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Abstract

We explore the observation that the evolution of feature
space and the evolution of components lead to a fundamen-
tal mismatch between features and their implementation in
components. At one moment in time, a software system is
structured in components in such a way that a given fea-
ture set can be mapped straight-forward to these compo-
nents. Over time features and components evolve, leading
to a situation where the mapping is less straightforward. A
common indication is the need to deal with crosscutting fea-
tures. In the end, the component structure that should im-
prove software development hampers development because
the implementation of individual features gets too much
scattered around different components. We claim that us-
ing aspects for dealing with feature mismatch is beneficial
in a short-term but can introduce additional problems in a
long run, especially if aspects are used to mask architec-
tural problems.

1 Introduction

With the emergence of product line architectures and
technologies such as aspect-oriented and component-based
software development, classic categories of evolution, in-
cluding corrective (to fix errors), adaptive (to adapt to
changing environment, such as changed requirements), per-
fective (to enhance the software), and preventive (to im-
prove sustainability) [8], have been augmented. Namely,
the evolution has also been examined over time and classi-
fied as continuous and discontinuous [3]. Continuous evo-
lution corresponds to changes in the software within an ex-
isting software architecture, while discontinuous evolution
implies extensive changes to the software to accommodate
new requirements, which normally result in an emergence
of a new architecture. In this context each architecture has a
tolerance level, which it can sustain with continuous evolu-
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tion [3]. Above that level, the price of adding new changes
into the existing architecture is more expensive than cre-
ating a new architecture. The evolution is therefore dis-
rupted and a new architecture for a product line is defined.
Longevity of the architecture is in proportion with the toler-
ance level, and this tolerance level depends directly on the
cost associated with evolution, e.g., the cost of adding un-
planned new features. The higher the tolerance level, the
longer it is possible to reuse the architecture (and reuse is
one of the drivers behind product line architectures [2]).
In parallel to the time dimension of software evolution an-
other dimension has been identified, where, depending on
the effect of the evolutionary changes to the architecture
the evolution is classified as either crosscutting or non-
crosscutting [9]. Changes affecting more than one com-
ponent of the software architecture are considered cross-
cutting, while the localized changes are considered non-
crosscutting.

Our experience showed that (eventually) product line
evolution consists of a series of continuous crosscutting
changes followed by a disruptive change. Disruptiveness re-
sults in a new architecture that more easily facilitates incor-
porating emerging requirements of new products and con-
sequently incurs less costs when adding new features. The
costs of disruptive changes are balanced with the additional
costs associated with defining a new architecture and an ef-
fort to implement that architecture. Crosscutting changes
intrinsically do not cause disruption of continuous evolu-
tion. However, it is our observation that a number of accu-
mulative crosscutting changes are the key factor for disrup-
tion of continuous architecture evolution. One of the rea-
sons the accumulated crosscutting evolution has such pro-
found effects on the overall evolution process is the phe-
nomenon of feature mismatch, which we observed during
Philips TV product line evolution.

In this paper we explore the feature mismatch phe-
nomenon and its origins, and discuss under which condi-
tions one should opt for aspect-oriented solutions in the con-
text of product line evolution. We elaborate that aspects, if
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Figure 1. The evolution process of a product line.

not administered carefully into the product line architecture,
could eventually result in increased costs of the architecture
evolution.

Moreover, we introduce an additional classification of
software evolution linear evolution. Linear evolution is an
idealized, cost-optimal evolution pattern where the normal-
ized cost associated with adding a new feature is constant
over time, rather than non-linearly increasing. We elaborate
on characteristics and benefits of linear evolution, its rela-
tion to cost and feature mismatch, as well as give hints on
how the linear evolution could be achieved.

The paper is organized as follows. In section 2 we ex-
plain the feature mismatch phenomenon. The role of as-
pects in the context of evolution and feature mismatch is
discussed in section 3. Section 4 concludes the paper with
the discussion about linear evolution and steps to achieve
1t.

2 Feature Mismatch in Product Lines

Here we discuss the evolution of a product line archi-
tecture and explain how accumulated crosscutting evolution
can result in a feature mismatch and increased costs.

2.1 Creating feature mismatch with com-
ponents

Figure 1 depicts the process of product line architecture
creation and evolution. The first step in product line ar-
chitecture creation is domain modeling, where a domain is
assessed and used as input to the product scoping and fea-
ture modeling. Then, based on the required features in the
product line, the overall architecture is defined in the fol-
lowing step. Each product line instance is created by defin-
ing and composing a number of components (step 4 in the
figure). Components are then used within the architecture
for instantiation of a number of different product instances.
This is indicated by step 5, which shows that from a prod-

uct line architecture, using components 1,...,m, one can
create products 1, ..., k.

