


the provided interface. This is particularly important for architecture-centric 
adaptation and evolution, since it is necessary to know the impact of the change to a 
component on all components that interface to it.  

This capability for modeling distributed component-based software architectures is 
particularly valuable in product line engineering, to allow the development of kernel, 
optional and variant components, “plug-compatible” components, and component 
interface inheritance. There are various ways to design components. It is highly 
desirable, where possible, to design components that are plug-compatible, so that the 
required port of one component is compatible with the provided ports of other 
components to which it needs to connect [Gomaa06]. When plug-compatible 
components are not practical, an alternative component design approach is component 
interface inheritance. 

Consider the case in which a producer component needs to be able to connect to 
different alternative consumer components in different product line members, as 
shown in Fig. 2. The most desirable approach, if possible, is to design all the 
consumer components with the same provided interface, so that the producer can be 
connected to any consumer without changing its required interface. In Fig. 2, the 
control component Microwave Control (which executes the state machine in Fig. 1) 
can be connected to either version of the Microwave Display component (which 
correspond to default and alternative features). The default One-Line Microwave 
Display and the variant Multi-Line Microwave Display have the same interface, 
although there is one operation depicted in the IDisplay interface, which is feature 
dependent and is in fact only realized by the Multi-Line Microwave Display 
component.  

Figure 2 Design of Plug-compatible Components 

Fig. 3 shows the kernel Component-Based Software Architecture for the 
Microwave Oven, which includes the Microwave Control and Microwave Display 
components. There can also be feature dependent components, connectors and 
messages. Fig. 4 depicts two Feature dependent Optional Components, Lamp and 
Beeper. An adapted software architecture, which includes these two optional 
components as well as the variant Multi-Line Microwave Display is shown in Fig. 5.  
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The control component, Microwave Control, provides the overall coordination for 
the architecture by executing feature dependent actions given by the state machine. 
Microwave Control sends feature dependent messages correspond to these feature 
dependent actions. Thus, if the Light feature is selected for an application, then the 
Light feature condition is set to True, resulting in the feature dependent actions 
Switch On and Switch Off being enabled when the transitions into and out of Cooking 
state take place. Microwave Control will send corresponding feature dependent 
messages to the Light component when these actions occur, which will invoke the 
Switch On and Switch Off operations respectively in the Light component. 
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Figure 4 Feature dependent Optional Components 
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Figure 5 Adaptable Component-Based Software Architecture 

6. Conclusions 

This paper has described a feature dependent approach for the coordination and 
adaptation of distributed component-based software architectures, which can be used 
for applications derived from a software product line architecture or for evolutionary 
multi-version applications. The addition of optional and alternative features 
necessitates the adaptation of the original kernel software architecture by designing 
optional and variant components to realize these features. This paper has described 
how feature dependent coordination components can be used to coordinate the 
execution of kernel, optional and variant components in a component-based software 
architecture. This paper has described coordination and design time component 
adaptation. Separate paper describes run-time adaptation of the architecture. 
[Gomaa07a, Gomaa07b]. Although this paper has described coordination and 
adaptation for distributed component-based software architectures, the concepts can 
be applied to service-oriented architectures, as will be described in future research. 
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the provided interface. This is particularly important for architecture-centric 
adaptation and evolution, since it is necessary to know the impact of the change to a 
component on all components that interface to it.  

This capability for modeling distributed component-based software architectures is 
particularly valuable in product line engineering, to allow the development of kernel, 
optional and variant components, “plug-compatible” components, and component 
interface inheritance. There are various ways to design components. It is highly 
desirable, where possible, to design components that are plug-compatible, so that the 
required port of one component is compatible with the provided ports of other 
components to which it needs to connect [Gomaa06]. When plug-compatible 
components are not practical, an alternative component design approach is component 
interface inheritance. 

Consider the case in which a producer component needs to be able to connect to 
different alternative consumer components in different product line members, as 
shown in Fig. 2. The most desirable approach, if possible, is to design all the 
consumer components with the same provided interface, so that the producer can be 
connected to any consumer without changing its required interface. In Fig. 2, the 
control component Microwave Control (which executes the state machine in Fig. 1) 
can be connected to either version of the Microwave Display component (which 
correspond to default and alternative features). The default One-Line Microwave 
Display and the variant Multi-Line Microwave Display have the same interface, 
although there is one operation depicted in the IDisplay interface, which is feature 
dependent and is in fact only realized by the Multi-Line Microwave Display 
component.  

Figure 2 Design of Plug-compatible Components 

Fig. 3 shows the kernel Component-Based Software Architecture for the 
Microwave Oven, which includes the Microwave Control and Microwave Display 
components. There can also be feature dependent components, connectors and 
messages. Fig. 4 depicts two Feature dependent Optional Components, Lamp and 
Beeper. An adapted software architecture, which includes these two optional 
components as well as the variant Multi-Line Microwave Display is shown in Fig. 5.  
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Abstract.  One focus of current software development is the re-use of components 
in the construction of systems.  Software Adaptation facilitates the consequent 
need to adapt these components to the new environment by employing adaptors 
which are obtained automatically and hence with a certain guarantee of suitability, 
from formal descriptions of the interface behaviour. A suitable technique for 
Software Adaptation is Aspect-Oriented Programming (AOP) which makes use of 
aspects to facilitate the dynamic adaptation of components in a transparent and 
non-intrusive way. However, aspects can modify the functionality of the system, so 
its semantic can be completely changed. It is hence necessary to study the final 
behaviour of the system to ensure the correctness after adding aspects for 
adaptation. This study must not be constrained to detecting problems at the 
protocol level, but must also analyse the possible semantic problems caused. That 
is the main focus of the present communication.  We start from the Unified 
Modeling Language (UML 2.0) specification of both the initial system and the 
aspects.  This specification is validated by generating an algebraic Calculus of 
Computing Systems (CCS) description of the system.  Next, extended (finite) state 
machines are automatically generated to verify, simulate, and test the modelled 
system's behaviour.  The result of that process can also be compared with the 
behaviour of the new running system.  To facilitate this task, we propose grouping 
components so as to centre the study on the points actually affected by the 
behaviour of the aspects. 

