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Abstract. The 1997 introduced aspect-oriented programming paradigm
promises to increase flexibility of software by increasing modularity through
the separation of crosscutting concerns. We will show how AOP is aim-
ing to keep its promise by giving an overview of its concepts, explained
in a simple example. However, AOP is not only limited to the software
level. With the emergence of service-oriented application development
(SOAD), the adaptability of services and processes has gained more and
more importance. AOP offers the concepts and techniques to improve
adaptability needs, as we will show. We will give an overview of why
software adaptability is needed and present an approach based on web
service technologies applying AOP. Subsequently, we are going to dis-
cuss process adaptability as well. A classification of approaches will be
given and this paper will present three concrete approaches for the de
facto standard BPEL, showing that aspect-oriented programming can
not only increase the agility of programming in the small, but also of
programming in the large.
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1 Introduction

Since the introduction of OOP, computer programs have the goal to be modular
and flexible enough to be reused where needed. However, OOP couldn’t satisfy
this promise completely. There are some requirements to software that can’t be
decomposed to well encapsulated modules with OOP as needed, hereby, coupling
software unnecessarily tight. In 1997, the aspect-oriented programming paradigm
was introduced to the world by the team of Gregor Kiczales with the goal, not to
replace OOP, but to complement it. By allowing the separation of the concerns
that made problems with OOP, AOP promises to make software more flexible
and increase reuse.

However, AOP isn’t just limited to software, but can also be applied to
service-oriented environments. The technologies offered today are not flexible
enough to meet business needs, where requirements are changing quickly and
the corresponding implementations need to be adjusted accordingly. Web ser-
vices are usually hardwired with applications and can’t be quickly adapted to
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others without great effort. Business processes implemented as WS-flows are usu-
ally modeled statically and can’t be changed once they are deployed and being
executed. This lack of adaptability can be added through the application of the
aspect-oriented programming paradigm, as we are going to show.

Section 2 will give a brief introduction in the paradigm of aspect-oriented
programming, explaining the concepts in detail and providing a small and simple
example in AspectJ. The following section 3 will show the need for adaptability
concerning the handling of web services and what role AOP can play in this
context. Finally, section 4 will discuss what adaptability means in a process-
based environment with the focus on BPEL. A classification of approaches will be
discussed and several concrete approaches using AOP will be presented showing
how AOP can increase the adaptability of processes, particularly during run-
time.

2 Aspect-Oriented Programming

2.1 Motivation

In the early 1990s, the object-oriented programming (OOP) changed the world
of software development and succeeded the procedural programming because it
fit better for real domain problems. Inheritance, abstraction and encapsulation
are just a few features of how OOP fundamentally helped software engineering.
As great as OOP was at first, however, there were still some programming prob-
lems left that couldn’t be solved sufficiently, neither with the object-oriented
nor the procedural approach. One problem, for instance, is that you can’t en-
capsulate certain requirements completely into separate modules, e.g. logging
or persistence. Despite the application of OOP, one of these requirements is
usually scattered all over the code making the entire code difficult to maintain
and coupling it unnecessarily to a specific environment, therefore, complicating
the reuse in a different environment. In 1997, Gregor Kiczales and his team at
the Xerox Palo Alto Research Center introduced in their paper [11] the aspect-
oriented programming (AOP) paradigm, an approach to solve these problems
of OOP. The very same team developed later the most popular AOP language
called AspectJ1 that eventually became a part of the Eclipse Community.

2.2 Basics

Understanding how AOP works and why it benefits programming requires first
understanding its targets. Any computer program can be defined by a set of
so-called concerns. ”A concern is some functionality or requirement necessary
in a system, which has been implemented in a code structure”, defined by [7].
In OOP you would usually express a concern, e.g. for the handling of a bank
account, by a class that combines the necessary data and functionality.

1 The AspectJ Project: http://eclipse.org/aspectj
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Through the separation of concerns in a structured software development,
as introduced by Edsger Dijkstra [5], a software program is logically separated
into components, thus, reducing the complexity of the designed software. In
an ideal world the separate concerns would be independent from each other,
and therefore, minimally coupled, increasing the chances of being reused. In the
real world, on the other hand, there are some concerns that usually cross other
concerns. Data logging is a common example for such a concern that would
be used not only in the logging module but also across many other parts of a
program. These concerns were named crosscutting concerns by Kiczales.

