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Introduction 

A number of new modularization techniques are emerging to cope with the challenges of contemporary software 

engineering, such as Aspect-Oriented Software Development (AOSD), Feature-Oriented Programming (FOP), and the like. 

The effective assessment of such technologies plays a pivotal role in (i) understanding of their costs and benefits when 

compared to conventional development techniques, and (ii) their effective transfer to mainstream software development. 

Workshop Goals 

The main goal of this workshop is to put together researchers and practitioners with different backgrounds in order to 

discuss open issues on the assessment of contemporary modularization techniques, such as: 

1. How do new modularization techniques affect working practices and help with software development and 

evolution? What guidelines can be established from assessment results to improve working practices? 

2. What is the impact of using conventional quantitative metrics to assess software modularity? Are they effective 

enough to assess contemporary modularity techniques? How can we validate assessment mechanisms? 

3. To what extent does assessment depend on extensive experience in practice? How can observations of 

practitioners help in assessment of contemporary modularization techniques? 

4. What are the potential paths leading to more effective modularization techniques? 

5. How can we compare these modularization techniques, reconcile their seemingly different appearance, and 

synthesize their applications to design software more effectively? 

Topics of Interest 

The workshop is intended to cover a wide range of topics, from theoretical foundations to assessment frameworks and 

empirical studies involving contemporary software modularity techniques. Topics of interest include the following (but not 

limited to): 

• Lessons learned from assessing new modularization techniques 

• Empirical studies and industrial experiences 

• Comparative studies between new modularization techniques and conventional ones 

• Assessment frameworks 

• Software metrics and estimation models 

• Validation of assessment techniques and mechanisms 

• Assessment techniques, methods and tools to different phases of the software lifecycle 

• Development of predictive models of defect rates and reliability from real data 

• Infrastructure issues, such as measurement theory, experimental design, and analysis approaches 

• Improvement of modularization techniques based on assessment. 
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Abstract  

Common metrics of design modularity include coupling, 

cohesion, separation of concerns, etc. Large number of 

modularity assessment work has been done at the level of 

source code as retrospective empirical studies, but few at 

design level. In addition, these metrics are limited in terms 

of showing how tasks can be assigned to independent 

groups, and how the design enables parallel development. 

In fact, the term module used in traditional modularity as-

sessment is not always consistent with Parnas’s canonical 

definition: independent task assignment. In this paper, we 

propose to measure modularity in design in term of inde-

pendent task modules. The idea is to use design structure 

matrices to represent a design, automatically cluster the 

DSM to reveal independent modules, and assess to what 

extent the design can be independently implemented or 

changed.  

Keywords Software Design, Modularity, Metrics 

1. Introduction 

Software developers usually refer functions, classes, or 

components as modules, and large number of work has 

been done to measure the coupling and cohesion among 

modules defined this way [3][4]. Modern programming 

paradigms, such as OOD, AOP, and FOP extend the defini-

tion of modules to include new program constructs, such as 

aspects, and researchers have conducted numerous empiri-

cal studies to assess the impact of different programming 

paradigms on software modularity [2][3][4].  

 

We observe two issues in prevailing definition of module 

and modularity assessment methods. First, Parnas proposed 

a widely recognized definition of a module, that is, an inde-

pendent task assignment [5]. Due to their interdependen-

cies, functions, classes, or aspects do not capture how a 

design can be decomposed into independent task assign-

ments that can be accomplished in parallel. Second, prevail-

ing metrics, such as coupling, cohesion, and separation of 

concerns, are usually used to assess source code, but not the 

design that precedes and dominates coding. Finally, how 

well a design can support independent and modularized 

implementation and evolution can not be measured effec-

tively by these commonly-used metrics. For example, the 

prevailing separation of concern assessment measures how 

concerns are spread in code, but not to what extend the de-

sign can support parallel evolution.  

 

We propose to develop a new metric, based on design 

structure matrix (DSM), to measure the extent to which a 

software design can support independent and parallel im-

plementation and evolution. We use Parnas’s definition of 

modules, independent task assignments, and show how a 

module can be captured in a DSM. We also propose to de-

velop a method to automatically cluster a DSM so that in-

dependent modules can be manifested automatically. We 

will introduce the definition of DSM, modules, and the new 

modularity metric in the next section.  

 

Parnas’s definition of module can be generally applied re-

gardless of programming paradigms in use, and can be used 

in both design and implementation. Similarly, the modulari-

ty metric we are proposing can also be generally applied in 

various programming paradigms, traditional or contempo-

rary. The DSM modeling spans the boundary of design and 

implementation because both can be modeled simultaneous-

ly in the same DSM model. As a result, the derived mod-

ularity metric can be used to assess  how well a design can 

support independent task assignment, how its implementa-

tion are decomposed, how the design tasks and implementa-

tions tasks can be assigned together, etc.  We use a small 

example to illustrate the definitions and the idea.  
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2. An Example 

This section introduces how independent modules can be 

captured by a DSM, and the new modularity metric. Figure 

1 shows a DSM modeling a maze game design using an 

Abstract Factory Pattern. A DSM is a square matrix in 

which the columns and rows are labeled with design va-

riables and a marked cell models that the design decision on 

the row depends on the decision on the column.  

Previous work has shown that an important concept in 

software design is the notion of design rules[1][6]. A de-

sign rule is a stable design decision that serves as an inter-

face that decouples two previously coupled decisions. In a 

DSM, design rules can be modeled as variables that precede 

sublimating decisions, and there are no dependencies from 

design rules to subordinating decisions. In Figure 1, the 

gray area is the impact area of design rules. That is, va-

riables 1 to 13 are interfaces that are visible to more than 

one subordinating design decisions.  

 

Given the definition of DRs, we can define a module as an 

independent block along the diagonal in a DSM. By “an 

independent block”, we mean a set of design variables that 

only depend on design rules, but not on other independent 

blocks. In Figure 1, the modules are shown in rows/columns 

14-24. The dark boxes indicate modules. For example, va-

riables 17 (EnchantedMazeFactory_impl) and 18 (Enchan-

tedMazeFactory_interface) are aggregated into one module, 

which means that the design and implementation of this 

module can be done independently as long as the design 

rules are stable.  

 

The above definitions allow us to define a new modularity 

metric: the level of independence (LI). We define LI as the 

following: LI = Independent Module Size / Overall Size. 

The rationale is that the more variables in independent 

modules, the larger part of the system can be evolved inde-

pendently. The LI for the maze game design shown in Fig-

ure 1 is 0.46. We have used this metric to compare the two 

Key Word in Context designs Parnas presented in his se-

minal paper [5]. The LI for the information hiding design is 

60%, and the LI for the sequential design is 44%, showing 

that the information hiding design is better modularized.  

3. Conclusions and Discussions 

This paper presents a new modularity metric, the Level of 

Independence (LI), based on Parnas’s definition of module 

and design structure matrix modeling. We preliminarily 

assessed several canonical and design patterns, showing 

that this metric has the potential to compare designs in 

terms of modularity concisely and precisely.  

 

Baldwin and Clark’s net option value (NOV) analysis pro-

vides a more comprehensive ways to assess design mod-

ularity. Our metric is consistent with NOV analysis in that 

the higher the LI, the more independent modules exist, and 

hence more option values can be generated .Our metric is 

simpler and easier to use in that computing LI does not re-

quire the user to estimate vague parameters required by 

NOV analysis, such as technical potential.  

 

The metric needs to be further developed to account for the 

sizes of each individual module. For example, it is possible 

that large number of variables is aggregated into one big 

but independent block that needs to be further decomposed. 

On the other hand, if such a big blob exits as an indepen-

dent module, then the user can visualize it immediately 

from the DSM, making it unnecessary to rely on a number 

to detect its existence.  

 

The key enabler of this metric is to correctly clustering a 

DSM so that independent modules can manifest themselves. 

We are developing an algorithm to automatically cluster a 

DSM to manifest its independent modules. The DSM in 

Figure 1 is automatically generated from our prototype tool 

that implements the algorithm.   
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Towards Probabilistic Assessment of Modularity
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1. Introduction
With recent trends showing increasing rates of software evo-
lution and complexity, modularity is more important than it
ever has been for on-time, on-budget software development.
Assessing modularity is important for both evaluating cur-
rent software quality and planning future changes. This lat-
ter use case is becoming more relevant as open-source mod-
els become more common and developers contribute to code
with which they may be quite unfamiliar.

Software engineers tasked with implementing specific
changes to unfamiliar software might ask questions such as:

Q1 Which program elements are the most depended upon
across the system? ... within a component?

Q2 Which program elements are the most fragile (likely to
change)?

Q3 Which program elements are most likely to be affected
by ripple effects given a set of changes?

Q4 Which program elements were most influential during
some execution of a test case?

Traditional modularity metrics do not provide immediate
answers to these questions. To assist in answering such ques-
tions, we propose new modularity metrics based on proba-
bilistic computations over weighted design structure matri-
ces (DSMs) [1], also known as dependency structure ma-
trices. We define how these metrics are calculated, discuss
some practical applications, and conclude with future work.

2. Probabilistic Analysis of Modularity
DSMs are an established technique for assessing the mod-
ularity of a software system [7, 8]. DSMs model the pair-
wise dependencies between design elements and program el-
ements in matrix format. Both rows and columns are labeled
with these elements. Each matrix cell models the degree to
which the element corresponding to that row depends on the
element corresponding to that column. Clustering and parti-
tioning algorithms can be applied to organize dependencies
within the system. Tools such as LDM [7] generate DSMs by
examining static dependencies within source code. In LDM
dependency weights can be counts of individual dependen-
cies (e.g., number of method calls, class instantiations, etc.)

or can be knowledge based (such as the number of classes
referenced).

Our goal is to extrapolate from these individual pair-
wise dependencies more information about the dependent
structure of the system as a whole. We propose that the
DSM can be used to form a probabilistic model measuring
system-wide dependency, termed the Dependency Propaga-
tion Ranking, as follows: Define the Assessment Graph as a
weighted directed graph in which the vertices are design or
program elements and the edges represent the probability of
the source element affecting the target element if the source
element changes.

These edges are derived from the dependency informa-
tion in the DSM, such that if element A depends on element
B in the DSM, then an edge will be created from vertex A to
vertex B in the Assessment Graph. The weight of the edge is
a function of both the corresponding weight in the cell of the
DSM and a normalization algorithm. Note that there never is
more than one edge between any given pair of vertices. This
allows the graph to be represented as a weighted edge ma-
trix, where the value of the cell at row i and column j is the
weight of the edge from i to j or 0 if there is no such edge.

The weighted edge matrix, M , of the Assessment Graph
can represent the stochastic matrix of a time-homogeneous
Markov chain if the following two conditions are met:

1. Normalized edge weights: For each vertex i, the sum of
all of the probabilities moving from vertex i to other ver-
tices must be exactly 1. In other words, the values must
sum to 1 for each row in the matrix. This is accomplished
by applying a normalization algorithm, with the simplest
one being M ′

i,j = Mi,j/
∑

k Mi,k.

2. All vertices must have at least one edge: In our graph con-
struction algorithm above, elements that did not depend
on any other elements would have zero edges in the graph
and thus be sinks. This can be fixed by adding edges from
each sink vertex to every other vertex in the graph, giv-
ing weight 1/|M | to each edge. This does not affect the
metric values produced from the probabilistic model [2].

This Markov chain now represents the probabilistic propa-
gation of dependencies within the system. A full armament
of probabilistic analyses can be applied to the Markov chain.
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One such analysis is the calculation of the stationary distri-
bution of the Markov chain, which would provide a global
ranking of dependency (such that components that are more
highly depended upon are ranked higher). This is analogous
to the representation and calculation of global web page
ranking in PageRank [6] and of global trust values in Eigen-
Trust [4]. Computational calculation is straightforward and
proceeds by iteratively calculating the principle left eigen-
vector of M . Care must be taken to ensure that the calcula-
tion will converge. Applying a damping factor in the itera-
tive calculation ensures convergence, and we postulate that
it will not unduly affect the usefulness of the results, as was
the case in [6, 4]. Dependency Propagation Ranking can
help answer motivating question Q1.

The same algorithm can be used to calculate other proba-
bilistic metrics by (a) varying how weights in the input DSM
are generated, (b) considering only certain types of depen-
dencies when generating the DSM, (c) varying what vertices
in the Assessment Graph represent, (d) changing how As-
sessment Graph edges are constructed from the DSM, and
(e) adjusting how weights are normalized. By inverting edge
direction in the Assessment Graph, we can model the proba-
bilistic propagation of changes in the system and rank those
components most likely to be affected by changes, termed
Impact Propagation Ranking, helping with Q2.

Also, we define the Impact Shift Ranking as the differ-
ence between the Impact Propagation Ranking values for
two versions of a program, allowing developers to imme-
diately understand the relative impact on ripple affects for
a set of changes (Q3). Finding a way to ’un-normalize’ the
Impact Propagation Ranking values would allow us to define
Aggregate Impact as the total of all un-normalized Impact
Propagation Ranking values, as a measure of total system
susceptibility to ripple effects.

Information from static analyses, such as a data flow anal-
ysis, could be used to create weighted DSMs, allowing for
measurement of the propagation of indirect coupling. Form-
ing DSMs constructed from execution trace data rather than
source code or static analysis is also envisioned, allowing
one to examine system-wide modularity properties as exhib-
ited during runtime (helping with Q4).

Altering the normalization function could be useful in
focusing the scope of the analysis on certain program ele-
ments. For example, instead of normalization evenly diving
the weights, it could give greater weight to those program
elements with the scope of interest. For example, the nor-
malization function could give greater weight to dependen-
cies outside of a program element’s package or partition, em-
phasizing the propagation of dependencies between separate
modules in the system.

Once a DSM of the software is constructed, the above
metrics can be computed quickly, allowing for the possibility
of an interactive style exploration of the probabilistic metrics

both system-wide and within components and individual
packages or even classes.

3. Related Work
Net option value analysis has been applied to DSMs [5, 8] to
quantify the global value of modularity already built in to the
system. It compliments our suite of metrics proposed herein,
which focus on understanding the actual modularity of the
system, rather than the potential benefits of modularity.

4. Future Directions
We have outlined new modularity metrics based on proba-
bilistic models, but these metrics have yet to be validated
or evaluated on real programs. The metrics need to be more
precisely defined, and the nuances of their definitions ex-
plored, especially for programs with distinct disconnected
components. Other sources for the DSM weights should be
considered, such as logical coupling [3]. A full case study
across multiple applications is needed in order to gain insight
into how effective these metrics are for answering our mo-
tivating questions. We need to verify that utilizing a damp-
ing factor to ensure convergence does not cause major bias
in the metric values. We anticipate exploring how to gen-
erate DSMs based on static analyses and runtime execution
traces. In conclusion this paper is a first step towards proba-
bilistic metrics for measuring system-wide (and subsystem-
wide) modularity properties.
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Assessing Modularity of Feature Models with ACNs

Kanwarpreet Sethi Sunny Huynh Yuanfang Cai

Drexel University
{kss33, sunny, yfcai}@cs.drexel.edu

1. The Problem
Feature oriented programming (FOP) is an emerging
approach to simplifying construction of software in
product lines (Prehofer 1997). FOP works by develop-
ing the base program for the common part of a prod-
uct line and individual features for each variation. After
that, the base program code is automatically merged to
produce a fully functional software system. In Model
Driven Development (MDD), programs are defined in
high level domain specific modeling languages and au-
tomatically transformed into code for the target plat-
form. Trujillo et. al. combined FOP and MDD into
FOMDD (Trujillo et al. 2007) so that code can be au-
tomatically generated for individual features by speci-
fying high level models and automatically compose the
individual features together to form a whole product
line.

The problems is that since the features are developed
independently of each other and automatically com-
posed together, modularity of the resulting composed
code cannot be guaranteed. The modularity of these
products may be affected further by duplicated code
in the individual features. This duplication not only in-
creases the size of the executable and increases build
times (Liu and Batory 2004) but also adversely affects
modularity. With the advent of Model Driven Develop-
ment, there is a need to assess the modularity of de-
sign models before they are transformed to source code
to identify potential issues with modularity of the end
products.

2. Our Idea
Our idea is to formalize the transformation of a soft-
ware product line FOP model using a high-level de-
sign model that can be used to assess design modu-
larity. After that, instead of using traditional coupling
and cohesion metrics, we plan to use net option value
(NOV) (Baldwin and Clark 2000) to assess the modu-
larity of the resulting system.

The reasons to model and assess the transformation
of FOMDD, instead of assessing the source code mod-
ularity after the source code is automatically generated,
are as follows. First, after the source code is generated,
the code that was cloned, shared or extended become
undistinguishable at the source code level. As a result,
the decisions about which parts represent commonal-
ity, and thus should remain stable, and which parts re-
flect variations that can be changed independently, are
all blurred. Second, the higher-level model should be
more abstract and smaller in scale, so that the user can
understand system modularity without looking into the
code in detail.

We plan to NOV analysis instead of coupling and
cohesion metrics because the NOV model captures how
modularity in design creates values, the essence of soft-
ware product lines. Modularity has been shown to add
value to software in terms of real options (Baldwin and
Clark 2000) as it allows for investment of a superior re-
placement for a module or keep the current implemen-
tation, if thats the better choice. Hence, in a product
line, modularity allows sustenance of the architecture
and design for ease of maintenance and growth of the
product line in terms of features supported.

According to Baldwin and Clark, design rules de-
couple a system, and create independent modules. De-
sign rules are stable design decisions that decouple oth-
erwise coupled decisions. The analogous of design rule
in a product line is the commonality among features.
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As long as the shared common parts remain stable, the
independent features provide a portfolio of options that
can be substituted with better versions. We believe that
NOV can be a better metric for product lines.

3. The Approach
Our propose to capture FOMDD model transformation
using an Augmented Constraint Networks (ACN) (Cai
et al. 2007), which can be used to automatically gener-
ate a Design Structure Matrix so that the modular struc-
ture of a system can be visualized, and NOV value can
be calculated (Cai et al. 2007).

The core of an ACN is a constraint network that con-
sists of variables representing design decisions and log-
ical constraints representing the dependencies among
design decisions. An ACN also contains a dominance
relation that formalized the notion of design rules as
a pair-wise cannot − influence relations. Based on
the constraint network, we have formally defined what
it means by ”one decision depends on the other”. The
dominance relation allows for automatic decomposi-
tion of the system into modules, each representing an
independent task assignment.

A DSM is a square matrix in which columns and
rows are labeled with variables, and the matrix is pop-
ulated with a pair-wise dependence relation that can be
automatically derived from an ACN. In order to reveal
the modular structure of a design, the user can aggre-
gate all the design rules (commonalities) into the first
block of the matrix. After that, the user can assess if all
other blocks along the diagonal (modules) are indepen-
dent from each other (there are no off-block dependen-
cies). After that, the NOV value can be computed ac-
cording to the number of modules, their sizes and their
dependency relations.

We plan to model each feature and base model with
a complementary ACN model. Within each feature,
we model all the dimensions as variables, and model
the relations within and among features as constraints.
Similar to how features are picked to synthesize the
final constructed software, the individual ACN models
of the features can be combined to form the ACN for
the final software product, with every possible model
combination having a complementary ACN model.

Take the small calculator generator in (Batory et al.
2004) as an example. The base model consists of a
clear(), an enter, and three global variables, and the
extended parts include add() and sub functions. We

thus use five design variables to model the five dimen-
sions in the base. We also use another two ACNs to
model the two extensions, each having one dimension.
To assess the modularity properties of the resulting sys-
tem, we combine these ACNs together. Depending on
how the FOMDD translator works, the dependencies
among these three ACNs should be automatically de-
tected. For example, all the extended functions will de-
pend on the three global variables, which should be au-
tomatically detected and transformed.

