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Abstract

In this paper, we introduce the concept of meta-
variability, i.e., variability with respect to basic vari-
ability attributes like binding time or constraints.
While the main focus of this paper is on the introduc-
tion of the concept, we will also illustrate the concept
by providing a case study.

The case study will feature a simple implementation
environment based on aspect-oriented programming
and will include an example that will exhibit some key
characteristics of the envisioned production process.

1. Motivation

Product line engineering has become increasingly rec-
ognized in the last few years as a successful approach
to dramatically reduce costs, reduce time-to-market
and improve quality. It has also achieved significant
acceptance in industry [12].

Along with the increasing recognition of product
line engineering in industry, various approaches to
variability modeling were proposed. In particular, fea-
ture modeling concepts are widely discussed and par-
tially used in industry [6, 9, 10, 16], but a large range
of other approaches have been proposed as well, e.g.
[4, 14,17, 19, 20].

So far all these approaches share (at least) one
commonality as they focus on variability as variation
of specific attributes of the final product (e.g., func-
tional or non-functional properties). Thus, they neglect
the variability that may occur with respect to the char-
acteristics of a specific variability itself. We term such
variability of a variability attribute meta-variability.

Thus, meta-variability relates to variability that may
occur with respect to production processes of subsets
of the product line. For example, for some products a
specific variability may be bound at compile time,
while other products still support a sub-range of vari-
ability and the final binding happens during product
initialization. Thus, the binding time itself may vary.
Similar examples can be given for other variability
attributes as well.

At first glance, the issue of meta-variability may
seem very esoteric; however, it is firmly grounded in
industrial practice.

A simple example, which we observed in one com-
pany, was that some variation was relevant to both
high-end and low-end products. While the low-end
product was produced in high volume, the high-end
product was produced only in low volume. As a con-
sequence, their production processes were different
due to economic reasons. Some variations were com-
mon to these products, but for the low-end product,
which also had less memory and processing power was
reduced, the variation had to be bound at compile time.
This way, each variant was produced independently
and as this did save resources in the final variant and
thus production costs, this was cost-effective.

On the other hand, for the high-end product the
variability had to be bound at initialization time (prior
to sales, but after shipping to country offices). The
reason for this was that sales personal in the various
countries could determine the final product variant in
order to adapt to fluctuations in demand. As the vol-
ume of these high-end products was low, the added
production costs were not relevant in comparison with
the increased flexibility.
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Figure 1 (a) Reification of binding time

This episode shows a clear need for variation with
respect to binding time. More precisely, two different
binding times could be selected alternatively for the
same variability.

In the following sections we will first discuss dif-
ferent approaches to dealing with meta-variability. In
Section 3, we will then describe some basic concepts
of a prototypical production environment that we used
as a basis for supporting meta-variability. In Section 4,
we describe a simple case study. Finally, in Section 5
we will provide our conclusions and illustrations of
possible future work.

2. Dealing with Meta-Variability

To our knowledge, the problem of meta-variability has
so far not been explicitly addressed. Only few ap-
proaches explicitly allow multiple binding times for a
single variability. One example is [19], however, the
approach does not provide a precise interpretation and
semantic foundation of multiple binding times. An
early case study that used this concept is described in
[18].

While the problem sketched above is not uncom-
mon in industry, so far we have not seen it being fully
addressed. Instead an approach is typically taken that
can be interpreted as reification: the meta-variability is
represented as a different variability in the form shown
in Figure 1a.

As this figure shows, reification leads to duplica-
tion of the respective variant information. In practice,
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this is often handled implicitly, by modeling the varia-
tion as something like Figure 1b and handling the case
that both variants are selected in a special manner, by
providing additional initialization code, without actu-
ally modeling this as variability. However, this actually
means that variability is only partially modeled. In cur-
rent industrial practice, where variability is usually not
modeled at all, or at least not completely, this is not yet
an issue, but if the underlying goal is to move towards
more systematic (and automatic) variant-based soft-
ware production processes, this becomes a major prob-
lem. Thus, we propose to deal with meta-variability
explicitly and to accept it as a first class modeling ele-
ment. This implies that variation of variability attrib-
utes must be modeled explicitly. This approach in turn
provides the advantage that the various product instan-
tiations can be produced automatically. We will de-
scribe this approach below and discuss it based on a
case study.

