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ABSTRACT OF DISSERTATION

AN APPROACH TO COMPOSING ASPECT-ORIENTED DESIGN MODELS

Developers of complex software systems are often required to address security,
fault-tolerance and other extra-functional goals. The features that realize these goals
are often spread across and tangled with other features in a design. It can be difficult
to modify and evolve these crosscutting features. Localizing crosscutting features in
a design can help developers manage the evolution of the features.

The aspect-oriented modeling (AOM) approach supports separation of crosscut-
ting features from other features during design. An aspect-oriented design consists of
a primary (base) model and a set of aspect models. A primary model describes the
dominant structure of a design and an aspect ﬁodel describes a feature that cross-
cuts the dominant structure. The aspect models and the primary model must be
composed to obtain a system view that integrates features described by the models.

Composing aspect and primary models using a general-purpose model composition
procedure may produce a composed model with undesirable properties. Composition
directives can be used to alter how a general-purpose composition procedure composes
models in the case where it is known or expected that the procedure will produce
incorrect results.

In this thesis, we provide a technique for composing aspect and primary design
models consisting of class and sequence models. Model composition involves merg-

ing aspect class models with primary class models and incorporating sequences of

iii
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interactions specified in aspect models into primary sequence models.

The aspect and primary class models are merged using signatures consisting of
model element properties. The signatures provide a more flexible way to merge class
models than the name based approach used by other researchers. We describe a
general-purpose composition procedure that can be varied using composition direc-
tives. The research provides composition metamodels that can be used as the basis
for developing model composition tools.

The class model composition metamodel developed in this research is very detailed
than the metamodel provided by other researchers. The composition metamodel de-
scribed in this thesis contains specifications of composition behavior that can be used
to implement the composition. We have developed a prototype tool that implements
the composition metamodel.

The interaction model composition technique developed in this research for com-
posing aspect and primary sequence models is novel. Composition of sequence models
has not been addressed by any other researcher previously.

The class model and sequence model composition techniques are applied in pilot

studies to demonstrate the usage of the composition techniques.

Y. Raghu Reddy

Department of Computer Science
Colorado State University

Fort Collins, Colorado 80523
Summer 2006
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Chapter 1

Introduction

1.1 Problem Statement

Separation of Concerns (SoC) is a fundamental software engineering principle that can
be used to manage complexity, improve understandability, and facilitate evolution of
software [20, 23, 52]. It allows a developer to handle concerns individually. A concern
can be anything of interest in a product or process [28]. Examples of product based
concerns are reliability, efficiency, and usability.

Abstraction is an example of SoC in which only the important details are con-
sidered [20]. For example, at the requirements level of abstraction one focuses only
on details needed to understand and document software requirements while at the
architectural design level of abstraction one focuses on details needed to understand
and document the system architecture. Another form of abstraction involves separat-
ing technology specific concerns from technology independent concerns. For example,
the Model Driven Architecture (MDA) [76] initiative emphasizes modeling techniques
that can be used to separate technology specific concerns from technology indepen-
dent concerns.

Modularization is another SoC mechanism in which the concerns are parts (mod-
ules) of a system [20]. Modularization is the process of breaking a software design

into distinct parts that overlap in functionality as little as possible [51].
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A design can be viewed as an integrated set of modules (e.g., subsystems, com-
ponents, classes) that are developed in a relatively independent manner and work in
concert to accomplish system goals. A decision to modularize the design around a
set of concerns may make it difficult to modularize other concerns.

Current modeling approaches provide good support for modularizing design mod-
els but poor support for isolating crosscutting features, that is, functionality that is
spread across the modules of the software and tangled with other functionality. For
example, dependability concerns like security, fault-tolerance, and error recovery are
often realized in software as crosscutting features. In this thesis, a feature is a logical
unit of behavior [8], i.e., it is a piece of functionality that addresses a requirement or a
set of requirements. Henceforth the term feature will be used to refer to functionality
that addresses a concern.

Crosscutting features that address dependability concerns can be problematic for

the following reasons:

e Understanding a crosscutting feature can be difficult when the description of

the feature is distributed across the modules of the design.

e Changing the features requires making changes in a number of places in the

software.

e The above two problems contribute to the difficulty of evaluating alternative

forms of crosscutting features that address dependability concerns.

The above problems can be addressed by providing support for separating cross-
cutting dependability features from other features. At the code level, aspect-oriented
programming (AOP) [39] and subject-oriented programming [26] support separation
of crosscutting features from other features. Isolation of crosscutting features at de-

sign level can help developers better manage complexity during the design phase.
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A crosscutting feature that has been isolated needs to be composed with other
features to provide an integrated view of the system design. An integrated view of
the system design enables one to understand the effects of composing the crosscutting
features with other features. For example, a modeler may use the integrated view to
implement the system design using a non-AOP language or may choose to implement
the crosscutting and others feature individually and then compose them at the code
level.

Composing a crosscutting feature with other features requires one to define a com-
position algorithm that uses some matching criteria to determine the model elements
that need to composed. The model elements are said to match if the syntactic prop-
erties of the element are the same. For example, elements with the same name are
considered matching model elements. Automation of the composition based on syn-
tactic matching may not always produce the desired results, since two elements may
match with respect to the syntactic properties but may represent different concepts.

The algorithm used in the composition procedure may be general-purpose or
application-specific. A general-purpose algorithm can be used to compose any model
element independently, however the composition may produce a model with errors, be-
cause the general-purpose algorithm does not take into consideration the application-
specific properties. Application-specific composition algorithms can guarantee that
the composition will yeild correct results by using application-specific properties to
drive the composition but one may need to write different composition algorithms for

different applications.

1.2 Research Overview

The aspect oriented modeling (AOM) approach [15, 17, 18] supports separation of
crosscutting features from other features during design modeling. The approach can

be used to produce designs that can be implemented using non-AOP languages.
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In the AOM approach, crosscutting features are treated as patterns [15] described
by (template) aspect models, and other features are described by a primary model.
The result of composing aspect and primary models is an integrated design model
called the composed model. Bindings determine where in the primary model the aspect
models are to be composed. Composition directives determine how the aspect and

primary class models are composed [60]. An overview of the AOM approach is shown

in figure 1.1.
Aspect—Oriented Design Model
—
Aspect Model 1 Primary Model
1
Aspect Model 2 Bindings
& > MOdc.l. — —  »| Composed
Composition Model
1
Composition Directives

Figure 1.1: An overview of aspect oriented modeling approach

A primary model is described using Unified Modeling Language (UML) [77, 78].
In this research, class models are used to describe structural views and interaction
models are used to describe behavioral views. Aspect models are specified using a
template version of the Role-Based Metamodeling Language(RBML) [16]. The RBML
is used to describe patterns and it’s syntax is based on the UML.

An aspect model consists of a class diagram template and sequence diagram
templates. The template elements in the aspect models need to be bound using
application-specific values before they can be composed with a primary model. The
application-specific value can be the name of a primary model element or the name

of an application-specific model element that is to be added to the composed model
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during composition. In our work, the bindings are explicitly specified for class models,
and can be implicitly or explicitly specified for interaction models. For aspect class
models, bindings produce a contezt-specific aspect class model. The context-specific
aspect class model is composed with the primary class model to obtain an integrated
structural view of the system design. The aspect interaction models and the primary
interaction model are integrated to obtain an integrated behavioral view of the system
design. |

Model composition technologies that automate significant parts of the compo-
sition activity are needed if the composition procedure is to scale-up to models of
complex software systems. There are many ways to support model composition. At
one extreme one can develop a general-purpose composition algorithm that composes
aspect and primary models without developer intervention. This approach provides
very little flexibility in how the crosscutting features are incorporated into the domi-
nant structure. The domain knowledge is not useful while using a general-purposed
composition algorithm and this can lead to errors. At the other extreme, developers
define application-specific composition procedures that are applied to the aspect and
primary models they develop. This approach is very flexible, but requires more effort
from developers since different application-specific algorithms need to be developed
for different applications. More practical solutions are likely to lie between these two
approaches. For example, a tool can codify a default general-purpose composition
procedure and allow developers to vary some aspects of the composition procedure.
In our work, we provide an approach that utilizes a default composition procedure
that can be altered using composition directives.

Model element signatures determine how class model elements are merged during
composition. A signature is a set of model element properties (e.g., name, attribute.
If signatures of the model elements match then they are merged. We have described

and implemented a composition algorithm that uses signatures and can be varied
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using composition directives. The composition algorithm has been implemented in
the KerMeta language [80].

The work described in this thesis builds upon the work by Clarke et al. [12] by
providing a detailed metamodel that contains specifications of composition behavior.
The composition directives developed in this research are more extensive and well-
defined. The use of composition directives and signatures allow modelers to define
and apply their own integration and reconciliation strategies.

The composition of interaction models is done by specifying tags on the primary
sequence model. The tags indicate where and how the aspect sequence models are
composed with the primary sequence model.

The AOM is the basis for an Aspect Oriented Model-driven Development Frame-
work (AOMDF) [62, 63, 64] currently being developed at CSU. The AOMDF is an
MDD framework that supports modeling of aspect and primary models at different
levels of abstraction, transformation from one abstraction level to another, and com-
position of aspect and primary models. This work contributes to the AOMDF by
providing techniques and limited tool support to compose the aspect and primary
models.

We demonstrate the utility of the AOM composition techniques by using it to

compose aspect models and primary model in pilot studies.

1.3 Scope of Research

In this research we use UML to describe the models because of the widespread usage
of UML by practitioners and the availability of a number of tools for UML. The UML
version 2.0 models used in this work are class, sequence and activity models. Class
models are used to describe the structure and sequence models are used to describe
the interactions of design artifacts. Refinement of these models to other levels (e.g.,

design to code) of abstraction is beyond the scope of this research. Activity models
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are used to describe the AOM composition process. They are not used to describe
design artifacts.

The research provides techniques for composing class models and composing se-
quence models. It is assumed that the structural view described by class models and
behavioral view described by sequence models are consistent with each other. This
research does not provide techniques for establishing the consistency of design views.

In AOM, the design models can be composed to analyze the interactions between
the aspect and primary model elements. However, this research does not address
model analysis. Existing model checking techniques can be used to analyze the design
models. For example, Ivan Porres [53], Jan Jiirgens [34, 35] have proposed techniques
that can be used to perform model analysis on design models.

The class model composition technique developed in this research uses signatures
and composition directives to compose design class models. The composition direc-
tives that need to applied depend on the signature chosen for matching the model
elements. A systematic process for selecting a particular signature that can optimize
the usage of composition directives is beyond the scope of this research.

The composition directives developed in this research may not be comprehensive
and are applicable only to class model composition. The application of composition
directives to interaction model composition is not a part of this research.

The research does not validate the composition technique using formal experimen-
tation techniques. Instead, the composition technique developed in the research is
implemented in the KerMeta language as proof of concept. The composition meta-
model developed in this thesis and the implemented metamodel in KerMeta has a
one-one correspondence and hence composition is correct with respect to implemen-
tation. We present pilot studies that demonstrate how the composition techniques
develped in this thesis can be applied. Formal experimentation would require the

existence of a more robust tool set which is beyond the scope of this research.
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1.4 Dissertation Structure Overview

Chapter 2 presents background information on UML, the RBML, and the AOMDF.
Chapter 3 describes related work on composition techniques. Chapter 4 presents the
class model composition tehnique and chapter 5 presents the composition directives
that can be used to compose class models. Chapter 6 describes the interaction model
composition technique. Chapter 7 presents pilot studies in which crosscutting security,
fault-tolerance and transaction features are modeled as aspects. Chapter 8 discusses

conclusions and outlines directions for future work.
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Chapter 2

Background

The purpose of this chapter is to provide background information needed to under-
stand the concepts used in this research. Section 2.1 gives an overview of the UML
and a brief description of the model types used in this research. Section 2.2 presents
the language used to describe aspect models and section 2.3 gives an overview of the

AOMDF that provides the context for this research.

2.1 Unified Modeling Language

The Unified Modeling Langljage (UML) [75, 77, 78] is a programming language inde-
pendent notation for specifying, visualizing, constructing, and documenting systems.
It is an Object Management Group (OMG) standard language for object-oriented
modeling. The UML started out as a modeling language developed collaboratively
by Grady Booch, James Rumbaugh, and Ivar Jacobson. Several revisions have been
produced since the first release, and the most recent revision, version 2.0 [77, 78], was
recently approved by the OMG.

The UML infrastructure is defined as a four-layer architecture (see Figure 2.1).

e Level M3 (meta-metamodel layer) defines a language for specifying metamodels.

The Meta Object Facility (MOF) 77 is an example of meta-metamodel.

e Level M2 (metamodel layer) contains models that specify modeling languages.

9
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Figure 2.1: UML four layer metamodel architecture

The UML metamodel and the Common Warehouse Metamodel (CWM) [74] are

examples of metamodels.

e Level M1 (model layer) contains models that describe semantic domains. The
model layer consists of models expressed in languages specified by M2 meta-

models.

e Level MO (user data) consists of object configurations specified by the models

at level M1.

In this research template aspect models are defined at the M2 level since aspect
models are generic descriptions of model families. The context-specific aspect models

and primary model are defined at the M1 level.

2.1.1 UML Models

The UML provides several modeling views. Use case models, class models, interaction

models, statechart models, and activity models are some of the views provided by the

10
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UML. In this thesis UML models are used in two different ways. Class models and
sequence models are used to describe software designs. Activity models are used to

describe composition processes.

Association sd SequenceExample )
A L C
Objl : A Obj2:B | Lifeline
$ - - -
Gen;ralization
B %X, )
AN Message
Class
Class Diagram Sequence Diagram

Figure 2.2: Example of UML class and sequence diagrams

A UML class model consists of a set of classifiers (for example, classes, interfaces)
and relationships (for example, association, generalization) between classifiers. As-
sociations between classifiers specify the kinds of links that can exist between class
objects. Association multiplicities restrict the number of links possible at the object
level. Classifiers may have structural features (for example, attributes) and behav-
ioral features (for example, operations). Operation specifications and constraints on
attributes can be expressed using the Object Constraint Language (OCL) [48].

UML interaction models describe how objects in a system interact with each other
to accomplish specific goals. Interactions can be described using sequence, interaction
overview and communication models. In this work, UML 2.0 sequence models are
used for describing interactions. In a sequence model, a collaboration among objects
is described in terms of lifelines and messages. A lifeline represents an individual
participant in the interaction and the message defines a particular communication
between participants of an interaction [78]. Figure 2.2 shows simple examples of the

UML class and sequence diagrams.

11
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Figure 2.3: Example of process described using an UML activity model

UML Activity models are used to describe the flow of control and data through
steps of a computation. They are typically used for modeling processes, for modeling
behaviors described by use cases and for describing the behavior of operations. An
activity is a structure of actions, where an action is a fundamental unit of behavior
specification that represents some transformation or processing in the modeled system
[78]. The action may be initated because of completion of other actions, or because
objects and data become available. Figure 2.3 shows a simple example of an UML
activity model that describes the process of drawing a figure using a UML tool or a

non-UML tool.

2.1.2 The UML Metamodel

The UML metamodel characterizes syntactically valid UML models. It consists of a
class model and a set of well-formedness rules. The metamodel class model consists
of classes whose instances are UML model elements. For example, instances of the
metamodel class Association are UML associations. Figure 2.4 shows a part of the
metamodel and an example instance (i.e. a UML model). Meta-classes’ may have
attributes referred to as meta-attributes. For example, the meta-class Class has an

isAbstract meta-attribute that determines whether a class is abstract or not. Note

IClasses in the UML metamodel are referred to as meta-classes

12
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that meta-attributes are different from the attributes of a class: attributes are defined
as instances of the meta-class Property as shown in the Figure. The multiplicty

“2..%” shown on the association between Association and Property specifies that an

association must have at least two association ends.

0.1 *
Class 44— Property
isAbstract : Boolean 0.1 ,//7 {4 2.% 7\
Association ’ ! !
T
AN AR ~ 7\ ‘ e ’ ’ /’
t ~ ~ 0 !
M2 . .. , : /
Metamodel ' ~. ! ke ; !
! T~ ~ 1 P ! ,,
' TR s < ! I’
1 I ~ < 4 i f
i 7 4 ‘ . . !/ 4
: ) 7'~ _is_instance_of / ,
' is_instance_of ! P S .. !
. ) e ~ o is_instance_of
is instance of ! i -is_instance_of ~ o N o
— — yi ~. is_instance_of

| L1 A [
! 71 TS !
| PR ; —
1 7z I . o

Ml P 4 ' ,I VethIe

Customer - L y
Model ) !
requests VinNum

Figure 2.4: A simple metamodel and its instance

2.2 Role Based Meta-modeling Language

In the AOM approach aspect models describe patterns that characterize families of
design models. The UML was designed primarily as a notation for modeling single
applications, and its use to model application families is problematic. The Role Based
Meta-modeling Language (RBML) [16, 41, 42] is a UML based language that supports
rigorous specification of patterns that characterize a family of design models. Since
RBML uses the UML syntax, UML tools can be used to create RBML specifications.

An RBML specfication consists of a set of role models that describe pattern prop-

erties from different perspectives [42]. A role model consists of roles where a role

13
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specifies properties of pattern participants. A UML model can be obtained from a
role model by binding the roles to model elements that have the properties specified
by the role. However, obtaining a UML model and establishing that a UML model
conforms to a role model are currently manual tasks. Automated support for checking
conformance of UML models to role models is not available currently.

A variant of the RBML that facilitates generation of compliant models from pat-
tern descriptions is used in this work to specify aspect models. Template diagrams
rather than role models are used to specify families of models. UML models are ob-
tained from template diagrams by binding the template parameters to actual values.
The result of binding aspect models using actual values that satisfy constraints as-
sociated with the template parameters is a UML model that conforms to the aspect
model.

Aspect models consist of class diagram templates and sequence diagram templates.
Instantiating these templates produces UML design models consisting of class and

sequence models.

2.2.1 Class Diagram Template

A class diagram template consists of parameterized class model elements, for example,
class templates and association templates. It defines a family of class models where
each class model is obtained by binding the parameters to actual values. An example
of a class diagram template is shown in Figure 2.5 and the instantiated class model
is shown in Figure 2.6. Template parameters are marked using the “|” symbol.

A class template consists of two parts: an attribute template section and an op-
eration template section. Attribute templates produce attributes when instantiated,
and operation templates produce operations when instantiated.

The class diagram template shown in figure 2.5 consists of the following class

templates: |Requestor, |Authorizer, and |AuthRepository. |Reguestor has an at-

14
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attribute multiplicity parameter class template

template l
|Requestor |Authorizer
 peqid jm In | [Operation[1..*]({reqld, |params*)
+ |
do_|Operation[1..*](jreqld, |params*)
accesses
| i
Ix ) Instantiation multiplicity
|checksWith
1
jm.Jower>=0 |AuthRepository association template
[n.lower>=0
Ix.lower>=0 Jauthreqld
|authoperld
|check Auth(jreqld, |operld)
b

Constraints on values that can be
substituted for multiplicity parameters

operation template

Figure 2.5: Example of a class diagram template

tribute template named |regld. |AuthRepository has attribute templates named
|authreqld and |authoperld. |Authorizer class template has operation templates named
| Operation and do_| Operation. | AuthRepository has an operation template |checkAuth.

