CHAPTER 21

Concern Modeling for Aspect-Oriented Soft-

war e Development*

Stanley M. Sutton Jr. and Isabelle Rouvellou

Sparati on of concernsis afundamental principle of software engi-

neering. Of course, concerns are modeled in a variety of guisesin contempo-
rary software development, but the modeling approaches used typically de-
pend on the development method, development stage, artifact formalism, and
other project-specific factors. Concernsin various representations are also
the focus of aspect-oriented software devel opment (AOSD) techniques.
However, concerns as such are still not modeled independently, and concern-
modeling is still not a distinguished activity in software development.

In this chapter we argue that concerns must be first-class entities and
concern modeling must be afirst-class activity in AOSD. That is, concern
modeling should be an explicit and integral part of AOSD methods, and con-
cerns should be modeled in their own appropriate formalisms, separately
from their representations in requirements, design, code, and other software
artifacts. We discuss the meaning of concern and consider the characteristics
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of concernsin the life cycle. We show that, while existing modeling ap-
proaches address concernsin specific contexts for specific purposes, a gen-
eral-purpose concern-modeling capability is still needed. We describe re-
quirements for a concern-modeling language and discuss the role of concern
modeling in the software process. Finaly, we give an overview of a general-
purpose concern-space modeling schema, Cosmos, which we illustrate with
an example based on the transformation of an individual component into a
product family.

21.1. INTRODUCTION

Separation of concerns (SOC) is along-established principle in software en-
gineering [30]. It has received widespread attention in modern programming
languages, with constructs such as modules, packages, classes, and inter-
faces, supporting properties such as abstraction, encapsulation, and informa-
tion hiding. SOC has also received attention in software architecture and de-
sign, with techniques such as composition filters [1] and design patterns [12].
While advancesin al of these areas have had significant benefits, problems
due to inadequate separation of concerns remain [14]. This has led to recent
work on “advanced separation of concerns” (ASOC), including subject-
oriented programming and design [8, 13], aspect-oriented programming [11,
21], and multi-dimensional separation of concerns [37]. These bring severa
innovative ideas to programming in particular and to software development
in general, which are now beginning to mature and coal esce under the head-
ing of aspect-oriented software development (AOSD).

Surprisingly, concerns themselves have so far remained something of
second-class citizensin ASOD. Current ASOD tools provide only limited
support for explicit concern modeling. Representations of concerns tend to
be tied to particular tools or artifacts, and concern modeling usually occurs
only in the context of a particular type of development activity, such as cod-
ing or design [8, 22, 37]. A global perspective on concerns, one that spans
the life cycle and is independent of particular development tools or artifacts,
has been lacking.
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Concerns do not play a second-class role in software development. They
arise at every stage of the life cycle, spanning activities, artifacts, methods,
and tools. If AOSD isto be fully realized, concerns must be treated as first-
class entities throughout the life cycle. Concern modeling must be a recog-
nized and essential part of AOSD methods, and concerns must have inde-
pendent representations on the same level as requirements, architecture, de-
sign, and so on.

Sections 21.2 and 21.3 below define concerns and give a characteriza-
tion of concerns in the software life cycle. In Section 21.4 we argue that gen-
eral-purpose, independent concern modeling is needed. Section 21.5 presents
some requirements for a concern-modeling formalism and discusses some
process issues related to concern modeling. Section 21.6 then gives an over-
view of the Cosmos concern-modeling schema, followed by an example of
concern modeling in Section 21.7. Section 21.8 describes related work in the
form of four early-life-cycle approaches to software modeling that address
concernsin particular contexts. Section 21.9 provides some additional dis-
cussion of issues, and Section 21.10 presents a summary.

21.2. WHAT IS A CONCERN?

Although most software developers have a good intuitive sense of what a
concern is, good definitions of concern are hard to come by. Aspects are one
category of concern: an aspect is a (program) property that cannot be cleanly
encapsulated in a*generalized procedure” (such as an object, method, proce-
dure, or API) [21]. A later but comparable definition is that an aspect isa
program property that forces crosscutting in the implementation [11]. These
definitions identify a critical property of some concerns that makes separa-
tion of concerns problematic in conventional programming languages. How-
ever, it istoo focused on program structure (and code) to qualify as a general
definition of concern. Tarr and others [37] define a concern as a predicate
over software units. This definition is not limited to code and appropriately
spansthe life cycle, but it is still based on software units.
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To promote concerns to first-class status in software devel opment, they
must be defined independently of any specific type of software artifact and
even of software artifacts in general. One dictionary definition of concernis
“amatter for consideration” [27]. More specifically to software, an IEEE
standard defines the concerns for a system as*“... those interests which per-
tain to the system’ s development, its operation or any other aspects that are
critical or otherwise important to one or more stakeholders’ [17, p. 4]. We
take concern generally to be any matter of interest in a software system. This
may not seem like a particularly technical definition, but it is open, simple,
intuitive, encompasses other definitions, and is suitable for many purposes.
We give some examplesin Section 21.7.

Based on this definition, it follows that concerns are fundamentally con-
ceptual. They are not, in general, artifacts, although artifacts may represent
concerns, and artifacts may be of concern (say, as work productsin a devel-
opment task). Concerns are not, in general, requirements, although require-
ments represent concerns and are of concern at many points in a development
process. Similarly, aconcern model is not, in general, adomain model, al-
though a domain model may contribute concerns (or define a domain over
which concerns are expressed).

21.3. A VIEwW OF CONCERNS

Given the above definition of concerns as matters of interest in a system,
what can we say about them as a prospective domain for modeling? What do
we know about them a priori based on our overall knowledge of software
development and early experience with AOSD?

