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Abstract. Current works address self-adaptability of software architectures to 
build more autonomous and flexible systems. However, most of these works 
only perform adaptations at configuration-level: a component is adapted by 
being replaced with a new one. The state of the replaced component is lost and 
related components can undergo undesirable changes. This paper presents a 
generic solution to design components that are capable of supporting runtime 
adaptation, taking into account that component type changes must be 
propagated to its instances. The adaptation is performed in a decentralized and 
autonomous way, in order to cope with the increasing need for building 
heterogeneous and autonomous systems. As a result, each component type 
manages its instances and each instance applies autonomously the changes. 
Moreover, our proposal uses aspect-oriented components to benefit from their 
reuse and maintenance, and it is based on MOF and Reflection concepts to 
benefit from the high abstraction level they provide. 

Keywords: runtime adaptation, dynamic evolution, component adaptability, 
reflection, CBSD, software architectures, AOSD 

1   Introduction 

Complex software systems frequently undergo changes during their lifetime. This is 
due to the fact that they are exposed to many sources of variability and also have a 
dynamic nature. It is very common for unforeseen bugs to appear during system 
execution, and they will have to be corrected at run-time. In order to address this 
software adaptability, most approaches modify the subsystem that must be updated 
offline, and once the modification has been completed, they restart the entire system 
to reflect the new changes. However, this solution has several disadvantages: (i) the 
state of the system that is running is lost, unless it has been previously saved; (ii) the 
shutdown and restart processes of the system could increase the performance cost; 
(iii) a lot of complex systems cannot stop their activity (such as servers or real-time 
systems). As a result, a solution that overcomes these disadvantages must be 
provided. 

This work focuses specifically on two approaches of software development that 
improve the reuse, maintenance and adaptability of software. They are the 
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Component-Based Software Development (CBSD) approach [10, 33] and the Aspect-
Oriented Software Development (AOSD) approach [15, 16]. CBSD reduces the 
complexity of software development and improves its maintenance by increasing 
software reuse and independence. CBSD decomposes the system into reusable and 
independent entities called components. By extension, these advantages are provided 
by software architectures [26, 30] since architectural models are constructed in terms 
of components and their interactions.  

Both software architectures and AOSD facilitate software adaptation. On the one 
hand, software architectures allow us to focus on changes at the component level 
instead of changes at the implementation level. Software architecture adaptability is 
managed in terms of the creation and destruction of component instances and their 
links. This kind of adaptation is called Dynamic Reconfiguration or Structural 
Dynamism [8], which has been explored by a lot of research works [3]. However, 
most of these works only address dynamic adaptation at the architectural level. The 
internal adaptation of running components is not considered: a component is adapted 
offline and then the old component (which is running) is replaced with the adapted 
one. In several cases, runtime component replacement is not enough if the 
preservation of the component state is mandatory; for instance, when a component 
needs to be extended with new properties (such as security, persistence, etc.) and its 
functional state and properties are not modified. In order to support self-adaptability 
of software architectures, a solution that allows us to both internally update a 
component at runtime and to preserve the old state not subject to change must be 
provided.  

On the other hand, Aspect-Oriented Models propose the separation of the 
crosscutting concerns of software systems into separate entities called aspects. This 
separation avoids the tangled concerns of software and allows the reuse of the same 
aspect in different entities of the software system (objects, components, modules, 
etc.). This separation of concerns also improves the isolated maintenance of the 
different concerns of the software systems. Aspect-Oriented Software Development 
(AOSD) [15] extends the advantages that aspects provide to every stage of the 
software life cycle. For this reason, several proposals for the integration of the aspects 
in software architectures have emerged [5, 6]. AOSD allows us to manage changes 
from the different concerns in an independent way. This facilitates evolution and 
provides flexibility to adapt components by adding or removing aspects to software 
architectures. In addition, interaction policies between different concerns of software 
architectures can be easily changed by adding or removing aspect synchronizations. 

 This paper proposes a solution to support the dynamic component adaptation of 
aspect-oriented software architectures. Specifically, the solution is based on the 
PRISMA approach, which combines AOSD with software architectures. The dynamic 
adaptation proposal that is presented in this paper provides mechanisms for 
dynamically changing the internal structure of PRISMA components. This internal 
change preserves the component state and minimizes the impact of the change on 
other components that are connected to the updated component. In addition, this 
proposal takes into account that component type changes must be propagated to each 
one of its running instances, so the needed mechanisms are also described. 

