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CHAPTER 9

Conclusion

Wrap Up
The dissertation has started with an analysis of the domain of open hypermedia systems,
based on an overview of major milestones in hypermedia research, an examination of a
requirement list for open hypermedia systems, a scenario for using open hypermedia
systems in an engineering environment and the flag taxonomy for open hypermedia systems.
Next we have presented our personal perspective on open hypermedia systems based on the
notion of a design space and the puppet master metaphor. The former represents an open
hypermedia system as a tailorable volume in a three dimensional axes system — storage,
presentation and navigation. The latter identifies three levels of tailorability — domain level,
system level and configuration level. We have shown that the notion of a design space with
three levels of tailorability covers the key requirements for the design of open hypermedia
systems, and —more importantly— that it can be generalised for any other open system.

Next, we have investigated object-oriented frameworks and meta-object protocols, two state
of the art techniques proposed by the object-oriented software engineering community.
The concept behind an object-oriented framework is that clients reuse the framework design
by supplying concrete components for the open ends of the framework. The open ends of
the framework are specified using template methods. A framework comes with a number of
contracts: sets of rules telling how framework components should be assembled to work
properly. Basically, there exist two approaches for specifying reusable designs: the white-
box approach based on class inheritance and the black-box approach based on object
composition. In general —for the important design decisions in a framework— the black-
box approach is favoured over the white-box approach, because object composition allows
to reconfigure the framework at run-time.
A meta-object protocol is an abstraction technique where the interface of a module in an
object-oriented framework is split in two separate parts: the base level interface and the meta-
level interface. The base level interface is used to access the basic functionality of the
module, while the meta-level interface allows us to control designated implementation
aspects of that module. Experiments have shown that meta-object protocols make systems
more adaptable. However, it is recognised that the design of a meta-object protocol remains
an open question. First, because it is hard to recognise when something is part of the meta-
level interface; second —and this is a fundamental problem—, because it is too expensive to
develop meta-level interfaces incrementally. We have coped with the first problem by
adopting a meta-level criterion based on the notions of 'about-ness' and 'causal connection'.
For the second problem, we have proposed a methodology based on a proper combination of
object-oriented frameworks and meta-object protocols.
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Our methodology is based on the insight that explicit representations of framework contracts
are part of the meta-level, which leads us to the conclusion that the design of a framework
provides an initial ground for the design of a meta-object protocol. As a consequence we can
be confident that the design of the meta-level interface can reuse parts of the design of the
framework's base level interface. This is especially important as lots of promising techniques
for designing base level interfaces are under way.

The methodology we propose is summarised in four design guidelines
1) Devise a design space for the problem domain.
2) Each design space axis should correspond to a black-box template method.
3) Each design space axis should correspond to a framework contract.
4) The configuration of the design space axes should correspond to a framework

contract.
We claim that by following these guidelines, it is possible to build a system for the intended
design space that incorporates the three levels of tailorability: domain level, system level and
configuration level. As these three levels of tailorability cover key requirements for open
systems, our methodology is well suited for the design of open systems in general.

The second half of the dissertation presents an experimental validation of our methodology in
the domain of open hypermedia. It provides a description of the so-called Zypher open
hypermedia framework as a design pattern language, which is a state of the art technique for
describing framework design.
The design space mentioned in the first design guideline is the three dimensional hypermedia
design space —storage, presentation, navigation— that resulted from our analysis of the
domain of open hypermedia systems.
The initial design of our framework builds on the design guidelines summarised in the flag
taxonomy for open hypermedia systems. As such, our design incorporates a separation
between storage and presentation on the one hand and a separation between contents and
structure on the other hand. Although the flag taxonomy provided us with a good
factorisation of the problem domain, it enforces a white-box approach for incorporating the
hypermedia design space. To allow run-time reconfiguration, we applied our second design
guideline by extending the design with black-box template methods for each of the axes in
the design space. This way, we show that domain level tailorability corresponds with the
base level of a framework.
In a next step, we incorporate system level tailorability in the design of our framework.
Following our third design guideline, we see that this corresponds with wrapping additional
behaviour around the execution of the framework contract. Favouring a black-box approach,
we extend the design to incorporate an object that is an explicit representation of such a
framework contract. As we know that an explicit representation of a framework contract is a
meta-object, we illustrate that system level tailorability corresponds with a meta-level of a
framework.
In a final step, we incorporate configuration level tailorability; a process that is very similar
to the previous step. Based on our fourth design guideline, we see that this corresponds with
changing the execution of the configuration contract and again we extend the design with an
explicit representation of that contract. The fundamental difference with the system level
tailorability extension, is that the latter extension is part of the meta-level of the meta-level.
So we conclude that configuration level tailorability corresponds with a meta-meta-level of a
framework.

