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Abstract. Object-oriented frameworks are an established tool for domain-specific reuse. Many
framework design patterns and development processes have been documented, typically reverse
engineering the common framework architecture from a number of conventionally built applications
within a given domain. Frameworks vary in their construction from white box inheritance based
systems to black box composition based systems with a full range of hybrids in between. The
development cycle of a framework is generally assumed to follow a path from open framework to
closed application. We describe a more flexible component-based approach to framework design that
stresses a common interface for ‘plugging-in’ new components at different stages of the lifecycle. An
analysis of roles in framework development indicates that the traditional boundaries between
developers and end users is unnecessarily rigid. We can more helpfully regard the various stages of a
framework’s development as an open continuum within which its various ‘actors’ can customise its
behaviour. This allows an end user of a system built with a framework to be empowered to extend and
tailor the system in a similar way to a component developer. This both increases the system’s flexibility
and reduces its maintenance requirement.

Introduction

One of the central tenets of object technology adoption has been the promise of reuse, but this has proved
difficult to deliver in practice. Only the most general of components, such as container classes and
graphical libraries have found widespread use and acceptance. However, it is difficult to make arbitrarily
extensible classes to provide the basis for reuse via inheritance and there exists a trade-off between
reusability and tailorability [7] because the re-user’s requirements cannot be effectively anticipated. In
practice, planning for reuse can only be achieved within constraints, where we to some extent anticipate the
extensions that can be made to the given components. Because of this, the most effective route to reuse has
been that of the framework, where the context of reuse is constrained within a particular domain. Object-
oriented frameworks are a helpful technology to support the reuse of proven software architectures and
implementations. The use of frameworks reduces the costs and improves the software quality [9]. Although
domain specific, a framework differs from a domain-specific architecture, as the former is an object
oriented design while the latter might not be [14].
[10] defines a framework as “a system that can be customised, specialised, or extended to provide more
specific, more appropriate, or slightly different capabilities”. A framework provides a basic system model
for a particular application domain within which specialised applications can be developed. It consists of
already coded pieces of software which are reused, the so called frozen spots and the flexible elements, the
hot spots, which allow the user to adjust the framework to the needs of the concrete application [18].
Because it inhabits a particular domain, it does not suffer from the excessive abstraction that would render



it too general for effective reuse. This is particularly true of ‘application specific frameworks’ such as those
used in hardware control systems [21] where the application domain is narrow and focussed. Unlike class
libraries, frameworks encapsulate control flows as well as object interfaces, providing a basis for the
dynamic behaviour of a system as well as its structural characteristics.
If we accept that frameworks are an important aspect of object-oriented development, then we might ask
ourselves what constitutes a framework architecture and how can we develop an effective framework that
meets its users’ needs? In this paper we discuss the characteristics of frameworks, the roles of their
developers and users and how they interact, and catalogue the issues and trade-offs that arise in framework
development. From this perspective we develop a component-driven approach to framework design that
stresses system flexibility at all phases of development, use and maintenance.
Performing an analysis of user requirements is seen as an essential aspect of the framework designer's task,
because meeting different requirements in different domains can often lead to radically different framework
designs. We categorise the users of a framework into a number of roles, each of which needs to be provided
with an appropriate component level interface. The union of these requirements is seen as the interface
specification that the framework designer must provide.