First, concerns arise a all stages of the software life cycle. Thisisim-
plicit in the different purposes, activities, formalisms, and artifacts associated
with the different stages of development. A variety of concerns, in various
forms, are documented for requirements specification [40, 42], architecture
and design [8], coding [13, 22, 37], testing [32], and maintenance and evolu-
tion [14].
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Individual concerns also span multiple phases of the life cycle, relate to
multiple instances and types of artifacts, and crosscut phases and artifactsin
different ways [4, 32, 37]. For example, a concern for performance may be
associated with a set of use cases in requirements, a choice of architectural
styles and design patterns that may facilitate performance, algorithms for ef-
ficiently implementing specific logical components, and so on.

Finally, concerns are dynamic and relative. The concerns relevant to a
particular software product or individual unit change over time, and they also
depend on the perspective or purpose of the developer, user, or other stake-
holder who considers the software [17, 23, 28, 32].

Based on previous studies, we believe that concern spaces are multidi-
mensional; that is, many concerns of multiple types may apply to a particular
software unit at any one time [28, 32, 37]. For example, functionality, behav-
ior, performance, reliability, and understandability may all apply to a particu-
lar class or method. Additionally, we believe that a concern space is highly
structured; that is, that concerns can be organized by multiple relationships
of multiple types, that these relationships may be independent or dependent,
and that they commonly have a hierarchical or lattice-like organization [32,
33].

21.4. WHY Do WE NEeD CONCERN MODELING?

Most, if not al, of software development can be viewed as modeling related
to concerns. We don't call the various activities involved “concern-
modeling,” though, because their primary focus is on other things: require-
ments, architecture, design, implementation, and so on. The modeling ap-
proaches currently used in software development enable modeling many
kinds of concernsin many forms. However, none of them models concerns
in general or in the abstract. For example, none of them allows usto say sim-
ply that performance is a concern, although they enable us to say that achiev-
ing high performance is a goal, or to select an architectural style based on
performance properties. In this section we justify modeling concerns explic-
itly asfirst class entities.
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21.4.1. Specification and Analysis of Concerns across
the Development Lifecycle and Artifacts

Concerns, collectively and individually, occur across the development life
cycle and development artifacts. Therefore, we need to be able to specify and
analyze concerns across the devel opment lifecycle and artifacts. Concerns
exist ab initio with respect to the lifetime of a system. Although concerns
arise throughout system evolution, the system itself arises from some con-
cerns that preceded it, and these concerns exist before and apart from any
representation they may have in the system or associated work products.
Concerns aso span multiple representations in particular artifacts and for-
malisms, and the relevance of particular concerns crosses development meth-
ods, processes, and stages. We can see examples of this with specific con-
cerns such as performance.

21.4.2. Enhancement of Traditional Development Tasks

Concern models have many potential applications that complement or sup-
plement traditional development tasks. One area of application is based on
the analysis and understanding of concerns themselves. Individual concerns
may be defined, have associated attributes (e.g., related to ownership, prior-
ity, or process stage), be related to other concerns (e.g., to show refinement,
motivation, dependence), and individually or collectively constrained (e.g.,
to be used exclusively or in combination). Formal representations of con-
cerns would enable analysis for their completeness, correctness, and consis-
tency. In turn, the analysis of concerns can help in assessing the compl ete-
ness, correctness, and consistency of software artifactsin which concerns are
represented.

Another area of application for concern modeling arises from the rela-
tionship of concerns to particular work products. Concernsin afirst-class
model can be associated to particular requirements statements, design ele-
ments, code units, and so on. These may be artifacts from which the concerns
are derived, in which they are implemented, through which they are affected,
and so on. An independent concern model, with meaningful linksinto an ar-
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tifact set, can be viewed as akind of semantic, hyper-index to the artifacts
(comparable to atopic map [18]). Such amodel has many possible uses, in-
cluding:

[1 Organizing and associating product elements according to the con-
cerns to which they are related (the refinements of [4] would be an
extended case).

[0 Tracing of concerns across artifacts and indirectly across associ-
ated formalisms, development-stages, processes, and organiza
tional units.

(1 Supporting impact analysis by enabling the determination of con-
cerns affected when artifacts are changed and of artifacts affected
when concerns are changed.

[ Facilitating the propagation of changes to artifacts linked by shared
concerns.

(1 Supporting rationale capture and analysis, by linking artifacts to
the concerns that they implement or influence and by semantically
linking those concerns to other concerns that may provide motiva-
tion for them or receive contributions from them.

[J Contributing to reuse by providing a semantic context in which ar-
tifacts (or elements of them) can be considered or presented for re-
use.

1 Enabling additional analyses for completeness, consistency, cor-
rectness of an artifact base with respect to a given concern space.

These applications do not depend on the use of other AOSD technolo-
gies or methods. Concern modeling can be used, for example, to facilitate
traceability between development stages [26], to analyze a system in prepara-
tion for evolution, or to evaluate a candidate component for reuse, all within
the context of traditional development methods.
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21.4.3. Support of AOSD

Finally, if we are to develop adiscipline of aspect-oriented software devel-
opment based on advanced separation of concerns, it seems appropriate to
consider concerns, in general and in the abstract, asfirst-class entitiesin their
own right. Additionally, concern modeling lends support to specific AOSD
approaches. For example, in aspect weaving such as with AspectJ [22], code
units that represent a particular aspect such as logging are integrated or
“woven” into a base program. However, the base program certainly repre-
sents a combination of concerns, and the aspect code, although it typically
emphasizes a particular concern, will inevitably involve multiple concerns.
For example, logging affects performance and recoverability, and it may
serve purposes such as auditing, and analysis. Effective aspect weaving thus
depends on the compatibility of concernsin the base model and the aspect.

For code composition with Hyper/J[16], Java classes are organized into
amultidimensional concern space. Units are related to specific concernsin
specific dimensions, and composition is specified in terms of the dimensions
and concernsto be integrated. Modeling of concernsis thus a part of the Hy-
per/J method. An example of the use of Cosmos with Hyper/J, which moti-
vates the integration of concern modeling with other aspect-oriented tools, is
givenin Section 21.7.