Association templates, for example, |accesses and |checksWith, produce associ-
ations between instantiations of the class templates they connect. An association
template consists of multiplicity parameters (one at each end) that yield association
multiplicities when instantiated. The multiplicity “1” on the | AuthRepository end of
the |checksWith template is strict, i.e., an instantiation of the association end tem-
plate must have this multiplicity. One can also specify constraints on multiplicities
in class diagram templates (as done in figure 2.5 using a note).

A parameter can be associated with an instantiation multiplicity. The instantia-
tion multiplicity associated with a feature indicates the number of times a feature can
be instantiated. For example, a template of the form |Operation 1..1 indicates that
| Operation can instantiated exactly once in a class. If a template does not have an

instantiation multiplicity, then the number of instantiations is not restricted. One can
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specify a list of parameters using the collection parameter params* The collection
parameter params* in |Operation is bound to a collection of values during instantia-
tion. Also, the presence of params* in do_| Operation indicates that the collection of
values bound to params* in do_| Operation must be same as the values obtained from
the instantiation of params* in Operation.

An operation template can be associated with an operation specification template.
An operation specification template is a parameterized OCL expression. For example,

the operation specification template associated with the | Operation is shown below:

Context |Authorizer::|operation(|reqld, |params*)

Pre:
true

Post:
let authmessage : OclMessage =
AuthRepository~|checkAuth(|reqld, |loperId) in
(authmessage.hasReturned() and authmessage.result() = true

implies |Authorizer::do_|operation(|reqld, |paramsx))

The constraint template states that the operation can be performed only after
it has been authorized. Operation specification templates are instantiated to obtain
operation specifications (expressed in OCL).

The template class diagram can be instantiated using application-specific values
to obtain a UML class model. Figure 2.6 shows a UML class model obtained by
binding the class diagram template shown in Figure 2.5 to application specific values.
The bindings used for instantiating the class diagram template are shown in table
2.1. For example, the class template |Authorizer is instantiated to form the class
Controller. The attribute template |reg/d in the class template |Requestor is instan-

tiated to form the attribute userld in Client. The operation template | Operation in
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the class template |Authorizer is instantiated to form the operation addAccount in

Controller.

Table 2.1: Example bindings for the template class diagram

| Aspect model parameter | Application specific element |
|Requestor Client
| Authorizer Controller
|AuthRepository AuthorizationRepository
|Requestor::|reqld Client::userld
|AuthRepository::|authreqld AuthorizationRepository::authuserld
|AuthRepository::|authoperld AuthorizationRepository::authoperld
|Authorizer::|Operation Controller::addAccount
| Authorizer::do_|Operation Controller::do_addAccount
|AuthRepository::|checkAuth AuthorizationRepository::checkAuth
|Operation::|reqld addAccount::userld
|Operation::|params™* addAccount::accountId
do_|Operation::|reqld do_addAccount::userld
do_|Operation::|userld do_addAccount::accountld
|accesses accesses
|checksWith : checksWith
jm *
|n 1
|x *

The operation specification obtained by binding the operation specification tem-
plate of the operation template | Operation with application specific values is given

below:

Context Controller::addAccount(userId,accountId)

Pre:
true

Post:
let authmessage : OclMessage =
AuthorizationRepository~checkAuth(userId,operId) in

(authmessage.hasReturned() and authmessage.result() = true

17
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Client Controller

addAccount(userld, accountld)

accesses do_addAccount(userld, accountld)
*

userld

|checksWith
1

AuthorizationRepository

authuserld
authoperld

checkAuth(userld, operld)

Figure 2.6: Example of an instantiated class model

implies Controller::do_addAccount(userId,accountId))

2.2.2 Sequence Diagram Template

Sequence diagram templates are used for specifying interaction patterns. A sequence
diagram template specifies a family of scenarios. The |example Template (see figure
2.7) sequence template diagram consists of lifeline templates [Reguestor, |Authorizer
and AuthRepository and the following operation call message templates: |Operation,
|checkAuth, and |do_Operation. The Lifeline templates produce lifelines, and opera-
tion call message templates produce operation call messages when bound to applica-
tion specific values.

The sequence diagram template describes the following pattern of behavior:

e A requestor sends an operation call message to an authorizer object

e An authorizer object checks whether the requestor is authorized to execute the

requested operation by calling a checkAuth operation.

e If the access is authorized, then the authorizer object invokes an operation

do_Operation to perform the operation.

Figure 2.8 is obtained by binding the lifeline templates and message templates to

application specific values. The message template Operation is bound to addAccount

18
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Figure 2.7: Example of a sequence diagram template

message. The figures shows that addAccount message needs to be authorized before

it invokes do_addAccount message.

2.3 The Aspect Oriented Model-driven Develop-
ment Framework (AOMDF)

The aspect oriented model-driven development framework (AOMDF) [62, 63, 64]
that provides the context for this research is a model driven development (MDD)
framework that supports vertical and horizontal separation of concerns. Horizontal
separation of concerns is achieved by separation of crosscutting features from other
features. Crosscutting features that have been separated are composed with other
features to provide an integrated view of the system functionality. Vertical separation
of concerns is achieved by providing support for transforming models across different
levels of abstraction.

A process view of the AOMDF is shown in Figure 2.9. The process framework
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Figure 2.8: Example of an instantated sequence model

consists of two parts: Model Transformation and Model Composition. The model
transformation part consists of source level, mapping spectfication, and target level
activities.

The source level includes activities for acquiring or developing aspect and primary
models. The system architect decides which services will be included in the primary
model and which will be treated as aspects. The aspect models can be acquired from
an aspect repository if one is available or they are developed by the system architect.
The primary model is developed by the system architect.

The mappings specification part of the process framework includes activities for
developing or acquiring the specifications for mapping source level models to target
level models. Separate mappings are defined for each aspect model and the primary
model. In AOMDF, mappings are specified using MOF 2.0 Query View Transforma-
tion (QVT) [54].

The target level includes activities for transforming the source level primary and
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Figure 2.9: Aspect-Oriented Model-driven Development Framework.

aspect models to target level models. The transformations used at this level are
implementations of the mappings specified by the mapping specification activities.
The model composition part of the AOMDF includes activities for binding the

aspect models with application-specific values and composing the aspect and primary

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



models. A binding is specified as a list of (aspect model parameter, application specific
element) pairs. The context-specific aspect class model is composed with the primary
class model using composition directives to produce an integrated view of the system
structure. The aspect sequence model and primary sequence model are composed to
obtain an integrated view of the system behavior. Composition directives and tags

determine how the aspect and primary models are to be composed.
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Chapter 3
Related Work

A number of researchers have developed aspect oriented software development
(AOSD) approaches (for example, see [2, 4, 12, 13, 22, 25, 31, 39, 56]). A signif-
icant body of work in AOSD focuses on the development of suitable programming
abstractions and composition mechanisms. At the design level most of the aspect
oriented design (AOD) approaches use UML as is or provide extenstions to UML to
support modeling of aspects. A survey of AOSD approaches above the code level can
be found in Chitchyan et al. [11].

AOSD approaches can be broadly categorized as asymmetric and symmetric [27]
based on the decomposition and composition procedures used. In asymmetric compo-
sition, aspects and base artifacts (e.g. base code in AOP) play clearly distinguished
roles during composition. Since the artifacts have clearly distinguished roles asym-
metric composition approaches do not support composition of an aspect artifact with
other aspect artifacts, and composition of a base artifact with other base artifacts.
In symmetric composition both aspect and base artifacts are treated the same. Since
aspect and base artifacts do not play any clearly distinguished roles, artifacts of the
same type can be composed.

This chapter presents related asymmetric and symmetric composition approaches
and the problems associated with each approach. We also discuss the extent that our

research addresses the identified problems.
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3.1 Asymmetric composition approaches

Several aspect languages have come up in relatively short period of time (e.g., AspectJ,
AspectC++, JAC, JBOSS AOP, JAsCo), most popular of them being AspectJ [38].
An extensive survey of prominant aspect-oriented languages, and other prototypical
and research oriented aspect-oriented languages can be found in [9].

Aspect]J uses an asymmetric composition procedure. Aspect] extends the Java
language. A Java program is also a valid AspectJ program. An AspectJ aspect is the
unit of modularity for crosscutting features. In an aspect language like AspectJ, as-
pects are defined in strictly programming language specific specific terms. The aspect
weaving (composition) depends on the language in which the aspects are specified,
since different aspect languages use different compilers.

The aspects in AspectJ are Java classes with additional aspect-specific constructs
(for example, pointcuts, joinpoints). The constructs are used when the aspect code
is woven (composed) with the base code. Hence, aspects cannot be woven with
other aspects in AspectJ. The composition is limited to a particular set of joinpoints
specified in AspectJ. The type of joinpoints and pointcuts specified can vary from
one aspect language to another.

Jacobson [31, 32] describes the development of design aspects based on use cases,
which are then composed to create different views of the system. The work maps di-
rectly to program level aspects, using the composition techniques originally developed
for AspectJ. The result is that their aspects contain the same composition constructs
as AspectJ. The composition techniques developed our work can be used to compose
any model elements and does not impose the limitations of the AspectJ composition
and therefore can be used to perform a wider range of compositions.

Tkatchenko et al. [79] extend the AOP notion of join points and propose a simple
join point model that extends the UML metamodel. They add a joinPoint class

to the UML metamodel and the meta-classses Operation and Property extend the
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joinPoint class. The join point model is an abstraction of AOP at the design level
and hence the composition is asymmetric. In their approach, the join points where
a crosscutting feature can be introduced to are limited to just operations, attributes
and association end properties. However to compose design models other join points
may be needed. For example, sequence model properties like lifeline and messages
may need to be composed. In the AOM approach any UML model element is a join
point and hence does not require an explict modeling construct to be added to the
metamodel to represent join points.

Suzuki and Yamamoto {70] propose an extension to UML to support aspects.
They extend UML by introducing the notion of aspect and woven class. An aspect is a
classifier in the UML meta-model. They also propose a XML-based aspect description
language called UXF /a (UML eXchange Format, aspect extension) for reusing aspect
information across different tools. The approach lacks design composition rules and
is restricted to design aspects that can be represented as aspects in AspectJ.

Stein et al. [66, 67] propose a similar UML extension in their Aspect-Oriented
Design Modeling (AODM) approach. They represent aspects as classes with the
stereotype <<aspect>>. Since design aspects in AODM are mapped to Aspect] the
composition is asymmetric. The AOM approach described in our work is independent
of any programming language and the aspects modeled can be implemented using a
non-AQOP language.

Kande et al. [43] support the intergration of AOP and Model-driven develop-
ment. They propose a code driven modelling approach called AOP-to-UML. In their
approach UML extension mechanisms are used to create models from AspectJ code.
The composition is done using AspectJ. They argue that when an aspect design model
is composed with other design models it becomes difficult to make changes to the as-
pect models. They further state that the elements that are modularized in the design

model are not as modularized as they are in code. Hence, they propose a bottom-
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up approach in which aspect oriented programming constructs are modeled at the
design level using UML extension mechanisms. In our AOM approach the aspect
class diagram and sequence diagram templates are pattern descriptions and hence
changes can be made at different levels: (1) The pattern specification can be changed
(2) the bindings can be changed to obtain different application specific models, and
(3) composition directives or tags can be used to change how the design models are

composed.

3.2 Symmetric composition approaches

The composition techniques used in the work on viewpoints [46], subject-oriented
programming [26, 49], and multi-dimensional separation of concerns (MDSOC) [71]
are symmetric.

At the code level, the subject-oriented programming (SOP) approach is closest
to the composition techniques described in our work. SOP supports building object-
oriented systems as comf)ositions of subjects. A subject is a collection of classes or
class fragments. In SOP, program elements such as classes and methods are composed
by merging corresponding elements. A subject may be just a fragment or a complete
application. If the subject is not a complete application, it must be composed with
other subjects to obtain a complete application. The composition procedure does not
distinguish one subject from another and hence it is symmetric.

During composition of subjects, composition designers consider issues of both cor-
respondence and combination. The correspondence is established based on specified
composition rules. The default correspondence is name-based and this can be altered
by writing additional composition rules. Combination can be performed in different
ways. For example, one subject’s elements may be replaced by another subject’s
element. A join combination is used for aggregation rather than replacement. The

composition rules used to control SOP can be classified under three categories: rules
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that establish correspondence, rules that control combination, rules that control both
correspondence and combination.

Hyperspaces is an extension of the SOP approach used to achieve multi-
dimensional separation of concerns (MDSOC) [50, 71]). In their approach, a set of
modules that address a single concern is called a hyperslice. The hyperslice encap-
sulates concerns in dimensions other than the one used for the dominant formalism.
The hyperslices are composed to obtain the overall system. They have a tool, called
HyperJ, which provides support for hyperspaces in Java. The composition is done
using subject oriented programming composition rules.

The composition rules in subject-oriented programming and hyperspaces are anal-
ogous to the use of signatures to determine matches and the use of directives to alter
model elements and override default composition rules. Our class model composition
procedure depends on the model element properties specified in the signature rather
than just names of model elements, primarily because developers should have the
option of composing aspect and primary models uéing any model element properties.
The composition procedure in our approach allows for finer tuning of matching crite-
ria by allowing the user to define the signatures. The composition directives defined
in our work are more extensive and do not just restrict themselves to replacing or
aggregating model elements.

Brito and Moreira describe an aspect composition process that identifies match
points in a design element and defines composition rules [10]. Rules use identified
match points, a binary contribution value (either positive or negative) that quantifies
the affects on other aspects, and a priority for a given aspect. In the context of AOP,
Kienzle et al. describe composition rules based on dependencies between aspects [40].

Katara and Katz [36] propose using architectural views to reason about the influ-
ence of one aspect over another in the system. They introduce a conceptual model

called the aspect architecture, where aspects are the building blocks. They describe

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



aspect as an augmentation of existing design modules that encapsulate a cross-cutting
concern. Sub-aspects are aspects that support overlapping functionality. A composite
aspect is an integration of sub-aspects, and corresponds to a single concern. Their
notion of an aspect is split into two disjoint parts: a uses part and a defines part.
The uses part describes the join points, to which the aspect is to be applied. The
defines part is for specification of crosscutting concern. The overall system is obtained
by composing all the aspects. Their notion of a composite aspect is similar to the
template aspect models described in our work.

The approaches (10, 36, 40] described above focus primarily on relationships that
can exist between aspects. They use a symmetric composition procedure to analyze
the influence of an aspect over another. We describe the possible relationships between
aspects as weave-order relationships and override relationships, but it may also be
possible to use priorities and dependencies as done by Kienzle, Brito et al., and
Katara et al. in our techniques.

Nuseibeh [45, 46] defines viewpoints as cross-cutting, partial knowledge of the
system and its environments from the perspective of different stakeholders. The
viewpoints should be integrated to provide a complete representation of the system.
Their approach does not directly support composition and is limited to consitency
checks and viewpoint consistency rules. Since one viewpoint is not distinguished from
another, their support for composition is symmetric. Our work is complimentary in
that we can compose the aspect models and our composition procedure can be used to
detect potential problems that can arise as a result of interactions between different
aspect models.

Aldawud et al. [3] propose a mechanism for composing state charts where a
crosscutting behavior is an event that triggers a state transition. The aspects and base
artifacts are specified using state charts and the composition is specified implicitly

by linking events across state charts. Since, there is no distinguishing role between a
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state chart in the aspect model and a state chart in the base model, the composition
is symmetric. They use unique event names each time an object needs to invoke an
event. A problem with their approach is that some transitions between states may
occur without the occurance of any event. In such cases it becomes difficult to specify
the composition using event names. Our AOM approach deals with composition of
class models and sequence models and is not just name-based. We have not considered
composition of state charts in our work.

Giese and Vilbig [21] propose a formal model of component behavior using UML
description techniques for separation of non-orthogonal concerns in software architec-
ture and design. They define a concern as a logically coherent subset of the overall
system functionality. Their approach is to develop solutions (architectural views) for
individual concerns and combine the solutions to obtain an overall solution for the
complete system. The approach is based on formal contract specification of compo-
nent behavior. The contract consists of a set of available operations, and a protocol
state diagram of the supported interactions. Once the contracts are specified formally,
they are combined to obtain the overall behavior. The approach mainly describes
composition and support for evolution is made possible by changing the behavior
associated with the contracts. The approach is formal, but does not address solutions
that may crosscut the different architectural views. Our work provides composition
techniques for solutions that crosscut modules of a design, and the technique can be

used to detect syntactic conflicts that occur during composition.

3.3 Hybrid composition approaches

Some other approaches [1, 6] use a hybrid composition procedure consisting of both
asymmetric and symmetric composition procedures.
Composition-Filters is an AOP technique where different aspects are expressed

in Filters as declarative and orthogonal message transformation specifications {1, 2].
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The filters can express crosscutting features with well-defined interfaces and orthog-
onal enhancements to objects. All messages to and from the attached objects pass
through the filters in a sequence. Each message that passes through the filter can
be evaluated or manipulated by the filter. The filter specifications are orthogonal
and hence they can be composed together and this makes the composition procedure
symmetric. Composition filters are tailor-made abstractions for composing the be-
havior of objects and filters can implement new methods not directly supported by
the objects. This leads to asymmetry in the composition since filters and objects are
different entities. The Composition-Filters are expressed in languages such as C++
and smalltalk. The composition procedure in our work complements the composition
filter approach at the model level. The composition directives are similar to filters,
since they can be used to modify the model elements.

At the model level, a related AOM approach is the Theme approach proposed by
Baniassad and Clarke [6, 12, 13]. In the Theme approach, a design, called a theme,
is created for each system requirement. These themes, like context-specific aspect
and primary class models, are design views. A comprehensive design is obtained by
composing themes. A crosscutting theme is triggered by the base theme and a non-
crosscutting theme is not. Composition in the Theme approach is both symmetric
and asymmetric. The themes are composed based on the symmetric approach used
in subject oriented programming.

Composition relationships specify how models are to be composed by identifying
overlapping concepts and specifying how models are integrated. Two types of inte-
gration strategies are used: Override and merge. Override integration is used when
existing behavior in a subject needs to be updated to reflect new requirements. Merge
integration is used when subjects for different requirements are to be integrated. Op-
erations in related subjects may need to be merged into a unified operation. Recon-

ciliation strategies resolve conflicts between property values of corresponding subject
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elements. Precedence relationships, transformation functions applied to conflicting el-
ements, explicit specification of reconciled elements, and default values may be used
for reconciliation.

Clarke [12] also extends the UML metamodel with the notion of
composableElements that can be composed using a composition relationship.
They have a Match metaclass that supports specification of matching criteria. Their
matching criteria includes matchByName and dontMatch. They leave the details of
implementing the matchByName and dontMatch to the user of the metamodel. In
this sense the metamodel describes a framework for composing UML models. In our
work we have developed a more specialized metamodel that contains specifications
of composition behaviors. The composition directives that we have developed are
not limited to merge and override integration strategies. The use of composition
directives and signatures, as described in our work, allow modelers to define and
apply their own integration and reconciliation strategies, and thus gain finer control
over how models' are composed. In addition, we have developed a technique to

compose sequence models.