When the domain or a product scope changes, e.g., new
features need to be integrated into the product line architec-
ture, a complex evolution process is triggered (depicted in
steps 6 — 10). The evolution starts with a revision of the
domain and is followed by the the evolution of the corre-
sponding feature model, as depicted in step 7.

Evolution for the feature model normally entails adding
new features or modifying existing ones. In practice, im-
plementing these features requires adding new components
(see step 8 where a new component m + 1 is added), and
possibly modifying existing components (step 9). Finally a
new product instance can be obtained from the new set of
components.

From the evolution process and its impact on compo-
nents and architecture, we observe that the evolution of fea-
ture space and the evolution of components lead to a fun-
damental mismatch between features and their implementa-
tion in components (see Figure 2). At the time of architec-
ture creation, a software system is structured in components
(C) in such a way that a given feature set (/) can be mapped
straightforwardly to these components. Over time features
and components evolve (into feature set 7' and component
set C’, respectively) leading to a situation where the map-
ping is less straightforward. Feature mismatch refers to the
situation that during product line architecture evolution the
feature set evolves independently of the component set, re-
sulting in the link between evolved features and component
to become obscured. A common indication is the need to
deal with crosscutting features. That is, adding new fea-
tures has impact on an increasing number of components,
rather than on a small set of related components.

2.2 Measuring feature mismatch
The effect of the mismatch of mapping features to com-

ponents can be observed when studying interface evolution.
Ideally, interfaces are invariants over evolution in order to
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Figure 2. Feature mismatch.

preserve benefits of using components. They only change
under strict conditions (e.g., following interface evolution
rules [13, 14]). Such rules enforce that under normal cir-
cumstances, adding a feature should not significantly affect
interfaces of existing components.

If adding a new feature has crosscutting effects on many
components, this can be observed by analyzing interface
evolution, since the change to the component will (most
likely) be reflected in an interface change. If adding a fea-
ture leads to a chain of component changes, this would
signal coupling between components. Since components
are supposed to be units of independent deployment [11],
(strong) coupling between components often forms an indi-
cator that the decomposition of a software system in compo-
nents is suboptimal. Hence, interface changes may provide
information about how well a system’s structure in compo-
nents matches its features. Monitoring interface evolution
over time gives insight in how feature mismatch is emerg-
ing.

We explored the effect of feature mismatch on the con-
crete example of the Philips TV product line, which con-
sist of four main reusable subsystems [13]: i) the platform
subsystem provides a stable API that abstracts TV-specific
hardware; ii) the infrastructure subsystem provides an ab-
straction of the operating system functionality, and also
handles time-critical operations; iii) the services subsystem
is a middleware layer between the platform and the applica-
tions; and iv) the applications subsystem includes the user
interface for various TV applications, e.g., program instal-
lation, audio control, and video control, as well as the rules
for avoiding undesirable interaction between these applica-
tions.

What we observed is that on average 11% of interfaces
suffered from changes in various parameters. The most af-
fected system is the service subsystem with as much as 44%
interface changes. The application subsystem also suffered
with approximately 33% of changed interfaces. The infras-
tructure subsystem has 16% interfaces changed and the plat-
form is stable with approximately less than 3% of changed
interfaces. The reason that the service subsystem is the most
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Figure 3. Theoretical cost development of im-
plementing new features in the architecture.

effected one is that most of the core TV functionality is lo-
cated in this subsystem, and any change in the application,
infrastructure, and platform subsystem is also most likely
propagated to the service subsystem.

To confirm that this amount of interface changes was in-
deed a symptom of feature mismatch, we chose an arbi-
trary feature set (related to multi-window control) and ex-
plored its evolution in the context of component and inter-
face changes. We observed that it is straightforward to de-
termine a component and its interfaces that were initially
defined for (an initial set of) multi-window control features,
i.e., the component name had multi-window in its name
and/or description. Two interfaces of this component were
modified during the evolution of the multi-window feature
set. Following these changed interfaces, we further revealed
that the change in the multi-window component, which we
took as a starting point of the investigation, has affected in-
terfaces in three out of four subsystems and consequently
propagated to a majority of components within each of the
affected subsystem. The multi-window feature that has in-
troduced the change was difficult to determine in the mod-
ified interfaces. Due to so many changes in the interfaces
of various seemingly unrelated components, only through
a very throughout inspection and extensive domain knowl-
edge it was possible to link the change in the interface and
the component to the change in the multi-window feature
set.

