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ANALYZING
THE ROLE OF ASPECTS
IN SOFTWARE DESIGN 
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TThere is growing agreement in the software community about the

limitations of object orientation to cope with the problem of build-

ing highly reusable, adaptable, and extensible software systems.

Aspect-oriented programming [5] is one of the most promising alter-

natives to improve conventional OO techniques. AOP aims at pro-

viding better means of addressing the

well-known problem of separation of con-

cerns [7] by using specialized mechanisms to encapsulate concerns

whose behavior crosscuts essential application functionality. Several

AOP approaches have been proposed in the literature, however, their

application in practical cases is still uncertain. There are three basic

approaches to addressing the process of separation of concerns: a lin-

guistic view, a pure OO view, and an architecture-oriented view.

Each of these involves several tradeoffs including aspect definition 
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How AOP technologies can promote better
design practices is an essential issue concerning

the potential benefits of the technology. 
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and weaving, performance, flexibility of aspect poli-
cies, and aspect evolution.

Besides the pros and cons of these alternatives, a
central remaining question is what and how AOP
technologies contribute to promoting good design
practices. Realizing AOP’s promises requires that
such technologies also deal with the problems where
objects have been traditionally successful. For this
reason, we carried out a simulation case study to
empirically compare both OO solutions against
aspect-oriented ones, and aspect technologies
against each other.

Aspect-Related Technologies
The linguistic approach is based on
the definition of a set of lan-
guage constructs used to
express aspects and their
interactions. Relevant con-
cerns identified at the problem
domain are translated to
aspectual constructs and
later integrated with the
functionality-decomposed
program via well-defined
interfaces. The final applica-
tion is obtained by weaving the
primary structure with the cross-
cutting aspects. Figure 1 illustrates such
a process. AspectJ (see www.aspectj.org) and
Hyper/J [8] are typical cases of this view. A
strength of these languages is performance,
but they tend to be limited regarding the facilities
provided, because it is not always possible to know
all the aspects that may come up in advance. Also,
this model cannot easily deal with aspect evolution,
because the mapped concerns are somewhat linked
to fixed constructions. Furthermore, the integration
of specific aspect languages with other tools or
frameworks is not always possible or requires
important integration efforts. 

Within the OO view, two main alternatives for
handling aspects are frameworks [4] and reflective
architectures [6]. The framework view usually pro-
vides more flexible constructs than the language
counterparts. A typical framework approach is
shown in Figure 2. Concerns are now materialized
as aspectual classes either at the framework level or
at the user-application level, and developers can
customize these aspects using the mechanisms sup-
ported by the framework. These types of frame-
works are known as AO frameworks, a typical
example of which is the Aspect-Moderator frame-
work [2]. There is a subtle difference between AO

frameworks and application frameworks. An AO
framework explicitly engineers concerns (aspects),
whereas a traditional framework implements some
abstractions for a given domain, and perhaps, addi-
tionally promotes good separation of concerns. An
advantage of frameworks is that they can be com-
bined with other frameworks or systems in order to
produce larger systems. 

Reflective architectures incorporate structures for
self-representation, so that the behavior of the base-
level objects can be enhanced and adapted by the
metalevel objects according to specific requirements
[6]. Regarding AOP, reflective techniques permit a
clear separation of concerns as the aspects are dealt

with at the metalevel while the basic functional
components reside at the base level.

Finally, the pure architecture-oriented
approach (see Figure 3) proposes an

early identification of concerns using
architectural organizational mod-
els, which can be later mapped to
aspects through different imple-
mentation technologies. Note
that object orientation is just a
possible option for this material-
ization. An architectural view-
point involves a higher level of
abstraction than the previous
approaches. It typically comprises

two stages. First, developers should
determine the problem architecture,

that is, an architecture representing the
underlying organization of the software to build
and the tradeoffs imposed by nonfunctional
requirements and architectural styles [1]. Unlike the
previous approaches, concerns are initially mapped
to architectural constructs, instead of coding them
using framework or language constructs. Then, as a
result of this general description of relevant con-
cerns, the approach enables several kinds of aspect
materializations through different frameworks,
whereas these frameworks retain the properties
inherited from the original architecture. 

