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1. Introduction

We intended to find if in combining FOP and AOP
methodologies we could devise a solution which reduces
complexity and maintainability of a given software sys-
tem. Additionally we worked to analyze FOP and AOP
as individual methodologies and critiqued their strengths
and weaknesses.

One of the issues in the feature-oriented programming (FOP)
paradigm is the proliferation of very similar or identical fea-
tures throughout the diagram and, consequently, the imple-
mentation. This leads to unnecessary code duplication and
complicates both the modeling and implementation of the
program. Our work combines aspects from aspect-oriented
programming (AOP) into the stepwise refinement method
of FOP to reduce both the code duplication problems and
the overall complexity of a software systems design and im-
plementation. To accomplish this we proposed a modified
feature diagram to model a combined AOP and FOP pro-
gram, and produced a small example as a proof of concept
using FeatureIDE and Aspect]. Additionally we examine the
individual strengths and weaknesses of FOP and AOP in the
light of the aforementioned tools. The paper is structured
as follows: a discussion of related work and introduction of
AOP and FOP, details of our methodology, and finally our
results and summary.

2. Related Work

Here we will present the current state of FOP and AOP
research, paying particular respect to the AHEAD Tool Suite
(2) and Aspect] (12). We will then discuss current research
which focuses on a fusion of FOP and AOP.

2.1 Feature Oriented Programming

FOP is a relatively new programming paradigm whereby
programs are modeled as sets of features that in aggregate
represent the final product. FOP was designed with an eye
towards software product lines (8), which allows for signif-
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icant code reuse and the generation of arbitrary programs
consisting of user-selected features. The intent is that this
will increase code reuse and modularity, while reducing code
bloat and proliferation of unnecessary program elements. A
related programming and modeling paradigm is variability
modeling. Variability modeling also is aimed at software
product lines and code reuse (7).

For our research we used the AHEAD and FeatureIDE tool
suites. These work by modifying a base program with in-
cremental refinements that are called features. These fea-
tures correspond directly to those in a feature diagram mod-
eled during feature-oriented domain analysis, aka FODA
(2). Currently, the creators of the AHEAD tool suite are
working on algorithms to understand modifications occur-
ring between feature diagrams (4). Other aspects of their
research include computational design (5) and generation of
test cases for software product lines (6).

2.2 Aspect Oriented Programming

AOP is a programming methodology which is used to ad-
dress crosscutting concerns within a system. A typical ex-
ample of a crosscut would be logging. This is because in
object-oriented systems logging is often a repetitive task
carried out in a variety of different classes. To deal with
this, aspects can define a set of join-points, which are well-
specified areas of code. When a join-point occurs, a pointcut
is created to inject advice at the specified join-point. Advice
is the actual implementation of a task such as logging or er-
ror handeling in one centralized place. Aspects are therefore
a powerful technique to inject advice into a code base with-
out actually modifying any existing code.

The AOP research community is currently focusing on ana-
lyzing the effects of AOP in various forms. Design patterns,
which are a method of expressing solutions to recurring
problems, are being explored by Cacho et al. This group
is working on utilizing aspects with design paterns to asses
if AOP can help handle problems relating to pattern inter-
actions (18). Kulesza et al. have worked on analyzing the
use of aspects for maintenance tasks in a quantitative study,
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Figure 1. A feature diagram of a simple calculator. Note the
repeated error handeling feature.

determining that AOP systems lead to more stability and
reusability (19). Work is also being done relating to the di-
rect applicability of AOP and web services. This has been
popular in efforts geared toward making code more manage-
able and reusable (20).

At the forefront of AOP implementations is Aspect], where
active development continues today. Currently, Aspect] has
an open-source community and regularly addresses issues,
bugs and other work items on a rolling three month schedule.
This is a well-formed community and is leading to a more
stable and refined system to work with as time progresses.

2.3 Feature and Aspect Research

There are currently a few different groups pursuing research
relating to aspects and features. Lee et al. are working on a
refined method for coupling feature oriented analysis with
AOP (16). Batory et al. have recently discussed when the
use of features and aspects is called for (17), whereas other
members of the same research group are also discussing the
usability of a system containing features and aspects (15).
It seems relatively little research which explicitly relates to
both AOP and FOP usability is being done outside the Prod-
uct Line Architecture Research Group headed by Batory.

