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Abstract. Aspect-oriented programming (AOP) has produced interest-
ing language designs, but also ad hoc semantics that needs clarification.
We contribute to this clarification with a calculus that models essen-
tial AOP, both simpler and more general than existing formalizations.
In AOP, advice may intercept method invocations, and proceed executes
the suspended call. Proceed is an ad hoc mechanism, only usable inside
advice bodies. Many pointcut mechanisms, e.g. wildcards, also lack reg-
ularity. We model proceed using first-class closures, and shift complexity
from pointcuts to ordinary object-oriented code. Two well-known point-
cut categories, call and execution, are commonly considered similar. We
formally expose their differences, and resolve the associated soundness
problem. Our calculus includes type ranges, an intuitive and concise alter-
native to explicit type variables that allows advice to be polymorphic over
intercepted methods. We use calculus parameters to cover type safety for
a wide design space of other features. Type soundness is verified in Coq.

1 Introduction

This paper proposes a model of aspect-oriented languages which separates es-
sential aspect features from inessential ones, while being simpler, more regular
and more expressive than existing models.

Starting with the ECOOP’97 keynote by Gregor Kiczales [1], aspect-oriented
software development has been a very active community, experimenting with
programming language design and implementation. The experiments generally
aimed to improve support for separation of concerns using a restricted kind
of compile time meta-programming, as witnessed by AspectJ [2], the currently
predominant aspect model. The motivation was taken from real-world scenarios,
including software development concerns such as logging and tracing, and the
overall approach was dominated by experiments with full-fledged language im-
plementations and enthusiastic support from a substantial community of users.

In the AspectJ model of AOP, aspects are class-like entities that may refer
to and modify the execution of an application at join points, principled points
in the execution of a program. Aspects contain method-like advice declarations,
which are used to intercept method invocations specified by declarative pointcut
expressions, i.e., query expressions that denote sets of join points. Advice may be
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categorized as before, after, or around, which means that it will be executed
before, after, or instead of the intercepted join point. In the latter case, the advice
may invoke the intercepted join point using a mechanism known as proceed. New
arguments to the join point may be provided in such a proceed invocation, and
in case the join point is the call or execution of a method, the advice may also
choose a new receiver; this is known as receiver substitution.

Despite the relatively unified underlying motivation, aspect-orientation has
given rise to a plethora of concrete variants of language mechanisms with their
associated runtime semantics and typing rules [3]. The result is that many in-
teresting ideas are available, but the foundations have been somewhat unclear.
For instance, even the most widely used and mature language, AspectlJ, is still
plagued by type soundness problems in the treatment of advice [4, Sec. 2].

One fundamental problem of mainstream aspect-oriented languages is that a
number of features commonly considered essential for AOP languages have an ad
hoc flavor. One of these features consists in the large set of very different pointcut
mechanisms typically used to select execution events [5-11]. This is the case for
most aspect languages, in particular AspectJ, but also for many formal models
of AOP [12-14]. A precise general formulation of pointcuts in terms of more
primitive concepts is, however, worthwhile to give a comprehensive account of
mechanisms for join point selection. Similarly, the proceed mechanism is typically
realized as a special method proceed that may be called within an advice body,
but cannot be called elsewhere. Furthermore, receiver substitution as part of a
call to proceed is typically governed by strong restrictions, e.g., on the ordering
of call and execution advice, that are not derived from first principles.

A second problem of AOP languages consists in a number of open issues
concerning the type-safety of pointcut and advice, in particular, to provide inte-
grated support for both generic advice (which augments the join point with ad-
ditional behavior, but otherwise executes it unmodified), and non-generic advice
(which replaces the join point with new behavior). Previous approaches such as
MiniMAO; [14] and typed polymorphic aspects [15] have important restrictions
on one of these two classes of advice behavior. StrongAspectJ [4] supports both
classes, but uses separate mechanisms for each, which prevents a single advice
from combining both classes of behavior. Moreover, type variables must always
be explicitly declared in the generic case, which makes advice specifications more
complex than those known from AspectJ.

We address the above problems through the A calculus, which is a simple
calculus in the style of Featherweight Java [16] that clarifies the foundations of
aspect-oriented languages. The A calculus models the essential features of AOP,
i.e., the ones that directly impact the dynamic semantics and typing of programs.
Other, less essential features are not directly included—such as the specifics of
particular pointcut mechanisms—but a wide design space for these features is
provided through the expressive power of the core framework. This results in a
calculus that is simpler and more regular than existing calculi, yet supports a
wider range of practical approaches. Compared to other aspect calculi the main
concrete innovations of the A calculus are the following:



1. We model call and execution advice separately, since we show that their
difference is so deep that they need to be treated differently in the type
system. The separation is maintained for the proceed mechanism, which
is modeled using two kinds of explicit, first-class closures. This positions
proceed as an integrated part of the language rather than a special primitive.
Overall, the resulting aspect typing provides a clean semantic account of the
conditions necessary to use receiver substitution in an advice body.

2. We abstract over a large space of designs for advice selection by making the
advice selection strategy an explicit parameter of the calculus. The A calcu-
lus is therefore a general framework for a range of aspect calculi, similar to
HM(X) [17] which models a range of calculi whose type systems include con-
straints. We stipulate simple safety conditions on concrete advice selection
mechanisms taking the place of this parameter. Based on these conditions
we prove type soundness for all these advice selection mechanisms at once.

3. The support for different classes of advice behavior in the type system is
improved over earlier work (in particular [4]). Both generic and non-generic
advice behavior are supported in a unified typing construct that is straight-
forward to use, since type variables do not need to be declared explicitly.

The first and third features allow for a deeper understanding of central elements
of aspect languages, such as call and execution advice, generic and non-generic
advice behavior, and proceed. The second feature and (to a lesser extent) the
first feature provide a wide design space for non-essential characteristics, such
as different pointcut languages, support for aspect instances, and aspect inheri-
tance. For example, the advice selection parameter may be used to express the
static and dynamic pointcut designators of AspectJ, as well as many other pro-
posals for pointcut languages; it also enables features such as dynamic aspect
deployment, and redefinition of advice in a subclass (similar to virtual method
redefinition). Moreover, even though call and execution advice methods* are
explicitly separated, the use of first-class closures for the proceed mechanism
allows us to implement advice behavior in ordinary methods that can be shared
between different advice methods. In general, the ambition of the calculus is
to reveal the essentials of AOP, while abstracting over non-essential features
through abstract parameters that may be filled in at will, or through an en-
coding to standard object-oriented features. The calculus thus provides several
means of abstraction that, albeit being different from the more ad hoc means
traditionally used in aspect languages, allow a wide range of aspect-oriented
concepts and mechanisms to be defined precisely.