3.4 Other AOSD approaches

Grundy [24, 25] proposes an Aspect Oriented Component Engineering (AOCE) ap-
proach that focuses on capturing concerns that crosscut many components. AOCE
supports the identification, description and reasoning about components and aspects.
Aspects are specified as components in AOCE but an aspect is explicitly differentiated
from a component. Components are differentiated based on the service provided and
required. In AOCE, an aspect extends a component. AOCE is aimed at design and
deployment level and uses a set of UML meta-model extensions to specify the aspect
information. The crosscutting concerns and other components are not merged at the

design level, they merely refer to each other. The composition in AOCE happens
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at run-time and depends on the underlying implementation platform. As a result,
it is difficult to comprehend the overall system at the design level. In our work, the
primary model and aspects are composed and composition directives or tags can be
used to specify how the composition is done. The integrated view makes it possible
to comprehend/evaluate the entire system at the design level.

Araujo et al. [4, 5] use a scenario-based approach to distinguish aspectual and non-
aspectual scenarios. The behaviors that are repeated across system requirements are
generalized into aspectual scenarios and areinstantiated when required. The aspectual
scenarios are represented as interaction pattern specifications (IPS) where the IPS
describes a pattern of interaction between its participants in terms of roles that the
participants must fill in. The IPS is specified using RBML. Non-aspectual scenarios
are represented as sequence models. The aspectual scenarios are translated from
IPS to State Machine Pattern Specifications (SMPS) and the non-aspectual scenarios
are translated from sequence models to Finite state machines (FSM) before they
are composed. Their approach compliments our work by providing a technique to
compose state models and uses the RBML notation developed at CSU. Further, their
approach does not provide any insight into how one can resolve problems that may
arise due to the composition of aspect and primary models.

Awais et al. [55, 56] propose an Aspect Oriented Requirements Engineering ap-
proach called “AORE with Arcade” for modularizing and composing requirements
level concerns that cut across other requirements. The approach involves identifying
requirements using stakeholders’ viewpoints, use cases/scenarios, goals or problem
frames. The approach basically uses a set of matrices consisting of the viewpoints
and concerns represented in XML. The composition rules are defined using XML.
The approach is supported by the Aspectual Requirements Composition and Deci-
sion (ARCaDe) support tool. The composition rules, conflict resolution mechanisms

are defined at the requirements level. Qur work complements their work by support-
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ing UML based aspect representation and composition at the design level.

Tekinerdogan et al. [72, 73] supports an aspect-oriented software architecture
design that integrates the ideas in software architecture design and aspect-oriented
software development. Their research looks at advanced separation of concerns at the
architecture design level. Functional components are addressed as architecture design
components, and crosscutting architectural concerns are called architectural aspects.
They propose Aspectual Software Architecture Analysis Method (ASAAM) to ex-
plicitly identify and specify architectural aspects. The approach is an extension of
SAAM [37] and uses scenarios to identify aspects. They classify scenarios into direct
scenarios, indirect scenarios, aspectual scenarios and architectural aspects. Scenarios
that are directly supported by the architecture are called direct scenarios. Scenarios
that require modification to the architecture are called indirect scenarios. Aspectual
scenarios are derived from direct or indirect scenarios and represent potential aspects.
The approach is highly intuitive. As the authors themselves state, the scenario may
be direct or indirect depending on the components and the type of architecture cho-
sen. The main goal of their work is identification of aspects at the architectural level.
They do not compose or analyze the scenarios to provide an overall view of the archi-
tecture. Our work does not address identification of aspects, rather the aspect models
are assumed to be available in a repository. If the aspect models are not available
they need to be specified. Aspect models are specified as pattern descriptions and
we describe composition techniques for incorporating the aspect models in software
designs.

Jezequel et al. [29, 30, 33] have proposed an approach where they introduce spe-
cialized stereotypes for each crosscutting concern. They have developed an UMLAUT
model transformation framework that can be used for building application specific
weavers to weave multi-dimensional high level UML design models into detailed de-

sign models suitable for either implementation, simulation or validation. UMLAUT
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framework allows complex model transformations. The transformation operations are
written in the MTL transformation language. The meta models are defined using the
Meta Object Facility. UMLAUT uses a form of roles that serves the same purpose as
template parameters defined in the RBML, but the treatment of properties is not as
extensive. In our work, the properties are explicitly specified using the attribute tem-
plates, operation templates and the constraint templates. The AOMDF framework
is complimentarty to UMLAUT and uses QVT [54] to specify transformations.
Sutton et al. [68, 69] propose a Concern-Space Modeling Schema (COSMOS)
that can be used to model early-stage concerns and relationships. Cosmos provides a
framework in which concerns and their relationships can be modeled independent of
the life cycle stages, methods, and technology. Cosmos is used with HyperJ to support
concern-driven composition. As pointed out by the authors themselves, Cosmos is not
intended to replace other modeling approaches rather it is to be used in conjunction
with other approaches. The class model composition technique can be used along
with COSMOS to reason about the relationships between crosscutting features.
Gray‘ et al. [22] use aspects in domain-specific models that target embedded
systems. Requirements, architecture and the environment of a system are captured
in the form of formal high-level models that allow representation of concerns. Their
research is part of the Model-Integrated Computing (MIC) and extends the scope
and usage of models such that they form the backbone of a development process for
building embedded software systems. Our work can complement their research by

providing an UML based approach for describing aspects.

3.5 Summary

All the AOSD approaches surveyed in this chapter specify crosscutting features and
relationships between crosscutting features and other features. A lot of AOSD ap-

proaches use AspectJ to describe aspect-specific constructs. UML is used in most of
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the aspect oriented (AO) design approaches.

The main contribution of AQO design has been to provide designers with the means
to model aspect-oriented systems. An AO design provides developer ways to reason
about design. The composition techniques can be used to compose crosscutting or
non-crosscutting features. This includes techniques for composition at the code level
or at the design level. Hence a designer can choose to compose at the design level and
refine the design artifacts using an object-oriented or an aspect-oriented programming
language in the later stages of development lifecycle.

The following subsections summarize the surveyed AOSD approaches based on
the composition symmetry, composition procedure, level of abstraction and the type

of aspects specified.

3.5.1 Composition symmetry

An aspect oriented approach may use symmetric or asymmetric or hybrid composi-
tion. Symmetric approaches provide support for modularization of crosscutting and
non-crosscutting features. Most of the asymmetric approaches use design constructs

" that can be directly mapped to some aspect oriented programming language like
AspectJ.

The composition described in our work is a hybrid composition procedure: The
template aspect models are patterns that cannot be directly composed with base
models, but the instantiated forms of the aspect models (i.e., context-specific aspect
models) are not distinguished from the primary model by the composition procedure.
The class model composition procedure we developed can be used to compose aspect
models to obtain new aspect models or can be used to compose context-specific aspect
model with the primary model to obtain the composed model. The composition of
class models is symmetric and is not applicable to sequence models.

In the interaction model composition technique the aspect sequence model and
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Table 3.1: Summary of composition procedures

Approach Composition
Procedure
Kande et al. - AOP to UML Asymmetric
Suzuki et al. - UXF/a Asymmetric
Stein et al. - AODM Asymmetric
Tkatchenko et al. - Join point model Asymmetric
Jacobson - AOSD with use cases Asymmetric
Ossher et al. - Hyperspaces Symmetric
Aldawud et al. - State chart weaving Symmetric
Katz et al. - Architectural views Symmetric
Giese et al. - Contracts Symmetric
Nuseibeh et al. - Viewpoints Symmetric
Clarke et al. - Theme Hybrid
Aksit et al. - Composition Filters Hybrid
Our AOM approach Hybrid

primary sequence model play clearly distinguished roles. We use tags on the primary
sequence model to specify the ordering of messages. Hence composition of interaction
models is asymmetric. A summary of the composition procedures used in the aspect

oriented approaches is provided in table 3.1.

3.5.2 Composition procedure

Many researchers use UML extension mechanisms like stereotypes, tag values, to pro-
vide aspect orientation to UML. Some have found that extension mechanisms are not
enough to support the composition procedure and have extended the UML meta-
model to support composition. While some procedures support only composition of
crosscutting features with other features, others support composition of crosscutting
features and other features.

The composition procedure described in our research makes use of signatures and
tags. The class models are composed using signatures and composition directives.

The composition directives can be used to alter the class model composition in cases
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where the composition is know or expected to yield incorrect results. The composition
procedure for sequence models is specified using pre-defined schemas. A summary of
the composition procedures provided in the various aspect oriented approaches is

provided in table 3.2.

Table 3.2: Summary of aspect oriented design approaches

| Approach | Composition procedure |

Kande et al. - AOP to UML Based on AspectJ

Suzuki et al. - UXF/a Do not compose at design level - use As-
pectJ at code level

Stein et al. - AODM Similar to AspectJ composition

Tkatchenko et al. - Join point model Based on AspectJ

Jacobson - AOSD with use cases AspectJ composition procedure

Ossher et al. - Hyperspaces Name based composition using a set of
matching rules

Aldawud et al. - State chart weaving Implicit event name based

Katz et al. - Architectural views Defined at package and class level

Giese et al. - Contracts Formal composition semantics using
state charts

Nuseibeh et al. - Viewpoints Using inter and intra viewpoint check

, rules
Clarke et al. - Theme Using merge and override composition
- specification

Aksit et al. - Composition Filters Depends on the language

Our AOM approach Based on signatures and pre-defined
schemas

3.5.3 Level of Abstraction

A lot of AOSD approaches offer separation of crosscutting features from other features
in a system at one abstraction level, mostly at lowest level of abstraction (implemen-
tation). Some researchers have abstracted to the design level but still model code
aspects at design level rather than specify design level aspects. An advantage of
specifying aspects at the middle-high (design) level is that the design aspects may

be mapped to code using a non-AQP language. Table 3.3 summarizes the type of
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aspects specified and the level of abstraction at which aspect in some of the aspect

oriented approaches.

Table 3.3: Summary of level of abstraction

Approach. Level of Ab- | Type of Aspects
straction

Kande et al. - AOP to UML low Models Code aspects

Suzuki et al. - UXF/a low-middle Design aspects independent
of implementation

Stein et al. - AODM low-middle Design aspects abstracted
from AOP lanaguges

Tkatchenko et al. - Join point model low-middle Design aspects that can be
mapped to Aspect languages

Jacobson - AOSD with use cases low-high High level Design aspects
mapped to Aspect]

Ossher et al. - Hyperspaces low-middle Design aspects

Aldawud et al. - State chart weaving middle Design aspects

Katz et al. - Architectural views
hline Giese et al. - Contracts

middle-high
middle-high

Design aspects
design aspects

Nuseibeh et al. - Viewpoints low-high programming language inde-
pendent aspects
Clarke et al. - Theme low-middle programming language inde-
’ pendent design aspects
Aksit et al. - Composition Filters low-middle design aspects depend on

the
form

implementation plat-

Our AOM approach

middle-high

programming language inde-
pendent design aspects
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Chapter 4

Class Model Composition

In this chapter, we present a technique for composing class models. An overview
of the class model composition technique is shown in Figure 4.1. The figure shows
the application of bindings to obtain context-specific aspect class models. The bind-
ings are specified as a list of (aspect model parameter, application specific model
element) pairs, where for each pair, the application specific model element is ob-
tained by instantiating the aspect model parameter with application-specific values.
The namespace from which the bindings are obtained is called as the application
domain namespace. The context-specific aspect class models are then merged with
the primary class model using the prototype tool implemented in KerMeta to obtain
the composed class model. Composition directives can be used to specify how the
context-specific aspect class models are composed with the primary class model.
Sometimes, a single aspect class model may have to be instantiated multiple times
for a given application. For example, consider the case where a decision has been
made to make an application design fault tolerant and highly available by replicating
critical resources such as data repositories and service providers. Incorporating the
crosscutting replication feature into the (primary) design class model proceeds as

follows:

1. An aspect class model describing the replication feature for a generic resource

is developed or acquired.
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Figure 4.1: An overview of the class model composition in AOM

2. The replication aspect class model is instantiated multiple times. Each instan-
tiation is a context-specific aspect class model that describes the replication

feature for a specific application resource.

3. The context-specific aspect class models are composed with the primary applica-

tion class model to produce a design in which specified resources are replicated.

In cases where multiple aspect class models are to be composed with a primary
class model, composition directives can be used to specify the order in which the as-
pect class models are to be composed with the primary class model. For example, an
inventory management system may need to incorporate authorization and auditing
features. An ordering relationship between the authorization and auditing features
needs to be established before the features are incorporated into the inventory man-

agement system primary model.
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4.1 Matching Model Elements

The composition of class models is performed by matching context-specific aspect
class model elements with the primary class model elements. Only model elements of
the same syntactice type! can be merged. For example, an operation can be merged
only with other operations. An attribute cannot be merged with operations, classes,
etc. Model elements that are of the syntactic same can be merged if they have
matching properties (e.g., class names, class attributes). The matching may be done
using a name-based or signature-based composition procedure. For example, two
classes are said to match if they have the same name in a name-based composition
procedure. Some of the rules that determine how the model elements are composed

are given below [15]:

e If model element properties match, they are merged to form a single model

element in the composed model.

o If the matching model elements® are operations with operation specifications,
the operation specification (pre and post conditions) should be merged in the
composed model. The precondition of the merged operation in the composed
model is a disjunction of the preconditions associated with the matching opera-
tions, and the postcondition of the merged operation is the conjunction of their
postconditions. A composition directive can be used to vary how the pre and

post conditions are merged.

e If the matching model elements have constraints (class invariants), the con-

straint associated with the element in the composed model is the conjunction of

! The syntactic type of a model element is the class of the model element in the UML metamodel

2Model elements with the matching properties
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the constraints. A composition directive can be used to vary how the constraints

are merged.

o If the matching elements are associations, then the stronger (more restrictive)
multiplicity at an association end is used in the composed model. A composition

directive can be used to override this rule.

e If a model element property in one matching element is not in the other, then

it appears in the composed model.

4.1.1 Name-based Matching

The name-based composition procedure uses model element names to identify the
elements that need to be merged. Model elements of same syntactic type with same

name are merged to form a single model element [15].

Aspect class model Primary class model

|Controller OrderEntryController

activeController

[ControlledItem Order OrderRepository

(a) Aspect class model (b) Primary class modet

Figure 4.2: An example of name-based composition

Consider an example in Figure 4.2 which shows a partial aspect class model and a
partial primary class model. The aspect class model consists of two class templates:
Controller and ControlledItem. The aspect class model is meant to increase the
fault tolerance of the system it’s woven with by using redundant controllers. In the
aspect model specified, at any given time only one controller (activeController)
is active. If the activeController fails, another controller in the redundant set
becomes the activeController. The primary class model is an order entry system

consisting of OrderEntryController, OrderRepository and Order classes.
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Context—specific aspect class model Composed class model

OrderEntryControl} ;
erEntryControlier OEControlledliem activeController | (yerEniryController

activeController

OEControlledItem Order OrderRepository

(a) Context-specific aspect class model (b) Composed class model

Figure 4.3: Composed model obtained using name-based composition

The context-specific aspect class model is obtained by instantiating the tem-
plate aspect class model (see Figure 4.2(a)) using the following list of bindings:
(|Controller, OrderEntryController), (|ControlledItem, OEControlled-
Item). The bindings are applied on the template aspect class model to obtain a
context-spéciﬁc aspect model shown in Figure 4.3(a). The name-based composition
procedure merges matching models elements. In this case the context-specific aspect
model element OrderEntryController and primary model element OrderEntry-
Controller are merged. Other model elements are included in the composed model
(see Figure 4.3(b)).

Ideally, the values used to bind the aspect model elements and the values used to
name the primary model elments are obtained from a repository of namespaces. If
such a repository exists, naming conflicts can be avoided. Unfortunately, a repository
of namespaces is often not available in design development environments, and thus
naming conflicts may occur.

The name-based composition procedure is relatively easy to implement but as a
matching criterion, it can be too permissive in some cases. For example, matching
operations using only their names could lead to merging problems when the operations
have incompatible return types or when the argument lists differ (see Figure 4.4). The
Figure shows an operation updateAcct in Model 1 with the return type boolean and

an operation updateAcct in Model 2 with the return type int. If the two operations
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are merged using a name-based composition procedure, it results in a conflict due
to the incompatible return types. Similarly, matching attributes using only their
names can lead to merging problems when the types associated with the attributes

are incompatible.

Model 1 Model 2
Customer Customer
updateAcct():boolean | *** updateAcct():int oot
w .7

Two operations with same name but different return types

Figure 4.4: An example of a problem that can arise using name-based composition

One would like to have matching criteria that takes into consideration additional
properties of the elements being matched. For example, one should be able to express
a matching criterion for attributes that requires matching attributes to have the
same name and return type. This led to the development of the signature-based

composition procedure.

4.1.2 Signature-based Matching

The signature-based composition procedure uses a finer-grained matching criteria in
which model elements with matching signatures are merged to form a single model
element in the composed model. A model element signature is defined in terms of
its syntactic properties, where a syntactic property of a model element is either an
attribute or an association end defined in the element’s UML metamodel class. For
example, isAbstract is a syntactic property defined in the metamodel class called
Class. If isAbstract = true, then an instance of the Class is an abstract class,
otherwise the instance is a concrete class (i.e., isAbstract = false).

The set of syntactic properties used to determine a model element’s signature
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is called a signature type. For example, the signature type for an operation can be
defined as a set consisting of the following properties defined in the Operation class:
name (value is the operation’s name) and ownedParameter (value is the collection of
parameters associated with the operation). Using this signature type, the signature
of an operation update(z : int,y : int) is the set {update, (z : int,y : int)}. If this
signature is used to match operations, two operations match if and only if they have
the same name and parameter list. If the signature type of an operation consists only
of the operation name, then the signature of the operation is {update}. Use of this
name-only signature type results in a weaker matching criterion for operations: two
operations match if and only if they have the same name. As stated earlier using a
name-only signature can sometimes result in merging problems.

A signature type that consists of all syntactic properties associated with a model
element is called a complete signature type. Complete signature types require that
matching model elements have equivalent values for all syntactic properties (i.e., the
matching elements must be syntactically identical). Complete signature types are
typically used for matching contained model elements such as class attributes and
operation parameters. Composite model elements that contain a variety of model
elements (e.g., classes) tend to have signature types that are not complete.

A signature type that consists of a default set of syntactic properties associated
with a model element is called a Default signature type. Default signature types (for
example, the name property of a model element) are used when the signature type is
not specified explicitly. Default signature types are typically used for matching model
elements such as packages.

