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Abstract

Object-oriented frameworks play an essential role in large-scale software projects.
Frameworks let us benefit from tested code which provides variation points that
can be customized to address project specific needs. The way to adapt frameworks
depends on the composition techniques offered by the underlying programming sys-
tem. Traditionally, frameworks use inheritance as dominant adaptation technique.
Unfortunately, since the inheritance mechanism of languages like Smalltalk or Java
is quite limited, the way how frameworks can be customized is limited, too. Hence,
the reusability of frameworks is restricted to situations anticipated by the framework
designers where the variation points meet exactly the developers’ needs. Aspect-
oriented programming is a new paradigm that provides new composition techniques.
This paper shows that some design decisions in framework construction to be made
in the context of object-oriented development can be avoided by applying aspect-
oriented composition techniques addressing these issues only when required. With
that, frameworks based on aspect-orientation allow us to access a larger variety of
variation points, making these frameworks highly adaptable and reusable, address-
ing more unforeseen circumstances.
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Introduction

Object-oriented frameworks [24] play an important role in the construction of
large-scale applications. Frameworks are collections of related domain-specific,
tested, and semi-complete classes that support some architectural aspects to
let their instances interact in a well-defined manner. They need to be cus-
tomized to the particular needs of specific applications. For that purpose,
frameworks contain a number of hooks [34] or variation points which can be
used by developers for customization (see [4] for a discussion on explicit and
implicit hooks in framework development). How these hooks are realized de-
pends on the design of the framework, but also on the composition techniques
provided by the underlying programming language or environment. So, the
less powerful the underlying composition techniques are, the fewer possibilities
exist to provide appropriate hooks.

White-box frameworks, most commonly used in the object-oriented world,
heavily rely on inheritance as the dominant composition mechanism. How-
ever, inheritance mechanisms provided by class-based programming languages
such as Smalltalk and Java are quite limited. Other languages offer a much
larger variety of composition mechanisms that can be used for the framework
development such as mixin classes [5], method combinations in CLOS [25], F-
bounded polymorphism as introduced in [7], or class templates in C++ [36,38].
Restricted composition techniques reduce the reusability of software fragments
and limit the possibilities to construct frameworks that are easily customizable
to specific needs. Consequently, frameworks based on such techniques tend to
be complex in their design, and with that their customization is complex and
error-prone.

Aspect-Oriented Programming [31,27] is a new paradigm offering new com-
position techniques. These techniques can be easily used to introduce custom
hooks inside application frameworks in an unanticipated manner to better
match the developers needs. Thus, framework construction based on aspect-
oriented features can reduce the complexity of both the framework artifact
and its customization.

In section 1 we motivate the need for highly adaptable frameworks by in-
troducing the requirements for an object traversal framework. In section 2
we discuss in detail why current object-oriented programming techniques are
not sufficient to provide an appropriate implementation of such a framework.
Afterwards, we briefly introduce aspect-orientation in general, and AspectS
which is an aspect-oriented implementation technique in particular. In sec-
tion 4 we discuss the effect of using aspect-oriented techniques during the
framework development. In the same section we revisit the example and show
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that by using aspect-oriented features the drawbacks of the object-oriented
solution do not exist in the aspect-oriented one. After discussing the related
work we conclude our paper.

1 Motivation: Object Graph Traversal

As stated by many authors a large variety of domain-specific problems in
object-oriented applications can be solved by the application of graph algo-
rithms [20,32]. Typically, graph algorithms are needed whenever a group of
objects provide some common behavior whereby the values affecting this be-
havior are distributed over an object graph. That means a number of objects
need to be traversed, and at each object visited some computation needs to
be done. This kind of problem often recurs in the design of object-oriented
systems, and the problem (and a corresponding solution) is addressed by the
Visitor design pattern [11]. However, typical implementations of these traver-
sal strategies are quite similar. Hence, it is not satisfying to have a reusable
design element that still needs to be implemented again and again. Instead,
it is desired to encapsulate these traversal strategies within a framework.

Our need to encapsulate traversal strategies was mainly motivated by a
typical aspect-oriented problem: our objective was to encapsulate the func-
tionality usually provided by Observers as described in [11]: A number of
objects (the observers) should be informed whenever the state of a particu-
lar object changes (the observed object is called subject). Although numer-
ous authors regard recurring observer implementations as typical applications
for aspect-oriented programming [8,22], it is argued out in [13] that current
aspect-oriented implementation techniques are not sufficient to encapsulate
recurring observer implementations. We proposed a mechanism based on dy-
namically woven aspects as supported by systems like AspectS [19]. The main
idea is to traverse all objects referenced by the subject and add to them the
corresponding code that informs the observers about a change within that
object. For example, if a student stefan as illustrated in Figure 1, needs to
be observed, an aspect will be added to all objects reachable from stefan.

However, to provide an Observer implementation that can be applied to a
number of different object structures, it needs to be highly adaptable. First
of all, there must be a number of generic traversal algorithms, because the
resulting woven code differs from traversal to traversal, and concrete observers
determine the kind of traversal actually needed [13]. In the simplest case we
only distinguish between depth first search (DFS) and breadth first search
(BFS) traversals. However, since different observers might be interested in
different parts of the object structure, traversals need to be adaptable, too. For
example, a user interface that just visualizes a student’s name and a student’s
address does not need to traverse all courses the student attends. The policy of
what neighbors should be traversed can be selected independently of whether
the underlying traversal is a DFS or a BFS.
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stefan:
Student

name:
Name

’Stefan’:
String

name ’Udo’:
String

firstName

middleName

’Hanenberg’:
String

lastName

address:
Address

address
’...’   :  ......

courses:
Collection

courses ProgrammingAspectS:
Course

Programming AspectJ:
Course

Programming Sally:
Course

...... ...