In addition to these contributions, the calculus and its type safety proof have
been formalized using the Coq proof verifier®, yielding a level of rigor that sur-
passes previous aspect calculi. The Coq specification contains novel techniques;
in particular, the soundness proof is simplified due to the use of empty type
environments.

4 The noun ‘advice’ is singular; we use ‘advice method’ as a synonym, with the natural
plural form ‘advice methods’.
® The Coq development is available at http://soft.vub.ac.be/acalculus/.
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Next, Section 2 gives an example-driven overview of the calculus. We present
our calculus formally in Section 3. We state the safety properties in Section 4
and discuss the proofs that we have developed for these properties. Related work
is discussed in Section 5. We conclude and present future work in Section 6.

2 Overview of the A Calculus by Example

This section presents the A calculus, its concepts and language mechanisms based
on a number of examples. Along the way we demonstrate how the A calculus
covers a larger part of well-known aspect-oriented features than is obvious from
the syntax. In this section, we have extended the calculus with a number of
pragmatic features, e.g., the primitive type int, thus avoiding excessive verbosity
in the examples. These extensions are listed in detail at the end of the section.

class C { int m1(int i, int j) { return i+j; }}
class D { void m2(int x, String s, int y) { System.out.println(x*y); }}
aspect A {
pointcut p(int a, int b):
execution(int C.m1(int,int)) && args(a,b) ||
execution(void D.m2(int,String,int)) && args(a,*,b);
Object around(int a, int b): p(a,b) { return proceed(a+l,b-1); }
}

Fig. 1. AspectJ example

class C { int mi(int i, int j) { return i+j; 1}}
class D { void m2(int x, String s, int y) { System.out.println(z*y); }}
class A {
int m((int,int)->int proceed, int a, int b) { return proceed(a+1l,b-1); }
aroundl: execution(int C.mi1(int a, int b)) { return m(proceed,a,b); }
around2: execution(void D.m2(int a, String s, int b)) {
m((int a, int b => proceed(a,s,b); return 0),a,b); }

Fig. 2. A example

First-class closures and proceed. Consider the AspectJ example in Fig. 1, which
compiles without errors or warnings in AspectJ version 1.6.4. It demonstrates
a few issues with the current mainstream approach to aspect typing. AspectJ
typing will verify that the advice behavior is compatible with the join points to



which it is applied. For example, the advice return type should be assignable to
the join point return type, such that the the advice method result may replace
the join point result. However, the Object return type of the around advice
(line 7) activates a very special kind of polymorphism which allows the actual
intercepted method to have different return types, even int and void (for details,
see [4, Sec. 2.3]). This is unsound: consider the case where the advice returns
a general Object instance rather than the original return value from proceed,
and the intercepted method has a non-Object result type. Furthermore, it is
not obvious what the intended semantics should be in case the “returned void
value” is used when advising method m2. In practice, the value is null.

Following earlier work, our approach applies a strict and sound typing dis-
cipline and hence avoids such problems. However, as we will discuss below, it
is still able to exploit the reuse potential in the example, because the notion
of proceed is first-class in the A calculus. Figure 2 shows a program in the A
calculus which corresponds to the program in Fig. 1. The classes C and D and
their methods m1 and m2 are unchanged. The aspect is now a class that contains
a new method m, as well as two advice declarations (lines 5-7) whose syntax is
a simplified variant of the syntax known from the AOP mainstream. We discuss
the advice declarations first, and then return to the method m.

Advice declarations in the A calculus differ syntactically from the ones in As-
pectJ: they specify an advice name (such as aroundl and around?2), but don’t
include a signature. Rather, the advice kind (call or execution), the type annota-
tions, and the formal parameter names are specified at the place of the pointcut
expression, in a form similar to a typical basic pointcut designator in Aspectd.

This ‘pointcut designator’ is used for selection of compatible advice at run-
time, and for type checking. Advice compatibility is a very simple, purely type-
based advice selection specification—which we consider as essential. The rest
of the advice selection semantics is given as parameters of the A calculus. One
parameter is an execution history datatype, which is used to collect informa-
tion about the execution so far, and an initial execution history value. Another
parameter is an execution history update function, which maps the execution
history value to the next one at each step. The final parameter is an advice selec-
tion function that produces a list of compatible advice from several arguments,
including the execution history. Concrete advice selection mechanisms may be
expressed using these parameters, as long as they select advice compatible with
the given join point (compatibility is defined formally in Section 3).

Note that the example includes method names (such as m1 and m2) in the
pointcut designators. The A calculus advice compatibility test actually ignores
method names and only uses the type information, but the advice selection
parameters can trivially be used to specify that the method names must match.
Method name matching is assumed in this section as a pragmatic extension.
Hence, the pointcut designators have the meaning that one would expect, based
on the meaning of similar syntax in languages like AspectlJ.

The pointcut expression in Fig. 1 uses a typical set of conjunctions and
disjunctions, in that they match one or more specific method signatures and



provide access to the binding environment of each intercepted method call by
means of a primitive pointcut designator, here args. In general, this kind of
combination can be expressed in the A calculus by transforming each disjunctive
branch of the pointcut expression into one advice declaration, resulting in the
two declarations in lines 5-7 of Fig. 2. Since this transformation has replaced
one advice by two, we need to extract the commonalities among them in order
to preserve the level of abstraction and reuse. We do so by placing the common
behavior in the method m on line 4. Since the intercepted join point (proceed) is
invoked as a part of this common behavior, the ability to create this abstraction
depends critically on closures being first-class in the A calculus, i.e., on the ability
of the method m to take a closure that represents proceed as an argument.

There are two kinds of closures in the A calculus: one that is invoked with
a receiver as well as the method arguments (designated as static closures), and
another (dynamic) one that embeds the receiver and only accepts method ar-
guments. A dynamic closure is semantically similar to a C# delegate and a
traditional closure, in that it encapsulates an environment (a receiver object)
and a piece of code (a method from that receiver object); a static closure is
similar to a C++ pointer to a virtual function member, in that it encapsulates
a method identity and a choice of receiver type, and it involves method lookup
when the actual receiver is provided and the method called. Both variants are
needed in order to handle different kinds of advice correctly. In the example, the
method m takes a dynamic closure as its first argument. Its type is a dynamic
closure type that lists the types of the arguments (left of the arrow) and the
type of the result (right of the arrow).

The only remaining issue is the transfer of context information between the
advice and the method m. The situation is complicated due to the different
argument lists of the two advised methods m1 and m2. In AspectJ, the context
information is transferred using args and similar primitive pointcuts, and the
difference in arguments is handled by putting a ‘*’ in the args pointcut, which
will match one argument of any type. Additionally, ‘..’ may be used to match
a variable number of arguments, but this syntax may be used at most once per
args pointcut, making this a somewhat ad hoc measure. Traditional pointcut
language design has in fact produced a growing list of ad hoc mechanisms.