3. Methodology

For the purposes of examining the merits and downfalls of
AOP and FOP we created a few small test programs de-
signed to explore these programming methodologies and the
existing tool support. This was somewhat tangential to our
primary goal of combining FOP and AOP and thus is dis-
cussed only briefly in our evaluation section as the design
and implementation of these programs is not particularly in-
teresting or relevant to our main goal.

Our method to develop a software system including both
features and aspects consisted of three steps. The first was
modeling a combined feature and aspect program as a mod-
ified feature diagram, this will be described shortly. Second,
we implemented the core program in FOP, utilizing the Fea-
tureIDE tool set for Eclipse. The third and final step was
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Figure 2. The calculator feature diagram with aspect coloring.
The coloring reduces the size of the diagram and clearly marks
what features will be influenced by an aspect.

the application of aspects (via Aspect]) to the generated java
source code from FeatureIDE.

3.1 Feature and Aspect Modeling

One of the first problems to address when considering an
FOP implementation is how to graphically represent the sys-
tem in such a way that it is directly implementatble from
a completed feature diagram and minimizes redundancy of
features. Figure 1 represents a feature diagram of a calcu-
lator which has three recurring features, Error Handeling.
The mathematical functions Square Root, Log and Factorial
all require a value greater than zero to be taken as input.
Therefore, to implement this error handeling feature across
all of these features, we introduce an aspect which obvi-
ates the need to hand code these recurring features multi-
ple times. To represent the removal of this redundancy and
the addition of an aspect in the feature model, we add a col-
oring mechanism which reduces clutter and improves read-
ability as shown in Figure 2. The coloring mechanism adds
a color (or it could easily be some small symbol) to the fea-
ture model. Features that have the same color all have some
equivalent cross-cutting concern which is then detailed in a
key adjacent to the diagram. Note how a small aspect can
have a significant impact in reducing the model size. Figure
3 shows the necessary code to implement the error handel-
ing aspect, which impacts three features in our example. This
new notation method reduces the visual complexity of the di-
agram, improves understandability when implementing fea-
tures that would otherwise be repeated throughout the code
base, and clearly demarcates where and what the aspects will
affect.

pointcut errorHandler(double d) : call(* Calculator.calculate(double))
&& (target(Factorial)
| Itarget(Log)
| Itarget(SquareRoot))
&& args(d);
before() : errorHandler(double d)
{

1f(d<0)

throw new IllegalArgumentException("Positive numbers only, please.");

Figure 3. Error handling code for an aspect.
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Figure 4. Colored feature diagram for the shipping calculator test program.

3.2 A Shipping Calculator Example

To illustrate the use of aspects and features in a software
system, we have developed a generic command-line ship-
ping calculator. The goal of this program implementation is
to identify the benefits of incorporating aspects into a fea-
ture oriented system using currently available software. Due
to this being a proof of concept, we aimed at creation of a
basic functioning program, not an ideal solution for shipping
calculators.

Our shipping calculator contains several features: a ship-
ping method of air or ground, a distance calculator based on
volume or weight of an item, and optional hazardous, frag-
ile and flat-rate fees. Additional functionality (and reduced
code duplication) is incorporated through aspects: logging
the shipment of an item, error handling for incorrect input,
and holiday discounts for free fragile-item shipping and re-
duced cost ground shipping. See Figure 4 for the feature and
aspect model of this system.

3.2.1 Feature Development

The core program and functionality was developed using
AHEAD through the FeatureIDE Tool suite in the Eclipse
development studio. This was a straightforward FOP devel-
opment. Though we intended to also have the FOP portion
automatically generate the appropriate input prompts (note
input generator feature in Figure 4) as user selected in the
feature model, in the interest of time we chose to omit this.
This omission did not affect our results as we were inter-
ested in a proof of concept using off the shelf tools, not the
generation of a fully functioning software product line.