A proper signature type should be defined to obtain the desired result. It may
be necessary to use the default signature type, complete signature type or a subset
of properties of the model elements depending on the desired composed model. As

an example, consider a model, Model 1, containing a concrete class named Customer
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Model 1 Model 2
Customer Customer
name: String .. :da;r::: Stﬁng M .
address: String |address: mt
updateAcct()
(@ 5

Composed Model 2

Customer

name : String .
address : String Account

address : int
updateAcct()

{c) Merging using a signature consisting of class names and
complete signature types for attributes, operations and association ends

Composed Model 2 (faulty model)
Customer Customer
name : String s
i —' Account name: String ser
d s int
address address: String
updateAcct()

(d) Merging using a signature type consisting of class name, isAbstract and ownedAttributes.

Result is a faulty mode! in which two different concepts are represented with the same name.

Figure 4.5: An Example of Model Element Matching and Merging

with attributes name and, address, (see Figure 4.5(a)) and another model, Model
2, which contains a concrete class named Customer with attributes name, address
and a reference to an Account object (see Figure 4.5(b)). If the signature type
used to compose the classes in Figure 4.5(a) and Figure 4.5(b) consists of the class
name property and the isAbstract property then the two classes match (they are both
concrete) and their contents are merged to form a single class. The issue of merging
syntactic properties that are not part of a model element’s signature type arises in
this case. The matching classes in this example have different attribute, operation
and association end sets. Merging the constituent model elements involves matching

them using signature types defined for the elements. The constituent elements that
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are matched are merged in the composed model. Those elements that are not matched
are included in the composed model.
The composed model shown in Figure 4.5(c) is obtained by using complete signa-

ture types for attributes, operations and association ends:

e The attribute name : String in Model 1 and Model 2 match and is included

once in the composed model.

e The attribute address : String in Model 1 does not appear in Model 2 and thus

is not matched. It appears in the composed model.

e The attribute address : int in Model 2 does not appear in Model 1 and thus is

not matched. It appears in the composed model.

e The operation updateAcct() in Model 2 does not appear in Model 1 and thus is

not matched. It appears in the composed model.

e The class Account in Model 2 does not appear in Model 1 and thus is not

matched. It is included in the composed model.

e The assocation between the class Account and class customer in Model 2 does
not appear in Model 1 and thus is not matched. It is included in the composed

model.

The usage of just the name property for attribute in the example would have
led to problems because the attribute address is of type String in Modell and int
in Model2. The use of particular signature types can lead to models that are not
syntactically well-formed in some cases. For example, in Figure 4.5(c) the attribute
address in class Customer is of type int and type String which is a violation of
the namespace. As another example, consider the case in which the signature type

for class is defined as consisting of the following properties: Name, isAbstract, and
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ownedAttribute. Two classes match using this signature type if and only if they
have the same name, are both abstract or are both concrete, and they have the same
set of attributes (instances of class Property) and association ends (instances of class
Property). If this signature type is used to compose the class models shown in 4.5(a)
and 4.5(b), then the result is shown in 4.5(d). The Customer classes in Model 1
and Model 2 do not match because they do not have the same set of attributes or
association ends and thus they are not merged. The model is not well-formed because
there are two classes with the same name in the same namespace.

To resolve the above problem one must understand the intent behind the signature
type. If it is determined by the modeler that the signature type correctly reflects the
syntactic form of classes that represent the same concept, then the problem is resolved
by renaming either the Customer class in Model 1 or the Customer class in Model
2. As will be described later in this thesis, this can be accomplished by using a
composition directive. On the other hand, if the modeler determines that the classes
actually represent similar classes then the signature type can be changed so that the
classes match.

The signature-based composition procedure has been implemented in the KerMeta
language. The composition metamodel describing the signature-based composition
and a prototype implementation that uses the signature type to merge two class

models is described in the next section.

4.2 Composition metamodel for class diagrams

The composition metamodel describes how signature-based composition can be ac-
complished. The composition metamodel describes the static and behavioral proper-
ties needed to support signature-based model composition (see Figure 4.6). In this
thesis, we describe the behavioral properties in terms of class operations and narrative

descriptions of the operations. A sequence model that shows the interactions between
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Figure 4.6: Composition metamodel for merging design models

the model elements in the composition metamodel is shown. Alternatively, activity
models can be used to describe the behavior that takes place during composition.

The composition metamodel can be used to compose any two class models. The
composition assumes the primary model as the initial model. The aspect model
is merged with the primary model to obtain the composed model. At any given
time, only one aspect model is composed with the primary model and the order in
which multiple aspect models are composed with the primary model can be specified
using model directive. The composition metamodel shown in Figure 4.6 has been
implemented using the KerMeta language [58, 80].

The sequence models for the composition metamodel are shown in Figures 4.7 and
4.8. Figure 4.7 shows an invocation of the compose method with the mergeable mod-
els as parameters. Depending on the signature the constituent model elements are
merged. The constituent model elements are recursively merged using the mergeEle-

ments sequence (see Figure 4.8. This is shown as a reference, since sequence models
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do not directly support recursion. An explanation of the metamodel elements is

explained later in the implementation subsection.
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Figure 4.7: The composer part (main) of sequence diagram for composition meta-
model

The composition metamodel is independent of the model types and hence can be
used to compose class models, activity models, state models, etc. Depending on the
model type the corresponding signature type consisting of properties of that model
type needs to be specified. For example, composing two activity models requires a
signature with the set of properties associated with activity models. To compose
sequence models, properties like lifeline, message can be used. However, UML does
not specify properties that can be used to determine the predecessor and successor of
messages. This is a major limitation in the composition of sequence models since a
modeler needs to understand the flow of messages to determine where in the primary
model the aspect model sequences need to be introduced. Hence the composition

metamodel described in Figure 4.6 cannot be used to compose sequence models.

o0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sd mergeElements(jamElement:{Mergeable, |melement:[Mergeable)A

Imelement:]MergeableJ L|amElemem: |Mergeable l l |emElement:{Mergeable
T

Ipm1Mode]Elements|[] = getAllProperties(jpmElement)

IElements[] = getAllProperties(lamElement)

mlModelElements] _J

ing[] = getMatchingElements(fam1ModelElemdgg#s[])

-0) add(i)

[amMatchif}.size '= 0]
ent |j in JamMatching(} )
isComp = |amMatching(]j).isComposite(}

= true] add(fi.merge(}j))

mergeEiements(f, [j)

[isComp [false] add(]i)

I7loop each element [k §
pmMat

opt_J pmMardg

add(lk)

Figure 4.8: Merge part of sequence diagram for composition metamodel

4.2.1 KerMeta

KerMeta {44, 80] is an open-source metamodelling language developed by the Triskell
team at IRISA. It has been designed to be a common basis for implementing Metadata
languages, action languages, constraint languages or transformation language (see
figure 4.9) [80]. It can be used to define the structure and behavior of a user-designed

metamodel.
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Figure 4.9: Kermeta (as shown in [80])

The KerMeta metamodel is divided into two packages: structure and behavior.
The structure corresponds to the OMG metamodeling language Essential Meta-
Object Facilities (EMOF)[47]. The behavior corresponds to actions.

The KerMeta action language includes object-oriented features and model-specific
features. Some of these model-specific features are used in our research for the imple-
mentation of the model composition. For example, association end references have
a property called opposite which makes it possible to model the opposite association
end reference to which its associated. Some other features like object containment
have been included. In addition to this, KerMeta implements OCL closures such as
each, collect, and select. Inclusion of the above given features makes it easier to
implement operations defined in the metamodels.

The KerMeta language was chosen to implement the model composition for the

following two reasons:

e KerMeta allows implementing the model composition by adding the composition

algorithm in the body of the operations defined in the composition metamodel.

e KerMeta tools are compatible with the Eclipse Modeling Framework (EMF) and
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thus Eclipse tools can be used to edit, store, and visualize models manipulated

in the aspect oriented modeling and development framwork (AOMDF).

The EMF uses ecore, a meta language that describes models based upon a subset
of the OMG Meta Object Facility 2.0 (MOF) called Essential MOF (EMOF). Since
KerMeta is compatible with EMF, the ecore model is imported as a KerMeta model
and the composition metamodel is added to the ecore model. Once the composition
metamodel is added to the ecore model, the algorithm implementing the composition

is added in the body of the operations defined in the composition metamodel.

4.2.2 Essential Meta-Object Facilities

EMOF 2.0 [47] can be used to describe metamodels using object-oriented concepts. It
utilizes concepts from UML 2.0, and thus allows one to use UML tools to build meta-
models. The EMOF classes used in the implemenation of the composition technique
are shown in figure 4.10.

All EMOF classes inherif properties from the Object class. This class contains a

list of operations that are used in the class model composition:

e The getMetaClass() operation returns the Class of an object. For exam-
ple, if the getMetaClass() is used on an operation, it will return the metaclass

Operation.
e The container() operation returns the containing parent object.

e The equals(element) determines if the element (an instance of Element class)

is equal to this Element instance.

e The set(property, element) operation sets the value of the property to the ele-

ment.
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Figure 4.10: EMOF classes used in the composition technique

e The get(property) operation returns a List or a single value depending on the

multiplicity.

The isComposite attribute defined in the class Property returns true if the ob-
ject is contained in the parent object. Cyclic containment is not possible, i.e. an
object can be contained in only one other object. The attributes, upper and lower,
of class Multiplicity Element, represent the multiplicities of the associations at the

metamodel level. For example, “0..1” represents a lower bound “0” and an upper

o4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bound “1”.

Additionally, the getAllProperties() operation is added to the Object class. It
returns all the properties (including inherited properties) associated with the object
instance. This will return elements that are composite as well as primitive. The

primitive elements shown in the figure are String, Boolean, Integer datatypes.

4.2.3 Implementation of class model composition

The Kermeta implementation of the core parts of the composition metamodel (i.e.,
the metamodel obtained by excluding the CompositionDirective hierarchy) treats the
model elements and instances of the other classes in the metamodel as objects (i.e.,
instances of the Object class shown in Figure 4.10). Hence, the model elements
instances can use all the operations present in the Object class. The implementation
is written independently of model element types and it uses reflection to obtain type
information.

The composition metamodel extends the UML metamodel by adding behavior to
the classes in the metamodel. The core concepts shown in figure 4.6 are described

below:

e Element: Element is an extension of the UML metaclass, Element. It is ex-
tended by the operation getMatchingElements(e[]: Element). Other operations
container(), get(property), set(property,element), getMetaClass() of the EMOF

Object class are used by the Element.

— getMatchingElements: This operation takes in a set of elements and
returns an element or set of elements that have the same syntactic type
and signature as the element that invokes it (see table 4.1). The syntactic
type check is performed by invoking the getMetaClass() and the getAll-
Propeties() operation defined in the EMOF Object class. The signature is

obtained using getSignature().
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Table 4.1: Code snippet for getMatchingElements implemented in KerMeta

operation getMatchingElements(elements : Collection<EModelElement>)
: seq EModelElement[0..*] is do
var el : Mergeable el 7= self
if el == void then
result := Sequence<EModelElement>.new
else
result := elements.select{ e |
var €2 : Mergeable €2 7=¢
if €2 == void then
false
else
el.getSignature == e2.getSignature
end
}
end

e Mergeable: This is an abstract class. Instances of Mergeable class are elements
that are mergeable. Examples of mergeable elements shown in the figure are

Classifiers, Operations, and Models.

— merge: This operation merges the element with another mergeable ele-

ment.

— sigEquals: This operation checks if the element’s signature is equal to the

signature of another element.
— getSignature: This operation gets the signature of the element based on

the signature type.

e Signature: This class is used to obtain the signature of the mergeable elements.

This class is linked to every mergeable element.

e Composer: This class composes the models with the compose method. The
inputs to the compose method are the primary model and conext-specific aspect

model.
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Table 4.2: Code snippets from the merge part involving conflict detection

if mel.getSignature == me2.getSignature then
if p.isComposite then
stdio.writeln(“Recursive merge”)
result.set(p, mel.merge(me2))

else
result.set(p, mel)
end
else
stdio.writeln( “ERROR : Elements signature do not match”)
end

if self.get(p) == other.get(p) then
result.set(p, self.get(p))

else
stdio.writeln( “WARNING : conflicting value for property”)
result.set(p, self.get(p))

end

The signature type needs to be specified for composing the design class models if
a default signature is not meant to be used. Problems may occur when the signatures
don’t match or the property values (for example, return type of an attribute) asso-
ciated with the model elements don’t match (see table 4.2).> The developer can then
resolve the conflict by modifying the model element(s) using composition directives or
by changing the signature type. In the code snippet shown, the problem of conflict-
ing values for a property is resolved by choosing the property value associated with
the primary model element. Alternatively, a change property composition directive
(described later in this thesis) can be used to change the value associated with the

property. The result of the composition is a composed class model.
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Chapter 5

Composition Directives

The signature-based composition can produce design class models with undesirable
properties when the views of matching elements contain inconsistent information.
For example, if two classes containing operations need to be composed and only a
default signature type (name property) is used the resulting set of operations in the
composed class may not exhibit the desired properties. In some cases, the problems
can be resolved by modifying the context-specific a,spe‘ct and primary models or by
overriding some of the composition rules. Composition directives can be used for
these purposes.

Figure 5.1 shows activities related to the application of composition directives.
The composition activity, Compose aspect and Primary models, takes in three inputs:
a primary model, a non-empty set of context-specific aspect models, and a (possibly
empty) set of composition directives. In this activity, the aspect and primary mod-
els are composed using the signature-based approach and composition directives to
produce a composed model.

After composition, the composed model can be analyzed against desired proper-
ties (referred to as Properties to Verify in Figure 5.1) to uncover design errors. For
example, one can analyze the models against well-formedness rules to identify badly
formed models or one can analyze the models against desired semantic properties

(e.g., “only the owner of a file can delete the file”) to uncover undesirable properties.
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Figure 5.1: Using composition directives to resolve composition problems

In related work, we developed an approach to verify the correctness of the com-
position with respect to desired properties that the composed models must exhibit
[65]. In the approach, the desired behavioral property to be verified is used in the
composition procedure to generate proof obligations. Given (context-specific) aspect
sequence models, a primary sequence model, and a behavioral property (specified in
OCL), composition of the sequence models proceeds with the proof obligations being
discharged as the behavioral views of the aspect and primary models are composed.
Correctness of the composition with respect to the specified property is determined
by discharging the proof obligations. The composition can be stopped as soon as it is
determined that the proof obligation does not hold. This approach allows composers
to determine at which point in the composition the property fails to hold. The infor-
mation that is available when the composition is stopped can be used by a developer

to determine what needs to be done to correct the situation.
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In cases, where the uncovered problem is syntactic, an appropriate set of directives
are identified and used to compose the context-specific aspect and primary models.
For example, if two operations have the same name but are conceptually different
(operation pre and post conditions are not the same), one of the operations can be
renamed using a composition directive. In some cases, a single composition directive
may not resolve the problem. For example, if a composed model does not exhibit a
desired property due to the presence of an operation, the operation needs to be deleted
from the composed model. It is not enough if the operation is deleted, all references to
that operation also need to be deleted. In such cases, a set of composition directives
need to be used.

In other cases where substantial changes to the aspect or primary model are
required the application of composition directives may not be feasible. For example,
it may be determined that the aspect model to be incorporated does not address the
reduired feature, then another aspect model may be needed. In some cases where
the primary model has to be significantly refactored usage of composition directives
may not be feasible. Consider the case where a primary model needs to be composed
with a replication aspect. The replication aspect used in the composition has a single
active repository. The composition with a primary model yield a composed model
with a single active repository. If the intent is to have multiple active repositories,
one may need to change the replication aspect being used rather than instantiating
the replication aspect multiple times. The composition directives described in this
thesis do not address such problems.

The list of problems that are identified in this thesis are described below:

e If two model elements are of the same type and represent the same concept but
have different names, it can lead a problem where the the resultant model is

inconsistent.

e If the composed model does not exhibit the desired behavior, model elements
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may need to be added or removed. This can lead to references that may point
to elements that have been removed or references that do not exist for elements

that have been added.

e If two model elements match with respect to the signatures but have conflicting
values, the model element values need to be changed. For example, if a model
element has isAbstract = true and the matching model element has the property
value isAbstract = false then the values are considered inconsistent. In such

cases, one value may need to be overriden by another.

e In a system with multiple aspects, the order in which aspect models are com-
posed with a primary model may be important in the cases where different
orderings produce different composed models. A cyclic-ordering conflict occurs

when there is a cycle among ordering relationships defined over multiple aspects.

5.1 Using directives to resolve composition prob-
lems

In this section we provide examples of composition problems that can be resolved
using composition directives. It is important to note that the composition approach
discussed in the previous chapter does not provide systematic techniques for analyzing
composed models nor for identifying appropriate composition directives once problems
are uncovered. As stated earlier, the composition algorithm will flag cases where
conflicting syntactic properties exist for model elements that are merged. It does not,
however, detect conflicts that can arise as a result of inconsistent specifications of
behavior or other semantic properties. For example, consider an example in which
the primary class model has an operation specification associated with the withdraw
operation. The post-condition states that amount amt is reduced from the balance

after withdrawl from the original balance.
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context Aspect::Account::withdraw(amt:Integer)
pre : balance > amt and amt <> 0

post : balance = balance@pre - amt

Consider a primary called model that has an operation called withdraw with the

following operation specification:

context Primary::Account::withdraw(amt:Integer)
pre : —-— None

post : balance = balance@pre

The post condition states that the balance after withdrawl should be the same as
the original balance. The composition of two operations will result in conjunction
of the two post-conditions, which means that the resultant post-condition should
evaluate to true. However, sematically this is inconsisteht because the value of balance
after the execution of withdraw operation in Aspect is not the same as the withdraw
operation in Primary. Uncovering such semantic properties requires semantic analysis
of the composed model. However, the default composition rule that the composition
of postconditions is a conjunction can be altered using a composition directive. Also,
composition directives can be used to remove the pre and postconditions associated
with an operation or to override the operation in the primary model with the operation
in the aspect model.

Consider a simple example of a composition that leads to a faulty composed class
model (see Figure 5.2). In the example, a modeler creates a primary model (see
Figure 5.2(a)) in which an output producer (an instance of Writer) sends outputs
directly to the output device it is linked to (instance of FileStream). The writeLine
operation is associated with an operation specification. The modeler then decides to
incorporate a buffering feature described by a buffering aspect model. Figure 5.2(b)

shows the template class model for the buffering aspect. The aspect model describes
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how entities that produce outputs (represented by instantiations of Buffer Writer) are
decoupled from output devices through the use of buffers. The operation templates

|bwrite() in |Buffer and |write() in |BufferWriter are associated with template

forms of operation specifications.