This paper is structured as follows. The PRISMA approach is introduced in section 
2. Section 3 presents the two concepts on which our proposal is based: MOF and 
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Computational Reflection. In section 4, our proposal to support dynamic adaptation of 
component types is presented in detail. Related works that address runtime component 
adaptation are discussed in section 5. Finally, conclusions and further works are 
presented in section 6. 

2   PRISMA 

PRISMA is an approach to develop technology-independent, aspect-oriented software 
architectures [22]. It integrates software architecture and AOSD in order to take 
advantage of the two approaches. The PRISMA approach is based on its model [24] 
and its formal Aspect-Oriented Architecture Description Language (AOADL) [23].  

In order to define our software adaptation proposal, we chose PRISMA from the 
different approaches that combine AOSD and software architectures because of the 
advantages that it offers. Its main advantages are the following: (1) components and 
aspects are independent of each other, so they provide good properties for dynamic 
evolution; (2) the PRISMA model is completely formalised and its AOADL is a 
formal language, so the evolution requirements of our proposal can be easily 
formalized; (3) PRISMA software architectures can be automatically compiled for a 
technological platform and a programming language using code generation 
techniques; and (4) a PRISMA tool has been developed to cope with the challenge of 
developing aspect-oriented software architectures following the Model-Driven 
Development (MDD) paradigm [12, 19]. 

The PRISMA model introduces aspects as first-order citizens of software 
architectures. As a result, PRISMA specifies different crosscutting concerns 
(distribution, safety, context-awareness, coordination, etc.) of the software 
architecture using aspects. From the aspect-oriented point of view, PRISMA is a 
symmetrical model [13] that does not distinguish a kernel or core entity to encapsulate 
functionality; functionality is also defined as an aspect. A concern can be specified by 
several aspects of a software architecture, whereas a PRISMA aspect represents a 
concern that crosscuts the software architecture. This crosscutting is due to the fact 
that the same aspect can be imported by more than one architectural element (i.e. a 
component or a connector) of a software architecture. In this sense, aspects crosscut 
those elements of the architecture that import their behaviour (see Figure 1).  

 
Figure 1. Crosscutting-concerns in PRISMA architectures 

The PRISMA approach takes advantage of the notion of aspect from the beginning 
of the system definition. The change of a property only requires the change of the 
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aspect that defines it, and then, each architectural element that imports the changed 
aspect is also updated. A PRISMA architectural element can be seen from two 
different views: internal and external. In the external view, architectural elements 
encapsulate their functionality as black boxes and publish a set of services that they 
offer to other architectural elements (see Figure 2.A). These services are grouped into 
interfaces to be published through the ports of architectural elements. As a result, 
ports are the interaction points of architectural elements. 

The internal view shows an architectural element as a prism (white box view). 
Each side of the prism is an aspect that the architectural element imports. In this way, 
architectural elements are represented as a set of aspects (see Figure 2.B) and their 
synchronization relationships,which are called weavings. A weaving indicates that the 
execution of an aspect service can trigger the execution of services in other aspects. 
The weaving process of an architectural element is composed of a set of weavings. 

 
Figure 2. Views of an architectural element 

In PRISMA, in order to preserve the independence of the aspect specification from 
other aspects and weavings, weavings are specified outside aspects and inside 
architectural elements. Weavings weave the different aspects that form an 
architectural element. As a result, aspects are reusable and independent of the context 
of application, which facilitates their maintenance.  

3   MOF+Computational Reflection 

In order to illustrate our proposal, we use a simple case study throughout the paper. 
This case study consists of a robotic arm whose movements are controlled by 
different joints: Base, Shoulder, Elbow, Wrist and Gripper. These joints are modeled 
as instances of a Joint component type. The specific initialization values of each Joint 
instance are provided at its instantiation. The behaviour of the Joint is defined by two 
aspects: (i) a functional aspect, Fun, which defines how the movements are sent to 
each hardware robotic joint, and (ii) a safety aspect, Saf, which checks that the Joint 
movements are between the maximum and minimum values that are allowed to 
ensure the safety of the robotic arm and its environment. Services are exported to 
other components through the port OperPort. 