As far as implementation details are concerned, each of the
individual features was coded in a .jak file and automatically
composed via the AHEAD tool suit. These composed files
were compilable java source files that could be called via an-
other client program, and thus were also the files that were
referenced by the aspects discussed in the following section.

3.2.2 Aspect Development

The next step in the development of our shipping calculator
was to add various aspects for cross-cutting features. The
first cross-cut implemented was shipped-package logging.
Aspects generally lend themselves quite well to logging, and
this was not an exception. After a user has input a package
to the system, we logged that package and it’s shipping type
(ground, air or flat-rate) by creating a pointcut anytime the
methods groundFee, airFee or flatrate finished execution
(see Figure 5 for a code example).

L the completior 1 shipped package via t-rate
pointcut itemShipped() : call(* FlatFees.FlatShip(..))I|
call(* ShipType.*Fee(..));

after() : itemShipped(){

System.out.print("A Package has been shipped via: ");

if(thisJoinPoint.getClass()==FlatFees.class)
System.out.println("Flat-Rate Shipping.");

String temp = thisJoinPoint.getSignature().toShortString();

if(temp.contains("FlatShip"))z
System.out.println("Flat-Rate Shipping.");

else if (temp.contains("Air"))
System.out.println("Air Shipping.");

else
System.out.println("Ground Shipping.");

Figure 5. Package logging aspect for shipping calculator.

The second cross-cut in our model was error-handeling.
No input should be collected in the ’DistanceFees’, ’Flat-
Fees’ or ’ShipType’ features (and all corresponding subfea-
tures) which is a negative number. We assume that this ad-
vice should not be generic enough to execute outside of the
specified classes for future maintainability purposes. To do
this we simply add the within(Class) modifier to our point-
cut.

The previous two aspects were implemented using standard
public advice. For the last feature we utilized a priviledged
aspect, which can see and modify any object within a class.
Currently this ability is seen as too over-reaching but for now
remains in Aspect] implementations. Our priviledged aspect
is a holiday bonus modification, which will offer no fee for
fragile items, 33% off air shipping and 45% off ground ship-

ping.
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4. Evaluation

Here we present an evaluation of our experiences with FOP,
AOP, and combining the two paradigms.

4.1 Feature Oriented Programming Analysis
4.1.1 Strengths

FOP and feature diagramming allows for a logical design
structure. We have a hierarchical decomposition of a pro-
gram into its constituent features. This approach tends to
mimic, in our opinion, the actual thought process behind the
design of a product for use in software product lines. A prod-
uct of this approach has the ability to generate a wide variety
of programs without designing each one from the ground
up. Additionally, given a well-defined set of constraints, it
becomes possible for an unskilled user to detail and gener-
ate a program which fits their needs precisely, rather than a
system containing extraneous functionality.

In a depth first search (DFS) program we built, we were
able to see these previously mentioned strengths of fea-
ture oriented programming. One was the ability to gener-
ate many similar, but functionally different programs from
the same set of features simply through selection of the de-
sired features. For example changing between a directed or
undirected graph, or choosing whether or not the program
would classify the edges. Additionally, with carefully de-
signed models and equations it becomes impossible for a
user to create an invalid program. As another example, in
our DFS program the connected component identifier only
worked with undirected graphs, but with properly imple-
mented constraints, it was impossible for a user to select
this invalid combination of features. This feature selection
illustrates the aforementioned ability for an unskilled user to
select the desired program functionality with no knowledge
of the underlying code.

4.1.2 Weaknesses

Beyond the feature and code duplication problems men-
tioned earlier, perhaps the biggest pitfall of both this design
paradigm and the related variability modeling is scalabil-
ity. Both feature diagrams and variability models grow at
staggering rates when the programs become even moder-
ately complex. Compounding this problem is the nature of
interactions between features. The selection of one feature
or asset can necessarily preclude or enforce the selections
of others. This is a difficult problem in that it becomes hard
to create and present, in a human-understandable fashion,
the complex interactions between feature choices and con-
straint propagation. Even in the small DFS program we im-
plemented it was necessary to hand code several constraints
that occasionally interacted in surprising ways.