2.3 Cost of Feature Mismatch

In the end, the component structure that should improve
software development (e.g., by shortening time-to-market,



decrease maintenance cost etc.) hampers development be-
cause the implementation of individual features gets too
much scattered around different components. This has a
direct and negative manifestation on the cost of adding a
feature, as illustrated in Figure 3. When an architecture is
defined (see the first point in Figure 3) the initial set of fea-
tures is implemented and the architecture is optimized for
that particular set of features. This implies that the archi-
tecture can sustain adding a new feature at another point in
time with optimal costs (second point in Figure 3). The cost
of implementing new features will increase over time. At
some point the cost of new features becomes so high that
it is no longer cost-effective adding them. At that time, the
feature set may be frozen, making the product less compet-
itive. Alternatively, a disruptive evolution step can be initi-
ated to create a new architecture that is better tuned towards
the feature set of that moment. Again, this architecture is
fine-tuned for adding features that are foreseen in the near
feature. These can be added with acceptable costs. As the
time elapses and new features are added to the software, the
cost of adding a feature increases again to a point where it is
more cost-effective to engage a disruptive evolution process
and create yet a new architecture.

The overall process of evolution is depicted as the series
of lines between the points where new features are added
by means of continuous evolution or by discontinuous evo-
lIution (when new architectures are defined). The effect of
feature mismatch is that evolutionary changes of the soft-
ware (crosscutting and continuous) result in an architecture
that no longer can accommodate these changes at an accept-
able cost, as indicated in Figure 4.

3 The Role of Aspects to Feature Mismatch

Aspects have been introduced as a way to cope with
crosscutting architectural and evolutionary issues in product
line engineering [9]. They enable encapsulating crosscut-
ting concerns of the system (such as features) into aspects
that can be developed, maintained, and evolved indepen-
dently of the (core) system; hence, separating concerns in
the system and the architecture. As we already mentioned,
and has earlier been reported [9, 12], many evolutionary
changes are crosscutting. Most of the features, for exam-
ple, that are used to evolve the Philips TV product line are
crosscutting by nature, e.g., changing a platform results in
changes in other part of the architecture.

Introducing aspects in an existing product line architec-
ture is attractive because it does not require to restructure
the system. This has a technical advantage since the struc-
ture in components does not need to be altered. As the
component structure often reflects the structure of the or-
ganization (or the other way around), it also has an organi-
zational advantage because the existing structure of devel-
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opment teams etc. can remain unchanged. It is therefore far
more easy (at first) to start using aspects, then to optimize
the structure of the system and organization to minimize the
crosscutting effect of a feature.

However, the point when an organization contemplates
introducing aspects in their product line is often the point
when crosscutting changes have become so expensive that
a new way of organizing software becomes an obvious ne-
cessity. At that particular point introducing aspects has im-
mediate potential as it promises to rapidly decrease the cost
of crosscutting evolution of the software (see Figure 5). De-
spite this advantage on the short term, we claim that the use
of aspects for implementing features can quickly become a
drawback. That is, with the increase in number of features
the use of aspects can result in a very steep increase in costs
(see Figure 5). The increase in cost can occur for at least
the following three reasons:

e Aspects are used to treat the symptoms not the “dis-
ease”. This is the case when an organization turns
to aspects as a way to deal with evolutionary prob-
lems that hamper cost-effective development of new
features. We claim that if introducing aspects is done
without serious introspection of the internals of an ar-
chitecture, then their introduction can mask and hide
architectural problems, which then manifest them-
selves more strongly at a later point in time. Namely,
if aspects are used to hide architectural problems, they
will only delay the decision to make a new architec-
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ture and when the decision is made will introduce more
costs for creating a new architecture.

e Aspects are developed separately but integrated glob-
ally. The costs associated with evolution is also due
to the increased effort in integrating the features with
the overall system, and the testing activities that need
to be done on the system level. The advantage of
(component-based) product line is that, ideally, testing
on the component level decreases the efforts associated
with testing on the system level. With the introduction
of aspects this advantage cannot anymore be exploited
as, to the best of our knowledge, there is no industri-
ally mature approach that enables modular checking of
aspects and components.

e Organization of feature development as crosscutting
aspects is expensive, because it is difficult to align the
development with all components involved, and with
the corresponding development teams. The fixed allo-
cation of development teams, as it is currently the case
in industrial product lines, is also in part done to main-
tain domain knowledge (as well as because component
internals are so complex that it is difficult to reallocate
teams). The larger the number of aspects, the more
difficult their development becomes, as well as deter-
mining their relation with components in the system.
To make things worse, crosscutting features may start
crosscutting other crosscutting features, such that the

corresponding aspects crosscut other aspects.