The challenge is to combine individual feature ACNs
to compose the full ACN, we would need an algo-
rithm similar to algorithms used in FOP (such as
AHEAD (Batory et al. 2004)) to combine individual
features to produce the final product. However, ACNs
being more abstract models, might be easier to com-
bine. Since ACN uses logical expressions as the com-
putational core, when ACN combination is needed, in-
consistent constraints should be detected and resolved,
if possible. Each feature’s interaction with the base
model and other features will need to be analyzed to
construct a well formed full ACN. Once this ACN is
produced by combining selected feature ACNs, we can
assess the modularity of this model using NOV met-
rics (Cai et al. 2007), as well as other metrics such as
volatility and concern scope/impact.
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Abstract  

Design stability is usually measured based on direct and 

indirect dependencies among components within software 

source code. But designers need to understand how well a 

design can maintain desired modularity properties under 

given changes before coding or making changes. It is also 

possible that a piece of code is highly coupled but not sub-

ject to change. The problem is that current design stability 

assessment does not explicitly take into account environ-

mental parameters and their changeability. In this paper, 

we propose to develop a new design stability metric based 

on the concept of design rule and design structure matrix. 

The idea is to measure design volatility against design rule 

stability, that is, how design rules can resist environmental 

changes. Design structure matrices allow us to explicitly 

represent environmental parameters and quantitatively 

assess design stability.  

Keywords:  Design Stability, Modularity, Metrics 

1. Introduction 

Measuring design stability is fundamental in software de-

velopment. Stability is usually measured based on how 

software components depend on each other syntactically, 

such as the number of classes outside a package that de-

pend on classes within this package [7]. Large number of 

empirical studies has been conducted to assess how mod-

ern programming paradigms influence software stability 

[3][4].  

 

Three issues remain: first, assessing source code stability is 

not sufficient because designers usually have to estimate 

change impact before coding or before making changes. 

Second, it is possible that some part of the system is highly 

coupled but is not subject to environmental changes. As a 

result, the design could have a low stability value, but is 

highly stable. Finally, the stability of interfaces of modules 

is much more important than the stability of their imple-

mentations that are much less visible. Current design sta-

bility assessment does not take this distinction into 

account.  

 

We propose a volatility metric based on Design Structure 

Matrix (DSM) modeling and design rule theory [1] [6]. A 

DSM is a square matrix in which rows and columns are 

labeled with design variables and marked cells represent 

dependencies among these decisions. Design rules are sta-

ble design decisions serving as interfaces that decouple 

otherwise coupled design decisions. Sullivan et al. [6] have 

shown the Parnas’s information hiding criterion [5] can be 

precisely captured in a DSM: if a design is information 

hiding modularized, its design rules should be invariant to 

environmental changes. The new stability metric is derived 

from this observation.  

 

We assess design stability in terms of both how design 

rules are subject to environmental changes, and the impact 

scope of design rules. The rationale is that if a design rule 

influence a lot of other decisions, then its stability is more 

important than other design rules that just impact a few 

decisions. We call the new metric as volatility. DSM mod-

eling allows us to model and quantitatively assess envi-

ronmental parameters, design rules, and their impact 

scopes. Our prior work [2] shows that DSMs can be auto-

matically generated from logical models with precise se-

mantics. As a result, the volatility value can be 

automatically computed from logical design models.  

 

In the next section, we present the definition of the volatil-

ity metric, and use the canonical Key Word in Context 

(KWIC) example [5] to show how the metric can be used 

to compare the stability of two designs. Figure 1 and Fig-

7



ure 2 depict DSM models of the information hiding design 

and the sequential design that Parnas analyzed informally 

[2][5]. Rows 1-4 in both DSMs represent environmental 

parameters (EPs), the gray blocks are the design rules, and 

the lower right part of the DSMs show subordinating deci-

sions (SDs) that constitute independent modules.  

2. A New Design Stability Metric 

We propose to measure design volatility in terms of design 

rule stability, stability(dr), and design rule impact scopes,  

scope(dr). The DSM-based definitions are as follows:  

 

Figure 1.  KWIC Information Hiding Design 

 

Figure 2.  KWIC Sequential Design 

 

For any design rule, dr, its stability is:  

stability (dr)  = number of EPs that dr depends on.  

Its impact scope is:  

scope(dr)  = number of SD that depend on dr.  

Its volatility is:  

    volatility(dr) = stability(dr)*scope(dr) 

The volatility of the whole design, d, is thus defined as:         

    volatility(d) = ∑volatility(dr) 

The higher the volatility, the less stable the design is.  

 

For example, consider the design rule circ_ds in Figure 2. 

stability (circ_ds) is 2, because it depends on two envi-

ronmental parameters. scope(circ_ds) is 5 because five 

other design variables depend on it. Its volatility is thus 10. 

Similarly, the volatility of input_ds is 12, and the volatility 

of alph_ds is 8. As a result, the volatility of the sequential 

design is 30. By contrast, in the information hiding DSM 

shown in Figure 1, none of the DRs depend on any envi-

ronmental parameters, so its volatility is 0. These numbers 

show that the information hiding design is much more 

stable than the sequential design.  

3. Conclusions and Discussions 

In this paper, we proposed a design stability metric, vola-

tility, based on design rule stability relative to environ-

mental conditions, and design rule impact scope. This 

metric can be quantified based on DSMs. We have used 

this metric to compare the KWIC information hiding de-

sign and sequential design, show that the information hid-

ing design is a lot more stable than the sequential design.  

 

The metric can be further developed in several ways. For 

example, instead of just counting the number of EPs a de-

sign rule depends on, we can also model the probability 

that the EPs will change, taking uncertainty into account. 

Design rule impact scope can also be extended to assign 

weight to each dependent if they require different level of 

efforts to change.  

 

Using this metric requires the user to identify design rules 

and identify environment parameters. Some design rules 

can be implicit and identifying all environmental condi-

tional is difficult. We are exploring the possibility of auto-

matically generating EPs from requirement documents. In 

addition, a DSM model can always be extended whenever 

an implicit decision is discovered and recorded.  
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1. Introduction
The pointcut expression (PCE) is a key mechanism in en-
abling Aspect-Oriented Programming (AOP) (Kiczales et al.
1997) to improve the localization of crosscutting concerns.
PCEs quantify over well-defined points in the execution of
the program called join points. A join point shadow, on the
other hand, refers to base-code corresponding to a join point
(Xu and Rountev 2008), i.e., a point in the code where the
compiler may perform the weaving (Masuhara et al. 2003).
Advice joins at these points to allow the crosscutting con-
cerns to be composed in an appropriate manner. PCEs need
to be well-designed to ensure that they are correct in terms
of identifying relevant join points to make certain the cross-
cutting concerns are composed correctly. Furthermore, PCEs
should be robust in the midsts of base-code alterations. That
is, changes to the base-code can lead to join points incor-
rectly falling in our out of scope of the pointcut expressions.
Such situations are problematic in that they can cause cross-
cutting concerns to be composed incorrectly. If undetected,
this could cause the composed program to behave unexpect-
edly, thus causing errors to occur. PCEs that result in such
unexpected behavior of the composed program due to evo-
lution are often referred to as “fragile” (Koppen and Stoerzer
2004).

The skill required to design a robust PCE, especially in
languages such as AspectJ (Kiczales et al. 2001), is often
considered a “dark-art”, as well as associated with many
common pitfalls (Colyer et al. 2004). Typically, a number
of alternative PCEs exist that are equivalent in terms of their

∗ This material is based upon work supported by European Commission
grants IST-33710 (AMPLE) and IST-2-004349 (AOSD-Europe).
† This work was administered during this author’s visit to the Computing
Department, Lancaster University, United Kingdom.

1 public class FooBar {

2 private int foo , bar;

3 public void setFoo(int f){this.foo = f;}

4 public void setBar(int b){this.bar = b;}

5 }

Figure 1. Example base-code.

end composition effect. For example, if all method execu-
tions within a class called Test are intended to be advised,
multiple strategies may be employed. For instance, a generic
PCE could be used that quantifies over all method executions
(e.g., execution(* Test.*(..))), or each method could be
enumerated individually (e.g., execution(* Test.methodA

(..))|| execution, . . . ).
Deciding which strategy is best in order to balance robust-

ness, correctness, and precision is a non-trivial task. Apart
from simple aforementioned PCEs, it is often impossible to
ascertain prior to making maintenance changes whether the
PCE will be, in fact, robust. Normally, it is only when main-
tenance changes have been made that fragile pointcuts are
uncovered, which is an undesirable scenario. This paper out-
lines our intent to provide quantitative indicators in estimat-
ing the ability of a given PCE to preserve its semantics de-
spite base-code alterations that may take place in the future.
These indicators may then serve as a basis for suggesting
alternative, more suitable PCEs.

2. Motivation
Consider the base-code snippet depicted in Figure 1 which
defines a simple class FooBar. The class declares two integer
fields, foo and bar, which are modified by two instance
methods setFoo(int) and setBar(int), respectively.

Suppose the developer wishes to advise the executions
of methods that modify the state of FooBar. The most ob-
vious PCE to capture such join points would take advan-
tage of the set naming convention, possibly taking the form
execution(* FooBar.set*(..)). Further suppose that the class
is modified to introduce a method incFoo(), whose sole
functionality is to increment the current value of foo by 1.
Due to its construction, the current PCE would not capture
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this new method; thus, the PCE, in this case, fails to capture
the true intentions of the developer.

Through analyzing the currently advised shadows, we can
extract a set of patterns that describe the underlying inten-
tions of the developer. In this example, a common pattern ex-
ists that revolves around both advised shadows setting some
field in FooBar. This pattern then can be subsequently ap-
plied to the modified version of FooBar and will suggest the
newly introduced incFoo() method to be included in the
PCE due to it also setting some field in FooBar. It is in-
evitable that patterns will be extracted which do not repre-
sent the developer’s intentions and so cause incorrect sug-
gestions to be made. To indicate the level of confidence in a
pattern/suggestion quantitative indicators should be attached
to each pattern, and subsequently each suggestion, to indi-
cate how useful the suggestions may be. Such indicators can
then be used to infer the how closely the original PCE cap-
tures the developer’s intentions.

3. Pattern Metrics
The quality of the patterns can be measured in terms of the
number of current shadows which they are representative of
which can be used to infer their potential ability to capture
new shadows in future versions of the software. However,
it is equally important to measure the number of execution
points which the pattern is also representative of but are
not a shadow according to the PCE. This accuracy can be
measured in terms of four indicators:

• True Positives (TP) - the number of actual shadows which
the pattern matches.

• False Positives (FP) - execution points that match the
pattern but are not a shadow.

• False Negatives (FN) - the number of actual shadows that
are not matched by a particular pattern.

• True Negatives (TN) - counts how many potential shad-
ows the pattern could have suggested but correctly did
not.

From these four indicators a confidence metric can be cal-
culated which is a ratio between recall and fall-out metrics:

Recall =
True Positives

True Positives + False Negatives

Fall-Out =
False Positives

False Positives + True Negatives

Confidence = 1− Fall-Out
Recall

A confidence value can be calculated for each PCE spec-
ified which is the average of all patterns derived from each
PCE. This can be used to indicate how representative a par-
ticular PCE is of the underlying intentions of the developer

and subsequently how accurate it will be as changes are
made to the base-code in terms of preventing shadows in-
correctly falling in or out of scope.

Although the final confidence value for each PCE is use-
ful in itself, the confidence values of each individual pattern
that has been derived from the analysed PCE can be used to
improve the design of the pointcut. For example, if an in-
tention pattern is found with a high confidence (i.e. tending
towards 100%) then the developer should look to express
the pointcut in terms of that pattern. This is exemplified in
the FooBar class whereby a set pattern is discovered which
closer to the true intentions of the developer and is also able
to ensure the newly introduced shadow is correctly advised.

4. Conclusion and Future Work
We have discussed initial insight into quantitatively assess-
ing the quality of pointcut expressions in terms of their abil-
ity to accurately capture the underlying intentions of the de-
veloper. We envision a tool that would be able to predict the
robustness of a given pointcut expression, thus reducing the
need for pointcut maintenance. Future work consists of a
rigorous treatment of the evaluation metrics, as well as an
empirical evaluation of a tool possibly extending current ap-
proaches (Dagenais et al. 2007; Khatchadourian and Rashid
2008).
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Abstract  
One of the main intents of modularization is the creation of 
a malleable design, one that can easily accommodate 
change over time. The malleability of a modular structure 
can be defined operationally in a variety of ways, depend-
ing on what development practices or modularization tech-
niques are adopted. We exemplify that by discussing the 
different meanings of malleable design in agile vs. tradi-
tional software development practices, and how it can be 
differently measured in those two cases. We propose to 
devise appropriate operational definitions of malleability 
for the various contemporary modularization techniques, 
and use them to assess the quality of modular design. 

Categories and Subject Descriptors D.2.2 [Software En-
gineering]: Design Tools and Techniques - Modules and 
interfaces. D.2.8 [Software Engineering]: Metrics – Prod-
uct Metrics. 

General Terms  Measurement, Design. 

Keywords  modularization assessment, malleable design, 
quality of design. 

1. Introduction 
Modularity plays a paramount role in design, as it allows to 
break down and conquer system complexity, and to assign 
clear-cut development responsibilities within the develop-
ment team [6]. Another major benefit of a well-
modularized design is its resilience to the unavoidable 
changes that occur throughout a software project. As re-
marked in [8], modules and their interfaces provide design-
ers with a set of options for extending and enhancing the 
software product. Modularity makes design malleable, that 
is, able to sustain change over time, with little or no disrup-

tion to its established intent and structure. Our emphasis on 
the temporal factor with respect to malleability is inten-
tional. Contrast that with, for example, measures of design 
(in)stability [10], which express the likelihood of a given 
design to be impacted, whenever some change is required 
to the system. Malleability, instead, is meant to measure 
how well software can withstand the “injury of time” (that 
is, the accumulation of change occurring across its life 
span), while avoiding the progressive obfuscation and de-
cay of its design 

2. Position statement 
Malleability can be defined in abstract terms as a compari-
son over a period of time between the amount of change to 
the modular structure of the system and the amount of 
change occurring in its implementation. As such, it offers a 
quantitative perspective on the effectiveness of modulariza-
tion. This concept of malleability is general, and independ-
ent of the mechanisms, practices and technologies used for 
design and implementation within a project. In operational 
terms, however, the conceptual definition of malleability 
must translate into an array of different measures. In par-
ticular, whereas implementation changes can be arguably 
measured generally, for instance via metrics such as code 
churn [4], changes in modularity are instead quantified dif-
ferently, depending on the specific modularization tech-
nique adopted in a project. 

Similarly, malleability may be measured differently, 
also depending on the adopted development process. As an 
example, we discuss in the remainder the meanings of mal-
leable design in agile vs. traditional software development, 
and how different measures are applicable in those two 
cases. In the discussion that follows, we implicitly assume 
a “classic” approach to modularization, based upon infor-
mation hiding. However, analogous considerations could be 
made for different modularization techniques.  

3. Planned modularization 
For a long time, software design was seen primarily as a 
planning activity, as design artifacts would represent the 
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blueprints and the master plan for the software. In that mas-
ter plan, modularity plays a prominent role, since it enables 
the assignment along module boundaries of system func-
tionality and development responsibilities. Accordingly, 
what we could call planned modularization ensues, a top-
down process of refinement, starting with architectural 
specifications, and then further breaking down the product 
into finer-grained elements. 

In such a context, a key concern is conformance be-
tween the planned modularization and its implementation 
in code. Developers must strive to implement their tasks 
within the planned modular framework; in turn, each de-
sign iteration must strive to reconcile the modular structure 
with any implementation variation that has remained unac-
counted for. Whenever, in the face of substantial imple-
mentation work, the system succeeds in remaining 
conformant to the planned design, we have evidence of a 
design that’s malleable. Huynh et al. [3] propose a tech-
nique to automatically enumerate elements of non-
conformance within Design Structure Matrices (DSMs) [1] 
that capture the planned modular structure vs. how it is 
actually implemented. Following that approach, malleabil-
ity of a planned modular structure can be measured as the 
observed level of conformance, normalized against the 
amount of code churn in the implementation. 

4. Emergent modularization 
With the advent of agile methods, the focus of design ac-
tivities has shifted. By embracing continuous change and 
refactoring, agile projects consider design not as a master 
plan, but as a short-lived, fluid configuration of the soft-
ware product, which can be modified, as per the 
stakeholders’ needs, at any time across many micro-
iterations. In agile methods design is not “dead” [2]; rather, 
it emerges incrementally from a participatory, evolutionary 
and possibly implicit process carried forward by all devel-
opers from the bottom up. Planned modularization is thus 
replaced by emergent modularization. 

In such a context, a key concern is design convergence. 
Continuous refactoring may lead to periods of volatility in 
the modular structure of the software. Ideally, however, as 
the project progresses volatility should decrease, and con-
verge towards a high-quality, largely stable design (possi-
bly discounting recurrent oscillations due to design churn 
[9]). As an emergent modularization becomes incremen-
tally less volatile across agile iterations, it shows increasing 
levels of malleability in the face of ongoing changes. In this 
case, malleability is best measured in terms of derivatives, 
that is, as the inverse of the rate of design change over 
time, normalized by the rate of implemented changes, 
i.e., relative code churn over time, as defined in [5]. 

5. Conclusions 
This paper proposes to assess the quality of modular design 
in terms of its malleability. Malleability is defined as the 
resilience of a design to the accumulation of software 
changes that occur over time in a project. 

We maintain that malleability is a generic concept that 
can be used across the spectrum of modularization tech-
niques, as well as the diverse design approaches embraced 
by different process models. However, we have shown by 
example how operational ways to measure malleability 
may differ in all of those contexts; therefore, finding ap-
propriate measures should become a subject of research. 

Further research questions regard the relationships be-
tween malleability and other known measures of design 
(e.g. coupling and cohesion [7], or stability [10]). Malle-
ability could also have interesting consequences onto other 
qualities of the software product and the development proc-
ess. In the next future, we plan to investigate the relation-
ship of malleability with fault proneness of a software 
product, as well as with the effort and cost in a project. 
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Abstract  

A traditional approach for building aspect-oriented frame-

works has difficulty in modularizing crosscutting concerns 

that have different behaviors in diverse situations. Each 

crosscutting behavior needs to be implemented by an ad-

vice, which can lead to a combinatorial explosion in the 

number of advice. Intercepted classes can use metadata to 

adapt its behavior to these diverse situations. This paper 

presents an approach that merges aspect orientation and 

metadata creating a more flexible and extensible solution 

that results in a smaller number of advice. 

Keywords aspect; framework; metadata; @OP  

1. Introduction 

An important characteristic of software frameworks is their 

ability to promote reuse. In fact, they can be defined as col-

lections of classes that make up a reusable design for a spe-

cific class of software [7]. Basically, their reuse consists of 

capturing a common design for an application specific do-

main. Other important features are extensibility, modularity, 

and inversion of control (IoC). IoC means that the control 

flow shifts from the application to the framework. 

Aspect-oriented programming (AOP), due to its cross-

cutting capability, opens a new research line with respect to 

reuse, extensibility and modularity in the development of 

applications. Aspect-oriented framework (AOF) aims at the 

same purpose of an object-oriented framework, however, an 

AOF counts on the AOP composition mechanisms, which 

include aspects, beyond classes [3] [4]. AOP composition 

mechanisms augment modularization of applications, since 

they allow encapsulation of crosscutting concerns [3]. 

There are papers that analyze modularization of functional 

concerns [11] [5] and non-functional ones [1] [12].  

This work discusses the advice combinatory explosion 

that may occur with the utilization of aspect-oriented tech-

niques. It also proposes metadata usage in intercepted 

classes to allow aspects to have behavior variations in a 

single crosscutting concern.  

This paper proposes a structure that allows the expan-

sion in the metadata schema, providing more flexibility in 

frameworks. In order to validate the presented ideas, it pre-

sents a case study that uses the technique addressed in this 

research. 

This paper is outlined as follows. Section 2 details the 

complexities involved in the building of frameworks using 

aspect-oriented approaches. Section 3 discusses the con-

cepts of metadata in an AOF and how they can help to re-

duce complexity. Section 4 presents the Metadata-based 

Logger, which is an AOF developed to exemplify the con-

cepts in this paper. Section 5 analyzes a solution proposed 

by Camargo and Masiero [3]. Section 6 summarizes this 

research, outlining the main contributions and possible ex-

tensions. 