In the A calculus, the context information is made directly available through
named argument lists in the pointcut designators. The advice methods around1
and around2 may then bridge the differences between the advised methods when
they invoke the shared method m, eliminating the need for args and similar prim-
itive pointcuts. Note that the difference between the advised methods implies
that the proceed closures have different signatures. The first advice may use its
closure directly in an invocation of the method m; for the second advice the types
do not match, and hence we wrap the invocation of m in an anonymous closure.

We claim that the above two transformations (placing disjunctive pointcut
branches in separate advice declarations, and routing context information) han-
dle a very large part of the practical uses of logic connectives and primitive
designators like args in pointcuts. The A calculus can thus be considered a
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useful model of languages with elaborate pointcut mechanisms, even though its
pointcuts appear very simple at first sight. Moreover, the advice selection pa-
rameters can express dynamic mechanisms such as if pointcuts and trace based
pointcuts. In general, the A calculus obtains great expressive power through a
few, carefully chosen concepts, by parameterization, and by shifting complexity
to ordinary object-oriented abstractions.

class Component {
PaintImpl p;
void paint() { p.paint() };
}
class JTextArea extends Component { ... };
class JScrollPane extends Component { ... };

class Factory { Component create(String t) { return new JTextArea(t); 1}}

class A {
aroundl: execution(JScrollPane-Component Factory.create(String s))
{ return new JScrollPane(proceed(s)); }
around2: call(void ExtPaintImpl-PaintImpl.paint())
{ new ExtPaintImpl(target).proceed(); }
around3: execution(void PaintImpl.paint()) { proceed(); }

}

Fig. 3. Aspect for GUI component creation and display

Flexible type-safe advice with type ranges. Another key property of our approach
is the flexible but safe mechanisms for the use of different argument and result
types in advice and proceed. Such type variance is illustrated in Fig. 3 in the
context of the creation and the display of a number of GUI components (lines 1-
6). Here, GUI components may be created by the method Factory.create
(line 8). The aroundl advice in aspect A (lines 11-12) overrides the factory
method in order to add scrollbars to the created component. Mainstream aspect
languages do not safely support such replacement advice: in AspectJ, proceed
will always have the same type signature as the enclosing around method, which
prohibits any type variance between the advice and proceed. Borrowing from
earlier work on StrongAspectJ [4], our approach uses type ranges to permit a
more flexible typing strategy: in the example, the typing of the result as a range
JScrollPane-Component admits all join points with a return type within the
range. In fact, the types in pointcuts are always type ranges. When we specify
a singular type in the syntax this implicitly represents a type range with both
the upper and lower bound equal to the single given type.

If we assume that the constructor of JScrollPane takes a Component argu-
ment, then we may observe that the advice behavior is indeed compatible with



join points in this range. In StrongAspectJ, this is verified at the level of the type
system by assigning proceed the return type Component (the upper bound) and
requiring that the advice itself return a value of type JScrollPane (the lower
bound). While this works for the given example, reducing type information to
the bounds entails a loss of type information which prevents the advice behavior
from returning the original return value obtained from proceed (which now has
type Component) as the return value of the advice method (which now requires
type JScrollPane). For such a case of non-replacing advice behavior, StrongAs-
pectJ supports so-called generic advice where explicit type variables are used to
represent the return type of a join point. However, this mechanism is separated
from the ordinary case, which means that one advice method cannot combine
both behaviors (for example, as different branches of an if-test).

The contribution of the A calculus in this respect is that we integrate both
mechanisms in one typing scheme that is lightweight for the programmer to use.
The first advice method of aspect A is type-checked in the A calculus as follows:
behind the scenes, the return type of the join point is represented by a fresh type
variable, say Z, with lower bound JScrollPane and upper bound Component.
proceed is assigned the return type Z, and the advice method should also return
a value of type Z. Now, the upper and lower bound of Z enable a value of type Z
to be converted to type Component, and enable a value of type JScrollPane to
be converted to type Z. As such, the replacement advice behavior of this advice
method is accepted by the type system. However, since there is no loss of type
information, it remains possible to return the original return value from proceed
as a result of the advice method (both have type Z)S.

Receiver substitution. Fig. 3 also illustrates the concept of receiver substitu-
tion through one of its typical applications: the selection of different, non-
modifiable implementations, used via a common interface. In the example, GUI
components may be displayed by means of a paint method, which delegates
to the paint method of an associated PaintImpl instance (line 3). The ad-
vice method around2 (lines 13-14) replaces the receiver of the invocation of
PaintImpl.paint with a more refined implementation named ExtPaintImpl,
wrapping the original. This is accomplished by invoking the proceed closure (a
static closure) with a new receiver constructed from the original receiver, which
is provided to the advice body under the predefined name target. (This advice
method is type checked similarly to the advice method aroundi, since this is also
a replacement advice, although for the receiver rather than the return value.)
The concept of receiver substitution uncovers an important difference in our
treatment of advice methods for call and execution join points. The conceptual
difference between these join points is that method calls occur before method
dispatch, whereas method execution occurs afterwards. Call advice is therefore
typically used to intercept all general invocations of a given method, whereas

5 The use of fresh type variables to maintain type information is comparable to the
process of capture conversion [18] used with wildcard types.
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execution advice is normally used to advise specific method implementations”.
Receiver substitution is inherently problematic for execution advice, because the
change of receiver may invalidate the criteria used to activate the advice in the
first place. Indeed, the receiver determines which method implementation to call,
and the method implementation determines whether a given advice is triggered.

There are a number of ways to treat receiver substitution for execution advice.
AspectJ simply executes the chosen method implementation with the newly
provided receiver. This is only type safe if the dynamic class of new receiver
defines or inherits this method. If it can be enforced that the new receiver is an
instance of a subclass of the class in which the chosen method implementation
is defined, the type error is avoided. But we still believe this is a dangerous
practice, since it circumvents dynamic dispatch and hence allows violation of
class invariants of the subclass. For this reason, the A calculus only supports
receiver substitution for call advice (where proceed is a static closure which takes
a receiver) and prohibits it for execution advice (where proceed is a dynamic
closure that only takes arguments, e.g., around3 on line 15).

aspect CFlow {
pointcut p(int dx):
execution(int Point.getX()) &&
cflow(execution(Point Point.move(int)) && args(dx));
int around(int dx): p(dx) {
System.out.println("getX in cflow of move("+dx+")");
return proceed(dx); }
}
class Point {
int x;
Point (int x) {}
int getX() { return x; }
Point move(int dx) { return new Point(getX()+dx); }