In generadl, if the goal of AOSD isto enable us to specify the composi-
tion and decomposition of systems in terms of concerns, then the specifica-
tion, analysis, and interrelation of concerns should be a fundamental part of
any fully developed AOSD life cycle. The modeling of concerns, including
capturing how they relate to each other and how they are either individually
or collectively constrained, is key to allowing a more systematic and there-
fore manageable use of AOSD techniques. It is a fundamental element to en-
able AOSD approachesto "scale" to address composition (and decomposi-
tion) of "enterprise” systems (e.g., systems where the relevant level of ab-
straction is not code units or systems that are very complex because of rich-
ness of aspects).
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21.5. CONCERN MODELING AS A FIRST-CLASS
UNDERTAKING

To make concern modeling a first-class undertaking in software devel opment
(AOSD, OOSD or otherwise), a schemafor the modeling of concerns must
be adopted and the activity of concern modeling must be integrated into de-
velopment processes. In this section, we consider requirements on a concern-
modeling schema and discuss issues in integrating concern modeling into the
software life cycle.

21.5.1. Requirements for a Concern-Modeling Schema

Since a concern model is an information model, any language for modeling
information or representing knowledge may have some applicability to con-
cern modeling. The initial models we constructed when we began our inves-
tigations [33] were informal. Though informal models may be useful for ad
hoc or experimental purposes, formal models are more powerful and offer a
firmer foundation for an aspect-oriented software engineering discipline.
However, different formal languages offer different advantages for different
purposes. Thus, while some benefits may indeed be gained by applying exist-
ing formalisms to concern modeling, we believe that consideration should be
given specifically to the requirements of modeling concerns.

We have identified desirable properties that are useful for a concern-
modeling schema, including generality, independence, appropriateness, com-
pleteness, and ease of use.

1 Generality is important for serving many purposes and allowing
usersto capture avariety of concerns.

2 Tooling and methods are also be necessary, but these depend in part on which AOSD technologies adopted and

are beyond the scope of this paper.
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1 Independence is important for minimizing the effect of other
choices of development methods, tools, and approaches on concern
modeling.

[ Appropriateness is important for facilitating expressing the kinds
of concerns that users have and the kinds of information that they
want to express about them.

1 Completeness is important for allowing users to express al impor-
tant aspects of a concern model.

[ Ease of use isimportant for facilitating adoption and use.

These desired general characteristics can be addressed through a number
of recommendations more specific to concern modeling.

For completeness, it isimportant to be able to model not only concerns
but also relationships among concerns and consistency conditions on con-
cerns. For generality, the schema should allow users to define arbitrary con-
cerns, relationships, and conditions. For completeness and generality, it
should be possible to view these rel ationships and constraints as concerns
themselves. Since not all kinds of concerns and relationships can be antici-
pated, the formalism should include elements for allowing users to define
their own concern kinds. This also supports appropriateness, since it would
allow specific schemas to be tailored to specific projects. To facilitate ease of
use, some specific but commonly useful types of concern and relationship
should be included.

To support completeness, generality, and appropriateness, it should be
possible to organize concerns in various ways, i.e., by classifications (includ-
ing multiple classifications), aggregations, and other groupings.

For independence, a general-purpose concern-modeling schema should
be independent from other modeling or implementation languages, artifact
types, life-cycle stages, and development methods. For independence and
generality both it should also be possible to capture concerns (or related data)
that are not necessarily captured in other development formalisms.

In asserting that a concern-modeling schema should be independent, we
do not mean to suggest that it cannot be based on or used closely with other
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languages. Rather, it should be possible for the concern-modeling schemato
be meaningful and usable on its own. (For example, a concern-modeling
schema may be relational, but it should not depend on the use of relational
modeling in other parts of the development process.) Also, while we are ad-
vocating a general -purpose concern-modeling schema, it is possible to define
more specialized approaches to be integrated with (and dependent on) par-
ticular devel opment languages, artifact types, or methods. Within a special-
ized context, this may increase the appropriateness and ease of use of the
formalism.

Finally, many of the potential applications of concern modeling depend
on the ability to relate concerns to associated artifacts, that is, artifacts that
may represent, define, implement, affect, or otherwise be of significance for
the concerns. To some extent this depends on the nature of the artifacts, for
example, on the ability to reference and access the artifacts and their con-
stituent parts. Where feasible, concerns should be related directly to artifacts,
although it may be problematic to establish the reverse relationships, i.e.,
from artifacts to concerns (as the artifact representations may not accommo-
date these references). As an alternative, amodel of the artifact space may be
constructed, analogous to the domain models used in domain specific soft-
ware architectures (DSSA) [39] (with the artifacts, in effect, as the domain).
In this case, concerns are related to the artifact model, and relationships from
the artifact model to the concern model can be easily represented. A similar
approach isused in UML (v. 1.4 [29]), in which the physical elements of sys-
tems are represented by “nodes’ and “artifacts,” and design elements, such as
“classes” and “components,” are associated to them.

21.5.2. Process Considerations

In general there are many ways to use concern modeling within a software
development process, just asthere are many ways to specify requirements or
to model architecture. The role of concern modeling depends on the devel-
opment method and the process objective. The following scenarios suggest
the range of possibilities:
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1 In a process centered on using commercial, off-the-shelf software
(COTYS), aconcern model of the system under development (SUD)
may be constructed for evaluating the compatibility and potential
contribution of candidate COTS products. These products can be
characterized in terms of the concerns they address and evaluated
against the concern framework of the SUD. The suitability of par-
ticular products can be determined based on the consistency or in-
consistency of concerns, the range of concerns addressed, the need
for tailoring to assure compatibility, and the concerns remaining to
be addressed.

[ In new development, a limited concern model can be elaborated at
the start of development to represent the initial concerns that moti-
vate or constrain the project. As development progresses through
requirements, architectural design, detailed design, and so on, the
concern model can be elaborated. Concerns can be related to the
various work products in which they are defined, implemented, or
otherwise addressed, and relationships between concerns can be
drawn to capture semantic, operational, and other dependencies.
The concern model can be analyzed to assess the consistency and
coherence of the concerns associated to the project. As the life cy-
cle iterates, changes made at various stages can be validated
against the concern model, and the concern model can be used to
help propagate updates through both the concern space and the ar-
tifact space.