Besides providing the experimental validation for the proposed design methodology, the
Zypher framework serves a second purpose: its abstract design was made concrete in a
working prototype of a so-called framework browser. A framework browser is a software
system that supports software engineers in the management of complex object-oriented
architectures, by providing a seamless integration between the design and the implementation
of frameworks. This framework browser has actually been used to manage the relationships
between the Zypher design pattern documentation and the source code of the implementation.
For example, it is possible to navigate between design pattern documentation displayed using
a third-party text editor and the framework implementation displayed using the programming
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tools that are part of the Smalltalk programming environment. Also, we are able to generate
the necessary structures to make this integrated environment accessible over the world-wide
web.

The Research Hypotheses Revisited
In the introduction we have formulated three hypotheses. With all of the above in mind, it is
time to reconsider the hypotheses and comment on their appropriateness.

Research Hypothesis 1

Object-oriented frameworks and meta-level abstraction are two complementary
techniques in the design of open systems.

As noted, no-one doubts whether object-oriented frameworks and meta-level abstractions are
useful in the design of open systems as both techniques have already found their way into
the design of commercial systems. So the hypothesis boils down to the question how the
two techniques can complement one another.

Our work has shown that explicit representations of framework contracts are meta-objects,
which implies that a potential combination of both techniques consists of a framework design
with explicit objects representing framework contracts. At least this shows that the design of
the base level provides clues for the initial design of the meta-level, which is an important
insight in its own right.

However, this says nothing about the contracts that should be made explicit in the design.
Obviously, we need some support to tell what contracts should be made explicit. Here we
have proposed the four design guidelines based on the notion of a design space. Once such a
design space has been devised, the four guidelines help a framework designer to identify the
contracts that should be included in the meta-level. This way it is possible to incorporate the
notions of domain level, system level and configuration level tailorability into the design of
the framework. Moreover, we have shown that domain level tailorability can be achieved
with an object-oriented framework, while system and configuration level tailorability can be
achieved by meta-level abstraction. So, we conclude that both techniques are complementary
in the design of open systems: they share the common goal of tailorability, yet they differ in
the level of tailorability that can be achieved. Assuming that the three levels of tailorability
correspond to an open system (see the explanation with the second research hypothesis), we
claim that our first research hypothesis remains appropriate.

Research Hypothesis 2

Open hypermedia systems are representative for the larger set of open systems.

The second research hypothesis was formulated because it allows us to generalise the results
obtained within the context of an open hypermedia software artefact for the generic set of
open systems — examples of other kinds of open systems being operating systems, database
systems, inter application communication standards, tailorable software systems and
programming languages.

To support the appropriateness of the hypothesis, we have argued that open hypermedia
covers themes that recur in all these kinds of open systems —interoperability, extensibility
and distribution. Also, we have shown that the three levels of tailorability cover those
recurring themes, so we conclude that the three levels of tailorability are appropriate in the
context of other kinds of open systems as well.