Example 1. Simple Java class showing the problematic of a crosscutting concern
(logging statement) intertwined with a core concern (hello world statement).

public class HelloWorld {

public static void main(String[] args) {
// logging code
System.out.println("log: invocation of main method");

// actual method code
System.out.println("Hello, world!");

}
}

The following example - shown in fig. 1 & 2 - highlights the difference between
a core concern and a crosscutting concern on a real life example, the open source
servlet container Tomcat of the Apache foundation2. The figures show Tomcat’s
module structure and module sizes in LOC. The red bars indicate the position
and the size of a concern in a module. Fig. 1 shows the part of the code that
handles the XML parsing. As you can see, it can be found concentrated within
a single module and it is entirely decoupled from the other modules. In fig. 2,
on the other hand, you can observe the code for the logging in Tomcat. The
logging concern can’t be assigned to a single module but is rather scattered in
all modules. It is crosscutting the other concerns, hence, increasing the tangling
of the code and narrowing the reuse and ease of maintenance.

The paradigm of aspect-oriented programming allows increasing modularity
of software by allowing the separation of crosscutting concerns. AOP supports
the programmer in expressing and encapsulating crosscutting concerns in own
modules, so-called aspects, separate from the components, and therefore increas-
ing the reuse and flexibility of code within a program by loosening the coupling
between modules. In a next step, the so-called weaving process links the aspects
with the relevant joinpoints, either on source code level or during run-time.

2 The Apache Software Foundation: Apache Tomcat: http://tomcat.apache.org
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Fig. 1. XML parsing concern in Tomcat as in [2]

Fig. 2. Logging concern in Tomcat as in [2]

2.3 Concepts

This section will show how AOP defines and maintains its task. An example
is going to be presented written in AspectJ 5, an AOP extension to the Java
programming language.

Aspect.

A property that must be implemented is an aspect, if it can not be
cleanly encapsulated in a generalized procedure. (Kiczales [11])

Whereas a class is the fundament of OOP, an aspect fulfills this role for AOP.
It represents the implementation of a crosscutting concern and combines the
concrete implementation (advice) as well as the information to where the aspect
is going to be applied (pointcut).

Joinpoint. A joinpoint is a well-defined point in the control flow of a com-
ponent, which the programmer can choose to apply to a crosscutting concern.



Agility and the AOP paradigm 5

Therefore, the programmer can add additional functionality to a point that
wasn’t there before.
Joinpoints (as defined in AspectJ) can be:

– An invocation of a method
– An execution of a method
– The handling of an exception
– An access of a variable
– The initialization of a class or object

Example 2. Code from example 1 cleaned of crosscutting concerns, which shows
where a possible joinpoint could be to apply our logging code to.

public class HelloWorld {

public static void main(String[] args) {
// possible joinpoint: on execution

// actual method code
System.out.println("Hello, world!");

}
}

Pointcut. A pointcut is a set of joinpoints. It is part of an aspect and defines
the points where the functionality of an aspect needs to be applied to. Through
the use of regular expressions in AspectJ, pointcuts also allow the quantification
of joinpoints.

Advice. An advice contains the actual functionality of an aspect telling what to
do when applied at the defined pointcuts. It also gives the possibility to choose
the moment when to apply the advice: either before, after or even instead of a
joinpoint.

Example 3. The complete aspect written in AspectJ defining a pointcut on exe-
cution of the main method from the HelloWorld class and the advice to execute
a logging statement before the execution of the main method. The logging cross-
cutting concern from example 1 is completely encapsulated in this aspect code
and separated from the core concern code of example 2.

public aspect HelloWorldAspect {
public pointcut mainMethod():

execution(public static void HelloWorld.main(String[]));

before(): mainMethod() {
// logging statement
System.out.println("log: invocation of main method");

}
}
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Weaving. Having the source code for core concerns and the aspects for the
crosscutting concerns the only task left is to compose these together to create
a running program. The aspect weaver does this part of AOP in the so-called
weaving process. There are two classifications for weaving mechanisms: static and
dynamic.