2. Aspect-Oriented Frameworks 

Consider these requirements for building a framework that 

logs method calls: calls to client methods must be divided 

by the logger in method name, declared exceptions, thrown 

exception, arguments, declared parameters, declared 

method return type and the actual method return. Each 

method call may be logged with any combination of the 

method parts previously mentioned. For instance, the 

framework could log only the method name for one method 

call, while it could log the whole method signature for an-

other one. In addition to that, the framework must allow 

logging in two different locations: a database and a file. 

Analogously, it may log in one of the two locations or in 

both of them. 

The conventional aspect-oriented solution for the above 

requirements typically implements the method parts and the 

log locations as regular object-oriented classes. Since log-

ging is a crosscutting concern, it is usually modularized by 

aspects. 

The framework aspects need to include logging refer-

ences inside advice. This entails a high syntactic coupling 

relationship [14] among advice and the framework classes 

that implement the logging.  

Figure 1 depicts a UML class model representing the re-

lationship among advice, the logging implementation 

classes and the client code. 
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Figure 1. Aspects, framework classes and the application. 

The logger framework contains only one crosscutting 

concern, which is to capture method call information from 

client methods and send them to the logging implementa-

tion classes. However, two advice are needed for capturing 

the information of the two different client methods. 

The main reason for having two advice is that both of 

them have a reference to a framework class. Thus, in Figure 

1, for collecting a method name it is necessary to use the 

aspect MethodNameAspect. Similarly, for collecting the 

method declared exceptions, it is necessary to use the as-

pect ExceptionAspect. It means that, using the AOP ap-

proach, a crosscutting concern implemented by an advice 

cannot be reused for different framework logging classes. 

A characteristic that can vary in one crosscutting con-

cern is called variability. In the conventional aspect-

oriented technique, the number of variabilities is directly 

proportional to the number of advice.  

Figure 2 displays the number of framework variabilities 

and the number of advice. This relationship can be repre-

sented by the function f(x) = x. 
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Figure 2. Relationship among advice and variabilities 

The function f(x), portrayed in Figure 2, does not con-

sider any variability combinations. Some business rules 

cases specify that variabilities can be combined. For in-

stance, in the framework cited previously, combining the 

database and file variabilities would cause the framework to 

log in both locations, implying in the definition of a new 

behavior. That is, a new advice would have to be created, 

implementing the crosscutting behavior that allowed the 

logging to be performed in both locations.  

When it is considered the possibility of variability com-

binations, it is necessary to redefine the function that relates 

the number of advice and variabilities. The new function 

can be determined by the fundamental principle of count-

ing, which regards combinations. Thus, it is defined as fol-

lows: g(x) = 2x-n, where x is the total framework 

variabilities and n is the number of variabilities that must be 

present. For instance, in the logger framework at least one 

method call part must be captured for logging and at least 

one location must be chosen for the log information to be 

registered. Therefore, for the logger framework case n=2. 

Figure 3 illustrates the advice growth scale. 
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Figure 3. Advice and variabilities with combinations 

When variability combinations are considered, the num-

ber of advice that needs to be created grows exponentially. 

The number is significant even for a little variability.  

The extensibility is affected as well. Suppose that an ap-

plication needs the framework to support another variabil-

ity. In the best scenario, which is the case of variabilities 

that cannot be combined (Figure 2), a new advice must be 

created. In the worst one, which is the case of variability 

combinations (Figure 3), the number of advice that must be 

created is defined as follows: g’(x) = g(x) + n, where x is 

the total framework variabilities and n the number of vari-

abilities that must be present. The function g’(x) can be 

factored into: g’(x) = 2x. 

3. Aspect-Oriented Frameworks 

Based on Metadata 

Niso [9] defines metadata as structured information that 

describes, explains, locates, or otherwise makes it easier to 

retrieve, use, or manage an information resource. This pa-

per defines frameworks that utilize metadata as a basis for 

decision-making in runtime as metadata-based frameworks 

(MBF).  

ExceptionAspect

around()

<<aspect>>

ClientApplication

methodNameOperation()

exceptionOperation()

MethodNameAspect

around()

<<aspect>>
MethodNameLog

execute()

ExceptionLog

execute()

Pointcuts determine
the methods in the
ClientApplication.

Advices contain
references to the
framework classes
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In the Java language, with the introduction of JSR 175 

[8], it became possible the usage of attribute-oriented pro-

gramming (@OP). Attribute-oriented programming is a 

program-level marking technique that allows the program-

mers to mark program elements (e.g. classes and methods) 

to indicate that they maintain application-specific or do-

main-specific semantics [13].  

Some frameworks, as EJB 3.0 [6] and Hibernate [2] for 

example, make extensive use of @OP. EJB 3.0, for exam-

ple, uses metadata, defined in annotations or XML files, for 

the definition of crosscutting concerns variabilities like 

transaction management and access control. As EJB 3.0 is a 

specification, it does not define how the behavior must be 

implemented.  

The difference between @OP and MBFs is purely con-

ceptual. While @OP focuses on coding (with annotations), 

independently of the manner metadata will be processed, 

MBFs focus on metadata processing in runtime, irrespec-

tively of the way they are stored. 

A convenient fashion to solve the syntactic coupling 

drawback [14], detailed in section 2, is to use metadata for 

the definition of crosscutting concern variabilities in an 

AOF. The technique consists of a two-step activity: (i) re-

move all references to variabilities from advice; and (ii) 

include the necessary information for the composition activ-

ity in metadata. 

Metadata usage prevents the combinatory explosion that 

may result as a consequence of the previously mentioned 

coupling, creating a more effective modularization. New 

behavior defined by variability combinations can be con-

figured in metadata, dispensing with the need for the crea-

tion of new advice. Therefore, a single crosscutting concern 

can support many variabilities. 

Neto et al [14] present a definition for syntactic and se-

mantic coupling. Moreover, Yang and Tempero [15] have 

shown criteria for dealing with indirect coupling. The use of 

metadata helps to mitigate the syntactic coupling, however, 

it does not eliminate all kinds of semantic or indirect cou-

plings.  

This approach also allows the insertion of new function-

ality in the framework by extending the metadata schema 

without having to create additional advice. 

4. Metadata-based Logger 

Framework 

Metadata-based Logger [10] is an aspect-oriented frame-

work based on metadata, which we developed to comply 

with the requirements described for the framework in sec-

tion 2. It uses metadata to indicate what method call infor-

mation must be logged and the locations where the log must 

be recorded. The framework collects attributes through 

metadata, which can be stored in annotations or in an XML 

file. For instance, a client method annotation could specify 

that an aspect must log the method name in the database 

and file. Another annotation could determine that the name 

and the declared exceptions of a method must be logged 

only in the database. 

Implementing Metadata-based Logger framework using 

the usual aspect-oriented techniques would lead to an ex-

plosion in the number of advice, since there would be nu-

merous combinations. 

Metadata should be placed prior to client methods decla-

rations when annotations are used. In the case of an XML 

file, it must conform to the framework XML syntax. Meta-

data configure which method call parts will be collected 

and where the logging will take place. 

Figure 4 shows a client code snippet using annotations to 

specify to the framework the logging information for a 

method. 

 
Figure 4. Client method configured with an annotation 

Metadata-based Logger utilizes a flexible architecture. 

The LogKeys interface contains the prefixes of the classes 

that implement the variabilities. Each variability has a cor-

respondent suffix. The keys put in the logInfo attribute are 

suffixed with LogInfo to form the name of the variability 

class, while keys put in the logLocation attribute are suf-

fixed with Location. For instance, a class that implements 

the logging in a file is named with the combination of the 

prefix defined in LogKeys and the correspondent suffix, 

resulting in the name FileLocation. 

Analogously, Figure 5 portrays the same previous con-

figured method following the XML syntax. The variability 

name formation rules are the same detailed for annotations. 
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Figure 5. Method configured with the XML syntax 

The framework advice are responsible for capturing the 

common crosscutting behavior, which in the case of the 

logger framework consists of mapping method calls infor-

mation and delegate the rest of the process to a factory that 

is able to interpret the specified metadata. For increasing 

the expressiveness of the pointcuts, the aspect that encapsu-

lates the crosscutting behavior was made abstract (Ab-

stractAspectLogger).  

The framework factories contain logic for metadata con-

sumption. They interpret the defined metadata for each 

method and recover the variability prefix. In this manner, 

the factories can instantiate the correct class. It provides 

more extensibility because if a new variability is created, all 

that is required is to create the class that implements the 

functionality and define its prefix in LogKeys. The Logger 

implements a structure that uncouples the metadata con-

sumption logic from the component logic and also allows 

many kinds of metadata storage. Figure 6 depicts a UML 

class diagram that abstracts the architecture of the frame-

work. 

 
Figure 6. Metadata-based Logger UML class diagram 

For comparison sake, if the traditional aspect-oriented 

approach have been used to implement Metadata-based 

Logger framework, we would needed a plethora of advice 

to represent all the behavior combination possibilities. The 

Metadata-based Logger framework has a total of ten vari-

abilities. The function g(x), demonstrated in section 2, cal-

culates the number of advice that need to be created for a 

specified number of variabilities. For every combination 

made, there must be at least two variabilities: one for col-

lecting data for the logging; and another one for choosing a 

location for the logging to take place. It can be verified that 

it would be necessary 510 advice to cover all possible com-

binations. 

5. Table-based Calculation 
Framework Revisited 

This section introduces the Table-based Calculation, a 

framework that utilizes aspect-oriented techniques for 

treatment of business rules [3]. The aim is to suggest a 

metadata-based solution for the framework. 

Camargo and Masiero [3] present a crosscutting frame-

work that modularizes a business rule that has the objective 

to increment or decrement intercepted values from the base 

code. A percentage calculation is performed on the cap-

tured value according to its range. The authors provide two 

business rule examples: the Meal Ticket, as a rule without 

reduction; and Income Tax, as a rule with reduction. 

There are variations on the manner these values can be 

obtained. Table-based Calculation provides composition 

alternatives, which are implemented in abstract aspects that 

contain the logic for the extraction of values from the base 

code. 

The necessity for composition alternatives are justified 

because a value to be captured may be in many places such 

as: in the method return; in the arguments of a method; in a 

local variable of the calling object (this); or in a local vari-

able of the target object (target). 

The authors present the concretization of an aspect that 

implements the Meal Ticket business rule (Figure 7). 

Figure 7. Meal Ticket implementation aspect [3] 

The pointcut obtainValue()determines the method 

where the aspect is going to act. The method get-

NameOfTableClassWithPackage() indicates the 

class of the framework that implements the business rule. 

Similarly, the method getValueType() comprises in-

formation about the method return type. As discussed pre-

viously, the syntactic coupling among advice and 

framework classes that implement business rules imply in 

the creation of many advice.  

In Figure 7, the high coupling occurs because of the 

methods getValueType() and getNameOfTable-

ClassWithPackage(). If another business rule (e.g. 

Income Tax) needs to be created there will have to be an-

other aspect which the only difference will be the refer-

enced class. 
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References to the framework classes do not need to be 

contained inside the aspect. Base code methods could have 

been annotated or described in XML to contain these refer-

ences. Figure 8 illustrates how the client method could be 

annotated. Although it is used an annotation as metadata, 

any other type could have been used. 

 

Figure 8. Annotated method 

Metadata-based solutions face a limitation on the base 

code value extraction. It is possible that the value needed 

from the base code is in a method local variable. There is a 

limitation for Java (until version 6) that does not provide a 

reflection mechanism for obtaining local variables, making 

it impossible to capture these types of values in runtime. 

For the specific case of annotations, it is possible to anno-

tate variables, however they will only serve as documenta-

tion. For this case, the traditional aspect-oriented approach 

would have to be used. That is, it would be necessary to use 

composition alternatives including references to variabili-

ties in the framework aspects. 

6. Conclusion 

This paper has proposed the utilization of metadata in As-

pect-Oriented Frameworks (AOF). Conventional aspect-

oriented solutions accomplish all the composition activity 

inside aspects. The primary consequence of this approach is 

that advice need to reference the framework classes that 

implement the business rules. A characteristic that can vary 

in the same crosscutting concern is called a variability. This 

syntactic coupling [14] results in the growth of the number 

of advice directly proportional to the number of variabili-

ties.  

Some business rules require the combination of frame-

work variabilities. Variability combinations determine new 

behavior. When combinations are considered, the scale of 

the number of advice grows exponentially. 

Metadata usage in AOFs breaks the existing syntactic 

coupling [14] among advice and variabilities, resulting in 

more effective modularization. References to variability 

implementation classes can be included in XML files, in 

annotations or in any other type of metadata. 

In this way, metadata can augment reuse and extensibil-

ity in AOFs. A crosscutting concern modularized by an 

advice can be reused for many variabilities. Moreover, it 

has been verified that the inclusion of a new variability re-

quires less effort when compared to customary aspect-

oriented solutions. 

The technique presented in this paper, which merges as-

pect orientation and metadata, is especially interesting for 

cases when variabilities need to be combined. However, 

this paper does not make an exhaustive analysis of the pos-

sible situations in which the uses of metadata are applica-

ble. An extension to this work would be to analyze different 

use cases, as the analyses of other use situations, as well 

criteria for the choice between the traditional aspect-

oriented approach and the metadata-based approach. 

It is worth mentioning that it is a work in progress and 

the next phase of the research is to apply the concepts here 

introduced in a real application as a means to provide an 

estimate on the number of advice that needs to be created. 
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ABSTRACT
Improved separation of concern is important for dealing with in-
creasing complexity of today’s software systems. A number of
language designs have been proposed in the last decade with the
common goal to improve the separation of concerns by providing
better modularization mechanisms e.g. mixins, units, roles, lay-
ers, hyperspaces, events, aspects, etc. To understand the benefits
of a new modularization mechanism, it is important to apply it to
real world large scale software systems, where there are real needs
for separation of concerns. However, large scale software projects
are generally managed very cautiously and adoption of a new tech-
nique in these projects is generally harder to achieve. Typically
such adoption is driven by demonstrated success of the technique
in other large scale projects, a catch-22 situation. In this position
paper, I discuss a software repository mining-based technique to
achieve the effect of adoption in a large scale software project in
a controlled setting. Rich change history available in the version
control systems for open source software projects, and advances
in software repository mining enable this technique for empirical
evaluation of a modularization mechanism.

Categories and Subject Descriptors
D.1.5 [Programming Techniques]: Object-oriented Program-
ming; D.2.2 [Software Engineering]: Design Tools and Tech-
niques — Modules and interfaces; D.2.8 [Software Engineer-
ing]: Metrics — Complexity Measures; D.3.3 [Programming
Languages]: Language Constructs and Features — Control struc-
tures; Procedures, functions, and subroutines

General Terms
Design, Measurement, Human Factors, Languages

Keywords
modularity, empirical evaluation, software repositories, design for
change, information hiding, programming language design, sepa-
ration of concerns metrics

1. INTRODUCTION
Today, finding an appropriate separation of concerns [16] is un-

derstood to be perhaps the fundamental challenge in software de-
sign. It promotes studying different interests or concerns of a com-
plex problem separately, with none or very little knowledge of
other concerns. Separation of concerns is the key to maintaining
overall intellectual control in the face of complex problem and de-
sign solutions. Over the years, the quest for better separation of
concerns has led to different technologies, among which are well-
established modularization techniques [43, 44] such as structured
programming [14, 15, 33, 59], abstract data types [37], and object-
orientation (OO) [11, 26, 34, 39, 58].

A whole new set of such modularization techniques as mix-
ins [4], units [22], implicit-invocation [25, 54, 55], hyperslices [28,
42], composition filters [1], adaptive methods [36], roles [35], as-
pects [31, 48, 49, 45], open classes [10], etc, have emerged in the
last decade or so with a common goal to enable improved sep-
aration of concerns. Although the Jury is still out on some of
these techniques, the overwhelming academic and industrial in-
terest makes it abundantly clear that there is a pressing need for
improved separation of concerns techniques. This is primarily
because implementation of some concerns are often hard to fac-
tor out into separate modules using classical decomposition tech-
niques [56]. For example, the code for a thread policy is spread
across the system. These emerging modularization techniques pro-
vide engineers with new possibilities for keeping such concerns
separate in the source code.

Typical evaluation of a modularization mechanism examines it in
the context of canonical examples. For example, figure editor ex-
ample inspired from JHotDraw [23], a system originally developed
as a design exercise by Erich Gamma and Thomas Eggenschwiler,
is prevalent in the aspect-oriented programming literature. Evalu-
ation using canonical examples has many advantages. Canonical
examples act as a smoke test of the technique, “if the technique
does not work in the context of canonical examples, it is unlikely
to work in real projects.” They also allows readers and researchers
to focus on the problem at hand without getting distracted by the
essential complexities of the problem domain [8].

Full promise of these techniques is, however, hard to evaluate
with just canonical examples. If a technique doesn’t work in the
context of canonical examples, often we can say for sure that it
is not going to work for real world projects, however, if it does
work results obtained may not be directly applicable to real world
projects. Scalability related issues are almost never examined in a
study that uses canonical examples. A new modularization tech-
nique can be applied to a real world project to address some of
these threats to the validity of its evaluation. A real world study is,
however, extremely time consuming. Often it also requires insider
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access to subject projects to make the case for adoption. Last but
not the least, the case for adoption often depends on the demon-
strated success of the modularization technique in the context of
other projects, a chicken and an egg situation.

This position paper describes an empirical evaluation technique
that we believe could be useful to overcome some of these hurdles.
The key idea is to capitalize on the rich version control histories
available for the open source software projects to realistically sim-
ulate a series of real world changes in software projects. First, an
initial and a final version for the open source project are selected.
Second, using existing techniques for software repository mining
changes between initial and final versions are organized as a se-
quence of refactorings [13] such that by replaying the refactorings
in the specified order on the initial version yields the final version.
Third, this sequence of refactorings is transformed into all candi-
date modularization techniques such that by replaying the modified
refactorings in the specified order on the initial version yields the
final version, (possibly) improved using a candidate modularization
technique. Finally, analyzing each refactored version produced in
this manner is compared w.r.t. desired software engineering met-
rics to compare and contrast modularization techniques. The scope
of our evaluation technique is limited to the following:

• techniques: language constructs for improved separation of
concerns,

• claims: in terms of information-hiding modularity [43], de-
sign for change, etc, and

• project settings: steady-state projects with source control his-
tories.

The main objective of our technique are:

• overcome the threats to the validity: to reduce the threat to
the validity of empirical evaluations of language designs, our
technique should reduce/eliminate biases from the experi-
mental settings, and

• automation/semi-automation: to reduce the cost of empirical
evaluation and to encourage rigourous, extensive evaluation
of modularization techniques, it should be possible to auto-
mate much of this technique at a low cost.

In the rest of this position paper, we explain our technique in
detail. To make the ideas concrete, we will discuss them in the
context of the Ptolemy language recently proposed by Rajan and
Leavens [47]. Ptolemy combines ideas from implicit invocation
and aspect-oriented languages and has several advantages com-
pared to both. Next section briefly presents this language design.
Section 3 presents the proposed evaluation technique and Section 4
concludes.

2. PTOLEMY: A BRIEF INTRODUCTION
Ptolemy is an extension of object-oriented languages with sup-

port for quantified, event types [47]. Ptolemy’s design is inspired
by II languages such as Rapide [38] and AO languages such as As-
pectJ [30]. It also incorporates some ideas from Eos [50, 48] and
Caesar [40]. The key ideas in the language are that it lets program-
mers declare named event types that contain information about the
names and types of event arguments (exposed context). An event
type declaratively identifies an expression as an event. This event
type can then be used to quantify over all such events. Event types
reduce the coupling between the observers of the events and the set
of events by eliminating the name dependence between the two.

An example Ptolemy program is shown in Figure 1. This code is
part of a larger editor that works on drawings comprising points,
lines, and other such figure elements [30, 32]. The program is
adapted to be more Java-like, whereas the language presented in
our previous work on Ptolemy was an expression language [47].