One of the most important non-functional requirements of the Joint component is 
that its instances are going to be executed for long periods of time in an high 
availability software system. Thus, if an update is needed, it will have to be applied at 
runtime without disturbing the system execution. For this reason, the Joint component 
provides an evolution infrastructure to support its runtime adaptation without forcing 
the system to be restarted. In our case study new requirements emerged after the 
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execution of the Joint component, specifically, the inclusion of an emergency service 
to instantly stop all the robotic movements. This requirement involves the adaptation 
of the safety aspect. A new component type, called Updater, was developed to replace 
the old safety aspect (Saf) by a new one (Saf2) at runtime. 

The evolution infrastructure proposed in this work is based on several key 
concepts. First, to be able to evolve components, we must distinguish between 
component instances and component types, since they are placed at different 
abstraction levels. The OMG Meta-Object Facility (MOF) specification [20] allows us 
to clearly distinguish between types and instances in a proper and elegant way. MOF 
defines a four-level “architecture” that is focused on Model-Driven Development 
[19]. Its main purpose is the management of model descriptions at different levels of 
abstraction and their static modification. The upper layer (M3) is the most abstract 
one (see M3 layer, Figure 3). This layer defines the abstract language used to describe 
the entities of the lower layer (metamodels). The MOF specification proposes the 
MOF Model as the abstract language for defining all kind of metamodels, such as 
UML or PRISMA. 

 
Figure 3. Meta-Object Facility (MOF) layers and PRISMA Components 

The metamodel layer (M2) defines the structure and semantics of the models 
defined at the lower layer. The PRISMA metamodel is defined at this level: PRISMA 
components are an aggregation of Aspects, Ports, and Weavings (see M2 layer, Figure 
3). Component behaviour is defined by importing aspects and by synchronizying 
them through the use of weavings. Published services are defined through the use of 
ports. The M1 layer comprises the models that describe data. These models are 
described using the primitives and relationships described in the metamodel layer 
(M2). PRISMA component types (i.e.: Joint and Updater) are placed in the M1 layer 
(see M1 layer, Figure 3). For instance, the Joint component imports two aspects: a 
Functional aspect and a Safety aspect (see Fun and Saf aspects, M1 layer, Figure 3), 
which are synchronized through a weaving. In addition, services from the Functional 
aspect are provided to other components through a port.  
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The semantics of the PRISMA metamodel (described at the M2 layer) defines that a 
component type (described at the M1 layer) can be instantiated. These instances (i.e. 
PRISMA component instances: Base, Elbow, UpdSafety, etc.) are placed in the lowest 
level, the M0 layer (see M0 layer, Figure 3) and behave as described in the component 
type. 

However, the MOF specification was designed to specify and manage technology-
neutral metamodels from a static point of view. MOF does not describe how to 
address the dynamic adaptation of its elements at run-time. For this reason, the 
Computational Reflection concept [17, 31] is used to provide dynamic adaptation to 
models (in this case, component types). Computational Reflection is the capability of a 
software system to reason about itself and act upon itself. In order to do so, a system 
must have a representation of itself that is editable and that is causally connected to 
itself. Thus, the changes that are made in this representation (which is managed as 
data) will be reflected on the system, and vice versa. Therefore, a system has two 
different views of itself: the base-view and the meta-view (see Figure 4.A). The base-
view “executes” the system business logic behaviour and modifies a set of values that 
define the process state. The meta-view defines how the system behaves; it is a 
“description” of the system. This view allows the system to change its behaviour by 
modifying its representation. The process of obtaining an editable representation of 
the system (the meta-view) is called reification, and the opposite process is called 
reflection (see Figure 4.A). The main advantage of computational reflection is the fact 
that it describes system self-adaptation in a simple and natural way. 

