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Abstract—Aspect-Oriented Programming (AOP) provides mechanisms for the separation of crosscutting concerns—functionalities

scattered through the system and tangled with the base code. Existing systems are a natural testbed for the AOP approach since they

often contain several crosscutting concerns which could not be modularized using traditional programming constructs. This paper

presents an automated approach to the problem of migrating systems developed according to the Object-Oriented Programming

(OOP) paradigm into Aspect-Oriented Programming (AOP). A simple set of six refactorings has been defined to transform OOP to

AOP and has been implemented in the AOP-Migrator tool, an Eclipse plug-in. A set of enabling transformations from OOP to OOP

complement the initial set of refactorings. The paper presents the results of four case studies, which use the approach to migrate

selected crosscutting concerns from medium-sized Java programs (in the range of 10K to 40K lines of code) into equivalent programs

in AspectJ. The case study results show the feasibility of the migration and indicate the importance of the enabling transformations as a

preprocessing step.

Index Terms—Aspect-oriented software development, refactoring, program transformation.
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1 INTRODUCTION

ASPECT-ORIENTED Software Development (AOSD) is a
programming paradigm in which “crosscutting con-

cerns” that pervade a system are isolated and extracted into
separate modules called aspects. Unlike traditional mod-
ules, which must be referenced explicitly by the program
(e.g., via procedure calls), aspects add functionalities to the
base code by intercepting the execution flow, without any
need for the base code to mention the aspect code explicitly.
In other words, the base code remains oblivious to the
functionality added by an aspect, and it is the aspect that
specifies (quantifies) the places in the base program affected
by the new functionality [10]. Examples of crosscutting
functionalities that benefit from the obliviousness and
quantification mechanisms offered by AOSD include
persistence, logging, caching, transaction management,
and contract enforcement.

The motivation which underpins the AOSD paradigm is
that these crosscutting functionalities are scattered through-
out the program and tangled with the base functionalities,
with a corresponding detrimental effect upon many soft-
ware engineering activities, such as program comprehen-
sion, maintenance, and evolution. In the AOSD paradigm,
the base code that implements the core functionality of the
system is disentangled from and oblivious to the cross-
cutting aspect code, thanks to the quantification constructs
available in aspects. It is expected that this form of
disentanglement of base code from aspect code will allow

the two to be understood, developed, tested, and main-
tained independently from one other, with the base code
free of references to any other crosscutting concern.

In order to extend the benefits of AOSD to existing
systems, a significant reverse and reengineering effort will
be required. Moreover, the execution of reverse and
reengineering studies is expected to contribute to the
clarification of the applicability of AOSD to real systems,
as well as to the refinement of the AOP constructs and
concepts themselves. This reverse and reengineering effort
will need to identify and extract from existing programs the
code which denotes the crosscutting functionality and to
refactor these existing programs within an aspect-oriented
reformulation of the original program.

In the rest of this paper, we use the term “migration” to
indicate the whole process used to move an object-oriented
application to be aspect-oriented, so as to exploit the novel
constructs and code-structuring opportunities offered by
the aspects. “Refactoring” indicates a specific activity
within migration, which consists of small, controlled, and
largely automated program transformations, resulting in a
step forward in the migration process. Refactoring consists
of semantic preserving code transformations that improve
internal code organization. As with other migrations and
conversions [6], [22], [34], [36], the refactorings involved in
migrating from OOP to AOP must be automated to avoid
unsustainable cost.

Previous authors have identified two important phases
in the migration from OOP to AOP: aspect mining [3], [25],
[30], [33] and aspect extraction (including object-to-aspect
refactoring) [15], [27], [35]. In aspect mining, the problem is
to identify code which is likely to implement a crosscutting
concern. This is a semiautomated process, in which a tool
identifies candidate aspects for human consideration. As
with related tool-assisted code analysis techniques, there is
a trade-off between locating all viable candidates and
identifying as few false positives as possible.
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The problem of identifying candidates for aspects in
code has been well studied in the literature, as discussed in
the Related Work section. However, the problem of
extracting the aspects from an OO program in order to
refactor it into an equivalent AOP program is much less
well-studied in the literature. It is this problem which forms
the focus for the work reported in this paper. This paper
considers the problem of determining sensible pointcuts to
intercept the execution and redirect it to the aspect code,
together with the refactoring transformations which pack-
age the aspectual functionality in the AOP version of the
program.

Such a process must be guaranteed to preserve the
original behavior while modularizing the code of the
crosscutting functionality. This requires that the code being
refactored satisfies certain preconditions. In order to meet
them, the OO code is transformed by a sequence of
“enabling transformations” which map OO code to
OO code, rendering it into a suitable form to enable the
refactoring transformations.

In common with other refactoring and code migration
work [36], human guidance is both necessary and desirable;
the process requires value judgments regarding trade-offs
best made by a maintenance engineer. The process of
migrating existing software to AOP is highly knowledge-
intensive and any refactoring toolkit therefore should
include the user in the change-refine loop. However,
notwithstanding this inherent and desirable human invol-
vement, there is considerable room for automation.

Key to the aspect extraction is a set of six refactoring
transformations. The paper presents the six refactorings and
a tool, AOP-Migrator, which implements them in an Eclipse
plug-in. Complementary to these object-to-aspect refactor-
ings is the aspect-to-aspect refactoring called “pointcut
abstraction,” which aims at improving the quality of the
automatically generated aspect code by unifying computa-
tions shared by different advices. Results from the applica-
tion of the tool to four medium-sized migration case studies
are then presented. In the case studies, the aspect code is
assumed to have been identified by previous approaches.

The case studies show that migration can be achieved
using a relatively small set of refactorings, and they indicate
the need for object-to-object enabling transformations, such
as side effect removal [9], [19] and code-motion transforma-
tions [18]. The primary contributions of the paper can be
summarized as follows:

1. Six refactorings1 are introduced to support migration
from OOP to AOP (some novel, others similar to
alternative proposals investigated in parallel by
other authors).

2. These refactorings are combined with existing
OO transformations in a tool that automates them.2

3. The effectiveness of the approach is explored using
four medium-scale applications: JHotDraw, Pet-
Store, Jaccounting and JSpider. The case studies
provide evidence that suggests that migration can
be achieved with a simple set of refactoring
transformations. The case studies also point to
the importance of enabling transformations which
transform an OO program into a semantically

equivalent OO program, in which the refactorings
become applicable.

The paper is organized as follows: Section 2 briefly
presents background material on AspectJ to make the paper
self-contained. Section 3 describes the six refactorings used
in the migration from OOP to AOP, while Section 4
introduces the tool used to implement the approach.
Section 5 presents the result of the application of the tool
to four medium-sized cases studies. Section 6 describes the
work related to that which is presented here, while Section 7
concludes with directions for future work. Finally, the
Appendix presents a formal program-schematic description
of the six refactorings used in this paper.

