBJ-CREATION — bs(d) =0 C-NAME) — (C): >
T et O@) o CelT/a]) e o TG e MO

El HEQ

(sum)

—~implements C1 C2{kh{fe, fe,} E;E;}

implements C1{kh{fe,} d1}[+]implements C2{kh{fe,} d2}

d\=d,[restrict def(d2)]
‘dy=ds[restrict def(d1)]

kh1#kho or

(SUM-ERROR)

implements _{kh1{_} d1}[+]implements _{kh2{_} d2} —prerror

(RESTRICT)

implements C{kh{fe} d}[restrict n]

—>implements C{kh{fe[restrict n]} d[restrict n]}
ngdef(d)

(RESTRICT-ERROR)

implements _{_E} [restrict n] ——rerror

El»H'E2

ncdef (d)

nedef (d)

(ALIAS)

implements E{kh{}Te} E} [alias n to n']

n'¢def (d) _ _
n'Eabs(d) implies mtype(n, d)=mtype(n’, d)

—~implements C{kh{fe}[alias n to n'] d[alias n to n']}
n¢def (d) or

(ALIAS-ERROR) g 7
implements _{_ d}[alias nton } —prerror

n€abs(d)

n/Edef(Elor _
mtype(n, d)#mtype(n’, d)

n’ €names(d) implies mtype(n, d)=mtype(n’, d)

(REDIRECT)

implements E{k E} [redirect m to n']
——implements C{k El}

ISH

(REDIRECT-ERROR)

implements ?{_E} [redirect m to n'] —prerror

— _ | d[redirect n to n'][restrict n] if ngnames(p, C)forall CEC,
" | d[redirect n ton’]

otherwise

nﬁabs(g)gr _
mtype(n, d)#mtype(n’, d)

Figure 2. Reduction rules

from fe by removing the field expression for n, if any; these
notations are generalized to set of names;

e d[alias n to n'] is obtained from d by adding a definition for
n’ equal to that for n, and removing the abstract declaration for
n’, if any; analogously, fe[alias n to n'] is obtained from fe
by adding a field expression for n equal to that for n, if any;

® d[redirect n to n'] is obtained from d by replacing internal
references to n in method bodies by n’, and adding an abstract

declaration for n’ if n'¢names(d).

The first three rules define reduction of conventional constructs.

There are no reduction rules for variables (parameter names)
and internal field accesses and method invocations since those
appearing in a method body are replaced at invocation time'®, see
(CLIENT-INVK).

Rules (CLIENT-FIELD) and (CLIENT-INVK) are as in FJ, with
the difference that, since there is no inheritance, method look-up
(modeled by mbody) is trivial, and method body e is transformed
in é.

Rule (OBJECT-CREATION) is straightforward and reduces a
constructor invocation into the pre-object obtained by replacing
parameters by corresponding arguments in the constructor’s body.

18 Indeed, as explained at the end of Section 2.1, the difference between, say,
f and this.f is only relevant for composition operators, notably redirect.

Note that only classes with no abstract members can be instanti-
ated.

The following rules define reduction of meta-expressions, that
is, expressions of type class.

Rule (C-NAME) reduces the name of a class declared in the
program into the corresponding definition.

For each composition operator there are two rules, the latter
corresponding to the case when the operator cannot be performed,
hence an error is raised. In the prototype compiler, of course, a
different predefined exception is thrown for each operator.

The sum operator merges two class constants, as shown in rule
(SUM). The arguments must have the same constructor header',
non conflicting and coherent declarations, that is, no member can
be defined in both and, if declared in both, it must have the same
type. Then, the result has the constructor header of the arguments,
the (disjoint) union of the field expressions, the (disjoint) union
of the defined members, and the union of the declared members,
which are abstract only if abstract in both arguments. Note that the
side conditions ensure well-formedness of the result. If one of the
side conditions does not hold, then rule (SUM-ERROR) is applied.

The restrict operator replaces the definition of n by the corre-
sponding abstract declaration, as shown in rule (RESTRICT). If n is

191n order to make equal the constructor header of two classes, FJIG [21,
22] provides a constructor wrapper operator, omitted here for simplicity.
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A = C:.CT class type environment

CT == C;T;ck;X classtype

ck = a|-a class kind

b = n:MT signature

MT == T|T— T membertype

II v= T parameter type environment

Figure 3. Type environments

a field, its initializiation expression is removed as well. If 7 is not
defined, then rule (RESTRICT-ERROR) is applied.

The alias operator adds a definition for n’, by duplicating that
existing for n. The name n’ can be either new or abstract, in which
case the definition replaces the previous abstract declaration, and
the two must be coherent. If n is a field, then the initialization
expression is duplicated as well. Note also that, if n is a method,
then recursive internal references to n in its body are not affected
when the body is duplicated for n’. If n is not defined, or n’ is
already defined, or its declaration is not coherent with the definition
of m, then rule (ALTAS-ERROR) is applied.