[ In the retroactive extension of a product line based on an existing
product, concern modeling can be used to characterize the potential
feature space and to characterize the product variants within that
space. An initia concern model can be developed of the existing
product. The product can be decomposed into units corresponding
to specific concerns. Concerns representing additional features can
be identified and related to the existing model, and additional work
products can be developed to support implementation of the addi-
tional concerns. Variants within the product family can then be
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specified by selecting concerns of interest from within the product-
family concern space. Compositiona technologies may then be
used to compose a product variant using implementations associ-
ated to the selected concerns. This sort of scenario is discussed in
more detail in Section 21.7.

As these scenarios may suggest, concern modeling may be done before
initial development, during development, or as specific needs arise after-
wards. It may be done independently of, or in close association with, other
development activities. It may be done in one step or incrementally. It may
be for particular work products or sets of concerns or comprehensively for a
product or complete concern space. Finally, it may be done for general pur-
poses or to address specific problems.

21.6. Cosmos: A CONCERN-SPACE MODELING SCHEMA

Cosmos is a general-purpose concern-space modeling schemathat addresses
the requirements outlined in Section 21.5.1. Cosmos models software con-
cern spaces in terms of concerns, relationships, and predicates. We give here
aconcise overview and example of Cosmos. A more detailed discussion can
be found in [36].

Cosmos divides concerns into two main categories, logical and physical.
Logical concerns represent conceptual concerns, as “matters of interest”: is-
sues, problems, “ilities,” and so on. Physical concerns deal with the actual
things that constitute our systems, such as specific work products, software
units, hardware units, and services. Physical concerns are away to bring the
“real world,” (to which our logical concerns apply), into the concern-
modeling space. They play arole analogous to that of nodes and artifactsin
UML [29].
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Table 20-1 Cosmos Concern Model Elements: Outline

e Concerns ¢ Relationships
o Logica o Categorica
» Classifications o Classification
= Classes o Generalization
= [nstances o Instantiation
= Properties o Characterization
= Types o Topicality
o Physicd o Attribution
= Collections o Membership
= |nstances o |nterpretive
= Attributes o Contribution
o Predicates o Motivation
o Relationships o Admission
o Groups o Logical implementation
¢ Predicates o Logical composition
o /I subtypes not elaborated o Logical requisition
¢ Physical

o Physical association

o Physical requisition

e Mapping

o Mapping association

o Physical implementation

Note: Itemsin normal font are part of the core schema; itemsin italic font
are representative schema extensions used in particular concern models

For completeness, and consistent with amultidimensional perspective
on concerns, predicates and relationships are also classified as concerns. In
other words, a predicate over concerns or a relationship between concerns
may itself represent a matter of interest. In many situations, though, it is
natural to think of predicates and concerns as top-level elements of the con-
cern space, which is how we discuss them here. There is also afifth kind of
concern, concern groups. These represent the idea that groups of concerns
may also be of concern. Concern groups are parameterized by the type of
concern they can contain. The element type can be any type in the hierarchy
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of model elements, so specific concern groups can be made inclusive or ex-
clusive as necessary.

Logical concerns are further categorized as classifications, classes, in-
stances, properties, and topics. Classifications are for modeling systems of
classes and allow for multiple classification of concerns [35]. Classes are for
categorization of concerns, for example, by functionality, behavior, or state.
Instances represent particular concerns, usualy of some class, e.g., particular
functions, behaviors, or states. Properties are characteristics, such as per-
formance, configurability, robustness, that may apply to classes and in-
stances. Topics are groups of concerns of generally different types, typically
related to atheme of user interest, for example, the classes, instances, and
properties that are related to the theme of “logging.”

Physical concerns comprise instances, collections, and attributes. Physi-
cal instances represent particular system elements (such as source files, de-
sign documents, workstations). Collections represent groups of these. Attrib-
utes are the specific properties of instances or collections, such as the size of
adesign document or number of filesin adirectory.

Relationships are divided into four categories. categorical, interpretive,
physical, and mapping. Categorical relationships reflect fundamental seman-
tics of the concern categories. For example, generalization, which relates
(sub)classes to (super)classes, instantiation, which relates instances (both
logical and physical) classes, and characterization, which relates properties to
kinds and instances.

Interpretive relationships relate logical concerns according to user-
assigned semantics. One example is contribution, which indicates that one
concern (e.g., logging behavior) contributes in some way to another (e.g.,
robustness). Another interpretive relationship is motivation, which indicates
that one concern (e.g., robustness) motivates another (e.g., logging). Such

3 Classes of concern in Cosmos should not be confused with classes in design notations or programming lan-
guages. Cosmos classes serve the purpose of classification of concernsin ataxonomic or ontological sense, which

we believe is essential to concern modeling.
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relationships are especially important in understanding the system-specific
semantics of concerns.

Physical relationships associate physical concerns, such as composition
relationships that associate Java classes in Hyper/J [16] or connectivity rela-
tionships among nodes in a network.

Mapping relationships represent (non-categorical) associations between
logical and physical concerns, for example, the implementation of alogical
function by a Java class. These are important (along with interpretive rela
tionships) for purposes such as dependency analysis, impact assessment, and
change propagation. They are also important for assessing component reuse
and composition potential.

Predicates represent integrity conditions over various relationships and
can be classified accordingly. For example, categorical predicates apply to
categorical relationships and interpretive predicates apply to interpretive rela-
tionships. Examples of the former are that no concern can be both akind and
an instance and that no kind can include both logical and physical instances.
An example of the latter isthat, if one concern motivates another, then the
second should contribute to the first (whereas the converse is not required).