2 BACKGROUND ON ASPECTJ

Among the programming languages and tools that have
been developed to support AOSD, AspectJ [21], an
extension of Java with aspects, is one of the most popular
and best supported. AspectJ offers two main programming
constructs to modularize crosscutting concerns: pointcuts
and introductions. Pointcuts intercept the normal execution
flow at specified join points. Aspect code (called advice) can
be executed either before, after, or instead of (around) the
intercepted join points. Introductions modify properties of
the classes they affect by adding methods or fields and by
making them implement interfaces or specialized super-
classes previously unrelated to them. Unlike pointcuts/
advices, which alter the dynamic behavior, introductions
operate statically on the class members and structure (this
may, in turn, have effects on the dynamic behavior in the
presence of dynamic method binding). Aspects can also
modify the superclass or the implemented interfaces of a
class, via the declare parents construct.

Fig. 1 shows an example aspect that adds persistence to an
existing class, Person. Similar to classes, aspects have fields
and methods. The aspect PersistentPerson declares two
fields,outfile andout, respectively of typeFileOutput-
Stream and ObjectOutputStream. Next, the aspect
PersistentPerson declares that the interface Serial-

izable is implemented by classPerson. This is achieved by
means of the AspectJ construct declare parents. More-
over, the aspect adds related methods readObject and
writeObject to the current implementation of class
Person. The syntax for the necessary introductions consists
of the base class name, dot-separated by the added method
(field) name (e.g., Person.readObject).

In order to serialize all objects of class Person as soon as
they are created, the appropriate join points are all calls to
any constructor of class Person. The pointcut person-
Creation intercepts such join points. The AspectJ key-
word call, followed by a method (constructor) signature,
is used to specify a primitive pointcut which intercepts all
calls to the methods (constructors) matching the given
signature. Parameter passing between base code and aspect
code is achieved through context exposure. The AspectJ
keyword target is used to expose the object on which the
invocation is performed (in this case, the newly created
Person object). The exposed context is then available
within the advices associated with the pointcut.

The advice to be executed after the pointcut person-
Creation is declared by means of the AspectJ keyword
after. Its formal parameters match those exposed in the
corresponding pointcut. The code in the after-advice
defined for the pointcut personCreation stores informa-
tion about the Person object being created by calling the
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method writeObject on the aspect field out and passing
the Person object to it. In turn, the method writeObject

is known to delegate the write operation to its parameter
object, of type Serializable, by invoking its write-

Object method.
Among the other primitive pointcuts provided by the

AspectJ language, execution and handler are relevant
for the present work. ExecutionðhsignatureiÞ intercepts
the execution of any method matching hsignaturei, while
handlerðhexceptioni) matches any exception handler
(catch block) matching hexceptioni. The primitive point-
cut withincode is satisfied by join points inside the
code specified after the keyword (e.g., withincode

(Person.new(String))). The primitive pointcut if is
used to express a condition to be checked dynamically. It
intercepts all join points making the condition true.
Wildcards also can be included in pointcut specifications
(e.g., call(* Person.*(..)) indicates a call to any
method of class Person with any signature).

Advices executed after, before, or instead of a given join
point are specified through the keywords after, before,
and around, respectively. After-advices can be further
distinguished, depending on the kind of “return”: normal
termination is specified as after() returning and
exceptional termination as after() throwing. Inside an
around-advice, the original computation can be executed
using proceed(). Around-advices are expected to return a
value of the same type as the intercepted join point.

In addition to target, the primitive constructs provided
by AspectJ for context exposure include: args (to expose
the arguments of a method in a call or execution

pointcut) and this (to expose the current object). By
default, a single aspect instance is created for each aspect
declaration. However, it is possible to change the default by
means of a per-clause option such as pertarget,
perthis, percflow, whenever fresh aspect fields are
required, respectively, each time a new target, this object
or control flow matching a given pointcut are encountered.

A useful mechanism provided by AspectJ to support
aspectization of exception handling is the declare soft
construct, which softens an exception so that it needs not
be caught inside the base code and it can be managed
completely inside an aspect. An example of its usage will be

provided in the following section. More details on the
semantics of AspectJ can be found in the Programming
Guide accompanying its distribution (http://aspectj.org) as
well as any of the many books published on the subject
(e.g., [21]).

3 ASPECT EXTRACTION

The aspect extraction algorithm has two steps. The first,
which does the bulk of the work, uses refactoring to create
the initial pointcut and advice instances necessary to
aspectize the OO code selected for migration. The second
step combines these instances into the final pointcuts and
advices. This section first describes the refactorings and
then describes the merging. The identification of aspect
candidates (aspect mining) and the markup of the code
regions that represent instances of these candidates to be
refactored are assumed to have been completed before the
extraction begins. These steps can benefit from exploiting
aspect mining techniques described in the literature [3], [5],
[13], [16], [20], [25], [28], [29], [30], [33]. The regions of code
marked for refactoring fall into one of three cases:

1. whole methods or fields,
2. calls to methods, or
3. statement sequences (blocks of code).

Extraction of whole methods or fields (Case 1) is
straightforward and requires simply moving the method
or field from a class to an aspect, where it is turned into an
AspectJ introduction. Case 3 (statement sequence) can be
easily reduced to Case 2 by applying the well-known
OO transformation Extract Method. For these reasons, this
paper focuses on Case 2. In fact, a sequence of arbitrary
statements to be aspectized can be handled by extracting
them into a separate method, aspectizing the call to such a
method and (if possible and desirable) inlining the method
body into the advice. In this way, the same mechanics
applied to calls can be used for arbitrary statements.

Among the high number of refactorings for migration
from objects to aspects that have been proposed [2], [8], [15],
[17], [27], [35], this work focuses on a small subset, selected
using a mix of a bottom-up and a top-down approach. On
one hand, a priori knowledge about the constructs provided
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Fig. 1. Example of aspect showing the mechanics of introductions and pointcuts/advices.



by most aspect languages/frameworks (including AspectJ)
and about the kinds of crosscutting concerns that are
amenable for implementation through aspects guided us.
On the other hand, the execution of case studies steered our
initial intuitions and led us to refine the catalog. Further-
more, this work considers only refactorings whose me-
chanics can be fully automated. In fact, one of the aims of
the present work is to assess the ability of this small list of
refactorings to cover most of the cases encountered in
practice. The following six refactorings from objects to
aspects have been included for evaluation:

. Extract Beginning/End of Method/Handler. The
marked code is at the beginning/end of the
enclosing method body or of one of the method’s
exception handling blocks.

. Extract before/after Call. The marked code is always
before or after a method call.

. Extract Conditional. A conditional statement con-
trols the execution of the marked code.

. Pre Return. The marked code is just before the
return statement.

. Extract Wrapper. The marked code is part of a
wrapper pattern, in which the wrapper code is to be
aspectized.

. Extract Exception Handling. The marked code is a
whole exception handling block.

Once the code pertaining to a crosscutting concern is
moved from the principal decomposition to an aspect
through refactoring, proper context exposure mechanisms
must be realized in order to let the advice code access every
location originally accessed in the base code. The following
cases may occur:

. Access to a method parameter. Parameter exposure
can be achieved by means of the AspectJ args

construct.
. Access to a class member. Member access requires

exposure of the implicit parameter this and can be
achieved by means of the AspectJ this construct.

. Access to a local variable. Local exposure can be
achieved by creating a copy of the local variable in
the aspect (see example below).