Fig. 4. Cflow example in AspectJ

Handling control-flow relationships. The selection of join points with a certain
control-flow relationship, as expressed by the AspectJ pointcut designator cflow,
is a common example of a non-trivial dynamic pointcut mechanism. This point-
cut extension may be supported using the aforementioned advice selection pa-
rameters of our calculus, which could easily keep track of the call stack. However,

" In concrete implementations of aspect languages based on code manipulation, there

is also the difference that call advice is usually woven at the call sites, while execution
advice is woven into the called method itself. The corresponding difference in weaving
overhead also impacts the choice between the two.
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class Call { Call next; }
class Point_move extends Call { Point self; int dx; }
class CFlow {
Point_move select(Call c) {
if (c==null) return null;
else if (c instanceof Point_move) return (Point_move)c;
else return select(c.next);

}
around: execution(int Point.getX(Call c)) {
Point_move pm = select(c);
if (pm == null) return proceed();
System.out.println("getX in cflow of move("+pm.dx+")");
return proceed();
}
}
class Point {
int x;
int getX(Call c¢) { return x; }
Point move(Call ¢, int dx) {
return new Point(getX(new Point_move(this,dx))+dx);
}
}

Fig. 5. Cflow emulation

for the particular case of cflow, we observe that it may alternatively be sup-
ported using the standard object-oriented features of our calculus, if the program
is ‘preprocessed’ using an automatic transformation that represents the neces-
sary call stack information as extra parameters of the method invocation.

The example in Figs. 4 and 5 illustrate this transformation. The first figure
shows an application of an AspectJ cflow pointcut: executions of Point.getX ()
should only be intercepted if they occur in the control flow of the method
Point.move(int). The corresponding advice just logs the corresponding call,
and otherwise does not interfere with the base program’s execution. The result
of the transformation is shown in Fig. 5. The basic idea is that the call stack
is represented by a list of objects provided as a newly added argument to every
method call; the cflow semantics may then be implemented as a simple search
through this list for an invocation of the requested method. Calls to the method
move are represented by instances of the class Point _move, which extends the
class Call that models calls in general. The getX method in class Point has
been modified to include a Call parameter that represents the calling context,
and the definition of the move method has been changed to provide this infor-
mation as an instance of Point_move when it invokes getX. Finally, the aspect
Cflow selects executions of the getter method as part of its pointcut, and uses
the method select to test for a control-flow relationship on the Call parameter.



Pragmatic extensions. This section assumes several pragmatic extensions of the
A calculus. These features are not present in the formal definition in Section 3,
but they can be provided by fairly straightforward extensions. At the syntac-
tic level, we made small changes such as leaving out the superclass when it is
Object, and adding the keyword return. We also assumed the primitive types
int and void, and we added a semicolon (to be used as e; e’ where e is evaluated
and then ignored), and used System.out.println(_). As mentioned, the exten-
sion whereby advice selection matches on method names is easily covered by the
advice selection parameters. The cflow code transformation involves if state-
ments and instanceof expressions, but these extensions would not be hard to
add. Finally, we have used anonymous closures depending on their lexical envi-
ronment, whereas the A calculus only supports closures which bundle a method
selector with either a class name or a receiver object. However, it is easy to
transform an anonymous closure into such a pair. For instance, the following
anonymous closure from Fig. 2:

int a, int b => proceed(a,s,b); return 0
can be expressed as (new B(proceed,s),m2) where B is a new class:

class B {

(int,String,int)->int proceed;

String s;

int m2(int a, int b) { proceed(a,s,b); return 0; }
}

3 Formal Definition of the A Calculus

This section gives a formal definition of the A calculus. Following Featherweight
Java by Igarashi et al. [16] the calculus omits many features, such as mutable
state, concurrency, inner classes, reflection, interfaces, abstract methods, over-
loading, field shadowing, super, primitive types, access control, null references,
and exceptions. Moreover, Featherweight Java includes casts for erasure analysis,
but casts do not provide any significant insight here so we omit them.

Our notational conventions are generally well-known in the Featherweight
Java context. Terminals are written in teletype and metavariables in italic.
Metavariables represent syntactic categories; distinct metavariables may be used
for the same syntactic category in rules or definitions in order to distinguish
between multiple instances. Furthermore, we reserve the following metavariables
for lexical categories: = for term variables (including this, target,proceed),
X for type variables, m for method names, f,g for field names, C, D for class
names (including Object), and a for advice names. The notation € represents the
ordered sequence of elements ey, ..., e, for some n > 0. Separators are implicit
and will be determined by the context. Note that there is no overlap between e
and e, so they may appear independently in the same definition. The sequence
notation applies to binary constructs, too; for example, P x is a shorthand for



P x1,..., P, ©,, which also implies that both sequences have the same number
of elements. Finally, we use the following standard constructors for sequence
expressions: e is the empty sequence (nil), e : € is the sequence formed by the
element e followed by € (cons), and €7 €3 is the concatenation of é7 and e3.

3.1 Syntax

Type, term and value expressions

ST, U:=C|X|ST—-T|T—T types

dye z==x |new C(e) |e. f|e.d(@ | d(e) | (C,m) | (C,m)[e-qa] | terms
(e;m) | (e,m)[e-a]

v z=new C (@) | (C,m) | (C,m)[v-a] | (v,m) | (v,m)[v.a] values

Environments and auxiliaries

=Tz var envs
A= 5S-UX tvar envs
K = call| exe adv. kinds

Member and top-level declarations

M =T m(T x){e} methods
Asz=a: K(S-U So-Up.x(S-U x)){e} advice
Q == class C extends D {T f; M A} classes

Fig. 6. Syntax

The syntax of the A calculus is defined in Fig. 6. Most syntax elements are
available in user-level programs, but some are introduced for the purpose of type
checking evaluation, as explained below.

Types can be either class names, variable types, static closure types, or dy-
namic closure types (the difference being that the latter do not include a re-
ceiver type). Declaration typing enforces that type variables cannot appear in
programs, since there is no place where they can be declared. Instead, type
variables are introduced in the type checking of advice methods.

Variables, object creation, and field access are standard, whereas method
invocation is replaced by a combination of closure construction and closure ap-
plication, for both static and dynamic closures. (C,m) denotes a static closure
for method m on class C, while (e,m) denotes a dynamic closure for method m
on receiver e. The corresponding closure applications are written e. d(€) and
d(e), where d is the closure, e is the receiver (used with static closures only)
and € are the arguments.

In order to model advice application, closure terms may be annotated with
a list of advice. This list consists of pairs e;.a;, where a; is the name of the
advice method, and e; is the corresponding aspect instance. Advice methods are



class members and are therefore executed in the context of an aspect instance
(accessible as this during the evaluation of the advice).