A Case Study Comparing AOP
Technologies
In order to evaluate the aforementioned AOP
approaches, we undertook an empirical analysis
based on a simulation case study of the temperature
control of a building. Very broadly, this case study
comprises a building with rooms requiring specific
temperatures and a network consisting of radiators,
pipes, and a boiler. The boiler is the source of heat,
and it generates a heat flow that is distributed
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through the circuit. Thus, each
radiator receives this heat and
transfers a part to the rooms
until they reach their predeter-
mined temperatures. Figure 4
shows a diagram of a tempera-
ture control system (TCS). To
regulate the heat flow between
the radiator and the room, each
radiator is associated with a spe-
cial valve that can be adjusted by
the control system. The user can
set the desired temperature for a
room, and when the current
room temperature is lower than
this value, a control action is
activated asking for a given
amount of heat to the boiler. 

To simulate TCS, a 
simple mathematical
model of temporal 
differential equations

specifies the heat flow among the
different components. Each sim-
ulation component performs its
own computations collaborating
in the evolution of the simula-
tion running in independent
threads. Although the real sys-
tem is somewhat more complex,
this simplified example is inter-
esting enough to illustrate prac-
tical evidence of situations
requiring aspectual treatment. In
the simulation, aspects related to
mathematical models, concur-
rency, scheduling, and optimiza-
tions appear scattered across the
system. Table 1 summarizes the
relevant aspects identified in
TCS and their relationships. All
these aspects appear combined
and interrelated, which makes
the TCS implementation tan-
gled, difficult to understand, and
more important, difficult to
maintain and evolve. 

The study involved four dif-
ferent groups of programmers
implementing, in Java, the case
study according to the AOP
alternatives mentioned previ-
ously. The first group imple-
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Figure 1.  A language-based approach.

C1

Problem
Domain

Aspects
concern mapping

C1, C2, C3, C4: relevant software concerns
Primary structure

language constructs

Weaving

Application

Aspect Core Interface
(join points)

C4

C3

C2

Figure 2.  A framework-based approach.
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mented TCS under a typical
OO view. Then, two other
groups moved this design toward
an aspect perspective, and mod-
eled TCS using both an aspect
language (AspectJ) and a reflec-
tive AO framework known as
TaxonomyAop. Finally, the
fourth group implemented TCS
on top of an event-based archi-
tectural framework named Bub-
ble. Table 2 summarizes the
findings regarding the different
TCS implementations. 

For the analysis, we selected a
number of quality factors such
as performance, complexity, tan-
gling reduction, reusability and
adaptability, among others, that
were applied to the TCS imple-
mentations. The metrics associ-
ated with these factors intend to
give developers information
about the OO structure of the
design and code and provide
guidelines for interpreting the
values.1 Here, we discuss a sam-
ple of the analyzed factors; a
more complete description of
this study can be found in [3].

We made several executions
of the simulation programs, the
performance of which is
described in Table 3. The results
were very similar, except in the
case of the TaxonomyAop
framework. where its figures
were approximately three times
the figures obtained with the rest
of the implementations. The
similarities found in the study
seem to indicate that both the
Bubble-based implementation
and the implementation using
AspectJ run almost like standard
code. However, this considera-
tion may depend on the particu-
lar problem.
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Mathematical 
modeling

Real-world 
mapping

Scheduling

Synchronization

It models all the functionality with equa-
tions governing the simulation and with 
the numerical methods for the resolution 
of these equations. Generally, equations 
are expressed as relationships between 
some state variables belonging to the 
simulation entities.

It directly models TCS elements as inde-
pendent entities. By doing this well, it 
should reduce the semantic gap between 
reality and simulated entities and promote 
reusability by composition of components.

It refers to how the simulated entities 
should run.

It basically involves access to shared 
variables and race conditions.

It should be kept separated from the real-
world mapping aspect in order to avoid 
tangling problems. In this way, a given 
mathematical model could be modified 
with minimal impact on the application. 
Synchronization and scheduling aspects 
may also affect this aspect.

There are some relationships with 
synchronization aspects, and it also 
affects the mathematical modeling.

It works together with synchronization.

It works together with scheduling.

Table 1. Relevant aspects in TCS.

Aspect                        Description                  Relationships with other Aspects

Problem 
modeling

Mathematical 
concerns

Scheduling and 
synchronization

Reusability

Adaptability

System 
organization

Performance

Description of the system 
in terms of autonomous 
entities (modules) and 
events.

Mathematical matters are 
encapsulated in tasks 
assigned to entities, but 
they still remain some-
how tangled.

Synchronization and 
scheduling are provided 
as built-in features in the 
framework. It may be 
difficult to customize 
some of these policies.
 

The framework allows for 
reusing design, using 
techniques such as design 
patterns, abstract 
methods, hook methods 
and template methods.