...

Fig. 1. Object structure of student stefan that needs to be observed

Furthermore, a policy for handling cycles in the object graph has to be
chosen. Usually, traversing an object twice should be prohibited. On the
other hand, there are observers which are mainly interested in paths for ac-
cessing individual objects and only traversing the same edge twice should be
prohibited. The decision of how to handle cycles is independent of whether
the traversal is a DFS or a BFS, and also independent of what neighbors of
an object should be visited during traversal. To weave the observer-specific
code, it is furthermore necessary to store into a separate object structure how
to access neighboring objects [13], possibly the expression to be executed to
determine a certain neighbor of a certain object.

And finally, to reduce the developers effort of using the encapsulated ob-
server, we need to provide a default behavior for most of the problems men-
tioned above. The default behavior we want to provide is a DFS traversal on
all accessible neighbors of an object without traversing an object more than
once. Developers should be able to refine the default behavior incrementally
if needed. For example, it should be possible to use the default behavior and
to refine it by describing for certain objects which neighbors to be visited and
which not.

We need to consider that in contrast to the usual graph traversal our ob-
server represents a special case: there is no specialized data structure that
directly represents a graph. That means there is no graph object that con-
tains a number of node and edge objects used for the traversal. Instead, all
information belonging to the graph is distributed over a number of objects
which refer to each other, as well as to objects that do not belong to our
graph to be traversed. The traversal framework we are about to build should
be able to handle this too, i.e. it should be possible to apply the traversal
algorithms independently of how the underlying graph is represented.

The result of the discussion above is a set of requirements for our traversal
framework:
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(i) A number of traversal algorithms like DFS and BFS are to be supported.

(ii) The functionality to be executed at each visited node (in the following
we call this the behavior policy) is independent of the chosen traversal
algorithm.

(iii) The set of neighboring objects of a specific node to be traversed may vary
(in the following we call this the adjacent nodes policy).

(iv) The way cycles are dealt with should be independent of the selected
traversal algorithm and adjacent nodes policy (in the following we call
this the cycle policy)

(v) The requirements mentioned above are valid independent of the data-
structure representing the graph.

Before proposing our solution based on aspect-oriented constructs, we dis-
cuss in the following section why object-oriented language mechanisms are not
sufficient to encapsulate a framework for object traversal that fits these given
requirements.

2 An Object-Oriented Traversal Framework

In the previous section we outlined the problem that almost all elements in-
side the object graph traversal require some form or degree of variability. Such
variability needs to be designed as appropriate hooks within our framework.
The requirements stated above necessitate the definition or selection of traver-
sal algorithms, behavior policies, adjacent nodes strategies and cycle strategies
in their own modules which can be composed independently of each other.

First of all, we analyze code fragments that need to be encapsulated in their
own modules. The above requirements state that these elements represent
some behavior that can be selected by application developers to compose a
traversal algorithm that fits their needs. Hence, each of these elements should
be easily selectable or adaptable since in concrete application these elements
usually vary slightly from the default implementations. This means also that
developers should be able to replace these elements easily.

Afterwards, we discuss the design alternatives given by object-oriented
composition techniques to compose the code fragments. We argue why cer-
tain design alternatives have to be chosen to provide hooks that permit to cus-
tomize the framework according to the given requirements. Then we discuss
why the resulting framework is no satisfying solution for the given problem,
although the design seems to be reasonable and fits the requirements.

2.1 Code Fragments for Object Traversal

First of all, we consider how different traversal strategies can be implemented
(see Figure 2). For our traversals, we define an abstract base class named
Traversal with abstract methods that need to be implemented by concrete
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Traversal

startWith(Object)
edgesFrom(Object)
walkEdge(Edge)
edgePermitted(Edge)

DFTraversal BFTraversal

void startWith(Object o) {
  this.doTraversal(o);
}
void doTraversal(Object o) {
  Edge e;
  for(Iterator i= this.edgesFrom(o).iterator();
        i.hasNext(); e = (Edge) e.next()) {
    if (this.walkPermitted(e))  {
      this.walkEdge(e);
      this.doTraversal(e.target());
    }
}

void startWith(Object o) {
  this.doTraversal(this.edgesFrom(o));
}
void doTraversal(Collection currentLevel) {
  Collection nextLevel = new ArrayList();
  Edge e;
  for(Iterator i=currentLevel.iterator();
        i.hasNext(); e = (Edge) i.next()) {
    if (this.walkPermitted(e)) {
      this.walkEdge(e);
      nextLevel.addAll(this.edgesFrom(e.target());
    }
    this.doTraversal(nextLevel);
  }
}

Fig. 2. Using inheritance for different traversals with abstract hook methods

EdgeSupplier

edgesFrom(Object)


GraphEdgeSupplier

Collection edgesFrom(Object node) {


return
 graph.edgesFrom(node);

}


Graph


Edge


Object

0..n


0..n


ReflectiveEdgeSupplier

Collection edgesFrom(Object node) {

  Field[] f = node.getClass().getFields();

  Collection e = 
 new
 ArrayList();

for
(
int
 i = 0; i< f.length();i++)


try
 {e.add(new Edge(node, f[i].get(node));} 
 catch
 (…) {…}

return
 e;


}


source
 target


Fig. 3. Frequently used adjacent nodes strategies

subclasses (DFTraversal and BFTraversal). In class Traversal we declare
a method startWith, which is invoked to start the traversal from a given
object.