The redirect operator replaces internal references to abstract
member n in method bodies by n’. If n’ was not a member yet, then
a corresponding abstract declaration for n’ is added. Otherwise,
the declaration of n’ must be coherent with that of n. The abstract
declaration for n is removed, unless it is required by the assumption
that, for all C€C, C can be safely assumed as supertype for this,
that is, all members of C' have a (coherent) declaration in d as well.
If n is not abstract, or the declaration of n is not coherent with that
of n’, then rule (REDIRECT-ERROR) is applied.

3.2 Type system

Type environments are defined in Figure 3.

A class type environment is a sequence of associations from
class names to class types, assumed to be a map. A class type is a
4-tuple, consisting of the supertypes (a sequence of class names),
constructor type (the sequence of constructor parameter types), the
class kind (abstract or non abstract) and the class signature. A sig-
nature is a sequence of associations from member names to mem-
ber types, assumed to be a map. A field type is just a type, whereas a
method type is a pair consisting of the sequence of parameter types
and the result type. Finally, a parameter type environment is a se-
quence of associations from variables (parameter names) to types,
assumed to be a map.

We distinguish two notions of typing for METAFJIG programs:
(standard) well-typedness and strong well-typedness. The differ-
ence is illustrated by the following example. In the program

class D = {int foo(){return 0;}}
class C = {int m(){return new D().bar();}}

the class constant used as definition of C is ill-typed (there is no
method bar in class D), hence the whole program is ill-typed.
However, a similar program where the ill-typed class constant is
only used as meta-expression, as the following:

class D = {int foo(){return 0;}}
class C = {class m(){return
{ int n(){return new D().bar ();}}
}}

is considered well-typed, but not strongly well-typed.

We denote the two typing judgments by F and F, respectively,
to suggest that class constants must denote well-typed classes in
the former case only when used as class definitions (that is, at
level 0), in the latter case at any inner meta-level. Well-typedness is
enough to guarantee (standard) soundness, see Theorem 1. Strong

(cLASS-CONSTANT-TO ) 0 — Ug dom(A)
A; s _I—implements C{_ _}:class
*
AbFc:CT
(FLASS—CONSTA.\IT—T*) *
A;_;_;_Fciclass

Figure 4. The two typing rules for class constants
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Figure 5. Typing rules for programs and classes

well-typedness is needed to guarantee meta-level soundness, an
additional important property discussed later on, see Theorem 7.

Formally, the only difference in the definition of the two judg-
ments is in the rule for typing class constants, whose two versions
are given in Figure 4.

In order to be a well-typed class meta-expression, the only con-
dition a class constant must satisfy is that class names appear-
ing as this supertypes actually exist, as shown in rule (CLASS-
CONSTANT-T?). This condition is necessary to perform the check
required in rule (REDIRECT), otherwise reduction could go stuck.
Instead, rule (CLASS-CONSTANT-T*) states that a class constant is
a strongly well-typed meta-expression if it is well-typed as class.

The other rules are given in Figure 5 and Figure 6, where

must be replaced by © and F, respectively. We use the following
notations:

o 2% s the signature extracted from d, that is, EE( n)=mtype(n, d);

e CTF¢ is the class type extracted from c, that is,
CT=C; T ... Tn;ck; 3¢
if c=implements C'{constructor( Ty i ... Ty 2,){_} d}, with
ck=a if abs(d)#0, ck=—a otherwise;

e AP is the class type environment extacted from p, that is,
AP(C)=CT if p(C)=c;

¢ if A(C)=C; T; ck; 3, then ktype(A, C)=T, sig(A, C)=X,
kind(A, C)=ck;

e mtype(A, C,n)=sig(A, C)(n).

Rules in Figure 5 define the typing judgment A F p, meaning
that program p is well-typed w.r.t. the class type environment A,
modeling external libraries, and the typing judgments for classes,
method definitions and constructors.

The rules are straightforward. Note the side-condition in rule
(CLASS-T) checking that the signature of the class is actually a
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(META-RED)

pclass C=e mp —> pclass C=¢’' mp

Figure 7. Compile-time execution

subtype of the signature of all this supertypes.”’ The (standard)
definitions of the nominal subtyping relation A + T<T’ and
of the structural subtyping relation A - <Y’ are given in the
Appendix, Figure 11. Also note, comparing the form of typing
judgment for expressions explained below with the premise of rule
(CONs-T) that, as expected, field expressions can neither contain
internal references (X=0), nor this (C'=0). o

Rules in Figure 6 define the typing judgment A;3;1I; C' +
e: T, meaning that expression e has type 1" w.r.t. the class type en-
vironment A, needed to typecheck client field accesses and method
invocations, and constructor invocations, the signature 3, needed to
typecheck internal field accesses and method invocations, the pa-
rameter type environment II, needed to typecheck variables, and
the sequence of class names C, needed to typecheck this occur-
rences.