The syntax defines both term and type environments, represented by I" and
A respectively. A term environment maps term variables to types, while a type
environment maps type variables to ranges S;-U;, where S; is the lower bound
for the type variable, and U; the upper bound. While method declarations have
a standard signature that consists of singular types for the result (') and argu-
ments (T), advice methods are declared with type ranges for the result (S-U),
intercepted receiver (Sp-Up) and arguments (S-U). These ranges contribute to
determine the set of compatible join points, and they specify the bounds for type
variables introduced during advice typing. The advice also declares a kind, which
is either call or exe. The type ranges are placed in parentheses after the ad-
vice kind, in line with the pointcut syntax in AspectJ. Finally, class declarations
specify a single parent class and a list of declarations of fields, ordinary methods,
and advice methods. We omit constructors: they are included in Featherweight
Java to make the language a subset of Java, but they contribute no information.

3.2 Dynamic Semantics

The evaluation rules of the A calculus are shown in Fig. 7. We first discuss some
general issues, and then describe individual rules. The auxiliary function fields
retrieves all fields, meth a method, and advice an advice with a certain name. The
definitions are omitted, but standard. We assume the following standard sanity
conditions: (i) there is at most one definition for each class name, (ii) there is
no definition for Object, (iii) the parent of a class is either defined or Object,
and (iv) inheritance is acyclic.

Evaluation uses judgments on the form e, H ~» ¢/, H', which is standard
evaluation (e ~ ¢’) extended with an execution history mechanism. The history
is updated by applying a history update function [_]_ to the current history,
receiving the new term as an argument. E.g., the history H is transformed into
[H]e by an evaluation step that produces the term e’. The history update
function and the initial history value are free parameters of the calculus. Apart
from the fact that the history update function must be total, they may be chosen
freely in order to enable a particular type of advice selection. The congruence
rule—omitted from Fig. 7 for brevity, but straightforward—updates the history
just like the other rules. This means that the execution history at every step
is updated using the complete program. It therefore has complete information
about the evaluation and supports every conceivable advice selection mechanism.

Evaluation rules. Field access evaluation is standard (rule EvALFIELD), but
method invocation is covered by multiple rules, in order to handle closures and
advice. Advice behavior is integrated into method invocation in three steps:
(i) selection of applicable advice (ii) application of each advice method (iii) pro-
ceed to the next stage (or the original method invocation). This process must
be run twice: once for call advice, where the receiver may still be updated, and
once for execution advice, where the receiver is fixed. This results in the six



EVALINVK
EVALFIELD 7 e =new C(-) meth(C,m) = (Z){eo}
fields(C) =T f e = eg [this — €, T > ¢

new C'(€). fi, H ~ e;, [H]e, (e;m)[| (@), H ~ €, [H]or

7

EVALEADVISE
EvALCADVISE eo =mnew C(-)
getCAdvice(H, eo, C,m,€) = €,-a getEAdvice(H, ep,C,m,€) = €,.a
e =eo. (C,m)ez-al (@) ¢ = (eg,m)[ea-a) (&)
eo. (Com) (@), H ~ ¢, [H]e (eo,m) (@), H ~ €', [H]o

EVALCALLINVK
ea =new Co () advice(Ca, a) = () {e}
¢’ = e[this — e,, target — eg, proceed — (C,m)[€5.al, T > €]

eo. (Cym)eq.a :: €q-a) (@), H ~ €', [H]e

EVALSHIFT
€0 - <C’ m> [] @ ’ H ~ <60’ m> (E)v HH]] (egsm) (&)

EVALEXECINVK
eq = new Cq (-+) advice(Cq, a) = (Z){e}
¢ = e[this > e,, target + e, proceed  (eg,m)[€q-al, T + €

(eo,m)[eq.a :: g-a) (@), H ~» ¢, [H]o

Fig. 7. Evaluation

remaining evaluation rules of Fig. 7. The different steps in the reduction from
an application of a static closure to a method body may be illustrated as follows
(omitting the execution history):

eo. (C,m)(@) ~  eg. (C,m)eg-al(@ EVALCADVISE
~* eg. (C,m)[](€) EvALCALLINVK'
~  (eg,m) (&) EVALSHIFT
~  (eg,m)[el,.a’] (@) EVALEADVISE
~* (eg,m)[] (@) EVALEXECINVK'
~»  ep[this — €9, T — € EvALINVK

The rule EVALCADVISE annotates the static closure with a list of call advice,
while the rule EvALCALLINVK is used zero or more times to remove and apply
each advice. When the advice list is exhausted, rule EVALSHIFT converts the
static closure to a dynamic closure, where the process is repeated for execution
advice, using rule EVALEADVISE and rule EvaALExEcINVK. When the advice list
is again exhausted, rule EvaLINVK reduces the term to the body of the given
method, where the parameters are appropriately substituted. The dagger symbol
(t) on EvaLCaLLINVK and EVALEXECINVK indicates that this example shows a
particularly simple case: in general, these rules replace the application of an
advised closure by an advice body of the first advice, where proceed is bound to



the advised static closure, with the first advice removed. The advice body may
or may not apply the proceed closure, and it may employ the original arguments
or different ones. The above illustration shows the simple case where the advice
body at some point directly applies proceed to the original arguments.

Advice selection. The aspect table, AT, is a globally available list of objects
used as aspect instances, i.e., they are candidates for matching advice whenever
a closure invocation needs to be advised. We impose minimal restrictions on
the aspect instances and require that only the outer expression is evaluated (so
the instances are expressions of the form new C'(€)). The rules EVALCADVISE
and EVALEADVISE are used to select the list of applicable advice pairs using the
functions getCAdvice and getEAdvice. These functions are free parameters of the
calculus, i.e., they may be chosen as needed in order to express the desired ad-
vice selection semantics. However, for soundness, they must satisfy the following
requirement. We include the previously mentioned requirement on the history
update function, in order to have a complete list of requirements in one place:

Requirement 1 (The A calculus parameters) The history update function
[]. and the functions getCAdvice and getEAdvice must be total. Moreover, when-
ever getCAdvice(H,eq,C,m,€) = €,.a or getEAdvice(H, ey, C,m,e) = e,.a,
it must be the case that = e,.a appropriate for K C.m, where respectively
K = call and K = exe.

Fig. 8 defines what it means for one advice pair to be “appropriate for” a
particular advice kind K and join point C'. m: the rule ApPADVICE specifies that
the aspect class must contain an advice method of the appropriate kind, and
with a type compatible with the type of the given join point C'. m. Advice type
compatibility (C) is further defined in Fig. 9.