The class contains a number of hook methods that are invoked by concrete
traversal strategies: method edgesFrom provides a collection of Edge instances
which represent the edges starting from a given object, edgePermitted is
invoked to determine whether a given edge can be selected for the traversal.
The method walkEdge is invoked to show that a certain edge is selected for
traversal. Those methods are declared because it is known that the way how
edges are to be chosen and whether an edge is permitted to be traversed
depends on the underlying adjacent nodes and cycle policy. Method walkEdge

is needed to address the requirement that the behavior policy varies (walking
an edge just means to traverse the target node from the source node of the
edge).

Furthermore, it is known that a traversal should be independent of the
underlying data structure used to represent the object graph (requirement 5).
Hence, our code uses Object as the type for the node to be traversed and
introduces type Edge for representing edges. An instance of Edge refers to
two arbitrary objects which represent the connected nodes (the structure of
Edge is illustrated in Figure 3). Note that in this example we assume that
Object cannot be invasively extended which is often the case in mainstream
programming environments such as Java or C++.

Two typical examples of default adjacent nodes strategies are given in Fig-
ure 3. The abstract class EdgeSupplier defines a method edgesFrom which
returns a collection of Edge instances. The GraphEdgeSupplier refers to a
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CycleHandling
edgePermitted(Edge)

GraphCycleHandler

DoubleNodePrevention
boolean edgePermitted(Edge e) {
  return !(graph.includesNode(e.source) &&
               graph.includesNode(e.target));
}

Graph
traversal graph

DoubleEdgePrevention
boolean edgePermitted(Edge e) {
  return !(graph.includesEdge(e));
}

Fig. 4. Often occurring cycle strategies

graph object and returns all edges from the given node (computed by the
graph). The ReflectiveEdgeSupplier uses the introspective facilities of the
underlying language to determine all fields of an object and creates edge in-
stances initialized with the fields values. However, as noted in the previous
section, these adjacent nodes strategies need to be refined by the developer.
For example, if developers know what adjacent nodes to traverse for a given
class or a given object, they should be able to add their customization to any
of the default adjacent nodes strategies.

Typical cycle strategies are to prevent the traversal to visit an ob-
ject or an edge more than once. Both concrete classes in Figure 4
(DoubleNodePrevention and DoubleEdgePrevention) reference all those el-
ements of our graph which are already traversed. DoubleNodePrevention

forbids an edge to be visited if both nodes of the edge are contained in the
already traversed part of our graph. DoubleEdgePrevention forbids the se-
lection of an edge that is already traversed. Another typical example of a
cycle policy is to permit the traversal of edges as long as no Euler cycle occurs
in the traversal graph. Note, as already argued above that a cycle policy not
necessary adapts only edgePermitted it is also possible that a cycle policy
adapts edgesFrom (to provide only edges that do not lead to any cycle) and
walkEdge (to determine the traversal graph that is necessary to determine
cycles in the traversal so far).

The behavior policy, that is the code to be executed during the visit of
a particular node, usually depends on the concrete application of the graph
traversal algorithm. Hence, the behavior policy needs to be specified by the
developer. Since the result of the traversal (i.e. the traversal graph) needs to
be determined quite often, the framework itself already provides some behav-
ior policies. For example, the framework provides the specification of a default
behavior policy inside a class GraphStorage that stores edges and nodes to a
graph object every time they are traversed because the cycle strategies men-
tioned above depend on the graph that has been traversed so far. This default
behavior policy is used by the cycle strategies described above to determine
the traversal graph. Figure 5 illustrates the class GraphStorage that imple-
ments a method walkEdge that adds the edge and its corresponding nodes to
the graph in case they are not already contained.

Note, that above we intentionally used the same method names in different
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NodeBehavior
walkEdge(Edge)

GraphStorage
void walkEdge(Edge e) {
  if (!(graph.containsNode(e.source()) graph.addNode(e.source());
  if (!(graph.containsNode(e.target()) graph.addNode(e.target());
  if (!(graph.containsEdge(e))) graph.addEdge(e);
}

Graph
traversal graph

Fig. 5. Storing traversed edges as default behavior policy

Traversal

DFTraversal BFTraversal

DFGraphEdgeSupplier DFReflectiveEdgeSupplier

DFGESupplier
DoubleNodePrevention

DFGESupplier
DoubleNodePrevention ... ...

... ...... ...

... ...

Fig. 6. Chaotic class hierarchy using inheritance as dominant composition technique

classes (for example method edgePermitted in Traversal and CycleHandling)
to emphasize their close relationship. However, until now we have not dis-
cussed how to compose these methods defined in multiple policies.

2.2 Unit Composition

The most frequently used composition technique for framework adaptation
is inheritance. Methods which are called from within the framework are ei-
ther left abstract and need to be overridden by the application developer or
they provide some default behavior which might be adapted when necessary
(according to the Template Method design pattern [11]). Hence, the control
flow is coordinated by the framework and customized code is invoked from
the framework itself. This property of frameworks is usually described as the
Hollywood Principle [39]. In languages like Java or Smalltalk that provide
single inheritance as the only inheritance mechanism, the use of inheritance
needs to be quite disciplined, since a class can share only code with at most
one direct superclass.

The declaration of class Traversal contains the hook methods edgesFrom,
edgePermitted, and walkEdge that are invoked by the code defined in
DFTraversal and BFTraversal. However, the connection between those
methods and their definitions (in the adjacent nodes policy, cycle policy and
behavior policy) needs to be defined. The question is, whether inheritance
could be used for that or not.