21.7. A CONCERN-MODEL EXAMPLE

This section provides an example of concern-modeling based on the GPS
cache, a general-purpose (software) cache that is intended to be reusablein a
variety of applications[19]. The GPS cache is richly functioned and featured.
It supports the usual functionality associated with a cache and it has some
less common features such object dependencies, logging, and statistics col-
lection. It is also highly configurable, both statically and dynamically. The
GPS cache has been used in web publishing [24] (including IBM web sites
for major sports events) and in support of business rule evaluation [9].

We have been interested in the GPS cache as the potential prototype for
a“component family,” a collection of specialized caches with various, more
or less overlapping combinations of features, functions, behaviors, and prop-
erties. Our approach to developing this family of caches was based on as-
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pect-oriented ideas and tools. In particular, we wanted to allow a cache to be
specified in terms of a particular set of desired concerns, and then to enable a
cache that addressed those concerns to be composed from reusable, concern-
specific fragments of Java code. To achieve this, we used Cosmos for con-
cern modeling and Hyper/J [16] for composition of Java units. Thiswork is
described at more length in [34].

Here we consider our initial modeling of concerns for the GPS cache,
primarily as it was programmed, but also including some obvious generaliza-
tions. This modeling served two purposes. First, it established a baseline for
the concerns that a cache may address and provided a core around which we
could organize conceptions and models of what a cache is and how it may be
subject to variation [34]. Second, this modeling allowed us to see which con-
cerns were addressed in which parts of the cache code. This provided a basis
for decomposing the code into more specialized units that were suitable for
recomposition into alternative variants.

Examples of high-level concernsin the implementation of the GPS
cache are outlined in the Tables “ Selected Concerns from the GPS Cache”
Parts 1 and 2. (For discussion of relationships and predicates see [36].)

According to the Cosmos model, concerns are organized as logical or
physical, with logical concerns here including concern classes, instances,
properties, and topics, and physical concerns including instances, collections,
and properties. The top-level concern classes we distinguished included im-
plementation object classes, functionality, behavior, state, properties, and
Javaunits.

Implementation-object classes are concerns in and of themselves and
are also used to organize subclasses under other concern classes (such as
functionality, behavior, and state). Under functionality, nine different func-
tional areas are associated with the cache class, grouping from one to eight
methods (omitted for brevity). Methods in the “printing” group are also in-
cluded under other groups as they print information relative to those groups.
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Table 20-2 Selected Concerns from the GPS Cache (Part 1)

Logical Concerns: Classes

¢ Object classes = Aspectua
g g:gﬁngbject ¢ Inpm ghecklng .
o Other object classes ... * Operation enabling
e Functionality ¢ Operation logging
o Cache e Object expiration
= Core = Non-operational
= Object expiration e Statistics logging
= Qperation-enabling o CachedObject
* Dependencies = QOperational behaviors
» Object invalidation e Core
= Operation logging e Expiration
= Statisticslogging e Other operation behaviors
= Printing = Other behaviors ...
o CachedObject e State
= Core o Cache
= Expiration = Objects
= Dependencies = Dependencies
= Other functionalities ... = Configurable controls
o Other classes... e Operation enabling
oBehav}ilor e Operation logging
o Cache e Statisticslogging
" Operational = Qperation log
* Core o o Statistics counters
. Object.explratlo.n « Properties
e Operation enabling o Static properties
* Dependencies o Dynamic properties
e Object invalidation e Java code
e Operation logging o Programmed classes
e Statisticslogging » Classes
e Printing = Members

o Decomposed classes
= Anticipated
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For the cachedobject Class, existing methods fall into three groups, and
additional groups (not initially used) can be identified by generalization from
the cache class; these can be populated | ater.

Table 20-2 Selected Concerns from the GPS Cache (Part 2)

Logical Concerns: Other Categories

I nstances Properties
o Omitted for brevity o Generality
Topics ¢ Performance
¢ Dependencies and transitivity e Information hiding
¢ Configurable behaviors e Concurrency
¢ Other topics... e Configurability
e Correctness

¢ Other properties ...

Physical Concerns

I nstances Collections

e com.ibm.ws.abr.gps.- o whimbrel.watson.ibm.com
Cachejava C:\$Sutton\Caching\Code\Java\Prog
e com.ibm.ws.abr.gps.- rammed

Cache.class e Other collections ...

e com.ibm.ws.abr.gps.- Attributes

CachedObject.java e com.ibm.ws.abr.gps.-

e com.ibm.ws.abr.gps.- Cachejava.Size
CachedObject.class e Other attributes ...

o Other classes ...

Behaviors are grouped into those specific to operations, those aspectual
to operations, and those not associated with operations. Behaviorsin these
groups may be related; for example, the behavior of specific operations to
turn statistics logging on or off has an effect on the logging of collected sta-
tistics, a behavior which is not associated with any particular operation.

A number of themes occur repeatedly under various kinds of concern,
for example, “core,” “logging,” and others. Such crosscutting concerns rep-
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resent other dimensions by which the concern space can be organized. For
instance, object classes could occur under “core” and under “logging” in-
stead of vice versa. Topics are one way to represent such crosscutting con-
cerns.

In principle there are many ways that a model of concernsin the cache
might be organized and presented. Cosmos supports the modeling of multi-
dimensional concern spaces, and concerns in the cache can indeed be de-
scribed multidimensionally. That is, many elementsin the cache can be as-
signed to concerns in multiple classifications, and any of several classifica
tions might be distinguished as the basis of aview of the concern space.

We continued our work on the cache product family by decomposing
the cache implementation into small units focused on specific concerns. We
then elaborated the concern model to include concerns of interest that were
not addressed in the original cache, programming implementations for these.
Using Hyper/J[16], and transforming the Cosmos concern-space model into
the Hyper/J representations for a hyperspace specification and concern map-
ping, we composed about fifteen alternative versions of the cache. In these
we added, deleted, and replaced methods; added, deleted, and replaced
fields; changed the behaviors of methods; changed the methods to which par-
ticular behaviors were associated; changed aspects associated to methods,
introduced and removed features; affected properties such as performance,
Size, and robustness; and substituted implementation structures. Using the
same units, many additional cache variants could be composed to address
additional combinations of concerns.