3. Concepts of a Production Environment

In this paper, we provide a vision of how future soft-
ware production environments that explicitly support
variability can look like. We do not yet present a full-
fledged product derivation environment.

We sketch a production environment that supports
the automatic product derivation and instantiation of
variability. The core idea is to use the variability
model, together with the current variant selection to
produce the binding of the variant parts. Depending on
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Figure 2 The Production Process



the binding time, the variant parts are bound in a dif-
ferent way. Thus, variation in binding time directly
influences the model-based production process and
leads to the production of different code. This is de-
picted in Figure 2.

The specific form of the production environment
and of the production process depends on numerous
parameters, including the type of artifacts supported,
the programming languages used, etc. Here, we will
focus on a particular example based on Java, which we
tried to keep as simple as possible for illustration pur-
poses. Of course, the implementation could be com-
bined with context-oriented or feature-oriented pro-
gramming [5, 13], instead of the straight-forward ap-
proach we use here. However, the key issue we address
is not the implementation technique, but the need of
communicating meta-variability in the product instan-
tiation process between product developer and the final
product. This goes beyond the existing approaches.

In order to evaluate the feasibility and appropriate-
ness of this idea, we constructed a simple, prototypical
production environment. The core idea of this envi-
ronment is the stringent separation of functional code
and the variability implementation, which we achieved
in a very simple way for our example, a more sophisti-
cated approach could include ideas from feature-
oriented or context-oriented programming.

3.1 Domain Engineering

The approach to product line modeling which is used
in our case study is based on decision modeling, an
approach initially devised in the Reuse-Driven Soft-
ware Process Guidebook [20]. The approach has been
later extended in several ways, e.g., [4, 19]. Here, we
will build in particular on the extensions as described
in [19]. However, we believe the basic approach is not
specifically influenced by the choice of variability
modeling approach and could be integrated in a similar
way with feature modeling or other approaches.

In accordance with the decision modeling ap-
proach, we capture the decisions that are relevant for
deciding about the product characteristics. Further, we
allow that for a single decision multiple appropriate
binding times can be recorded. So far, we have not yet
extended the modeling mechanism as far as enabling to
define constraints on binding times, thus, the semantics
is simply (as was initially defined in [19]) that during
instantiation any of the previously specified binding
times can be chosen for a concrete decision.

Besides the variability model (here the decision
model) the basic information about the product line
must be modeled. In general, this can happen in an
arbitrary modeling language, respectively, by a combi-

nation of multiple modeling approaches. There is no
specific restriction with respect to forms of modeling
that can be used. In the case study, that we will discuss
in Section 4 we will restrict our domain modeling actu-
ally to a Java implementation as this is a widely used
and well-known implementation language. Of course,
different types of artifacts may only allow for certain
variability attributes. For example, a runtime adapta-
tion of a UML model does not make too much sense.

Finally, a relation must be established between the
various decisions and the artifacts that are impacted by
these decisions. A high-level categorization of mecha-
nisms to realize artifact variability was given in [20]:

0 Physical Separation, i.e. to represent variant ele-
ments as physically distinct entities, e.g. as sepa-
rate files.

0 Target-Language specific mechanisms, e.g. tem-
plates, generics, alternatives in combination with
constants, etc.

0 Metaprogramming mechanisms to superimpose a
language for handling variations on top of the tar-
get language.

In our example, we will exclusively rely on mecha-
nisms that are yet supported by the target language and
in related IDEs, i.e. existing editing and refactoring
mechanisms or well-known add-ons e.g. by using
available IDE plugins and libraries.