 
Figure 4. Dual views of a reflective system 

The PRISMA metamodel describes the component structure and behaviour by 
means of aspects, weavings, and ports (see M2 layer, Figure 3). For this reason, the 
meta-view of a PRISMA component type is an editable data structure (composed of 
aspects, ports, and weavings) that “describes” the component type behaviour. For 
instance, the meta-view of the Joint component type describes a component that is 
made of: (i) the aspects Fun and Saf, (ii) a port OperPort, and (iii) a weaving between 
the aspects Saf and Fun (see Type description, Figure 4.B). The base-view of a 
PRISMA component type is the “execution” of these aspects, ports, and weavings 
“described” in the meta-view. For instance, the base-view of the Joint component type 
is the set of all its instances: Base, Elbow, Shoulder, etc. (see Type, Figure 4.B) 

The abstraction layers provided by MOF and the capability to describe self-
adaptation provided by Computational Reflection allow us to define the necessary 
infrastructure to dynamically adapt the internal component structure. In this work, we 
focus only on component types (M1 layer) and component instances (M0 layer). Each 
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component type has a dual view: the base-view and the meta-view. However, each 
view is in a different MOF layer (see Figure 5) as described below. 

Each component instance (i.e.: Elbow, Wrist, …) is a running process which has its 
own state and behaves as the component type (i.e.: Joint) specifies. Thus, the 
behaviour of the instance is “provided” by the component type base-view (i.e. the 
running type, see base-view1 at M0, Figure 5 below). This behaviour is “described” 
by the component type meta-view at the upper layer (see the meta-view1 at the M1 
layer, Figure 5).  

Moreover, the component type can be viewed as a running process that also has 
state and behaviour: (i) the state is the component type meta-view (an editable 
representation of itself), and (ii) the behaviour is the base-view of the PRISMA 
Component (see the base-view2 at the M1 layer, Figure 5), which is made of a set of 
services to manage the state of the component type (see the meta-view1, Figure 5). 
These set of services are called evolution services, because they change the 
component type description. In PRISMA, these evolution services are: addAspect, 
removeAspect, addPort, etc. and are “described” in the PRISMA Component meta-view 
at the M2 layer (see meta-view2 at M2, Figure 5). 

 
Figure 5. Dual view of reflective component types 

The evolution services are provided and executed by each component type (in our 
example, the Joint component), because the PRISMA Component base-view is part of 
each component type (see Joint base-view2, at the M1 layer, Figure 5). As an 
evolution service changes the component type internal representation (the meta-view), 
those changes are also reflected in the component type base-view. This means that 
each component instance would have its structure and behaviour updated according to 
changes made on the component type meta-view. For instance, as a consequence of 
the reflection relationship (see reflection, Figure 5), the execution of the evolution 
service addAspect(“Saf2”) on the Joint component type meta-view will trigger the 
addition of the aspect Saf2 on each instance of Joint (i.e.: Base, Shoulder, etc.). 

The model described here allows the description of the dynamic adaptation process 
from a high abstraction level. However, there are some issues in the reification and 
reflection processes that have to be addressed in each specific implementation. The 
reification process must take into account how to get the type and its internal structure 
from a running component instance. The reflection process must take into account: (i) 
how to spread the changes made to a component type meta-view to its component 
instances, and (ii) how to change the internal structure of each component instance 
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without affecting those parts of the structure that have not been modified. For this 
reason, in the next section we describe the mechanisms that our evolution 
infrastructure provides to address these issues. 

4   Dynamic Adaptation of Component Types 

Once the concepts of Computational Reflection and MOF have been introduced, we 
present in detail our dynamic adaptation proposal for aspect-oriented components. 
The dynamic adaptation of the internal structure of components is triggered when any 
evolution service provided by a component type is invoked. Then, the evolution 
service modifies the component type description (the component type meta-view), and 
the reflection relationship performs the internal adaptation of its instances. 

4.1   Evolution of component types 

Heterogeneous and autonomous systems require that each one of their components 
implements its own adaptation mechanisms in a decentralized way. For this reason, 
the main objective of our proposal is to provide internal component adaptation at 
runtime in a decentralized and autonomous way. Decentralized adaptation is achieved 
because there is no a centralized evolution manager that maintains and evolves all the 
component types of a software architecture. Each type is the only entity that is 
responsible for its instances and is the only one capable of evolving them. 
Autonomous adaptation is provided in the sense that instances provide themselves 
with the infrastructure necessary to be dynamically evolved in a safe way. Each 
instance mantains its own state and is the only one capable of deciding the best 
moment to apply the adaptations. 

