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Abstract: When adopting aspect technology, regardless of whether it is to develop
a new software system or to migrate a legacy one, the developers will eventually
be confronted with evolutionary problems. This paper highlights some of these
problems in aspect-oriented programming. Although many of the problems have
already been identified by researchers and some promising techniques are currently
being investigated, this research domain is still relatively immature and warrants
further investigation by the community.
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1 Introduction

Just like the industrial adoption of object-oriented programming in the early nineties led to a
demand for migrating software systems to an object-oriented solution — triggering a boost of
research on software evolution, reverse engineering, reengineering and restructuring — the same
is currently happening for the aspect-oriented paradigm. Aspect-oriented software development

is a novel paradigm that tends to provide a solution for the software developers’ inability to
represent in a modular way certain concerns in a given software system, when those concerns
crosscut the chosen decomposition of the software in modules.

In absence of aspect-oriented software development techniques, crosscutting concerns lead
to duplicated code fragments throughout the software system, which is believed to negatively
impact evolvability, maintainability and understandability of the software. Aspect-oriented soft-
ware development proposes a solution to this acclaimed problem by introducing the notion of
aspects, which are designated language constructs that allow a developer to localise a concern’s
implementation, and thus improve modularity, understandability, maintainability and evolvabil-
ity of the code.

Adopting a new software development technology brings about particular risks, however, and
aspect-oriented programming forms no exception. In our view, one of the most important re-
maining obstacles for adopting aspect-oriented software development technology is the fact that
it has to be introduced into existing software systems. Most software systems today are not de-
veloped from scratch, but rather are enhanced and maintained legacy systems. We predict that
2 This paper is a reduced version of a 28 page book chapter on “Evolution Issues in Aspect-Oriented Software
Development” by the same authors that will appear in a software evolution book later this year. [MT07]
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real widespread adoption of aspect-oriented programming will be achieved only if the risks and
consequences of adopting aspect-oriented programming in existing software are studied, and if
the necessary tools and techniques become available for dealing with those risks.

This paper addresses some of the issues and challenges related to such adoption of aspect-
oriented software development from a software evolution perspective. Although we will not
present any solutions to the problems mentioned3, the overview of evolutionary problems given
in this paper can be useful to adopters of aspect technology to get a better idea of the evolution
issues they may confront sooner or later and of the risks involved. For researchers it can serve as
a map of interesting problems remaining to be studied.

LEGACY system LEGACY system BASE system

Aspect Aspect
Aspect

Aspect
Exploration

Aspect
Extraction

Aspect
Evolution

Figure 1: Software evolution and aspect-oriented software development.

As illustrated by Figure 1, the discussed issues range from the exploration of crosscutting
concerns in legacy code, via the extraction of this code to an aspect-oriented solution, to the
evolution of the final aspect-oriented program over time. In the next section we give a brief
introduction of aspect-oriented programming. Sections 3 to 5 will then each discuss the three
activities of aspect exploration, extraction and evolution in more detail. In particular, we will
focus on the the challenges and risks that need to be dealt with or will be encountered when
conducting those activities.

2 A crash course in aspect-oriented programming

The goal of aspect-oriented programming is to provide an advanced modularisation scheme to
separate the core functionality of a software system from system-wide concerns that cut across
the implementation of this core functionality. To this extent, AOP introduces a new abstraction
mechanism, called an aspect. An aspect is a special kind of module that represents a crosscutting
concern. Aspects are defined independently from the core functionality of the system and inte-
grated with that base program by means of a dedicated aspect weaver, a dedicated tool similar
to a compiler that merges aspect code and base code in the appropriate way. Figure 2 illustrates
this idea.