We argue that the need for aspects in a product line archi-
tecture can be an indicator for the quality of the architecture.
A growing need for aspects over time can indicate that the
structure of the product line architecture is no longer op-
timal, and may need revisiting. For example, observing an
increase in changes to interfaces may signal that the product
line requires more crosscutting changes. Rather than intro-
ducing aspects develop the crosscutting features, it might
be the right time and, in the end more cost-effective, to con-
sider refactoring the system.

The use of aspects in product lines to deal with crosscut-
ting features is well being studied, see e.g., [7, 6, 10]. These
papers describe the design of product lines with aspects and
address typical problems with aspects, like increased cou-
pling. Consequently, their solutions will help to improve
the practice of aspect-oriented product line design, and help
to reduce cost of developing crosscutting featues. However,
the evolutionary pattern that may be the casue of increased
crosscuttings is not addressed.

Our observations are not intended to discourage the use
of aspects. On the contrary, we believe that aspects can be
very powerful. Our aim is to signal that aspects, as com-
ponents, should be used with care (which is in line with
e.g., [10, 6]), and only after the real need for them is ap-
parent, i.e., that they are not used for hiding architectural
problems.

4 What’s Next?

As discussed, the evolution of a product line architecture
traditionally followed a crosscutting, continuous-disruptive
pattern. Although disruption enables costs to be decreased
in a short-term, the overall increase of costs is still far from
being optimal in a long-term. From Figure 4 we can observe
that the implementation of the first feature after the architec-
ture is defined will be optimal, but also that this cost quickly
increases with new features. To keep the cost of adding fea-
tures low, the evolution cost should follow a linear pattern,
as indicated by the optimal cost line in Figure 4. Anything
above the optimal cost line indicates cost as a result of fea-
ture mismatch. Ideally, if evolution strictly follows the lin-
ear pattern, the normalized cost of each increment is kept
constant.

From the structural point of view this implies that an
architecture should be flexible, way beyond the (re) con-
figurability that is currently possible with components and
aspects. The structure of the system should have fluid prop-
erties to be able to be continuously reconsidered. This also
implies that features can be assigned more dynamically to
different development teams. This is in contrast with cur-
rent practice, where component structures are so difficult



to change [5] and where the use of aspects to mask struc-
tural problems further increases the architecture’s complex-
ity. Hence, despite the promised benefits of components
and aspects, they can also have a detrimental effect to an
architecture’s evolution.

Although we don’t have concrete solutions yet, the fol-
lowing observations may lead in the right direction.

e Structuring a system in components and having aspects
that crosscut this structure is positive for the imple-
mentation of the instances of a product line at a given
moment in time. This is because reusing (i.e., sharing)
code between instances of a product line is typically
beneficial. The different instances of a product line
can benefit more from sharing code, because the cost
for implementing a new feature has to be made once
and can then be shared across the different instances.
However, sharing code over time (i.e., between differ-
ent versions of a product) might not be so effective,
because of the feature mismatch problem, as discussed
in this paper.

e As an alternative to sharing code between product ver-
sions, sharing more abstract artifacts or domain knowl-
edge (such as algorithms and design) could bring ad-
ditional benefits, since we do not want to loose gained
expertise between versions. Thus, rather then reusing
the implementation of an algorithm which is tailored
for version x, and hard to adapt for the requirements
of version = + 1, it would be beneficial if we could
reuse the algorithm and derive a specific implementa-
tion for version x 4 1. By reusing the algorithm, we do
not loose expertise about the algorithm, only its imple-
mentation.

For reuse between product instances current technology
can be used, such as components aspects etc. Reuse of
knowledge over time relates to model-driven architectures,
where different models describe different aspects of a sys-
tem. Ideally, model-driven architecting can be used to au-
tomatically derive an implementation from a set of mod-
els. Recently approaches that explore the combination of
aspect-orientation with model-driven architectures in prod-
uct line domain have emerged, e.g., [1, 15, 4]. However, an
open question still remains as to what is the proper abstrac-
tion level to make these models reusable without introduc-
ing feature (model) mismatch.

Another challenging question is whether it would be
possible to (automatically) derive an optimal component
structure from a selection of features describing (functional
and non-functional properties of) a product and a collec-
tion of knowledge, e.g., the knowledge can contain existing
designs, algorithms, and architectural implications. This
would enable a fluid architecture that is able to sustain the
pressure of evolutionary changes with minimal cost.
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