The availability of just single inheritance and the absence of mixin-based
mechanisms to adapt hooks requires the definition of subclasses of Traversal
for each traversal policy. For example, to compose a adjacent nodes policy
with a traversal algorithm, we need to define for each existing traversal al-
gorithm (in our example DFTraversal and BFTraversal) a corresponding

8



Hanenberg, Hirschfeld, Unland, and Kawamura

Collection edgesFrom(Object n) {
  return edgeSupplier.edgesFrom(n);
}
boolean edgePermitted(Edge e) {
  return cycleHandling.edgePermitted(e);
}
void walkEdge(Edge e) {
  nodeBehavior.walkEdge(e);
}

EdgeSupplierTraversal

startWith(Object)
edgesFrom(Object)
walkEdge(Edge)
edgePermitted(Edge)

CycleHandling

NodeBehavior

edgesFrom(Object)

edgePermitted(Edge)

walkEdge(Edge)

Fig. 7. Problem of (missing) multiple policies by using the Strategy design pattern

EdgeSupplier

CycleHandling

NodeBehavior

edgesFrom(Object)

edgePermitted(Edge)

walkEdge(Edge)

ESDecorator
Collection edgesFrom(Object o) {
  return edgeSupplier.edgesFrom(o);
}

CHDecorator
boolean edgePermitted(Edge e) {
  return cycleHandling.edgePermitted(e);
}

NBDecorator
void walkEdge(Edge e) {
  nodeBehavior.walkEdge(e);
}

Fig. 8. Using the decorator pattern to adapt policies

subclass including the code for the adjacent nodes policy. Assuming just two
traversal strategies, two adjacent nodes strategies and two cycle strategies,
fifteen classes need to be defined, whereby most of them contain duplicated
code as illustrated in Figure 6. The redundant code base results in a system
harder to reason about, to maintain, and to evolve. Furthermore, whenever
developers define their own traversal strategies, they need to create a lot of the
subclasses mentioned above to meet the outlined design approach. Obviously,
this cannot be regarded as scalable approach to the given problem.

To adapt the behavior of individual instances of a particular class, we may
consider the application of the Strategy or Decorator design patterns [11]. Ap-
plying the strategy pattern to Traversal allows us to configure each instance
with a number of strategy objects that provide specific implementations of
the edgesFrom, edgePermitted, and walkEdge methods (see Figure 7).

However, besides all known benefits, using strategy objects also has disad-
vantages. The first disadvantage stems from the cardinality of the policies. We
already noticed that, for example, a number of different modules containing
behavior policy need to be executed for each traversed node: one for creating
the traversal graph (needed by the cycle policy) and one that represents the
application specific code provided by developers. Here, instead of having one
single strategy object for each kind of policy, we need multiple collections of
strategy objects. Hence, the resulting code depends on the way how different
strategies are composed. This is not considered in Figure 7. A mechanism is
needed that permits multiple policy instances to perform some joint behavior.
This is a typical scenario for using a Decorator.

Decorating an individual policy object to add responsibilities dynamically
and transparently, we need to implement a decorator class whose instance
wrap a policy object with additional behavior. And so, three new classes need
to be created in our example (CHDecorator, ESDecorator, and NBDecorator

in Figure 8). To add a new policy, developers need to extend the matching
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decorator classes and override the corresponding method. Now, an instance of
our newly introduced decorator class can be used to wrap, and with that to ex-
tend, the behavior of an individual policy instance. The proposed framework
applies strategies and decorators to fulfill the requirements given in section 1.
We are able to combine a number of different default policies independently
of each other and independently of the underlying traversal strategy. Fur-
thermore, the developer is able to customized the traversal strategies and the
different policies.

2.3 Conclusion so far

Our framework can be characterized as follows: there are approximately 50
lines of code implementing the basic functionality of our default traversal
strategies and default policies. Additional 20 lines of code were spent on im-
plementing base classes or mechanisms to implements the strategy and deco-
rator design pattern. With that, more than 25% of our code does not address
the basic functionality but provides some form of infrastructure that allows
us to customize the default behavior. This is due to the fact that most of
the desired changes such as the customization of the behavior policy or the
adjacent nodes policy only affect small entities of the basic functionality, if
not only one single method. From the framework developers’ point of view
the effect is that large effort has to be devoted to design hooks that permit to
customize quite small entities.

From the application developers’ point of view that means that large effort
has to be devoted to customize the framework although only small entities
need to be adapted. The effort for adding a new behavior policy to an existing
traversal instance is to create a new subclass of NodeBehavior and create an
instance of it. Then the developer needs to get a reference to the currently
provided behavior policy, decorate this one with the new instance and assign
the new policy to the traversal instance. Also, it is the application developer’s
responsibility to specify the control flow from the customized behavior policies
to the one which needs to be adapted. So, although the framework has been
designed properly essential parts of the control flow needs to be specified by
the application developer. This is in contrast to the well-known Hollywood
Principle which states that the main control flow should mainly be managed
by the framework and not by the application developer.

The main problem of designing an object-oriented framework is that the
hooks need to be designed in a way to be customizable for a large variety of
applications. Because of this generalization of the framework’s applicability,
mechanisms for providing hooks become inherently complex. On the other
hand application developers customize a framework to their specific needs.
Their needs are usually just a small subset of those cases the framework was
designed for. Nevertheless, they have to use the hooks that were provided for
a larger variety of problems. Because of this, they have to use (and customize)
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hooks that are more complex than suitable for their concrete application. Let
us reconsider the basic functionality as explained in section 2.1. Obviously,
one problem is that a number of different methods should be able to be com-
bined independently of each other. Unfortunately, traditional object-oriented
programming systems do not allow for variations at the level of granularity of
individual methods. Because of that, desired change support at the method
level needs to be addressed at the much coarser grained object level, utilizing
mechanisms like class inheritance and object composition. In the resulting
design the mechanisms for supporting appropriate hooks becomes rather com-
plex in comparison to the original problem. As a consequence, customizing
(as well as developing) the framework becomes complex and error-prone.