21.8. RELATED WORK

In this section we consider approaches to modeling at the early stages of the
software life cycle. Early-stage activities, such as requirements specification
and architectural design, are of particular interest because these are activities
whose primary purpose is to introduce concerns into a development project.
We consider two sets of modeling approaches: “traditional”, non-aspect ori-
ented modeling approaches, and new aspect-oriented modeling approches.
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21.8.1. Traditional (Non-Aspect Oriented) Modeling

We describe here some representative modeling approaches in which
concerns are identified in the form of requirements or design elements but in
which concerns, as such, are not first-class entities. The lack of considera-
tion for concerns as first-class entities is one of the principal motivations for
Cosmos.

21.8.1.1. Requirements Engineering: I* and Tropos

I* isaframework for modeling organizationsin terms of actors, goals, and
dependencies. Tropos is a methodol ogy that appliesthisto early require-
ments and provides a basis for extending early requirementsto late require-
ments, architectural design, and detailed design [7, 42].

Tropos emphasi zes the need to identify organizational concerns, sepa-
rate them from implementation concerns, and give them first-class treatment.
Toward this end, Tropos posits five main classes of concern: actors, re-
sources, goals, soft goals, and tasks. A particular requirements model will
contain multiple instances of each of these classes. Properties are not repre-
sented directly in the Tropos schema but may be captured in hard or soft
goas (e.g., “increase friendliness of customer service”). Tropos (and I*) in-
corporate several types of concern relationship, including decomposition,
means-ends, and dependency relationships.

21.8.1.2. Requirements Engineering: KAOS

KAOS[5], like I*, offers a goal-dependency model of requirements and
takes aview of concerns that is appropriate to requirements and separated
from implementation. KAOS also provides some downstream continuity,
from requirements to architectural refinement.

In some contrast to Tropos, KAOS adopts a more explicitly multidi-
mensional perspective on requirements. Conceptually, requirementsin the
abstract and elementsin amodel can be associated with different “aspects”
(in their terms) such as “why,” “who,” “when” and “what.” Requirements
also have adual linguistic dimension, including both an “outer” semantic net
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for general types and semantic relationships and an “inner” assertion lan-
guage for detailed temporal and logical semantics. Goals can be further clas-
sified according to their domain, for example, robustness, safety, efficiency,
and privacy. Goals are al so subject to digunctive and conjunctive refine-
ment. The KAOS system also supports multiple views of the requirements,
including refinement, operationalization, entity-relationship, and agent.

Asin Tropos, properties per se are not afirst class construct in KAOS,
but are represented indirectly by other constructs such as goals and con-
straints. In addition to refinement, KAOS relationships also include opera-
tionalization and responsibility.

21.8.1.3. Architectural Design: ABAS

ABAS are “attribute-based architectural styles’ [23]. These styles address
specific quality attributes and can be analyzed in terms of these attributes.

ABAS modeling is explicitly multidimensional. It incorporates a num-
ber of classifications, including classification of architectural attribute infor-
mation (in terms of external stimuli, architectural decisions, and responses),
classification of architectural elements (in terms of components, connectors,
and properties), classification of ABAS specification elements (such as prob-
lem description and stimulus/response attribute measures), and classification
by property. Additionally, parametersin each of the categories of information
are subject to multiple simultaneous classifications. For example, stimuli are
classified with respect to mode, source, and regularity, and responses are
classified with respect to latency, throughput, and precedence.

ABAS, in contrast to the requirements methods described above, treat
properties explicitly and prominently. All architectural styles are classified
with respect to the properties of performance, modifiability, and availability.
These crosscut the information categories, so that the kinds of information
used to describe stimuli, architectural decisions, and responses for perform-
ance are different from those used for modifiability. For example, perform-
ance responses can be described in terms of latency and throughput, modifi-
ability responses in terms of extent of impact and effort of change.



21.8. Related Work 23

The sorts of relationships that are emphasized in the requirements mod-
eling approaches (dependency, responsibility) are not highlighted in ABAS.
Of course, ABAS describe kinds of physical relationships (connections)
among components that observe various architectural styles. Additionally,
ABAS include potentially detailed and quantitative analytical models that
describe how specific property measures relate to architectural elements and
changes to those elements.

21.8.1.4. Architectural Design: ABAS

Domain—specific software architectures (DSSA) make (repeated) use of a
domain model, reference requirements, and reference architectures common
to afamily of applications [39]. The domain model usually includes alexi-
con, ontology, and taxonomy of terms and entities belonging to the domain.
The domain may be characterized in terms of objects, relationships, products,
behaviors, and so on. The architecture, depending on the style and represen-
tation, typically comprises elements such as components, connectors, con-
straints, dependencies, responsibilities and capabilities. The reference re-
quirements are typically expressed in terms of the domain model and linked
to elements in the reference architecture.

All the elements of a DSSA—domain model, requirements, and archi-
tecture—express concerns of some sort. The domain model defines adomain
of concern (or adomain of concerns) but in away that is abstract from the
motivations and objectives of any particular project (i.e., from the things that
make a“ matter of interest” interesting). Requirements express concerns in
the form of specific needs and goals relating to applications in the domain.
Architecture begins to introduce concerns about how those needs and goals
areto be addressed.

21.8.1.5. Observations on Non-Aspect Oriented Modeling Ap-
proaches

The approaches described above are advanced techniques for modeling soft-
ware reguirements or architecture. These all represent concerns, or enable
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users to represent concerns, in aparticular form for a particular purpose. For
example, ABAS identify concerns, in the form of architectural features and
properties, which are associated with particular architectural styles but inde-
pendent of adomain. DSSA, in contrast, present domain-specific concernsin
the form of a domain model, requirements, and architecture. Tropos/1* and
KAQOS support users in specifying concernsin the form of requirements.
Thus, the outcome of these approaches are elements specific to requirements
and design, even though the concerns they represent typically cut across ac-
tivities and artifacts from the whole life cycle. Cosmosis intended to sup-
port a concern modeling approach that can transcend particular activities and
artifacts and span the whole life cycle.