The event mechanisms 
supported by the 
framework provide a high 
degree of adaptability 
to the system.

The application is built on 
top of an OO framework. 
Additionally, there is 
an architectural model 
underlying the framework.

Some built-in features of 
the framework can 
produce performance 
overheads.

The system is de-
composed on the basis 
of classes (or objects).

Numerical methods and 
mathematical computa-
tions are hard-coded and 
mixed with other 
components.

Scheduling and 
synchronization are 
scattered across the 
components requiring 
these facilities 
(inheritance anomalies).

Reusability is limited to 
the usual object 
mechanisms such as 
inheritance, object 
composition, and some 
design patterns.

Adaptability is quite 
low.

Conventional OO
structure.

Performance is very 
reasonable.

The system is viewed as 
conventional objects plus 
aspects plugged into the 
primary structure. 

Mathematical decisions 
reside at the aspect level, 
so they only interact with 
the primary structure 
via join points.

There are specific aspects 
dealing with synchronization 
and scheduling. They are 
kept separated, but some 
problems about the way 
they interact (aspect 
composition) may arise.

Reusability refers mainly 
to the separation 
between the simulation 
components themselves 
and the gluing mechanisms 
to make the simulation works.

Different aspects can be 
plugged into or unplugged 
from the primary compo-
nents. AspectJ provides some 
constructors for dealing 
with unexpected changes 
(introduction clauses).

One of the implementations 
uses a reflective AO
framework.  The other one 
is based on an aspect 
language.

Performance is almost 
comparable with the 
standard implementation.

Analyzed 
Features

Standard OO 
Modeling

Architecture-
Oriented (Bubble)

Aspects (TaxonomyAop 
and AspectJ)

Table 2.  TCS evaluation according to the different implementations.

1Indeed, it is important to agree on that any single metric
has somewhat limited utility and developers should reason
about all metrics in context. The metrics described are
valid as preliminary indicators, but they should not be
considered as fully accurate indicators because they can be
biased by factors such as programming style, language
features, or problem domain.



To obtain a measure of the complexity of the
implementations, we gathered code statistics
(NCSS) about number of classes and methods,
number of sentences per class and per method,
methods per class, and cyclomatic complexity
(CCN). These results are shown in Table 4. It must
be noted that the apparent superiority of the frame-
work-based approaches regarding the cyclomatic
complexity values hides the fact that most of the
implemented methods rely on the built-in features
provided by the frameworks. These low values
mostly correspond to decisions deferred by the
applications to the frameworks. However, this means
the applications have a relatively low complexity.

When it comes to reusability and adaptability, we
used a scenario-based approach for software archi-
tecture analysis [1]. Reusability is defined as the

ability of software components to
serve for the construction of
many different applications.
Adaptability, in turn, defines the
ability of a given software system
to cope smoothly with changes in
the problem specification, pro-
ducing a low impact on compo-
nents previously implemented.
Broadly speaking, scenarios are

narratives that describe the use cases of the system,
and can be used to capture either the system 
functionality or to detect possible flaws requiring
potential enhancements. To give an idea of this
process, Table 5 shows a possible scenario evalua-
tion of TCS. 

The scenario described in Table 5 appears over-
lapped with other scenarios. For example, the addi-
tion and deletion of new simulation components
necessarily affects the global mathematical model of
the simulation. Hence, those modifications will
produce further changes in the target scenario. 

The Impact of AOP 
Technologies in Overall
Design Complexity
From this partial study, we
observed that the overall com-
plexity of the applications was
not markedly reduced or
enhanced. The facts shown in
Table 4, where the number of
methods per class, the NCSS per
method, and the CCN per
method figures are low, seem to
support this argument. This
effect can be due to the balance

between the simplicity resulting of keeping con-
cerns separated and the difficulty of reasoning about
these concerns to integrate a subset of them into a
coherent system. These two forces, and especially
the concern integration force, cooperate, so that the
overall system complexity remains almost
unchanged. In particular, the best results were
obtained with the Bubble framework. We argue that
this payoff comes mainly from the autonomy of
components and decoupling prescribed by the
framework.

Another topic to analyze, not covered with
the previous indicators, is the one of the
interactions between aspects and primary
components. There are some experimental

results [9] highlighting the importance of the
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Figure 4. Diagram of the temperature 
control simulation (TCS).