3 Aspect-Oriented Software Development

Aspect-oriented programming (AOP, [31,27]) is a new software technology that
deals with code fragments which logically belong to one concern but cannot
be modularized because of limited composition mechanisms of the underlying
programming language. Such code is said to crosscut other modules, where
it gets tangled with code that belongs to other concerns. Such a concern is
called crosscutting concern. AOP is about modularizing crosscutting concerns
by providing special modules called aspects. With that, aspect-orientation
addresses the issues of separation of concerns [9].

As of today there are several approaches that support aspect-oriented con-
cepts, ranging from general-purpose aspect techniques like AspectJ [2,26], As-
pectS [3,19], JMangler [23,28], or Sally [18] to domain-specific aspect languages
such as D [30]. Many of these techniques allow us to represent crosscutting
concerns, down to the methods and instance variables level of granularity. Like
objects in object-oriented programming, aspects may appear at all stages of
the software development lifecycle. Examples of aspects that can be com-
monly observed are architectural or design constraints, features, and systemic
properties or behaviors (such as error recovery and logging).

The underlying technique for preventing crosscutting code in aspect-
oriented programming is the so-called weaving mechanism. Two aspects each
consisting of its own units are woven together with the original object-oriented
base system into a final woven system. The weaver is responsible for combining
each aspect with the object-oriented system and to create a final representa-
tion of the woven system. For specifying how and where the additional aspects
should be woven to the base system, aspect-orientation makes use of the join
point concept. In [26], join points are introduced as ”principled points in
the execution of the program”. Typical examples for join points are a certain
method call from a certain caller object to a certain callee object or the execu-
tion of a constructor. Weaving in general can be performed at compile-time or
run-time. AspectJ is an example for compile-time weaving. Here, the weaver
integrates aspects into the application by transforming the byte code before
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runtime. JMangler performs load-time transformation of Java class files. As-
pectS employs a run-time weaver to transform the base system according to
the aspects involved.

Aspect-oriented techniques like AspectJ or AspectS provide the pointcut
construct to select those join points aspects should be woven to: a pointcut
specifies a set of related join points to be addressed by an aspect. The code
to be executed at a certain pointcut is called advice.

Variations and variation points depend on the underlying modularity
mechanism provided by the programming platform a system is built on. Most
modern software systems were built using object-oriented technologies where
the modularity constructs, and with that the units of change, are that of
classes and instances. Although this level of granularity is sufficient in some
cases, a more fine-grained approach to modularity is desirable to permit the
change of even smaller semantic units such as method implementations. Also,
while traditional modules such as classes and instances might support the
proper structuring of the initial system, subsequent changes to this system
could crosscut these module boundaries affecting more than one location.

AspectS [3,19] extends the Squeak/Smalltalk [21,37] environment to allow
for the exploration of aspect-oriented software composition in the context of
dynamic systems. It supports coordinated meta-level programming, address-
ing the tangled code phenomenon by offering aspect modules. In its current
implementation, AspectS is realized without changing neither Smalltalks syn-
tax nor its virtual machine. AspectS, instead of relying on code transforma-
tions (neither source nor byte code), makes use of metaobject composition
instead. In contrast to most other approaches to aspect-orient programming
that only focus on class-level aspects, AspectS allows for instance-level aspects
and with that allowing for modularization of behavior that crosscuts a set of
individual instances.

AspectS mainly draws on the results of two projects: the first is AspectJ
from Xerox PARC, a general-purpose aspect-oriented language extension to
Java, and the second is MethodWrappers [6], a mechanism to add behavior
to a compiled Smalltalk method. In contrast to more static approaches that
try to bind all decisions at development or compile time (such as AspectJ),
AspectS offers advanced runtime change support.

Method wrappers allow for the introduction of code that is executed be-
fore, after, or instead of an existing method. As an alternative to modifying
Smalltalks standard lookup process, method wrappers change the objects the
lookup mechanism returns. A method wrapper replaces an entry in a class
method dictionary (a compiled method or another method wrapper), adds be-
havior to the method invocation, and eventually invokes the wrapped method
itself. AspectS makes use of block method wrappers, special wrappers that al-
low to plug-in block contexts for additional behavior. For each kind of advice
there is a matching method wrapper implementation. AspectS coordinates
the placement of block method wrappers into the method dictionaries of the
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classes of the receivers.

In AspectS, aspects are implemented via regular classes, so their instances
act as regular objects also. An aspect is applied to objects in the image by
sending an install message to an aspect instance. The effects of an aspect to
the system are reverted by simply sending an uninstall message to the same
aspect instance that cause the system transformation. An aspect may hold
on to a set of receivers, senders, or sender classes. These objects are added
or removed by client code, and will be used by woven (composed) code at
run-time to determine if receiver-instance-specific, sender-instance-specific or
sender-class-specific behavior has to be activated or not. Client annotations
allow the introduction of advice-specific state.

In Smalltalk, object interaction is based on the message-sending metaphor.
A message sent by a sender is decoupled from the actual method implementa-
tion executed by the receiver on behalf of the sender. In AspectS the receiver
of a message is considered the only structural information related to a join
point. By naming a target class and a target selector, a join point descriptor
partially describes a join points static property of location within the systems
class hierarchy. Advice qualifiers allow the description of dynamic attributes
of a join point in the context of an advice. Join points of a pointcut can be
enumerated statically, or, due to the very open and reflective nature of the
Smalltalk environment, collected dynamically by querying the system. As-
pectS does not introduce a dedicated pointcut language but takes advantage
of the expressiveness of Smalltalk itself.