As one interesting approach aspect-orientation
lends itself to variability implementation. Thus, we
decided to use Aspect] as part of the production envi-
ronment. Of course different choices would have been
possible as our case study does not depend on specific
realization techniques. The realization of variability
will be done by referring to the production code with
pointcuts as defined in aspect oriented programming
[11] and by the use of special purpose variables. The
use of special purpose variables is a target-language
specific mechanism that, in particular, relies on the
target language compiler (e.g. static evaluation of con-
stants, code elimination and inlining). Aspect oriented
programming may appear as a metaprogramming
mechanism (e.g. additional keywords are introduced as
in AspectJ versions prior to version 5) or as a mecha-
nism that relies on meta-information represented by
constructs of the target language (support of Java an-
notations since Aspect] 5). Combined with physical
separation and conditional packaging of the resulting
binaries, aspect oriented mechanisms act in our exam-
ple as a tool to easily realize binding at startup time
and runtime. An alternative, probably with some more
architectural effort, could be applying layers of col-
laborations or polymorphic selection and default ob-
jects [15].
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Figure 3 Instantiated Artifact Elements Model

As stated earlier, the specific form of the realization
of the instantation technique depends on a number of
parameters, including the programming language.
Other programming languages will require explicit
preprocessing mechanisms (categorized as metapro-
gramming in [20]) like the well known C preprocessor.
As we will rely on Java in our example, such preproc-
essing mechanisms are substituted by the use of if-
clauses with constant expressions, which are defined in
Java to be equivalent to preprocessing. We combine
this with target-language specific mechanisms facilities
of the core language like special purpose variables and
aspect oriented programming as described above.

3.2 Application Engineering

The aim of application engineering is to derive the
final product. Thus, based on values for the various
decisions (including the determination of the binding
time), feature artifact elements from the product line
model must be selected and combined (cf. Figure 3).
So far, this is very much the standard approach as it
has been realized in numerous other product line mod-
eling tools (e.g., [3]). This becomes more of an issue as
soon as binding times that involve runtime decisions
must be addressed. In this case, the code that binds
together the various feature implementations should be
generated.

In our approach, we generate variability code from
the decision model information and combine it with a
simple runtime part provided by the production envi-
ronment. Thus, if values and binding time are assigned
to a decision so that full instantiation is possible at de-
velopment time, the necessary artifact elements are

combined. If runtime decision making is required (e.g.,

during start-up), this decision must be modeled on the

level and in the representation of the artifact in ques-
tion. In our case study, as we will only deal with Java

Code, this will relate to the actual activation code.

This concept is shown in Figure 3. This figure
shows two possible artifact elements. They are related
by binding elements. These binding elements may take
different forms, depending on the kind of decision
taken and the binding time:

e In case the decision is taken to have only one of
those elements (and this is valid at development
time), the binding element simply needs to inte-
grate the artifact element with the remainder of the
model.

e In case the decision is taken to have both elements
present at runtime (and this decision is taken at
development time), the binding element must be-
come a connector that connects both elements si-
multaneously.

e In case the decision is taken to have one of the
elements, but the final decision which one is taken
at runtime, this needs to turn into a connector that
is evaluated at runtime.

Though this discussion is still rather abstract at this
point, it will probably become somewhat clearer as we
illustrate it in the next section based on a case study.

4. Case Study

In order to analyze the possibilities and implications of
making meta-variability explicit and treating it as a
first class citizen, we conducted a case study based on
an existing software system, with which we were al-
ready well acquainted: the SVNControl system [2].