Variables:
Ti: Current Temperature 
       in room i
To: External temperature
Qi: Heat value in room i
qi:  Heat value in heater i
qri: Heat transferred from 
       heater i to the room
qT: Total heat produced 
       in boiler
pi: Threshold valve in 
       heater i
qai: Heat requested by 
       room i to a heater

To      outside

room

pipeline

boiler

qT

pi

Ti

qi, qri, qa

Qi

house

heater

(*) CPU time is expressed in milliseconds and represents average values

Simulation executions ranged from 100 to 5,000 thread iterations, on a single PC Pentium III.
The configuration of the simulation consisted of 21 threads, corresponding to 4 rooms, 7 radiators 

assigned to those rooms, 8 pipes connecting the radiators, a boiler, and an environment.

100 Iterations
1000 Iterations
2000 Iterations
5000 Iterations

100.93
100.85
100.22
100.34

330.91
348.17
348.41
354.17

101.15
100.47
100.06
99.94

54762.00
515420.66

1024309.66
2539091.00

Table 3. TCS performance with the different implementations.

Performance      Standard (mseg) (*)     Bubble (%)     TaxonomyAop (%)     AspectJ (%)

7.00
143.00
969.00
20.43

130.86
5.85
2.64

21.00
263.00

1605.00
12.52
72.00
5.15
2.32

14.00
213.00

1354.00
15.21
92.07
5.63
2.51

15.00
232.00

1486.00
15.21
92.07
5.63
2.51

Classes
Methods
NCSS

Methods per class
NCSS per class

NCSS per method
Average CCN per method

Table 4. TCS complexity with the different implementations.

Complexity         Standard        Bubble (*)    TaxonomyAop (*)    AspectJ

(*) It does not take into account the methods and classes of the frameworks, but just those new 
methods and classes involved in the TCS instantiations

Aspects were considered as normal classes (or objects) plus some additional mechanisms to define 
their associations with regular objects, so that the metrics applied to object code applied 

to aspect code as well.



aspect-core interface in achieving development ben-
efits with AOP. These results show, among other
conclusions, that the separation provided by aspect
orientation is most helpful when the interface is
narrow, that is, in a well-localized scope. These
comments were applicable to our implementations
as well. We observed during the development of the
aspectual implementations that synchronization
and scheduling were more understandable (and
therefore required less debugging) than the mathe-
matical aspects. In the latter case, the interaction
between aspects and simulation components pre-
sented a wide interface that increased in some
degree the complexity of the application itself and
also affected the impact of changes. The analyzed
perspectives showed very brittle results about math-
ematical issues. 

Certain differences concerning reuse and adapt-
ability facilities can also be noticed from the 
scenario evaluation. The Bubble-based implemen-
tation had limited reuse advantages compared with
the OO implementation, whereas the aspectual
implementations presented a moderate score. If

designing for reusability means
that the system should be struc-
tured so its components can be
chosen from previously built
products and integrated in larger
systems, we note that AOP tech-
nologies do not focus specifically
on this matter. Rather they help
maintenance by controlling
change. Regarding adaptability,
the Bubble-based implementa-
tion showed very good results,
strongly related to the underly-
ing architecture of the frame-
work. Conversely, the aspectual
implementations provided
adaptability in a more restricted
sense, one that just refers to the
incremental inclusion of aspects
into the system plus some mech-
anisms to partially enable or dis-
able their capabilities.

The experiments show the
application of AOP technologies
has no significant disadvantages
in performance. In fact, two of
the implementations ran almost
identical to the standard version
of TCS. The only exception was,
obviously, the reflective imple-
mentation. This strength in per-

formance is mainly attributed to language-based
approaches, but framework-based approaches can
also provide a quite reasonable performance.

Development efforts were not magnified at the
implementation level. Instead, the major amount of
work was concentrated at design levels. Most of the
time was devoted to engineering the interactions
between relevant concerns and the primary struc-
ture of the application. We observed the develop-
ment of the aspectual examples consumed
approximately half the time to understand and
model the problem itself and the other half to adapt
the system to the aspectual characteristics. Con-
versely with the Bubble-based implementation, the
group spent more time modeling the problem and
fitting it into the framework architecture. After
that, the adaptability was mostly straightforward.

The framework-based implementations showed
that this approach usually favors some concerns
within the framework organization and neglects
others. Thus, it is sometimes difficult for applica-
tion developers to select the right concerns of the
framework without dealing at the same time with
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Table 5.  A typical scenario-based analysis for 
reusability and adaptability.