; pre: true
Writer |BufferWriter ___| post: [bufferrbwrite()

WriteLine() _ Iwrite0 - -
RN . pre: true
pre: true _-| post: jostream”|owrite()
post: fstream*addToStream {buffer .
fstream pr
|Buffer P |Output
FileStream e
[bwrite(” |ostream | |owrite()

addToStream()

(@) Pri Class Model (b) Buffering Aspect Class Model
rimary Class e

pre: true
<<BufferWriter>> Writer post: stbuffer*storewrite()
Writer pre: true .-~ [ post: fstream”addToStream()
writeLine() ®----1~~""" post: stbuffer”storewrite() writeLine() o~ -

stbuffer stbuffer fstream
<<Buffer>> <<Output>> :
StoreBuffer FileStream StoreBuffer FileStream
storewrite() o outstream | 344ToStream() storewrite() o outstream | addToStream()

pre: true O~ pre: tue
post: outstream*addToStream() post: outstream”addToStream()
(d) Composed Class Model

(c) Context-specific Aspect Class Model
Figure 5.2: An example of faulty composition

Instantiating the buffering class diagram template produces a class diagram that
describes how buffering is to be accomplished in the context of the primary model.
The class diagram shown in Figure 5.2(c) is obtained from the buffering aspect class

diagram using bindings shown in table 5.1.
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Table 5.1: Bindings for buffering examaple

Aspect element name Application specific ele-
ment name

|Buffer StoreBuffer

|Output FileStream

|BufferWriter Writer

{Buffer::|bwrite() StoreBuffer::storewrite()

|BufferWriter::|write() Writer::WriteLine()

|Output::|owrite() FileStream::addToStreams()

|buffer stbuffer

|ostream outstream

The result of composing the class diagram shown in Figure 5.2(c) with the primary
model class diagram shown in Figure 5.2(a) is presented in Figure 5.2(d). Composition
is carried out by matching model elements using signatures consisting only of model
element names. As per the composition rules desicribed in the previous chapter, the
operation specifications associated with the operations are also merged.

The merging of the writeLine() operations in the primary and context-specific
aspect models produces an operation that calls the buffer’s operation storeWrite()
and the filestream’s operation addToStream(). This is not the desired result: The
intent is to completely decouple Writer from FileStream using StoreBuffer. To

resolve this problem, the following composition directives can be used:

e A composition directive that removes the association between Writer and

FileStream in the primary model.

e A composition directive that removes the operation specification associated with

the writeLine() operation in the primary model.

As another example, consider the partial context-specific and primary class mod-
els shown in 5.3. The addUser() operation in the primary model adds a user (in-

stance of User) to the Userlist in UserRepository class. The addUser () operation
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Figure 5.3: Example of a property conflict

in the context specific aspect model calls the doAddUser operation only when the
manager (instance of Mgr) is authorized. The doAddUser() operation adds a user
to the collection. Using signatures that consist only of model element names, the
two RepositoryManager classes match and thus their properties are merged. Dur-
ing the merge of these two classes, the addUser () operations are matched and their
specifications are merged. The resulting addUser () operation specification will have
a property conflict: The specification from the primary model allows unconditional
adding of users, but the specification from the context-specific model will allow adding
of users only if the operation is authorized for the client. This is an example of a
property conflict: A property conflict occurs when two matching elements (elements
with the same signature) are associated with conflicting semantic properties. In this
example, the intent is to merge the doAddUser() operation in the context specific
aspect model with the addUser () operation in the primary model. To resolve this
conflict and reflect the intent, a composition directive that renames the addUser ()

operation in the primary model to doAddUser() can be used. After this renam-
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ing, signature-based composition will produce a composed model with the required
properties.

In some cases, renaming elements may not be the appropriate way to resolve
a conflict. Consider a context specific aspect class model that includes a class
FileStream with an attribute maxWriters : int that is associated with the con-
straint {maxWriters = 1}, and a primary class model with a class named FileStream
that contains an attribute maxWriters : int, with the constraint {maxWriters =
2}. If the matching attributes are merged, a property conflict will arise because the
merged constraint ({maxWriters = 1 and maxWriters = 2}) is inconsistent. This
conflict can be resolved by specifying, through a composition directive, that one el-
ement overrides the other, such that properties from the overriding element take
precedence over those in the element being overridden.

In some cases, composition directives may be needed modify the composed model
rather than primary model or context-specific aspect model to produce a model that
satisfies the desired properties. For example, associations may be added between a
class introduced by the primary model and another class introduced by a context-
specific aspect model to provide required access to behaviors defined in the classes,
or they may be removed to prevent access that is to be prohibited in the composed
model.

The ability to rename, add, and remove elements can result in another type of
conflict: reference conflict. A reference conflict arises when a reference is made to
an element that no longer exists. To resolve this conflict, the affected references in
a model must be identified and updated. Composition directives that identify and
update specified references are needed.

In an aspect-oriented model that contains multiple aspect models, different com-
position orderings may produce different composed models [19, 60]. A particular

ordering can lead to undesirable emergent behaviors. For example, consider an au-
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diting feature and a password feature that are to be composed with a primary model.
If the password feature is composed with the primary model before the auditing fea-
ture, then the end result could be a model in which the auditing feature captures
and stores passwords. This may be an undesirable emergent behavior. Composition
directives that can be used to specify the order used to compose multiple aspects with
a primary model are needed.

I

authentication:Aspect -------------~

1

t

)

'

<<precedes>> !

N <<follows>> !

1 .'

' 1

— v —_ v
authorization:Aspect [< - -~--=---- errorChecking:Aspect

<<follows>>

Figure 5.4: An example of cyclic ordering conflict

Defining composition ordering raises another type of conflict. A cyclic-ordering
conflict occurs when there is a cycle among ordering relationships defined over mul-
tiple aspects (see Figure 5.4). Analysis can detect and correct ordering conflicts. For
example, an authorization, replication and transaction aspect need to be composed
with the primary model. If the order of composition states that replication precedes
authorization, replication follows transaction, and transaction follows authorization.
This can result cyclic conflict.

The above discussion indicates that the following list of actions should be captured

by composition directives:
e Creating new elements.
e Adding elements to a Namespace.

e Deleting elements from a Namespace.
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Changing property values of elements.

Finding and changing references to specified model elements.

Specifying override relationships between matching elements.

Changing default composition rules

e Specifying ordering relationships among multiple aspects.

The above list of actions reflects our current experience and may be incomplete.

5.2 Classification of directives

Composition directives can be classified as Model Directives and Element Directives
(see Figure 5.5). Model directives are used to determine the order in which multiple
aspect models are composed with a primary model. Element directives are used
to determine how an aspect model elements are composed with the primary model
elements. Element directives can be classified as pre-merge, merge and post-merge in

terms of when they are applied in the composition process.

| Composition Directives ‘

| |

Model Directives | l Element Directives J
Ja
Pre-merge l Merge Directives J Post-merge
Directives Directives

Figure 5.5: Classification of composition directives

Pre-merge Directives: These directives are used to modify the primary class model

or the context-specific aspect class models before they are merged. For example, one
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can rename model elements, delete model elements, or replace model elements (delete
and add model elements) in the models. The application of pre-merge directives
produces a changed aspect and primary model that are as inputs for the merge
algorithm. In the previous chapter, the merge algorithm deviod of the composition

directvies was described.

Merge Directives: These directives are used to override rules for merging model
elements. For example, one can specify that a model element in one model
completely replaces an element in another model. The inputs to the merge are
primary, context-specific aspect models, and the merge directives and the output is

a composed model that has default rules overridden.

Post-merge Directives: These directives are used to carry out simple modifications
on the model produced after merging possibly modified primary and context-specific
aspect models. The desired properties of the composed model can be verified against
a set of properties to identify the applicable post-merge directives. The directives for

renaming, adding, deleting, and replacing model elements also fall into this category.

5.3 The Directives

In this section we describe the composition directives that we have identified through
application of the composition procedure on small case studies. Directives that affect
only aspect and primary models are applied to the models before their elements
are merged. Those that add elements to composed models and those that override
composition rules are applied during merging. The directives that modify the model
can be viewed as transformations on the models [7].

Each directive (except for the directives that override composition rules) is de-

scribed using the following format:
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e Directive Name: This section states the name of the directive or the form of

names for a family of directives.

o Application: This section describes the purpose of the directives and describes

the entities that the directives operate on.
e Form: This section describes the syntactic form of the directives.

e Constraint: This section gives the conditions that must hold if the directives
are to have the intended effect. The constraint in this section is referred to as

the directive precondition.

e Effect: This section describes the effect of the directives on their targets. The

specification of effect is called the directive postcondition.

The following subsections describe the directives and gives examples of their ap-

plication.

5.3.1 Element Directives List

We have identified the following element directives thus far:

e Creating new model elements (a family of directives)

Adding model elements to a namespace
e Removing model elements from a namespace

Changing properties (a family of directives)

Replacing references to a model element in a namespace

Overriding model elements

Overriding composition rules (a family of directives)
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When an element is created by a create directive, a handle that can be used to
reference the element is provided. These handles are used in composition directives
that are applied after the creation of the model elements. The names that appear on
model elements in aspect and primary class models serve as references to the model
elements in directives. For example, an association name or a role name can refer to

an association in a directive.
5.3.1.1 Creating new model elements

The following describes the family of create directives.

Directive Name: create<metamodel class name>

The following are examples of names for create directives:
createAssociation, createClass, where Association and Class are the names

of concrete classes in the UML metamodel.

Application: The create directives are used to create new model elements (i.e.,
model elements that are not in the primary or aspect class models being composed).
In the composition metamodel, each concrete Element class is associated with a
constructor. The create directives use these constructors to create model elements to
ensure that the created elements are syntactically well-formed. The new element is
not a member of any namespace when it is created. The new element can be added
to the namespace using the add directive.

A create directive has set of operands that determines the arguments passed to
the constructors of the model elements. The operands are a set of (property name
= property value) pairs, where the property name is the name of a model element
property in the UML metamodel and the property value is the value of that property

name.
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Form:

newHandle = create<Element> {operands}

The following is an example of a create directive that creates a concrete class with
a name “NewClass”. In the example, the property names are name and isAbstract

and the corresponding property values are ¢ ‘NewClass’’ and false.

newClass = createClass {name = ‘‘NewClass’’, isAbstract = false}

As another example, consider the following create directives used to create a

strong aggregation relation between two existing classes: UserStore, and UserRep.

userRepEnd = createProperty { isComposite = false,

aggregation = none, type = aspect::UserRep,

opposite = userStoreEnd, lower = 1, upper = 1 }

userStoreEnd = createProperty { isComposite = true,
aggregation = composite, type = primary::UserStore,

opposite = userRepEnd, lower = 1, upper = -1 }

userRep-userStore = createAssociation { name = "UserRep-UserStore",

isDerived = false, memberEnd = [userRepEnd,userStoreEnd] }

The above directives indicate that two association ends (property) userRepEnd
and userStoreEnd must be created before the association userAuth-userMgmt
is created. We assign the value of “-1” to upper (representing the upper limit

of a multiplicity) where “~1” represents the multiplicity “*”. The “[...]” notation
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is used to denote a collection of association ends in the createAssociation di-

rective. Notice that the strong aggregation has still not been added to the namespace.
Constraint: There are no constraints for these directives.

Effect: A create directive provides a reference to a new model element that is valid.

The new Element is not a member of any namespace.

5.3.1.2 Adding model elements to a namespace

Directive Name: add

Application: The add directive is used to add a model element to a namespace in
a model. It can be used to add a newly created model element (i.e., one created by a
create directive) to a namespace and to add an element from another namespace into
a target namespace. The latter action is needed when a model element is migrated
to a new namespace in order to ensure that the composed model exhibits the desired
properties. Such a migration would involve removin;g the element from its original
namespace (using the remove directive described later) and then adding it to the
new namespace.

The add directive has one operand, the model element to be added.

Form: add owner::elem

In the above, the model element, elem is added to the namespace, owner.
Constraint: The target namespace must exist, the element to be added must have

a unique name within the namespace, and the element must be an instance of a

concrete UML metamodel class that can be owned by the namespace.
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Effect: The element is in the target namespace.

5.3.1.3 Removing model elements from a namespace

Directive Name: remove

Application: The remove directive is used to remove a model element from a
namespace. It is used when the presence of certain model elements compromises
desired properties of the composed model. For example, consider a security aspect
model that requires that certain associations not exist in the composed model because
their presence can lead to leaks of sensitive information. The remove directive can
remove these associations in the primary model.

Removing a composite model element involves removing all its contained parts.
For example, removing an association involves removing its association end properties
(but not the classes at the association ends).

Removing a model element can result in models with hanging references: Refer-
ences to the removed element may be present in the namespace and elsewhere (e.g.,
in OCL expressions) after removal. Use of the directive should be coupled with the
use of other directives that take care of the hanging references. For example, one can
use the replaceOccurrences directive (described later) to replace references to the
deleted element with references to other elements.

The remove directive has one operand, the model element that is to be removed.

Form: remove owner::elem

In the above, the model element, elem is removed from the namespace, owner.

Constraint: The namespace must exist in a model. The element must be in the
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namespace before the directive is applied.

Effect: The element is not in the namespace.

5.3.1.4 Changing properties of model elements in a namespace

The family of directives for changing model element properties are described below.
Directive Name: change<property name>
Examples of change directive names are changeisAbstract, and changename. The

changename directive is written more concisely as rename.

Application: The changeProperty directive is used to change the value of a model
element property. This directive can be used to force or prevent matching of model
elements by changing the property values used to determine element matches. For
example,’if the signatures of two classes match but the value of isAbstract property
is true for one Vclass and the value of isAbstract. property for the other class is
false, this directive can be used to change the property value of one of the classes
to match with the other class. In cases where matching is based only on the names
of elements, this directive can be used to rename elements so that they match or do
not match.

This directive has two operands. The first is the model element with the property,
the second is the new value of the property.

In our examples we often use this directive to rename model elements and thus
we use a more concise name for the directive: rename. The renaming directive
is often applied to the primary class model, because renaming of elements in the
context-specific aspect class models can also be accomplished by binding specifica-

tion. The application-specific values that are bound to the aspect model templates
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can be changed instead of using a renaming directive.

Form: change<property name> owner::targetElement to propertyValue

The following is an example of a changeProperty directive that changes the value
of isAbstract property of a class to true.

changeisAbstract Primary::Auth to true
In the above example, Auth is the class and Primary is the namespace.

In the cases where the property to be changed is a model element name one can
use the form below:

rename owner::targetElement to newName

The following is an example of a rename directive that changes the value of the
name property of an operation to doAddUser.

rename Primary::AddUser to doAddUser
In the above example, AddUser is the operation and Primary is the namespace. The

operation name AddUser is changed to doAddUser.
Constraint: The element must exist in a primary, aspect or composed model. The
changed property value must be valid. For example, an isAbstract property cannot

be changed to anything other than true or false.

Effect: The specified property value in the target model element has the new value.

5.3.1.5 Replace references to a model element in a namespace

Directive Name: replaceOccurrences
Application: The replaceOccurrences directive is used to replace references to

a model element with references to another model element in a namespace. It is
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often used in conjunction with directives that add and remove model elements. For
example if an association referenced in an OCL expression is removed then one can
use this directive to change the reference in the OCL expression.

The replaceOccurrences directive has two operands: The first is a reference to

a model element, and the second is a reference to another model element.

Form: replaceOccurrences ownerl::elem with owner2::replacementElem
The above states that references to elem in the namespace ownerl are to be

replaced by references to replacementElen in the namespace owner2.

Constraint: The referenced elements must exist in the namespaces.

Effect: All existing references to the model element owner1l::elem are changed to

references to the element owner2: :replacementElem.

5.3.1.6 Overriding a model element

This composition directive is similar to the override relationship proposed by Clarke
et al. [12].
Directive Name: override
Application: The override directive defines an override relationship between two
potentially conflicting model elements. It indicates that the properties of a model
element takes precedence over properties of a matching model element during com-
position.

When an override relationship is defined for two model elements, the relationship
propagates to the contained model elements. If a class in the aspect class model over-

rides a class in the primary model, the operations in the aspect class model override
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the operations in the primary class model. However this may not be feasible for all
cases. Since, the consequences of the implicit overrides are not immediately obvi-
ous, explicit override relationships should be defined for contained model elements
whenever feasible and practical.

The override directive has two operands. The second operand is the model

element that overrides the first operand.

Form: override ownerl::eleml with owner2::elem2
The above states that elem2 in namespace owner2 overrides eleml in namespace

ownerl.

Constraint: owneri::eleml and owner2::elem2 must exist in separate models,
one in a primary class model, and the other in a context-specific aspect class model.

The two elements must match.

Effect: During composition, the properties of eleml are replaced by properties of

elem?.

5.3.1.7 Overriding default composition rules

When merging matching model elements with different property values, the compo-
sition mechanism can use default rules to determine the property values that will be
used in the composed model. In the previous chapter we defined the default rules for
composing model elments.

Sometimes one may want to change the default rules when composing models.
For example, one may want to use the weaker multiplicity constraint at the ends

of composed associations, or one may want to have a conjunction of preconditions
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rather than disjunction. Quverride composition rule directives are used for this
purpose. In our approach, each rule is associated with a set of possible variations and
a directive for each variation is defined. For example, the association end multiplicity

rule is associated with the following directive:

association end multiplicity rule ownerl::assocendl; owner2::assocend2

weaker

Use of this directive indicates that the weaker of the two multiplicities at the
specified associations are to be used in the composed model. One can also override
the rule globally using the following directive:

association end multiplicity rule weaker
For the operation specification rule we have the following directive:

operation specification rule owneri::aclassi::PreSpec(anoperationl),

owner2::aclass2::PreSpec(anoperation2) conjunct

The above states that the precondition of the operation formed by merging the
matching operations anoperation! and anoperation2 is the conjunction of their

preconditions. A similar directive for postconditions can be defined:

operation specification rule owneri::aclassi::PostSpec(anoperationi),

owner2::aclass2: :PostSpec(anoperation2) disjunct

This thesis has a limited number of composition rules. In the cases where we do

not have such rules, composition results in a conflict when the property values differ.
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5.3.2 Element Directives Examples

The following are examples of composition scenarios that require the use of element
directives to produce desired results. In the examples we show the effect of element
directives in terms of before and after diagrams. We also show the resultant composed

model obtained after the application of composition directives.
5.3.2.1 Example 1: Buffering Application

The buffering application described in section 5.1 (see Figure 5.2(d)) results in a faulty
composition since the intent is to completely decouple Writer from FileStream using
StoreBuffer. The faulty composition can be avoided by using composition directives

that do the following (the aspect and primary models are shown in Figure 5.6):

1. Remove the association between Writer and FileStream in the primary model:
In the desired composed model, all writing to the FileStream is done via the
StoreBuffer. The Writer should not have direct access to the FileStream in

. the composed model.

2. Remove the OCL speciﬁcatioh for writeLine() in the primary model: A refer-
ence is made to the association in the OCL specification for writeLine() (the
postcondition references the fstream association end). This constraint should
not be in the composed model since all writing to the file stream is done via
the buffer. For this reason, the OCL constraint associated with writeLine ()

in the primary model is removed.

The directives that accomplish the above are given below:

1. remove primary::Writer::fstream

2. remove primary::Writer::Spec(writeLine)
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Primary: PrimaryModel aspect: AspectModel
Writer StoreBuffer FileStream
outstream
writeLine() G- -4.____ storewrite() Q\\ addToStream()
pre: true - S
stbuffer
post: pre:
fstream™addToStream(?) post:
fstream outstream”addToStream(?)
FileStream Writer
addToStream() writeLine() © -~ _
] pre: true
post:
stbufferstorewrite(?)

Figure 5.6: Example 1. Before Application of directives.