1 FElement evtype FEChange{ FElement changedFE; }
2 FElement evtype MoveUpEvent {
3 FElement targetFE; int y; int delta;
4 }
5 interface FElement{}
6 public class Point implements FElement{
7 int x, y;
8 public void setX(int newX){
9 FElement changedFE = this;

10 event FEChange{ x = newX;}
11 }
12 public void moveUp(int delta){
13 FElement movedFE = this;
14 event MoveUpEvent{ y = y + delta; }
15 }
16 public void makeEqual(Point other){
17 FElement changedFE = other;
18 event FEChange{
19 other.x = this.x; other.y = this.y;
20 }
21 }
22 }
23 public class Update{
24 FElement last;
25 public Update Update(){ register(this); }
26 public void update(FEChange next,
27 FElement changedFE){
28 proceed(next); this.last = changedFE;
29 Display.update();
30 }
31 public void check(MoveUpEvent next,
32 FElement targetFE, int y, int delta){
33 if (delta < 100)){ proceed(next); }
34 }
35 when FEChange do update;
36 when MoveUpEvent do check;
37 }

Figure 1: Drawing Editor in Ptolemy

In companion papers [46, 47], we discussed the limitations of II
and AO languages. To summarize, compared with AO languages,
II languages have three limitations [47]. First, while subject mod-
ules are decoupled from observer modules, observer modules re-
main coupled with subjects. Second, their is no construct equiva-
lent to AO “around advice” that allows to replace the code for an
event. Instead, unnecessarily complex emulation code to simulate
closures in languages such as Java and C# is required in II lan-
guages. Third, quantification can be tedious in II languages. The
code that describes how each event is handled can grow in propor-
tion to the number of objects from which implicit invocations are
to be received.

Compared with II languages, AO languages have four limita-
tions [47]. These limitations are not conceptual, rather, they stem
from the fact that implementations of most current AO event mod-
els use PCDs based on pattern matching (on names [30], lexical
structures [51, 20], program traces [17], etc). First problem is com-
monly known as the “fragile pointcut problem”, which is caused
by the use of pattern matching as a quantification mechanism [52,
57]. Pattern matching based PCDs are coupled to the code that
implements the implicit event that they describe. Thus, seemingly
innocuous changes break aspects [29]. Recent research results such
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as Aspect Aware Interfaces (AAIs) [32], Crosscut Programming In-
terfaces (XPIs) [53, 27], Model-based Pointcuts [29], Open Mod-
ules (OM) [2], etc, have recognized and proposed to address the
fragile pointcut problem, but none address it completely [47].

Second problem is that current AO event models do not implic-
itly announce some kinds of events [53, pp. 170]. Therefore,
they also do not provide PCDs that select such events. Alterna-
tive AO approaches such as LogicAJ provide a finer-grained event
model [51], however, PCDs in such techniques become strongly
coupled with the structure of the base code and therefore become
more fragile [47].

Third and fourth problems have to do with the interface for ac-
cessing contextual (or reflective) information about an event. In
some AO approaches, this interface is fixed by the language de-
signer and does not satisfy all usage scenarios [53]. In other AO
languages (e.g. LogicAJ [51]), virtually unlimited reflective ac-
cess to the context surrounding the lexical structure using meta-
variables is possible but requires that the events form a regular
structure [47]. Furthermore, contextual information that fulfills a
common need (or role) in the handlers is not available uniformly to
PCDs (and handlers) [47].

In Ptolemy, evtype declaration allow programers to declare
named event types. An event type (evtype) declaration p has a
return type, a name, and zero or more context variable declarations.
These context declarations specify the types and names of reflec-
tive information communicated between announcements of events
of type p and handler methods. These declarations are independent
from the modules that announce or handle these events. The event
types thus provide an interface that completely decouples subjects
and observers. Events are explicitly announced using event ex-
pressions. These expressions enclose a body expression, which can
be replaced by a handler. This functionality is similar in expres-
siveness to around advice in AO languages.

Finally, the names of evtype declarations can be utilized for
quantification, which simplifies binding and avoids coupling ob-
servers with subjects.

3. EMPIRICAL EVALUATION APPROACH
Conducting an empirical evaluation of the software engineering

properties of a new language design is a challenge. For exam-
ple, claims such as “the quantification based on quantified, event
types are less fragile compared to traditional syntactic quantifica-
tion mechanisms” or that “quantified event-types improve the ro-
bustness of the handler code against base code changes, and makes
it easier for the handlers to uniformly access reflective information
about the event,” may not be validated without large-scale use of
the language design over an elongated period of time. Conclusions
drawn from small examples, although helpful, may not correctly re-
flect the anticipated software engineering benefits of the language
design.

A reasonable evaluation necessitates enough experience with the
design to really say for sure it is right. In order to conduct such an
evaluation, the pre-condition is the adoption of the language design
in real world large-scale projects. Ironically, such adoption is of-
ten driven by demonstrated success of the language design in other
projects. Taking these considerations into account, our proposed
empirical evaluation technique is as follows:

3.1 Select Candidate Software Projects
The primary criteria for selecting a project as a candidate for our

empirical evaluation technique is that they should be open source
i.e. the source code is available for analysis, presence of exist-
ing version history that can be analyzed, large-size i.e. improved

separation of concerns has real and perceived value in the context
of this project, an active community contributing frequent releases
and bug-fixes, which in turn translates to a rich change history in
CVS.

For Ptolemy an additional requirement must be imposed. Our
current Ptolemy infrastructure is based on Java, therefore, the
project should be a Java project. A bonus would be an open and ac-
cepting community that can be persuaded to adopt based on demon-
strated results.

Current candidate projects for Ptolemy include Eclipse [65], Net-
Beans [66], Azureus [64] and Ant [63]. We already have some
experience with Eclipse [65], Azureus [64] and Ant [63] projects
and their current build systems in the context of another research
project [18, 19].

3.2 Select an initial version for candidate
projects

An older version of the project is extracted from its repository
and used as a baseline for the empirical evaluation. For example,
a 2001 version of Eclipse with the sticky tag v20011218 will be
selected as the baseline for Eclipse. A challenge in this task is that
often earlier versions of a software system use a different set of
libraries, runtimes, etc. For example, all of our candidate projects
made a transition from using Java 1.4 to Java 1.5 and then to Java
1.6 in the last few years. Recreating the build environment for such
projects will be the key, however, once such a build environment is
created, it could be reused for a number of candidate projects.

3.3 Use Concern Mining Techniques to Semi-
automatically Identify Fragmented and
Scattered Concerns for Modularization

After identifying an old version of a candidate project, we use au-
tomatic concern mining techniques on this version to extract frag-
mented and scattered concerns for modularization. Although auto-
matic concern mining is still an emerging area, a number of tech-
niques are available [5, 6, 61, 60]. One such technique by Breu,
Zimmermann, and Lindig [7, 5, 6] is also applied to identify frag-
mented and scattered concerns in Eclipse [65]. Much of the re-
ported results is directly applicable.

3.4 Use Ptolemy and Alternative II and AO
Techniques to Modularize Identified Con-
cerns

We then use the hints from automatic concern mining techniques
to modularize the fragmented and scattered concerns in candidate
projects. Three different starting versions are created in this step,
one that uses implicit invocation techniques to modularize, a sec-
ond that uses AO techniques to modularize, and a third that uses
quantified, event types of Ptolemy.

3.5 Replay Changes on All Versions Using
Version History

Once we have three versions (Ptolemy, AO and II) of the can-
didate project’s old release, we will extract real changes from the
project’s CVS repository.

At least three frameworks are available today for this task
APFL [62, 12], which is an open source framework for the
ECLIPSE programming environment that facilitates the analysis
of CVS archives, Kenyon [3], a common extraction, preprocess-
ing, and storage platform for software configuration management
and analysis, and Molhado [41], a configuration management and
version control infrastructure and methodology.
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Attributes Metrics Definitions

Separation of Concerns
Concern Diffusion over Com-
ponents (CDC)

This metric is defined as the total number of classes (including those
that announce events, and those that provide handlers that register to
these events) the contribute to the implementation of a concern and
those that access these classes.

Concern Diffusion over Oper-
ations (CDO)

This metric is defined as the total number of methods and handler
methods that mainly contribute to the implementation of a concern and
the number of other methods and handlers that access them.

Concern Diffusions over LOC
(CDLOC)

This metric is defined as the total number of points for each concern in
the code where there is a transition from one concern to another.

Coupling Coupling Between Compo-
nents (CBC)

Total number of classes with which a given class is coupled.

Depth Inheritance Tree (DIT) This metrics essentially represents the depth of the inheritance hierar-
chy in an application.

Cohesion Lack of Cohesion in Opera-
tions (LCOO)

Measures the lack of cohesion of a class in terms of the amount of
method and handler methods that do not access the same instance vari-
able.

Size Lines of Code (LOC) Total line of code in the application excluding comments.
Number of Attributes(NOA) Total number of attributes of each class.
Weighted Operations per
Component (WOC)

Total number of methods of each class and the number of its parame-
ters.

Figure 2: The metrics suite to be used in this project and their definitions[9, 24, 21].

In the context of Ptolemy we use Molhado as it supports a higher-
level of abstraction for analyzing changes between versions. For
example, a variant of Molhado, MolhadoRef [13] has been used to
replay refactorings of object-oriented programs to detect conflicts.

Extracted real changes in the candidate projects will be replayed
to mimic software evolution. The key challenge in this activity is
that Ptolemy’s, II, and AO versions of candidate projects will differ
from the baseline old version that we extracted from the repository
in that some fragmented, scattered and tangled concerns are now
modularized in this version. This is likely to create conflicts when
we replay changes.

Our current insight into resolving this issue is to divide modu-
larization of fragmented, scattered and tangled concerns as a set of
refactorings. We also divide real changes exhibited in the project
as refactorings.

We then use the MolhadoRef [13] tool to reconcile these refac-
torings with each other. As of today, we perceive this to be the
biggest threat to the feasibility of our empirical evaluation.

3.6 Software Evolution Analysis and Metrics
for Evaluation

The final step is then to analyze the effect of replaying the
changes on all three versions of the candidate software project.
This analysis will primarily use the set of metrics suite developed
by Garcia et al. [24]. Garcia et al. [24] refined the object-oriented
metrics proposed by Chidambar and Kemerer [9] and described by
Fenton and Pfleeger [21] for advanced separation of concerns tech-
niques.

We have adapted these metrics for evaluating II and Ptolemy’s
solutions. For AO solution, the original metrics defined by Gar-
cia et al. [24] will be used. The adapted metrics and their defini-
tions are shown in Figure 2.

The adapted definitions are closer to Chidambar and Ke-
merer’s [9] original definition due to the unification of aspects and
classes [50] in Ptolemy’s language model.

4. CONCLUSION
In this position paper, we discussed a technique for empirical

evaluation of software engineering properties of new language de-
signs that claim to provide software engineers with new capabili-

ties to modularize their concerns. The key idea behind the empiri-
cal evaluation is to use the real changes in a open source software
project’s life time to model software evolution. This promises to re-
duce the biases in the evaluation. With the help of advances in soft-
ware repository mining techniques much of the evaluation process
could be automated, which is an added advantage. We presented
our technique in the context of Ptolemy’s evaluation, however, it
would be interesting to see whether it generalizes beyond II and
AO-like language designs.
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Abstract  

The inadequate modularization of driving software con-

cerns degrades design modularity. Software metrics are 

traditionally key mechanisms for detecting modularity-

related design flaws. Conventional design metrics are based 

on the module abstraction. With the emergence of new pro-

gramming techniques targeting superior concern modular-

ity, a number of concern-sensitive metrics have been 

proposed for assessing these techniques. These metrics are 

based on the concern abstraction. However, there is not 

much empirical evidence on the efficacy of concern-driven 

metrics. It is also unknown if they promote superior modu-

larity assessment or a valuable complement to conventional 

metrics. We present an empirical study that compares the 

efficacy of specific sets of concern-driven and conventional 

metrics to detect two of Fowler’s bad smells. Our findings 

showed that the concern-driven metrics performed better 

than the conventional ones and are thus promising mecha-

nisms for supporting modularity assessment.  

Keywords software design; modularity; metrics, empirical 

software engineering 

1. Introduction 

The achievement of modular designs is far from being 

trivial as a multitude of widely-scoped concerns need to be 

simultaneously modularized. A concern is any important 

property or area of interest of a system that we want to treat 

in a modular way [9]. Business rules, distribution, persis-

tence, security and caching are examples of concerns found 

in many software systems. Recent studies have shown that 

inadequate concern modularizations may lead to multiple 

design flaws [3, 11, 12, 15, 16]. For example, they can 

promote violations of important design principles, such as 

low coupling and narrow interfaces [3, 12, 15, 16]. 

The systematic assessment of modularity plays a pivotal 

role in the realm of software design. Software metrics are 

traditionally key mechanisms for assessing design modular-

ity and identifying modularity-related design flaws [4, 17, 

18]. Although typical modularity problems are related to 

the inadequate modularization of concerns, most of the cur-

rent design metrics do not explicitly consider concern as a 

measurement abstraction. To date, design assessment has 

been mostly rooted at module-based metrics [4, 10]. The 

object-oriented metrics community has consistently used 

notions of class coupling, cohesion and interface size to 

derive measures of modularity [1, 2, 4, 10].  

The recognition that concern-based assessment is impor-

tant through software design activities is not new. In fact, 

with the emergence of new design decomposition ap-

proaches, such as aspect-oriented software development 

(AOSD) and feature-oriented programming [13], there is a 

growing body of relevant work focusing on concern analy-

sis techniques [20]. In particular, a number of suites of met-

rics that can be qualified as “concern-driven” have been 

recently proposed [5-7, 21, 22, 24]. In addition, several 

empirical studies involving concern-driven metrics have 

been carried out [3, 6, 11, 12, 15, 16]. Most of these studies 

focus on either applying concern metrics to assess aspect-

oriented designs or validating them as predictors of defects. 

However, there is not much knowledge on the efficacy of 

concern-driven metrics for identifying design flaws in com-

parison with conventional module-based metrics.   

This paper presents a first exploratory study that com-

pares the efficacy of concern-driven and conventional mod-

ule-based metrics (herein called conventional metrics) on 

the identification of design anomalies. Sets of concern-

driven and conventional metrics were applied to the object-

oriented source code of a Web-based information system. 

The values of the different sets of metrics were separately 

analyzed by distinct groups of design reviewers in order to 

identify specific design flaws. The goal was to compare the 

number of classes correctly identified as suspects of exhib-

iting a design flaw by using the different kinds of metrics. 

The study focused on two design flaws, namely the shotgun 

surgery and divergent change bad smells [14]. The notion 

of bad smells was proposed in Fowler’s book [14] to diag-

nose symptoms that may be indicative of something wrong 

in the design modularity. Our findings, although prelimi-

nary, suggest that concern-driven metrics are promising to 

25



enhance modularity assessment. We also aim to learn some 

lessons from this study to support its future replication. 

The reminder of this paper is organized as follows. Sec-

tion 2 introduces the concept of concern-driven metrics. 

Section 3 describes the study procedures and configuration. 

Section 4 presents and discusses the results. The study con-

straints are addressed in Section 5. Section 6 describes re-

lated work. Section 7 concludes.  

2. Concern-Driven Metrics 

Concern-driven metrics are defined to capture modularity 

properties associated with the realization of concerns in 

software artifacts. This kind of metric allows the identifica-

tion of specific design flaws or design degeneration caused 

by the poor modularization of concerns. Most of the exist-

ing concern-driven metrics [5, 6, 21, 22, 24] focus on quan-

tifying the degree of concern scattering and tangling. 

Scattering is the degree to which a concern is spread over 

the design elements. Tangling represents the degree to 

which a concern is mingled with other concerns [9]. 

Concern-driven measurement approaches are based on a 

concern-to-design (or concern-to-code) mapping. This 

means that we have two domains related to each other 

through a mapping relationship. The source domain is a set 

of concerns and the target domain is a set of design ele-

ments, as illustrated in Figure 1 (inspired by a similar figure 

presented in [7]). The mapping consists of assigning a con-

cern to the corresponding design elements that realize it. 

Therefore, before computing concern-driven metrics, it is 

necessary to identify the design elements responsible for 

implementing each concern in the system. 

Figure 1. Mapping between concerns and design elements 

 

In our empirical study, we evaluated the efficacy of three 

concern-driven metrics proposed by Sant’Anna and col-

leagues [21, 22]: Concern Diffusion over Components 

(CDC), Concern Diffusion over Operations (CDO) and 

Lack of Concern-based Cohesion (LCC). These metrics 

have been used in several studies with the goal of compar-

ing object-oriented and aspect-oriented designs [3, 11, 12, 

15, 16]. CDC and CDO measure the scattering of a given 

concern through the system components (classes and as-

pects) and operations, respectively. CDC counts the number 

of components that contribute to the realization of a given 

concern. CDO counts the number of operations that con-

tribute to the realization of a given concern. The assump-

tion behind these metrics is that a concern spread over a 

high number of design elements is detrimental to modular-

ity. The understanding of a highly-spread concern demands 

the analysis of a large part of the design. In addition, a 

change related to that concern may affect a large number of 

design elements realizing the target concern.  

LCC measures the cohesion of a given component in 

terms of the quantity of concerns addressed by it. Thus, it 

counts the number of concerns mapped to each component. 

The reasoning behind this metric is that a component that 

encompasses a large number of concerns is unstable. This is 

because it may suffer from modifications derived from 

change requests related to any of the concerns implemented 

by it.  

To express the metrics unambiguously and facilitate the 

replication of our empirical study, we present the formal 

definition of the concern-driven metrics based on set the-

ory. First, we present the terminology used on the formal 

definitions. Let S be a system, the classes and aspects of S 

are called as components and denoted by C(S). Each com-

ponent c consists of a set of attributes, denoted as A(c), and 

a set of operations, represented as O(c). The set of all at-

tributes and all operations in system S are represented as 

A(S) and O(S), respectively. In classes, operations are 

methods, and, in aspects, operations represent methods and 

pieces of advice. For each c ∈ C(S), the set of concerns 

assigned to c is denoted as Con(c). Let o ∈ O(c) be an op-

eration of c, the set of concerns assigned to o is denoted as 

Con(o). Let a ∈ A(c) be an attribute of c, the set of con-

cerns assigned to a is denoted as Con(a). For each concern 

con realized on the design of system S, the set of compo-

nents, operations and attributes to which con is assigned is, 

respectively, denoted as:  

    )}()(|{)( cConconSCccconC ∈∧∈= ,  

    )}()(|{)( oConconSOooconO ∈∧∈= , and  

    )}()(|{)( aConconSAaaconA ∈∧∈= . 

 

The CDC, CDO and LCC metrics can now be defined as 

follows: 

U)()( conCconCDC =  

     ( ){ }UI ∅≠∧∈ )()()(| conOcOSCcc  

     ( ){ }∅≠∧∈ )()()(| conAcASCcc I , 
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3. Study Settings 

The goal of this study is to evaluate the efficacy of a set of 

concern-driven metrics to detect design flaws. In particular, 

the purpose of this study is to compare concern-driven and 

conventional metrics in order to learn which technique is 

the most effective to support the detection of two specific 

bad smells: Shotgun Surgery and Divergent Change [14]. 

3.1 Bad smells 

The Shotgun Surgery and Divergent Change bad smells 

have been chosen because they are traditionally identified 

by the use of conventional metrics, mainly coupling and 

cohesion metrics [17, 18]. However, these bad smells are 

also believed to be a symptom of design flaws caused by 

poor modularization of concerns [19]. According to Fowler 

[14], the Shotgun Surgery bad smell is encountered when 

every time you make a kind of change, you also have to 

make a lot of little changes to a lot of different classes. 

When the changes are all over the place, they are hard to 

find, and it is easy to miss an important change. 

The Divergent Change bad smell occurs when one class 

is commonly changed in different ways for different rea-

sons. When explaining the nature of divergent changes, 

Fowler [14] states: “If you look at a class and say, ‘Well, I 

will have to change these three methods every time I get a 

new database; I have to change these four methods every 

time there is a new financial instrument’, you likely have a 

situation in which two classes are better than one.” 

3.2 Target System 

Our study involved the object-oriented design of a Web-

based information system called Health Watcher [23]. This 

system supports the registration and management of com-

plaints to the public health system. The main concerns in-

volved in the Health Watcher design are: graphical user 

interface (GUI), business rules, concurrency, distribution, 

exception handling, and persistence. 

This system was selected because it met a number of 

relevant criteria for our intended evaluation. First, it is a 

real system with an existing Java implementation. The first 

Health Watcher release was deployed in 2001 by the Public 

Health System in Recife, Brazil [23]. Since then, a number 

of incremental and perfective changes have been addressed 

in later Health Watcher releases.  