In most current-day aspect languages, of which AspectJ (http://www.eclipse.org/aspectj/) is
the most well-known, aspects are composed of pointcuts and advices. Whereas advices cor-
respond to the code fragments that would crosscut an entire program, pointcuts correspond to
the locations in the source code of the program where the advice will be applied (i.e., where
3 See the full book chapter [MT07] of which this position paper is a summary, for a more detailed discussion of
some of the proposed solutions.
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Figure 2: Aspect-oriented programming.

the crosscutting code will be woven). A pointcut essentially specifies a set of joinpoints, which
are well-defined locations in the structure or execution flow of a program where an aspect can
weave in its advice code. Typical AspectJ joinpoints are method invocations or field accesses,
for example.

Pointcuts which merely enumerate the signatures of all methods they need to capture are
called extensional o enumeration-based pointcuts. Such pointcuts are brittle and can break easily
when the base program evolves. More robust pointcut definitions can be obtained by mentioning
explicitly only the information that is absolutely required and using wildcard patterns or other
mechanisms to abstract over certain implementation details. Such pointcuts are referred to as
intensional or pattern-based pointcuts.

In summary, pointcuts, whether they are extensional or intensional, specify those places in the
code or its execution where the advice code needs to be woven. This means that aspects are not
explicitly invoked by the program. The base program (i.e., the program without the aspects) is
not aware of the aspects that apply to it. Instead, it is the aspects themselves that specify when
and where they act on the program. This property, which has been referred to as the obliviousness

property of aspect orientation [FF00], is one of the most essential characteristics of an aspect-
oriented programming language.

3 Aspect exploration

Before introducing aspects in existing software, one should explore whether that software ac-
tually exhibits any crosscutting concerns that are worthwhile being extracted into aspects. The
tyranny of the dominant decomposition [TOHSMS99] implies that large software is likely to
contain crosscutting concerns. During the aspect exploration phase we try to discover aspect
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candidates in the software, i.e., we try to discover what the crosscutting concerns are, where and
how they are implemented, and what their impact on the software’s quality is.

However, migrating a legacy software system into an aspect-oriented one is a non-trivial en-
deavour. The sheer size and complexity of many existing systems, combined with the lack of
documentation and knowledge of such systems render it practically infeasible to manually trans-
form their crosscutting concerns into aspects. To alleviate this problem, a growing body of
research exists that proposes a number of tools and techniques to assist software engineers in
semi-automatically migrating crosscutting concerns to aspects. Most of these approaches distin-
guish two phases in this migration process: aspect exploration and aspect extraction. Whereas
Section 4 will focus on the aspect extraction phase, the current section discusses issues and
challenges related to aspect exploration.

We define aspect exploration as the activity of identifying and analysing the crosscutting con-
cerns in a non aspect-oriented system. A distinction can be made between manual exploration
supported by special-purpose browsers and source-code navigation tools, on the one hand, and
aspect mining techniques that try to automate this process of aspect discovery and propose their
user one or more aspect candidates, on the other hand. [KMT07]

When exploring an existing software system for relevant crosscutting concerns that potentially
could be turned into aspects, the following questions need to be addressed:

What (kind of) crosscutting concerns can be discovered? Examples of crosscutting concerns
that are often mentioned in literature, and exemplified by small-scale example projects, in-
clude simple and basic functionalities like tracing, logging or precondition checking. Do
such simple concerns actually occur in industrial code? Is aspect-oriented programming
only suited to implement such simple concerns? Do industrial software systems contain
more complex crosscutting concerns? How good is aspect-oriented programming at tack-
ling those?

How are crosscutting concerns implemented in absence of aspects? Since crosscutting con-
cerns in a traditional software system are per definition not well-localised, they need to be
implemented over and over again. To minimise this implementation overhead, develop-
ers tend to rely on a variety of programming idioms and naming and coding conventions.
What (kind of) crosscutting concerns are implemented by which programming idioms and
conventions?

(How) do crosscutting concerns affect software quality? When crosscutting concerns occur
in a software system, (how) do they affect the quality of that software? How can we mea-
sure their impact on quality factors like understandability, maintainability and adaptabil-
ity? How can these measures help us assess whether extracting the concerns into aspects
is beneficial?