The rules are straightforward.

The type system is sound, as formally stated by the following
standard theorem.

Theorem 1 (Soundness). If(DQp, A”;@;(Z);Q)ﬁe:T, and e 5>é,

. ’ . n / " "
then either e’ is a value, or e’ is error, or e ——=>e’ for some e’

As usual, soundness can be derived from progress and subject
reduction properties.

Theorem 2 (Progress). If@lgp and A?;0; 0; oe: T, then either e

is a value, or e is error, or e ——¢’ for some ¢’

Theorem 3 (Subject reduction). If 0|9p, AP 0;0; @IEe:T, and
e —e’, then AP; (; D; (mge':T’for some T' s.t. AP = T'<T.

The proofs are a simplified version of those for FJ. Indeed,
METAFJIG programs can be roughly seen as FJ programs with
no inheritance and two primitive types.

4. Checked compile-time execution

We consider now meta-programs, that is, sequences of class dec-
larations where arbitrary expressions, rather than class constants,
are associated to class names. A meta-program can be reduced to a
program by a process that we call compile-time execution, formally
modeled by the relation mp — mp’ defined in Figure 7. As mod-
eled by (META-RED), the right-hand-side of a class declaration can
be reduced in the context of the program part of the current meta-
program.

However, soundness of compile-time execution is not guaran-
teed, that is, reduction could get stuck, or produce as right-hand-
side of a class declaration a value different from a class constant,
or a class constant denoting an ill-typed class.

To prevent these error situations, different approaches are pos-
sible. In this paper, rather than guaranteeing soundness by (only)
static checks, which would require a sophisticated type system
with structural types, we propose a simple solution, called checked
compile-time execution, which integrates meta-reduction with type-
checking steps. If typechecking fails, then the program reduces to
errorT. The advantage is that the technique can be modularly de-
fined*' on top of an arbitrary Java-like language.

20 Analogously to implemented interfaces in Java.

21 And implemented, as explained in Section 5.

(CLIENT-DIRECT) p(C):C (CLIENT-REFL)

C—,C

C—,C" C'—,C"
c’—,C”

(CLIENT-TRANS)

0
e=C' C'—,C"
C:>p;mp c”

mp(C)=e
C" edom(mp)

(DEPEND-DIRECT)

1

! !
C=pimpC" C'=p;mpC
C=pmpC"

(DEPEND-TRANS)

Figure 8. Clientship and dependency relations

More in detail, during checked compile-time execution each
class declaration class C'=e in the meta-program passes through-
out the following states:

1. initial state, no check has been performed yet;

2. we have checked that e is a well-typed expression of type
class; hence, e can be safely reduced, until getting a class
constant c;

3. we have checked that ¢ denotes a well-typed class.

Checked compile-time execution is formally defined on config-
urations o, which are either error or errorT or triples of the form
p; mp; mp’ where p, mp and mp’ are the class declarations in state
(3), (2), and (1), respectively, hence the initial confuguration for
meta-program mp is @; (); mp. We assume that configurations are
closed, that is, only class names which are declared can appear in
expressions.

In the rules we use the clientship —, and dependency = myp
relations defined in Figure 8.

0 . .
Here, e— C means that (a subexpression of) e is of form C or

new C(_). The superscript 0 suggests that occurrences of C'in class

constants in e are not taken into account. For instance, if e is

new C().m({ D n() { return new D(); } })

then e~ C holds, but not e->D.

On the other hand, ¢~ C means that C occurs in (an inner class
constant in) c.

Clientship is analogous to the same notion in Java. That is, C'is
client of C" if C (transitively) uses C” either as type or as instance
generator. Note that C’ can occur at any inner level in the class
constant defining C. Moreover, we assume that any class is client
of itself for technical convenience. In order to determine whether
a program p is strongly well-typed, all classes p is client of either
must be in p itself or already typechecked. In Java, this relation is
indeed used when the compiler is invoked to determine the full set
of classes to be compiled or present in bytecode form.

Dependency, instead, is a novel notion, defined on class names
in a meta-program. Class C' may depend on some other class only
if its defining expression e is non constant, that is, still needs to be
(typecheked and) reduced. In this case, C' depends on all the classes
which need to be reduced and typechecked in order to determine
whether e is well-typed and of type class.