Then there must be a way to transpose the results of the open hypermedia software artefact to
other kinds of open systems. Here we have emphasised that the definition of the three levels
of tailorability is based on the notion of a design space, but is completely independent of the
type and number of axes in that design space. So we conclude that, if it is possible to devise
a design space for a particular open system, then it is possible to transpose the techniques to
incorporate the three levels of tailorability. Based on other experiments (i.e., Agora and
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ApplFLab) we are confident that devising a design space is feasible in other domains as well.
So, assuming that it is possible to devise a design space for the application domain of the
target open system, we claim that our second research hypothesis remains appropriate.

Research Hypothesis 3

Open hypermedia is a technological cornerstone for software engineering.

The third research hypothesis causes some kind of a feedback loop, in the sense that the first
and second research hypotheses are about the potential benefits of applying software
engineering techniques to the domain of open hypermedia systems, while the third
hypothesis deals with the advantages of applying open hypermedia technology to manage the
complexity of software engineering.

We have conducted various experiments in the context of what we have been calling a
framework browser and we have achieved some encouraging results. First, we have shown
that it is possible to use open hypermedia to connect third-party applications with the
programming environment, which enables us to link source-code with design documentation
in all kinds of formats. Second, we have experimented with a componentware approach for
composing specific code browsers, which is advantageous for the construction of design
specific views on the implementation. Third, we have examined the possibilities of an
extensible link engine by incorporating specific algorithms to infer navigation relationships,
which is helpful in consistency maintenance of large dynamic structures. Finally, we have
explored open hypermedia as a way to publish reusable designs on the world-wide web,
which is valuable in the context of reuse libraries.

The outcome of our experiments is encouraging, but there is a lot of work to be done to build
a true framework browser: one that provides a seamless integration between the numerous
aspects of framework development. Also, lots of ideas remain unexplored, especially
concerning the support for teams. As far as we stand now, we are not able to assert the
appropriateness of the third research hypothesis. Nevertheless, none of the experiments
contradicted it, so we conclude that the application of open hypermedia technology in the
context of software engineering remains an interesting area for future work.

Open Questions
Having clarified and refined some important issues in both object-oriented software
engineering and open hypermedia, it is time to consider some unanswered questions and
point at known limitations of our approach.

System Level Tailorability

System level tailorability is about wrapping additional behaviour around points on a design
space axis and the kind of behaviour we aim at is concurrency control, logging, caching,
authority control and integrity control. We propose a meta-level interface which allows us to
wrap additional behaviour around the execution of framework contracts without affecting the
internal implementation of the contract participants.

The typical example is maintaining a trail of all locations visited in a hypermedia session.
This corresponds with wrapping logging behaviour around the execution of the navigation
contract; i.e. the contract between the anchor and the resolver (see figure 23). By introducing
the path object as an explicit representation of that navigation contract we are able to plug in
logging behaviour without affecting the internal implementation of the anchor or resolver
objects.
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Anchor

activateOn (component)

Resolver

resolveAnchorComponent
    (anchor, cmpnnt)

Anchor

activateOn (component)

Resolver

resolveAnchorComponent
    (anchor, cmpnnt)

Path

activateAnchorOn
    (anchor, cmpnnt)

All anchors receiving a 
activateOn message must 
request the associated resolver 
to determine the target of the 
navigation operation

Navigation Contract

Figure 23: Logging the Navigation Contract

Actually, it is not entirely correct that the participating objects remain unaffected. Indeed,
besides trapping all navigation operations one must also be able to memorise the internal state
of the anchor and the component, to restore it for later use. Since both the anchor and
component may represent virtual data, memorising the internal state is a complex matter.
Nevertheless, the problem can be solved by applying the memento design pattern
[GammaEtAl'95], which requires an extension of the interface of both the anchor and
resolver objects. Such an extension may imply that one must affect the internal
implementation of the participating objects, i.e. by adding extra instance variables.