How to find where crosscutting concerns are located in the code? When we want to turn a
crosscutting concern into an aspect, we need to know where exactly it is located in the
code. This knowledge is important to determine an appropriate pointcut for the extracted
aspect. How can we be sure that we have found all relevant crosscutting concerns, that we
have covered them completely, that there are no false positives or negatives?
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Over the last few years, aspect exploration has become quite an active research domain and
a whole range of different approaches, techniques and tools for supporting or automating the
activity of aspect exploration have been proposed.

Several researchers have studied complex crosscutting concerns that occur in real-world in-
dustrial software systems, and they are starting to get an idea about how such concerns are im-
plemented in the absence of aspect-oriented programming techniques. Nevertheless, more such
studies on industrial-size software systems are needed. Similarly, although preliminary research
attempts have been undertaken for the remaining two challenges (i.e., how crosscutting concerns
affect software quality and how to locate them in the software), more research is needed in order
to come up with satisfying answers and solutions.

For example, more empirical work and quantitative studies are needed on how crosscutting
concerns affect software quality. The impact of crosscutting concerns on software quality fac-
tors like evolvability is not yet clear, and has been investigated mostly on small-scale example
software only. Part of the problem stems from the fact that aspect-oriented programming is a rel-
atively young paradigm, and hence little historical information (in the form of revision histories
etc.) is available for study. Another problem is that, more often than not, a traditional version and
an aspect-oriented programming version of the same software system are not available, making
it hard to conduct objective comparisons.

As for the identification of crosscutting concerns, all known techniques are only partly auto-
mated and still require a significant amount of user intervention [KMT07]. In addition, most
aspect mining techniques are only academic prototypes and, with few exceptions, have not been
validated on industrial-size software yet. Although this may hinder industrial adoption, the ex-
istence of such techniques is obviously a step forward as opposed to having no tool support at
all. Another issue with applying automated aspect mining techniques is that preferably the user
should have some knowledge about the system being mined for aspects. Indeed, different as-
pect mining techniques rely on different assumptions about how the crosscutting concerns are
implemented.

4 Aspect extraction

Once the crosscutting concerns have been identified and their impact on software quality has
been assessed, we can consider migrating the software to an aspect-oriented version. We refer
to this activity as aspect extraction. If we do decide to migrate the software towards an aspect-
oriented solution, we need a way of turning the aspect candidates, i.e., the crosscutting concerns
that were identified in the exploration phase, into actual aspects. At the same time, we need
techniques for testing the migrated software to make sure that the new version of the software
still works as expected, as well as techniques to manage the migration step, for example to ensure
that we can still keep on using the software during the transition phase.

Aspect extraction is the activity of separating the crosscutting concern code from the original
code, by moving it to one or more newly-defined aspects, and removing it from the original
code. Since an aspect is typically defined as a collection of pointcuts and associated advice code,
extraction entails the identification of suitable pointcuts and the definition of the appropriate
advice code corresponding to the crosscutting concern code.
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Research on aspect extraction thus focusses on how to automate the activity of extracting
aspects from existing source code. Only with an automated approach, an extraction that is both
efficient and accurate can be achieved. Existing software systems often consist of millions of
lines of code, and a real-world crosscutting concern thus easily consists of thousands of lines of
code. Manually extracting aspects from these crosscutting concerns, if feasible at all, would not
only be very time-consuming, but prone to errors as well. A correct aspect weaves the appropriate
code at the appropriate joinpoints, and hence requires correct advice code and correct pointcuts.
These are hard to construct, given the scattered and tangled nature of crosscutting concerns, and
the size of current-day software systems.