Another problem which is prevalent in almost any new
programming paradigm is that of effective debugging and

FOP is no exception. With the complex interactions between
many features and constraints it can become very difficult
to track down the source of a bug, even more so than in
more conventional purely object oriented systems due to the
scattered nature of feature selection,propagation, and inter-
action.

Yet another issue is that there can be a disconnect between
the feature diagram and the actual implementation. This
is particularly evident in the stepwise refinement found in
AHEAD. For example, let us examine an abstract data type
as it would exist in a feature diagram. We have our access
methods, manipulation methods, calculations, etc. each as
individual features. While it makes sense from a design per-
spective to decompose these into atomic features beneath
the ADT, it becomes quite messy as an implementation, and
unnecessary if all those features are mandatory across any
selection of other features. Unless care is taken we can have
a needless proliferation of features as well as a confusing
spread of code.

All of the above are in essence scalability problems. They
are easy enough to deal with in a small program but quickly
balloon to unmanageable sizes in even moderately sized im-
plementations. This highlights the need for a fundamental
change in how we approach the design and creation of soft-
ware product lines under this programming paradigm. There
are many possible small tweaks that could ease these issues,
such as intelligent abstraction of parts of diagrams, and com-
pressing mandatory features into singular entities. However,
the primary issue still remains of complicated interactions
between features, and explosion of diagram size and model
size as product lines increase in complexity. We hope that
our modest revision of feature diagramming and combined
FOP-AOP programming will alleviate some of the above
scalability concerns.

4.2 Aspect Oriented Programming Analysis
4.2.1 Strengths

In general, aspects are described to be useful mostly for log-
ging purposes. While this is true, there are other features to
aspect oriented programming which have a positive impact
when mixing with feature oriented programming. As shown
in section 3.1, we can use aspects to eliminate the need for
recurring features, such as error handeling. The error handel-
ing in our shipping calculator, shown in Section 3.2, could
have been made more generic to ensure a positive number
for all input in the system. This would have resulted in one
aspect checking user input across sixteen different method
calls in our software system, which is a generous gain!

Just as aspects are capable of being extremely general, they

are also well-equipped to handle very fine-grained areas of a
software system. A join-point can be defined to entail a spe-
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cific class, a method call within a class, another join-point,
or even another aspect. The ability to determine when an
event is occuring within a software system, and not need to
modify any code creates a large benefit in the maintainability
and integrity of the system.

4.2.2 Weaknesses

Relevant to Aspect], there are a few key drawbacks. First,
the capabilities of privledged aspects are far-reaching. One
can literally modify private member variables of any object
within any class. This seems like a recipe for disaster in that
the capability to change various values of any object, regard-
less of declaration, explicitly removes data hiding function-
ality within a software system.

Debugging an aspect can be rather tedious as well. Aspects
are notoriously buggy during development because of a lack
of useful error messages and warnings. During runtime, ad-
vice will be ignored if a pointcut is improperly defined, but
that is the only information the programmer receives. Any
additional information relating to why the advice was ig-
nored could help prevent the need for endless searching for
errors within a code fragment.

Another potential problem with advice is generality. While
this can be a positive, it is quite possible to implement
overly-general advice. In the original implementation of our
shipping calculator, an error was thrown in the driver class
anytime a user entered zero, which often was valid input. It is
easy to imagne an aspect having the capability for overreach-
ing its mandate on a large system if too general a join-point
is defined.

4.3 Analysis of Combinded FOP and AOP program

The perceived, meaning hoped for, benefits of incorporating
FOP and AOP together are fairly obvious. The elimination
of redundancy in feature models, a smaller code base, in-
creased maintainability and decreased code complexity. All
of these benefits were, in our eyes, ultimately achieved and
demonstrated in our example implementation.

To model our domain for the shipping calculator, we initially
utilized the FOP model with aspects represented in the tradi-
tional dashed line format (An example in UML is shown in
Figure 6) (12). Each aspects lines would connect to various
features in our feature model. It became quickly apparant
that such a method would be, even in a moderately sized fea-
ture model, difficult to understand and elegantly draw. Our
proposed coloring mechanism makes a feature model with
aspects scale much easier for larger project sizes. Addition-
ally, we were able to immediately understand the context and
influence of aspects based on the clear and concise visual
representation. The implementation of our model involved a
layering of aspects onto the completed feature oriented ship-
ping calculator. In a large-scale system, it would be possible

for seperate programmers to build aspects and features con-
currently based on a detailed feature model. Though more
time-consuming, our approach was strictly linear.