] ]

Primary: PrimaryModel aspect: AspectModel
Writer StoreBuffer FileStream
outstream
writeLine() O -4____ _ storewrite() & _ addToStream()
stbuffer T
>< pre:
post:
fstr outstream”add ToStream(?)
FileStream ‘Writer
addToStream() writeLine() O ~~. _
pre: true
post:
stbuffer*storewrite(?)

Figure 5.7: Example 1. After Application of remove directives.

In the above, Spec(writeLine) refers to the specification associated with the operation
writeLine(). Figure 5.6 and Figure 5.7 illustrate the before and after effect of the

directives on the primary and aspect class models. An “X” indicates the removal of

an element.

An alternative way to accomplish the above would be to use the override directive

instead of the second remove directive for overriding operations.
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1. remove primary::Writer::fstream

2. override primary::Writer with aspect::Writer

Primary: PrimaryModel aspect: AspectModel

Writer StoreBuffer FileStream
R FpaEN outstream
E writeLine() & -4.____ storewrite() addToStream()
. pre: buff N

. stbuffer
' post: pre:
! fstream”addToStream(?) post:
. f outstream”addToStream(?)
! stre:
y FileStream Writer
‘
1)
X addToStream() writeLine() ©~.__ ]
| | pre: true
D T R <<overide>> _ __ ____| S . post:
stbuffer”storewrite(?)

Figure 5.8: Example 1. After Application of remove and override directives.

]

compose: ComposedModel

StoreBuffer FileStream
outstream
storewrite() 9\ addToStream()
stbuffer T
pre: ...
post:
outstream”™addToStream(?)

Writer

writeLine() O~.__ |

pre: true

post:
stbuffer’storewrite(?)

Figure 5.9: Example 1. Resultant composed model after application of directives.

Figure 5.8 illustrates the effect of the using the remove and override directives on

the primary and aspect models. The override directive overrides the primary model
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element with the aspect model element. Since the override is implicit, the operations
and operation specification of the primary model elements are also overridden. The

resultant composed model after the application of directives is shown in Figure 5.9.
5.3.2.2 Example 2: User Management Application

The following example, from France et al. [15], illustrates the use of the create,
add, remove and replaceOccurrences directives. The aspect model shown in
Figure 5.10 presents a design view in which add and delete user actions must be
authorized before they are carried out. The primary model describes a design view in
which authorization does not occur. The objective of the composition is to produce
a composed model in which the authorization behavior in the aspect is incorporated
into the primary model. In Figure 5.10, the UserAuth class in the aspect model
performs authorization checks on clients requesting the addition or deletion of users
from the system. In the composed model, Manager client must request the add
and delete user operations by calling the corresponding operations in UserAuth and
should have no direct access to the UserMgmt class. To accomplish this, a directive

is used to remove the accesses association in the primary model:

(1) remove primary::Manager::accesses

There are references to the accesses association in Manager that must be
replaced or removed. In this case, references to accesses in the primary model must
be changed to uaccesses in the context specific aspect model, because all access to
the operations is made via the uaccesses association in the composed model. The

following directive is used to accomplish this:

(2) replaceOccurrences primary::Manager::accesses
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with aspect::Manager::uaccesses

aspect: AspectModel primary: PrimaryModel
Manager UserAuth Manager UserMgmt
m: MgrID 1.* 1.1 . m: MgriD 1.* 1..1
uaccesses addUser(mid:MgrID,u:UID) accesses addUser(u:UID)
deleteUser(mid:MgriD,u:UID) deleteUser(u:UID)
doAddUser(u:UID) 11
<<datatype>> doDeleteUser(u:UID) <<datatype>> accessUserRep
MgrID 1..1 MgrID 1
accessAuthRep -
1.1 UserRepository
<<datatype>> SystemMgmtAuthRepository <<datatype>>
checkSysAuth(mid:MgrID,op:String)

Figure 5.10: Example 2. Before application of directives.

The definitions of the addUser and deleteUser operations in UserAuth include
an authorization check. In the aspect model, if a Manager client is authorized
to carry out the add br delete action a call is made to the respective doAddUser,
doDeleteUser operations. In the described composed model, the operations addUser
and deleteUser in UserMgmt carry out the add and delete user actions, respectively.
To make this possible a composition directive that adds an aggregation between the

UserMgmt class and the UserAuth class is used:

(3) userAuthEnd = createProperty { isComposite = false,
aggregation = none, type = aspect::UserAuth,

1}

opposite = userMgmtEnd, lower = 1, upper

userMgmtEnd = createProperty { isComposite = true,

aggregation = composite, type = primary::UserMgmt,

opposite = userAuthEnd, lower 1, upper = -1 }
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userAuth-userMgmt = createAssociation {
name = "UserAuth-UserMgmt" , isDerived = false,

memberEnd = [userAuthEnd,userMgmtEnd] }

Once the new Association is created, we need to add it to the composed model.
The composition directive that accomplishes this is given below. We reference the

composed model using the name comp:

3+

aspect: AspectModel primary: PrimaryModel
1.*
Manager M+Q) UserMgmt
m: MgrID accpses
ol L* YagdUseru:uip)
Manager UserAuth . T - - deleteUser(u:UID)
m: MgrID L. 1.1 I 1- e ROFE 1.1
uaccesses | addUser(mid:MgrIDu:UID) -~ B PEE accessUserRe
deleteUser(mid:MgrID,u:UID) -~ L1 P
doAd¥User(u:UID) =
) . <<datatype>> -
<<datatype>> doDe}teUser(u:UID) MgrID UserRepository
MgrID 1..1
accessAuthRep
1.1 <<datatype>>
<<datatype>> SystemMgmtAuthRepository UID
UID
checkSysAuth(mid:MgriD,op:String)

Figure 5.11: Example 2. After application of directives.

(4) add comp: :userAuth-userMgmt,
add comp::UserAuth::userAuthEnd,

add comp::UserMgmt: :userMgmtEnd

There are two options for creating a composed model in which authorized calls to

addUser and DeleteUser are made: The first option is to replace the specifications
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of doAddUser and doDeleteUser so that they delegate the actions to the respective
operations in UserMgmt using the new association. The second option is to replace
the calls to doAddUser and doDeleteUser by calls to the respective operations in

UserMgmt. We give the directives that accomplish the latter option below:

(5) replaceOccurrences aspect::UserAuth::doAddUser
with primary::UserMgmt::addUser(),
remove aspect::UserAuth::doAddUser,
replaceOccurrences aspect::UserAuth::doDeleteUser
with primary::UserMgmt::deleteUser(),

remove aspect::UserAuth::doDeleteUser

]

comp: ComposedModel

Manager UserAuth
m: MgrID 1.% 1.1 - UserMgmt
uaccesses | addUser(mid:MgrID,u:UID) 1.1 1*
deleteUser(mid:MgrID,u:UID) < "} addUser(u:UID)
userAuth-userMgmt | deleteUser(u:UID)
<<datatype>> 1.1 1.1
MgD accessAuthRep accessUserRep
1..1
1.1 -
UserRepository
<<datatype>> SystemMgmtAuthRepository
UID
checkSysAuth(mid:MgrID,op:String)

Figure 5.12: Example 2. Composed model after application of directives.

The effect of applying the directives on the aspect and primary models is shown
in Figure 5.11. The association between UserMgmt and UserAuth is in the composed
model but not in the aspect or primary models. The dependencies from the addUser
and deleteUser operations in UserAuth indicate that they call the respective op-

erations in UserMgmt. The resultant composed model after the application of the
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composition directives is shown in Figure 5.12. The composed model has addUser
and deleteUser operations in UserMgmt class that can be performed only when they

are authorized.

5.3.3 Combining Element Directives

The examples and the descriptions of composition directives provide some indication
that use of some element directives are often coupled with the use of others. For
example, adding or removing a model element sometimes requires use of directives
such as the replaceOccurrences directive to avoid hanging references. An overview
of combined directives in the pre-merge, merge and post-merge categories are given

below:

Pre-Merge Combined Directives: These directives are often combinations of
directives for deleting model elements from a namespace or renaming model
elements in a namespace. The directives are often combinations of change-

property and réplaceOccurrences directives.

Merge Combined Directives: Matching directives are combined directives that
force the matching of elements or disallow the matching of elements during
merge. Combinations of the override and replaceOccurrences directives are

often used to override rules used to merge model elements.

Post-Merge Combined Directives: These directives are often combinations of
directives for creating model elements, adding model elements to a namespace

and deleting model elements from a namespace.

5.3.4 Model Directives

Model directives determine how a set of models are composed. The model direc-

tives we have identified constrain the order in which context-specific aspect models
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are composed with a primary model. These directives can define weave-ordering rela-
tionshipé between aspect models. A weave-ordering relationship is a binary constraint
that specifies an ordering between two aspect models. There are two cases: An aspect
model must be composed before another, or an aspect model must be composed after

another.
5.3.4.1 Precedes

Directive Name: precedes
Application: This directive specifies that one aspect model is to be composed with
a primary model before another. This directive has two aspect models as operands.

The first operand is the aspect model that is to be composed the second operand.
Form: former precedes latter
Constraint: Both aspect models must exist.

Effect: A weave-ordering relationship is created between the two aspect models, and
added to the set of weave-ordering constraints maintained by the composer. This
directive does not imply that former will be woven immediately before latter. It

simply requires that former be woven some time before latter.

5.3.4.2 Follows

Directive Name: follows

Application: This directive specifies that one aspect model is to be composed
with a primary model after another. This directive is provided only to increase the
readability of composition directives. It may be interpreted as equivalent to the

precedes directive with the operands switched. This directive has two aspect model

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



operands. The first operand is the aspect model to be composed after the second

operand.

Form: later follows earlier

Constraint: Both aspect models must exist.

Effect: A weave-ordering relationship is created between the two aspect models,
and added to the set of weave-ordering constraints maintained by the composer.

This directive does not imply that later will be woven immediately after former. It

simply requires that later be woven some time after former.

5.3.5 Weave Ordering Example

Design Model Design Model
authentication: Aspect -
. -Pri Mod authentication: Aspect  [€- -
primary:PrimaryModel E primary:PrimaryModel

<<precedes>> | .
1 | 1

. v , <<follows>>

authorization: Aspect authorization: Aspect E 1
Mapping Rules =~ ) .
<<follows>>"| : Mapping Rules

—1 — !

errorChecking:Aspect errorChecking:Aspect —

Composition Directives . L
Composition Directives

(@ (®

Figure 5.13: Example 4. Specifying Weave Order

Consider the aspect design model in Figure 5.13(a). There are three different
aspect models and the primary model. In this example, the authentication aspect

model needs to be composed before the authorization aspect model, because autho-
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rization without authentication is meaningless. Therefore, we declare the following

composition directive to make the order explicit.
1. authentication precedes authorization

We could have also defined a composition directive using the follows directive
with the operands reversed to achieve the same result.
Suppose we also wish to weave the errorChecking aspect model last. The fol-

lowing composition directives accomplish this:

1. errorChecking follows authorization

2. errorChecking follows authentication

The application of the directives is shown in Figure 5.13(b). The dependency from
authentication to authorization illustrates the weave-order relationship that specifies
that authentication must be woven before authorization, and the dependencies from
errorChecking to each of the other aspects illustrates the two binary weave-order

relationships that specify errorChecking as the last aspect to be woven.
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Chapter 6

Interaction Model Composition

In this chapter, we present a interaction model composition technique for composing
aspect and primary sequence models. Composing sequence models requires one to
merge the messages of the primary and aspect sequence models to obtain a corre-
sponding merged sequence of messages in the composed model. Furthermore, the
lifelines in the composed model need to correspond to the lifelines involved in the
source sequence models. Thus, the aspect sequence diagram template should be

bound to application-specific values before the models can be composed.

6.1 Composing message sequences

The composition of message templates in the aspect sequence diagram template with
the messages in the primary sequence model requires the specification of how and
where the application-specific values of the message templates are to be composed
with the primary model messages. The interaction model composition technique we
have developed involves tagging the primary sequence model. The tags identify the
set of primary sequence model elements (e.g., lifelines and messages) to which the
aspect sequence model elements need to be composed. The technique is analogous
to weaving techniques used in aspect oriented programming. The model level tags
specify the join points where the aspect sequence needs to be introduced, and also

define the type of composition that needs to occur between the primary sequence
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model and aspect sequence model. The interaction model composition occurs under
the assumption that the default message flow is described in the primary sequence
model. The aspect sequence models can be composed with the primary sequence

model in two ways:

1. By inserting behavior represented by a message or a sequence of messages in

the aspect model at a particular point in the primary model

2. By replacing a message or a sequence of messages in the primary model with a

sequence of messages in the aspect model.

Two types of tags are applied on the primary sequence model to specify how the
aspect sequence model needs to be composed: simpleAspect tags and composite-
Aspect tags. The simpleAspect tags are associated with a single lifeline or a single
message in the primary model while compositeAspect tags are associated with mul-

tiple lifelines and multiple messages.

6.1.1 Overview of simpleAspect and compositeAspect Tags

A simpleAspect tag is a stereotype <<simpleAspect>> of a UML message to self.
A compositeAspect tag is a Stereotype <<compositeAspect>> of combined frag-
ment. Stereotyping the interaction modeling elements enables one to use the current
UML tools to tag the primary sequence model. The simpleAspect or compositeA-
spect tags are specified on the primary sequence model to imply the composition of
a simpleAspect or a compositeAspect.

The tags specified in a primary sequence model have a syntactic structure as
follows:

<<aspect>> <aspectname> (<paramlist>)[(<bindspecification>)]

The aspect refers to the type of aspect - simpleAspect or compositeAspect.

The aspectname refers to the name of the aspect sequence model that needs to be
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composed. For example, sdTransaction refers to transaction sequence model. The
<paramlist> is a list of zero or more parameters used to configure the aspect. For
example, one phase or two phase commit transaction protocols can be assigned as
an input parameter in a transaction aspect sequence model to specify the transac-
tion protocol. The bindspecification is used to bind the aspect sequence model
elements with primary sequence model elements. Figure 6.1 shows examples of a

primary sequence model tagged with simpleAspect and compositeAspect tags.

Parameter list used
to configure an aspect

Implicit binding of A to B
the lifeline template of the
aspect sequence model F-

'
:
t
%<simpleAspect>> <aspectname> (<paramLiqt>)
1}
'
]
Ll
1

Explicit binding of A to B
the lifeline template of the
aspect sequence model

&<simpleAspect>> <aspectname> (<paramList>) (A:<lifelineAM>)
] | ’
1

<<compositeAspect>> <aspectname> (<paramList>) )

_____ mi()

m2()

Implicit binding of A and|
B to the corresponding
lifeline template of the
aspect sequence model m3()

ml() !

<<exclude>> m2()

PSS

Explicit binding of A and
B to the corresponding
lifeline template of the
aspect interaction model

<<simpleAspect>#f<aspectname> (<paramList>)

m3()

Figure 6.1: Tags on the Primary model

The binding specification binds the aspect sequence diagram template to
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application-specific values. The binding can be done either explicitly or implicitly.
6.1.1.1 Binding semantics for simpleAspect Tags

An explicit bind specification has the following form <1ifelinePM>:<1lifelineAM>,
where lifelinePM is the lifeline of the primary sequence model that should be bound
to a particular lifeline template in the aspect sequence diagram template (lifelineAM).
The bind specification is optional and is only required when the bindings need to be
specified explicitly. If the bind specification is not shown explicitly implicit binding
semantics are used.

In a primary sequence model with simpleAspect tag, the lifeline in the primary
sequence model from which the tag originates will be bound to the corresponding life-
line template in the aspect sequence diagram template. This requires that there be
only one lifeline template in the aspect sequence diagram template. A simpleAspect
uses implicit binding semantics since only one lifeline template needs to be bound.
The Figures 6.2, 6.3 and 6.4 illustrate simpleAspect tags that use implicit binding
semantics. The primary model shown in figure 6.2 has two lifelines: A and B. The
lifeline A is tagged twice with an aspect named AspectModelTest, first with param-
eter p, and second with parameter r. These parameters are used to configure the
aspect model.

The aspect sequence model template is shown in Figure 6.3. The aspect has one
input parameter (x:String), and one lifeline template (|C). The other two lifelines,
D and E, are not template elements and are not bound to any element in the primary
sequence model.

The composed sequence model is obtained using the implicit binding semantics of
the simpleAspect tag. The |C is bound to A while D and E, and the corresponding
messages in the sequence appear as specified in the aspect sequence model. The

parameters p and r are passed to the aspect sequence model template. The result
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sd SimpleTagEx
T

ml(pg.n) !

1
¢
<<simpleAspect>> AspectModelTest(p) :
)
!
1

m2(q)

<<simpleAspect>> AspectModelTest(r)

Figure 6.2: Primary sequence model with simpleAspect tags

sd AspectModelTest (x:String))

0 @

ma(x)

Figure 6.3: An example simpleAspect sequence model

of composing the application-specific values of the aspect sequence model template

with the primary sequence model is shown in Figure 6.4.
6.1.1.2 Binding semantics for compositeAspect Tags

The implicit binding semantics of the compositeAspect tag specify that the lifeline
from which a message within the compositeAspect tag originates will be bound to
the corresponding lifeline template in the aspect model, and the lifeline to which
the message is received will be bound to the corresponding template lifeline in the

aspect model. The compositeAspect tag in the primary model has default semantics
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sd ComposedSimpleTagEx J

mipan |

— >

ma(p)

Figure 6.4: Composed model obtained from simple tagged primary model

where message templates in the aspect model are bound to application-specific values
before they are composed with the corresponding messages in the primary model. The
default semantics can be overridden using the an <<exclude>> tag. For example,
the <<exclude>> tag in Figure 6.1 implies that the aspect sequence should not be
applied on the message m2(). A primary model tagged with a compositeAspect can
also have a simpleAspect tag within the compositeAspect tag as shown in figure
6.1.

During implicit binding care should be taken such that a lifeline in the primary
sequence model is not bound to conflicting lifeline templates in the aspect sequence
model templates. The bind specification has to be consistent with the set of bind-
ings specified during class model composition. In cases where composition directives
have been used to add or remove model elements during class model composition,
the corresponding element instances should be added or removed from the sequence

model.
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6.1.2 Fragments in compositeAspect Sequence Model

Tagging the primary model using a compositeAspect tag implies that the messages
in the primary model are composed based on a pre-defined schema specified as frag-
ments in the composite aspect sequence model. Each fragment performs different
roles and is treated differently during the composition of the aspect sequence model
with the primary sequence model. The fragments are shown in figure 6.5. In our com-
position technique, the fragments are treated as stereotypes of interaction fragments.
The different fragments in a composite aspect sequence model are begin, before,
body, after, end. When a compositeAspect tag is used in the primary model, the
messages present in the fragments of the corresponding composite aspect sequence
model will be composed with the messages encompassed by the compositeAspect

tag according to certain rules. The rules are as follows:

compositeAspectFragmentTags

<<begin>> J

Sequence appearing in the
-1~ - ~| beginning of the compositeAspect
t

<<before>> ] O B Sequence appearing before I

1 each message of the compositeAspect
1

1
|

<<bbdy>> J

1

<<after>> J
|

}_ ___| Sequence embedding/replacing |¥

p--- -
each message of the compositeAspect

1
1
' : P----1- - __| Sequence appearing after
' : each message of the compositeAspect
<<end>> J )
! .
[ ' N 3
X X =~~~ Sequence appearing in the
[ end of the composite Aspect

Figure 6.5: Fragments in the compositeAspect sequence model

e The <<begin>> fragment defines the message or sequence of messages in the
aspect model that should appear in the beginning of the compositeAspect

tagged primary model, thus, before any other sequence immediately preceding
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the messages encompassed in the compositeAspect tagged primary model. In
the composed sequence model the begin sequence of the aspect model appears

exactly once for every compositeAspect tag in the primary model.

e The <<before>> fragment defines the message or sequence of messages that
will appear before each message encompassed in the compositeAspect tagged

primary model.

e The <<body>> fragment defines the message or sequence of messages that
will refine each message encompassed within the compositeAspect tagged pri-
mary model. The semantics of the messages in the primary model should be

maintained during the refinement.

e The <<after>> fragment defines the message or sequence of messages that
will appear after each message encompassed in the compositeAspect tagged

primary model.

e The <<end>>> fragment defines the message or sequence of messages that will
appear at the end of the compositeAspect tagged primary model. When the
composite tagged in the primary model is composed with the aspect model, the

end sequence appears exactly once for the composite tag.