When none of the refactorings above apply to a marked
code fragment, OO transformation is resorted to (also called
OO refactorings [11]) in order to make one or more of the
refactorings above applicable. Among the possible
OO transformations, the following are regarded as the
two most important ones in this work: Statement Reordering
and Extract Method. Both can be fully automated (the latter
is available in most transformation environments, while the
former requires some nontrivial dependency analysis to
ensure semantics preservation). Hereafter, transformations
are OO to OO and refactorings are OO to AOP.

Statement Reordering allows the order of two statements
to be exchanged. In its simplest form, this requires that the
defined and referenced variables of the two statements do
not overlap. When some overlap does occur between
defined and referenced variables, it may be possible to
make this transformation applicable by introducing fresh
local variables that store a value that must be preserved.

The second OO transformation, Extract Method, allows a
sequence of statements to be extracted to a separate method
[11]. Method arguments might be required if local variables
or parameters of the original method are referenced in the
marked statement block. This transformation makes it

possible to aspectize virtually any marked block of code.
However, it impacts the structure of the base code quite
deeply, so it is used as sparingly as possible and as a “last
resort.”

The remainder of this section provides details on the two
steps of the extraction algorithm: First, it describes the six
refactorings from objects to aspect advice instances. Their
description is based on a set of examples, which cover the
most common cases and include all three context exposure
mechanisms described above. A formal presentation of the
mechanics associated with each refactoring in the general
case is given in the Appendix. The second step, which
merges the advice instances to form the final aspect, is then
described.

3.1 Extract Beginning/End of Method/Handler

This refactoring deals with the following case:

The marked code is at the beginning/end of the enclosing method
body or of one of the method’s exception handling blocks.

Fig. 2 shows the result of applying the refactoring Extract
End of Method to a small code fragment. The call to method
g is removed from the body of f. A new aspect, named B, is
created to intercept the execution of f and insert a call to g

at the end. The target of the call (this) is accessible within
the aspect advice because of the advice parameter This,
which is bound to this by pointcut p. The actual
parameter of the call (y) is made accessible (exposed)
within the aspect advice because of the advice parameter y,
which is bound to the method parameter y by the args

construct used in pointcut p.
The variant of this refactoring with the call to be

aspectized at the beginning of the method requires simply
changing the after advice into a before advice. The
variant with the call in the exception handling block
requires simply concatenating (through &&) a handler

primitive pointcut at the end of p. When the reapplication
of this refactoring produces a pointcut already generated
before (e.g., Extract End of Method applied twice to the same
method), the pointcut and the associated advice are not
duplicated. The marked code is inserted at the beginning/
end (respectively, for Extract End/Beginning) of the pre-
viously generated advice body. If a method has multiple
exit points, the same marked code fragment must appear
before each of them in order for this refactoring to be
applicable.
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Fig. 2. Example of refactoring: Extract End of Method.



3.2 Extract before/after Call

This refactoring deals with the following case:

The marked code is always before or after another call.

Fig. 3 shows an application of the refactoring Extract after
Call. In the aspect B, the pointcut p1 intercepts the call to h

that occurs within the execution of method f. After-advice
reintroduces the call to g after each call to h.

Pointcut p2, the related advice, and the percflow

clause are not necessarily part of this refactoring. They need
to be included only if a local variable of the intercepted
method has to be exposed in the aspect (which can occur in
any of the six refactorings presented herein). Often,
successive refactorings make the context exposing pointcut
(p2) unnecessary, since the local variable becomes com-
pletely confined within the aspect code. In such cases, the
aspect can be simplified and the context exposure code can
be removed altogether.

Since the call to g includes the local variable d as a
parameter, a copy of the local variable is created inside the
aspect. This is achieved by intercepting every assignment to
the local variable (pointcut p2) and copying the value into
the aspect variable before returning it (around-advice
associated with p2). In order to create a fresh new copy of
the variable in the aspect each time the control flow reaches
the execution of the method containing the local variable,
the aspect must be instantiated for each control flow
(percflow clause) in which the method is executed.

In cases when the local variable is no longer used in
the base code, it can be turned into an aspect variable.
This happens typically when the local variable is itself
part of the concern being aspectized. With reference to the
example in Fig. 3, let us consider what happens if the first
statement of f is also to be aspectized. Moving it to the
aspect B is a straightforward application of the refactoring

Extract Beginning of Method described before, because the
returned value is no longer used in the base code. Once
this second refactoring has been applied, the set of join
points intercepted by pointcut p2 becomes empty (this is
easily checked by the AspectJ compiler). Correspondingly,
there is no need for the code fragments within dashed
boxes in Fig. 3, which can be removed from the aspect.
The resulting aspect code is much clearer and closer to the
code that would be written manually. Thus, although the
context exposure associated with local variables might be
complex, it is an acceptable intermediate step if the local
variable is part of the concern and is completely moved to
the target aspect by successive refactorings.

In the presence of multiple calls to the intercepted

method (e.g., h in Fig. 3) the refactoring Extract before/after

Call is applicable only if each call is preceded/followed by

the call to be aspectized (g in Fig. 3). If this is not the case,

the refactoring is not applicable and the use of some

enabling transformation (such as Extract Method) should be

considered.

3.3 Extract Conditional

This refactoring deals with the following case:

A conditional statement controls the execution of the marked code.

Fig. 4 shows an example of this refactoring. The
conditional statement if (b) is considered to be part of
the aspect, in that it determines the execution of the call
being aspectized (in Fig. 4, the call to g). Thus, it becomes a
dynamically checked condition incorporated into the
aspect’s pointcut (using the AspectJ syntax if (This.b)).
For the execution to be intercepted by pointcut p, the
condition This.b must be true; in which case, the new
body of method f is replaced by the call to g, as specified in
the around-advice.

Two variants of Extract Conditional are worth mention-
ing. First, if the “x++;” were not under the control of
condition b (placing it at the top-level in f), it would be
sufficient to add a proceed statement at the end of the
around-advice to ensure that it is always executed (both
when the advice is triggered and when the execution flows
normally). Second, if method g is in the else part of the
conditional statement, it is sufficient to use if (!This.b)

instead of if (This.b) in the pointcut.
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Fig. 3. Example of refactoring: Extract After Call.

Fig. 4. Example of refactoring: Extract Conditional.



3.4 Pre Return

This refactoring deals with the following case:

The marked code is just before the return statement.

Fig. 5 shows an example of Pre Return. The call to g is
moved from the method body to the around-advice. The
advice code contains a proceed invocation, which triggers
the execution of the intercepted method f. Its return value
is stored into a temporary variable (y) and returned after
the invocation of the aspectized statement (i.e., the call to
method g), which changes its value.

This refactoring is a variant of Extract End of Method
that occurs whenever the code to be aspectized is at the
end of a value-returning method. The main difference is
the usage of an around-advice, instead of an after-advice,
which is required whenever the returned value is affected
by the aspectized statement. Preservation of the semantics
can be achieved by 1) executing the original method (via
proceed), 2) executing the aspectized call (in the advice),
and 3) returning the final value. An after-advice would
swap the execution order of 2 and 3.