Similar patterns are necessary to implement services like concurrency control, caching,
authority control and integrity control; i.e. to wrap additional behaviour around an
occurrence of a contract, one may need to extend the interface of the participants of that
contract. However, those extensions don't have anything to do with the actual contract and
are in fact situated at some other level. That is, such interface extensions must deal with
issues like object identifiers, internal state, time stamps, …, which are issues that have more
to do with the machine the system is running on, or the programming language the system is
implemented with. Normally, such functionality is inherited from the root classes of the
inheritance hierarchy.

So we must relax our assertion in the sense that one can incorporate system level tailorability
by having a meta-level interface that allows to change the system behaviour, but sometimes
one must make slight modifications to the external interface of base level objects.
Nevertheless, the modifications to the external interface are independent compared to the
extra services created and should be available for a complete session, so specified at system
configuration time. In such a situation, the white-box approach is appropriate, so one can
implement the extra functionality in the root classes of the inheritance hierarchy and reuse
them for many kinds of services.

Singleton Meta-Objects

Another intriguing question is whether the meta-objects should remain singletons —as they
are in the design of the Zypher framework— or if it is a good idea to allow multiple instances
of them. There are cases supporting the viewpoint that it is better to have multiple instances.

First of all, consider a distributed setting. There, it is definitely not a good idea to work with
a singleton meta-object, as such an object corresponds to a bottle-neck for the important
events in the global control flow. To eliminate the bottle-neck, one may replicate the meta-
object, so that there is one instance of the meta-object for each component in the distributed
architecture.
So a distributed setting requires multiple instances of a meta-object. Note that all those
instances will differ in internal state, but that their behaviour is essentially the same.
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One may ask whether there exist situations that require multiple instances of meta-objects,
where those instances will differ in both state and behaviour. Considering the schema in
figure 23, suppose one wants to log all activations of anchors created after a certain date and
leave the activations of all other anchors out of the log. One solution would be to include
some filter in the log algorithm implemented in the path object. Another solution would be to
have two path objects with different behaviour; one that writes its activations to the log and
another one that does not. The filter is then embedded in a separate dispatcher object that
decides what objects should be managed by the first path object, and what should be
managed by the second one.
Although the first solution is easier to implement, the second solution is more flexible as it
corresponds to a black-box approach. For example, as the filter algorithm is independent of
the path object, the second solution makes it possible to reconfigure the logging algorithm at
run-time.

Having multiple instances of meta-objects that differ in both state and behaviour is more
flexible, yet this flexibility comes at a cost. As long as there is only one meta-object —or
multiple replicas of one and the same object—, one can maintain a reference to this meta-
object in some global variable. Once there exist multiple instances that differ in both state and
behaviour, one must include some reference mechanism from the base level object to the
meta-object that is supposed to handle the meta-level behaviour. Such reference mechanism
may be quite complicated, as it may depend on a particular combination of base level objects.
For example, the path meta-object may differ depending on the particular anchor-component-
resolver triple that participates in the navigation contract.

Additional Levels of Tailorability

We have proposed three levels of tailorability —domain level, system level and configuration
level— and have argued that they correspond to respectively a framework base level, a meta-
level and a meta-meta-level. The levels of tailorability covered the open hypermedia
requirement list, which implies that we need at least those three levels of tailorability.
However, one can ask if there are other useful levels of tailorability and whether they would
correspond with higher meta-levels as well.

We don't have an answer to this question, but we do recognise two viable candidates for
additional levels. A first one is about adding or removing axes to a design space. As we
claim that the levels of tailorability are independent of the type and number of axes, it should
be possible to include an interface to change the axes system. And somehow this would
correspond with a higher meta-level, because it must necessarily change the meta-meta-object
representing the configuration of the design space.

A second one is about the configuration of the meta-objects. In the current design, there is
only one instance of each meta-object in the system, but —as argued above— some
situations may require multiple instances of the same meta-object. And then the decision
about what instance of a meta-object should handle what base level object is crucially
important. The influence this decision an additional level of tailorability is required. This
would correspond with a higher meta-level, because it is about the configuration of the meta-
objects.