Each of the modeling approaches discussed above aso reflects some
explicit or implicit assertion about how concerns of various types should be
represented. However, these approaches typically draw on many of the same
modeling techniques, such as enumeration, single and multiple classification,
views, templates, relationships and associations, abstraction, properties and
attributes, and conditions and constraints. These modeling techniques are
thus generic with respect to modeling approaches and domains, and Cosmos
likewise makes use of many of them.

21.8.2. Aspect-Oriented Modeling

There has been aflurry of recent work in the areas of aspect-oriented re-
quirements engineering and architectural analysis, aswell asin the area of
more general concern modeling. In contrast to the modeling approaches re-
viewed above, amajor goal of these recent approaches, as for Cosmos, isto
identify concerns or aspects as such. We discuss some examples here.

21.8.2.1. Aspect-Oriented Requirements Engineering and Architec-
tural Analysis

Aspect-oriented requrements engineering (AORE), like all requirements-
engineering, ams to capture requirements. However, it explicitly recognizes
that at least some requirements represent aspects or concerns that will cross-
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cut both requirements and downstream life-cycle artifacts. Thus, AORE ap-
proaches include techniques for explicitly modeling aspects or concerns, at
least in the context of requirements specification. For example, Brito and
Moiera[6] define a process for separation of concerns in requirements that
includes steps for identifying concerns, specifying concerns, identifying
crosscutting concerns, and composing concerns. Baniassad and Clark [2]
propose the Theme/Doc approach to identify crosscutting behaviors that rep-
resent aspects in requirements documentation. Tekinerdogan [38] argues
that explicit mechanisms are needed to identify, specify, and evaluate aspects
in architectural design. He proposes ASAAM, an Aspectual Software Archi-
tecture Analysis Method, that provides a set of heuristic rules to allow archi-
tectural aspectsto be identified based on usage scenarios. Bass, Klein, and
Northrop [3] are developing a method to derive a software architecture from
required quality attributes and propose that these attributes often represent
architectural aspects that can be carried through detailed design and imple-
mentation.

21.8.2.2. Concern Modeling

Concern modeling in a still more general sense is now addressed by several
approaches. Wagelaar [41] proposes a concept-based approach called Co-
Compose for the modeling of early aspects. In CoCompose the conceptsin-
volved in a software system are first modeled independently of any imple-
mentation; the conceptual models can then be processed to automatically
generate an implementation. Lohman and Ebert [25] propose a generaliza-
tion of the Hyperspaces [16, 37] approach to concern modeling that replaces
orthogonal dimensions of concerns with nonorthogonal clusters of concerns
and alows a unit to be assigned to more than one concern in a dimension.
Lohman and Ebert distinguish primary and secondary dimensions of concern
in which the primary dimensions are based on artifacts and the secondary
dimensions represent user interests that are not derived from corresponding
artifacts, although these concerns may still be related to artifacts.

Finaly, IBM, in part as a successor to Hyper/J[16], initiated devel op-
ment of the Concern Manipulation Environment (CME), a platform for the
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development and application of cross-life cycle aspect-oriented technologies
[31, 15]. The CME includes a concern-management component, ConMan,
that supports general-purpose, multidimensional concern modeling, inlcud-
ing concerns, relationships, predicates, and various ways to group and asso-
ciate these. Concerns may be related to artifacts or independent of them, and
concerns may be used to organize artifact composition and extraction, to
support querying and analysis, and for other purposes with or without arti-
facts. The CME isnow an Eclipse Open-Source project [10].

21.8.2.3. Observations on Aspect Oriented Modeling Approaches

The aspect-oriented approaches to requirements and architecture analysis
take a step toward generality of concern modeling: they enable particular
requirements or architectural elements to be specified, and they recognize
that these elements represent more general aspects or concerns that crosscut
multiple development stages and artifacts. However, concern modeling in
these approachesis still focused mainly on particular activities and on arti-
fact representations appropriate to those activities. Approaches such as those
in [41] and [25] take concern modeling a further step toward generality.
They provide very general notions for the modeling of concerns, although
tiesto artifacts are still prominent in these models. ConMan in the CME
provides the most general and artifact-neutral approach to concern modeling.
ConMan, like Cosmos, is a generalization of the Hyperspaces approach, al-
though the basic concepts in Cosmos are at a somewhat higher semantic
level than thosein ConMan. For instance, ConMan includes awide variety
of constructs for grouping concerns, whereas Cosmos has just afew simple
constructs for grouping concerns but also includes constructs for semanti-
cally categorizing concerns. In the future we hope to implement Cosmos
concepts on top of ConMan.
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21.9. ADDITIONAL DISCUSSION

In this section we address two fundamental questions: Can we achieve a use-
ful degree of formalization for such a general notion as “concern”? And what
Is the nature of the contribution that concern modeling may make to AOSD?

21.9.1. Formalization of the Notion of “Concern”

We have purposely adopted a notion of concern that is general and intuitive.
It is therefore reasonable to wonder in what ways and to what extent this no-
tion can be formalized.

We should note first that our interest has been primarily with represent-
Ing concern spaces rather than individual concerns. That is, we have focused
on categories of concern and on organizational and semantic relationships
among concerns rather than on how best to represent the details of particular
concerns. The latter does deserve attention, but we expect that different do-
mains of concerns will have different, specialized languages for description.
For example, distinct formalisms may be used to describe concerns relating
to functionality (perhaps algebraic specifications), performance (perhaps
numerical models), and consistency (perhaps Object Constraint Language
(OCL) [29]). Moreover, it should be kept in mind that the description of a
concern in aconcern modeling schema such as Cosmos is not intended to
replace the representation of that concern in other software artifacts. In Cos-
MOs a concern represents a subject of interest, the details of which should be
found mainly in the associated artifacts such as requirements, architecture,
designs, and code, through which system-specific details are defined and im-
plemented.