1. Introduction 

Companies' information systems change rapidly, and their existing software has to 
evolve without negatively affecting the comprehension, modularity, and quality of those 
systems.  The development of component-based systems allows one to re-use software, 
thus reducing delivery times and costs without affecting quality. In this context, 
Software Adaptation provides the tools needed to integrate new components into a 
system with the use of adaptors.  These are software entities designed to obviate 
problems of interactions between the software system and the new element to integrate.  
It is advisable for these adaptors to be obtained automatically in order to guarantee their 
correctness.  Several formalisms are in use to describe the interface behaviour of the 
components.  Examples are Process Algebra and Labelled Transition Systems.  These 



formalisms allow one to model the interface behaviour and to check that the system is 
free of deadlocks ([1,2] ).  

Nevertheless, the description of the specifications from which the adaptors are 
obtained is a complex task.  The adaptors should also be designed without having first to 
prepare the elements that are being adapted.  It is in this context that Aspect-Oriented 
Programming (AOP) is such an appropriate tool, since it allows code to be adapted 
transparently and non-intrusively.  This is possible because AOP applies Quantification 
and Obliviousness Principles ([3]): “Quantification refers to the ability to write unitary 
and separate statements that have effect in many non-local places in the system.  
Obliviousness means that the places these quantifications apply do not have to be 
specifically prepared to receive them.  In particular, an aspect must be able to affect 
several modules, while modules receiving aspects should not have to be specially 
prepared for this purpose.”  In this way, aspect technology can be used to adapt new 
behaviour dynamically at run-time. In addition, using aspect oriented technology 
provides support not only for behavioural adaptation but for semantic adaptation as well. 
Aspects can substitute the functionality of affected components, so its semantic can be 
completely changed.  

The use of aspects has unquestionable advantages over standard Software 
Adaptation, but it has some disadvantages too. The most important one is that whilst 
with traditional adaptation techniques, adaptors are automatically generated using 
methods guarantee their correctness, the automatic generation of aspects adapting the 
system is a difficult task currently under research. Although there are works addressing 
the automatic generation of adaptors aspects ([4]), they are focused on adaptation at the 
protocol level. So that, up to now, the generation of aspects adapting the system 
semantic is a manual task. Therefore, mechanism to check their correction must be 
provided. For that reason, it is necessary to analyse what has occurred with the 
integration of the aspect and its results on the system, and this requires specifying the 
aspect's behaviour and checking the correctness of its integration.   

In order to study the adaptation of new aspects within a software system, we propose 
the use of Unified Modeling Language (UML 2.0) specifications of the system under 
consideration.  These specifications are obtained during the system's analysis and design 
phase, and must be updated with the descriptions of the aspects to integrate.  The aspects' 
behaviour is described using an Interaction Pattern Specification (IPS) protocol ([5]).  
These patterns are coded by means of sequence diagrams, and are integrated into the 
system's UML specification at places where the aspects are to be applied.  The resulting 
documentation, completed with the remaining UML diagrams, allows one to obtain from 
each of the system components finite state machines which will be used to validate, test, 
and simulate the behaviour of the integrated aspect.  To facilitate these operations, we 
propose grouping the state machines in order to focus on the study of the components 
involved, and hence reduce the magnitude of the operations that have to be performed. 

The article is organized as follows:  Section 2 describes the use of aspects in software 
adaptation and the problems with checking for correctness, Section 3 presents our 
proposal, Section 4 discusses related work, and Section 5 presents the conclusions. 

2. Problem description 

Several problems arise when one needs to adapt software by integrating a new 5

54      Miguel Ángel Pérez Toledano et al. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



component into the system.  The different problems of interoperability may be 
categorized into four levels [2]: 

• Signature Level.  These are problems of syntax between the signatures of the 
interfaces of the components that have to be adapted.  This kind of problem will not 
be dealt with in the present study. 

• Behavioural Level.  These are problems caused by the protocols for the use of the 
methods defined in the interfaces of the adapted components. 

• Semantic Level.  These are questions of whether the new component really 
provides the required functionality.  

• Service Level.  These are questions of whether the new adaptations conserve the 
non-functional properties of the system (security, reply,…). 

As was noted above, the use of AOP to adapt software has certain advantages 
deriving from the application of the Quantification and Obliviousness Principles, but it 
does not allow one to obtain adaptors automatically.  This makes it difficult to know 
whether the adaptation is correct.  Moreover, the focus of AOP is not just the adaptation 
of software. Its goal is rather to provide new modularisation techniques to solve the 
problems caused by crosscutting concerns which it does by isolating the crosscutting 
concerns in modules called aspects1. Besides, the adaptation of software using aspect-
oriented technologies creates new interoperability problems in the systems thus 
constructed.  They can be summarized in the following points [6]: 

1) Unintended aspect effects.  Pointcuts of new aspects may be applied to undesired 
join points, which could provoke unintended side effects.  