Flexible Elements of Object Oriented Frameworks

Based on customisation characteristics object oriented frameworks fall into two main categories:
• White Box Frameworks
• Black Box Frameworks
In a white box framework the architecture of the framework is known to the component and application
developers who build upon it. The complete design has to be documented because this knowledge is
necessary to adapt the framework to a concrete application. The mechanism used to provide flexibility is
usually limited to inheritance. The user, therefore, must have knowledge of the framework architecture in
order to customise the framework to address the particular application.
Black box frameworks, in contrast, hide their internal structure. The user just knows the hot spots of the
system and a general description of the framework’s usage rather than having a comprehensive knowledge
of its architecture. Very often the mechanism used to provide flexibility in black box frameworks is
composition (figure 1). Black box frameworks implement the information hiding principle of D.L. Parnas
[17] best.
When the hot spots of a system are clear, the effort to build a white box framework (often by generalising
from a number of complete applications) can be relatively small. The disadvantage of this type of
framework is that the end user needs knowledge about the complete architecture in order to use it, implying
a long learning curve and high risk of error. In contrast to these white box systems, the usage of a black box
framework is easy because only the knowledge of flexible elements and the basic characteristics of the
system is required. Black box frameworks, however, are harder to build than white box frameworks. It is
more common to find the black box approach in application specific frameworks such as those encountered
in systems for controlling machinery [21] [25] where software components tend to mirror hardware
components that have predictable types and strong design constraints implied by the application domain.
The approach is more problematic for more generic domain-specific frameworks where it is more difficult
to anticipate the types of components that might be required.
In practice there are few pure white or black box frameworks, and in most cases some hot spots are
developed using a white box approach while others use the black box approach. In the process of
framework implementation white box elements can be refined to black box hot spots, and frameworks tend
to mature by this process, beginning as white box frameworks and evolving to black box frameworks.
Our component driven approach to framework development supports both white and black box
frameworks. The components of the frameworks may contain both elements in arbitrary combination.
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Fig. 1. Hot spots in object oriented frameworks: the black box approach and the white box approach

Actors and their Roles

The development of a framework-based application involves a number of roles. A framework consists of its
underlying architecture, plus additional domain specific components combined to produce an application.
There is a clear distinction between frameworks and components, although both are at the heart of software
reuse techniques. A framework is more customisable and has a more complex interface than a component.
While components provide reuse in terms of the intrinsic constructs of some object-oriented language (e.g.
inheritance, templates), frameworks define ‘super-language’ reuse mechanisms which, being domain-
specific, perform better than reuse at the language level. Furthermore, a framework can act as the backbone
to provide a standard way for components to interact. Such a framework also provides facilities to build
new components using the existing ones [14]. An end user of an application is dependent on both of these
aspects of the system. Based on these different aspects of framework, component and application
development, we identify four ‘actor’ (developer and user) categories. These are:
• Framework Developer
• Component Developer
• Application Developer
• End User
Figure 2 depicts the roles of these various actors. The solid arrows represent the usual  roles these actors
adopt. The component developer acts as the user of the framework built by the framework developer.
He/she uses the framework to build/add new components that are employed by the application developer to
create an application for the end user. Consider as an example a graphical user interface framework (built
by the framework developer) extended by other developers (component developers) who provide add-on
GUI components, allowing application developers to build more powerful applications for end users.
The dashed block arrows in figure 2 indicate that the roles of these actors might not be as isolated as they
appear. Individuals or groups may adopt multiple roles. Although the framework developer is primarily
responsible for building the framework, his/her role may include some elements of component building. A
framework developer is, therefore, essentially the first component developer, providing  the initial
components. Consider existing systems such as OLE, CORBA implementations and Java Beans that are
actually frameworks. In these systems, the framework essentially acts as the backbone to provide
interaction among components designed and built by the framework developer. Similarly the component
developers, application developers and the end users could be the same people.
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Fig. 2. The various developers/users and their roles in a system

The importance of these roles is that they have the effect of separating the end user from the framework
developer; the requirements of the end user are not directly specified but are mediated through the various
roles. This makes it difficult for the framework developer to anticipate the way an end user will interact
with a final system based on the framework. Nevertheless this is an important consideration in framework
design. In any case, there will be a requirement for a component building facility if the framework is to be a
flexible and useful tool. The framework developer must build it into the core architecture (backbone) of the
framework.
The core challenge for the framework developer is to provide tools for all actors. Although we see a series
of roles that apparently separate the end user from the original framework developer, there is in fact no
separation. The framework developer must build effective interfaces for all dependant roles, so even though
the actors communicate with each other to pass requirements or get services, the framework developer has
to implement all the mechanisms they ultimately are based upon.
In addition to providing a framework in which all the presented roles can work, the framework designer
must provide mechanisms to allow an easy role transition, as it often happens that the same person needs to
frequently switch roles. For example a scientist may write some components as a component developer,
then assemble them into an application to test them as an application developer, then ultimately experiment
with the application as an end user. To provide a common interface for all these roles, the framework
designer must anticipate the union of the user-roles’ requirements and make their communication a simple
task.