Moreover, we use the following abbreviations:

o closed(p, e)={C'|e>C, C—,C'}Cdom(p), hence we
can determine whether or not e is a well-typed expression of
type class w.r.t A?;
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Figure 6. Typing rules for expressions

e closed(p, p') if, forall Cedom(p’),{C'|C—, C'}Zdom(p p’),

hence we can determine whether or not p’ is a strongly well-
typed program w.r.t A?,

Rules defining checked compile-time execution are given in
Figure 9.

Each pair of rules models a normal reduction step and the
corresponding abnormal termination.

In rule (META-CHECK), class declaration class C'=e passes
from state (1) to (2), since e is of type class w.r.t. the already
typechecked program portion p. In rule (META-CHECK-ERROR),
a type error is raised in two cases: either there exists class C'=e in
state (1) for which we have all the information needed to typecheck
e, and e is ill-typed, or we detect a cyclic dependency among
classes in state (1), hence there is no hope to be able to typecheck
all of them in the future.*

In rule (META-RED), class declaration class C'=e makes a
meta-reduction step w.r.t. the already typechecked program portion
p. In rule (META-RED-ERROR), the meta-reduction step raises a
composition error.

In rule (CHECK), a program portion p’ passes from state (2) to
(3), since it is well-typed w.r.t. the already typechecked program
portion p. In rule (CHECK-ERROR), p’ raises a typechecking error,

22 For example class C = new C().m().

AP 0; 0; pe:class

(META-CHECK)

p | mp | class C=e mp’

— p | mpclass C=e | mp’
mp(C) =e
closed(p, ) and AP; 0; 0; 0 )ge:class

or =/, ., cyclic

(META-CHECK-ERROR) - 7
plp | mp
— errorT

e T)EI

p | class C=e mp | mp’

— p | class C=¢' mp | mp’

(META-RED)

€ —prerror
(META-RED-ERROR) 7
p | class C=e mp | mp
—> error
Py
(CHECK) 7 7 APFEp
p|p" mp| mp

—pp' | mp | mp’

(CHECK-ERROR) closed(p, p’) and A? Fp’

p|p mp|mp
— errorT

Figure 9. Checked compile-time execution
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since we have all the needed information to typecheck it, and it is
ill-typed.

‘We show now some examples illustrating how checked compile-
time execution works.

First we give an example of successful reduction. The program

010

class C={class m(){return{int k(){return 1;}};}}
class D={ int m(){return new E().k();}}

class E=new C().m()

reduces by two applications of (META-CHECK) to

0|

class C={class m(){return{int k(){return 1;}};}}
class D={int m(){return new E().k(;}}

class E=new C().m()

reduces by (CHECK) to

class C={class m(){return{int k(){return 1;3}};}}
class D={int m(){return new E().k();}}
class E=new C().m()

reduces by (META-CHECK) to

class C={class m(){return{int k(){return 1;}};}}|
class D={int m(){return new E().k();}}

class E=new C().m(Q)]|

0

reduces by (META-RED) to

class C={class m(){return{int k(){return 1;}};}}
class D={int m(){return new EQ) .k ;}}

class E={int k() {return 1;}}

0

reduces by (CHECK) to

class C={class m(){return{int k(){return 1;}};}}
class D={int m(){return new E().k();}}

class E={int k() {return 1;}}

0|0

Note that, after checking class C, it is not possible to check class
D, since it depends on class E whose definition is not a class constant
yet. Hence, expression new C().m() is checked to be of type class.
At this point, reduction of this expression can take place, and finally
the resulting class constant is checked to be well-typed, together
with class D.

The second example shows a case when checked compile-time
execution terminates with an errorT.

0| @ | class C={} class D=new C().k()
reduces by (META-CHECK) to

0 | class C={} | class D=new C(O.kQ)
reduces by (CHECK) to

class C={} | @ | class D=new C(O).k()

reduces by (META-CHECK-ERROR) to errorT.

Class C is checked, and then expression new C() .k () is checked
to be of type class. This is not the case, since class C has no method
named k. Since new C().k() is closed w.r.t. class C an errorT is
raised.

The program

00|
class C={class m(class x){return x [+]
{int k() {return 1;}};}}
class D=new C() .m({int h(){return new D).k ;}})

reduces by (META-CHECK) to

0|
class C={class m(class x){return x [+]
{int k() {return 1;}};}}
class D=new C().m({int h(){return new D).k ;}})

reduces by (CHECK) to

class C={class m(class x){return x [+]

{int kO {return 1;}};}} |
0 |
class D=new C().m({int h(){return new D(O).k();}})
reduces by (META-CHECK) to

class C={class m(class x){return x [+]

{int k() {return 1;}};}}
class D=new C().m({int h(){return new D).k ;}})
0

reduces by (META-RED) to

class C={class m(class x){return x [+]
{int k() {return 1;}};}}

class D={ int h(){return new D().k();}} [+]
{ int k(O {return 1;}} |

(]

reduces by (META-RED) to

class C={ class m(class x){return x [+]
{ int kO{return 1;3}};3}} |
class D={ int h(){return new D().k();}
int kx(){return 1;}}
0

reduces by (CHECK) to

class C={ class m(class x){return x [+]
{ int k(O {return 1;}};}}
class D={ int h(){return new D().k();}
int k(){return 1;}} |
0|

0

Class C is checked, then the expression

new CQ) .m({ int h(){return new D().k();}}) is checked to
be of type class, and then reduced. Finally, the resulting class D is
checked.