Additional Hypermedia Design Space Axes

We proposed our perspective on hypermedia as a three dimensional design space, the three
dimensions being storage, presentation and navigation. We argued that the name and number
of the dimensions does not affect the remainder of our argumentation, this way avoiding the
discussion if those three dimensions are adequate for describing the space of hypermedia
systems. In fact, it remains an open question whether the three dimensions are necessary and
sufficient.

We are quite confident that a hypermedia design space should at least include those three
dimensions. First, because all the dimensions are somehow included in the hypertext &
hypermedia definition (p.08) we adopted; second, because the experiments with the
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framework browser have shown that the three dimensions are at least appropriate.
Nevertheless, we don't have any arguments for supporting whether the three dimensions are
sufficient.

An interesting candidate for an extra dimension would be the authoring of navigation
structures. Authoring is an aspect that is not made explicit in our design, because we have
focused on navigation structures that can be derived from the contents. So, in the Zypher
prototype, authoring is part of the navigation dimension, which implies that each point on the
navigation axis (i.e. each resolver) defines its own authoring facilities. An experiment that
may provide some answers would be to capture a hypermedia system that emphasises on the
authoring of hypermedia structures —such as the spatial hypermedia systems Aquanet and
VIKI— in the current design of the Zypher framework.

Black-box versus White-box

The argumentation for incorporating the three levels of tailorability into the design of a
framework was about favouring a black-box approach over a white-box approach, or in
other words object composition over class inheritance. One may ask what would happen if
for some reason the white-box approach was favoured over the black-box approach.

Consider the navigation axis of our hypermedia design space (see also figure 23). To
incorporate domain level tailorability, we need to be able to vary the resolution of the anchor
independently of its activation, which implies that the second design guideline would be
rephrased as "each design space axis should correspond to a white-box template method". In
the white-box reuse approach, this would mean that we have a single anchor object that
understands both the activateOn and resolveAnchorComponent messages, but that
both of them may be inherited from different classes.

To incorporate system level tailorability on the navigation axis, we must be able to wrap
additional behaviour around the execution of the activateOn and
resolveAnchorComponent methods. In a white-box approach this means that we must
inherit the wrapping behaviour from a common superclass of the anchor classes or the
resolver classes involved. To ensure this inheritance behaviour in the framework, the
framework must include a contract stating that anchor classes and resolver classes must
delegate the navigation messages to their superclass; i.e. they must perform a super send. So
the third design guideline, stating that "each design space axis should correspond to a
framework contract" remains valid, but the way this design guideline is interpreted in the
design of the framework is different.

To incorporate configuration level tailorability in a white-box approach, we must be able to
extend the inheritance hierarchy of the framework; preferably using multiple inheritance. For
instance, if we want to have a relationship between a particular point on the navigation axis
and a particular point on the storage axis, we will create an anchor class that inherits from a
class implementing the behaviour of that storage device and a class that implements that
particular link resolution algorithm. However, in that case the inheritance hierarchy becomes
an essential aspect of the framework design, which implies that it should be captured in a
framework contract. So, the fourth design guideline, stating that "the configuration of the
design space axes should correspond to a framework contract" remains valid, but again the
way this design guideline is interpreted in the design of the framework is different.

The main argument for favouring the black-box approach over white-box approach is that
this makes it easy to reconfigure the framework at run-time: one can change the execution of
black-box template methods by changing the object composition. In a white-box approach,
run-time reconfiguration of the framework corresponds with run-time modifications to the
inheritance hierarchy. There exist object-oriented languages (Smalltalk and CLOS to mention
the most popular ones) that allow to modify the class hierarchy at run-time, however this
functionality always belongs to the meta-object protocol of the programming language.
Indeed, the class hierarchy is about the software system in a causally connected way.
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Note that the white-box approach —even with the possibility of run-time framework
reconfiguration— remains less flexible than the black-box approach, because the black-box
approach allows to reconfigure the framework at object level, while the white-box approach
is restricted to reconfigurations at the class level. Reconfiguration at object level in a white-
box approach would imply the possibility of changing the class of an existing object at run-
time which is a very difficult operation at it requires changes to the objects internal state
representation (i.e. the set of instance variables) and behaviour (i.e. the method table).
Anyway, such an operation would also belong to the meta-object protocol of the
programming language, as the object-class relationship is about the software system in a
causally connected way.