Another noticeable gain in our system was a reduction in
code-complexity. Aspects, generally amounting to no more
than ten lines of code, were able to properly affect sixteen
places within our small system. That is a huge amount of
savings in terms of coding time. By not having any need for
copy/paste coding, we are able to maximize our efforts in
other areas of the system and its development.

FeatureIDE allows for generation of multiple variations of
a system, based on feature selection and interaction. We
thought this could be a potential problem but aspects, as im-
plemented in Aspect], are able to be ignored if a FeatureIDE
generation does not involve a specific aspect. This is a use-
ful trait because there is no need for removal or modification
of aspects if an aspect is no longer pertinent to a particular
variation of a generated FOP program. This can be consid-
ered positive from a maintainability standpoint. If we had to
specify which features were acting on various subsystems
our modeling and implementation would be significantly
more complex.

There are still some issues to be addressed with combined
FOP and AOP architectures in addition to their individual
problems. First off, generality can still be a concern with
aspects in this architecture. If the scope of an aspect is not
limited, it is quite possible to still have an aspect affect more
features in a system than intended. This is also partly due
to FeatureIDE generating quite a bid of extra code. The best
method for preventing such an issue is to explicitly state the
context of an aspect, or what classes an aspect should offer
advice in.

Alternatively, the generality of aspects can also be entic-
ing for certain situations. Easily defined general aspects can
add advice, in a menial amount of code, to a huge number
of features operating in a system. This solves issues such as
constraint propagation in FeatureIDE of recurring features.
Therefore, because it is up to the programmer to decide on
the generality/specificity of an aspect, it can be thought of as
both a pro and a con depending on the situation.

Shape
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UpdateSignaling ‘

[ +moveBy ( dx : Integer, dy : Integer) |

change () teut>> |
update ()

Figure 6. An aspect pointing to an object with a dashed line.
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5. Conclusion

Overall, we found that FeatureIDE and Aspect] surprisingly
work very well together. There was no need to modify the
java source output from FeatureIDE’s composed .jak files
and no need for basing advice on quirky semantics of a gen-
erated system. Our initial expectation was that some mod-
ification of FeatureIDE’s generated code would be needed
in order for Aspect] to recognize various FeatureIDE pecu-
liarities. This was not the case; no retrofitting of FeatureIDE
or Aspect] was needed which was very encouraging at the
onset of this project. After concluding our work with de-
veloping a system using these tools we were able to form
various conclusions relating to gains in various areas of the
development lifecycle.

It is clear to us that AOP is very complementary towards
FOP systems. If an architecture based on features is needed,
aspects can add valuable capabilities which make up for
FOP shortcomings. This is especially the case in function-
ality crossing multiple features such as error handling. Be-
cause of this the addition of an AOP language can simplify
the construction of a given FOP designed program. Some
worthwhile future work would be to investigate the quanti-
tative gains made in development time of two systems—one
with features only and another which incorporates aspects.

In building this system, we were able to cultivate a new
modeling mechanism for combining these two programming
paradigms. We believe this addresses some scalability issues
of FOP modeling. Our modeling mechanism, which reduces
or eliminates recurring features also allows for greater ease
in using FeatureIDE because there are less constraint propa-
gations to work through during implementation when simi-
lar features occuring in multiple areas of the FOP model are
withdrawn and defined as aspects.

In the end, we have found that the combination of Aspects
into an FOP designed program was surpsingly easy to imple-
ment. Even with a mashed together implementation of two
unrelated off the shelf tools, we demonstrated the viability
and usefulfness of a new combined design and implementa-
tion methodology.

The FeatureIDE Eclipse project and Aspect] may be

downloaded at this link www.soe.ucsc.edu/ iadams/Proj.zip

If the reader wishes to view the other code mentioned
in this write up, please contact the authors.
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