APPADVICE
new Co (€) € AT advice(Ca,a) = K(S-U So-Uo.*(S-U)){--}
meth(C,m) =T (T z){--} CT = TrC So-Up.S-U — S-U

F new C, (€) .a appropriate for K C'. m

Fig. 8. Appropriate advice pairs

Note that this open declaration of advice selection allows the functions get-
CAdvice and getEAdvice to use the execution history (H), and it allows them
to produce a list of advice of the appropriate kind which may be ordered inde-
pendently of the order of aspects in AT, and may even contain duplicates. This
enables modeling of dynamic advice or aspect activation and deactivation, as
well as arbitrary advice precedence schemes. Essentially, appropriate advice is
all that is required for safety.



History counting example. To illustrate the instantiation of calculus parameters,
we consider a very simple history-based pointcut that selects a certain call advice
method a on advice instance e, for every nth evaluation step. The execution
history is modeled as an integer number (), and the history update and advice
selection functions are defined as follows (where div is a divisibility predicate):

[ =i+1 getCAdvice(i, -, -, -, -) = if i divn then e, .a else o
U= getEAdvice(_,,_,_,_) = o

In case the type of advice method a is compatible with any method type in the
class table, this instantiation satisfies Requirement 1.

3.3 Static Semantics

The static semantics of the A calculus consists principally of a definition of
subtyping, term typing and declaration typing.

SUBTRANS .
SUBR AT < T SUBEXTENDS
UBREFL AFT" < T class C extends D {-}
AT < T _
AT <:T AFC<:D
SuBSCL SusDcL
AFS <8  AFT <:T AT < T SUBUP
AFT < T AFT < T A(X)=8-U
AFST T <: ST =T AFT T < T > T AFX < U
COMPATADVICE
SuBLow FS<:T FT <:U FS<:T FT<:U
A(X) = S-U FSy<:To  +FTo<:Us OxOBJ
— — A Object
AFS <X To. T — T C So-Up.S-U — S-U
OkCLASS OKVAR OkScL OkDcL
class C {-} X € dom(A) AR ST, T AT, T
AFC AR X AFST =T AT =T

Fig. 9. Subtyping, advice compatibility and well-formed types

Preliminaries. Fig. 9 presents subtyping, advice compatibility, and type well-
formedness. Subtyping is reflexive and transitive, and includes subclassing and
standard function type rules for closures (rule SUuBREFL through rule SuDcL).
Type variables are related to their bounds (SuBUpP and SuBLow). Advice compat-
ibility between a singular type signature and a range type signature is defined by
range inclusion (CompaTADVICE). Finally, type well-formedness (OkOBj through
OkDcL) just requires that all class names and type variables are defined.



TVAR TFIELD TNEW

T ok A;TFe:Ty  bounda(Ty) = C T'ok  fields(C)=T f
I'z)=T fields(C) =T f ATNEe: U AFU<:T
A;Ex: T AsTkRe. fid T A;T'Enew C(e): C
TINVK - TCINv
A;T=d: Ty bounda(To) =ST =T A;TEd: Ty
AT Fep: S AFS < S bounda(To) =T — T
A TEe: T ART < T A TEe: T ART <:T
ATk ey.d@):T ArHd@E:T
TScL TDcL
I ok A;T'Feg: S AFS<:C
meth(C,m) =T (T z){--} meth(C,m) =T (T z){-}
AT H{(Com): CT =T AT {egym): T — T
TDcLA
TScLA A;Tep: S AFS<: C
meth(C,m) =T (T z){--} meth(C,m) =T (T x){--}
A;l'Feacall CT =T Al'FeaexeCT —» T
AT = {(Com)[era): CT — T AT {eg,m)fea): T — T
ATCHK

A TFe: T, A+T, <:C,
advice(C’m (1) = K(S-U So-Ug *(S-U)){} To.T — T So-Up.S-U — S-U

A;TNFe.a: KTy, T —>T

Fig. 10. Term typing, with auxiliary advice typing

Term typing. The term typing rules, one for each syntactic shape, are presented
in Fig. 10. Some rules use bound a, which replaces a type variable by its upper
bound in A, and otherwise retains the type unmodified. For typing rules that
do not have any typing judgments as premises, we require a well-formed term
environment, I" ok, i.e., that it does not contain multiple bindings for the same
variable. As such, term typing will imply a well-formed term environment.
Note that the typing of advised closures, rules TScLA and TDcLA, require
a typing of the advice. Advice typing is defined in rule ATCHK: it requires that
the advice method is of the correct advice kind (K) and that its signature is
compatible with that of the join point. Advice typing is needed for soundness,
to ensure that advice application preserves the type of the advised invocation.

Declaration typing. The typing rules for member declarations in class C' with
parent class D are specified in Fig. 11. For method declarations, rule OKMETHOD
requires that types are well-formed, the advice body is typable, and overriding
is invariant. For advice declarations, rule OKADVICE uses a type environment
containing fresh type variables with the declared ranges, and a term environment



OKMETHOD L
FT, T eo:C this, Tzt e: S FS<:T
if meth(D,m) =T (T" ){-}then T' =T and T =T
T m(T z){e} ok for C, D

OKADVICE

Y, Xo, X distinct A=5-UY,Sp-Uy Xo,S-U X
A; C this, X, target, pcd(K, Xo, X, X) proceed, X ze: T’
AT <Y = S,U, So,Up, S, U advice(D, a) undefined

a: K(S-U So-Uy.*x(S-U z)){e} ok for C, D

pcd(call, S, T,T) = ST — T pcd(exe, S, T, T) =T = T

Fig. 11. Class member typing

including this, target, and proceed in addition to the arguments. The type
of proceed is a static closure type for a call advice and a dynamic closure type
for an execution advice, as determined by pcd, which is also defined in Fig. 11.
Finally, a well-formed class declaration requires well-formed types, methods, and
advice methods, and distinct declared names. The rule is straightforward and
omitted for brevity.

3.4 Evaluation of design decisions

We now revisit some of the highlighted contributions from Section 1 and the
discussion from Section 2, and we connect this to the formal presentation of the
calculus from this section.

As explained in Section 2, the A calculus shifts some concepts typically
considered aspect-oriented to the level of plain object-oriented programming.
Most notably, proceed is a simple term variable that denotes a closure (see
EvaLCALLINVK and EVALEXECINVK in Fig. 7). Closures, static as well as dynamic,
are first-class entities in the language (see Fig. 6), and fully integrated in the
type system (see, e.g., rules TScr and TDcL in Fig. 10). Programs can create
closures as shown in advice around?2 of Fig. 2, pass them to ordinary object-
oriented methods (m in the example), and thus use well-known object-oriented
reuse and abstraction mechanisms in the implementations of advice behavior.

Furthermore, we argue in Section 2 that advice for call and execution join
points should be treated differently, and that receiver substitution should only
be allowed for call advice, which should occur before execution advice. This
distinction is enforced in the type checking from Fig. 11, where the function pcd
returns a static closure type for advice declarations of kind call, and a dynamic
closure type for ones of kind exe. In the execution of Fig. 7, appropriate static
and dynamic closures are also used, and since rule EVALSHIFT is the only rule
that allows the switch from one to the other, the relative ordering between call
and execution advice is guaranteed.