Using static weaving, aspects are weaved into the components before compi-
lation, linking them permanently to the components at run-time. For this kind
of weaving, a compiler needs to be extended by a special pre-compiler, which
modifies classes by inserting advices at the selected joinpoints yet producing
compiler-compliant code. The result of this process is a highly optimized woven
code whose execution performance is comparable to that of code written by tra-
ditional methodologies [6]. However, a downside of static weaving is the fact that
aspects cannot be changed or influenced during run-time [12]. Static weaving is
used e.g. by AspectJ. Using the code from the examples 2 & 3 the weaver of
AspectJ would generate code that is semantically equivalent to the code from
example 1.

Dynamic weaving, on the other hand, allows the de-/activation or inter-
changeability of aspects during run-time [12]. There are different approaches to
accomplish this goal. One that doesn’t modify the source code uses so-called
interceptors, which recognize the reach of a joinpoint during run-time. For this
solution we need a modified virtual machine or interpreter depending on the
language used. Although, dynamic weaving has many benefits, it usually causes
a worse run-time performance.

2.4 Summary

The separation of core concerns and crosscutting concerns brings a higher flexi-
bility to software. Modules are less coupled, and less dependent on environment
specifics. Yet, this flexibility usually comes with a loss of performance and has
to be considered before deciding for AOP. Typical requirements, which can be
implemented optimally with AOP, are e.g. logging mechanisms and security fea-
tures.

As shown earlier, the aspect-oriented programming is not replacing object-
oriented programming but extending it to improve it. Since its introduction
in 1997, almost every language has received its own implementation of AOP.
AspectJ is the best-known implementation for the Java programming language
but there is also Aspect.NET for the .NET Framework, AspectC++ for C++
or even AspectL for List.

Although AOP has been around for over 10 years, and its maturity has
increased, only few projects are being developed using AOP. The best-known
project using AOP is the Spring Framework3. The Spring developers have de-
veloped the Spring AOP Framework, which is used by Spring internally for
transaction management, security, etc. There are still less industrial but more

3 Spring Framework: http://www.springframework.org/
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research projects using AOP. One of the reasons is that there are still a lack of
good tools supporting the programmer in his AOP needs.

3 Service Adaptability

3.1 Motivation

Using the service-oriented architecture (SOA) companies try to gain flexibility
and to improve the interoperability between their own systems, as well as systems
from business partners, while continuously adjusting their business processes
to changing requirements. A very popular solution for implementing a SOA is
the use of web services (WSs). Web services offer loose coupling of services
and interoperability in a platform, and language independent, manner. Current
approaches for WS-integration require e.g. the hard-wiring of WS-references in
applications and hereby limit the flexibility and adaptability of applications.
Also, WSs fail to be reusable when they need to comply with service contracts
offering features like security or authentication. The web service management
layer presented in the following section tries to overcome some shortcomings
of the current WS-technology making use of the aspect-oriented programming
paradigm as a well suited technology that offers concepts for a great increase of
adaptability and flexibility for the collaboration with web services.

3.2 Web Services Management Layer

The approach of the WSML (Web Service Management Layer) introduced in
[13] tries to decouple the concrete WSs from the application. In this client-side
approach, a WS is not hardwired with the application. Instead of requesting some
functionality directly from a WS, the application requests it from the WSML.
The WSML can choose, depending on the business requirements, a fitting WS
from a collection of semantically equivalent services. The selection can be based
on performance, time or costs. If a service were to brake down, the requests could
be redirected dynamically to the next best semantically equivalent WS offering
the same functionality without restarting or redeploying the application, even if
the new WS differs syntactically.

The WSML approach uses the dynamic AOP language JAsCo4, which is
based on Java. JAsCo allows the dynamic deployment of so-called aspect beans
making it possible to weave and unweave new aspects during run-time through
connectors. The application makes a request to a service type in the WSML
instead of directly to a WS, see fig. 3. The service type of the WSML hides
all WS-specifics from the application, completely decoupling it from the WS-
logic. On the invocation of a service type, the WSML chooses one of the known
WSs, which fits the best, using a WS selection policy implemented by selection
aspects. Additionally, management aspects can be used to handle management
concerns like monitoring and caching. Last but not least, the redirection aspects
4 JAsCo homepage: http://ssel.vub.ac.be/jasco/
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handle the redirection logic to invoke one or more WSs and prepare the results
according to the requested service type.