2) Arbitrary aspect precedence.  Pointcuts of new aspects may be applied to the same 
join point as other (unknown) aspects already are.  This may cause problems with 
the sequence of application of the aspects. 

3) Unknown aspect assumptions.  When pointcuts of new aspects are applied, they 
may not find join points matching existing requirements. 

4) Partial weaving.  When the code of a system is modified, the aspects within it may 
not be applied to future modifications. 

5) Incorrect changes to control dependencies.  The advice type 'around'2 can alter the 
behavioural semantics of a system. 

6) Failure to preserve state invariants.  When an aspect is applied, it could break the 
system's state invariants. 

These situations complicate the study of the interoperability problems mentioned 
above.  Points 1–4 mainly affect the Behavioural Level, because they can modify the 
correct sequence in which the methods defined within component interfaces must be 
instantiated.  Points 5 and 6 mainly affect the Semantic and Service Levels, because they 
can modify a component's expected behaviour and the system's non-functional 
properties. 

When software is adapted using automatically obtained adaptors, syntactic problems 
(Signature Level) and problems of deadlocks between the protocols of components 
which are being adapted are solved (Behavioural Level) [1,2]. Instead, when the 
adaptation is by means of aspects, there is no starting formalism with which to study 

                                                           
1 An aspect executes a method (advice) when a condition (a regular expression called a pointcut) is satisfied 
during the execution of an application.  The points where the advice is executed, interrupting code 
execution, are called join points. 

   2The advice 'around' type executes a method replacing the method where the joint point is applied. 
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how the adaptation has been performed.  This drawback is aggravated by the fact that the 
application of aspects adds new problems at this level.  It is therefore necessary to 
consider solutions that allow one to study the integration or deletion of aspects in a 
system, and to test the constructed system's correctness.  This study must not be limited 
to detecting problems of protocols, but must also analyse the possible semantic problems 
caused by the adaptation. 

3. Proposal 

To adapt a software system using AOP, whether adding new services (functional) or 
updating some existing service (technical), one needs to specify the changes in order to 
study how they affect the system.  It is also possible, depending on the type of study, that 
specifying the interface behaviour will not be enough.  The behaviour and properties of 
the adapted system are best studied on a model constructed with the purpose of 
performing simulation, testing, and model-checking operations.  One can then 
investigate any possible problems found at the Behavioural, Semantic, or Service Levels, 
and thereby implement dynamic adaptations with safety.  Nevertheless, the model 
constructed must take certain considerations into account in order to be efficient.  First, it 
must be readily scalable to facilitate the integration of new aspects.  It must be adaptable 
to each aspect to facilitate the individual study of each aspect's behaviour.  It must be as 
complete and precise as possible to facilitate model-checking operations.  Finally, the 
description of the system should be by means of some graphical tool to facilitate the 
intuitive comprehension of the model.  
 

 
 
 

 
 
 
 
 
 
 
 

 
 

Figure 1.  The TITAN activity diagram. 

Given this context, in this section we present our proposal TITAN – a framework 
that allows one to model a system and to study the integration of aspects within it. The 
fundamental activity diagram of TITAN is shown in Fig. 1, in which round-cornered 
rectangles represent actions performed within the framework, and square-cornered 
rectangles represent testable representations of the models. The use of TITAN begins 
with modeling the required behaviour after the adaptation using UML. For aspect 
modeling, TITAN uses the Interaction Pattern Specification (IPS) approach to describe 5
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the aspects' behaviour.  Aspects are instantiated in the original UML specification. The 
next step is the validation of the UML specification. To that end, algebraic descriptions 
of the system are generated and used to perform checks of the model. The validated 
model is then used to generate extended state machines in order to verify, simulate, and 
test that the modeled behaviour is as the designer expected. Finally, that model is 
compared with the one produced by the extended code obtained from adding aspects, the 
aim being to detect mismatches. In this way, a check has been made as to whether the 
evolved system produces the expected behaviour. The following subsections describe the 
steps in the TITAN proposal in more detail. 

3.1 Construction of the model 

The idea in TITAN is to insert the description of the aspects into the specifications 
obtained during the analysis and design phase of the system.  Naturally then, the first 
step is to obtain a reference specification of the original system.  Currently, UML is the 
most extensively used modeling language for object-oriented systems.  But the modeling 
process is more complex when aspects have to be considered, and various solutions have 
been proposed.  In the present proposal, TITAN extends the UML specifications using 
the IPS approach [5] to model aspect behaviour.  

In TITAN, IPS's are used to describe the interrelationships between the aspects and 
the system, representing interaction patterns by means of sequence diagrams.  A 
sequence diagram is a graphical depiction that is easy to use and understand.  In an IPS, 
each participant represents a different role.  A role is a UML metaclass that must be later 
instantiated by a UML element.  That element must satisfy the partial order of the 
messages defined in the role's lifeline as well as other possible specified requirements.  
A more detailed description of UML specifications using the TITAN framework can be 
found in [7]. Patterns are instantiated by being integrated into the UML specification of 
the system.  To this end, once the aspects have been modeled one needs to find points in 
the sequence diagrams of the model that match the requirements stated by the aspects.  
These are the join points where aspects will be applied.  Notice that, depending on the 
description of the aspects, different operations must be performed in order to instantiate 
the patterns.  For each aspect to be integrated each message and role defined in an IPS 
must be linked to messages and participants defined in the system specifications.  
Further information about IPS design and instantiation can be found in [8]. 