Second, this system has served as a kind of benchmark 

for the assessment of contemporary modularization tech-

niques, such as AOSD [12, 16, 23]. Third, the modulariza-

tion of the concerns in the Health Watcher design has 

already been extensively studied. Fourth and foremost, the 

set of modularity-related design flaws for all the Health 

Watcher modules is well-known and has been investigated 

through the last 7 years by different developers and re-

searchers. This means that we could rely on a reliable “ora-

cle” when judging the metrics efficacy. 

3.3 Subjects and Statistical Relevance 

This study involved eight master students attending an 

Aspect-Oriented Software Development course at Lancaster 

University. It is important to highlight that we knew from 

the experiment design outset that the population was not 

representative and it would not allow us to gather statisti-

cally-relevant data. However, this study was a good oppor-

tunity to investigate if concern metrics are candidates to 

improve the state-of-the-art of design modularity assess-

ment and, therefore, would call for additional research. It 

also allowed us and others to derive some lessons to repli-

cate this study in the future. 

 The students were grouped in pairs. Each pair worked 

with different metrics in order to identify classes that were 

suspected of having one of the two bad smells in the object-

oriented design of the Health Watcher system [23]. Two 

groups worked only with conventional metrics, one group 

only with concern-driven metrics, and the fourth group with 

both conventional and concern-driven metrics (hereafter 

referred as hybrid metrics group). 

We estimated each student’s relative ability from our 

previous knowledge of them and a background question-

naire they answered regarding the scope of their previous 

experience, particularly with regards to object-oriented 

programming and design, class diagrams, and software met-

rics. Then the pairs were formed to balance abilities. All the 

students had previous experience with object-orientation 

and class diagrams in academic contexts. Half of the stu-

dents had 2 or more years of experience with professional 

software development. Two of them had experience with 

these techniques in the industry context. None of them had 

previous experience with software metrics. 

3.4 Assessed Metrics 

The concern-driven metrics group worked with the met-

rics Concern Diffusion over Classes (CDC), Concern Diffu-

sion over Operations (CDO) and Lack of Concern-based 

Cohesion (LCC), described in Section 2. The conventional 

metrics group relied on the following metrics: Coupling 

Between Object Classes (CBO), Lack of Cohesion in 

Methods (LCOM), Weighted Methods per Class (WMC). 

The original definition of these metrics can be found in [4], 

and the formal definition of CBO and LCOM can be found 

in [1] and [2], respectively. The metrics Number of Attrib-

utes (NOA) and Number of Operations (NOO) were also 

used by the conventional metrics group. These metrics 

merely count the number of attributes and methods of each 

class. The hybrid metrics group worked with all eight met-

rics. 
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3.5 Activities 

 The study was preceded by a training session to allow 

the participants to familiarize themselves with the evaluated 

metrics and the target bad smells. At the beginning of the 

study execution, the participants were then given a docu-

ment containing: (i) a partial view of the Health Watcher 

object-oriented design (class diagram), (ii) an introduction 

of Health Watcher functional and non-functional require-

ments, (iii) a brief explanation of the design, and (iv) a brief 

description of the concerns involved in the Health Watcher 

design. The document also described steps and guidelines 

the students should follow to conduct the study, the ques-

tions they should answer and information they should regis-

ter. 

In addition, we provided the students with the results of 

the metrics application. Each group only had access to the 

results referent to the metrics they were assigned to work 

with. Each group was asked to perform the following steps: 

(i) read the description of the Health Watcher design, (ii) 

based on the metrics results, identify the classes with the 

highest probability of having the bad smell Divergent 

Change, and (iii) based on the metrics results, identify the 

classes with the highest probability of having the bad smell 

Shotgun Surgery. 

The time spent on each of these tasks was registered by 

each group. To identify the classes with bad smells, we 

asked them to reason about the metrics and identify which 

of them (one, some, or all) were relevant indicators based 

on the bad smell description. Also, we asked each group to 

explain which metrics they used for detecting the bad smell 

and which ones were not useful. 

3.6 Hypothesis 

The hypothesis we wanted to test in this study was that the 

hybrid metrics suite is the most effective to support detec-

tion of design bad smells. The intuition behind this hy-

pothesis is that the hybrid metrics group is better equipped 

to identify the design flaws because both sets of conven-

tional and concern-driven metrics: (i) are intuitively suited 

for detecting the selected bad smells, and (ii) may be used 

in a complementary way. To test this hypothesis, we com-

pared the actual instances of the bad smells with the classes 

identified by each group as the strongest candidates of hav-

ing the bad smells. Before the study was executed, we made 

a systematic analysis of Health Watcher artifacts to deter-

mine which classes were affected by the bad smells. First, 

we have used our own extensive knowledge of the system 

design and its releases. Second, we also checked out the 

source code of Health Watcher and observed comments and 

changes made by real developers while both refactoring the 

Java code and reengineering it with AspectJ [16, 23]. We 

identified twelve classes affected by Divergent Change and 

eight by Shotgun Surgery. 

4. Results and Discussion 

Table 1 shows for each group and each bad smell: (i) the 

time spent on the identification of the bad smell, (ii) the 

number and percentage of hits, and (iii) the number and 

percentage of false positives. A hit occurs when the group 

identified a class which was in the previously-generated list 

of classes affected by the bad smell (Section 3.5). A false 

positive occurs when the group identified a class which was 

not in the list. The percentage of hits is calculated dividing 

the number of hits by the number of classes in our list: 12 

for Divergent Change, and 8 for Shotgun Surgery. The per-

centage of false positives is calculated dividing the number 

of false positives by the total number of classes identified 

by the group. 

As far as the identification of classes affected by Diver-

gent Change is concerned, we can observe in Table 1 that 

the two groups with conventional metrics performed sig-

nificantly worse than the others. Both obtained only two 

hits (17%). Besides, 33% and 50% of the classes they indi-

cated as suspects were false positives. Both conventional 

metrics groups reported that the most useful metric for 

identifying Divergent Change was Lack of Cohesion in 

Methods (LCOM). In fact, this metric presented high values 

for classes with no design anomaly. This metrics computes 

cohesion based on pairs of methods that access attributes in 

common. Because of this it erroneously classified classes 

with a high number of getters and setters methods as low 

cohesive, for instance.   

Still regarding the Divergent Change bad smell, the 

group working with concern-driven metrics had 100% of 

hits, however 36% of false positives. This group reported 

that they used the Lack of Concern-based Cohesion (LCC) 

metric to identify Divergent Change. In fact, we did not 

limit the number of classes to be listed by the groups. So 

the concern-driven metrics group indicated a high number 

of classes as having Divergent Change (19 classes). This 

occurred because they listed all classes with LCC ≥ 2. 

However, a class addressing two concerns, for instance, 

does not necessarily represent a Divergent Change. Never-

theless, in the study guidelines, we asked the students to 

rank their list of classes with the ones with highest probabil-

ity of having the bad smell coming first. The twelve first 

classes in the list of the concern-driven group were exactly 

the same as the previously generated list. The group work-

ing with the hybrid suite of metrics also performed well. 

This group had 75% of hits and no false positive. Lack of 

Concern-based Cohesion (LCC) and Lack of Cohesion in 

Methods (LCOM) were the metrics considered useful by 

this group. However, in this case, the presence of LCC 

minimized the previously discussed limitations of LCOM. 

Note that we fairly provided cohesion metrics to every 

group. 
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We can also observe from Table 1 that the group work-

ing with conventional metrics did not perform well regard-

ing the identification of the Shotgun Surgery bad smell 

either. They had just 12% of hits. Besides, one of the 

groups had 75% of false positives and the other 33%. Dif-

ferently from the analysis of Divergent Change, the per-

formance of the hybrid metrics group was not good for 

Shotgun Surgery identification: 12% of hits and 75% of 

false positives. Apparently the reason for the low perform-

ance of these three groups is the same: some conventional 

metrics (in general, interface size metrics) might have in-

troduced “noise” in the design assessment. Metrics such as 

Number of Operations (NOO), Number of Attributes 

(NOA) and Weighted Methods per Class (WMC) presented 

high values for classes not affected by the Shotgun Surgery 

bad smell. The group working with concern-driven metrics 

had again a high number of hits (75%), however a large 

number of false positives (65%). The reason for the high 

number of false positives was again the high number of 

listed classes. But again the correctly indentified classes 

were listed as having the highest probability of having the 

bad smell. This group reported that they used the Concern 

Diffusion over Components (CDC) metric to identify Shot-

gun Surgery. 

The study results partially contradict our hypothesis that 

the hybrid metrics suite would be the most effective to sup-

port detection of design bad smells. This occurred mainly 

because of the results associated with the Shotgun Surgery 

bad smell. In spite of the high number of false positives, the 

concern-driven metrics suite was the most effective for 

identifying the assessed bad smells. Apparently the high 

number of metrics hindered the analysis made by the hybrid 

metrics group. As we can see in Table 1, the group working 

with these metrics took the longest time to finish their tasks. 

This might be because they spent too much time analyzing 

non-useful measures for the bad smells under assessment. 

5. Study Constraints 

This section discusses some constraints and imperfec-

tions discovered in the design and execution of this empiri-

cal study. The conclusions obtained here are restricted to 

the involved metrics, bad smells and the target software 

system. As discussed in Section 3.3, results regarding ad-

vantages and drawbacks in using concern-driven metrics 

obtained in this study should not be directly generalized to 

other contexts. However, this study allowed us to make 

useful evaluations on whether the use of concern-driven 

metrics for assessing design modularity would be worth 

studying further.   

This study involves concern-driven metrics, thus they 

suffer from limitations related to the fact that the upfront 

process of assigning concerns to design elements directly 

impacts on the measurement results. Concern mappings and 

metrics collection were performed by the experiment de-

signers (and not by the students). It was not our intention to 

assess the time spent on concern mappings, which it is mat-

ter to be addressed in future experiments. To make this 

process more systematic, we followed a number of proce-

dures: (i) “pair mapping”, where the mapping of concerns 

to design elements was done by two people assisting each 

other, (ii) consultation of the actual system developers 

whenever it was possible, and (iii) we followed a guideline 

that states that a concern should be assigned to a design 

element if the complete removal of the concern requires the 

removal or modification of the element [7]. 

Other issue that limits our findings is the fact that we 

played a crucial role in the definition of the oracle list, i.e. 

while deciding which classes were affected by the bad 

smells. This could have biased the results mainly because 

the evaluated concern-driven metrics were proposed by the 

authors of the experiment in previous works [21, 22]. To 

minimize this issue, this is why we have consulted and ob-

served comments of the real developers of Health Watcher 

as well as changes made by them to improve the design. 

6. Related Work 

To the best of our knowledge, no other empirical study that 

explicitly compares concern-driven and conventional met-

rics has been undertaken yet. Several studies involving the 

two kinds of metrics have been carried out [3, 6, 11, 12, 15, 

16]. However, these studies use concern-driven and con-

ventional metrics in a complementary way to assess the 

modularity of a number of systems. In fact, most of them 

are dedicated to compare the modularity of aspect-oriented 

and object-oriented designs and implementations. 

More recently, Eaddy et al [6] have carried out three ex-

periments involving concern-driven metrics, including two 

of the metrics used in our study, namely Concern Diffusion 

 Conventional Metrics Conventional Metrics Concern-driven Metrics Hybrid Metrics 

Divergent Change Identification 

Time (minutes) 9 10 21 31 

Hits 2 (17%) 2 (17%) 12 (100%) 9 (75%) 

False positives 1 (33%) 2 (50%) 7 (36%) 0 (0%) 

Shotgun Surgery Identification 

Time (minutes) 6 10 13 35 

Hits 1 (12%) 1 (12%) 6 (75%) 1 (12%) 

False positives 3 (75%) 2 (33%) 11 (64%) 3 (75%) 

Table 1. Results: identification of Divergent Change and Shotgun Surgery bad smells 
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over Components (CDC) and Concern Diffusion over 

Components (CDO). Their experiment aimed at testing the 

hypothesis that the more scattered a concern’s implementa-

tion is, the more likely it is to have defects. They found a 

moderate to strong correlation between the evaluated met-

rics and defects for all three experiments, which suggested 

that scattering may cause or contribute to defects. Neverthe-

less, their experiments do not focus on the comparison be-

tween concern-driven and conventional metrics. In fact, 

their work only encompasses concern-driven metrics.  

7. Final Remarks and Ongoing Work 

The emergence of new modularization techniques that 

promise superior separation of concerns has bring the atten-

tion of software engineering researchers back to the impor-

tance of concern-sensitive assessment of software 

modularity. Hence, a number of concern-driven metrics 

have been defined. In addition, several empirical studies 

involving the use of concern-driven metrics have been un-

dertaken. Most of these studies focus on assessing the bene-

fits and drawbacks of emerging modularization techniques, 

such as aspect-oriented software development. However, 

there is not much empirical evidence on the efficacy of 

concern-driven measurement in order to assess design 

modularity. 

This work represents a first stepping stone towards the 

evaluation of how concern-driven metrics enhance the 

process of detection of modularity-related design flaws. We 

presented an empirical study that compared the efficacy of 

concern-driven and conventional metrics. Our findings 

showed that concern-driven metrics are promising means 

for supporting the detection of modularity flaws. However, 

it was a preliminary study and it is clear that the number of 

involved subjects is by no means statistically relevant. 

Therefore, we have recently replicated this study with more 

undergraduate and master students (total of 30 students). 

We also included other bad smells in these new studies. We 

are still working on the analysis of the results, but at a first 

glance they seem similar to the ones presented here. 
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ABSTRACT
Middleware specialization is a technique to prune middleware fea-
tures that are deemed unnecessary by the application domain, and
to optimize and customize the relevant features to obtain domain-
specific semantics within the middleware. Although contemporary
modularization techniques, such as aspect-oriented programming
(AOP) and feature-oriented programming (FOP), have been used
in middleware specialization, there is a lack of a taxonomy that can
assess the strengths and weaknesses of these techniques. To ad-
dress these limitations, this paper develops a taxonomy that orga-
nizes contemporary modularization approaches applied to the prob-
lem of middleware specialization within a unified framework. The
taxonomy helps assess the applicability of multiple modularization
techniques used in concert for specializing system software such as
middleware.

Categories and Subject Descriptors
H.4 [Middleware]: Specialization; D.2.8 [Software Engineering]:
[complexity measures, performance measures]

1. INTRODUCTION
A number of applications based on distributed, general-purpose

middleware platforms, such as J2EE/EJB, .NET Web Services and
CORBA, must specialize these middleware to satisfy their func-
tional and quality of service (QoS) requirements. Middleware spe-
cialization is a technique to prune middleware features that are
deemed unnecessary by the application, and to optimize and cus-
tomize the relevant features to obtain domain-specific semantics
within the middleware.

Many prior research efforts in middleware specialization have
used different modularization techniques, such as Aspect-oriented
Programming (AOP) [10] and Feature-oriented Programming (FOP)-
[23]. For example, AOP is used to develop resource-efficient sys-
tem software [14] and context-specific specilized middleware [13],
to bypass middleware layers [20], to define fine-grained middle-
ware architectures that can be seamlessly refined [8], and even in
dynamic specialization [4]. Modularization techniques have also

been used in concert [35] with model-driven development.
Although different modularization techniques have shown how

middleware can be specialized, there is a general lack of a taxon-
omy that helps to assess the strengths and weaknesses of modular-
ization techniques when used individually or in concert. To address
these limitations, this paper develops such a taxonomy which is de-
rived from a survey of many research efforts, and is broadly clas-
sified along three dimensions of application development: feature-
dependent, paradigm-dependent and lifetime-dependent. This tax-
onomy assesses the applicability of a specific technique for a par-
ticular context in middleware specialization. Such a taxonomy can
also provide guidelines in specializing other kinds of systems soft-
ware including operating systems and databases.

To effectively present the taxonomy and assessment of contem-
porary modularization techniques, we have organized the remain-
der of this paper as follows: Section 2 proposes our three-dimensional
taxonomy of middleware specialization techniques. Section 3 brings
forth a brief discussion on the different middleware specialization
techniques and provides an assessment of their combinations through
qualitative evaluations and guidelines for applying them. Finally,
Section 4 concludes the paper and suggests possible future research
directions.

2. TAXONOMY OF MODULARIZATION TECH-
NIQUES FOR MIDDLEWARE SPECIAL-
IZATION

In this section we develop a taxonomy for assessing the differ-
ent modularization techniques used in middleware specialization.
We surveyed multiple research efforts on middleware specializa-
tion that use different modularization techniques, which in turn can
be categorized with respect to the type of specialization it provides.

2.1 Survey of Modularization techniques used
in Middleware Specialization

Lohmann et. al. [14] argue that AOP is well suited for the de-
velopment of fine-grained and resource-efficient system software
product lines where overhead due to the dynamic binding and dis-
patch of object-orientation is not acceptable when aspects beat ob-
jects. FACET [8] identifies the core functionality of a middleware
framework and then codifies all additional functionality into sepa-
rate aspects. The advantage of using AOP is that the hooks and call-
backs that were needed using standard object oriented techniques
for adding functionality to existing code are no longer required.
This removes the need to preconceive where the variation points
of the code are needed and also removes the need to refactor large
amounts of existing code to insert these hooks after the fact leading
to better modularization.
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Modelware [35] advocates the use of models and role-based as-
pect views and aspect libraries to separate intrinsic functionalities
of middleware (i.e., a set of coherent components free of crosscut-
ting concerns) from extrinsic ones (i.e., domain variations). This
separation effectively lowers the concern density per component
and fosters the coherence and the reuse of the components of mid-
dleware architectures. Devanbu et. al. [20] adopted AOP to enable
bypassing layers of middleware to avoid the rigid layer processing
performed by middleware that can lower overall system through-
put, and reduce availability and/or increase vulnerability to security
attacks. Their focus is to enable developers of middleware-based
applications to conveniently adopt a bypassing design pattern (or
bypassing style) (with good tool and run-time support) to speed-up
applications, without having to write intricate, low-level, inherently
non-portable code.

AOP, however, requires the specification of the middleware func-
tionality which implies a broader knowledge of the structures and
the application functionality. To support the runtime identification
of the application needs and the dynamic specialization of the mid-
dleware according to the application requirements, Aspect Open-
Orb [4] uses AOP to customize the reflective middleware. Aspects
that are not in the application code can be dynamically inserted us-
ing the meta-object protocol of computational reflection.

FOCUS [13] describes how context-specific specializations can
be automated and applied to optimize excessive generality in general-
purpose middleware used for product-line architectures thereby im-
proving throughput, average- and worst-case end-to-end latencies
and predictability without affecting portability, APIs, or applica-
tion software implementations while preserving interoperability.

The survey presented above enables us to develop a taxonomy
as shown in Figure 1. The taxonomy can be broadly classified
along three dimensions of application development: (1) feature-
dependent, (2) paradigm-dependent, and (3) lifetime-dependent.
The remainder of this section delves into the details of each di-
mension.

Figure 1: Three Dimensional Taxonomy of Middleware Spe-
cialization Research

2.2 Feature-Dependent Specialization
Feature-oriented programming (FOP) captures the variants of a

base behavior though a layer of encapsulation of multiple abstrac-

tions and their respective increments that together pertain to the
definition of a feature [16]. FOP decomposes complex software
into features which are the main abstractions in design and imple-
mentation. They reflect user requirements and incrementally refine
one another. FOP is particularly useful in incremental software de-
velopment and software product lines (SPLs).

The specialization of a middleware platform along the feature-
dependent dimension consists of composing it according to the
features/functionalities required by the hosted applications. This is
a dynamic process that consists of augmenting/inserting new fea-
tures as well as pruning/removing unnecessary features. We distin-
guish between feature pruning and feature augmentation special-
ization strategies as follows:

2.2.1 Feature Pruning
Feature pruning is a strategy applied to remove features of the

middleware to customize it. In this case the original middleware
provides a broad range of features but many are not needed for a
given use case. These unwanted features are pruned from the orig-
inal middleware. This approach is taken by FOCUS [13] where
unnecessary features are automatically removed from general pur-
pose middleware through techniques such as memoization to pro-
vide optimizations for DRE systems.