Fig. 3. The detailed architecture of WSML as in [13]

This approach can have a huge increase of flexibility in applications dealing
with WSs because the adaptation to new business requirements is continuous and
new WSs can be added during execution that were unknown at deployment time.
Also, hot-swapping becomes possible and an alternative WS can be used in case
a WS is unreachable. Due to the fact, that instead of invoking a concrete WS the
application just requests some service functionality in a generic and transparent
way, there is no code left handling any WS concerns in the application code
itself, thereby increasing the ease of maintenance of the core application.

3.3 Summary

As we have seen, the flexibility of services is an important issue that can be
fulfilled using AOP. The WSML offers a complete decoupling from WS-logic on
the client side, making it possible to switch used WSs dynamically according to
needed requirements. If a WS becomes unavailable or if there is a WS that offers
similar functionality but for a lesser price, the WS to be used can be changed
transparently during run-time without the application knowing it. This approach
offers a great gain in flexibility and maintenance. There are other approaches for
service adaptability like [1] that address a different need for flexibility of WSs.
It offers the possibility of dynamic adaptation of service contracts towards non-
functional requirements like security. A policy-compliant web service stub can
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be created dynamically through a so-called policy engine for the client as well
as the service-side. Overall, service adaptability is an important issue and AOP
can greatly increase the interoperability and flexibility of web services.

4 Process Adaptability

4.1 Motivation

In sections 2 and 3 we have shown that the AOP paradigm can benefit program-
ming in the small. But how can AOP benefit programming in the large? There
are several approaches that show AOP can provide flexibility, particularly dur-
ing run-time, for programming in the large, i.e. in process-based applications.
In this context, WSs do not only offer functionality but can be composed also
into a process, so-called WS-flow, and offered again as a single WS. This ability
makes the web service technology a fitting choice for workflow implementations.
Unfortunately, WS-flows inherit, to some extent, the shortcomings of the WS-
technology.

The de facto standard for specifying WS-flows is the business process ex-
ecution language (BPEL) and, hence, is the focus in this paper. A downside
to processes described in BPEL is that the adaptability is limited due to the
static description [12]. WSs e.g. are described statically through portTypes, and
the structure of the control flow is already defined during modeling. BPEL also
doesn’t offer any support for the modeling of crosscutting concerns. The lack of
adaptability in reaction to ever-changing business rules makes processes inflexi-
ble and not reusable.

By applying the aspect-oriented programming paradigm to the BPEL en-
vironment, it is considered to be a promising approach to add adaptability to
processes in BPEL, hence, allowing more flexibility, particularly during execu-
tion. For a high acceptance rate, a proposed approach must offer reuse and be
non-intrusive with respect to existing technologies and infrastructure, and there-
fore preserve already executed investments.

4.2 Classification of adaptability

Due to the continuous changes of companies and their business processes work-
flows have to be flexible and able to evolve in their life cycle. Evolution means in
this context that the schema is adjusted to new requirements. For an adaptable
process, we expect it to be able to change its performing tasks, as well as the
execution order of these tasks, but also the changeability of the used WS types
is essential. These changes should to able to be performed not only directly at
the schema, but at a concrete instance of a process as well. There are several
approaches of how to make processes more flexible and letting them react to
modified conditions. By limiting them to the process layer, as in [8], the clas-
sification of the different approaches can be greatly simplified to four different
groups, as presented in figure 4.



10 Matthias Wiselka

Fig. 4. Classification of approaches to process adaptability based on [8]

Commonly, a process can be adjusted to changes during build-time, when it is
being modeled or created, but also during run-time, when it is being executed. In
both cases, changes can affect either the model (schema) or a concrete instance.
During build-time, it is clear that a process can be adapted to any kind of
evolution of its environment. This can be accomplished by either remodeling the
schema according the new requirements or by providing alternative execution
paths for future changes. On deployment, these paths can be selected e.g. by the
user. Since future changes aren’t usually known, especially not to the full extent,
this pre-planned flexibility makes processes not adaptable enough.