The above argumentation leads us to the conclusion that favouring a white-box approach
over a black-box approach would not change that much. To incorporate the three levels of
tailorability, the design guidelines we propose remain essentially the same; only the way they
should be interpreted in the design of the framework changes. And if one wants to
reconfigure the framework at run-time, we need a meta-object protocol that is part of the
programming language used to implement the framework.

Afterthought
As an final remark, we emphasise on the cross-fertilisation embodied in our work. On the
one hand we build on the accumulated experience of the software engineering community.
More precisely we deal with techniques studied in very technological areas like programming
languages, distributed architectures and operating systems. As a consequence, the techniques
are well specified and their effects quite accurate, yet they are seldom applied in other
applications domains. On the other hand, our work builds on the insights of hypermedia, a
domain with years of fruitful research on how to enhance the way people deal with
information. The problems encountered there are rather fuzzy and the solutions quite
imprecise, yet hypermedia research has changed the working habits of almost all people
working with computers.

Our contribution is original in the way it captures the best of both worlds: the precision of
software engineering with the applicability of hypermedia. And this idea reveals the heart of
what we entitled "the link from object-oriented software engineering to open hypermedia".
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Aposition / Bijstelling

Group decision processes on the world-wide web must be supported by
structured communication to improve information exchange and
unstructured communication to cope with meta-discourse.

Explanation

With the appearance of the world-wide web [Berners-LeeEtAl'94], people are confronted
with a tremendous increase in communication facilities. However, extra communication
facilities do not necesarily improve information exchange. This phenomenon can be
observed in discussions on bulletin board systems, newsgroups and mail lists: such
discussions quickly lose focus and rarely come to a conclusion. If they come to a
conclusion, it is because the group managed to structure its communication process, for
example by arranging a vote.

Group decision support system (GDSS) research is especially concerned with the question
how structured communication processes improve decision making. GDSS like
GroupSystems [NunamakerEtAl'91], COPE [Eden,Ackermann'92] and DSide [Kenis'95],
[KenisEtAl'95] show that by increasing the number of alternatives considered, enhancing the
depth of analysis each alternative is considered with and enlarging the participation of all
group members the quality of the decision process improves. Nevertheless, studies revealed
that individual group members often feel constrained by the structure, among others for not
supporting meta-discourse11  [Conklin,Begeman'88]. Hence the requirement for some kind
of unstructured communication between participants.

In a synchronous-proximate setting (i.e. all group members gather at the same time, in the
same place), unstructured communication is usually accomplished by some form of verbal
contact (mostly through the facilitator). However, experiments that abandon the meeting
room can not rely on verbal contact and need other unstructured communication channels.
During an experiment with the DSide version accessible via the world-wide web
[KenisEtAl'96] we found out that participants used e-mail as a natural communication
channel for meta-discourse, allthoug e-mail was not an explicit part of the DSide system.

The use of unstructured communication for meta-discource can be observed in other
experiments as well. GroupSystems has been tested in a synchronous-remote setting
[NunamakerEtAl'91] and their unstructured communication was available under the form of
video conferencing. COPE has been tested in an asynchronous-proximate setting
[Trahand'93], but members discussed the decision graph afterwards.
[Berners-LeeEtAl'94] Berners-Lee / Cailliau, R. / Luotonen, A. / Nielsen, H. F. / Secret, A. "The

world-wide web"; Communications of the ACM - Vol. 37(8) - August '94.

11 Meta-discourse, as opposed to communication about the topic, is communication about the
communication process.
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