With regard to the representation of concern spaces, it is possible to in-
troduce alevel of formality that is comparable to that found in other sorts of
information modeling used in software devel opment, including domain mod-
eling [20, 39], semantic dependency modeling [7, 42], or design model-
ing [29].These kinds of modeling typically entail some representation of enti-
ties, kinds of entities, properties of entities, and various sorts of semantic or
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structural relationships among entities. With Cosmos we have demonstrated
that this sort of modeling is possible with concerns.

Thelevel of formality (or formalizability) in the Cosmos schemais suf-
ficient to have allowed usto construct object-oriented models of the schema
in UML [29] Inthis model, for example, LogicalInstance is defined as an
extension of LogicalConcern, which is defined as an extension of Concern,
which is defined as an extension of concernMode1E1ement; Operations on in-
stances of the schema (that is, on specific concern models) can take place at
any of these levels of abstraction. Given a Cosmos model, it is possible to
algorithmically define many sorts of analyses. Questions about a Cosmos
model that can be answered by analysisinclude, for example: Are there cy-
clesin the concern-class structure? Are there classes without instances or
Instances without classes? Does every concern have a motivation or make a
contribution? Additionally, it is possible to define consistency conditions for
aconcern model. For example, no logical class should contain both logical
instances and physical instances; and, for any two concerns X and Y, if X mo-
tivates Y then Y should contribute to X. For aUML model of the Cosmo
schema we have defined such constraints using OCL [29].

Thus, it appears possible to formalize modeling concern spaces. Aswith
other sorts of information modeling in software devel opment (and else-
where), the purpose such formalization is to take notions that are intuitive
and informal and render them precisely. Formalization allows using informa-
tion not just in one specific tool, but in avariety of ways.

21.9.2. Nature of the Contribution to AOSD

AQOSD provides new tools and methods for devel oping software based on
concerns. It uses advanced techniques for separation of concerns, with an
emphasis on separating and composing crosscutting concerns. In general,
AOSD alows for the separate, modular representation of information associ-
ated with specific concerns. Examples of such information include require-
ments, designs, and code. In particular, AOSD seeks the modular representa-
tion of concerns that might be scattered across conventional representations,
such as object-oriented models or code, in which a particular decomposition
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predominates. AOSD also automates the weaving or composition of concern-
specific units according to explicit specifications. In thisway, it controls and
systematizes the distribution of concern-specific elements across differently
organized application architectures. AOSD thus depends on an understanding
of concerns and their interrel ationships.

Concern modeling allows usto directly represent and reason about con-
cerns and their interrelationships, thereby creating an externalized abstraction
for organizing, analyzing, managing, and composing artifacts according to
concerns. This affords several advantages with respect to aspect-orientation.
It reveal's crosscutting relationships among concerns (as when one concern is
defined with respect to another). It provides areference model of concerns
that may be organized and distributed in different ways in different artifacts
(for example, as when requirements are organized by functional decomposi-
tion but designs are organized by object decomposition). Finally, for soft-
ware rich in aspectual properties, it helps with managing complexity, such as
when multiple concerns are tangled within asingle artifact, or when individ-
ual concerns scattered across multiple artifacts. All these contributions are
important for helping AOSD to scale from individual components and appli-
cations to product families and enterprise-level systems.

21.10. SUMMARY

The notion of concerns has long received attention in software development.
However, until now, concerns have remained something of second-class citi-
zens. Although existing software development activities address concernsin
specific ways for specific purposes, there has been no effort to model con-
cerns as such, in general and in the abstract.

The advent of aspect-oriented software devel opment and new tech-
niques for advanced separation of concerns have made plain the need to treat
concerns as first-class entities and concern modeling as a first-class activity.
There are many reasons to do this. They include the need to address concerns
that occur across life-cycle stages and artifacts, the ability to enhance tradi-
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tional development tasks with concern-based analyses and technologies, and
the need to support aspect-oriented software development.

If concern modeling is to become afirst-class undertaking in software
development, then aformalism for the modeling of concerns must be
adopted and the activity of concern modeling must be integrated into devel-
opment processes. At ahigh level, the requirements for a concern-modeling
formalism are generality, independence, appropriateness, completeness, and
utility. The integration of concern modeling into devel opment processes may
be done in many ways, but in general concern modeling may be done before,
during, or after initial development, and it may be adopted comprehensively
or incrementally.

Cosmos is a schema designed specifically for general-purpose concern-
space modeling. Cosmos models concerns spaces in terms of concernsin
several categories, relationships of several types, and predicates. A notable
example of the use of Cosmos (along with Hyper/J for Java composition), is
in the reengineering of a monolithic, general-purpose software component.
Decomposing the component according to concerns, we created a varied
product line of specialized components tailored according to selected con-
cerns of interest.

Concerns can be considered the essence of software. All software must
address and embody concerns, and software development is fundamentally
about identifying, realizing, and reconciling concerns. Aspect-oriented soft-
ware development with concern modeling provides new tools and methods
for developing software based on concerns. It alows for the separate, modu-
lar representation of information (such as requirements, designs, or code)
that is associated with particular concerns, including concerns that might be
scattered and tangled in conventional representations (such as object-oriented
models or code). It also automates the weaving or composition of concern-
specific units according to concern-based specifications, thereby controlling
and systematizing the distribution of these units across differently organized
application architectures. AOSD thus depends on understanding and leverag-
ing concerns and their interrelationships and constraints. Concern modeling
externalizes the abstractions of concerns and their interrelationships and con-
straints, and it allows them to be specified, analyzed, and understood asin-
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dependent, first-class entities. Concern modeling is thus fundamental to as-
pect-oriented software development, and it holds the potential to enhance
other approaches to software development as well.
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