The “Framework”: a Component-Driven Approach

Flexibility

Looking at several frameworks from different application domains from the flexibility perspective, we
notice that, regardless of the application domain, these form a continuum between two extremes, one
represented by fully compiled systems and the other by fully interpreted systems. Figure 3 shows the
relationship between framework flexibility, implementation complexity, run-time performance and the
compiled/interpreted behaviour incorporated into the framework.
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Fig. 3. The compiled/interpreted continuum

At one extreme of the spectrum in figure 3 are fully compiled frameworks while at the other are fully
interpreted frameworks. Real life frameworks fall somewhere between the two extremes, and hence their
developers have to make some trade-offs on what to hard code and what to leave to be determined at run-
time. Since compiled frameworks tend to be fixed, they are less flexible than extensible interpreted
frameworks. The degree of flexibility, therefore, depends upon the extent to which compiled/interpreted
behaviours are present in the system. It is generally the choice of the right mix between the “compiled” and
the “interpreted” amounts that makes a certain framework flexible enough without increasing, to a large
extent, the complexity of the framework development process. As shown in figure 3 the more flexibility the
framework developer wants to provide, the more complex his task will be (as a more complex machinery
has to be set up to cope with the run-time “interpreted” decisions), and probably the slower the final system
will be. Striking the right balance between the compiled and interpreted functionality is what makes a
framework successful. Typically we find a range of interfaces to such systems for the various roles
previously identified, from inheritance based interfaces that require extensive coding to composition based
interfaces that simply require the instantiation and combination of predefined objects. We also see a
demarcation between the level of exposure to the inner workings of the frameworks that different actors



will have, since an inheritance based framework implies that component developers must write new
classes, while end users may simply use these classes. Thus the interface between the various roles and the
fundamental framework architecture is inconsistent.
A component driven approach, in contrast, does not have to strike the right balance between the
compiled/interpreted behaviour at the interface with various roles. Components can plug-in to the existing
framework architecture regardless of whether the underlying architecture is compiled or interpreted
because these implementation concerns remain encapsulated within the framework ‘backbone’. A degree of
flexibility, extensibility and run-time performance at least as high as a more exposed framework
architecture can be achieved while at the same time the complexity of framework implementation does not
increase with the degree of flexibility required. No run-time performance trade-offs are required either.

Elements of a Component-Based Framework

Our component-driven approach aims at building frameworks with highly cohesive but loosely coupled
components. These components can then be developed independently of each other and are exchangeable
hence providing a high degree of flexibility to the framework.
As shown in figure 4  components, in our framework approach, fall into three categories:
1. Framework Backbone
2. Basic Components
3. Additional Components
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Fig. 4. The framework backbone and the various components plugged-in to it



The backbone is the basic component of a framework. It depends very much on the application domain. In
many cases it provides communication and data exchange features as well as synchronisation mechanisms.
The backbone has hot spots where the various components can be plugged-in.
Basic components contain the basic functionality of the framework and can be developed either by the
framework developer or the component developer. Through the component-only-customisable hot spots
basic components use the backbone for data exchange and communication. The framework backbone and
the basic components are the mandatory elements of a complete framework.
The additional components are not necessarily part of a framework. They may be added by the component
developer or application developer in order to adapt the framework to additional requirements.
The methods of the basic and additional components are called by the backbone according to the callback
principle. The application can only customise these components and not the backbone directly. The
backbone is used only by the basic and additional components.
It is worth noting that the modular encapsulation of the framework in components supports the reuse. The
backbone as well as the components can be easily reused by other systems.