3.5 Extract Wrapper

This refactoring deals with the following case:

The marked code is part of a wrapper pattern, in which the wrapper
code is to be aspectized.

Fig. 6 shows an example of Extract Wrapper. The object x
is wrapped into y before being used as the actual parameter
of a call to g (see also Gamma et al.’s pattern [12]). In order
to move the creation of the wrapper object (underlined
statement in method f) to the aspect, the unwrapped
object x is used in the refactored code for the method f as
the actual parameter of the call to method g. Such a call is
intercepted by the pointcut p, which exposes its argument.
The associated around-advice uses this argument, which is
known to belong to class X, to create the wrapper object y.
This object is passed to method g by restoring the original
method invocation (proceed construct) with a new
argument.

Similar to Call before Method, Extract Wrapper is applicable
only if the body of f contains just one call to g, or multiple
calls all of which participate in the same wrapper pattern. If
this is not the case, application of this refactoring in an
alternative form can be considered. The pointcut p may
intercept the creation of the object x, instead of the call to g,

by means of the “call (X.new())” pointcut designator.
By exposing the target of the call to the constructor (target
construct in AspectJ), the unwrapped object x can be made
available within the around-advice, which will contain
exactly the same code as the around-advice shown in Fig. 6.

3.6 Extract Exception Handling

This refactoring deals with the following case:

The marked code is a whole exception handling block.

As an example, consider the refactoring of the
exception handling code marked in Fig. 7, so as to move
it to an aspect. The remaining code should become
oblivious to any exception of type E raised in the body of
method A.f. This is achieved by means of the AspectJ
construct declare soft, used to soften all exceptions of
type E raised within the code of A.f (see Fig. 7). The
newly created aspect B can intercept the exceptions of
type SoftException raised during the execution of A.f.
Since these are produced by the softening of exception E
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Fig. 5. Example of refactoring: Pre Return.

Fig. 6. Example of refactoring: Extract Wrapper.

Fig. 7. Example of refactoring: Extract Exception Handling.



in aspect B, it is possible to obtain the original exception
(through invocation of getWrappedThrowable) and to
restore the original exception handling computation, by
means of an after-advice. This refactoring was suggested
by Laddad [23].

3.7 Pointcut Abstraction

The above refactorings extract each instance (code frag-
ment) of an aspect marked in the code. The final step,
pointcut abstraction, merges the separate instances into a
single advice whenever possible.

The merge is primarily a syntactic combination of the
pointcuts and advices for the extracted aspect instances.
When the advice bodies are exactly the same, the combina-
tion requires just determining the union of the pointcuts
produced by refactoring. For example, a pointcut clause
may describe the call to a particular method being
intercepted. The remaining clauses describe the context in
which the advice is to be woven. A disjunction of these
clauses is formed and added to the pointcut specifying
the call.

The merge of the advice instances is often trivial. As seen
below, the predominant case is for the instances of a given
aspect to have the same advice. Minor differences can be
accommodated by the inclusion of conditionals. The one
exception to this is when the exposed context involves
different types. For example, if some logging code was
called from method m1 of class C1 and from method m2 of
class C2, then the pointcut instances would be

. before(C1 This) : log_pointcut (This) � � �

. before(C2 This) : log_pointcut (This) � � �
Here, it is necessary to replace C1 and C2 with a unique
type, used for the parameter This. In this case, standard
practice is to create a new interface for the advice and use it
in place of C1 and C2. The aspect declares that C1 and C2
implement such an interface.

4 AOP-MIGRATOR

The refactorings presented in the previous section have
been implemented in a prototype tool called AOP-Migrator
(http://se.itc.it/aop-migrator). The tool supports an itera-
tive refactoring process, which has been derived from
previous work [1]. In this section, the process and the tool
are described.

4.1 Iterative Refactoring Process

The migration process makes the assumption that aspect
mining has already been performed on the system. The
result of mining is a marked source code, where all the code
fragments that have been identified as part of a crosscutting
concern are surrounded by block comments containing
special annotations.

Fig. 8 shows an overview of the migration process. The
process consists of a loop over all the marked portions of
code. In turn, each marked segment of code is analyzed in
isolation and, with the involvement of the user, moved to an
aspect. The iteration goes on until no more marked
statements remain in the base code.

A process iteration consists of several steps, the first of
which is Discovery. During this step, the tool analyzes the
current marked code and compares it with the refactoring
patterns. A match occurs when the corresponding refactor-
ing is applicable to the current code fragment, so it can be
used to transform it. The output of Discovery is the list of

applicable refactorings. Items in the list are ranked top-
down, with the best refactoring at the top. A relative scale of
priorities among the refactorings was defined, based on the
impact that each refactoring has on the original code and
the complexity and generality of the aspect code that is
generated. For example, Extract after Call and Extract before
Call are given low priority, because the future insertion of
another identical call, during the evolution of the software,
might invalidate the refactoring precondition (all inter-
cepted calls must be preceded/followed by the same
marked code fragment). In other words, the pointcut
generated by this refactoring is considered quite fragile
with respect to future possible code changes.

In the second process step, Selection, the user chooses
which refactoring to apply among the applicable ones,
either following or ignoring the assigned priority. The tool
allows the user to evaluate the alternatives by looking at a
preview of the resulting source code for each refactoring
before actually applying it. The user can also decide to leave
the current portion of code unchanged and go on with the
next portion, deferring the transformation to a future
iteration. Of course, this is mandatory when no refactoring
pattern matches the current portion of code.

In the Transformation step, enabling transformations are
used to change the current code fragment in such a way that
it matches a previously unmatched refactoring pattern, thus
making the corresponding refactoring applicable. These
enabling transformations can be well-known object-
oriented transformations, such as Extract Method or State-
ment Reordering, or ad hoc (manual) transformations.

If one of the proposed refactorings is considered
appropriate, the user simply selects it for the next process
step, Refactoring. In this step, the marked code is removed
from the class and is moved to an aspect advice. A proper
pointcut is generated to intercept the join point in the
modified base code, according to the mechanics of the
selected refactoring (as detailed in the Appendix). As a
postprocessing, the aspect-to-aspect refactoring for pointcut
abstraction may be also applied to the resulting code.

4.2 AOP-Migrator GUI

The interaction with the user starts with the dialog shown
in Fig. 9a. The user is required to specify the target aspect
(where the concern code is placed). The default is the aspect
selected in the previous iteration.
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After that, the wizard proposes the list of applicable
refactorings ordered by priority (see Fig. 9b). The No
refactoring item is always present. When the user selects a
refactoring, the wizard shows the preview dialog (Fig. 9c).
In the preview dialog, the upper panel lists all the source
files that are involved in the change. If a file is selected in
the upper panel, the related detailed change is shown in the
lower panel, where the source code before and after the
refactoring is displayed. Up to this point, the refactoring has
not yet been applied and the data in the previous dialogs
can still be modified by navigating with the Back and Next
buttons. The change is actually committed when the user
presses Finish.

Some enabling OO transformations are already available
in the Eclipse framework as defined in the JDT plug-in (e.g.,
Extract Method and Promote Local Variable to Field). Other
transformations, not yet implemented, are performed
manually.