Next, the specifications obtained are validated to detect errors and gaps.  The first 
step in this stage is to compare the sequence diagrams with other UML diagrams, such as 
state diagrams and class diagrams.  This kind of study can usually be facilitated by UML 
modeling tools.  Nevertheless, interoperability problems such as deadlocks or 
inconsistencies will not be detected using these tools.  To cover this deficiency, TITAN 
automatically obtains Calculus of Communicating Systems (CCS) algebraic descriptions 
from the sequence diagrams.  Since the aim is to check the model, these algebraic 
descriptions are imported from the tool 'Concurrency Workbench of the New Century' 
(CWB-NC) [9].  Such model checking with algebraic descriptions allows one to detect 
gaps, deadlocks, and forbidden event sequences in the specifications [10] – the usual 
problems at the 'Behavioural Level'.  Any gaps detected must be filled by extending the 
specification with new scenarios which can be positive as well as negative (a negative 
scenario is a forbidden sequence of events).  The objective is to construct a sufficiently 
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meaningful, error-free, model of the system.  A similar approach would be to use state 
machines for that purpose.  However, performing validation with model checking using 
process algebras is easier because they provide better support for the use of both 
negative and positive scenarios. Nonetheless, TITAN uses state machines to simulate the 
system's behaviour because they provide more precise information than algebraic 
descriptions. Indeed, once the specifications have been validated; state machines can be 
obtained automatically for each element of the system.  There exist several algorithms to 
perform this task.  TITAN uses the algorithm proposed in [11] which is based on 
selecting the lifelines of every scenario in which each participant is involved, and on 
using state labels as links between them. The state machines obtained provide more 
precise descriptions than classical statecharts.  In particular, they provide the possibility 
of representing time requirements and complex operations over groups of events (such as 
critical regions) described with UML fragments.  This provides support to perform more 
precise model checking than statecharts or CCS algebraic descriptions.  The resulting 
state machines are cyclic labeled and directed graphs.  Each vertex of a machine consists 
of a structure <par, ord, crit, st, variables> where par, ord, and crit are used to represent 
parallelism, sequences, and critical regions, st is a string variable used to describe the 
current state of the component, and variables is used to describe the variables in the 
conditions and iterations represented in the graph.  A more detailed description of the 
extended state machines used in the TITAN framework can be found in [12]. 

3.2 Studying the model 

Once the model has been constructed, it will be used to study how the planned 
adaptations behave.  Simulation operations with the machines obtained allow problems 
at the Behavioural and Semantic Levels to be detected, i.e., those relative to the 
sequencing and the places at which the aspects are introduced, and to the expected 
behaviour of the system.  A model-checking process completes the study, verifying 
operations at the Service Level.  The model thus allows one to study how new 
adaptations affect the system before their actual implementation, and thus perform 
dynamic adaptations in a safe manner.  

TITAN uses UPPAAL [13] for the simulation and model-checking operations of the 
model constructed.  UPPAAL is an appropriate tool for distributed systems that can be 
modeled as a collection of processes with finite control structure and real-valued clocks, 
communicating through channels or shared variables.  Its simulator enables one to 
examine possible dynamic executions of a system during the modeling stage, and its 
model-checker covers exhaustively the system's dynamic behaviour, and is also able to 
check invariant and reachability properties by exploring the state-space. 

3.3 Adapting the model to aspects 

Two of the prerequisites considered in the framework were the scalability of the model 
and that it should facilitate study of the integration of new aspects.  The model of the 
system is readily scalable because the application of new aspects only requires their 
specification and integration into the system.  The most complex task of the framework 
is the initial description and validation of the system with UML.  Fortunately, this task 
has only to be done once during the modeling phase.  This makes TITAN a tool that is 5
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well suited to working with large software systems.  Nevertheless, the final system may 
be very large, hindering the aspect adaptation study.  In order to reduce this size, we 
propose grouping state machines together in order to make the simulation easier and to 
focus the study on the interesting points.  Which groups are formed will depend on the 
developer's specific needs, but the point is that they will allow the creation of traces that 
exclusively contain the events of interest.  Later, the tracing aspect can be designed to 
only monitor the events of a set of state machines, avoiding references to events that 
occur within grouped machines.  This grouping process can be repeated as many times 
as necessary.  It will thus be possible to obtain a minimal set of machines in which only 
events affected by the declaration of aspects intervene.  Furthermore, since the machines 
are obtained automatically, the model can return to the starting point whenever 
convenient. 

To group state machines, they have to execute concurrently, and their 
intercommunication has to be synchronized.  Given these premises, the objective of the 
composition of two machines is to construct a new and equivalent finite state machine 
which describes behaviour identical to that of the original two machines, while hiding 
their mutual synchronization aspects. 

 3.3.1 Grouping extended state machines 
 

Let S1 and S2 be two extended state machines.  Let L be the set of system labels 
consisting of the set of events of the system (Act), and the set of delayed actions (Δ) used 
to represent the passage of time ε(d). ε(d ) ∈ Δ, ∀d ∈  R+.  L = Act ∪ Δ.  Let SA be a 
subset of Act consisting of the set of events that synchronise the execution of the two 
machines.  Let      be the symbol that represents the composition of interaction machines.  
The result of composing two interaction machines S1 and S2 can be defined as: 

�→�= IsSnCompositio ,,, 0  

• S is the set of states such that 21 ss ⊗ S ∈  ⇔ ( 1s 1 S∈ ) ∧  ( 2s 2 S∈ ), 
• 0s S ∈  is the initial state such that 2,0100 , sss ⊗=  

• I is a function that associates each state with an invariant.  This invariant must be 
satisfied by every variable that operates in that state. 