The above listed fragments will appear in the aspect sequence diagram template
and not in the primary sequence model. Furthermore, one or more of the above
fragments are required to compose the instantiation of the aspect sequence model
template with a compositeAspect tagged primary sequence model, but it is not nec-
essary that all fragments exist in the aspect sequence model template. The messages
in all the above fragments are composed as per the rules stated unless there is an
explicit <<replace>> tag attached to the message templates in the aspect model

sequence template. The replace tag identifies messages in the compositeAspect
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tagged primary model that need to be replaced with application-specific values of
message templates in the aspect sequence model template rather than being com-

posed. The replace tag occurs mostly in the body fragment.

sd primModellnt J

! mlQ)

'
'
'

T
|
'
T
'
'

<<Co siteAspect>> compTest(xType)

m2() '
<<exclude>> m3()

m5()

Figure 6.6: Primary model with compositeAspect tag

The Figures 6.6, 6.7 and 6.8 illustrate simple tags that use implicit binding seman-
tics. The primary sequence model shown in figure 6.6 has three lifelines: A, B and
C. The messages m2(), m3() are tagged with compositeAspect named compTest
to specify that the messages need to be composed with compTest aspect. The
compositeAspect has an input parameter xType. The message m4() is tagged with
an <<exclude>> tag, so the message needs to remain unchanged when the messages
encompassed in the compositeAspect tagged primary model are composed with the
application-specific values of the aspect sequence model template.

The aspect model with the defined fragments is shown in Figure 7.4. The aspect
has one input parameter (t:Type), and two lifeline templates (JX and |Y) and one
message template |op3(). Other messages in the different fragments are not templates

and hence will appear as is in the composed sequence model.
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sd compTest(t: Type) J

[ ]

1
<<b?gin>> J op10

r

E

T

<<t"E. fore>> J op20

<<b1)dy>> ] [op30)

i

<<g§ber>> J opd()

T
<<end>> op50)

A I /20 U A W R I

0

Figure 6.7: An example compositeAspect sequence model

sd composedint
¥

1

mlQ ,

oplQ

0p20)

m20p3()

op4()

m3()

0p2()

mdop3()

op4()

op50)

mS5()

Figure 6.8: Composed model obtained from compositeAspect tagged primary model

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The composed model is obtained using the implicit binding semantics of the
compositeAspect tag. The lifeline template |X is bound to B and the |Y is bound to
C, message template |op3() is bound to m2() and m4(). The message m3() is not
bound due to the presence of the <<exclude>> tag. The messages are composed
with the aspect sequence model template as per the rules specified for the fragments.

As per the rules, the message op1() is composed before any message in the com-
positeAspect tagged primary model. The messages op2() and op4() are composed
before and after every primary model message that is within in the compositeA-
spect tagged primary sequence model. The message op5() is composed after all
the messages in the compositeAspect tagged primary model. The message template
op3 specified in the <<body>> fragment refines the messages m2() and m4() into
m20p3() and m4op3() respectively. The result of composing the aspect sequence
model template with the primary sequence model is shown in Figure 6.8.

In case of a simple tagged primary model, the corresponding aspect model does
have any defined fragments, since a simpleAspect is just an insertion of the entire

aspect sequence in the primary model.

6.2 Composition metamodel for merging sequence
models

The interaction composition metamodel describes static properties needed to sup-
port the composition of interaction models. Figure 6.9 shows the core part of
the interaction metamodel, which is an extension of the UML metamodel. A
Primary Model Tag and is a metamodel element that is specialized as simpleAspect,
compositeAspect and exclude tags. The simpleAspect tags are associated with
Lifeline while a compositeAspect tag is associated with InteractionFragment.
The Aspect Model Fragments has five specializations: begin, body, before, after,

and end. All aspect model fragments are associated with InteractionFragment.
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The replace tag is associated with individual messages. The fragments are treated

as stereotypes to enable the implementation of the fragments using existing UML

tools.
<<metaclass>> | SendEvent <<metaclass>>
MessageEnd Element
+receiveEvent Zr j T‘
0.1 0.1
0.1
<<metaclass>> << lass>> —
+message Message . .1 Interaction l *
<<metaclass>>
*1 InteractionFragment
* *
<<metaclass>>
Lifeline
Primary Model Tag { Aspect Model Fragments
<<stereotype>> <<stereotype>> <<stereotype>> || <<stereotype>> | | <<stereotype>> <<stereotype>> <<stereotype>>
simpleAspect compositeAspect l begin before body after end
<<stereotype>> !
exclude
<<stereotype>>

replace

Figure 6.9: Interaction model composition metamodel.

Primary model tag instances can be used by the developer of a primary model
to specify the lifelines and messages to which a specific aspect model should be ap-
plied. Similar to the class model composition implementation, the metamodel can be
used as a basis for building a tool which will help in the automation of the sequence
model composition process. To implement the sequence model composition, behav-
ioral properties need to be added to the metamodel. Our approach is built upon the
notion that the simpleAspect, compositeAspect, exclude and replace tags specify
how the composition should occur and some atomic operations can implement these

tags during composition. The atomic composition operations that implement the tags
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in the sequence models are given below:

e Merge: A message in the primary model is merged with another message in

the aspect model

e Insert: A single message or a set of messages are inserted at a particular point

in the primary model

e Replace: A message in the primary model is replaced with a message or a
g

sequence in the aspect model

e Exclude: A message in the primary model encompassed in a composite tag

that needs to be excluded from the composition.

The atomic composition operations implement the tags specified in the primary
model. The <<replace>> tag and <<exclude>> tags are associated with single
messages and are implemented by the replace and ezclude atomic operations respec-
tively.

The <<simpleAspect>> tag is implemented .by the insert operation, since the
aspect message sequence is just inserted in the primary model sequence.

The compositeAspect tag can be implmented using a combination of the atomic
operations, since the composition is based on the pre-defined fragments in the
aspect model. The <<begin>>, <<end>>, <<before>, or <<after>> are
implemented by the insert operation. For template messages that are to be
bound, the merge operation composes the messages by default unless there is an
explicit, <<replace>> or <<exclude>> specified on the message. If there is a
<<replace>> or<<exclude>> tag specified then the corresponding atomic oper-
ations implement these tags.

The atomic operations described above are meant to be be used as guidelines for
adding the behavior in the metamodels. We have not implemented the composition

metamodel for sequence models in our work.
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Chapter 7

Pilot studies

In this chapter we show the application of the class model and interaction model
composition techniques using a money transer service application and a partial bank-
ing application. The money transfer service design models are composed with design
models that address transaction management. The partial banking application design

models are composed with design models that address security and replication.

7.1 Transaction Aspect and Net Banking Applica-
tion - Pilot Study

The money transfer service application requires a transaction aspect to manage the
money transaction. A money transfer service is used for payment of bills, transfering
money between accounts, etc. A money transfer service application class model is
composed with a transaction aspect class model to show class model composition.
A money transfer sequence model is composed with a transaction aspect sequence

model to show the interaction model composition.

7.1.1 A Money Transfer Service Primary Model

Money transfer services such as NetBank or PayPal, make requests for transferring
money from one account to another. The account may exist in a single or may be

from different banks.
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7.1.1.1 Money transfer service class model

Figure 7.1 shows a part of the design class model for a money transfer service. The
accounts are managed by AccountManager objects. An AccountManager object can
manage multiple Account objects. The MoneyTransferService objects can make
requests to the Account objects to withdraw or deposit a certain amount of money

through the AccountManager objects.

AccountManager Account

withdraw(acc:String, amount:float) AAm AmA

deposit(acc:String, amount:float) 1

withdraw(amount:float)
manages

deposit(amount:float)

* | MtsAm

providesAccess

* | AmMts

MoneyTransferService

moneyTransfer(acc:String, acc:String, amount:float)

lookUp(acc:String)

Figure 7.1: A money transfer service primary class model

7.1.1.2 Money transfer service sequence model

Figure 7.2 shows a sequence model that describes how money is transferred from one
account to another. Invocation of the moneyTransfer operation in MoneyTransfer-
Service by some client (not shown in the figure) results in invocations of the lookUp
operation to identify the account managers that manage the accounts involved in the
money transfer. The sequence model shows that acc1 is managed by am1 and acc2
is managed by am2, where accl and acc2 are account numbers and am1 and am2 are
account manager instances. The amount that needs to be withdrawn from acc1 and
deposited into acc2 is passed in using the string parameter amount. This is done
using two operations, withdraw and deposit. The withdraw operation withdraws

money from an account (accl) and the deposit operation deposits money into an
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account (acc2).

sd Money transfer accl, acc2: String

amount:float

‘7 :MoneyTransferService J Laml:AccountManager—l @Z:AccountManager

l
money Transfer(accl, acc'l|, amount)

aml = lookUp(accl)

am2 = lookUp(acc2)

withdraw(accl, amount)

T
'
'
'
1
]
]
[
1
'
t
¥
'
'
)
)
'
]
i
i
!
'
t

deposit(acc2, amount)

[

]
i
[

Figure 7.2: Primary sequence model describing money transfer scenario

The moneyTransfer operation needs to invoke both withdraw and deposit op-
erations, otherwise the operation cannot be performed in the desired manner. For
example, if the money is withdrawn from one account, it needs to be deposited in
the other account, otherwise the moneyTransfer operation will be incomplete. Hence
the withdraw and deposit operations should be made transactional in the context of
moneyTranser operation. This can be accomplished by incorporating a transaction

management feature.

7.1.2 A Transaction Aspect Model

A transaction is an indivisible collection of operations between servers and clients
that remains atomic even if some clients and servers fail. An atomic operation is
an operation that is free of interference from concurrent operations performed by
other threads in a system. An atomic operation is guaranteed to have only one of
the two known outcomes (i.e. complete success or complete failure). For example,

when transferring an amount from one bank account to another if the machine loses
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power, it is best that neither account’s balance be changed. In other words the known
outcome should be a complete failure.

The transaction aspect model consists of a class diagram template (see Figure 7.3)
and an sequence diagram template (see Figure 7.4). The transaction aspect shown
in Figures 7.3 and 7.4 describe a distributed transaction protocol that can use a one-
phase commit or a two-phase commit sequence to commit the transaction depending

on the success or failure of operations.
7.1.2.1 A Transaction aspect class diagram template

The class diagram template shown in Figure 7.3 has two class templates, TransClient

and Participant, and a class TransactionManager.

e TransClient represents the set of classes that initiate the transaction and per-

form operations for the specific transaction.

e Participant represents the set of classes that provide some service required by

the transaction clients.

e A TransactionManager is responsible for coordinating and managing transac-

tions.

TransClient has an operation template named Operation representing opera-
tions that initiate transactional behavior. The decision operation represents func-
tionality that records the outcome of a transaction. As stated earlier, the outcome of
the transaction can only be a complete failure or a complete success and is recorded
as a boolean value. A transaction may either be committed or aborted depending on
the decision. The processCommit and processAbort operations are carried out by
the TransClient when a transaction is committed or aborted respectively.

The Participant class template has two operation templates named trans-

Operation and do_transOperation. The transOperation represents the Partici-
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[TransClient TransactionManager

. manages_clientTrans 1
|Operation(|params*) |a l £S5 openTransaction(t: Ttype)

decision(decision:boolean) |TrMaTrCl ITrCITrMa | join(Tid:[type, Pid:|type)
processCommit(Tid: [type) addPartici o -

S articipant(Tid:|type, Pid:|type)
process Abort(Tid: type) closeTransaction(Tid:|type)

[PaTrCl e initiateVotingPhase(Tid:|type)
timeOut(Tid:|type)
[requests_participant abortTransaction(Tid:|type)
1 |PaTrMa
[TrClPa | |d
|Participant
handl articipants
|transOperation(Tid:|type, |[params1*) fm Ihandles_particip

do_|transOperation(Tid:|type, |params1*) |TrtMaPa
canCommit(Tid:|type)
doCommit(Tid:|type)
processCommit(Tid:|type)

<<enumeration>>

la.lower>=1 Ttype

doAbort(Tid:|type) |c.lower>=0 ‘
process Abort(Tid:|type) |d.lower>=1 onePhaseCommit
|m.lower>=1 twoPhaseCommit

Figure 7.3: Transaction aspect class diagram template

pant operations that are transactional. The instantiation of the operation template
(Operation) defined in the TransClient make the instantiations of transOperation
transactional. For every instance of transOperation there should be a corresponding
instantiation of do_transOperation. For example, if the transOperation template
in Participant is instantiated with a name opl, then do_transOperation must be
instantiated as do_opl. The canCommit, doCommit, processCommit, doAbort and
processAbort are operations used by the TransactionManager object to communi-
cate with a Participant object.

The openTransaction, join, addParticipant, closeTransaction, and abort-
Transaction operations in the TransactionManager class are operations used for
interaction between Participant objects, TransClient objects and Transaction-
Manager object. The openTransaction, closeTransaction, and abortTransaction
are used to open, close and abort a transaction respectively. A Participant object
can request to join a particular transaction using the join operation. A Participant

object can be added to a particular transaction by the TransactionManager object
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using the addParticipant operation. The timeQut operation is used to time out a
particular transaction after a certain period of time. The initiateVotingPhase ini-
tiates the voting process that will lead to either completion or aborting of a particular
transaction. Note that none of the operations specified in the TransactionManager
class are template operations and hence need not be bound to application-specific
values.

The multiplicity constraints state that a TransClient object should be linked
to atleast one Participant object. Each Paricipant object is linked to exactly
one TransactionManager object. The transaction protocol type (Ttype) is shown as

enumeration consisting of onePhaseCommit andtwoPhaseCommit protocols.
7.1.2.2 A Transaction aspect sequence diagram template

The sequence diagram template describes a family of transaction scenarios (see Figure
7.4). A typical scenario in the family is as follows: A TransClient object (i.e., an
object of a class obtained from binding TransClient to application specific values)
initiates the transaction by sending the openTransaction operation call message to a
TransactionManager object. When the TransactionManager object receives open-
Transaction message, it opens a transaction and returns a transaction id (Tid). This
Tid is sent as a parameter in all subsequent operations to identify the transaction.
The TransClient then performs the collection of operations that exhibit trans-
actional behavior for that transaction using the Tid. When a Participant object
receives a message request, it checks whether it is already a member of the par-
ticular transaction. If not, the Participant object joins the transaction before it
performs the requested operation. The Figure 7.4 shows a collection of Participant
objects called theParticipants representing the set of Participants involved in the
transaction. When the Participant object joins the transaction, the Participant

object is added to the transaction by the TransactionManager object using the
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sd Transaction ’ Tid, Pid: String

t:transProtocol

theParticipants:
Participant[1..*]

transactionAborted, timeOut, decisionAbort, decisionComrnit : boolean

:|TransClient :|Participant
¥

:Transaction
Manager

openTransaction{t: Ttype)

<<begin>>/ g

Tid

<<body>>

|
T
'
|
[

| ltransOperation(Tid,|params1*)
pe 1%

v
'
T
T
I
'
1
'
[
1

opt false) join(Tid,Pid)
E addParticipant(Tid, Pid)
do_]n'ansOperation(Tidv:,|params1 *)
T
1
<<end>> closeTransaction(Tid) '
'
: [t = twoPha:
n
twoPhaseCommitSeq ;
)
)
1
)
)
)
1
________________________________________ :___‘..___________________<_<
' [t = onePh
1
7
onePhaseCommitﬁeq
|
\
1
‘ . ~ [decision!
- processCommit(Tid) ' <<multicast>> doCommit(Tid)
: EI processCommit(Tid)
]
ion(abort) [decisio

- processAbort(Tid)

<<multicast>> doAbort(Tid)

processAbort(Tid)

Figure 7.4: A transaction aspect sequence model

addParticipant message. The Participant object then delegates the transOpera-
tion responsibility by calling the corresponding instantiation of do_transOperation
message template. The operations are then executed based on the type of protocol
selected. In the Figure, the transaction one-phase and two-phase commit protocols

are shown as alternate interaction occurences. Depending on the type of protocol
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chosen the particular interaction occurence will occur.

sd twoPhaseCommitSeq J Tid, Pid: String
transactionAborted, timeQut, decisionAbort, decisionComumit : boolean

:{TransClient :[Participant theParticipants: :Transaction
'
)
!
)

Participant[l1..*] Manager

initiateVotingPhase(Tid)

I
! 1
I
I

Loop [noVoteExist or yesFromAll} J
] <<multicast>> canCommit(Tid)

<<multireceive>> Yes/No

initiateCompletionPhase(Tid)

abortTransaction(Tid)

9Pt | timeQut(Tid)

ILbreak [t@hsactionAborted or timeQOut] initiateCompletionPhase(Tid) }

Figure 7.5: Sequence diagram for two phase commit protocol

Two-Phase Commit Protocol: When the TransClient, object requests to close
the transaction, the TransactionManager object starts the commit protocol depend-
ing on the chosen transaction protocol type. The sequence model in Figure 7.5 shows
the details of the two-phase commit protocol. The one-phase commit protocol is
shown as an interaction occurance in Figure 7.4 and the detials are not shown in
this thesis. In the first phase (voting phase) of the two-phase commit protocol, the
TransactionManager object polls all the Participant objects to check if they are
ready to commit. In the second phase (completion phase), the TransactionManager
object decides to abort or commit the transaction based on the result obtained from
the voting phase. The decision is multicast to all participant object. At any time
during the transaction, the TransClient objects can request to abort the transac-
tion or the TransactionManager object may timeout. Both requests result in the
initiation of the completion phase, even when the voting phase is incomplete. The

TransactionManager object will then eventually decide to abort and all Participant
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objects will be informed. The Participant objects will then roll back the transaction
individually.

The transaction aspect model has multiple lifeline templates and message tem-
plates that are structured using defined fragments of a compositeAspect tag. The
transaction model has a <<begin>> fragment, a <<body>> fragment and an
<<end>> fragment. The transaction aspect does not have a <<before>> and

<<after>> fragment.