In its current version, AOP-Migrator checks the applic-
ability conditions of the refactorings only at the syntactic
level. Further human judgment may be necessary in
specific cases (e.g., exposure of local variables). Pointcut
abstraction is not yet included in AOP-Migrator. As with
OO refactoring [11], it is highly advisable that each small
code transformation step be followed by regression
testing, via automated execution of unit tests. Although

not ensuring semantics preservation, regression testing
increases the confidence in the correctness of the trans-
formation.

5 EXPERIMENTAL RESULTS

This section describes the results obtained by applying
AOP-Migrator to four case studies. Their source code was
obtained from the public domain. The migration task
executed on them was designed to simulate a typical
scenario of smooth migration toward AOSD. This consists
of small incremental steps and is initially focused on a
single, well-known, and clearly recognizable concern to be
migrated. The aim is not to restructure the application
completely according to the AOSD paradigm. Rather, a
controlled and well-identified modification is made, in
order to assess its execution and the related opportunities
for automation. The refactored code for the four case studies
is available at http://se.itc.it/aop-migrator.

5.1 Case Studies

Table 1 shows some descriptive statistics for the four
programs considered. The range of their application
domain is quite wide. JHotDraw is an OO framework for
the development of applications supporting the interactive
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creation and manipulation of graphical objects. PetStore is a
J2EE e-business application supporting order, sale, and
shipment of products purchased on the Web. JSpider is a
Web robot able to download a target Web site and to check
some internal server and link errors. JAccounting is a Web-
based business accounting system, which includes support
for invoice and account management, as well as Web access.
The size of these applications is typical of medium
(nontrivial) Java systems. The number of lines of code
(LoC) was measured on all source files for the application
classes, test classes excluded. It includes comments and
blank lines.

A single crosscutting concern was manually identified
for migration in each application. Based on the available
documentation as well as code reading, the authors
determined the concern that looked the best (most obvious
and natural) candidate for aspectization. The concern code
was annotated manually, without any aspect mining
support. For JHotDraw and for PetStore, the refactored
concern (respectively, Undo and Contract enforcement) has
been used as a candidate aspect in other studies [25], [7]. For
JSpider and JAccounting, the selected concern is one of the
typical examples of aspects reported in the introductory
literature on AOSD (respectively, Logging and Transaction
management).

JHotDraw/Undo. In JHotDraw the execution of com-
mands for the manipulation of graphical objects relies upon
a hierarchy of classes which descend from AbstractCom-
mand. Each class in the hierarchy implements (or inherits)
methods to set/get the undo activity, i.e., to store or retrieve
the information necessary to undo the command. Each
drawing tool available in JHotDraw is responsible for
setting/getting the undo activity upon command execution,

the related code being highly scattered and tangled with the
base code.

PetStore/Contract enforcement. PetStore uses XML as
the standard representation format for its data. During
XML parsing, the actions associated with the normal
execution flow are mixed with checks on the occurrence
of errors. If the document does not respect the prescribed
format (both the syntactic constraints and the semantic
contracts), an exception is raised, which requires corre-
sponding exception management code. The contract en-
forcement and exception handling code is highly scattered,
replicated, and tangled with the base code.

JSpider/Logging. JSpider keeps track of the activities it
performs and of the problems encountered into a log file.
The statements to write logging information are highly
scattered, since they occur wherever an activity takes places
and an error can happen. The code fragments that
implement logging are often replicated and they have little
to do with the core functionalities of this application.

JAccounting/Transaction management. Transaction
management is implemented in JAccounting using a basic
idiom, which is replicated and slightly modified at several
places in the program. The idiom consists of the following
steps:

1. A session is started.
2. One or more operations are executed.
3. The operations are committed.
4. If an error occurred during Step 1, 2, or 3, and an

exception was raised, operations are undone
through rollback.

5. In case of both normal and exceptional termination,
the session is closed.

This idiom is mixed with the core logic, which is
correspondingly quite obscured.

5.2 Refactoring

Table 2 shows some statistics on the OO transformations
that have been used to enable the application of the six
proposed object-to-aspect refactorings. Overall, they re-
present a remarkable proportion of the total refactoring
effort (40 percent of the total refactorings are enabling
OO transformations). Among them, around one-third of the
cases are either Statement Reordering or Extract Method. Thus,
the experimental results confirm our intuition that these
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two refactorings play a major role in the migration of real
code. The remaining cases are almost equally split between
ad hoc transformations that depend on the specific
organization of the code and must be carried out manually,
and other OO transformations that are either already
available in Eclipse as OO transformations (e.g., Extract
Local Variable, Promote Local Variable to Class Field) or that
could be easily implemented and added to the existing ones
(e.g., Push Assignment). It is interesting to note that, in total,
two-thirds of the enabling OO transformations are auto-
mated (or automatable). This means that although the
enabling OO transformations represent an important cost in
the migration process, there is space to support their
execution through automated transformations.

Among the enabling refactorings, Extract Method is the
one that may be potentially detrimental to the code quality.
In practice, what we observed in our four case studies is
that the extracted methods typically represent meaningful,
functionally cohesive, abstractions. Often, they belong to
long methods (hence the difficulty of finding unique join
points) that can be better organized into smaller units.

Table 3 shows the distribution of the six proposed
refactorings from objects to aspects, when applied to the
four case studies. Three of them appear to play a major role:
Extract Begin/End, Extract before/after Call and Extract
Exception. Among the remaining three refactorings, Extract
Conditional and Extract Wrapper gave some contribution to
migration, accounting in total for around 12 percent of the
refactoring instances. Pre Return is the least used
refactoring.

The wrappers refactored in JHotDraw typically serve the
purpose of adding the undo functionality to a command.
For example, when the “Edit” menu is created, the menu
items added to it are commands (e.g., PasteCommand).
Instead of adding such commands directly, an instance of
UndoableCommand is added, which wraps the actual
command. Both PasteCommand and UndoableCommand

implement the interface Command.
In JAccounting, the typical transaction management

idiom (see description above) involves intercepting the
beginning/end of methods to initiate/terminate a session.
Moreover, exception handling associated with transaction
failures are moved to the aspect. Hence, the high number of
Begin/end and Exception reported in Table 3.

The high number of refactorings of type Conditional
applied to PetStore is due to the way contract enforcement

was implemented. During the traversal of XML trees,
constraints are checked in a conditional statement, where
nodes and attributes are retrieved and verified for sanity. If
the check fails, an exception is raised to signal the error.
After refactoring, such checks are completely performed
within an aspect.

Overall, the data in Tables 2 and 3 suggest that, in
practical cases, a limited number of automated refactorings
from objects to aspects is sufficient to migrate an existing
application. At the same time, they indicate that the
application cannot be migrated without transformation. In
order to untangle the base code from the concern to be
aspectized and in order to let the aspect intercept proper
join points in the base code, some enabling OO transforma-
tions are necessary. However, the majority of them can be
automated and added (when not already available) to the
list of those supported by existing tools (such as Eclipse).