2.2.2 Feature Augmentation
Feature augmentation is a strategy applied when the specializa-

tion is grounded via the insertion of new features, either because
the original middleware did not support it or the middleware is
composed out of building blocks [1, 3, 30]. The latter variety of
middleware platforms are designed to overcome the limitations of
monolithic architectures. Their goal is to offer a small core and to
use computational reflection to augment new functionalities.

In Section 2.4.2, AOP can be used to compose middleware plat-
forms where the middleware core contains only the basic func-
tionalities [8, 35]. Other functionalities that implement specific
requirements of the applications are incrementally augmented in
the middleware by the weaver process, when they are required and
decrementally pruned when they are not required.

2.3 Lifetime-Dependent Specialization
One approach to classify specialization techniques is based on

the time scale at which it is implemented: pre-postulated and just-
in-time [36]. Figure 2 shows this dimension of our taxonomy.
If middleware specialization is performed during the application
compile or startup time, we designate it pre-postulated/static spe-
cialization. For example, EmbeddedJava (java.sun.com/products/
em\-beddedjava) minimizes the footprint of embedded appli-
cations during the application compile time. Similarly, if the mid-
dleware specialization is performed during the application run time,
we designate it just-in-time/dynamic specialization. For example,
MetaSockets [25] load adaptive specialization code during run time
to adapt to wireless network loss rate changes. Notice that in Fig-
ure 2, dynamism increases from left to right.

2.3.1 Pre-postulated Specialization
Pre-postulated or Static specialization tailors the middleware be-

fore knowing its exact application use case. This process tries to
identify the general requirements of possible future applications
and defines the middleware configuration that will be used by the
applications. It is further divided into customizable and config-
urable middleware.

• Customizable specialization enables adapting the middle-
ware during the application compile/link-time so that a de-
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Figure 2: Lifetime-Dependent Middleware Specialization

veloper can generate specialized (adapted) versions of the ap-
plication. Note that a customized version is generated in re-
sponse to the functional and environmental changes realized
after the application design-time. Examples of specialization
mechanisms provided by customizable middleware are static
weaving of aspects [10], compiler flags, and precompiler di-
rectives [11]. QuO [38] and EmbeddedJava are examples of
customizable middleware.

• Configurable specialization enables adapting the middle-
ware during the application startup time thereby enabling an
administrator to configure the middleware in response to the
functional and environmental changes realized after applica-
tion compile time during its deployment or startup. Some
examples of specialization mechanisms provided by config-
urable middleware include CORBA portable interceptors [19],
optional command-line parameters, for example, to set socket
buffer-size, and configuration files such as ORBacus config-
uration file (www.orbacus.com).

2.3.2 Just-in-time (JIT) Specialization
Just-in-time (JIT) or Dynamic specialization occurs at run time

by identifying the requirements of the running application and cus-
tomizing the middleware according to the application needs. It can
be further classified into tunable and mutable middleware.

• Tunable Specialization enables adapting the middleware af-
ter the application startup time but before the application is
actually being used. Doing so enables an administrator to
fine-tune the application in response to the functional and en-
vironmental changes that occur after the application is started.
Examples of specialization mechanisms provided by tunable
middleware are ”two-step” specialization approaches (includ-
ing static AOP during compile time and reflection during run
time) employed by David et. al [6] and Yang et. al [34],
the component configurator pattern [27] used in Dynamic-
TAO [12], and the virtual component pattern [5] used in TAO
and ZEN middleware.

• Mutable Specialization is the most powerful type of mid-
dleware specialization that enables adapting an application
during run time. This specialization is also called Adaptive
Specialization. Hence, the middleware can be dynamically
specialized while it is being used. The main difference be-
tween tunable middleware and mutable middleware is that
in the former, the middleware core remains intact during the
tuning process whereas in the latter there is no concept of
fixed middleware core. Therefore, mutable middleware are
more likely to evolve to something completely different and
unexpected. Examples of specialization techniques provided
by mutable middleware are reflection [3], late composition
of components [11], and dynamic weaving of aspects [34].

2.4 Paradigms-Dependent Specialization
Numerous advances in programming paradigms have also con-

tributed to middleware specialization techniques. Although many
important contributions have been made in this area, a review of the
literature shows that four paradigms, in addition to object-oriented
paradigm, play key roles in supporting middleware specialization:
computational reflection [4], component-based design [29], aspect-
oriented programming [10], and feature-oriented programming [23].

There are other approaches such as program slicing, partial eval-
uation, policies, automatic tuning of configuration parameters that
enable customization of system software. However these approaches
are more fine-grained in the sense that they are used to manipulate,
customize and verify the correctness of individual programs. How-
ever, each of these approaches can be utilized through the more
coarser-grained approaches that are being considered in this paper.

2.4.1 Computational Reflection
Computational reflection [4] refers to the ability of a program to

reason about, and possibly alter, its own behavior. Reflection en-
ables a system to open up its implementation details for such anal-
ysis without compromising portability or revealing the unnecessary
parts. As depicted in Figure 3, a reflective system (represented as
base-level objects) has a self representation (represented as meta-
level objects) that is causally connected to the system meaning that
any modifications either to the system or to its representation are
reflected in the other.

Figure 3: A Reflective System with Causally Connected Meta-
level

The base-level part of a system deals with the normal (func-
tional) aspects of the system whereas the meta-level part deals with
the computation (implementation) aspects of the system. The meta-
level contains the building blocks responsible for supporting reflec-
tion. The elements of the base-level and that of the meta-level are,
respectively, represented by base-level objects and meta-level ob-
jects. A meta-object protocol (MOP) [9] is a meta-level interface
that enables systematic (as opposed to ad hoc) inspection and mod-
ification of the base-level objects and abstraction of the implemen-
tation details.

Computational reflection is an efficient and simple way of insert-
ing new functionalities in a reflective middleware. Thus, it is neces-
sary only to know components and interfaces. The next generation
middleware [3, 7] exploits computational reflection to customize
the middleware architecture. Reflection can be used to monitor the
middleware internal (re)configuration [24]. The middleware is di-
vided in two levels: base-level and meta-level. According to Fig-
ure 3, the middleware core is also represented by base-objects and
new functionality is inserted by meta-objects. Figure 4 shows that
the meta-level is orthogonal to the middleware and to the applica-
tion. This separation allows the specialization of the middleware
via extension of the meta-level.
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Figure 4: Reflective Middleware

2.4.2 Aspect Oriented Programming (AOP) Techniques
Kiczales et al. [10] realized that complex programs are com-

posed of different intervened crosscutting concerns (properties or
areas of interest such as QoS, energy consumption, fault tolerance,
and security). While object-oriented programming abstracts out
commonalities among classes in an inheritance tree, crosscutting
concerns are still scattered among different classes thereby compli-
cating the development and maintenance of applications.

AOP [10] applies the principle of “separation of concerns” (SoC) [21]
during development time in order to simplify the complexity of
large systems. Later, during compile or run time, an aspect weaver
can be used to weave different aspects of the program together to
form a program with new behavior. AOP proponents argue that dis-
entangling the crosscutting concerns leads to simpler development,
maintenance, and evolution of software. Naturally, these benefits
are important to middleware specialization. Moreover, AOP en-
ables factorization and separation of crosscutting concerns from the
middleware core [28], which promotes reuse of crosscutting code
and facilitates specialization.

In the context of middleware, we refer to AOP approaches as ex-
isting software platforms that expose hooks for applications using
these platforms, to adapt, alter, modify, or extend the normal exe-
cution flow of a service requested. Non-functional features (mon-
itoring code, logging, security checks, etc.) can be transparently
woven into the middleware code paths or unnecessary features can
be pruned through bypassing code paths or middleware layers. In
that sense, the CORBA portable interceptor (PI) mechanisms, al-
though not explicitly positioned as an aspect-oriented approach,
belong to this category. Using AOP, customized versions of mid-
dleware can be generated for application-specific domains. Yang
et al. [34] and David et al. [6] both provide a two-step approach
to dynamic weaving of aspects in the context of middleware spe-
cialization using a static AOP weaver during compile time and
reflection during run time. Other recent examples explicitly po-
sitioning themselves as aspect-oriented approaches are the JBoss
AOP approach (www.jboss.org) and the Spring AOP approach
(www.springframework.org).

2.4.3 Model-Driven Engineering (MDE)
MDE is an emerging paradigm that integrates model-based soft-

ware development techniques (including Model-Driven Develop-
ment [26] and the OMG’s Model Driven Architecture) with QoS-
enabled component middleware to help resolve key software de-
velopment and validation challenges encountered by developers of
large-scale distributed, real-time and embedded (DRE) middleware
and applications. In particular, MDE tools can be used to specify
requirements, compose DRE applications and their supporting in-
frastructure from the appropriate set of middleware components,
synthesize the metadata, collect data from application runs, and
analyze the collected data to re-synthesize the required metadata.
These activities can be performed in a cyclic fashion until the QoS
constraints are satisfied end-to-end.

Conventional middleware architectures suffer from insufficient
module-level reusability and the ability to adapt in the face of func-
tionality evolution and diversification. As reported in [35], ”intrin-
sic” and ”extrinsic” properties interact non-modularly in conven-
tional middleware architectures. Consequently, middleware archi-
tects are faced with immense architectural complexities because the
concern density per module is high. The code-level reusability of
the ”common abstractions” is also drastically reduced because the
generality of intrinsic components is restricted by the ”extrinsic”
properties in the face of domain variations. A contributing factor to
this complexity, is that the code-level design reusability in conven-
tional middleware architectures is incapable of adequately dealing
with ”change” in two dimensions: time (functional evolution) and
space (functional diversification).

The reusability in conventionally developed software components
is insufficient due to the lack of explicit means to effectively distin-
guish intrinsic and extrinsic architectural elements. Conventional
middleware architectures also lack effective means to reuse ”ex-
trinsic” properties, especially ones that are crosscutting [10] in na-
ture, i.e., not localized within modular boundaries. Conventional
architectures have fallen short of doing so because they are inca-
pable of componentizing and reusing crosscutting concerns as ana-
lyzed in [37]. Being able to componentize and to reuse these func-
tionalities tremendously facilitates the construction of middleware
systems. To tackle the aforementioned problems, Zhang et. al. [35]
propose a new architectural paradigm called Modelware which em-
bodies the ”multi-viewpoints” [18] approach.

3. ASSESSMENT OF MODULARIZATION
TECHNIQUES FOR MIDDLEWARE SPE-
CIALIZATION

In this section we use our taxonomy to assess the strengths and
weaknesses of various modularization approaches used for special-
izing middleware. We then develop a framework for systematic and
automated middleware specialization that provides guidelines for
middleware application developers to reason about, optimize, cus-
tomize and tune the middleware according to their domain-specific
requirements.

3.1 Qualitative Evaluation of the Middleware
Specialization Taxonomy

In the following we use a combination of artifacts of individual
dimensions of our taxonomy to assess the pros and cons of various
modularization techniques when applied to middleware specializa-
tion.

Table 1 summarizes our assessment of different modularization
techniques. We briefly discuss below each paradigm with respect
to the lifetime dimension of the taxonomy

1. Pre-postulated Specializations: FOP, AOP and MDE are
widely used at design-time and compile-time respectively to
perform feature augmentation and pruning. Although fea-
ture modules – the main abstraction mechanisms of FOP –
perform well in implementing large-scale software building
blocks, they are incapable of modularizing certain kinds of
crosscutting concerns [2]. This weakness is the strength of
aspects. Caesar [15], AFMs [2] combine FOP with AOP
to overcome the shortcomings of “purely hierarchial” fea-
ture specifications in FOP. However, reflection has limited
application during the pre-postulated phases except during
deployment it could be used to inspect the target platform
features before the application is deployed.
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Table 1: Evaluation of the Combinations of Dimensions

COMBINATIONS USE CASES STRENGTHS WEAKNESSES RELATED WORK
Pre-postulated Inspect target platform Useful during Difficult to predict runtime AspectOpenORB, DTO

+ Reflection features deployment conditions
Just-in-time Introspect runtime application Dynamic Adaptation Can cause unpredictable AspectOpenORB
+ Reflection features & reconfiguration behavior

Pre-postulated Weave/Prune at compile-time Transparency without Code Bloating FACET, CLA, FOCUS,
+ AOP affecting core Bypassing Layers,

AspectOpenORB
Just-in-time Dynamic weaving of features Dynamic Adaptation Requires native platform JAsCo, PROSE, Abacus

+ AOP support
Pre-postulated Weave/Prune only known Elegant design Runtime specializations not DTO, CLA, Modelware

+ MDE features possible
Just-in-time Self-healing/correcting Validation of Incur runtime overhead Models@Runtime

+ MDE systems Specializations
AOP + FOP ISD and SPLs Better modularization Runtime specializations AFMs, Caesar

of crosscutting features not possible, cause conflicts
FOP + MDE SPLs Better composition Runtime specializations FOMDD [31]

of features not possible, cause conflicts
AOP + Reflection Composition based on On-demand feature May cause conflicts AspectOpenORB

application requirements weaving
AOP + MDE + Design/Weave/Prune valid Systematic, correct Safe specializations is Research Needed

FOP + Reflection features combinations specialization process challenging

2. Just-in-time Specializations: AOP has few use cases at just-
in-time where dynamic weaving of feature aspects could be
set up with the help of native compile-time platform support,
such as Java Virtual Machine (JVM) [22]. JAsCo [32] is an
adaptive AOP language used to specialize Web Services im-
plementations [33] whereas PROSE [17] and Abacus [36] are
just-in-time aspect-based middleware. Beyond design-time,
MDE cannot be applied since it relies mainly on predeter-
mined system feature requirements. However, it can con-
figure dynamic augmentation or pruning of features at run-
time. Recently models at run-time has been used for self-
healing systems. The principles from those domains need
to be applied for specializing middleware dynamically based
on models. Computational reflection can be used to support
the runtime introspection of the application and perform dy-
namic augmentation and pruning of features to adapt its in-
ternal implementation and reconfigure itself depending upon
the dynamic conditions prevalent at run-time. However, This
enables support for more powerful dynamic specializations
which are useful for power and resource management, and
dynamic adaptation as in wireless sensor networks, embed-
ded systems, etc.

3.2 Guidelines for Middleware Specialization
We now provide guidelines for middleware specialization using

our taxonomy. We use the lifecycle dimension as the dominant
dimension since it imparts a systematic ordering to the process of
performing middleware specialization. We believe the guidelines
can apply to any systems software, such as an operating system,
web server or a database management system.

1. Development-time specializations: During development-time
the middleware developer can program the application code
with features that need to be loaded at initialization-time and
features that can be swapped in/out at run-time through strate-
gies. MDE and AOP based techniques are more effective
to program development-time specializations. In this phase,

feature-augmentation should be the goal.
2. Compile-time specializations: Compile-time specializations

can be used to transparently weave-in (augment) or weave-
out (prune) features code. AOP is the key enabler for per-
forming compile-time specializations.

3. Deployment-time specializations: Deployment-time special-
izations mainly address target platform-specific concerns such
as type of data transport, database drivers, etc. The middle-
ware features are matched to make optimal use of the under-
lying platform feature constraints. Special tools which per-
form the task of setting up the deployment can use reflection
to query the platform features and use AOP to transparently
change the underlying bindings or supply the required con-
figuration parameters when launching applications.

4. Initialization-time specializations: Feature configuration is
performed at initialization-time using the configuration pa-
rameters that are pre-programmed either at development-time
and/or compile-time or supplied during the application startup-
time.

5. Run-time specializations: At run-time, features can be swapped
in or out using either reflection or dynamic aspect weaving
depending upon the conditions prevalent after the application
is executing. However, too much dynamism can lead to un-
predictable application behavior leading to unstable special-
izations that are difficult to verify for safety criticality and
correctness. To benefit from mutable middleware, we should
harness its power using techniques such as safe specializa-
tion. So most of the dynamic feature swapping needs to be
statically programmed before hand.

6. Integrated specializations: Since no single modularization
technique can specialize middleware over all phases of the
application lifetime, multiple techniques need to be applied
and validated in unison starting with MDE and AOP at pre-
postulated time whereas computational reflection at just-in-
time. It is important to restrict feature changes at run-time
that conflict with the design-time feature configurations. Ap-
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plying overlapping specializations may cause inconsistencies
in the applications. This is the same problem as the feature
interaction problem in pattern recognition that needs to be
addressed in middleware specialization also. Inconsistency
can be caused when FOP, AOP or MDE augments a depen-
dent feature set during pre-postulated phases but reflection
prunes one of the features from the set during just-in-time
phases which may lead to unpredictable runtime behavior
and failures. Inconsistencies can also occur within the same
life-time phase. Hence, tools and techniques are needed to
validate specializations when multiple customization tech-
niques are applied in tandem not only within a phase but
across entire application lifetime.

7. Optimal specializations: Finally specialization tools should
not only validate but also optimize various feature changes
so that they are not only consistent but satisfy the quality of
service (QoS) requirements of the applications.

4. CONCLUDING REMARKS
Prior research has shown the usefulness of different modular-

ization techniques to handle middleware specialization challenges.
Yet there does not exist a common vocabulary that unifies these
efforts. This paper addresses this challenge by developing a three-
dimensional taxonomy for middleware specialization. We use this
taxonomy to provide a qualitative assessment of the strengths and
weaknesses of the modularization techniques. We also provide
guidelines for application or middleware developers who are in-
terested in specializing the middleware on how best to use this tax-
onomy in their project.

Finding an optimized and adaptive middleware specialization so-
lution using current state-of-the-practice middleware specialization
approaches is not an easy task. A developer needs to know all
available middleware approaches and should spend a lot of time
and money to find the optimized solution. Developing tools, tech-
niques and high-level paradigms which can be assimilated into a
catalog of specialization patterns that assist a developer in this te-
dious process is a useful research area that promotes development
of adaptive software. Inventing domain-specific specialization pat-
tern languages can serve as guidelines for the synthesis of such
tools. Moreover, validating the safety of specialization approaches
is hard. Our current work focuses on this dimension of the re-
search.
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Abstract
A large number of different composition systems and tech-
niques have been developed over the last years. To com-
pare their relative benefits and drawbacks, we need a com-
mon vocabulary for describing elements of composition sys-
tems. This paper contributes to the search for such a vo-
cabulary by taking a closer look at the structure of com-
position languages—that is, languages used for describing
compositions—based on a survey of eight different compo-
sition systems.

Categories and Subject Descriptors A.1 [Introductory and
Survey]; D.2.11 [Software Architectures]: Languages, Pat-
terns

General Terms Design, Theory

Keywords Elements of Composition Systems, Composi-
tion Languages, Terminology

1. Introduction
Decomposition and modularisation have been used success-
fully to deal with complex system development. Whenever
we decompose a system design or implementation, we also
need ways of putting the parts together again. Typically, this
is achieved by using so-called composition systems. Over
time, a large number of composition systems and approaches
have been developed. To be able to compare these, we need a
common vocabulary describing salient elements of compo-
sition systems. This paper contributes to the ongoing search
for such common vocabulary.

Composition systems and their elements have been stud-
ied for some time. (Medvidovic and Taylor 2000), were the

ComponentComponent

M
ap

pi
ng

 to
 a

ct
ua

l
C

om
po

ne
nt

s
M

ap
pi

ng
 to

 a
ct

ua
l

C
om

po
ne

nt
s

Composition
Description

Composition
Description

Component
Selection

Component
Selection

Component
Connection
Component
Connection

Component
Denotation

Component
Denotation

Component Model

Composition Language

In-Context
Component
Selection

In-Context
Component
Selection

In-Context
Component
Connection

In-Context
Component
Connection

Figure 1. Elements of composition languages

first to discuss the elements of a composed system. They po-
sitioned their discussion in the context of Architecture De-
scription Languages (ADLs) and found components, con-
nectors and configurations as the central elements of an
ADL. Later, (Aßmann 2003) introduced a more general
characterisation of composition systems by distinguishing
the elements of component model, composition technique,
and composition language. In this paper, we focus on the in-
ternal structure of a composition language and define a com-
mon vocabulary for elements of a composition language; to
the best of our knowledge the first attempt in this direction.

The remainder of this paper is structured as follows: In
the next section, we propose new vocabulary for analysing
composition descriptions. To evaluate whether this vocabu-
lary is sufficiently general for a diverse set of composition
systems, Sect. 3 then applies it to eight specific composition
systems. Finally, Sect. 4 concludes the paper.