The Development Process

The development process is based on a pipeline of user analysis, user categorisation and user requirements
to give us framework design guidelines for a given domain. This methodology will, when given a set of
users, ultimately produce some guidelines for designing a framework that can support the various kinds of
requirements they have and ensure their communication.
As shown in figure 5 the framework development process is incremental and iterative. It comprises the
following phases.
1. Identify the domain and the specific part of the domain the framework aims to address
2. Develop the framework backbone (and the hot spots for the backbone. These are the ones where the

various components plug-in)
3. Develop the basic components and their hotspots
4. Additional components can be developed by the component developer, application developer or the end-

user
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Fig. 5. The framework development process



As discussed below in each phase specific components are developed:

1. Application Domain of the Framework
The application domain and the specific part of the domain the framework aims to address is identified.
The requirements of the framework have to be specified as a base for the development [23]. It is not
necessary to start with an existing object-oriented design but it is necessary to include all actors’
requirements in this analysis.

2. Framework Backbone
When the application domain is specified the framework developer can now begin to develop the
framework backbone and the hot spots for the components. Most of the implementation work is done here
(see the implementation section for a discussion of techniques).

3. Basic Components
The basic components and their hot spots have to be adjusted to the backbone. These components are
developed or adapted after the backbone exists. A crucial aspect is that the backbone provides a standard
component interface requirement that all components, both basic and additional, will conform to. This does
not constrain the component developer as these interfaces are inferred directly from his/her requirements in
step 1.

4. Additional Components
These are not part of the mandatory set of framework components. They are usually developed in
accordance with special requirements from the end users. Therefore they can be developed by the
component developer, application developer or the end user. It is an important aspect of the approach that
end users have the power to extend the system as well as the component and application developers.
The phases of the process have no strict boundary like in the waterfall model [5]. As in other object-
oriented software development processes (e.g. [3]) the borders between the phases are very weak and
designers may work in two phases on different components at the same time.

Backbone Implementation Issues

The core difficulty in building such a component-based framework is the architecture and implementation
of the backbone. Object-oriented design naturally gives us a foothold for component-based development by
defining the class as the component building block, and inheritance and aggregation as basic tools for the
assembly of these building blocks. In addition a certain amount of run-time flexibility is provided by the
dynamic dispatch mechanism present in object-oriented languages, which takes a step to postponing some
of the execution decisions to run-time. Class based components are however still developed at ‘compile
time’, i.e. they can not be changed after the framework is running, and the set of components known by the
framework is fixed during its operation. A step towards run-time flexibility is made by frameworks that
allow the dynamic loading of new component types. Components are still not modifiable in the framework,
but new components can be loaded in an existing framework without needing to stop (and maybe
recompile) it. This type of framework introduces the notion of an application developer and of an
application development environment, as these operations can be now executed dynamically by the
framework itself (the component notion is now fully separated from the framework notion). Most scientific
simulation, visualisation, animation, virtual reality and similar frameworks fall into this category. It is,
however, important to note that in many cases the development of components and their usage in the
framework are done using different and sometimes not fully compatible mechanisms. The components can
be developed in a certain ‘compiled’ programming language and then used by the environment using some
other ‘interpreted’ programming language. This frequently creates a problem that the abstractions of the
‘compiled’ language often cannot be mapped directly to the ‘interpreted’ language, so the process of
making the components available to the application developer can be far from automatic. Several ad-hoc
techniques have proliferated in many such ‘dual language’ systems in order to simulate a dynamic type
system using components created with a language that has a compile-time type system. These have
included Java or tcl-based class wrappers for C++ or Objective C classes [22] [13], exemplar simulation
techniques for C++ classes like the ones presented by [6], adapter classes generating parallel class