)()()( 2121 sIsIssI ∧=⊗  

•  ',,,, ��→= lragl is a transition relation that satisfies the following rules: 

1. Let S1 and S2 be two extended state machines.  If there occurs a transition that only 
affects events from one of the two machines, then the resulting transition in the 
composition will be that which shows the evolution of the affected machine, 
maintaining the other in the same state.  This situation can be represented formally 
using process algebra syntax:      
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2. Let S1 and S2 be two extended state machines, let 1a  and 2a  be two 
complementary events.  If there occurs a transition that affects a synchronization 
event, then the resulting transition in the composition will be that which shows the 

⊗
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evolution of both machines at the same time.  Again, using process algebra syntax, 
formally this is: 
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where )()()( 21212,1 rrrgggaaa ∪∧ =∧=∧= . 

 

3. Let S1 and S2 be two extended state machines with clocks declared within them.  If 
there exist transitions in both of the machines simultaneously affected by the 
passage of time, then the resulting transition in the composition will be that which 
shows the passage of time in both machines:    
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where )'()'()','(')( , duullulsuls iiiiiiiiii +=∧=∧=∧= . 

3.4 Comparing the model to the final system 

The study of the constructed model is not enough in itself to ensure the correctness of the 
code.  Having modeled the behaviour produced by the planned adaptations, one then has 
to check that the code behaves the same.  The comparison is based on ensuring that the 
properties of the model are matched by the code, and vice versa.  Model-checking 
techniques are used to study the properties of the two systems.  We use Java Pathfinder 
[14] to execute model-checking operations within the Java code that we obtain.  This 
study must be completed by simulating the same execution traces in both systems.  To 
perform this task, there are two procedures possible: 

• Generate tests from state machines.  These traces simulate the execution of state 
machines and can be used as inputs in the generated code.  

• One tracing aspect can be used to obtain the event sequence produced by the 
execution of the code.  Such sequences can be simulated on the model.   
These traces allow one to check that the model and the code have congruent 

behaviour and the same sequence of application of the aspects.  

4. Related work 

There exists no single useful technique to study every type of adaptation that might be 
applied.  In previous editions of this workshop, there have been studies presented on how 
to achieve safe adaptations using moderators [15] or a service-oriented approach [16].  In 
this section, we shall comment on some studies of the problems caused by the 
application of aspects. Several works have considered the effect of adapting aspects to a 
system by means of restricting some characteristics.  Some analyse the properties of the 
completed system (with the new aspects implemented) by using either model checking 
or static analysis of the code.  Others consider the inclusion of one aspect, studying how 
it affects the properties of a specific woven system or all the possible ways of weaving it 6
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into the code.  There have been studies which analyse how the inclusion of aspects 
affects a system by comparing the properties before and after their integration, or which 
develop a fault model for aspect-oriented programming, including the different types of 
faults that may occur [17].  Nevertheless, these studies are based on testing the behaviour 
of already-constructed systems.  Our approach is different in that TITAN creates a model 
of the system.  Model-based testing improves the detection of errors and allows testing 
costs to be reduced because the testing process can be semi-automated: more test cases 
can be run, thereby decreasing the number of errors.  The model constructed can also be 
compared to the final system, thus helping to verify the implementation. 

Another class of related work consists of those that support system modeling and 
verification.  Motorola Weavr is an add-in for aspect-oriented modeling in Telelogic Tau 
G2 [18].  This add-in provides support for the system-modeling verification, but with a 
focus on code generation, and describes aspect behaviour using statecharts instead of 
extended state machines.  Xu et at. [19] also use a model of the system to test aspect 
integration, with UML statecharts to capture the expected interaction between base 
classes and integrated classes.  TITAN, however, builds the model starting from valid 
specifications obtained with sequence diagrams.  The extended state machines thus 
constructed are more precise than statecharts, allowing one to perform better analyses of 
the system.  

5. Conclusions 

Aspects encapsulate the functionality of crosscutting concerns, and, thanks to the 
obliviousness principle, they can be added to or removed from the system at both the 
design phase and run-time. This characteristic facilitates the use of AOP as a software 
adaptation tool.  However, the application of aspect-oriented techniques to adaptation 
raises some new problems: there is not only the difficulty in determining whether or not 
the adaptations are safe but also whether the aspects are correctly integrated.  

With system modeling, it is possible to simulate how a software system will be 
affected when different aspects are adapted.  It is also possible to perform model 
checking of the properties of the model, and the results can be compared with those 
belonging to the woven code.  Also, by means of trace simulation between the model of 
the system and the constructed code, one can study the woven code that results from the 
inclusion of an aspect.  Using TITAN, the comparison between the model and the final 
woven code detects all the problems listed in Section 2 except the failure to preserve the 
state invariant (Point 6).  But this problem too can be detected with TITAN by 
performing model-checking operations.  Moreover, to facilitate this analysis, we 
proposed grouping the state machines to reduce the size of the tests and focus the study 
on the classes involved.  Because of these features, the system is readily scalable, 
making this a suitable framework for modeling large software systems. With respect to 
the limitations of our proposal, TITAN needs to validate specifications manually in order 
to build a correct model.  But this limitation only affects the first time that the system is 
being developed.  Subsequent evolutions only require simpler validations.   