This example also illustrates why only (standard) typechecking
is used in (META-CHECK). Indeed, the fact that the expression
new D().k() is well-typed can only be detected when the result
of {int h(){return new D().k();}}
+{int k(){return 1;}} is associated to D.

We can state two significant properties for METAFJIG checked
compile-time execution. Theorem 4 states that checked-compile
time execution never goes stuck. Theorem 7 states that well-typed
meta-code never produces ill-typed code. Whereas the former prop-
erty is shared with [20, 23], the latter is new, and very important,
since it allows the programmer to safely use compiled libraries.
This is not granted by other approaches like C++ templates. For ex-
ample in C++ a template instantiation can raise type errors caused
by the code of the template itself.

We say that a configuration o is a value if all class declarations

are in state (3), formally o = p | @ | 0. Moreover, Alﬂmp:class

abbreviates Ale:class for all class _=e in mp, and analogously
Alimp:class.

Theorem 4 (Soundness of checked compile-time execution).

* . .
If0 | O | mp — o, then either o is a value or ¢ = error or
o = errorTor o — o for some o’
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Soundness of checked compile-time execution can be proved,
as usual, as a consequence of progress and subject reduction prop-
erties, where in the latter the invariant which is preserved by reduc-
tion is that, in p | mp | mp’, class declarations in p and mp are
in state (3) and (2), respectively, where only well-typedness (not
strong well-typedness) is required. Formally, we define o if either

0
0 = error, Or 0 = errorT,Or o = p ‘ mp | mp' and @l—p,
AP }Qmp:class. The judgment trivially holds in an initial configu-
ration @ | 0 | mp.

Theorem 5 (Progress of checked compile-time execution).

0 . .
If Fo, then either o is a value or 0 = error or ¢ = errorT or
o — o for some o’

Theorem 6 (Subject reduction of checked compile-time execution).

Iflga and o0 — o' then lga'.

Theorem 7 (Meta-level soundness). If (Z)Iip and Apﬁmp:class,
then

p | mp| (2)7*;)37‘7‘07‘7‘.

Meta-level soundness can also be proved by progress and sub-
ject reduction properties, with an invariant analogous to that used
above. However, here we require strong well-typedness. Formally,
we define Fo if either 0 = error or o = p | mp | 0 and OFp,
Ap}imp:class.

Theorem 8 (Meta-level progress). If Fo, then either o is a value
or o = erroror o — o' for some o’.

In order to prove meta-level subject reduction, we need a dif-
ferent version, referring to strong well-typedness rather than well-
typedness, of the subject reduction property stated in Theorem 3.
This property is stated in Theorem 10, and its proof is based
on Lemma 9, which states that by (successfully) applying a com-
position operator to strongly well-typed classes we always get a
strongly well-typed class.

Lemma 9. If@lip, AFc1:CTy, and AFce:CTo, then

1. c1[+]ca —>c implies AFc:CT,

2. c1[restrict n] ——>c implies AliC:CT,

3. ciredirect ny to no] —>c implies AFc:CT,
4. c1]alias n2 to ni| ——c implies AFe:CT.

Theorem 10 (Strong subject reduction). If 0Fp, A?; 0; 0; OFe: T,
and e —e', then AP 0; 0; 0F e’ T for some T' s.t. AP + T'<T.

Theorem 11 (Meta-level subject reduction). If Fo and o — o'
then Fo'.

5. Implementation

As already mentioned, our approach allows a modular implemen-
tation, relying on typechecking and execution of the conventional
language. This is effectively shown by our prototype compiler,
which is built on top on the standard Java compiler and virtual ma-
chine. In this section, we describe in some more detail how this
modular implementation works.

We will use the metavariables e; and p; for plain Java expres-
sions and programs, respectively; moreover, mp, stands for the se-
quence class C'=e;.

First of all, in order to reuse the standard Java compiler, it is
clear that we need a translation step which transforms METAFJIG
expressions e and programs p into plain Java expressions e; and
programs p,, respectively.

Notably, primitive types class and name are not available in
plain Java, but are encoded by two classes MFJClass and MFJName,
respectively. The former offers a method for each composition
operator. We denote by 7 and ¢ the values of type MFJName and
MFJClass which are the Java representation (whose details are
not relevant) of a name n and a base class c, respectively. If
p=class C'=c is a METAFJIG program, then we denote by p the
sequence class C'=¢, which is a special case of mp,.