In order to be able to extract crosscutting concerns code from the original code into the appro-
priate aspects, the following questions need to be addressed:

How to separate crosscutting concerns from the original source code? Sophisticated program
analysis and manipulation techniques are needed to separate crosscutting concern code,
since by definition such code is tangled with other code. Depending on the kind and the
amount of tangling, some code is easier to separate than other code. Tracing code, for ex-
ample, is often relatively independent of the code surrounding it, whereas Bruntink et al.’s
experiment [BvDT06] showed that exception handling code exhibits significantly more
tangling.

How to determine appropriate joinpoint(s) for the extracted aspects? An aspect needs to spec-
ify the exact location where advice code needs to be woven, by means of a (set of) point-
cut(s) that select(s) the appropriate joinpoints. However, aspect languages impose certain
restrictions on the locations in the static or dynamic software structure that can be made
available as joinpoints. Hence, determining the appropriate joinpoints requires significant
attention.

How to determine the appropriate pointcut(s) for the extracted aspects? Assuming that ap-
propriate joinpoints can be found, the next problem is that of determining the appropriate
pointcut(s) that describes these joinpoints. Additionally, the pointcuts need to expose the
appropriate context information for the advice code.

How to determine the appropriate advice code for the extracted aspects? The crosscutting con-
cern code typically cannot be transformed “as is” into advice code. Small modifications
are often required, due to the code being defined in a different context, but also due to
small variations in the scattered snippets of crosscutting concern code.

How to ensure correctness of the extracted code? The correctness requirement is of course
related to behaviour preservation, i.e., extracting aspects from existing source code is
expected to preserve the external behaviour of that code. Even for traditional refactor-
ings this is already considered a non-trivial problem [Opd92]; when extracting aspects
from traditional programs the problem only becomes harder. Obviously, automating the
transformations that are applied can help meeting this requirement, as automated transfor-
mations can be proven correct by using preconditions [Opd92]. Additionally, appropriate
test suites are of great value, but are not always present in (legacy) software. Furthermore,
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since the extraction process affects the original code structure, certain tests that rely on
that structure may need to be restructured as well. In particular, certain tests may need to
be transformed into their aspect-oriented equivalent.

How to manage the migration step? A final issue that is of particular value for industrial soft-
ware is how to ensure that we can keep on using the software during the transition phase.

Research on aspect extraction is still in its infancy, as most researchers focussed primarily on
aspect exploration first. Nonetheless, work exists that contributes to the growing body of aspect
extraction research [BDvDT07, MF04, MF05, EV04, BCH+05, HMK05, HOU03]. Unfortu-
nately, although the major issues and problems related to aspect extraction seem to have been
identified by the aspect-oriented community, no satisfactory solutions exist yet. Most existing
techniques touch upon a specific part of a particular problem, but no single technique provides a
complete solution to all problems identified. This is no surprise, as research on aspect extraction
is only just emerging.

First of all, the level of automation of current extraction techniques is poor, and most could
benefit significantly from more automation. Second, the issue of preserving the behaviour of
the software after extraction has not yet been tackled explicitly. Proving the correctness of as-
pects that were extracted manually is practically impossible. Automated techniques, however,
could be proven correct. Given Opdyke’s experience in this matter [Opd92], it is clear that con-
structing formal proofs for the complex extraction transformations is far from trivial. However,
formally defining the necessary preconditions for such transformations should be feasible, but
has currently not yet been realised.

Related to testing behaviour-correctness of performing aspect extraction, the issue of migrat-
ing the original test suites to the migrated software system remains. Unfortunately, little work
exists on testing aspect-oriented systems (notable exceptions are the works of Xu and Xu [XX06]
and Xie and Zhao [XZ06]), let alone on the migration of the original tests to their aspect-oriented
equivalent.

Finally, little or no empirical validation of the proposed techniques on large-scale, real-world
software systems has been performed. This makes it hard to assess whether the techniques ac-
tually work in practice, what their advantages and disadvantages are, whether they scale to large
industrial software, and whether the extraction actually improves the quality of the software.