Far more interesting is the adaptability of processes during execution because
usually the evolution takes place while the process instances are still being exe-
cuted. However, this dynamic workflow evolution [12] is not a trivial issue due
to the fact that the termination of running process instances could result in the
loss of process history, sensitive data, time, and eventually customers [8]. This
is particularly unnecessary when a change has to be applied to a single process
instance only. In some long-running processes, further steps depend on the cur-
rent results, but these steps can’t be always foreseen and have to be added or
modified during the process execution.

4.3 Approaches

In this section we are going to present several approaches to increase adaptabil-
ity for BPEL processes using the aspect-oriented programming paradigm. The
presented approaches allow, in particular, process adaptability during run-time.

AO4BPEL. AO4BPEL represents an aspect-oriented extension to BPEL and
was introduced by A. Charfi et al. in [3]. It allows the definition of aspects
using its BPEL extension during modeling as well as the deployment and acti-
vation during run-time. In this approach, every BPEL activity can be a possible
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joinpoint. Since BPEL is an XML-based language, the authors propose to use
the XML query language XPath for pointcuts to select joinpoints, even across
process boundaries. In general, advices are implemented as BPEL activities ful-
filling the crosscutting functionality, but sometimes the advice logic cannot be
expressed in BPEL. In this case, the authors argue to call a Java code execution
web service, as a so-called infrastructural web service, which invokes external
Java methods similarly to the Java Reflection. The weaving process is realized
through modifications of the BPEL activity interpretation flow.

The proposed BPEL engine was extended by several components and con-
sists, therefore, out of (1) the BPEL run-time, which is an extended process
interpreter that takes also aspects into account, (2) the Aspect Manager, which
manages the aspect execution, (3) the aspect definition and deployment tool,
which manages the deployment and activation of aspects, (4) the process defini-
tion and deployment tool and (5) the infrastructural web service.

Fig. 5. Architecture of an aspect-aware web service composition system as introduced
for AO4BPEL in [3]

Aspect weaving BPEL engine. C. Courbis et al., the authors of the aspect
weaving BPEL engine [4], focus their efforts on adapting and extending a BPEL
engine through the application of AOP. Possible joinpioints in this approach are
any BPEL instructions or process variable modifications. The proposed engine
has a build-in dynamic aspect weaver and distinguishes between two different
types of aspects, engine and process aspects. Both kinds of aspects can be weaved-
in dynamically during run-time. Like in AO4BPEL, the pointcuts are defined
using XPath for both types of aspects.

The engine aspects enhance the BPEL engine by adding new features to it,
like tracing and debugging, and can be only added before or after a joinpoint.
The corresponding advices are written in Java and registered in the engine aspect
repository. The BPEL interpreter realizes the execution of engine aspects at a
joinpoint through the implementation of the visitor design pattern. Hereby, the
engine checks if an advice is to be executed before and after the execution of a
visit method.
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Process aspects, on the other hand, extend a process model or concrete pro-
cess instance by additional functionality, and offer the options before, after, re-
place or delete. The process aspects, on the other hand, are written in a custom
notation, using XPath for pointcuts and BPEL for advices, and are woven into
a process using transformations on the abstract syntax tree (AST) of the BPEL
process. These transformations can only be applied at certain points during ex-
ecution to ensure the integrity of the system.

As opposed to AO4BPEL, this approach also offers the definition of a selec-
tion policy for the used WSs in a process. At run-time, according to the defined
policy, the engine can select from an UDDI registry, a WS that complies the sig-
nature and the constraints. Hereby, the authors argue, a process can be adapted
to improve the performance or quality of service.

Fig. 6. Architecture of an aspect-weaving BPEL engine as in [4]

BPEL’n’Aspects. BPEL’n’Aspects as introduced in [12] and [10] tries a more
generic approach to enhance process adaptability with AOP. The authors didn’t
extend BPEL, but used standard WS technologies allowing the application of
the AOP paradigm not only to BPEL but also to ordinary WS technology as
well. In their work, they propose a generic extension of a BPEL engine, for pub-
lishing navigation and lifecycle events, and making use of the publish/subscribe
paradigm.