To raise discussion during the workshop the following open issues are proposed: 
• Aspects are commonly used to encapsulate and apply non functional properties to 

software systems in an oblivious way. As introduced along this position paper, 
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aspects can also be used for adaptation managing even semantic adaptation. 
However, these practices can violate the system invariants.  So, is it convenient the 
use of aspects to manage semantic adaptation?  

• Traditional adaptation techniques usually deal with signature and behavioural levels 
of adaptation. Is it enough? How these techniques could also address semantic 
adaptation? 

• System can be designed and constructed favouring their future adaptation. So, when 
does the adaptation task begin? When the need of adaptation appears or when the 
system is being designed. How the adaptation requirements can be managed?    
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Abstract. Virtual machine implementations are made up of intricately
intertwined subsystems, coordinating largely through implicit dependen-
cies. An analysis of several virtual machine implementations reveals the
presence of crosscutting concerns—concerns that cannot be modular-
ized through traditional means and whose implementation is scattered
over and tangled with the source code of other modules. This paper
proposes an architecture approach for virtual machines. The approach
regards a virtual machine as a conglomerate of service modules coordi-
nated through explicit interfaces using linguistic mechanisms based on
aspect-oriented programming techniques.

1 Introduction

Virtual machines (VMs) consist of subsystems with clearly defined responsibil-
ities. Unfortunately however, said subsystems are not clearly separated from
each other, e. g., implemented as modules with clean boundaries that exchange
information via dedicated explicit interfaces. Instead, relations among and de-
pendencies between subsystems are represented implicitly in the implementation.
Hence, service coordination is unclear, and adaptation is at best ad hoc.

As a consequence, VM architecture can be cleanly described only at a very
high level of abstraction. As soon as actual implementation decisions come into
play, it becomes virtually impossible to reason about a single VM subsystem
in terms of its functionality and interface—instead, the way other subsystems
interact with it must be considered. This results in assumptions about other
subsystems, and the resulting coordination, being hardwired into the system.

Coordination between VM components often can be described at a high
level of abstraction in terms of constructions like “when this happens in module
X, module Y must react that way”. In fact, research has shown promise in
mapping component interaction at the implementation level to the higher level
of requirements and design [11]. But, given that coordination such as this is often
implied, it should lend itself to be explicitly represented in the system. However,
at lower levels of abstraction, i. e., in code, representations of such interactions
are often implicit (cf. above), and assumptions about them are hidden in code.
Moreover, the nature of coordination of this kind is often asynchronous: e. g.,



the decision to subject a method to optimized (re)compilation is drawn by the
adaptive optimization subsystem, but it is not carried out immediately by the
compilation subsystem until ample time is available. To express asynchronous
interactions, queues and the like have to be implemented and maintained.

We believe that VM implementations contain many crosscutting concerns
[12] that represent coordination between subsystems. AOP techniques have been
shown to provide support for coordination between software components [8]. We
argue that these AOP techniques can be used to improve the ways in which the
architectures of virtual machines are expressed, and further that extensions to
these techniques would be appropriate within this domain. In brief, the proposed
architectural view is that of a VM being a conglomerate of services provided to
an application. Each of the services constitutes a module with a clear interface.
The interface consists of a set of operations that the module can be asked to
perform—its API—, and of another set of signals that it can expose when cer-
tain internal properties require it—its XPI (crosscut programming interface)
[10]. The circumstances under which these signals are raised are to be inter-
nally described using aspect-oriented means. The coordination between service
modules is to be achieved declaratively by aspect-oriented means as well.

2 Decomposition and Crosscutting in Virtual Machines

We have considered eight modern VMs, both C- and Java-based, and identified
crosscutting concerns in their architectural decomposition, some of which we
will describe in this section. We briefly describe our experiences with extending
existing VM infrastructures using AspectJ, and problems encountered due to
the general lack of structural support within this intricate domain.

Due to the tangled nature of VM concerns, it is often difficult to separate
some concerns using AOP. For example, the GCspy [14] heap visualization frame-
work is designed to visualize a wide variety of memory management systems. A
system as complex as a VM benefits greatly from non-invasive, pluggable tools
providing system visualization while minimizing the effects on that system. Such
tools inherently have many fine-grained interaction points that span the system
they are visualizing, lending themselves to an aspect-oriented implementation.
GCSpy functionality involves (1) gathering data before and after garbage collec-
tion, and (2) connecting a GCSpy server and client-GUI for heap visualization.
The resulting AspectJ code touches 12 classes in the Jikes RVM, has a 1:1 ra-
tio of pointcuts to advice, and uses a collection that spans before/after/around
advice and can be further characterized as a heterogenous concern [5, 2].

Similarly, modifying the OpenVM to support Software Transactional Mem-
ory (STM) involved a series of changes that lent themselves to an aspect-oriented
implementation. The resulting AspectJ code touches 13 classes, has a 1:1 ratio
of pointcuts to advice, and heavily employs non-proceeding around advice.

In previous work, it has been demonstrated how the Jikes RVM’s modularity
can be enhanced even with a näıve implementation of aspects, and how these
aspects impact system evolution [9]. Now, we consider a more qualitative assess-6
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ment of the representations of the aspects themselves, and the ways in which
AspectJ [13, 3] could be augmented to better support the needs of crosscutting
concerns in VMs.