5 Aspect evolution

According to Belady and Lehman’s first law of software evolution [LB85], every software system
that is used will continuously undergo changes or become useless after a period of time. There
is no reason to believe that this law does not hold for aspect-oriented software too. But to what
extent is evolution of aspect-oriented software different from evolution of traditional software?
Can the same techniques that are used to support evolution of traditional software be applied
to aspect-oriented software? Do the new abstraction mechanisms introduced by aspect-oriented
programming give rise to new types of evolution problems that require radically different solu-
tions?
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Once the crosscutting concerns in the original software system have been explored and the
system has been migrated to a new aspect-oriented version, the system enters a new phase in
which it will need to be continuously maintained and evolved in order to cope with changing
requirements and environments. In this section, we highlight some of the issues and problems
related to such evolution of aspect-oriented systems.

As was argued in the introductory section, aspect-oriented software development overcomes
some of the problems related to software evolution, in particular the problems related to main-
taining and evolving independently the different (crosscutting) concerns in a system. But since all
software systems are subject to evolution (remember the first law of software evolution), aspect-
oriented systems themselves too will eventually need to evolve. We define aspect evolution as
the process of progressively modifying the elements of an aspect-oriented software system in
order to improve or maintain its quality over time, under changing contexts and requirements.

While research on aspect exploration is only starting to produce its first results and research on
aspect extraction is still gaining momentum, research on aspect evolution is even younger. This
is largely due to the fact that few large-scale aspect-oriented software systems exist today. Even
if they would exist, they would be too young in order for them to be the subject of a rigourous
scientific study regarding their long-term evolution problems.

Despite the immaturity of the field, some initial research questions have been raised, related
to how the evolution of aspect-oriented software differs from evolving traditional software and
whether techniques and tools, successful in supporting traditional software evolution, can still
be applied to the evolution of aspect-oriented software. It seems that the very techniques that
aspect-oriented programming provides to solve or limit some of the evolution problems with
traditional software, actually introduce a series of new evolution problems. This phenomenon is
sometimes called the evolution paradox of aspect-oriented programming [TBG03].

To conclude, it is clear that aspect evolution is still an emerging research area, in which not all
important research questions have been identified, let alone answered. Nevertheless, it is impor-
tant to mention that an awareness of the problem is growing inside the aspect-oriented software
development community, and that more and more researchers in that community are starting to
investigate such problems [HOU03][MF05][KS04][SG05][SGS+05][MBG06][HNB06][LHBL06].

6 Summary

In this paper, we highlighted some important evolution-specific issues and challenges related to
the adoption of aspect-oriented programming. We identified three different stages that adopters
of aspect-oriented programming may need to go through: exploration, extraction and evolution.
The overall conclusion that can be drawn for each of these stages is that aspect-oriented soft-
ware development is still a young paradigm, that still needs to mature and requires much more
rigourous research. Nonetheless, it is a promising paradigm that receives a lot of attention, and
gives rise to several tools and techniques that already provide at least some kind of support for
early adopters. For a more detailed overview of on these tools and techniques we refer to our
book chapter [MT07].
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[MT07] Kim Mens and Tom Tourwé. Evolution Issues in Aspect-Oriented Programming,
page 28. 2007. To be published.

[Opd92] William F. Opdyke. Refactoring: A Program Restructuring Aid in Designing

Object-Oriented Application Frameworks. PhD thesis, University of Illinois at
Urbana-Champaign, 1992.

[SG05] Maximilian Stoerzer and Juergen Graf. Using pointcut delta analysis to support
evolution of aspect-oriented software. In Proc. Int’l Conf. Software Maintenance

(ICSM), pages 653–656. IEEE Computer Society, 2005.

[SGS+05] K. Sullivan, W.G. Griswold, Y. Song, Y. Chai, M. Shonle, N. Tewari, and H. Ra-
jan. On the criteria to be used in decomposing systems into aspects. In Symp.

Foundations of Software Engineering joint with the European Software Engineer-

ing Conf. (ESEC/FSE 2005). ACM Press, 2005.
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