2. Elements of Composition Languages
Figure 1 shows the elements of a composition language as
we see them. In the lower left corner are the actual com-
ponents. We do not care about the specific form in which
these components exist: they could be source or binary com-
ponents, or even, for example, just logical subdivisions of a
large monolithic model.
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For each of these components, we have a denotation in
our composition language. Typically, we use these denota-
tions to express compositions. Component denotations can
take many forms: They can be simple names that stand for
components, but they can also be symbols that need to be
mapped to components in more complex ways—for exam-
ple, we could use #ifdef symbols to denote components
in the configuration of a C++ program. To handle this wide
range of possible component denotations, a mapping be-
tween the denotations and the actual components is required.
If denotations are only names, this mapping is simple. How-
ever, it can become arbitrarily complex in other cases.

Compositions are described in two steps: First, we need to
select the components to be composed. Then, we need to de-
scribe how these components are to be connected. Depend-
ing on the composition system, both steps will be expressed
implicitly on the component level or explicitly on the level
of component denotations.

In the following, we define these concepts in more detail.

2.1 Component
We use the term component to refer to artefacts or groups of
artefacts that will eventually form part of the composed sys-
tem. Usually, one (ideally reusable) concern is contained in
one component. Components need not be clearly identifiable
physical entities: A single file may form a component, but
a set of related model elements from different models may
also form one component. Which information is considered
as a component depends on the concrete composition system
in use. Components can have hierarchical structure; that is,
one component may contain other components.1

2.2 Component Denotation
Component selections and connections are often expressed
using abstract representations of the actual component. We
use the term component denotation to refer to such ab-
stract representations. Component denotations can be sim-
ple names that stand for individual components, but they can
also be complex structures representing components and cer-
tain selected properties of these components.

2.3 Mapping from Denotation to Component
The meaning of component denotations is defined by map-
ping them to actual components. Such mappings can be
simple mappings that associate a symbol in the compo-
nent denotation with a single-artefact component or they
can be complex mappings that associate a single component-
denotation symbol with a group of artefacts, possibly from
different physical containers (e.g., files). Mappings can be
defined extensionally by enumerating all denotational el-
ements and their associated components or intentionally

1 The definition is generic on purpose: We focus on composition languages
and are not overly interested in the details of what constitutes a component.

through rules that compute the components associated with
a denotational element.

2.4 Component Selection
To describe how a system is composed from component,
we must first select the components to be used. We use the
term component selection to refer to this step and, in partic-
ular, to the part of a composition program expressing this.
Component Selection normally uses component denotations
to reference the components to be selected. A special kind
of component selection—in-context component selection—
is inserted directly in the definition of one component and
implicitly selects this component. It uses component deno-
tations to select additional components, though.

2.5 Component Connection
After selecting the components to be composed, we need
to specify the connection between them. We call this step
component connection and, also use this term for the part
of a composition program expressing this. Normally, com-
ponent connections use component denotations to reference
all components to be connected. A special kind of com-
ponent connection—in-context component connection—can
be used directly inside the definition of one component and
automatically references this component and specific im-
plicit connection points within it. It uses component deno-
tations to reference other components to be connected.

3. A Survey of Composition Systems
In this section, we survey a number of composition systems
and show how they fit with the vocabulary we introduced in
the previous section.

This survey serves two purposes: 1) to explain the indi-
vidual terms of our vocabulary by providing concrete exam-
ples, and 2) to evaluate our vocabulary by showing that it can
be applied to a sufficiently large set of composition systems.

3.1 Black-Box Composition
Classical, black-box component systems, such as CORBA
(Object Management Group 2008) or Enterprise Java Beans
(EJBs) (Microsystems 2001), have been available for some
time. They typically provide an infrastructure that manages
binary-format components and establishes connections and
communications between them at runtime. One important
part of this infrastructure is a naming service that allows
components to be identified through some developer-chosen
name. Components connect with each other by referencing
these names in their source code or in so-called deployment
descriptors.

Components come in the form of binary files. Depending
on the specific component systems, these are machine-
code binaries such as executables or dynamically linked
libraries in the case of CORBA or byte-code binaries as
in the case of EJB.
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Component Denotation is done using textual identifiers.
Some component systems support hierarchical name
spaces and structured names. If so-called trading services
are used, components can also be denoted by logical ex-
pressions over their properties.

Mapping Standard mapping is performed in the naming ser-
vice. This mapping is explicitly defined by registering
individual components with the naming service under a
specific name. In the case of trading services, the map-
ping is more complicated and involves some amount of
reasoning and matchmaking over the divers logical de-
scription terms. Still, however, the mapping is explicit
insofar as each component is explicitly associated with
a number of logical description terms.

Component Selection happens explicitly by naming asso-
ciated components either in calls to the naming service
or in so-called deployment descriptors that are delivered
with a component. In both cases, all associated compo-
nents are mentioned in the context of the component us-
ing them. Therefore, component selection is in-context.

Component Connection is combined with component se-
lection. Therefore, it also happens in-context.

3.2 Aspect-Oriented Programming
In Aspect-Oriented Programming (AOP) (Kiczales et al.
1997), pieces of code—advices—are distributed over a core
set of modules in a weaving process. Aspect definitions
use pointcut specifications (that is, specifications of sets of
joinpoints—points in the execution of the core modules)
to specify where advice code should be woven. What join-
points are available depends on the execution model of the
programming language of the core modules and on the spe-
cific aspect approach.

Components are the core modules and the individual pieces
of advice.

Component Denotation Advice components are denoted
by simple names that developers associate with an aspect
definition. Core-module components are denoted through
a rich set of pointcut specifications referring to individual
points in the execution of the core modules.

Mapping of advice denotations is implicit: A name used is
mapped to all the advice of an aspect definition of the
same name. Mapping core modules is also implicit: How
pointcut expressions are mapped to specific points in the
execution is hard-coded in the aspect weaver.

Component Selection Advice components are selected ex-
plicitly by making them available to the aspect weaver.
Core module components are selected explicitly through
pointcut expressions.

Component Connection is defined explicitly by associat-
ing a particular piece of advice with a particular point-

cut expression. It is in-context, because pointcuts are ex-
pressed directly in the context of an aspect.

3.3 Model Weaving
Model Weaving often refers to linking two or more models
by way of a weaving model (AMW Project Team 2008a) or
link model (Kolovos et al. 2008). A weaving model contains
a set of weaving links that link two or more model elements.

While model weaving can be applied for many model
management tasks, it can in particular be used for expressing
different kinds of model compositions. We look at two appli-
cations of model weaving for composition. In (AMW Project
Team 2008b), a weaving model links elements of models
that should be combined during composition. In (AMW
Project Team 2008c), elements of metamodels are linked
from which concrete compositions of models (instances of
the linked metamodels) are derived. Note that there might
well be other applications of model weaving where compo-
sition languages can be found and classified.

Components are models; that is, instances of a metamodel.

Component Denotation Components are denoted by IDs or
path expressions that identify single elements in the mod-
els (AMW Project Team 2008b) or metamodels respec-
tively (AMW Project Team 2008c).

Mapping is done implicitly: in (AMW Project Team 2008b)
it is resolving an ID or expression to a model element.
In (AMW Project Team 2008c) it uses the instance-of
relationship.

Component Selection is selecting models or model ele-
ments to participate in the composition. In (AMW Project
Team 2008b), single model elements are selected during
the definition of a weaving model. In (AMW Project
Team 2008c), metamodel elements are selected during
the definition of a weaving model.

Component Connection In (AMW Project Team 2008b),
component connections are explicitly defined through
the definition of weaving links in the weaving model
between the prior selected model elements. In (AMW
Project Team 2008c), the component connection is de-
fined on the meta-level.

3.4 Invasive Software Composition
Invasive Software Composition (ISC) (Aßmann 2003; Hen-
riksson et al. 2008) is a language-independent software com-
position formalism. It defines a basic component model and
basic composition operators independent of concrete lan-
guages and composition systems. On top of this, composi-
tion systems (including composition languages) can be built
for arbitrary languages. In our tool Reuseware (Reuseware
Project Team; Heidenreich et al. 2008a), we implemented
the concepts of ISC for grammar-based and metamodel-
based languages and provided a development environment
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for composition systems based on ISC. Here we classify this
implementation.

A fundamental principle of ISC is that each component—
a fragment—has an explicit composition interface through
which it can be addressed for composition. In Reuseware,
fragments are either models or programs (i.e., instances of
context-free grammars). The composition interface exposes
selected model or program elements to be accessed dur-
ing composition. Such elements are distinguished into ref-
erence points (can be accessed or extracted) and variation
points (can be replaced). Concrete compositions are defined
by composition links, linking reference and variation points
in composition programs. Composition programs can be ex-
ecuted by statically replacing variation with reference points.

A composition system for a concrete language in Reuse-
ware is created by defining how composition interfaces can
be defined for or derived from models or programs written
in that language. This definition contains rules that classify
elements in models as reference or variation points. Fur-
thermore, Reuseware allows the injection of constructs from
Reuseware’s generic composition language into a language
for which a composition system is defined. This enables def-
inition of composition programs inside of fragments.

Components A model is a component in Reuseware, if a
composition system has been defined for the model’s
metamodel. A program is a component in Reuseware, if a
composition system has been defined for the context-free
grammar of the corresponding programming language.

Component Denotation Components are denoted by their
name and by composition interfaces consisting of refer-
ence and variation points.

Mapping is implicit for a concrete composition system. It
is, however, meta-explicit since it is defined and can
be modified for each composition system separately in
Reuseware.

Component Selection happens explicitly by selecting mod-
els or programs. It can be done in an external composition
program, but also in-context, if the defined composition
system supports it.

Component Connection is explicitly defined in form of
composition links. This can be done in an external com-
position program, but also in-context, if the defined com-
position system supports it.

3.5 Template-Based Code Generation
Templates are documents that contain template parameters
instead of concrete data at certain positions. Usually, tem-
plates are just regarded as plain text and do not have to
conform to any specific language. Therefore, templates can
be defined for any kind of digital document (Java classes,
HTML pages, configuration files, etc.) and processed by a
template engine like JET, StringTemplate, JSP, Velocity or
MOFScript. Those engines take templates and data as input

and compose them into complete documents. Since all men-
tioned engines work in a similar fashion, the classification
below applies to all of them.

Components are: 1) Structured data (e.g., XML files, Java
objects, models) and 2) templates. The space of available
components is typically determined in a surrounding pro-
gram by selecting a set of templates and associating data
with named parameters in the template engine.

Component Denotation exists in two forms: templates are
denoted through a naming scheme specific to the tem-
plate engine. Data is denoted through template param-
eters, which are names sometimes associated with type
information.

Mapping happens in two steps: 1) Components are explic-
itly associated with names by a) providing named tem-
plates and b) associating structured data with named pa-
rameters in the configuration of a template engine. 2) The
template has an implicit internal mechanism for deriving
denotations from these names and the components them-
selves. For example, some template engines will make
available all elements of a data structure that are accessi-
ble through operations named getXXX(). However, these
components will be made available under a name that ex-
cludes the get.

Component Selection is performed explicitly in the context
of the templates.

Component Connection is done explicitly in-context at the
same position where the selection takes place. Selection
and connection are coupled.

3.6 Feature-Oriented Programming
In Feature-Oriented Programming (FOP) a feature is seen
as an increment in program development and functionality.
It can be used in Software Product Line Engineering (SPLE)
(Pohl et al. 2005) to define and synthesise programs based on
a unique composition of features. One system to define and
execute such compositions is AHEAD2 (Batory et al. 2004),
where each feature is a nested tuple of unary functions (also
called deltas). An example of such functions are Jak files,
which add a certain increment in functionality to an existing
Java class that shares the same name:

feature EnergySaving;

refines class MusicPlayer {
autoSuspend() {...}

}

Components are features contained in files. The features
are expressed in a language that can be composed by
the AHEAD tool suite. For example, Jak components are

2 Algebraic Hierarchical Equations for Application Design (AHEAD)
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Java classes extended with domain-specific notions for
defining refinements.

Component Denotation Components are denoted by the
names of the files they are contained in.

Mapping Within AHEAD, features are mapped implicitly
to their concrete realisation by using their names.

Component Selection happens explicitly by referencing
specific features using their names in an AHEAD com-
position program.

Component Connection is usually done in-context of the
feature module by using the denotation of the base com-
ponent that is subject for refinement.

3.7 Feature-Driven Product Derivation
Variability modelling is used to express common and vari-
able parts within Software Product Line Engineering (SPLE)
and to explicitly define constraints between variable parts—
features. Variability modelling abstracts from concrete fea-
ture realisation through feature models which is a powerful
notion to handle the increased complexity in SPLE (Czar-
necki 2005; Kang et al. 1990).

However, to build concrete products from a product line,
features have to be realised using software artefacts shared
across the product line. While variability modelling resides
in the problem space, the realisation of features is part of the
solution space. To instantiate products from a product line,
feature realisations in the solution space must be included
according to the presence of the features in a variant model;
that is, a concrete selection of features from a feature model.

To support this transition from problem space to solution
space in an automated way, a mapping from features to
software artefacts that realise the features is needed. As an
example, our tool FeatureMapper (Heidenreich et al. 2008b)
allows for both defining and interpreting such mappings in
a non-invasive way, that is, without changing the software
artefacts.

Components are artefacts in models, that is, elements from
models.

Component Denotation Components are denoted using
names in the feature models. An important property is
the ability to define constraints between components in
the feature model.

Mapping Within the FeatureMapper, denotations—features
from feature models—are explicitly mapped to concrete
realisation components by the use of a mapping model.

Component Selection happens by selecting specific fea-
tures from a feature model to build a concrete variant
of the product line.

Component Connection In its default instantiation, our
mapping framework works on components that are con-
nected in solution models. During interpretation of the

mapping model, solution artefacts are preserved and re-
moved from the solution models depending on presence
or absence of the corresponding features in a variant
model. That is, we use a special form of in-context con-
nection where every component is referenced directly.

3.8 Using IfDef Statements with the C Preprocessor
The C preprocessor (CPP) allows the definition and evalu-
ation of #define constants. These can be used for many
purposes in writing programs and managing their configura-
tions. One very typical use is exemplified in the code snippet
below:

#define USE_ENERGY_SAVING 1
...
#ifdef USE_ENERGY_SAVING
// Component that saves energy
cout << "Switched off your music player?"

<< endl;
#else
// Component that wastes energy
cout << "Want to start another device?"

<< endl;
#endif

It can be seen that this use of #define is actually quite
similar to feature-driven development as discussed above:
Here also, components are connected in-context, but se-
lected through their denotations which are given as the labels
of #define constants. Hence, this use of #define creates a
composition system in our terminology:

Components are pieces of source code surrounded by
#ifdef . . .#else or #ifdef . . .#endif.

Component Denotation is done by using #define con-
stant labels.

Mapping The mapping of these labels onto components is
given explicitly through #ifdef . . .#else . . .#endif
structures in the source code.

Component Selection happens explicitly by defining spe-
cific #define constants either in some piece of source
code or as explicit command-line parameters to the pre-
processor.

Component Connection is done completely in-context,
given by the order in which components are arranged
within source-code files.

4. Conclusions
In this paper, we have proposed new terminology for de-
scribing the structure of composition languages. We have
shown how this vocabulary can be applied to a large and
diverse collection of current composition systems. Such vo-
cabulary is an important prerequisite for comparative stud-
ies of different composition systems and composition lan-
guages.
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In applying our proposed vocabulary to a number of com-
position systems, we have found—beyond showing that it is
sufficiently general to cover a broad range of composition
systems—two important factors for distinguishing between
composition systems:

1. Richness of component denotations. Component denota-
tions used in different composition systems range from
simple names that stand for specific components to com-
plex structures providing additional information about
a component and its interface (e.g., feature models or
component interfaces in invasive software composition).
The more complex a component denotation, the more
precisely can composition programs be expressed. Less
complex denotations, on the other hand, are much easier
to use for describing compositions.

2. Definition of the mapping between denotations and com-
ponents. We have found that different composition sys-
tems use different techniques for defining a mapping
between denotations and actual components. There are
three possibilities:

(a) Explicit mappings, where users of the composition
language explicitly relate denotations and compo-
nents in composition programs (cf. Sects. 3.1, 3.5,
3.7, 3.8);

(b) Implicit mappings, where the relation is implicitly
defined in the composition system (cf. Sects. 3.2, 3.3,
3.5, 3.6); and

(c) Meta-explicit mappings, where the relation between
denotations and components is provided explicitly,
but not individually for each composition program,
but rather as a set of rules that can be applied to many
different composition programs (cf. Sect. 3.4).

Based on these findings, it is now an interesting question
to study how these design decisions influence the usability of
composition languages. What are good criteria for selecting
one or the other type of denotation or mapping strategy for a
specific composition language or even project?
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Abstract
Aspect-Oriented (AO) software development aims to im-
prove software maintenance through the encapsulation of
crosscutting concerns. However, empirical studies assessing
the maintainability of AO software are still limited. Even
worse, they are rarely replicated by different groups of re-
searchers, thereby hampering the progress of the eld. One
of the key reasons for this is the lack of support for designing
AO software exemplars or benchmarks to be reused across
the community. This paper presents a framework for AO soft-
ware maintenance, which has the purpose of guiding: (i) the
planning, evaluation and replication of empirical studies, and
(ii) the development, adaptation and evaluation of benchmark
applications. The framework denes criteria to be satised by
representative AO applications and their releases. We assess
the effectiveness of the framework by comparing two differ-
ent designs of the same empirical study: one that leverages
the framework and another that was designed by an expert in
empirical assessments of AO techniques.

1. Introduction
Aspect-Oriented Software Development (AOSD) is increas-
ingly being applied to a wide range of application domains,
such as Web-based systems [20], middleware [3], and soft-
ware product lines [11]. AOSD aims to simplify software
maintenance through the modularization of otherwise cross-
cutting concerns. However, the systematic evaluation of the
benets and drawbacks of AOSD in terms of maintainabil-
ity is an often neglected, albeit critical, task. As AOSD is a
relatively young paradigm, the preparation and replication of
maintainability studies is challenging and time-consuming.
In fact, empirical assessments are scarce in the context of
aspect-oriented (AO) software maintenance [11; 13].

A fundamental stumbling block is the difculty of enact-
ing one of the rst steps of any empirical assessment: the
systematic selection, design, or adaptation of representative

∗ Partially supported by CNPq, grants 309234/2007-7 and 480489/2007-6.
† Partially supported by CNPq, grants 481147/2007-1 and 550895/2007-8.

applications. The AO community in particular does not have
a well-accepted group of exemplars or benchmarks [9; 19] for
AO software maintenance. More fundamentally, researchers
and practitioners do not have methodological frameworks to
guide the construction of such benchmarks. Benchmark ap-
plications [25] are the basic empirical mechanisms to ad-
vance research and technology transfer in software engineer-
ing elds. In fact, there are some examples of their success
within the software maintenance community [19].

Notwithstanding, the design of benchmarks for AO soft-
ware maintenance is difcult for many reasons. First, the
number of application domains where AOSD can be applied
is rapidly increasing. AO programming was initially used to
improve the maintainability of classical widely-scoped con-
cerns in distributed applications [17; 20], such as concurrency
control and error handling. Later, it has been used for very
different purposes, such as improving middleware adaptabil-
ity [3] and enhancing design stability of software product
lines [11]. Second, the mechanisms that can be classied
under the umbrella of AOSD and their hybrid incarnations
in emerging programming languages [23] are consistently
growing. Finally, such maintainability studies require the in-
vestigation of many factors typical in software maintenance
tasks, such as different types of changes.

In spite of all the aforementioned challenges, there is a
pressing need for methodologically supporting the genera-
tion of empirical studies and the construction of benchmark
applications, rather than relying on a few “universal cases”,
which probably do not encompass several possible character-
istics essential to different stakeholders goals and domains. In
this context, this paper presents a framework that supports the
assessment of AOSD techniques in terms of maintainability.
The framework is an idealized scheme with specic guide-
lines and criteria to be realized by benchmark applications
for assessing maintainability attributes of AO techniques. The
framework guides researchers and practitioners in selecting
or adapting applications and their releases that best t the
specic experimental goals. It can also be used to support the
design, replication, and evaluation of empirical studies. Sec-
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tion 2 introduces the proposed framework. Its effectiveness is
assessed in Section 3. In Section 4 we reect upon the many
potential framework applications and discuss related work.
Finally, Section 5 presents some concluding remarks.