4.1.1   Evolution services provided by component types 
The evolution services that a component type provides depend on its internal 
implementation technology (in an imperative style, or in any declarative or formal 
language). However, it is possible to identify those parts of the component that are 
independent of technology. The main technology-independent parts of a component 
are: (i) behaviour and state; (ii) ports, and (iii) internal interactions between the 
different processes of the component. In PRISMA, behaviour and state are provided by 
aspect composition, ports are provided by component ports, and internal interactions 
are provided by weavings (they synchronize the execution of aspects). Thus, the 
evolution services that a component type should provide are those that modify the 
main parts of a component. We can distinguish two kinds of evolution services: Type 
Evolution Services and Introspection Services.  

Type Evolution Services are those related to type modification, such as additions 
and removals of component parts. In PRISMA, some of the Type Evolution Services 
provided are: AddAspect(), RemoveAspect(), AddPort(), RemovePort(), 
AddWeaving(), and RemoveWeaving(). 

Introspection Services are those evolution services that allow the structure of a 
component to be known. In PRISMA, some of the Introspection Services provided are: 
GetAspects(), GetWeavings(), and GetPorts(). 
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4.1.2   Component type reflective structure 
The evolution process can be triggered by the business logic or by a user of the 
system. Both the business logic of the system and the user are represented in the 
architecture by means of components. Thus, the need for evolving a specific 
component emerges from another component that dynamically invokes the evolution 
services of the component to be updated. In our case study, the UpdSafety instance 
will invoke the evolution services of the Joint type in order to introduce the new 
safety requirements of the system. 

However, in order to invoke the evolution services, there must be a link from the 
instance layer (M0) to the model layer (M1), that is, the link between the UpdSafety 
base-view and the Joint meta-view (see base and meta views in Figure 5). We call it 
reification link because (i) it is an upward link between layers and (ii) it allows 
instances to invoke type modification services, which are only available at an upper 
layer. The reification link should be provided by any ADL on which dynamic 
evolution of component types must be supported. There are several ways that a 
reification link could be syntactically expressed. In PRISMA, it is described by 
specifying the name of the component type that has to be evolved, followed by the dot 
operator “.” and the evolution service to be invoked. For instance, the UpdSafety 
instance adds the aspect “Saf2” to the Joint component this way: 

Joint.AddAspect(“Saf2”) 

“Joint” is the type to be evolved, and “AddAspect” is the evolution service to be 
executed. The reification link is syntactically expressed by means of the “.” operator. 
We have chosen this syntax because it is self-descriptive: component types provide 
their own adaptation services. 

 
Figure 6. Reflective infrastructure for component adaptation 

A component type is an instance factory: it is responsible for the creation and the 
destruction of its instances. For this reason, a component type manages the population 
of its instances, that is, a reference to each instance that is running (see note 3, Figure 
6). The instance population is usually mantained by the execution platform (i.e. the 
garbage collector in Java or .NET). However, access to this information is necessary 
to be able to propagate changes later. In our case study, the population of the Joint 
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component is composed of the instances that have been created in the initial 
configuration: Base, Elbow, Shoulder, etc. 

In addition, a component type provides its own evolution services to change itself 
(see note 1, Figure 6). These services modify (or get information from) the meta-view 
of the component type (see note 2, Figure 6). Each component type is responsible for 
keeping the reification of its meta-view updated while it is running. Depending on the 
implementation, the meta-view can be represented in an ADL or directly in platform-
dependent code (like C#). In our prototype, the reified structure is represented in C# 
to make its programmed manipulation easy. 

Thus, when the UpdSafety instance invokes the AddAspect(“Saf2”) evolution 
service (by using a reification link, see Figure 6), the Joint meta-view is updated. As a 
consequence of modifying the meta-view, changes are reflected, that is, they are made 
available to the running system. This is done in two steps. The first step is to store the 
changes made to the meta-view (i.e. the Joint representation) in order to make it 
persistent, by generating the resulting ADL or platform-dependent code. The 
immediate effect is that the aspect list {“Fun”; “Saf”} from the meta-view is 
updated by {“Fun”; “Saf2”}. Thus, new instances of Joint will be created (by 
calling Joint.Create(...)) using the updated type. 