More precisely, the compilation uses two different translation
functions, formally defined in Figure 12 in the Appendix: [e]o and
[p]«- The former translates e into the corresponding ey, while the
latter translates p into the corresponding p;.

Two different functions are needed since well-typedness of the
Java code obtained by the translation should encode METAFJIG
well-typedness and METAFJIG strong well-typedness of the source
METAFIIG code, respectively. Formally, the two translations en-
sure that the following properties hold:

o if [p] is defined, then A? = AlPI+

o A:(:0; (Z)}Qe:class if and only if A; () F [e]o:MFJIClass, where
A;IIF ey T is the typing judgment for Java expressions,

e AFp if and only if A + [p]., where A + p, is the typing
judgment for Java programs,

e AP - C<C'if and only if AP - Zc<Zcr, where Z¢ is the
Java interface name which translates C' (see Figure 12 in the
Appendix).

Figure 10 contains the implementation oriented version of
checked compile-time execution. The rules are analogous to those
in Figure 9, except that:

e Configurations are now of the form p; | mp; | mp.

e In steps (META-CHECK) and (META-CHECK-ERROR) (first
case in the side condition), the METAFJIG expression e is first
translated into a Java expression and then passed to the Java
compiler. If compilation is successful, then the generated byte-
code (source and bytecode form are identified here) is added to
the second portion of the configuration.

In steps (CHECK) and (CHECK-ERROR), the METAFJIG pro-
gram p is first translated into a Java program and then passed to
the Java compiler. If compilation is successful, then the gener-
ated bytecode is added to the first portion of the configuration.

In steps (META-RED) and (META-RED-ERROR), the Java (byte-
code) expression e; is evaluated by the JVM. We use the = ar-
row to model that JVM execution continues until getting a final
result or an exception.

6. Conclusion

We have defined a framework for composing classes, where classes
are first-class values and new classes can be derived from existing
ones by exploiting the full power of the language itself, used on top
of a small set of primitive composition operators, instead of using
a fixed mechanism like inheritance. Soundness is guaranteed by a
lightweight technique, where class composition errors are detected
dynamically, and conventional typing errors are detected by inter-
leaving typechecking with meta-reduction steps. The advantages
w.r.t. other meta-programming approaches proposed for Java-like
languages can be summarized as follows:

e Programmers do not need to learn esoteric syntax and idioms.

e Errors are detected (either by the normal type-checker or dy-
namically for composition errors) as soon as they appear, not
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(META-CHECK)

ps | mpy | class C=e mp —
ps | mpyclass C=[e]o | mp

mp(C) = e
closed(py, [e]o) and
AP t/ [e]o:MFIClass

(META-CHECK-ERROR)

ps| D | mps

r =>,.mp cyclic
— errorT pimp &Y
* ~
ey —>pj [

(META-RED)
ps | class C=e;mp; | mp

— py | class C=¢mpy | mp

*
ej —pj» error

(META-RED-ERROR)
py | class C'=e;mpy | mp

— error

AP - [p]«

(CHECK) po
ps| D mpy | mp
— ps [Pl | mps | mp

(CHECK-ERROR) Closed(ph 17)) and AP/ 7 IIIB]]*

ps | pmps | mp
— errorT

Figure 10. Implementation of checked compile-time execution

only “a posteriori” when the whole source code is generated,
hence earlier and allowing more informative error messages.

e Composition errors are modeled by exceptions, hence program-
mers can customize error messages and error handling (e.g.,
taking an alternative action when the composition of some
classes fails).

e Meta-level soundness (Theorem 7) guarantees that errors found
by the normal type-checker are always due to programmers’
code, and not to the code of the template itself. This does not
hold, e.g., for C++ templates.

Metaprogramming approaches can be classified by two prop-
erties: whether the meta-language coincides with the conventional
language (the so-called meta-circular approach), and whether the
code generation happens during compilation. MetaML [30], Pro-
log [28], OpenJava [31], and JavaMint [32] are meta-circular lan-
guages, while C++ [19], D [10], Meta-trait-Java [26] and Mor-
phl [17] use a specialized meta-language.® Almost any dynam-
ically typed language allows some sort of meta-circular facility,
typically by offering an eval function. Such a function allows to run
arbitrary code, represented by an input string. Regarding code gen-
eration, JavaMint, MetaML and Prolog performs the computation
at run time, while C++, D, Meta-trait-Java, MorphJ and OpenJava
use compile-time execution. Again, dynamically typed languages
providing an eval function allow runtime meta-programming.?*
The work presented in this paper lies in the area of meta-circular
compile-time execution.