Advice objects associate code fragments (parts of the crosscutting concern
to be implemented by an aspect) with pointcuts and their respective join
points descriptors that describe targets for the weaver to place these fragments
into the system. AspectS uses Smalltalk blocks (lexical closures) to represent
code fragments. Furthermore, advice objects are to be qualified to state if the
woven code will be receiver-class-aware, receiver-instance-aware, sender-class-
aware or sender-instance-aware, combined with additional control or call flow
semantics if needed.

AspectS allows us to execute crosscutting behavior before and after the
execution of a method invocation, to handle signaled exceptions, and around
a method invocation. It is possible to introduce new behavior to the target
clients as well. These kinds of advice are not minimal since both a handler
advice and a before-after advice can be expressed using an around advice.
However, providing these concepts makes the intent of some advice objects
more obvious and so the resulting code better to understand. Advice qualifiers
allow the description of dynamic attributes of a pointcut related to an advice.
These attributes state dynamic characteristics of join points enumerated by
a pointcut in the context of an advice. Advice qualifier attributes can be
grouped roughly into sender/receiver aware activation, and control or call
flow activation. The combination of point cut descriptors and advice qualifier
attributes can be compared to AspectJs concept of pointcut designators.
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Weaving in AspectS happens every time an aspect instance is installed
by sending an install message to the respective aspect instance. To reverse
the effects of an aspect to the system, the aspect has to be uninstalled by
sending an uninstall message to the aspect instance responsible for the system
transformation to be reversed. This process is also referred to as unweaving.
Weaving and unweaving in AspectS can be characterized as dynamic. Ac-
cording to the attributes stated in an advice qualifier, a Method Wrapper is
configured with one or more activation blocks. Each activation block, repre-
sented by a Smalltalk block, is provided with the aspect instance associated
with the wrapper, and the base level activation context (base sender) that
allows access to not only the receiver of the message, but to the whole chain
of activation contexts (Smalltalks stack, [12]). Depending on this information,
the activation block evaluates to a Boolean value, either true or false.

4 Framework Construction using Aspect-Oriented
Techniques

In the sections above we identified the specification of hooks or variation points
as a major problem in the framework construction. The main problem is a re-
sult of the limited features provided by object-oriented languages to represent
these hooks or variation points. Traditionally, object-oriented languages pro-
vide only class inheritance and object composition as adaptation techniques.
If the underlying inheritance mechanism is quite simple (e.g. single inheritance
with static dispatching), the effort for providing hooks that fit the users’ needs
is enormous as shown in the example. In addition to that, developers have to
make some effort to customize these hooks.

The composition mechanisms provided by aspect-oriented programming
techniques are much richer than pure object-oriented techniques. Aspect-
oriented techniques provide features for representing join points to which ad-
ditional aspects can be woven to. So from an aspect-oriented point of view,
every existing join point in the base system represents a hook that can be cus-
tomized by the developer. Nevertheless, different aspect-oriented techniques
provide different kinds of join points. For example AspectJ provides a large va-
riety of join points than can be described inside the pointcut language. Other
techniques mainly use class, field and method definitions as join points.

Aspect-Oriented techniques allow us to add multiple aspects to a single join
point. Basic mechanisms are available to coordinate the control flow between
base program and aspects. For example, it is possible to execute a number of
aspect-related code before a certain join point is reached using pieces of advice.
Those pieces of advice do not need to know from each other. Instead, it is
the responsibility of the weaver to compose the final system that guarantees
the execution of all those pieces of advice. If the order of the execution of the
pieces of advice is critical, aspect-oriented environments allow to affect their
execution sequence.
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For framework development, the interesting characteristic of aspect-
oriented systems is that a base system inherently provides a number of hooks
(represented by the join points) which can be adapted by aspects (and hence
by the application developer customizing the framework). As illustrated in our
example, we regard the presence of explicit hooks represented by a number
of complex design elements as a disadvantage of object-oriented frameworks.
The benefit of aspect-oriented programming in the context of framework de-
velopment is that those hooks are implicitly contained and do not need to be
expressed by additional design elements.

Nevertheless, this should not imply that frameworks or extensible libraries
based on aspect-oriented techniques no longer provide any explicit hooks. The
framework developer still has to be sure that hooks exist that can be used
by the applied aspect-oriented technique for weaving. Since the effort for
specifying join points in aspect-oriented techniques can be quite high [15], the
framework developer must provide selected pointcut specifications (or even a
pointcut library) to be used by the application developers for customization.

Hence, developing frameworks based on aspect-oriented techniques we face
the following difficulty: We need to provide an appropriate set of default
pointcut and advice definitions that can be used by application developers for
customization. In the following we show how to design the traversal framework
using aspect-oriented composition techniques and discuss their benefits.

4.1 Revisiting the Example

A large effort in our object-oriented traversal framework was spent to provide
appropriate hooks. Since from an aspect-oriented point of view all join points
represent hooks that can be customized by application developers, we first
of all analyze what join points exist in our code fragments and which ones
should be offered as extension points. Then, we discuss how to specify the
control flow at each join points. Afterwards, we consider the specification of
join points inside the framework.

4.1.1 Determination of Relevant Join Points

Figure 9 illustrates the join points 1 to 14 in DFTraversal and TraversalStrat-
egy based on the join point model provided by AspectJ and AspectS. All
message-sends inside DFTraversal are join points to whom additional aspects
(actually the advice code) can be woven to. All declared methods represent
join points (there are far more kinds of join points, but they are not needed
in our example).