Next, the A calculus has an advice selection parameter that takes the place
of any concrete advice selection strategy. This is represented in the formal spec-
ification of the calculus by the functions getCAdvice and getEAdvice of Fig. 7 for
which no definition is given, and which are only subject to the stipulations of
Requirement 1 and Fig. 8. These functions obviously include selection of join
points based on method patterns (as used in Section 2), as well as dynamic acti-
vation and advice precedence. In addition, advice selection may be based on the
execution history, which is represented by H and manipulated by the history
update function []_, again parameters for which the definition is left open.

Finally, the A calculus ensures type safety using the simplified notion of type
ranges, which allows for simpler and more intuitive advice declarations. Whereas
De Fraine et al. [4] propose two mechanisms (ordinary advice and generic advice)
to support two classes of advice behavior, they are now integrated in one mecha-
nism where type variables are only used in the type checking process. While the
syntax of Fig. 6 includes type variables, they are not allowed to appear in the
syntax of programs since declaration typings such as rule OkMeTHOD in Fig. 11
require a typing using an empty type environment; since term typing requires
well-formed types, this excludes type variables because they are not well-formed
in an empty type environment (see rule OKVAR in Fig. 9). Contrarily, the type
checking of advice declarations with rule OkApvice in Fig. 11 employs type vari-
ables Y, Xy, X, but these are not specified as a part of the advice declaration.
The type variables have both an upper bound and lower bound in the type envi-
ronment that is used in this rule. The implied subtype relations (through both
rules SuBUP and SuBLow from Fig. 9) are crucial to enable replacement advice
such as method around1 from Fig. 3. For non-replacement advice, the types do
not need to be converted since both the types of proceed on the one hand, and
those of the other arguments and the result of the advice on the other hand, are

directly expressed using one of the type variables Y, X, X.

4 Safety Properties

We now present the safety properties of the A calculus. Under the assumption
that all defined classes are well-formed, and the aspect instances in the aspect
table (AT) are well-typed, the following preservation and progress properties
hold:

Theorem 2 (Preservation). Ife; 't e: T and e, H ~ €', H', then &; ' ¢’:
T’ for some T' such that =T <:T

Theorem 3 (Progress). Ife;e - c: T then either e is a value or e, H ~» €', H'
for any H and some ¢’ and H'.

The progress result employs the notion of a value as defined in Fig. 6.

We have developed a proof of these properties using the Coq proof assistant
[19]. The proof is available at the web address given at the end of Section 1. Since
the proof uses a classical structure, and since it has been mechanically verified,



we will not present it in detail here. The calculus parameters, used to abstract
over a concrete advice selection strategy, are represented as unknown sets and
functions in the Coq specification, along with a statement that Requirement 1 is
assumed. For preservation, we can obtain the necessary relations directly from
Requirement 1, and from the rule ApPADVICE in Fig. 8. For progress, the func-
tions getCAdvice and getEAdvice must be total, which is obtained from Require-
ment 1, and similarly for the history update and advice selection functions.

Two design decisions have simplified the proof compared to previous ap-
proaches; we therefore briefly discuss these decisions and their impact. First,
it is well-known that the modeling of capture-avoiding substitution in formal
metatheory is a rather complex issue (this problem, and different solutions, were
recently discussed by Aydemir et al. [20]). In our development, we can avoid
these issues due to the fact that binders in the language cannot be nested, which
removes the danger of variable capture during substitution. In particular, we
do not include anonymous closures in the language. (For a discussion of how to
emulate anonymous closures, see the end of Section 2).

Secondly, the use of type variables with both lower and upper bounds poses
certain problems with respect to typical properties. For example, if the type
environment contains unsatisfiable assumptions such as A = Number-String X,
then it is possible to derive subtype relations that do not correspond to the
class hierarchy, for example A F Number <: String. Rather than introducing
well-formedness criteria for type environments that preclude these situations,
we observe that it is possible to exploit that these constraints are unsatisfiable.
For example, we may define the following advice method, which, because of the
type range Number-String, may invoke a String method on a Number instance
in its body:

around: call(void Number-String.*()) { 12.length(); }

However, this is not a problem for the type safety of an actual program in the A
calculus, since we know that this advice body is ‘dead code’: the advice cannot
be applied because—barring any further assumptions—there exists no receiver
of a type compatible with the range Number-String.

Note that, as a consequence, the preservation property is formulated using
an empty type environment, which differs from the literature: Featherweight
Generic Java [16], for instance, preserves term typing in both non-empty type
and non-empty term environments (of course, it only supports upper bounds for
type variables so these issues do not arise). In the A calculus, such a general
preservation result does not hold, for the aforementioned reasons. However, it is
crucial that the specialized preservation property that we prove is sufficient for
type safety: program evaluation starts with a main expression that is well-typed
in an empty type environment, and as the reduction of this main expression
proceeds, method and advice bodies are only introduced after substituting ex-
pressions for their variables (where the standard substitutivity lemma ensures
well-typedness), and the type environment remains empty. Note that if we had
had type variable binders in expressions, they would introduce non-empty envi-
ronments and thereby complicate proofs by induction. Given that this is not so



common, we find it likely that the use of empty type environments for preserva-
tion in other calculi may also simplify their proofs.

5 Related Work

Our work is related to a number of different efforts within the AOSD and re-
lated communities. In this section we compare our work with respect to three
groups of related work that share part of our main motivation, providing a sim-
ple and regular, yet expressive foundational calculus. Concretely, we consider
three classes of related work:

1. Formal semantics and calculi for AspectJ-like aspect models.
2. Aspect models that are more general than the mainstream (AspectJ) model.
3. Approaches striving for the integration of aspects and objects

There are several approaches using closures to model advice and proceed, e.g.,
because it is an obvious choice in the context of a functional language, but we
do not discuss these in detail here because they have different goals and the
comparison does not bring significant insight.

Formal semantics and calculi for AspectJ-like aspect models. Work on formal
AspectJ-like aspect models has started with the denotational semantics of As-
pectJ proposed by Wand et al. [13] which provides a detailed account of the
pointcut and advice mechanisms of AspectJ. Furthermore, the authors have
pointed out the basic type soundness issues of pointcut/advice binding (without
providing a corresponding sound type system).

MiniMAQO; [14] provides a very faithful model of the semantics of AspectJ,
even including receiver substitution in advice. In contrast to our work, no ra-
tionale and formal justification is provided as to how call and execution point-
cuts have to be handled in the presence of advice chains. Finally, MiniMAO;
only provides a very restrictive type system that almost completely forbids type
variability in the presence of proceed. We provide much more flexibility, most
notably by supporting generic advice behavior.