5.3 Pointcut Abstraction

The second step of the extraction is the merge of the
individual advice instances into the final aspect. In general,
pointcut abstraction is a research area in itself, which
deserves further study and investigation [14], [32]. How-
ever, given the structure of the pointcut instances extracted
by AOP-Migrator, the simple syntactic merge strategy
described in Section 3 is often sufficient. In order to make
a preliminary assessment of its potential to improve the
output of the refactoring, we consider merging the aspect
instances extracted from JAccounting.

The JAccounting code contains 45 instances (i.e., distinct
code fragments) of the transaction aspect that capture
creating a new transaction, committing a transaction, and
aborting a transaction. After pointcut abstraction, these are
intercepted using four pointcuts, as aborting a transaction
sometimes generates a stack dump.

Fig. 10 illustrates the result of merging the 15 create
transaction pointcut and advice instances. All 15 instances
of the pointcut include Line 6 “(call(Session Session-
Factory.openSession()))”; thus, one copy appears in the
merged pointcut. The 15 transaction instances are created
in seven different methods whose context is captured by
Lines 7-14. Together with the merged code for commit-
ting and aborting a transaction, the resulting aspect
succinctly captures the “transaction concept.”
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5.4 Separation of Concerns

To gain a better appreciation for the impact of aspect
refactoring, this section presents data from two empirical
investigations. The first considers dependence metrics from
all four of the case study programs, while the second looks
specifically at JHotDraw.

Definition 1. A pair ðX;Y Þ represents a Contains Dependence if
X is a class and Y is the type of one of X’s data members.

Definition 2. A pair ðX;Y Þ represents a Uses Dependence (or
simply a Dependence) if X and Y are classes or interfaces and
Y is mentioned explicitly in the body of X, i.e., in declarations,
allocation, or cast statements within X.

Clearly, Contains Dependences are also (Uses) Depen-
dences, so the former are just a specific case of the latter.
Dependences are computed as sets of pairs. This means that
when they are counted, the number of instances of the same
pair does not matter.

The dependence metrics defined above can be justified
intuitively as an indicator of the comprehension effort
required to understand the base code. In fact, a lower
number of classes/interfaces and a lower number of
relationships among them is expected to simplify the
comprehension tasks. With regards to the understandability
of the concern code, it should be noticed that after
refactoring, it is encapsulated into a single modular unit
(an aspect). Correspondingly, understanding and modify-
ing the concern code is expected to be simplified.

Table 4 shows the number of types (classes and
interfaces) and the number of uses-dependences, divided
into base (base-to-base, base-to-concern) versus concern
(concern-to-concern, concern-to-base). The dependence me-
trics are directional (see Definitions 1 and 2 above) and we
are interested in those outgoing from the base code (base-to-
base and base-to-concern), since they can be used to
characterize the comprehension cost of the base code. The
effect of refactoring is the removal of dependences directed
toward concern classes. In fact, after refactoring, the base
code is oblivious to the concern code. In the refactored code,
every base-to-concern dependence becomes a concern-to-
base dependence, while the other dependences remain
unchanged.

The data in Table 4 indicate a substantial reduction of the
number of types and of the number of dependences, thanks
to refactoring. The only exception is PetStore, for which the
benefits of aspectization can be appreciated only at a lower
granularity level. In fact, the internal logic of the methods
involved in the refactorings is simplified once contract
enforcing is moved to a separate aspect, although no change
can be observed in terms of number of types or intertype
relationships.

We are aware of the fact that the chosen indicators of the
benefits of refactoring are quite arbitrary and partial. Other
metrics could be taken into account (e.g., complexity
metrics of the refactored methods would account for the
effects produced on PetStore). Moreover, evaluating the
overall effects of refactoring from the point of view of the
final user would require the execution of controlled
empirical studies with human subjects, going beyond the
scope of the present paper. However, this preliminary
quantitative investigation let us hypothesize benefits
associated with a simplification of the base code and with
the modularization of the refactored concern.

The second empirical investigation shows the impact of
refactoring on a selected part of the class diagram for
JHotDraw. Fig. 11 shows the 12 classes and four interfaces
involved in “undoing” figure transfer commands. The
diagram is dominated by two inheritance hierarchies: one
rooted at AbstractCommand and the other at Undoable-
Adapter. In addition, it shows the Contains and Uses
dependences between classes.

The effect of refactoring the undo functionality to an
aspect is shown in Fig. 11. The refactoring removes the gray
portions of diagram, which includes removing 13 of 21
dependences, 6 of 12 classes, and 1 of 4 interfaces. Most of
the classes deal directly with the undo activity and their
removal is not unexpected, but there are also two classes,
StandardFigureSelection and FigureEnumerator, that are
only used in support of undo functionality. The removal of
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TABLE 4
Entities (Types) and Relationships (Dependences)

in the Base and in the Concern Code



all gray elements from JHotDraw’s class diagram illustrates
the simplification of the primary functionality (base classes)
achieved using aspect refactoring.

5.5 Performance

After refactoring, the four considered programs have been
compiled (using the AspectJ compiler provided by Eclipse)
and run to check that they actually executed as before. The
impact on the performance of these applications due to the
migration to AOP was assessed. Three of them can be run
only interactively and during their execution the user was
unable to notice any performance change. Only one case
study (JSpider) supports batch execution mode. It has been
used to download several Web sites in batch mode. Each
download was repeated using the original and the AOP
version of the code. The observed execution times showed
no specific tendency. Sometimes the AOP version was
faster, sometimes the original version was so, and some-
times no difference was observed. Our conclusion is that
execution times for this application are dominated by the
network latency and by the load of the involved Web

servers. The local execution time is negligible, since JSpider
spends most of its time receiving data from remote servers
over the Internet.

Overall, in our four case studies, no performance
degradation was observed for the refactored AOP code.
However, this cannot be generalized to arbitrary applica-
tions. We are quite confident that applications whose
execution time is dominated by user interaction or network
communication are likely to show no perceivable perfor-
mance difference once migrated to AOP.

5.6 Size

Table 5 shows the size change associated with the
refactoring of the four case studies. We measured the Lines
of Code (LoC)—comments excluded—of the classes in-
volved in the refactoring. The size reduction is quite limited
for the base code. The aspect code size exceeds the decrease
observed in the base code, since each join point gives rise to
more than one line of code (pointcut, advice, advice body)
and because the aspectized expression may be only a
portion of a line of code. The only exception is JAccounting,
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to which pointcut abstraction has been applied. In the other
three cases, the increase is negligible if compared with the
total size of the application (see Table 1). Thus, the net size
effect is essentially null on the overall systems and the same
holds when it is measured for the base code only. If
considered in conjunction with the dependence analysis
described above, the data in Tables 5 and 4 indicate that the
base code size is only marginally reduced, but that the base
code structure is substantially simplified.

5.7 Lessons Learned

The most critical phase in the migration from objects to
aspects consists of enabling OO transformations. These
reformulate the base code, so that the selected concern can
be more easily separated from the base code. They allow
proper join points to be made available in the base code,
letting the aspect reintroduce the concern in appropriate
places. Untangling the concern from the base functionality
might be a hard task (a similar result was reported by
Marius Marin [24]), requiring deep understanding of the
functionalities and code organization. Most of the ad hoc,
manual OO transformations fall into this category.