4.1 Prototype Realization of the Production
Environment

The prototypical production environment contains

e the domain modeling view, an Eclipse plugin,
which maintains the decision definition table from
domain engineering (see section 4.3). The editor
allows creating, editing and deleting domain deci-
sions. In particular, for each domain decision the
allowed binding times, i.e. the binding range, and
a value range (currently boolean values, arbitrary
integer ranges and arbitrary enumerations are sup-
ported) constraining the instantiation of the deci-
sion can be specified. The domain definition table
is stored as a file in XMI format.

e the product derivation view, also part of the
Eclipse plugin used to specify the values of con-



crete decisions (as described in section 4.4). The
derivation view allows to provide values to non-
instantiated decisions, and the editing and deleting
of the concrete decisions. The concrete decision
values are stored as a file in XMI format, which is
linked to the domain definition table file.

e the code generator (as described in section 4.3)
and build management support, i.e. appropriate
ANT [1] tasks to
o0 Configure and run the code generator by

specifying the product decisions file and the
names of the classes to be generated.

0 Optionally execute a Java specific C-style pre-
processor based on the values of the product
decisions. Currently, the preprocessor is in-
tended to prepare the environment for other
target languages.

0 Clean up empty class files that result from the
execution of a preprocessor.

e the runtime core to be included into the final prod-
uct if decisions are left to the user and must be
made e.g. during startup or runtime. The runtime
core contains a default mechanism for user deci-
sion making and the implementation of value
range types in order to validate the user input.

The individual parts of the production environment

will be described along with the case study in the next

section.

4.2 The Base System

Our case study is based on the SVNControl system,
which provides a network based management interface
to the subversion system. The system was initially de-
veloped at the University of Hildesheim, but has been
released as Open Source [2]. Currently, it is still under
development and has been taken up by organizations
like UBS, GDV (association of German insurances),
and many others.

SVNControl is a remote administration tool with
graphical user interface for the version management
system Subversion. SVNControl supports the admini-
stration on repository level (e.g. to create, rename or
delete repositories consistently), user or group level,
access permission level and on scripting level, i.e. to
take control over several hooks controlling valid
check-ins etc.

Basic administrative functions are relevant to all
users and should therefore be treated as commonalities
in a product line. However, some more advanced fea-
tures like scheduling of permissions as well as script-
ing and hooks are candidates for a special distribution
for advanced administrators. Based on discussions with

users, also the entire user management is in question in
some environments, because often in organizations,
users and user attributes like groups are centrally ad-
ministered, e.g. by LDAP or ActiveDirectory and
therefore, this functionality should not be available.

While currently the product is built without vari-
ability, we decided it makes a good case study, as a
need for variability can be clearly identified and the
code is well known to the second author.

4.3 Modeling Variability

Following the brief introduction of SVNControl in the
section above, we will now discuss how we repre-
sented the variability using our prototypical production
environment in terms of the decision model approach
as described in [19]. Due to space limitations, we will
restrict ourselves to the variabilities for the scheduling
and the hook functionality.
The definition of a decision consists of:

e A unique name used to reference the decision.

e The relevancy specifies the circumstances under
which the definition is meaningful.

e Atextual description of the decision.

e A range to define or restrict the values that the
decision can take. The cardinality defines how
many values the decision (seen as a set) may have.

e Constraints among values of the various decision
variables

e Binding times: Define a range of points in time,
which describe when the decision can be bound to
a concrete value.

As mentioned above, we will discuss two decisions
in this case study. They refer to the capability of the
resulting product to administrate

O permissions using a scheduler.
o the hook scripting mechanism.

Figure 4 depicts the decision modeling view of our
production environment showing those decisions for
SVNControl. The definitions of the decisions can be
maintained in the domain decision table in the upper
left part. In particular, the user can specify a value
range (e.g. boolean values) and an individual binding
time range for each decision (in the lower part). In this
case study we will neither consider the relevance nor
the constraints of the decisions.

When the domain decision model is specified, the
information on the decisions must be transformed into
source code related information. Therefore, depending
on the binding time range of the individual decisions,
the code generator of our prototypical production envi-
ronment will produce a set of constants for each avail-



able binding time. We will now discuss how the rela-
tion between the decisions and the variant artifacts can
be realized for Java as target language.