In this approach, joinpoints are specific BPEL elements, like activities, tran-
sition conditions, etc. To address these joinpoints, the pointcuts are realized
through WS-Policy attachments representing subscriptions to navigation events
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from the engine. The advices in this approach are realized as WS operations on
concrete ports. The aspects, in BPEL’n’Aspects, are represented by WS-Policies
and consist out of subscriptions to events and WS operations.

The event-system of the BPEL engine publishes notifications of certain pro-
cess life cycle events, like the invocation of a BPEL activity using WS-Notifications.
A message-oriented middleware (MOM) filters out the interesting messages and
publishes them to the weaver. The weaver acts in this approach as a broker, re-
ceiving the event notifications from the engine and publishing these to subscrib-
ing wrappers using WS-Notification. The wrappers act as a gateway and realize
the WS operation invocations representing the advices. A wrapper publishes the
results of the invocation to the subscribing weaver, which signals these back
to the engine. An aspect management tool handles the deployment of aspects
at run-time. Furthermore, BPEL’n’Aspects offers composite aspects, a group of
aspects that can be applied either completely or not at all. If aspects belong
together, this functionality avoids that some of the aspects are already being
executed while the rest is still being defined.

Fig. 7. BPEL’n’Aspects: BPEL engine architecture with Event-Publishing-System as
in [12]

4.4 Overview

In comparison to the other presented approaches, BPEL’n’Aspects is the most
generic. Unlike AO4BPEL, this approach doesn’t extend the business process
language, but uses standard WS technologies instead. It also doesn’t dictate a
specific BPEL engine architecture but offers a non-intrusive extension of the
BPEL engine. It supports dynamic weaving of aspects during run-time, espe-
cially on a per-instance basis. Through its generic approach, BPEL’n’Aspects
and the presented infrastructure present a solution to process adaptability that
allows the use with any legacy BPEL processes and environments, yet, not lim-
iting it to BPEL exclusively, but offering its application to any WS compliant
infrastructure. All presented approaches support adaptability with respect to
changes of control and dataflow, only the aspect weaving BPEL engine also
supports changes of WS instances.
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Fig. 8. Overview of the presented approaches

5 Conclusion

We presented in this paper what the aspect-oriented programming paradigm can
do. The concept is relatively simple, and the goal is clear: to enhance modularity
and reuse. Therefore, AOP has a high potential of adding flexibility to software
and services. But not only software and services, in this case programming in the
small, can profit from the paradigm, but concepts like processes, representing
programming in the large, as well. We could show how adaptability is a strongly
needed feature in systems that work with processes.

We could show where web services lack flexibility and also miss their goal of
interoperability and loose coupling used in a service-oriented environment. An
approach was presented, which can fill this gap through the application of the
AOP paradigm. The web service management layer adds loose coupling to appli-
cations on the client side offering the possibility of dynamically interchangeable
web services depending on selection and management aspects. Overall, AOP can
increase the flexibility of services in many different ways and its application offers
a great gain.

Web service flows, like BPEL processes, inherit the deficiencies of the web ser-
vice technology and are too inflexible in reaction to ever-changing business rules.
This paper showed that there are several approaches how we can add adaptabil-
ity to WS-flows. These approaches use the concepts of the AOP paradigm to
achieve this goal. The approach of AO4BPEL extends BPEL and defines ad-
vices in BPEL itself and is, therefore, too restrictive. The aspect-weaving BPEL
engine, on the other hand, has its focus on the special architecture of a BPEL
engine with two kinds of aspects in different languages and is a too intrusive
approach. The last presented approach, BPEL’n’Aspects, is the most generic,
using well established standards like the WS-Policy and BPEL to define aspects
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and giving an extension to a BPEL engine, which can be easily adapted to oth-
ers. Also, this approach isn’t limited to BPEL but can be adapted by any WS
compliant infrastructure and can be used with legacy infrastructure, thereby,
preserving investments.

The aspect-oriented programming paradigm by Kiczales can have a huge
impact on the flexibility of software, as well as services and processes, and we
could show a definite increase of agility.
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