hierarchies [11], run time type information mechanisms and various other approaches. All these techniques
are inherently complex, hard to automate, and impose several restrictions on the component developer (e.g.
having to inherit from a common root class, being restricted to single inheritance, being able to manipulate
objects only by reference, etc.). A further problem is that component developers who change roles into
application designers have to use two different and usually not fully isomorphic languages for the same
abstractions, the ‘interpreted’ language for the application design and the ‘compiled’ language for the
component design.
Single language frameworks remedy many of these problems because the components created by the
component designer are directly understood by the framework. As an extra advantage, the application
designer can often use the same language used for component development in ‘interpreted’ mode to
dynamically define his problems so the transition between roles becomes easier. The implementation of
such frameworks (and of additional debugging, automatic documentation and/or GUI generation tools) is
often supported by features provided by the compiled/interpreted underlying language, such as reflection
programming interfaces, persistence mechanisms, bytecode generation and just-in-time compilation, etc.
The power of such frameworks is basically restricted only by the power of the underlying programming
language. Good examples are Java and Java Beans based frameworks, the application development
framework presented by [15] or the C++ interpreter system presented by [12]. Other variants include
frameworks based on fully interpreted languages or typeless languages such as Lisp or Smalltalk. They
suffer however from a performance problem and they are not attractive for component developers who
have to interface to C/C++/Fortran legacy code.
In conclusion, we see that in order to support the various requirements posed by the end user, application
developer and component developer roles, and also to make the role transition an easy, automatic process,
frameworks have to defer most of their operations to run time. Providing support for the dynamic operation
execution that is required often implies a form of ‘interpreted’ language execution. We believe that the key
to the design of an effective framework for a certain application domain is the correct identification of the
requirements of the ‘actors’, which determines the ‘interpreted’ to ‘compiled’ ratio in the system
architecture. Deciding this immediately after the role analysis phase can save the framework designer from
many unpleasant surprises, such as seeing that a given implementation lacks the desired run-time flexibility
needed to support the required roles. The key feature of the analysis must be the interface required by the
component designer, since this is likely to be the most rigorous requirement. The application developer and
end user roles will then be empowered by having access to the same component interface, though this may
be deliberately constrained in some way to maintain overall system cohesion.

Comparison with Earlier Work

Various authors have described a number of general aspects of framework design. The ‘lifecycle’ of a
framework is generally assumed to be a reverse engineered solution similar to pattern mining, i.e. we
develop three or more domain specific solutions and then attempt to factor out the common framework
[20]. Once we have this framework we can use it to forward engineer further solutions within the same
domain.
The majority of frameworks fall into the ‘white-box’ category, where some elements of internal
implementation are exposed, typically a set of base classes from which concrete, domain specific classes
can be instantiated. These will override certain methods of their base classes to provide specialised
behaviour. Separation of abstract and concrete classes in the framework can assist here in isolating the ‘hot
spots’ of a system into a small number of classes [18]. Some frameworks are ‘black box’, where
components are slotted into an architecture that uses object composition as a means of extension rather than
the addition of new classes [19]. In both contexts the creation or composition of the system is seen as
purely a developer role, building a final software solution for an end user.
There has been some analysis of the roles of those involved at different stages of framework development
and use [4] but these follow a traditional model in that there is seen to be a distinct difference between
those who develop frameworks and applications and those who utilise the final product. Not only are they
assumed to be different people, but also the ways that they interact with the system are fundamentally
different. Framework developers, framework users (i.e. application developers) and framework maintainers
are involved with the detail of the architectures whereas end users are assumed to treat the end product as if