Among the above mentioned approaches, [31] is the one show-
ing more similarities with ours. OpenJava offers the ability to de-
fine new language constructs, on top of Java, using meta-circular
compile-time execution. Programmers can define new constructs
by writing meta-classes, that is, particular Java classes which in-
struct the OpenJava compiler on how to perform the type-driven
translation. These meta-classes use the reflection-based Meta Ob-
Jject Protocol (MOP) to manipulate the source code and provide

23 The latest version of D seems to include a limited form of metacircular
compilation.

24 Some dynamic languages like Groovy and Lisp allow also compile-time
meta-programming.

AP )+ [e]o:MFJIClass

its translation. However, their approach is definitely lower level
than ours and we have a very different long-term goal: that is, to
bring compile-time execution in the realm of an already familiar
programming language, rather than to allow programmers to define
their own extensions of an existing language.

The comparison with JavaMint is also interesting, since our
work is specular in many ways: JavaMint generates code at run-
time, which consists of expressions only, and whose type is stati-
cally known. Instead, we generate code at compile-time, consisting
of class definitions only, and typechecking is (partially) dynamic.

We plan to investigate extensions of our framework in two
directions: type system refinement and nested classes.

In the current model, typechecking steps during checked compile-
time execution always require code to be closed, that is, type in-
formation on all class names appearing in code must be available.
Hence, typing errors can be detected only at this time. We plan to
define a constraint-based type system, as in [2], where code can be
typechecked separately, that is, even in absence of some used class,
allowing earlier error detection.

A feature of Java-like languages whose impact on our approach
seems challenging are nested classes. Among non-trivial issues are
the generalization of primitive operators and the order of type-
checking.
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Appendix

Proof 12 (Theorem 5). If o is neither a value, nor error, nor
errorT, then it has the form p | mp’ | mp where mp mp # 0.

By

cases:

Assume first that there exists class C=e € mp’ with e not a

value. Since 1o implies Apﬁe:class, by Theorem 1 we have
that e ——~ €', hence o reduces by either (META-RED) or
(META-RED-ERROR).

Otherwise, o has the form p | p’ | mp with p'mp # 0. Assume
mp = (. Then, since o is closed, closed(p,p') clearly holds,
hence o reduces by either (CHECK) or (CHECK-ERROR).
Otherwise, consider the graph with nodes dom(mp) and an
edge from C' into C if C=>,/.1, C' is a direct dependence,
that is, holds by (DEPEND-DIRECT). If the graph is cyclic, then
o reduces by (META-CHECK-ERROR).

Otherwise, there exists a node C with no entrant edges. That is,

there exists class C=e€mp s.t. the set C={ C"'|e>C", C'—, C"}
is a subset of dom(p p'). Assume C C dom(p). Then, closed(p, ¢)

holds, hence o reduces by either (META-CHECK) or (META-
CHECK-ERROR).

Otherwise, let p" be the maximal subset of p s.t. dom(p"') C
C. Clearly closed(p,p") holds, hence o reduces by either
(CHECK) or (CHECK-ERROR).

Lemma 13. If(Zng and Aplgp’, then @Igp p'.

Proof 14. Easy check.

Proof 15 (Theorem 6).
By cases on the applied rule:

If the applied rule is (META-CHECK), then the thesis follows
from the side condition of the rule.

If the applied rule is (CHECK), then the thesis follows from the
side condition of the rule by Lemma 13.

If the applied rule is (META-CHECK-ERROR), (META-RED-
ERROR) or (CHECK-ERROR), then the thesis trivially holds.

2010/4/13



new C(?)]]o =

C]]o =

’IL]]O =

e1 + e2o =

el [redirect ez to 63”]0 =

ey [alias e2 to 63“]0 =

el [restrict 62“]0 =

Clo =

class C1=C; ...class Cn=En]]* =

C,cl =

[[07 C]] =

[C, constructor(Th @1 ... Tn zn){fi=e1 ... fu=ex}] =
[T f] =

[abstract T f] =

[[abstract T m(T1 ... Ty mn);

new Co (HE]]())
c

leilo-

leiJo-

sum([e2]o)

redirect([e2lo , [es]o)

ﬂel]]o.alias(ﬂez]]o . [[€3ﬂ0)

[[el]]o.restrict([[egﬂo)

Cc .thisRepr

[[017 Elﬂ* e [[Ony En]]*

[C,c] [Cr,ea] ... [Ch, ck]

with extract.(c) = c1... ¢, and Ci ... Cifresh

public [abstract] class C¢ implements Zo{[C,k] [ad] [fd] [md]
public static MFJClass thisRepr=c¢;}

public interface Z¢ extends Zz{[ad]’ [fd]’ }

with ¢ = implements C{k ad, fd, md} and [abstract] is present if ad # 0

Co(ZIr, m ... I, zn){ fi = [eido .- fu = [ex]o
Ir f; public Zp f(){return £f;}
public abstract Zr £Q);
public abstract Zr m(Zr, 21 ... Z7, Zn );