Join Points in VMs It is our experience that the types of join points—both
static and dynamic—exposed by most existing join point models are not suffi-
cient for expressing the special needs of crosscutting concern composition in VM
implementations. A join point model fit for this implementation domain should
still exhibit the features of, e. g., the AspectJ join point model [13] with several
extensions, such as stateful aspects or tracematches [7, 1].

Pointcut Descriptors VM subsystems frequently invoke other subsystems when
certain “points of interest” occur. Normally, such interactions inherently require
access to dynamic, often shared, VM system state. The ability to construct state-
ful aspects [7], and express them using the appropriate means, e. g., tracematches
[7, 1], is critical in this domain.

Advice Our survey indicates the need for some concerns to interact in a detached
way; utilizing asynchronous advice [4], as met in the AWED language [6]. Asyn-
chronous advice cannot be expressed directly using simple AspectJ mechanisms,
as the required queues and associated state have to be introduced as explicit
data structures. Though there is no such concept as an asynchronous advice in
traditional AOP advice models, we believe this to be highly desirable in VMs.
Given that there are very likely many VM subsystems that do not interact syn-
chronously, modeling such services as crosscutting concerns calls for providing a
mechanism allowing for such definitions.

3 Disentangled Virtual Machine Architecture

We propose an approach for virtual machine architecture that treats the various
subsystems of a VM implementation as services offered to an application run by
the VM. Services are modules, and they have clean boundaries.

For illustration purposes, we consider the structure of traditional VM sub-
systems seen from at a high level of abstraction as depicted in Fig. 1. Each of the
shapes in Fig. 1 represents the source code of one classic subsystem. The differ-
ent subsystems are mostly modularized, but parts of their implementations are
scattered over the system and tangled with code pertaining to other subsystems.

Our approach to VM architecture focuses on establishing a clear modulariza-
tion for VM subsystems. This is achieved by applying aspect-oriented program-
ming techniques. The different subsystems of a VM are regarded as services
that the VM provides to the running application—e. g., services for application
representation, scheduling, memory management, etc.

A service’s boundary is defined in terms of an interface that, on the one
hand, provides means to invoke functionality of the service (its API). On the
other hand, the interface exposes certain points of interest that occur internally
and may be of interest to other services (the service’s XPI [10]).
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Virtual Machine
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Fig. 1. Tangled VM architecture.

This principle is illustrated in Fig. 2(a). A service module is a superstructure
comprising of several actual implementation modules (e. g., classes) and have a
large internal complexity, but it is a module at an architectural level; one that
can clearly be assigned a responsibility in terms of VM functionality.

Service Module Virtual Machine

Application

Memory 
Management

Representation

Adaptive 
Optimization

Scheduling

OS Interface

Execution

(a) (b)

advicemodulejoin point pointcut execution path advice invocation

Fig. 2. (a) Exposing “points of interest” from service modules using pointcuts. (b)
Disentangled VM architecture achieved by coordinating points of interest exposed from
service modules.

During the execution of service functionality, of course, certain situations
arise where service interaction takes place. Applying the usual manner of VM
implementation, service interaction code—e. g., through invocations of other ser-
vices’ functionality—would be hardwired into the source code of the service.

The architecture approach we propose takes a different road: the situations
where service interaction should take place are declaratively described using
pointcuts that quantify over the join points occurring during the execution of
service functionality. Such pointcuts are however not directly associated with ad-
vice, but instead their matching constitutes the occurrence of a point of interest
exposed from the service module (denoted by bold dashed arrows). 6
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The join point model and pointcut language applied at this level of granu-
larity can be any that are sufficiently powerful to express the aforementioned
situations of interest. An exposed point of interest comes with the according
context information to be exploited by client services.

Actual VM architectures are declaratively described. The static structure
of the implementation is described by choosing a set of concrete services; and
the dynamic service interactions are realized by declaratively describing them
in terms of reactions to points of interest exposed from service modules—at
the level of service composition, the join point model is constituted by all such
exposed points of interest. Said points are called service-exposed join points.

Fig. 2(b) shows, at the same level of abstraction as Fig. 1, what VM architec-
ture looks like when the principles described above are applied. The VM consists
of a collection of clearly bounded service modules. Interactions among them are
described in terms of service-exposed join points, pointcuts quantifying over
them, and invocations of service functionality in case such a pointcut matches.

In summary, aspect-oriented programming techniques are applied in this
model at two degrees of abstraction. On the one hand, intra-module execution-
level join points are quantified over to make up service-exposed join points. On
the other, service-exposed join points are quantified over to drive service interac-
tion. The two join point models found in the architecture approach are separate
from each other. Service-exposed join points can be assigned meaningful names,
improving declarativeness at the architectural level.

4 Summary

We have presented an analysis of crosscutting concerns in VM implementations
and given examples for them. Based on the observation that such systems contain
many intricately combined crosscutting concerns, we have proposed an approach
to organizing VM architectures based on service modules, i. e., modules consti-
tuting well-defined services that the VM provides to applications run by it.

Coordination between service modules is organized using service-exposed join
points. They are defined using aspect-oriented means. The coordination of mod-
ule interaction is also done via aspect-oriented programming techniques, allowing
for the expression of VM architectures by means of explicit dependencies.

The following issues have to be dealt with to advance this research:

– Typical service modules. The aforementioned set of VM service modules has
been derived from an analysis of several concrete implementations. For these
modules, “typical” interfaces have to be identified, i.e., it has to be deter-
mined which particular services can be asked from each service module, and
how control over these services from the outside can be designed without
sacrificing information hiding. Moreover, more VMs have to be taken into
account to gain a more complete model of the domain.