In Java, compile time decisions can simply be rep-
resented as constant values to be evaluated as expres-
sions in alternatives (if-statements), because, according
to the Java Language Specification [8], the compiler
will evaluate the constants during compile time and
inline or exclude the source code influenced by the
alternative. Consequently, the if-statement in Java in
combination with constants acts like a preprocessor
statement in other languages. Of course, it would be
clearer to have an explicit preprocessing step, but this
is the way Java is defined. This confusion of preproc-
essing-IF and runtime-IF can be considered a short-
coming of the Java-language definition.

For example, if the decision is made at compile
time that the scheduling functionality should be avail-
able, the code generator will produce a constant class
containing a constant named according to the identifi-
cation of the decision and initialized with the given
default value as follows:

/**
* Configuration constant for the
* decision "Can user or group ..?".
*/
public static final boolean
OPT_SCHEDULES = false;

The production code itself may now contain appro-
priate alternatives depending on the value of the com-
pile time decision, e.g. in our case study code to dis-
play the related GUI elements in the case that the deci-
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sion value is true.

So far, this was standard implementation of a com-
pile time variability. However, the interesting part is
that the production environment can handle also
startup and runtime binding for the same decisions.

For these decisions more information must be taken
into account in order to construct an appropriate deci-
sion-making mechanism at startup time or runtime.
Taking the domain decision table as input, the model-
based generator will produce object constants (enum
values) that will carry additional information to be pro-
vided to the runtime decision-making mechanism.
Even if constants are generated, the related concrete
decision values may change during runtime of the pro-
gram, e.g. using a dialog which initializes itself accord-
ing to a set of these enum constants. The following
source code fragment depicts one of the produced
enum constants showing also some additional informa-
tion from the decision model like the description and
the value range:

/**

* Configuration constant for the

* decision "Can user or group ..?".

*/

OPT_SCHEDULES(**Can user or group..?"
,BooleanValueRange.
BOOLEAN_RANGE, ..),

Only two more steps are needed to make startup or
runtime decisions work: The decision-making dialog
must be called at an appropriate point of time in the
production code of SVNControl and SVNControl itself
must be able to react when a certain decision is made.
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Figure 4 The decision modeling view of our production environment.



To address both issues, we resort to using Aspect]
pointcuts to introduce startup calling code and to insert
the necessary code fragments from runtime variability
into the code. Other approaches (e.g., preprocessing)
could have been used as well for this task, however,
we use Aspect] as it provides rather clear and well-
known mechanisms. In addition, we used a legacy sys-
tem as a basis for our case study. Thus, it was a key
requirement to use technologies that enable the intro-
duction of variability with as little restructuring of ar-
chitecture and code as possible.

The examples shown in this case study are given in
the old style of Aspect) — Aspect] 5 facilitates Java
annotations so that no proprietary keywords are neces-
sary anymore. From a strict viewpoint, using the old
style of AspectJ implies the use of a metaprogramming
approach that is outside the target language. We will
ignore this minor issue here, because the example
could easily be refactored to new style and the well-
known notation simplifies reading this paper.

Using Aspect], the Java compiler as well as the
runtime environment of the final product will be en-
hanced by code weaving facilities as indicated in
Figure 2. The following example shows the pointcut
related to the startup time decision for permission
schedules in SVNControl. StartupConfigura-
tion is assumed to be the enum class produced by the
code generator for startup time decisions. Method pa-
rameters are not shown to keep the example simple.

aspect Startup_Schedules {

pointcut myClass():
within(MainWindow) ;

pointcut myMethod(): myClass() &&
execution(void MainWindow.
initializeDynamicElements());

before(): myMethod() {
if (StartupConfiguration.
OPT_SCHEDULES.getBooleanvalue()) {
// activate the scheduler Ul
}

}

The code artifacts to be injected for runtime deci-
sions look similar. A runtime related aspect defines the
call to the decision-making mechanism, e.g. as an ac-
tion of a special menu item. To notify SVNControl
about changes of the runtime decision value, the point-

cut may register an observer [7] in the runtime core of
our production environment. The concrete application
may then react appropriately when a value is changed,
i.e. in the case of SVNControl by enabling or disabling
GUI parts related to the decision.