For a framework developer it is important to determine which join points
should be interesting for being customized by the application developers. On
the one hand, implementation details (i.e. the implementation of class DF-
Traversal and BFTraversal) should be hidden from application developers.
Also, methods such as doTraversal which are specific to the implementation

15



Hanenberg, Hirschfeld, Unland, and Kawamura

TraversalStrategy

edgesFrom(Node)
edgePermitted(Edge)
walkEdge(Edge)

DFTraversal

void startWith(Object o) {
  this.doTraversal(o);
}
void doTraversal(Object o) {
  Edge e;
  for(Iterator i= this.edgesFrom(o).iterator();
        i.hasNext(); e = (Edge) e.next()) {
    if (this.walkPermitted(e))  {
      this.walkEdge(e);
      this.doTraversal(e.target());
    }
}

1

2

4 5
6 7

8
9

10 11

12

13
14

per-instance extension points
for different policies

3

Fig. 9. Join Points in DFTraversal

of DFTraversal (and also BFTraversal) should not be used as extension points
either because these methods might not occur in other traversal strategies im-
plemented by the application developer. Since all traversal strategies should
have the interface TraversalStrategy, all methods declared in this interface are
preferable extension points to be used by application developers.

It must be possible to instantiate a number of different traversal instances
and adapt each instance according to the developers needs. Since traversal
instances send messages declared in TraversalStrategy to itself it is necessary
to adapt TraversalStrategy on a per-instance base: for each traversal instance
a different adaptation might occur at join points 12, 13 and 14.

4.1.2 Specifying the Control Flow at Relevant Join Points

All different default policies provide code which might be executed at these
join points. A mechanism is needed to combine each policy with the join
points in TraversalStrategy. In principle, there are at least two different de-
sign approaches. The first approach is to provide join point specifications used
by the default policies. Here, the behavior of each policy must be coded by
an advice. In the second approach all aspect-oriented constructs are hidden.
Here, the policy-specific code is implemented in a regular method and the in-
vocation of this method is hard-coded inside of our framework. The advantage
of the first approach is that the framework contains less code and allows the
refinement of its join point specification. The disadvantage of this approach is
that pieces of advice are hardly reusable [10,16] and that application develop-
ers must be highly familiar with the applied aspect-oriented programming and
composition technique. An advantage of the second approach is that appli-
cation developers do not need to be familiar with aspect-oriented constructs
since they do not need to deal with aspects and their corresponding pieces of
advice directly themselves.

Because of that, we decided to encapsulate the method invocation inside
the framework: each superclass of each policy (i.e. class EdgeSupplied, Cy-
cleHandler and NodeBehavior) refers to its join point and contains a corre-
sponding piece of advice that simply invokes the method implemented in the
policy. Furthermore, we need to decide how these methods should be invoked,
that is whether the methods should be invoked before, after, or around the
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<<aspect>>
EdgeSupplier

edgesFrom(Object)

<<aspect>>
NodeBehavior

walkEdge(Edge) before

<<aspect>>
CycleHandling

walkPermitted(Edge) around

Traversal

startWith(Object)
edgesFrom(Object)
walkEdge(Edge)
edgePermitted(Edge)

around

Fig. 10. Invocation of policy instances

corresponding join point is reached. The first two approaches imply that the
weaver is responsible for creating an appropriate interaction between differ-
ent policies. The third approach implies that the application developer who
provides a customized policy knows how to specify the interaction between
different policies: the developer has to implement how a number of different
policies invoke each other. There is no common rule about what approach is
more appropriate in general [15]. Instead, it has to be decided case by case.

In section 2 we pointed out that usually a number of different actions need
to be performed on every node traversal. In the example cycle policies re-
fer to a traversal graph created by a corresponding default behavior policy
(implemented in class GraphStorage, see Figure 5). That means in addition
to this policy all customized behavior policies have to be executed. Usually
these policies are independent of each other. So, we decided to invoke the
methods specified by NodeBehavior instances before the corresponding join
point is reached. The situation is different for adjacent nodes policies and
cycle policies. Usually, the code belonging to these policies cannot be exe-
cuted independent of each other. Because of this, we decided to invoke those
policies around the corresponding join point. Figure 10 illustrates the design
of each policy. The arrow between each method declared in a policy and the
traversal strategy designates the join point each policy refers to (in Traversal-
Strategy) and the advice code invoked at these join points (in each policy).
The annotation at each arrow states how the advice code is invoked (before
or around).

4.1.3 Specifying Relevant Join Points

Once it is clear what relevant join points exist within the framework and what
aspects might be woven to these join points, the way of how these join points
should be accessed has to be determined. There are at least the following
two alternatives: either the relevant join points should be made accessible
to the developer, or the join point specifications should be hidden from the
developers. To make join points explicit, we need to provide constructs that
directly refer to the relevant join points. From a technical point of view it is
not necessary to make relevant join points accessible since these join points
are already in the base system. Application developers just need to address
them from within their aspect specifications.

The benefit of providing join points specifications lies in a reduction of
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redundant code: if a number of aspects refer to the same join points it is not
necessary to specify these join points redundantly. Instead, all aspects just
refer to the join points specification provided by the framework. Redundant
join point specifications are critical if the join points in the base program
change. Here, all join point specifications that refer to the corresponding join
points need to be changed [14]. The disadvantage of specifying join points is
that additional code needs to be created.

Usually, aspect-oriented programming techniques provide constructs for
making join points explicit. For example, a named pointcut in AspectJ is a
construct for externalizing join points that can be shared by different pieces of
advice. In the same way join point descriptors in AspectS are usual instances
that can be delivered using object-oriented constructs.