– Interaction patterns. To be eventually able to formulate clear architectural
guidelines and programming language facilities to transcribe them to soft-
ware, the different types of interactions between service modules need to
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be identified. Their characterisation will most likely impact the way linguis-
tic means for expressing service module interaction in terms of pointcuts
quantifying over service-exposed join points and advice execution in terms
of service module invocations are designed.

– Language facilities for service modules and join point exposure. Current
aspect-oriented programming languages mostly support aspects as modules,
but the notion of “interface” is often limited in that join point exposure
is not supported. Instead, aspects have almost arbitrary control over mod-
ules, breaking core modularity principles. We favour to reason about service
modules and their interactions solely in terms of their interfaces.

– Design of VMADL. Service modules exposing join points require coordi-
nation in order to form an actual virtual machine implementation. To the
end of coordinating such modules, a dedicated domain-specific architecture
description language is to be devised that supports the expression of VM
implementations in terms of service modules.

References

1. C. Allan et al. Adding Trace Matching with Free Variables to AspectJ. In Proc.
OOPSLA 2005, pages 345–364. ACM Press, 2005.

2. S. Apel, T. Leich, and G. Saake. Aspectual mixin layers: aspects and features in
concert. In ICSE ’06: Proceeding of the 28th international conference on Software
engineering, pages 122–131, New York, NY, USA, 2006. ACM Press.

3. AspectJ Home Page. http://www.eclipse.org/aspectj/.
4. M. Cilia, M. Haupt, M. Mezini, and A. P. Buchmann. The convergence of aop

and active databases: Towards reactive middleware. In Proc. GPCE 2003, volume
2830, pages 169–188. Springer, 2003.

5. A. Colyer and A. Clement. Large-scale aosd for middleware. In AOSD ’04: Proceed-
ings of the International Conference on Aspect-Oriented Software Development,
pages 56–65. ACM Press, 2004.

6. R. Douence, D. Le Botlan, J. Noye, and M. Sudholt. Concurrent aspects. In Proc
of GPCE. Springer, 2006.
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Context-Aware computing studies the development of systems which exploit con-

text information (e.g., user location, network resources, time, etc.), which is of special

relevance in mobile systems and pervarsive computing. At the same time, software sys-

tems engineering has evolved from the development of applications from scratch, to the

paradigm known as Component-Based Software Development (CBSD), where third-

party, preexisting software components known as Commercial-Off-The-Shelf or COTS

are selected and assembled in order to build fully working systems.

Most of the time a COTS component cannot be directly reused as is, requiring adap-

tation in order to solve potential problems at the different interoperability levels (i.e.,
signature, protocol, service and semantic) with the rest of the system. Software Adap-
tation is characterised by the non-intrusive modification or extension of component

behaviour using adaptors, enabling components with mismatching interfaces to inter-

operate. These are automatically built from an abstract description of how mismatch can

be solved (i.e. adaptation mapping), based on the description of component interfaces.

In mobile and pervasive computing, the execution context of the system is likely to

change at run-time. Hence, an appropriate adaptation of the components must dynami-

cally reflect these changes which might affect system behaviour. In this work we focus

on the behavioural interoperability level and advocate for the use of context-dependent

adaptation policies (including context-triggered actions) among an arbitrary number of

components. Furthermore, our approach simplifies the complexity of mapping specifi-

cation relying on Separation of Concerns, and avoids the costly off-line generation of

adaptors, adapting components at run-time by means of a composition engine which

manages communication dynamically within the system.

The main perspective of this work is to implement the whole proposal in a middle-

ware using Dynamic AOP. This will enable us to shape up the composition engine as

aspects able to: (i) intercept communication (i.e., service invocations) between compo-

nents; (ii) apply the composition process wrt. the adaptation mapping in order to make

the right message substitutions; (iii) forward the substituted messages to their recipients

transparently.
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Software Adaptation supports the building of component systems by reusing
sofware entities. Many approaches dedicated to model-based adaptation focus
on the behavioural interoperability level, and aim at generating new compo-
nents called adaptors which are used to solve mismatch. This process is com-
pletely automated being given an adaptation mapping. However, very few of these
approaches relate their results with existing programming languages and plat-
forms. We propose to relate adaptor generation approaches with existing imple-
mentation platforms. BPEL and Windows Workflow Foundation (WF) are very
relevant platforms because they support the behavioural descriptions of compo-
nents/services. We have chosen WF to achieve our goal because the .NET Frame-
work is widely used, and makes the implementation of components/services eas-
ier thanks to its workflow-based graphical support. Furthermore, by using with
WF, most of the code is automatically generated, which is not the case of BPEL.

Our proposal is presented through a simple case study. We successively in-
troduce a client/server system with mismatching components implemented in
WF, our formal approach to work mismatch cases out, and the resulting WF
adaptor. This work is very promising because it shows that software adaptation
is of real use, and can help the developer in building software applications by
reusing software components or services. We will tackle future tasks to make
the adaptation stage as automated as possible, such as: (i) automating the LTS
extraction from WF workflows; (ii) automating the mismatch detection, and
generating the list of mismatch situations from a set of component LTSs; (iii)
tackling verification of WF components; (iv) supporting techniques to help the
designer to write the mapping out, and to generate automatically part of it; (v)
generating WF workflows from the adaptor LTS.
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