I
[T m(Tya1... Tn zn){returne;}] =

Ir m(Zp, 21 ... I7, n ){return [e]o};
[abstract T f] = Ir £0O;
7= Ir £0;
[abstract T m(T1 1 ... Tn mn);]]/ = Ir mZp, 21 ... I7, 2n);
[[T m(Thiz1... Ty In){return e;}]]/ = Iy w@p, z1 ... L7, Tn);

Auxiliary functions (informally defined):

e for each METAFJIG class name C, Z¢ and C¢ are a Java interface name and class name, respectively, where the functions Z and C have

disjoint codomains.

e extract,(¢) extracts all the inner class constants in ¢.

Figure 12. Translation functions

e [f the applied rule is (META-RED), then, since APPe:class
holds, the thesis follows from Theorem 3.

Proof 16 (Theorem 8).

Since Fo clearly implies Iga, by Theorem 5 we know that either
o= errorT or the thesis holds. However, o = errorT cannot hold
since Fo.

Lemma 17 (Weakening). If A; 3; CEmd then A, _; S, _: C,_Fmd.

Lemma 18 (Substitution). If A; 33 CFmd then
A;X[n’/n]; CEmd[n’ /n).

Proof 19 (Lemma 9).

1. We have that implements C1{ki d1}[+]implements Ca{ks d2}
——>implements ?{k E} with d; = ad; )sz ‘md,;.

Since we have applied (CLASS-T), we know that A, P
and A; »d ; Ch l:ml, and analogously for ko and ‘mds.
Moreover, since we have applied (SUM), Elﬂgg holds, hence
»dh §d2 is well-formed, and, by Lemma 17,

A; Edl Edz 5 61 ?ngl mdz hOldS.

Premises for (CONS-T) on k are the union of the premises for
(CONS-T) on ki and k. The last side condition of (SUM) of the
result is the union of the last side conditions of (SUM) of the
subcomponents. This implies that implements C{k d} is well-
typed by (CLASS-T)

2. We have that implements C1{ki d1}[restrict n] -
implements 5{k E} with d1 = ad1 ]le ‘md1. Since we have
applied (CLASS-T), we know that A, Sk and A4 0 Fmd,.
Moreover by (RESTRICT), d is obtained from d1 by removing a

member definition, hence ©% = XU Then, implements C{k d}
is well-typed by (CLASS-T).

3. We have that implements 61{.’{3 El}['redi'rect ny to ng] -
implements C{k E} with d1 = ad1 ]le ‘mdi. Since we have
applied (CLASS-T), we know that A; Z)fdlikl and A; »dh ; Ch l:ml.
Method bodies preserve their types by Lemma 18, the redirect
operator removes the abstract declaration for ni only if not
needed to satisfy the last side condition of (CLASS-T), hence
implements C{k E} is well-typed by (CLASS-T).

4. We have implements ﬁl{kl 51}[0,11'0,3 n1 to nz] —
implements E{k E} with d1 = ad1 ]le ‘md1.

Since we have applied (CLASS-T), we know that A; Sk,

and A; Edl;ﬁlliﬂl. Moreover, d is obtained from di by

adding one member definition. By side condition of rule (ALIAS),
2 ny:mitype(na, mdy) is well-formed, and by Lemma 17
A; »h nz:mtype(nl,ml); Ch Fmd. The new method/ex-

pression ny is also well-typed since its body is the same of ni,

hence we can conclude that implements C{k d} is well-typed
by (CLASS-T).

Proof 20 (Theorem 10).
The proof is analogous to that for Theorem 3, by using Lemma 9.

Lemma 21. 1. If0Fp and APEp’, then OFp p'.
2. Ipr}ip':class, then Ap}:p'.

Proof 22.
1. Easy check.
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2. Since, for all class C=c € p’, APEc:class has been deduced
by rule (CLASS-CONSTANT-T*).

Proof 23 (Theorem 11).
By cases depending on the applied rule:

e (META-CHECK) and (META-CHECK-ERROR) cannot be ap-
plied since Ep | mp | mp’ implies mp' = (.

o [f the applied rule is (META-RED), then, since APFe:class
holds, the thesis follows from Theorem 10.

e [fthe applied rule is (META-RED-ERROR), then the thesis triv-
ially holds.

e [fthe applied rule is (CHECK), then the thesis follows from the
side condition of the rule by Lemma 21-(1).

e (CHECK-ERROR) cannot be applied by Lemma 21-(2), since
* . . *
Fp | p’ mp | mp’ implies APFp’:class.
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