Applied to our framework it seems clear that the specification of the rele-
vant join points in TraversalStrategy has some benefits: a number of different
policies provide some additional code to be executed at these join points. Fur-
thermore, application developers who provide their own policies need to weave
their own code to these join points. In such a case it needs to be determined
what modules should provide this join point information. In the traversal
framework there are two reasonable alternatives: either the join points speci-
fications are provided by TraversalStrategy or by each policy class. The first
approach has some advantages in respect to the reusability of the join point
specifications: single instances of customized policies can easily adapt all rel-
evant join points just by referring to the corresponding traversal strategy.
Nevertheless, since our intention was to keep the interfaces of each class inside
the framework as small as possible and the join points for each method decla-
ration in TraversalStrategy are quite easy to specify we neglected to provide
join point specifications within the framework to be used by the application
developer. Instead, the join points used by each policy are hidden from the
application developer.

4.2 Implementation Issues

Our argumentation in the previous section was based on mechanisms provided
by aspect-oriented techniques without referring to a concrete one. Neverthe-
less, since aspect-oriented techniques differ from each other we discuss imple-
mentation issues of the framework here by comparing an implementation in
AspectS and AspectJ. Our original motivation for the discussed framework
came from the need to encapsulate often occurring object-traversal strategies
needed to add the functionality provided by the observer pattern to object
during run-time. Therefore, we implemented the traversal framework orig-
inally in AspectS. In its current version AspectS does not directly provide
aspects that only work on single instances. As a consequence, developers need
to manage the reference to the target object on their own. Within the acti-
vation blocks developers need determine whether or not the receiver object
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corresponds to the target object. To reduce the effort of managing the target
object and the activation block, we simple created a class PerTargetAspect
that extends the root aspect class AsAspect, added a field target that refers
to the object the aspect is woven to and modified the activation block for each
advice within instances of PerTargetAspect. All policy classes are extensions
of PerTargetAspect and are initialized with the TraversalStrategy object they
are woven to.

4.3 Benefit of the Aspect-Oriented Framework

If we regard the design of our framework based on aspect-oriented composition
techniques in comparison to the object-oriented solution from section 2 we see
that the design elements which were responsible for providing the appropri-
ate hooks have vanished. The reason for this phenomenon is the existence
of aspect-oriented composition techniques that provide more powerful mech-
anisms to compose different software units.

One problem we faced in the object-oriented framework was to provide
hooks that permit to add new behavior to single objects. This was solved
using an implementation of the strategy pattern. But since aspect-oriented
techniques directly permit to specify pieces of advice for single objects there is
no necessity to consider object adaptation during the design of the framework.

Another problem we faced was to provide hooks that permit to compose
different objects that provide some behavior in cooperation. We solved that by
implementing a decorator for each policy. In the aspect-oriented framework we
do not need to consider this problem since the aspect-oriented weaver already
permits to weave a number of aspects to the same join point.

In comparison to the object-oriented framework adapting the aspect-
oriented one is much easier. Application developers just need to create their
policy subclass that overrides the corresponding method, instantiate this class
and weave the instance to an traversal instance. In contrast to that the object-
oriented solution assumed each developer to access the corresponding policy
instance, decorate this instance and replace the traversal’s object reference to
the original policy instance with the new decorator instance. Because of that,
adapting the aspect-oriented framework is less complex and error-prone.

5 Related Work

The use of aspect-oriented techniques in framework construction as described
in our paper is highly related to collaboration-based design with mixin-classes
[36,38]. Nevertheless, these approaches proposed utilize C++ class templates
in that only allow the creation of new classes, but not the adaptation of existing
classes or even instances. In [35] aspect-oriented techniques were analyzed
with respect to their ability to implement collaboration-based design. The
authors mainly propose to use introductions, a language or system construct
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of AspectJ and AspectS. However, using introductions are similar to the use
of class templates, introductions are performed before compile time and with
that do not allow for instance specific adaptations.

Roles as described in [29] propose similar composition techniques as used
in our example. Roles add dynamically new behavior and fields to objects.
Hence, very similar results can be achieved if the traversal strategies are
adapted by roles (see [17] for a comprehensive discussion of aspects and roles).
In contrast to roles, aspects permit to adapt a number of different objects by
selecting different join points from different instances. For framework con-
struction, such a characteristic is needed to affect the behavior of different
elements at different locations.

The framework proposed in this paper has a number of parallels to DJ [33]
which also encapsulates traversal strategies and permits to add customized
code. However, in DJ a once created traversal strategy cannot be adapted by
the developer anymore.

6 Conclusion

In this paper we discussed the benefit of using aspect-oriented composition
techniques for the implementation and adaptation of application frameworks.
By means of an object traversal framework, we have shown that the object-
oriented solution is not satisfying. Since object-oriented languages usually
provide composition mechanisms only for classes and objects but not at the
level of individual methods, the resulting object-oriented design is more com-
plex than necessary. A mechanism was needed to compose several methods
independently of each other.

We discussed how aspect-oriented techniques can be used for framework
development. We illustrated the relationship between join points of base pro-
gram aspects and hooks within framework to be customized by application
developers. We pointed out similarities between join points and hooks that
both allow for individual adaptations. In comparison to the object-oriented
approach, aspect-oriented framework design gives us the opportunity to ad-
dress changes at the appropriate level of granularity, extended to that of indi-
vidual methods, without being confined to coarser grained class and instance
levels. Hence, in frameworks that need to contain a large number of fine
grained hooks the object-oriented solution is necessarily more complex than
the aspect-oriented solution based on fine grained join points. Furthermore,
dynamic aspect composition mechanisms allow for framework adaptations at
runtime.

However, using join points as extension points for the framework devel-
opment requires a disciplined approach to customization. Current aspect-
oriented programming techniques do hardly support access control to internals
that should not be used for the customization by application developers. It is
recommended that application developers only customize frameworks at the
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join points specified by the framework developer.

The construction of frameworks based on aspect-orientation allows us to
provide a larger variety of variation points, making these frameworks highly
adaptable and reusable, addressing more unforeseen circumstances.
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