2. The framework
This section presents a framework for AO software mainte-
nance studies, which supports the systematic: (i) elaboration,
evaluation and replication of empirical studies, and (ii) selec-
tion, generation and adaptation of benchmark applications.
Based on the framework guidelines, their stakeholders can
determine the extent to which applications, and its mainte-
nance scenarios, are effective to cover study goals and assess
AO techniques. It denes guidelines that can be tailored or
extended to: (i) t the specic goals of a maintenance study,
and (ii) stimulate the evaluation of AO composition mech-
anisms. These guidelines are based on our experience from
conducting a family of AO software maintenance studies over
the last few years [3; 11; 13; 12], as well as analyzing others
studies [1; 10].

The framework is structured according to three major
components: Process (Section 2.1), Product (Section 2.2),
and Maintenance Scenarios (Section 2.3). The rst one is
related to the framework workow and how it works, and
the other two address complementary assessment issues rel-
evant to AO software maintenance. A concrete example on
the application of the framework components is presented in
Section 3.

2.1 The process component

This sections details the process and workow related to the
framework usage. The framework can be analyzed as a pro-
cess to transform inputs into outputs, which may also serve as
feedback to improve the framework. First, we classify frame-
work stakeholders into two categories: the designer of em-
pirical studies and the benchmark designer. The rst group
is interested in conducting a maintainability study involving
one or more AO techniques. In this case, the input is the set
of experimental requirements and the output is the initial con-
guration of the experiment. In contrast, the second group in-
cludes people who change or add new artifacts to the bench-
mark application. This group needs to analyze applications
and maintenance scenarios to determine if they are suitable to
conduct a variety of studies. The output of this process is one
or more applications and change scenarios that are appropri-
ate to benchmark AO techniques. Figure 1 shows a schematic
representation of the Process component with the framework
stakeholders, inputs and outputs.

2.2 The product component

This section lists several characteristics that can guide and
support the various decisions that have to be made, pertaining
to the product (target systems), when designing maintainabil-
ity studies and selecting candidates benchmark applications.
We consider a wide range of possible characteristics that a

Designers of
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Designers
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Candidate Scenarios

Framework
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Feedback

Outputs

Framework
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Product

Items
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Study Plan

Representative
Benchmark
Application

Representative
Application
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Figure 1. The inputs and outputs of framework process.

candidate application might exhibit, such as its domain, the
development techniques that were employed in its construc-
tion, and the types of the crosscutting concerns that appear
in its implementation. It is important to stress that it is im-
possible to dene a set of characteristics that applies to every
possible empirical study or application domain. Therefore,
the proposed list of application characteristics should be con-
stantly evolved and extended to more closely meet the stake-
holder’s goals. Although, each stakeholder does not need to
consider all criteria elements, they should focus on a repre-
sentative subset that cover their experimental objectives. To
ease this identication process and improve the organization
of the different criteria, the Product component is divided into
two groups: General Attributes, which encompass common
application characteristics, and AO Attributes, which consist
of specic characteristics of AO applications.

2.2.1 General attributes

A variety of general application attributes must be considered
by framework users, such as System Domain, Versions Avail-
able, and Packaging. The domain of a system is often an im-
portant aspect to consider, so as ensuring that the system ex-
hibits some expected properties (e.g. embedded systems are
often of a resource constrained nature). Another important
information, in order to evaluate the so mentioned and not
so much demonstrated AO improvements, is the availability
of OO versions of the same application, which is described
in the Versions Available attributes. Related to the System
Domain and the Version Available, the Packaging attribute
species the technologies and programming languages used
in an application, in addition to target platforms/operating
systems. When considering an application for use in an em-
pirical study it is important to consider the development arti-
facts (e.g. requirements specication, architecture documen-
tation, and the design diagrams) available to ensure the goals
of the study can be realized. The software Life-Cycle Docu-
mentation attribute lists all the documentation artifacts avail-
able for assessment. In addition to listing the documentation,
the Development Techniques that have been used to create
the system (e.g. design patterns, application toolkits, etc.)
should also be described. Different techniques can inuence
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the quality of the nal product and it is therefore important to
take this into account when selecting an application.

2.2.2 Aspect-Oriented attributes

A variety of previous work has attempted to classify the
different types of crosscutting concerns (CCCs) [1; 7]. The
Crosscutting Concern Classication attribute provides clas-
sication of CCC types that are implemented with aspects ac-
cording to different dimensions. For instance, the most pop-
ular classication of this nature has identied heterogeneous
and homogeneous CCCs and also attempted to classify the
invasiveness of the concern (i.e. if it alters the control ow of
the system). For AO-related empirical studies it is important
to have a range of different types of CCC implemented as as-
pects to guarantee that a variety of AO language constructs
are exercised. Our CCC classication is based on a represen-
tative subset of the aforementioned existing classications.

The rst dimension of our CCC classication categorizes
the concern as being Functional or Non-functional. A func-
tional concern relates to business functionality, whereas a
non-functional concern relates to the quality of the services
provided by the system (e.g. security, reliability, distribution,
etc.). Both functional and non-functional concerns can fur-
ther be classied as either being Homogeneous or Heteroge-
neous. A homogeneous concern extends a program at mul-
tiple joinpoints by adding the same code at each joinpoint.
A heterogeneous concern again extends multiple joinpoints
but with a unique piece of code at each joinpoint. The nal
dimension of the CCC classication identies if a concern
affects a single component or multiple components, by either
being an Intra-Component or Inter-Component concern.

Concerns in a system may be composed in a variety of
ways. These compositions cause interactions between con-
cerns which may affect system maintainability. Therefore, it
is important to understand and classify these different types
of composition. The Concern Compositions attribute allows
the concern composition to be dened in some ways [3].
The simplest form of composition is Invocation-Based Com-
position. This arises if two concerns, C1 and C2, have no
classes or aspects in common, i.e., they only communicate
via method calls. Component-Level Interlacing occurs if mul-
tiple concerns have one or more components (classes or as-
pects) in common but no operation (i.e. method, advice, etc.)
in common. As a result, the concerns are interlaced and tan-
gled at the component level only. In contrast, Operation-
Level Interlacing occurs if multiple concerns have one or
more operations in common. In this case, concerns are in-
terlaced at the operation level. Finally, Overlapping identies
points where multiple concerns share one or more statements,
operations or components. In contrast to interlacing interac-
tions that have disjoint common parts, overlapping concerns
share elements (i.e. an entire component operation or state-
ment contributes to multiple concerns).

A previous study reported that the maintainability of the
code pertaining to a concern is directly related to the lan-
guage constructs employed in its implementation [13]. There-

fore, it is important to identify the various language features
used to implement a particular concern. The AO Language
Constructs attribute identies the language elements used to
implement a crosscutting concern, such as intertype declara-
tions, pointcuts (the various different kinds of), advices, etc.
The rationale in this case is that an application that leverages
a large number of language constructs may be a good bench-
mark application. Language constructs can also be classied
into other dimensions, such as, static (e.g. intertype declara-
tions) or dynamic (e.g. cow pointcut designator), according
to the time when they are handled by the compiler (compile-
time, load-time, run-time). This information could help the
designers to evaluate in another way the performing of con-
structs at applications.

2.3 The maintenance scenarios component

A framework for empirical studies in software maintenance
must also include a catalog of representative real software
changes scenarios. This is necessary to ensure the framework
can evaluate a variety of recurring maintenance issues. These
scenarios are assessed through the attributes presented in the
rest of this section, which aims to support decisions of both
benchmark designers and empirical studies designers.

The Scenario Description attribute provides the name, de-
scription, and other general information about the scenario.
Another provided information is the Versions Available at-
tribute that reports if there are OO versions of each scenario.
It is also necessary to specify the Change Type, which is par-
tially based on previous works [2; 4; 24]. This involves clas-
sifying the change according to the effect it has on the base
application. In this work, we consider that changes can be
of one amongst three types: corrective, adaptive, or perfec-
tive [21]. This attribute also requires the Goal of the Change
to be specied, which describes the desired effect the change
has on the system.

The Nature of the Change must also be listed and it
encompasses two types: structural and behavioral changes.
These change types are orthogonal; therefore, a change sce-
nario can affect both the software structure and its behavior
at the same time. When Structural Changes are made, these
can involve: additions (e.g. introduction of a new method),
subtractions (deletion of an attribute), or alterations (to mod-
ify an existing element). In contrast, Behavioral Changes are
changes that modify the software behavior and can be clas-
sied as either: (i) behavior-modifying, changes that alter the
software behavior; or (ii) behavior-preserving, changes that
preserve the behavior of the software (refactorings).

Finally, it is necessary to actually document the changes
that are made. This involves specifying the Changes at the
Requirements Level, Changes at the Analysis and Design
Level, and Changes to the Implementation attributes. The
changes performed in the requirements can inuence artifacts
at later development stages. These effects can differ depend-
ing on the applied requirements engineering approaches [21].
Almost all changes made to the analysis and design artifacts
are critical due to these artifacts being the core of software de-
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velopment activities. Analysis and design changes are likely
to affect the rest of the application and can, consequently, im-
pact software modularity. Finally, changes to implementation
artifacts often have less broad-scoped effects.

3. Framework evaluation
This section presents an evaluation of the framework involv-
ing a real application, the HealthWatcher system [20]. The
goal is to assess the efcacy of the proposed framework when
planning a new empirical study in AO software maintain-
ability. Our analysis aimed at examining (i) whether circum-
stances the framework can assist in identifying omissions and
inaccuracies in the planning or execution of empirical stud-
ies, and (ii) whether characteristics of the target applications
adhere to the framework attributes.

We have selected the aforementioned application for sev-
eral reasons. First and foremost, it needs to be examined
for its exploitation in different empirical contexts. Health-
Watcher was being considered by another research group as
a target candidate in the planning of an upcoming controlled
experiment. The goal of the new experiment was to assess the
maintainability of AO Web-based systems. The framework
was used in this study in order to guide the elaboration of the
experimental design, one of the framework outputs (Figure
1). Second, the application has a number of unique character-
istics that make it an appropriate representative of evolving
AO software systems. It was developed using different pro-
gramming languages, such as Java and AspectJ [17]. There
are already some recent studies in the research community
using it (e.g. [6; 13; 20]). In fact, the system was specially
adapted to work as benchmarks for comparing the maintain-
ability of AO and OO techniques [20]. Furthermore, there are
multiple releases of HealthWatcher available and each release
is the result of applying a number of heterogeneous changes
to the previous one. Third, HealthWatcher is a Web-based in-
formation system based on a classical n-tier architecture. It is
a real system developed by a team of developers in Recife,
Brazil [20]. Finally, the system and its releases were origi-
nally designed without any access to the framework proposed
here.

3.1 Planing a new experiment

As previously mentioned, this initial evaluation of the frame-
work was carried out in the context of planning a new ex-
periment. Considering one of the previous studies that gener-
ated several releases and scenarios of HealthWatcher, which
focused on analyzing the stability of AO software design in
the presence of heterogeneous types of changes [13] (Exp.
A). Designers of a new controlled experiment to evaluate
the maintainability of AO Web-based systems (Exp. B), per-
formed an informal analysis to verify if the application re-
lease and the maintenance scenarios generated in Exp. A
could be reused in the context of their new experiment. Thus,
the framework was used to support the same analysis that
occurred in Exp. B, guiding experiment designers to analyze

and congure, if necessary, HealthWatcher and its scenarios
in the light of the key experimental goals. We analyzed the
efcacy of the framework by comparing two different drafts
of the experimental plan that were devised independently, as
described below.

Experimental Settings: Expert vs. Framework User. The
rst experiment plan was designed using the framework. The
other one was designed by an expert that did not rely on the
framework. The goal of this evaluation was twofold. First, we
expected to be able to systematically verify how the frame-
work can assist the planning of studies focusing on AO soft-
ware maintenance. Moreover, by comparing the results of us-
ing the framework with the study design produced by an ex-
pert, we also expected to identify benets and limitations of
the framework. Both drafts of the experiment plan were gen-
erated based on the same set of goals. The design of the rst
plan assisted by the framework was carried out by a post-
graduate student who was not expert in architectural analysis
but had basic knowledge on experimental design. The other
(without using the framework) was prepared by a researcher
who was an expert in architectural analysis, had developed a
number of empirical studies of AOSD in the last ve years,
but had no familiarity with the framework.

3.2 Evaluation results

Based on the specic experimental goals, we have examined
if the framework criteria were effective in the analysis and
adaptation of HealthWatcher. We have centered the assess-
ment on the product and maintenance scenario components.
After the execution of this evaluation, we have identied if
there was any product element or change scenario that was
not present in the framework. This provided a realization of
the feedback loop illustrated in Figure 1. The results provided
rst evidence that the use of the framework might be appeal-
ing even for experts on empirical assessment of AOSD. As
described in the following, the rst draft, generated by the
postgraduate student, encompassed some relevant considera-
tions that were not addressed by the expert.

Scenarios for Observing AO Architecture Instabilities.
While analyzing the appropriateness of HealthWatcher, the
postgraduate student has considered possible architectural in-
stabilities when different characteristics of AO software are
present. In the expert plan, the only product characteristics
taken into consideration were the diversity of functional and
non-functional concerns. This was very limited when com-
pared to the ones dened in Section 2.2. Table 1 shows all
occurrences of the items described in Section 2.3.2. Notice
that there is no functional crosscutting concern. This gap is
a useful information for decision making in the experimen-
tal design. If no additional change scenario is included in
the application, there is no guarantee that the experiment re-
sults will be representative to Web-based applications that do
encompass such a characteristic (for example, to make the
implementation of business rules more exible).

Unied Classication of Maintenance Scenarios. Another
point in our analysis of the two experiment plans was related
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Table 1. Types of CCC and their Interactions.

to the classication criteria for the maintenance scenarios.
We have observed that the expert (Case 2 in Table 2) catego-
rized the changes using his own terminology, differently from
the postgraduate student (Case 1), which used the framework
categories. The expert included the use of terms for mainte-
nance types that are not widely accepted yet by well-known
classications of software changes [21; 24]. In fact, there is
no consensus on the categorization of software maintenance
types [21] that are used in practice. This imprecision makes
the existence of a framework fundamental to avoid misun-
derstandings when analyzing and replicating studies on AO
software maintenance. Such ambiguity problems can be ame-
liorated through the use of the framework. It guides different
experiment designers to analyze characteristics of their ex-
periments in a coherent way. On the other hand, the draft
generated by the expert covered some essential points not
covered by the postgraduate student. The expert was more
effective to anticipate specic architectural stability metrics
to be applied to the change scenarios.

Release Scenario Description Case 1 Case 2
R1 Factor out multiple Servlets to P R

improve extensibility.
R2 Ensure the complaint state cannot P C

be updated once closed.
R3 Encapsulate update operations to P R

improve maintainability.
R4 Improve the encapsulation of the P R

distribution concern.
R5 Generalize the persistence P R
R6 Remove dependencies on Servlet P R

response and request.
R7 Generalize distribution mechanism. P R
R8 New functionality added to support P E

querying of more data types.
Modularize exception handling and

R9 include more effective error P P
recovery behavior into handlers.

Legend: P = Perfective; R = Refactoring;
C = Corrective; E = Evolutionary.

Table 2. HealthWatcher maintenance scenarios [13].

4. Discussion and related work
Based on the previously presented results, this section dis-
cusses the benets and limitations of our framework and con-
trasts it with related work.

On the Symbiosis between Framework and Designers Ex-
perience. The framework is not a replacement for the cre-
ativity and experience of empirical studies and benchmarks
designers. On the contrary, experts can be more effective
to include certain change types (e.g. refactorings) that are
not explicitly cataloged in popular classications of software
changes. Also, the strict use of the frameworkmight constrain
creativity in experimental designs if not applied properly. A
good practice might be using the framework only after deliv-
ering a rst plan draft of the empirical study.

Framework Coverage. It is virtually impossible to come
up with a framework that covers all the relevant issues of
benchmarking applications for AO software maintenance.
Different maintainability studies of AOSD have specic
goals that impose particular demands on the used applica-
tions. However, the idea is that the framework can assist on
the time-effective generation of a rst sketch on the exper-
iment plan. As we have noticed in the HealthWatcher case,
there are certain relevant benchmarking items that are easily
skipped without using the framework. Besides, the frame-
work provides a coherent and unied way of documenting
important characteristics necessary to ease replication of em-
pirical studies. The framework criteria can also be extended.

Absence of Benchmarking Frameworks for AOSD. A va-
riety of related research has inuenced the development of
our framework as documented throughout the previous sec-
tions. However, there are very few instances which attempt to
consolidate a methodology for designing benchmarks for AO
software maintenance. Existing benchmarking frameworks in
software engineering have been limited to provide decision
support tools for creating such processes [5; 8]. Alternatively,
the work presented by Demeyer [9] describes a software evo-
lution benchmark that has very similar goals to ours. How-
ever, his framework is very generic and does not include im-
portant collaboration attributes.

In contrast, the work by Kienzle [18] derives a set of at-
tributes for assessing language expressiveness based on as-
pects for ACID properties. The authors claim that these as-
pects and attributes naturally create a benchmark for assess-
ing AO languages. However, a problem of this benchmark is
that it is focused on a particular domain (transactional prop-
erties), which limits its applicability. Our proposed approach
for benchmarking not only takes maintenance activities into
account but is applicable to a variety of domains and does not
focus on one particular assessment attribute. This categoriza-
tion of aspects used by our framework and Kienzle is remi-
niscent of Aspect Categories [16], which attempts to classify
aspects according to the affect they have on the base system.
Some of these categories overlap with the attributes specied
in our framework (e.g. concern compositions). However, the
work by Katz is focused on proving correctness, rather than
supporting assessment.

Improving the Body of Knowledge on AO Software Main-
tenance. Shull et al [22] highlight the need for information
sharing and replication in empirical studies. The benchmark

48



framework described in this paper contributes signicantly
towards these goals. Furthermore, from the work described
in this section it is clear there is a need to document a set of
guidelines for creating empirical studies of AOSD. Although
a number of such studies have been performed, they are of-
ten conducted in isolation using different practices. By pro-
viding a framework, studies will promote easier information
exchange and it will encourage more AOSD practitioners to
conduct and replicate maintainability studies.

Interplay of Testbeds and Frameworks for AOSD. One of
the most closely related initiatives to our framework is [14].
This initiative consists of developing an AOSD testbed with
a long-term aim of providing a series of benchmark applica-
tions (and supporting artifacts). The testbed repository also
contains a set of initial metrics and collected results with in-
tention of other software developers reusing these resources
to test their approaches. Our framework directly comple-
ments this initiative by i) providing a decision support frame-
work for selecting and creating artifacts to instantiate appro-
priate empirical studies and ii) promote information sharing
to allow the replication of studies.

5. Conclusions and Ongoing Work
The proposed framework constitutes a signicant stepping
stone towards the creation of a compressible methodology for
designing AO software benchmarks. Successful technology
transfer usually takes a long time to be implemented, often
around 18 years [15]. Supported by our rst evaluation out-
comes, we believe that our framework is an effective contri-
bution to decrease this delay in many ways. First, it has shown
to provide systematic ways for facilitating the effective de-
sign of maintainability studies on the AOSD arena. Moreover,
the framework can also guide the selection, design, or adap-
tation of representative evolving applications and releases to
be used in such studies and their replications. Third, this will
help the community to accelerate the improvement of our
body of knowledge on AOSD and better support the judgment
of industrial decision makers. Finally, studies extensions and
replications are time-consuming; in order to ameliorate this
problem, we believe that our framework helps to save time
on the quality assessment of existing empirical studies. How-
ever, the framework is not intended to guide all empirical
decision that have to be done when planning, replicating, or
evaluating studies. For example, the empirical study design-
ers must evaluate if the relation of the selected set of scenar-
ios with each other can bias the results. As ongoing work,
we are planning to conduct a number of applications of the
framework.
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