it were any other piece of software. Indeed end users are not even included in this example of role analysis.
Roles are also generally seen as discrete, acting within different layers of the architecture [2] [8].
There are two major limitations to these approaches. First, there is an assumption that a framework is
simply a tool for creating the same kind of application that would be developed without a framework.
However, one advantage of a framework architecture is its inherent flexibility, a quality that should be
carried over into the final product. Frameworks, like any other software, are subject to change over time
[1], so flexibility at the application level can reduce the maintenance required. Second, the use of white box
frameworks is problematical because they rely on additional source code and compilation tools for
extension. This limits the scope for extensibility to the component designer / application designer roles. A
better approach is one that takes a black box approach to framework design that is carried through to the
end user role. For this to be effective black box framework must be heavily configurable via a common
interface at all development stages.
The framework design approach described here recognises through role analysis that a range of activities
are required by various actors using the basic application framework but that these activities may well
overlap and inform each other. Therefore rather than fixing phases of development where an open
framework is closed by a component developer and/or application developer, we have an open process
where the framework provides an extensible interface for all actors, including application end-users. This
interface should not require knowledge of implementation detail but rather should be at the component
level. To change behaviours we may need ‘horizontal’ interfaces with meta-level support [16] but should
not expose recompilation processes. Meta level interfaces might be via visual tools, scripting languages or
other means of modifying the system that do not involve direct extension of the framework code.
A framework developed with a flexible role model as described here is one that provides a common
interface for component developers, application developers and end users. A single user can thus move
transparently between roles using a common set of tools. This should result in more dynamically
configurable systems that require less initial work in component development, less maintenance and
provide more powerful tools for the end-user.

Summary and Conclusions

The traditional framework development lifecycle involves a set of user requirements met with some
combination of compiled and/or interpreted implementation strategies. The style of interface is usually an
ad hoc arrangement, perhaps in a permanent state of flux as a reverse engineered white box framework
gradually evolves into a more stable black box framework
The development strategy described here begins by recognising that there are several roles in the
development and use of a framework, but that the original framework developer is in fact meeting a
consistent need for extensibility, preferably with a simple interface that can cater for run time component
creation and selection. Thus the user requirements are translated into component interfaces that define the
necessary backbone support. The implementation as before must strike an appropriate balance between the
compiled and the interpreted but encapsulated within the backbone, not exposed to the other
developers/users. The advantage of this approach is that the component notion decouples framework
construction from application domain analysis via the production of the component interface. In this way,
several application domains can be satisfied by designing several frameworks, all being in fact instances of
the same ‘meta-framework’. In each case the designer identifies a unique component interface appropriate
to the domain.
This ‘framework for framework design’ depends on a ‘logical pipeline’, which starts at the end-user's
requirements, passes through the application developer and the component developer's ones, and ultimately
focuses the burden on the framework developer. Depending on the overall requirements for a component
interface, the framework developer will have to provide a certain degree of (run-time) flexibility, the
requirements determining the right ‘mix’ between compile-time and run-time system parts. We can be
specific by examples only, as the range of requirements is too large to offer a general solution. However,
we can elicit a suitable set of guidelines once we have identified the union of the users’ requirements. For
each requirement, there is a statement to make about the framework's implementation. For example, a need
to introduce new instances at run-time implies the need for a basic interpreter with type instantiation
capabilities. A more demanding requirement to introduce new types at run-time means that we need some



kind of interpreter with dynamic type-loading capabilities. If these new types are complex enough to
introduce new code at run-time, then we need an interpreter and/or run-time operating system support for
dynamic code loading. For the most complex frameworks however where we may need to modify types,
instances and code at run-time there are several solutions, such as incremental/on-the-fly compilers, meta-
types, single hierarchy (meta-type based) languages, etc. The requirements inform us of the demands likely
to be placed on the framework’s backbone, and the result is a framework design specification or guideline
that provides the optimum cost/benefit trade-offs for a given framework.
Since the kernel of the component-based framework is the backbone this is where all the hard design
decisions have to be taken. The way the backbone interfaces with the components gives us the level of
framework flexibility. The more 'loosely coupled' the component-framework communication/interface is,
the easier is everything for all the user categories, but we limit the strategic design decisions to the
backbone alone. Simply put, the framework designer must implement a backbone that can satisfy the
component interface(s), derived from the union of the user specifications.
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