The following step is to propagate the changes to the type instances. As with 
reification links, there must be a link from the model layer (M1) to the instance layer 
(M0) in order to reflect the changes into each running instance. We call these links 
reflection links (see the reflection links in Figure 6). A reflection link is created for 
each component instance reference (the population). 

4.2   Evolution of Component instances 

Component types do not directly perform evolution changes inside their instances. 
These changes have to be internally executed by each instance for two reasons. 

On the one hand, each instance has to decide when and how to execute its changes 
in order to perform the modification in a safe way. This safe modification is 
necessary: (i) to ensure that those parts that have not undergone changes are not 
affected by the modification process; (ii) to guarantee that the modification is 
executed once the running transactions have finished and all internal processes reach 
a safe state. For this reason, each component instance (i.e. Base, Elbow, Shoulder, 
etc.) is provided with an Evolution Planner aspect, whose goal is to supervise the 
update process of the component instance to which it belongs. 

On the other hand, the adaptation process only makes sense at the instance-level, 
because state-preserving runtime adaptations are very technology-dependent 
operations (i.e. stopping threads, modifying memory areas, etc.). For this reason, each 
instance is composed of two technology-dependent aspects: the Actuator, which is the 
aspect that actually performs the changes on the internal component instance 
structure, and the Sensor, which gives information about what is going on in the 
component instance.  

4.2.1   The Evolution Planner 
The key aspect to achieving the dynamic adaptation of the internal structure of 
component instances is to maximize the independence among the internal parts of a 
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component which may undergo changes. In this way, replacing a component internal 
part has only a minimal impact on the other running parts. Those parts that are 
dependent to some degree on the part being changed will only need to stop 
temporarily while changes are being made.  

An evolution dependency is defined as a binary relation over the set of internal 
parts (P) of a component. An internal part xœ P has an evolution dependency with 
other internal part y œ P, defined as EvDEP(x,y), if any change in x causes a change in 
y. The total amount of possible evolution dependencies over the set of internal parts P 
is defined by the mathematical permutation with repetition of P: |P|2. Since a PRISMA 
component is composed of three kinds of parts (PPRISMA = {ports, weavings, aspects}), 
the set of potential evolution dependencies that a PRISMA component can have is nine 
(i.e.: EvDEP={ (port,aspect), (port,weaving), (port,port), …}). However, due to the 
high degree of PRISMA reusability, there are actually two evolution dependencies 
between the internal parts: EvDEP(aspect,port) and EvDEP(aspect, weaving). These 
evolution dependencies are taken into account by the Evolution Planner. 

The Evolution Planner (see note 3, Figure 7) is an aspect that has the knowledge 
about how to adapt the internal structure of a component instance in a safe way. For 
this reason, it is aware of what kind of evolution dependency relationships between 
the component internal parts can occur when applying a dynamic change. The action 
to perform is different depending on the type of change to be made: deletions, 
modifications or additions. In aspect deletions, related ports and weavings need also 
to be deleted. In aspect replacements or modifications, related ports and weavings 
need only to be deleted if the dependency points between the aspect and the ports and 
weavings are modified. In other words: (i) a port will be removed if the interface it 
publishes is removed from the aspect being changed, and (ii) a weaving will be 
removed if the method it intercepts/triggers is modified in the aspect being changed. 
Finally, aspects, weaving and port additions can be made without compromising other 
running component parts or their communications because there is still no relationship 
among them. 

 
Figure 7. Internal structure of a component instance 

The Evolution Planner reflects the changes that are made to the component type 
meta-view to the instance that the Evolution Planner belongs to. For this reason, the 
Evolution Planner aspect provides the same evolution services as the component type, 
although these services are only applied at instance-level. The adaptation changes to 
be applied are received through the reflection links (see note 1, Figure 7). These 
changes are the evolution services that the UpdSafety instance has applied on the 
Joint component meta-view and that have been propagated to the Base Evolution 
Planner through a reflection link: 

RemoveAspect(“Saf”); AddAspect(“Saf2”); AddWeaving(...) 
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The Evolution Planner will apply these changes by coordinating the actions to be 
performed by the Actuator and Sensor aspects. This coordination is done in 
accordance with the correct adaptation protocols that it knows. 