Jagadeesan et al. [15] investigate the integration of pointcut/advice bindings
with generics, providing sound type systems for aspect programs in the presence
of a type-carrying and type-erasure semantics. They provide, however, less gen-
eral pointcut and advice models. There is no receiver substitution by advice, and
their pointcut language is limited (it does not include negation, for example).
In contrast to our approach, their type system supports only limited type vari-
ance for proceed and relies on explicit type variables for the handling of generic
advice.

StrongAspectJ [4] provides a more general model for type safe pointcut/ad-
vice bindings that supports type variability in the presence of proceed. In con-
trast to the previous systems, this approach also permits the correct handling
of type variance for generic as well as non-generic advice: it enables, in partic-
ular, replacement advice to be typed correctly. Furthermore, it accommodates



more general pointcut languages by means of a simple criterion of compatibility
between pointcuts and advice. However, our parametrized type system supports
a more general set of pointcut languages. Also, StrongAspectJ requires explicit
type variables to enable generic advice behavior: our approach requires fewer
type variables to be specified explicitly. Finally, StrongAspectJ does not specif-
ically consider receiver substitution and call/execution join points, and handles
them identical to AspectJ.

In addition to the limitations discussed above, all of these approaches do not
strive, as we do, for a simpler model that attempts to model the ad hoc mech-
anisms of AspectJ in a regular fashion. In particular, none of these approaches
shift complexity from the aspect model to well-understood object-oriented ab-
stractions. Furthermore, since all of these approaches are centered on basic As-
pectJ features, none of them considers control-flow relationships, aspect enabling
and advice redefinition. Finally, no mechanically checked type soundness proofs
have been published for these earlier systems (though such a proof has recently
been developed for StrongAspectJ [21].)

Beyond the AspectJ model. A significant number of papers have proposed gener-
alized and extended versions of the pointcut languages and more powerful aspect
models than that of AspectJ.

State-based aspects [5, 6] feature aspects that are defined using finite-state
based relationships over the history of program executions that are formalized in
terms of an operational semantics. Similarly, tracematches [7] define pointcuts
using a form of regular expressions over execution traces. Other approaches [8—
11] have considered even more expressive pointcut languages, mostly defined
in terms of functional or logical expressions, and some even Turing-complete.
While we do not provide explicit representations for such pointcut languages, our
parameter-based handling of advice selection allows them to be defined based
on our model.

Furthermore, Douence et al. [6] exploit state-based aspects for the definition
of a flexible notion of aspect activation in terms of regular activation conditions.
This notion can also be modeled based on our parameter-based approach to
advice selection.

Several formal and typed models for AOP have been developed that present
advice application models different from the AspectJ model. Lidmmel [12] pres-
ents a big-step operational semantics for the interception of method calls at
so-called dispatch, enter and exit join points. In his most advanced system,
advice, i.e. superimposed methods, may, similar to pointcuts, abstract over mul-
tiple intercepted methods. The corresponding language is shown to be type safe
(without a mechanically checked proof). His language does not support the inte-
gration of advice execution with plain method calls as we permit using first-class
closures. Furthermore, type variance is limited because no lower bounds may be
taken into account as part of advice execution. In a functional setting, Ligatti et
al. [22] provide a calculus with first-class advice that is triggered and may return
to explicitly labeled program locations. Aldrich [23] has introduced a model of
how advice application may interact with a strongly encapsulating module sys-



tem. Both approaches, however, do not include basic object-oriented features,
such as object subtyping and type variance.

In contrast to our work, these approaches do not aim at a general aspect
theory. Moreover, while several strive for improved expressiveness and regularity
in the definition of pointcuts and certain (limited) characteristics of advice exe-
cution, all systems, with the notable exception of Lammel’s, exclusively do so in
functional or logical settings: all are more limited than our approach in shifting
complexity from aspects to objects as we propose.

Integration of aspects and objects. Only few works have been devoted to the bet-
ter integration between aspect-oriented and object-oriented concepts and mech-
anisms, in particular in order to investigate the use of abstraction mechanisms
from both domains in order to structure aspect programs.

Ernst and Lorenz [24] have explored a notion of aspectual polymorphism
and its interaction with plain object-oriented features. They have shown, in par-
ticular, that late binding of advice together with a notion of advice grouping
can be used to introduce late binding even in base languages with early binding
semantics. This work is therefore mainly concerned with a challenge that is com-
plementary to ours: the expressiveness of the advice mechanism is increased in
order to enable abstraction mechanisms known from object-oriented program-
ming to be applied on the aspect level. In contrast, we strive for the use of OO
abstraction mechanism to simplify aspect abstractions.

Aspectual collaborations [25] (an extension of adaptive plug-and-play com-
ponents [26]) consist of classes that may contain aspectual methods. Groups of
ordinary methods that are intercepted by an aspectual method are identified
by means of explicit constraints on the formal return and argument types of
that aspectual method. An attachment mechanism between aspectual methods
and ordinary ones instantiates the formal types with respect to the intercepted
method, thus supporting type safety and variance in the Java sense. Compared
to our approach, integration of aspects and objects is clumsy because calls to
intercepted method have to be performed through a reflection interface. Fur-
thermore, type variance is limited because lower bounds cannot be defined and
the compatibility relation between aspectual methods and intercepted methods
is stricter than in our approach.

6 Conclusions

In this paper we have presented the A calculus, a new foundation for aspect-
oriented programming, that is simpler, more regular, but also more expressive
than previous approaches. Simplicity and regularity is mainly supported by a
better integration of aspect-oriented and object-oriented concepts, which has
enabled us to shift complexity from aspects to well-known OO abstractions. We
have, in particular, modeled the proceed mechanism using first-class closures
and exploiting standard object-oriented abstractions to structure pointcuts and
advice. The A calculus provides more expressiveness (i) by making explicit the



significant differences on the semantic level of call and execution pointcuts es-
pecially in the presence of receiver substitution, and (ii) by supporting a large
design space for non-essential features, such as advanced pointcut mechanisms
and notions of aspect enabling and redefinition. Moreover, we have shown the
complete calculus as well as all design choices for non-essential features to be
type safe. Despite its expressiveness, the type system itself is more user-friendly
than previous systems in that type ranges have to be specified in limited contexts
and type variables are completely hidden from users. Finally, the type soundness
of our system has been checked mechanically in Coq.

This work paves the way for different tracks of future work. Most directly, the
design spaces for aspect features such as advanced pointcut mechanisms, aspect
activation and aspect inheritance should be explored. More fundamental and
longer term benefits of the calculus can be expected to consist in the definition
of easier-to-use and semantically cleaner aspect languages that interact more
smoothly with object-oriented base languages.
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