Once a given code fragment is “ready” for migration (i.e.,
after having applied the necessary enabling OO transforma-
tions to it), the next steps are quite easy and AOP-Migrator
provides considerable guidance to the user when perform-
ing them. If only one of the six available refactorings is
applicable, the transformation is usually straightforward. If
there is more than one possibility, the decision normally can
be made quite quickly (with the aid of the automatically
computed priorities). In the current migration process, the
less supported part is the application of the enabling OO
transformations. If, on one hand, the end-point of the
OO transformation is usually known (i.e., is one of the six
object-to-aspect refactorings) then how to get there often
involves hard decision making. Present systems provide
little guidance for undertaking such an activity; there is
room for further investigation and automated support.

From the point of view of AOSD, it is interesting to note
that only a subset of all the features provided by aspects is
actually used in the migrated application. In part, this is due
to the lack of a sophisticated postprocessing which applies
aspect-to-aspect transformations in order to improve the
quality of the generated code. However, we think that in
general a small number of aspect-oriented constructs is
sufficient to migrate meaningful crosscutting concerns
present in real applications. Once the execution of the base
code can be intercepted at appropriate places (begin/end of
method, before/after call, during exception handling, etc.),
there is enough power to separate and modularize the
crosscutting concerns implemented in real applications.

The migration study was somewhat constrained by the
AspectJ implementation of the AOSD principles. The

limited context exposure facilities of AspectJ forced the
use of additional OO transformations to “prepare” the code
by means of enabling OO transformations, such as Extract
Method. These enabling transformations were also used to
introduce aspect fields serving as copies of local variables.
These were eventually removed from the base code and
moved to the aspect. The limited ability of AspectJ to
intercept the execution of the base code also necessitated
some enabling transformations. However, we think that the
alternative of offering more context exposure/join points
could potentially give raise to more fragile aspect defini-
tions, thus resulting in a lower quality of the aspect code.
Each time we had to operate some transformation to make
the base code interceptable at the right point, we found that
it was possible to apply a very meaningful code restructur-
ing that would have been advisable independently of the
migration to aspects. Overall, the compromise between
limited code intrusion and aspect power offered by AspectJ
seems a reasonable one.

Evaluating the benefits produced by the separation of
selected concerns into distinct aspects is a hard task and
goes beyond the scope of the present work. However, the
preliminary results that we have gathered show that a
substantial simplification of the base code is achieved
through refactoring. Class diagrams become much more
meaningful and understandable, since the classes and inter-
class relationships pertaining to the separated concern are
removed. Moreover, a substantial number of types and
intertype dependences disappears from the base code,
which becomes oblivious to the extracted concerns. Quali-
tatively, the code looks much more focused on its core
functionality, which is supposed to affect positively its
understandability. No substantial effect on size was ob-
served and, in our case studies, no detrimental effect on the
performance of the applications was experienced.

6 RELATED WORK

In the migration of existing OO code to aspects, the problem
that has received the most attention is the detection of
candidate aspects (aspect mining) [3], [5], [13], [16], [20],
[25], [28], [29], [30], [33]. The problem of refactoring [2], [4],
[8], [15], [17], [23], [26], [27], [35] has been considered only
more recently. This paper takes the results of aspect mining
as its starting point and focuses on the problems associated
with automating the refactoring process. Human guidance
is important to ensure that inherent value judgments are
taken into account.

Some of the various aspect mining approaches rely upon
the user’s definition of likely aspects, usually at the lexical
level, through regular expressions and support the user in
the code browsing and navigation activities conducted to
locate them [13], [16], [20], [28]. Other approaches try to
improve the identification step by adding more automation.
They exploit either execution traces [3], [30] or identifiers
[33], often in conjunction with formal concept analysis [30],
[33]. Clone detection [5], [29] and fan-in analysis [25]
represent other alternatives in this category.

The works most relevant to the approach presented
herein are those by Marin [24], Hanenberg et al. [15],
Monteiro and Fernandes [27], [26], Laddad [23], Gybels and
Kellens [14], and Tourwe et al. [32]. Marin manually
refactored the Undo concern present in JHotDraw from
Java to AspectJ. The primary difference between this work
and that which is reported in the present paper lies in the
level of automation. Marin’s goal was to (manually)
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understand the degree of tangling between the Undo
concern and the base code. Marin applies preliminary
OO transformations to reduce tangling, so as to produce
code which is easier to migrate in much the same way we
have done in the present paper.

Hanenberg’s work deals with the redefinition of popular
OO transformations taken from Fowler [11] in order to
make them aspect-aware. This work, and the work by
Monteiro and Fernandes [27], consider refactorings to
migrate from OO to AOSD and refactorings that apply to
aspect code. Among them, the Extract advice refactoring [15]
(or Extract Fragment into Advice [27]) is automated by AOP-
Migrator using the first five refactorings. Our contribution
to the definition of the Extract (Fragment into) Advice
refactoring consists of the precise definition of its mechanics
in the five subcases considered in the paper. For each case,
we provide details about the applicability conditions, the
context exposure constructs, the transformation rules, as
well as the prioritization of the alternatives. Our sixth
refactoring corresponds to Laddad’s Extract Exception
Handling [23].

Gybels and Kellens [14] and Tourwe et al. [32] use
inductive logic programming to transform an extensional
definition of pointcuts (that merely enumerates all the join
points) into an intensional one. This work is complementary
to that reported in the present paper, as it focuses on the
problem of generalizing and abstracting the automatically

produced pointcuts. This is definitely a desirable supple-
mentary step in the overall process.

Bruntink et al. [4] present a systematic approach for
isolating crosscutting concerns and illustrate this approach
by focusing on a particular concern that tends to occur quite
frequently in C code: parameter checking for NULL
pointers. Since different checks are required for different
parameter kinds (input, output, in/out), the authors
adopted an extension of the C language (called PCSL) for
the explicit indication of the parameter kind and of the
associated parameter checking code. Aspect extraction and
elimination are fully automated.

Additional examples of refactorings from objects to
aspects are given with reference to the role played by the
classes involved in the implementation of design patterns
[17] or of classes implementing so-called “aspectizable
interfaces” [31]. Behavior preservation conditions for aspect
refactorings are specified in the work of Cole and Borba [8].

The main difference between the present work and the
most closely related works in the literature [15], [27], [23],
[24] is AOP-Migrator’s focus on the automation of the
refactoring process and its use with realistic case studies.
Previous works have focused on the refactoring catalog
(listing all the possibilities) and consider only small,
motivating examples and manual code migration. In
contrast, rather than attempting to cover the entire spec-
trum of possible refactorings, AOP-Migrator considers only
the six refactorings that were believed to cover most of the
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instances found in real code. The experimental results
collected so far confirm the validity of the initial selection.
Thus, this paper serves as an empirical validation of such
refactorings and of their automated implementation. AOP-
Migrator is the first publicly available object-to-aspect
refactoring tool, developed as an Eclipse plug-in. It was
used in the execution of the four case studies, which
measured the performance of the automated approach. The
main contribution of this work to the state of the art,
consists of the assessment of the level of automation that
can be reached in the execution of a migration task from
objects to aspects. This extends initial work [1] by adding
one more refactoring (Extract Exception Handling), by
implementing the related transformations in a publicly
available tool and by running additional case studies that
corroborate our findings. Moreover, the present paper gives
more details on the mechanics of the refactorings (see the
Appendix) and on the Eclipse plug-in implementing them.