Changes to the mathematical model. Developers would need to upgrade the mathematical model, 
either to include new equations or new bindings among their variables.  Other issues that can vary 
are the numerical methods used to solve the equation set.  A more radical change may involve 
changing the underlying model to a discrete-event model. 

Scenario Description

Evaluation Summary

Reusability
Adaptability

Low
Low

Medium
Medium

Medium
Medium

Low
Medium-to-High

The architecture-oriented implementation locates the simulation equations in tasks, 
but the framework itself provides little support for new equations or variable bindings.  
Therefore, all these modifications are up to the developer’s criteria. For instance, 
some of these decisions include deciding which tasks should implement the equations, 
how to assign them, or which variables to compute. Furthermore, the numerical 
methods to solve the equations have to be hard coded along with the equations, which 
complicates the modifiability of the concern.  An alternative design consists of adding a 
blackboard component responsible for these computations, in order to move 
mathematical matters from tasks to a centralized repository.  Although the framework 
can incorporate this blackboard with minimal effort, this option may introduce some 
bottlenecks into the system. Other techniques, typically discrete-event-based 
simulation, are feasible to model with the framework. For example, in this case, the 
event mechanisms of the framework can be extended to implement scheduling 
components and the tasks can be seen as actions bounded to events.

When we move to the aspect-oriented implementations, we have other point of view 
for the scenario.  Aspects permit encapsulating the equations and the variable bindings, 
keeping them separated (in aspect modules) from the functionally decomposed pro-
gram. Developers simply need to define how these aspects are associated with the 
simulation components (using associations between base and metaobjects in 
TaxonomyAop,  or point-cuts plus advice clauses in AspectJ). In this way, when a change 
arises (new equations, bindings, or numerical methods), it is somehow confined to the 
mathematical aspects and it loosely affects the rest of the components.  These aspects 
work like small blackboards. The only disadvantage with this design is that the 
interaction between aspects and functional components can sometimes be quite 
complex, producing an additional complexity to  understanding and debugging of the 
system. On the other hand, regarding other simulation techniques, it is not easy to 
clearly determine how discrete-event simulation should be implemented with aspects.

Architecture- 
Oriented 
(Bubble)

Aspect-
Oriented 
(Taxonomy-
Aop and 
AspectJ)

Quality Factors Standard Bubble TaxonomyAop AspectJ



other undesired concerns. Moreover, these unfa-
vored concerns often produce poor flexibility. We
observed this situation in the Bubble framework,
where the relevant concerns were incorporated
implicitly into its organization instead of defining
them as aspects. 

Conclusion
The claims about advantages and disadvantages of
aspect technologies are quite broad. We see that the
central problem of aspect technologies, whatever
the approach we consider, is not just about cross-
cutting or separation of concerns, but it involves
deeper research about how to understand a number
of software parts as separated artifacts and then inte-
grate some of them into a coherent system.
This situation also bears the issue of
locality of changes, because the more
interactions with other components
(or aspects) the developer has to
know in order to understand the sys-
tem, the more complex the mainte-
nance of this software results.
Particularly, the best results were
obtained with the Bubble
framework. 

Here, we have performed
a comparative study exploring
the possibilities of AOP tech-
nologies. From the results, two
observations can be extracted: 

• AOP technologies make it easier to
write and change certain kinds of concerns.
However, other concerns have to be matched
with the aspect constructs. We observed that the
two aspectual implementations assumed from the
beginning a separation between simulation com-
ponents and aspects, but sometimes this separa-
tion was quite premature in the sense there was
little guidance about how to decide the design of
the applications. 

• The underlying design of aspectual applications
is more important than the mechanisms provided
by the AOP technologies, no matter how sophis-
ticated. Note that we are not discussing the value
of existent technologies. Rather, we stress that
good separation of concerns is ultimately
enforced by architectural means. Technologies
are useful in this context, as they promote good
design practices. 

Given these results, the architecture-oriented
approach proposes, at its essence, reasoning about

relevant aspects at the very conception of the system
architecture. By expressing aspects in an architec-
tural model we can ensure these quality factors will
also affect the chosen aspects. Using this architec-
tural guidance, we can later map a given architec-
ture (and its relevant concerns) to different types of
framework organizations addressing different needs,
while retaining the characteristics inherited from
the architecture into this materialization. At this
point, a linguistic approach could be useful to facil-
itate the implementation of good design practices.
Therefore, this discussion connects with the old,
but never out-of-date, arguments by Parnas [7] con-
cerning the value of early design decisions in any

software development project.  
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