Due to the architecture of SVNControl, all vari-
abilities sketched in this paper can be realized in a
similar way as presented in this section.

By providing information on all binding times of
each decision specified in the domain decision table
and by separating the binding time related code into
several aspects, we gain the flexibility to relate the
realizing artifacts to decisions at development time and
to postpone the decision on the concrete binding times
until product derivation time and finally to smoothly
switch among the available binding opportunities while
product derivation time. In the next section, the mecha-
nisms related to product derivation will be discussed.

4.3 Deriving the Products

Based on the results of the variability modeling and the
domain engineering, i.e. the domain decision table, the
initially generated constant sets for the supported bind-
ing times and the (implemented) pointcuts, now our
production environment can be used to derive concrete
products by instantiating the decisions and to build the
individual products.

Using the product derivation view shown in Figure
5, the product engineer can now determine the concrete
(initial) value, the binding time of all decisions previ-
ously specified in the domain decision table and the
related code artifacts. Then, by executing the model-
based code generator, the constant sets in the produc-
tion code are (re)generated and the concrete values are
stored in the production code of SVNControl. In par-
ticular, this step is important for the compile time deci-
sions, because it determines the concrete values of the
constants. Thereby, additional build information for the
following build steps is gathered in order to give the
current decision values control over the binary packag-
ing process and, therefore, to influence which classes
or pointcuts will be present in the final product. The
next build step removes existing binaries from previ-
ous builds and calls the compiler with respect to the
relevant pointcuts. Finally, based on the generated
packaging information, only the binaries related to the
selected decisions will be assembled together into ex-
ecutable Java archives.



4.4 Results

We have applied our prototypical production environ-
ment to introduce and realize compile-time, startup-
time and runtime decisions in the context of the
SVNControl application. Based on the decision model
maintained by the domain and application modeling
view of the Eclipse plugin, the generated constant
classes, the runtime part and the build support, it was
easy to realize the discussed decisions and therefore
the intended variability. In particular, with little over-
head also binding times postponed to application deci-
sions can be realized easily.

The code produced by the model-based code gen-
erator is easy to read and fits to usual source code con-
ventions. Beside tests whether the intended binding
time for the decisions is realized and functional, we
were also interested, whether the proper binary parts
appear in the packaged result and whether the binaries
related to disabled binding times disappear. Therefore,
all tests were carried out after rebuilding and repackag-
ing SVNControl. The intended functionality was fully
functional and only the binary parts selected by the
binding times in concrete decisions appeared in the
packaged application, i.e. unintended binary fragments
were completely absent. Thus, the production process
that has been set actually achieved its underlying goals.

5. Summary and Outlook

In this paper, we argued for the importance of meta-
variability. This concept describes the variation of
variation attributes (as opposed to the mere variation of
product characteristics). Meta-Variability, especially in
its form of binding time variability is actually relevant,
but has so far not been dealt with.
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Figure 5 The product derivation view of our
production environment.

We showed that by setting up an adequate produc-
tion environment for variant code, we are able to deal
with binding time variability very easily and in a ca-
nonical manner. We presented a case study of a system
that is currently in daily use, introduced the variabili-
ties artificially in order to have a “clean” test-bed.

The prototypical production environment showed
that systematic support of binding time variability is
possible.

In the future, we will study also other forms of
meta-variability (e.g., the variability of constraints) and
will aim to enhance our production environment along
these lines. Furthermore, specific editors are planned to
also support arbitrary artifacts.

We will further study possibilities of integrating
our model-based generation with our forms of model-
based code generation, in order to arrive at a seamless
integration with target-language independent model-
based development.
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