4.2.2   Actuator and Sensor 
The Actuator (see note 4, Figure 7) is the aspect that performs the changes on the 
running instance: by generating and linking code, by creating dynamic elements, by 
invoking low-level adaptation mechanisms, etc. It provides additional services to 
prepare component elements so that changes can be safely made. These services are: 
StopAspect(), StopPort(), StopWeaving(), StartAspect(), StartPort(), 
and StartWeaving(). These services are necessary in case an evolution dependency 
is present, in order to avoid interactions between the part being changed and the 
dependent parts. The Sensor (see note 2, Figure 7) provides services to supervise what 
is going on: when an aspect has actually been added to the running component 
instance; when a component part (i.e.: port, aspect, weaving) has been 
started/stopped; etc. For these purposes, the Sensor provides additional services to get 
the running state of each element: GetAspectState(), GetWeavingState(), and 
GetPortState(). Both Sensor and Actuator are technology-dependent aspects 
because they perform tasks that rely on how component instances are implemented. 
The main advantage is that they allow us to abstract from platform-specific details.  

The main services provided by the Actuator and the Sensor have been developed in 
a previous work on .NET technology [25]. A PRISMA component has been developed 
as a collection of different objects (aspects, ports and weavings) that: (i) can be 
dynamically added or removed; (ii) are highly independent on each other; (iii) interact 
with each other by using asynchronous mechanisms. Asynchronous mechanisms are 
very important because they allow internal component parts (i.e.: ports, weavings and 
aspects) to be stopped and restarted after changes have been made. 

5   Related Works 

In the last few years, there has been greater interest in evolution research in order to 
reduce the time and the cost of the maintenance process and to provide a solution for 
dynamic evolution. Thus, many approaches that provide mechanisms to support run-
time adaptability have been proposed. Due to space limitations in this paper, we focus 
on those works related to AOSD and software architectures. 

Adaptability works that are proposed by the Aspect-Oriented community usually 
provide mechanisms to dynamically weave aspects to running base code1. Some 
approaches are designed to support AOP for Object-Oriented Programming. These 
approaches are mainly developed in Java and .NET and are platform-dependent. 
SetPoint [2] allows for the dynamic addition and removal of aspects. Its weaving is 
based on the evaluation of logical predicates in which the base code is marked with 
meta-information that permits the evaluation of such predicates. Rapier-Loom.NET 
[29] and EOS [28] both allow for the dynamic addition and removal of aspects, but 

                                                           
1 The base code is composed of the software units (modules, objects, components) of an 

application, which have been obtained as a result of a functional decomposition 
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weaving definitions are defined inside aspects, thereby losing their reusability. The 
work of Yang et al. [34] allows the definition of adaptation rules (i.e. weavings) 
separately from the code, and the dynamic addition and removal of new code (i.e. 
aspects) through the evaluation of such rules. However, these approaches (i) weave 
aspects at the instance-level instead of at the type-level, and (ii) cannot change the 
base code, they can only extend the base code with new behaviour. 

Although there are also several software architecture works that address 
adaptability at runtime, they are mainly focused on dynamic reconfiguration [3, 7]. 
Dashofy et al. [9] describe an infrastructure to build self-healing, architecture-based 
software systems. Their approach consists of dynamically generating a repair plan in 
order to repair the system. This repair plan is executed by a global Architecture 
Evolution Manager (AEM). The AEM invokes the needed low-level evolution 
services that are provided by the runtime infrastructure. The runtime infrastructure 
performs the required changes in the whole system. The Rainbow Framework [4] also 
describes an architecture-based approach to provide the self-adaptation of running 
systems. The Architecture Layer is responsible for the adaptation process from the 
moment a change requirement is detected until the change is executed. However, 
these approaches use external and centralized adaptation mechanisms. These 
mechanisms are appropriate for small to medium-size systems. However, large 
systems need their adaptation to be managed in a decentralized way, i.e., each 
subsystem must provide its own adaptation mechanisms. In this sense, Georgiadis et 
al. [11] describe a decentralized infrastructure to support self-organization. However, 
since each component instance stores a copy of the global architecture, the 
infrastructure does not support scalability.  