7 CONCLUSIONS AND FUTURE WORK

This paper has presented an approach to refactoring OOP
programs, written in Java, into equivalent AOP programs,
written in AspectJ. The paper described AOP-Migrator, a
tool for OOP to AOP migration, which implements these
refactorings, and illustrated its application as part of a
migration strategy on four medium-sized case studies.

The results show that it is possible to migrate from OOP
to AOP in a largely automated way. The refactorings are
entirely automated. However, they are not always directly
applicable, necessitating the application of enabling trans-
formations which map OO programs into equivalent
OO programs. These enabling transformations also can be
largely automated.

The goal to completely automate the migration from
OOP to AOP is probably as undesirable as it is unachie-
vable; there are some refactoring decisions which are best
left to the human. There are also situations where, as with
other transformation based work, the human is best placed
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to determine the sequence of enabling transformations that
will allow the application of a chosen refactoring.

However, as the case studies illustrate, many of the
enabling transformation steps can be automated; they rely
upon standard, well-understood transformations, such as
side effect removal and statement reordering. Future work
will explore the possibility of defining fully automated
“transformation tactics,” which will allow the user to
specify the goals of migration from OOP to AOP at a
higher level of abstraction.

Among the other issues that are left open by the present
work, and that we intend to investigate in the future are the
development of and experimentation with more advanced
pointcut abstraction techniques and the execution of
empirical studies with human subjects to evaluate the
benefits of the proposed refactorings, as perceived by the
final users.

APPENDIX

This Appendix provides an abstract description of the
refactorings presented by example in the paper. For each
refactoring, it shows the mechanics using the syntactic
classes of the Java/AspectJ languages. Variants and applic-
ability conditions are described textually.

The notation adopted to show the mechanics of the
refactorings uses the following conventions: Grammar

terminals are in typewriter font (e.g., class). Syntactic
classes (nonterminals) are in italics (e.g., fds for class fields)
and are subscripted so as to make them uniquely referable
in the right part of the transformation. Their meanings are
provided in the Legend underneath each refactoring. Newly
generated code is in bold italic. Transformation of the
original context into the exposed context is indicated by the
apex (e.g., the variable identifier vid1 turned into vid01), with
the rules for context exposure underneath each figure. The
code to be aspectized is underlined.

The context exposed by each refactoring is constrained to
all and only variables that are referenced in the code
fragment being aspectized. To express that, function RefVar,
which gives the set of referenced variables in a given code
fragment, is used.

Fig. 12 shows the mechanics of Extract End of Method.
The call to be aspectized is at the end of the method. The
related join point is intercepted by the newly generated
pointcut pidpid1, which exposes the this reference as well
as all arguments of the enclosing method (args con-
struct). An after-advice restores the original invocation,
using the exposed context for the call target and for the
actual parameters. When local variables are involved in
the call, a copy must be kept in the aspect (creating new
aspect fields, added to fdfdss2). The idiom described in
Section 3 (with reference to the refactoring Extract after
Call) is used in this case.

BINKLEY ET AL.: TOOL-SUPPORTED REFACTORING OF EXISTING OBJECT-ORIENTED CODE INTO ASPECTS 713

Fig. 14. Mechanics for refactoring: Extract Conditional.



The main applicability condition for this refactoring is
that every return statement must be preceded by the same
code fragment to be aspectized, or, equivalently, that a
single exit point exists in the method. The variant of this
refactoring with the call to be aspectized at the beginning
requires using a before advice. The variant with the call at
the beginning/end of an exception handling block requires
adding the primitive pointcut handler to pipidd1.

Fig. 13 shows the mechanics of Extract after Call. The
exposed context includes the current and the target objects
(This and Target) and the arguments of the called method.
Local variables are exposed by copying their values into
aspect fields (see Section 3), if necessary. In addition to
matching the pattern on the left in Fig. 13 and granting
access to the context required to perform the aspectized call,
a further applicability condition must be verified: The call
used as a join point in the base code (cid2:mid2) must be
present exactly once or must be always followed by the call
being aspectized. For the variant Extract before Call, when
the marked block precedes the intercepted call, a before-
advice is used.

Fig. 14 shows the mechanics of Extract Conditional. At the
top level of method cid1:mid1, a conditional statement
surrounds the code to be aspectized. The base code is in the
else-branch. The extracted pointcut includes a dynamic
check of the aspectized condition (if ðvid01Þ). Applicability
conditions for this refactoring are the presence of the
syntactic pattern shown in Fig. 14 and the possibility to
expose the context required by the aspectized invocation
(target object and actual parameters) as well as the context
required by the condition ðvid1Þ. Variants include the
possibility of exchanged then and else branches (the
pointcut condition must be negated in this case) and the
possibility for the base code to be at the top level (not inside
the conditional statement) in method cid1:mid1. In the latter
case, the proceed construct is used to ensure the execution
of the base code in the case of the aspect advice activation.

Fig. 15 shows the mechanics of Pre Return. The around
advice that replaces the original execution stores the return
value, obtained through the proceed construct, into a
temporary variable, which is returned only after performing
the aspectized invocation. The temporary variable is
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exposed according to the normal context exposure rules,

unless it is a local variable of mid1. In such a case, it is

declared locally in the advice body (with type tp1). It should

be noticed that the pattern in Fig. 15 includes the main

applicability condition for this refactoring: The expression

in the return statement must consist of a single variable

ðvid2Þ. When the input code does not match this condition,

it is relatively easy to transform the code so as to satisfy it

(e.g., by introducing a local variable which holds the value

to be returned). Moreover, a single return point is assumed.
Fig. 16 shows the mechanics of Extract Wrapper. One of

the parameters of the call to cid4:mid2 is an object of class
cid2 that wraps another object, of class cid1. In the
transformed code, the aspect intercepts the call to
cid4:mid2. It exposes the unwrapped parameter ðvid3Þ and

continues the original call (via proceed) with a new
wrapper object ðvid2Þ replacing the original parameter.
Since the join point intercepted by the aspect is a call to
cid4:mid2, the applicability condition is the same as for
Extract after Call. That is, just one such call must be present
or, in the presence of multiple calls, each of them must have
a wrapper object as a parameter, with all wrappers built in
the same way. As a variant, it is possible to intercept the
construction of vid1, instead of the call to mid2 (as discussed
in Section 3).

Finally, Fig. 17 shows the mechanics of Extract Exception
Handling. The catch block for exceptions of type tp2 is
removed from the base method body, thanks to the
declare soft construct in the aspect, which softens such
exceptions. When a SoftException is raised in the execution
of the original method, an after-advice is triggered in the
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aspect, which runs the original exception handling code

(using the exposed context to reference the needed

locations). If stmts2 does not end with a throw or an exit

statement, it is necessary to use an around advice instead

of an after advice, so as to avoid throwing a SoftException.
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