Hardly any of these approaches take into account the runtime internal adaptation of 
components: the old running components are replaced by the new ones, thereby losing 
their previous state. MARMOL [7, 8] is a formal, meta architectural model that 
provides ADLs with Computational Reflection concepts [17]. The main idea is to 
provide the system with an editable representation of itself. Thus, the changes made to 
this representation are reflected to the running system. However, this work only 
formalizes the required Reflection concepts but it does not describe the necessary 
infrastructure to support these concepts. The ArchWare project [18, 21] provides a 
prototype based on a formal language and offers a complete support for the dynamic 
evolution of software architectures. Runtime adaptability is performed by the 
Evolution Meta-Process Model [1]. Each ArchWare component is composed of a 
production process (which provides the component behaviour), and an evolution 
process. This evolution process evolves and controls the production process of the 
component. ArchWare supports programmed evolution, by providing the 
specification of the production process to the evolution process. It also supports ad-
hoc evolution by using hyper-code abstraction. However, there is no evidence about 
how the ArchWare evolution process is able to evolve component types. All the 
examples are always based at the instance-level.  

There are approaches that provide dynamic evolution and also combine AOP and 
software architectures. JAsCo [32] introduces the concept of connectors for the 
weaving between the aspects and the base code, which permits a high level of aspect 
reusability. In addition, it provides an expressive language that permits the definition 
of relationships among aspects. However, due to the fact that aspects are woven in a 
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referential way, this proposal requires an execution platform to intercept the target 
application and then insert the aspects at runtime. In a similar way, CAM/DAOP [27] 
is a component-based software architecture approach that introduces aspects as 
special connectors between components. It supports the separation of concerns from 
the design to the implementation stages of the software life cycle. However, even 
though it supports the dynamic weaving of aspects, it does not support the addition of 
new aspect types at runtime. 

Kephart [14] describes the Autonomic Computing (AC) vision, where software 
systems are able to manage themselves, following a goal-driven approach. An 
autonomic element is an entity that provides functions to monitor, analyze, plan and 
execute control operations for a managed resource. AC is mainly focused on the IT-
management of resources, performance concerns and security concerns. The main 
contribution of AC is that it establishes the need to build autonomous and 
heterogeneous software systems to address the software complexity problem. 

6   Conclusions and further work 

This paper has presented a novel approach to support the runtime adaptability of 
aspect-oriented components. This work takes the advantages of AOSD in software 
architecture to benefit from its reuse and maintenance, which are fundamental 
properties for developing complex systems. Dynamic adaptability is provided by 
using computational reflection concepts, since they provide a natural way to define 
self-modifying systems. In addition, this proposal describes the needed mechanisms 
to modify both component types and component instances. Thanks to the evolution 
infrastructure provided, running instances can trigger the modification of component 
types, so that their running instances are self-adapted dynamically according to the 
modifications required. Moreover, the self-adaptation process of component instances 
is possible because it only affects those parts of the instance that are undergoing the 
changes, thanks to the independence of PRISMA elements. The adaptation process 
acquires major relevance when it is applied to non-synchronized, multi-threaded 
components; for instance, two non-woven aspects of a PRISMA component are not 
aware of changes in each other. 

This infrastructure provides the mechanisms needed to plan and execute 
adaptations. Thus, as soon as a component type is asked to make an adaptation, both 
the component type and its instances plan when the changes can be performed and 
then execute them. However, in order to provide the complete functionality of self-
adaptable components, the mechanisms to monitor and analyze component 
adaptations should be provided by the infrastructure. These two mechanisms are 
future works that will be dealt with in the future. Some future works that we plan to 
complete in the short term are the following: (i) to define constraints for component 
type evolution; for example, it could be useful to limit the addition of new aspects or 
to limit the deletion of specific ports; and (ii) to ensure that a component type can only 
be dynamically evolved by authorized components (security). We are currently 
working on the self-adaptability capabilities of component instances in order to 
provide a complete framework for the self-adaptability of aspect-oriented software 
architectures. In addition, it is important to note that the main adaptation services 
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described in this paper are additions and removals. However, from a runtime 
perspective, replace operations should also be adressed. 
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