7.1.3 Applying class model composition

The transaction aspect class diagram template needs to be instantiated before it
can be composed with the primary model using the prototype implementation. The
_ context-specific aspect model is obtained by instantiating the transaction aspect class
diagram template shown in Figure 7.3 in the context of the money transfer service
primary model shown in Figure 7.1. A system developer uses domain knowledge
to obtain the bindings that are used during the instantiation. For example, the
transaction aspect models has a témplate operation called transOperation which
represent the operations that are transactional. In the primary model withdraw and
deposit are transactional operations if they are invovled in the money transfer. So
the transOperation is bound to withdraw and deposit. An instantiation of the
transOperation produces a corresponding instantiation of do_transOperation to
do_withdraw and do_deposit. The list of bindings are shown in table 7.1. The
values used in the bindings shown in the table are names obtained from the primary
model element or the name of an application-specific element that is to be added to
the composed model during composition.
The |type is mapped to String for all the Tid and Pid. The [type is used in
several operations but its binding is shown only once in the table. The application of

bindings on the transaction aspect class diagram template results in a money transfer
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Table 7.1: Bindings for money transfer specific transaction aspect

| Aspect model parameter | Application specific element |
|TransClient MoneyTransferService
| TransClient::|Operation MoneyTransferService::moneyTranfer
|Operation::|params* moneyTranfer::acc, acc, amount
|Participant AccountManager
|Participant::|transOperation AccountManager::withdraw
|Participant::|transOperation AccountManager::deposit
|params1* acc:String, amount:float
ltype String
la 1.%*
lc *
|d 1.%
|m 1.*
|requests_participant providesAccess
|manages_client Trans manages_moneyTrans
|handles_participants handles_accountManagers
|PaTrCl AmMts
|TrClPa MtsAm

| TrMaTrCl TrMaMts
|TrClTrMa MtsTrMa
|PaTrMa AmTrMa
|TrMaPa TrMaAm

“context-specific transaction aspect class model shown in Figure 7.6.

Once the context-specific aspect class model is obtained, it is composed with the
primary class model. The withdraw and deposit operation of the primary class
model are persistant and used to withdraw and deposit money respectively. However,
in the context-specific aspect class model the withdraw and deposit is not accom-
plished by the withdraw and deposit operations. The withdraw and deposit oper-
ations make a call to the do_withdraw and do_deposit operations. The do_withdraw
and do_deposit operations are persistant.

The tool uses a default signature type to compose the withdraw and deposit

operations in the primary class model with the withdraw and deposit operations of
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MoneyTransferService TransactionManager
TrMaMts MtsTrMa

moneyTransfer(acc:String, acc:String, amount:float)

. . openTransaction(t: Ttype)
o ey |+ manages_moneyTrans | | join(Tid:String, Pid:String)

processAbort(Tid:String) addParticipant(Tid:String, Pid:String)

closeTransaction(Tid:String)

*1 AmMits initiateVotingPhase(Tid:String)
timeQut(Tid:String)
providesAccess abortTransaction(Tid:String)
1 AmTrMa
L.* | MtsAm
AccountManager

withdraw(Tid:String, acc:String, amount:float)
do_withdraw(Tid:String, acc:String, amount:float)
deposit(Tid:String, acc:String, amount:float)
do_deposit(Tid:String, acc:String, amount:float) 1.% handles_accountManagers
canCommit(Tid:String)
doCommit(Tid:String) TrMaAm
processCommit(Tid:String)
doAbort(Tid:String)
processAbort(Tid:String)

Figure 7.6: Context-specific transaction aspect class model

the context-specific aspect class model. If the models are merged using the tool the
withdraw and deposit operations in the primary class model will be merged with
withdraw and deposit operations of the context-specific aspect class model. This
results in a faulty model since the operations do not have the same intent. This can

be avoided by applying the following composition directives:

1. remove primary::AccountManager: :withdraw

2. replaceOccurrences primary::AccountManager::withdraw

with aspect::AccountManager: :do_withdraw()
3. remove primary::AccountManager::deposit

4. replaceOccurrences primary::AccountManager: :deposit

with aspect::AccountManager::do_deposit()

The composition directives delete the withdraw and deposit operations in the

primary model and replace them with do_withdraw and do_deposit operations of
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the aspect model.

MoneyTransferService TransactionManager

money Transfer(acc:String, acc:String, amount:float) TrMaMts MisTrMa openTransaction(t:Ttype)
decision(decision:boolean) join(Tid:String, Pid:String)
processCommit(Tid:String) 1..* manages_moneyTrans 1| addParticipant(Tid:String, Pid:String)
processAbort(Tid:String) closeTransaction(Tid:String)
lookUp(acc:String) initiateVotingPhase(Tid:String)

* | AmMits timeOut(Tid:String)
abortTransaction(Tid:String)

—_

providesAccess AmTrMa

1% | MtsAm

AccountManager

1.% handles_accountManagers

withdraw(Tid:String, acc:String, amount:float)
do_withdraw(Tid:String, acc:String, amount:float)
deposit(Tid:String, acc:String, amount:float)
do_deposit(Tid:String, acc:String, amount:float)
canCommit(Tid:String) Account
doCommit(Tid:String)
processCommit(Tid:String)
doAbort(Tid:String) 1 manages *
processAbort(Tid:String)

TrMaAm

AAm AmA | withdraw(amount:float)
deposit(amount:float)

Figure 7.7: Composed model for transaction aspect with money transfer service

The context-specific transaction éspect model and the modified primary model
are merged using a default signature type (name) for classes, operations and a
complete signature types for parameters and association ends. The resultant
composed model (see Figure 7.7) exhibits a functionality in which the the withdraw
and deposit operations make a call to the do_withdraw and do_deposit operations.
The withdrawl and deposit are performed by the do_withdraw and do_deposit and
save to a persistant storage. Note that, in the primary model the multiplicity on the
association end property MtsAm is “*” and in the context-specific aspect model the
multiplicity on the association end property MtsAm is “1..*”. The resultant composed
model shows a stronger multiplicity of “1..*” as a result of the default composition.

If the weaker multiplicity of “*” was needed the following merge directive can be used:

association end multiplicity aspect::MoneyTransferService: :MtsAnm;
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primary: :MoneyTransferService: :MtsAm weaker

If an alternative signature type is used after renaming the operations, a modeler
may need to apply more composition directives to obtain the desired results. As an
example, consider a signature-based match with a default signature type (name) for
classes, association ends and a signature type for operations consisting of name and
ownedParameters.

The signature-based match will result in a composed model (see Figure
??) that does not exhibit the desired properties. The withdraw(acc:String,
amount:float) in the primary class model and withdraw(Tid:String,
acc:String, amount:float) in the aspect class model reflect the same intent
but do not match with respect to the signatures and will both be included in the
composed model. Similarly deposit(acc:String, amount:float) in the primary
class model and deposit(Tid:String, acc:String, amount:float) in the aspect
class model do not match and will both be included in the composed model. The

following composition directives need to be applied to obtain the desired results :

1. remove primary::AccountManager: :withdraw()

2. replaceOccurrences primary::AccountManager::withdraw()

with aspect::AccountManager: :withdraw()
3. remove primary::AccountManager: :deposit()

4. replaceOccurrences primary::AccountManager::deposit

with aspect::AccountManager: :deposit ()

7.1.4 Applying interaction model composition

The money transfer scenario shown in 7.2 talks about tranfer of money from one

account to another. The MoneyTransferService object gains access to the accounts
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using AccountManager objects by validating the input parameters. The parameters
are account numbers (acci, acc2) and amount (amount) of money that needs to be

transferred from one account to another.

sd Money transfer accl, acc2: String

amount:float
tp:transProtocol=twoPhaseCommit

L :MoneyTransferService | [ilml:AccountManager-I | am2:AccountManager
U ]
moneyTransfer(accl, acc2|, amount)

am1 = lookUp(accl)

am? = lookUp(acc2)

<<compositeAspect: ransaction (tp=twoPhaseCommit)

)

withdraw(accl, amount)

1

1
deposit(acc2, amount)
T

b
|
1
1
t
1
|
'
i
'
I
I
'
|
!
T
'
¥
]
)
I
I
'
'
'
t
'

L

Figure 7.8: Tagged money transfer sequence model

The withdraw and deposit operations have to be composed with application-
specific values of transaction aspect sequence diagram template to make them trans-
actional. The withdraw and deposit operations span across more one lifeline and
are specified using fragments of a compositeAspect tag (see Figure 7.8). The figure
shows the name of the compositeAspect Transaction and the transaction protocol
type twoPhaseCommit passed in as a parameter.

The composition of transaction aspect sequence model with the primary sequence
model is done using the implicit binding semantics of the compositeAspect tag. The
result of composing the transaction aspect sequence model shown in Figure 7.4 with
the primary sequence model is shown in Figure 7.9.

The lookup sequences present in the primary sequence model are not affected
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sd Transaction Tid, Pid: String

t:transProtocol
transactionAborted, timeOut, decisionAbort, decisionCommit : boolean

[ :MoneyTransferServicd l aml:AccountManager , [ am2:AccountManager :Transaction
T Manager

mone yTransfer(acé 1,acc2,amount)

T
!
+
:
'
am] = lookUp{accl)
)
1
!

am2 = lookUp(acc2)

openE‘ransaction(t:Ttype)

'
[
[
'
T [
'
T
'
'
|

1
‘ Tid

d withdraw(Tid,acc1,amount) J

opt [joineff= false} ' join(Tid,Pid)

0
)
r
' addParticipant(Tid,Pid)
I
t
v

do_withdraw(Tid,acc1,amount)

)
deposil(Tid,ach,amoum)

'
1
1
)
1

opt joincdle] false] join(Tid,Pid)

addParticipant(Tid,Pid)

do_deposit(Tid,acc2,amount)

<<end>>

Figure 7.9: Money transfer sequence model composed with transaction aspect se-
quence model

by the transaction aspect since they are not composed with any aspect sequence
model element. Using the implicit binding semantics, the TransClient is bound to
a MoneyTransferService object and the Participant to ami:AccountManager and
am2:AccountManager. Based on the rules defined for a compositeAspect tagged
primary model, the message template transOperation(Tid, params#*) sent by the

TransClient lifeline template and received by the Participant template is bound to
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messages that originate from a MoneyTransferService object (application specific
value of TransClient lifeline template) and received by AccountManager objects
(application specific value of Participant lifeline template).

For every instance of transOperation fhere is a corresponding instantiation of
do_transOperation. In our case, the transOperation template in Participant is
instantiated to withdraw and deposit. Hence do_transOperation is instantiated as
do_withdraw and do_deposit.

The merge occurs as per the rules of the compositeAspect fragments.

The <<begin>> fragment is the first sequence to appear. The openTransaction
message which a part of the <<begin>> fragment is sent to the Transaction-
Manager object with the twoPhaseCommit as the parameter.

The <<body>> sequence is applied to each message within the composite frag-
ment, hence, the <<body>> is applied to the messages: withdraw and deposit. The
resultant behavior must exhibit the semantic properties of the withdraw and deposit

-message defined in the primary model. The body fragment refines the primary model
messages by making them transactional. During the composition, the Tid parameter
(representing the transaction Id) is inserted. The refinement results in a sequence in
which withdraw and deposit are performed only when the participant objects that
perform the services are part of that transaction.

The <<end>> sequence appears in the composed model at the end of the se-
quence of messages, similar to the <<begin>> sequence that appears at the start.
The end sequence is a two phase commit protocol sequence, since the input parame-
ter defined in the composite tagged primary model is a two phase commit protocol.
The TransactionManager object multicasts canCommit to the AccountManager ob-
jects as per the two phase protocol. The transaction is committed only when both
the AccoutManager objects commit to the transaction otherwise the transaction is

aborted. The end sequence is shown as an interaction occurance for lack of space (see
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figure 7.9). The full sequence model is shown in appendixA.

7.2 Discussion

The class and interaction model composition tecniques are described independently
in this thesis. Class models and sequence models provide different views of a design.
Hence, these views should be consistent with each other. For example, if a change is
made in class model the corresponding sequence model should reflect that change. A
modeler may choose to compose the structural design models before the behavioral

models or vice versa. Hence the model views should be consistent with each other.

7.2.1 Consistency of composition techniques

The class model composition uses composition directives and the interaction model
composition uses tags to support the composition of aspect and primary models.
Tags may be considered as a form of composition directives, since they guide the
composition process. For example, the <<begin>> fragment of compositeAspect
tag orders the composition of specific elements by stipulating that the aspect model
elements enclosed within the begin fragment must preceed other composed model
elements that are obtained during composition. Hence, a modeler needs to understand
the relationships between tags and composition directives to determine the limitations
of using tags to specify composition directives. For example, determining the types
of directives that are best specified as tags and directives that cannot or should not
be specified as tags.

As another example, consider the precedes and follows model directives that
specify the weave-order between aspect class models. In interaction model compo-
sition, the tagging of the primary model sequence models determine the order of
composition. The weave-order can be easily enforced if the aspect model sequences

are orthogonal to each other and if mulitple aspect sequence models are not com-
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posed with the same message in the primary model. If the aspect sequence models
are non-orthogonal and multiple aspect sequence models need to be composed with
the same sequence of primary model messages, the weave-order can be specified as
using an inner and outer interaction fragment. For example, if connectivity aspect
needs to composed prior to the transaction aspect, we can specify that the connec-
tivity aspect should be composed before the transaction aspect by encompassing the
messages using the interaction fragments as shown in Figure 7.10. The inner fragment
compositeAspect needs to be composed with the addAccess message before the outer

fragment compositeAspect.

sd nonOrthogonal I

:ClientManager

] '
'
'
) i

<<compositeAspect>> con'nectiviu
L]
1

<<compositeAspect>> transaction ) |
.

move() '

L

Figure 7.10: Tagging a message in the primary model with multiple aspect sequence
models

Some of the composition directives may not have a corresponding tag fragment in
the interaction model composition. For example, the rename composition directive
does not have a corresponding tag fragment specified in the interaction model com-
position. In such cases, care should be taken such that the models are consistent.
UML tools that automatically update the different views when a change is made to
a particular view are useful in such cases.

In the transaction aspect and netbanking pilot study, the following composition
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directives were applied:

1. remove primary::AccountManager: :withdraw

2. replaceOccurrences primary::AccountManager: :withdraw

with aspect::AccountManager: :do_withdraw()
3. remove primary::AccountManager: :deposit

4. replaceOccurrences primary::AccountManager: :deposit

with aspect::AccountManager: :do_deposit()

sd Money transfer accl, acc2: String

amount:float
tp:transProtocol=twoPhaseCommit

( :MoneyTransferService —I le:AccountManager J am2:AccountManager

1
moneyTransfer(accl, accEl, amount)
aml = lookUp(accl)

am? = lookUp(acc2)

T
1
t
b
|
i
3
'
1
'
[
1
I
)
'
[
t
)

)

<<replace>> do_withdraw(accl, amt')unt)

'ransaction (tp=twoPhaseCommit)

1
<<replace>> do_depdsit(acc2, amount)

' L

T
1
1
t
'
'
!
)
'
1
!
[l
'
t
'
'
T
|
'
t
'
'
+
'
)
]
I
I

Figure 7.11: Tagged money transfer sequence model consistent with class model

The remove directive shown above is applied on withdraw and deposit operation
defined in the AccountManager class in Figure 7.1. When the remove directive is
applied during the class model composition, the withdraw and deposit operation call
message from MoneyTransferService object to AccountManager objects in Figure

7.2 should reflect the change (see Figure 7.11).
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The references to the primary model operations withdraw and deposit are re-
placed with an aspect model element using the replaceOccurences directive in the
class model composition. The corresponding operation call messages withdraw and
deposit in the primary sequence model are tagged with the <<replace>> tag to.

reflect the intent.

7.2.2 Tags in the primary model

The use of tags to support composition of some scenarios into the primary sequence
models raises the issue of the using different ways to tag the primary model. The
functionality provided by the primary model determines the type of tag applied on

the primary model.

sd Money transfer J acel, acc2: String

amount:float
tp:transProtocol=twoPhaseCommit

:MoneyTransferService !:mleccountManager

| amZ:AccountManagerJ

i
moneyTransfer(acc1, acc2., amount)

<<simpleAspect>> Lookup(accl)

<<simpleAspect>> Lookup(acc2)

withdraw(accl, amount)

1
B

deposit(acc2, amount)

Figure 7.12: Money transfer service primary Model with simpleAspect Lookup Tag

Figure 7.2 shows a sequence primary model for the money transfer service. The
MoneyTransferService object provides a lookUp message for getting a reference to
each AccountManager object. The functionality provided by the lookUp message
is required for both centralized and distributed systems. However for distributed

systems, middleware normally provides this feature. Therefore, a developer may
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sd Money transfer J accl, acc2: String

amount:float
tp:transProtocol=twoPhaseCommit

, :MoneyTransferService J Eml:AccountManagegrl am2:AccountManager

money Transfer(accl, acc2|, amount)

<<compositeAspect>> CORBA_Lookup )

aml = lookUp(accl)

am?2 = lookUp(acc2)

withdraw(accl, amount)

deposit(acc2, amount)

Figure 7.13: Money transfer service primary model with compositeAspect Lookup
Tag

choose to omit the two lookUp messages in Figure 7.2 and specify a primary model
without the lookUp methods.

The lookUp in the primary model enables the MoneyTransferService object to
interact with the AccountManager objects that are managing the accounts involved
in the money transfer. The developer may choose to tag the primary model using
simpleAspect tags as shown in Figure 7.12. If the primary model has elements
that are centralized and needs to be distributed, the primary model element must be
overridden by the middleware aspect model using a compositeAspect tag (see Figure

7.13. In the Figure, the lookUp message is overridden with the CORBA_Lookup aspect.

7.2.3 Effect of signatures on composition directives

The composed model shown in Figure 7.7 is obtained using a default signature type
(name) for classes, operations and a complete signature types for parameters and

association ends. The signature type can be varied to obtain a different composed
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model. However, improper usage of signature type can result in models that are not
well-formed. In cases where the composition is expected to yield undesirable results,
composition directives can be used to obtain the desired results.

Complete signature types are typically used for matching contained model ele-
ments such as class attributes and operation parameters. Default signature types
are typically used for matching model elements such as packages. The usage of a
particular signature type can affect the composition directives that may need to be
applied. For example, consider two models with operations that have the same name
but different return types. If the two operations are composed using a default sig-
nature type (only name) the operations match with respect to the signature but a
conflict arises due to the different return types. The conflict may be resolved using
a composition directive that overrides an operation in one model with the operation
in the other model. If the two operations are composed using a signature type con-
sisting of operation name and return type, then the two operations do not match and
are both included in the composed model. This negates the usage of a composition
directive if the intent is to obtain both the operations in the composed model.

Usage of particular signature types may sometimes lead to models that are not
well-formed. As an example, consider matching the context-specific aspect class
model 7.1 and primary class model 7.6 with signature type consisting of class name
and ownedOperations. If the models are composed using such a signature type,
it will result in a model that is not well-formed (see Figure 7.14). The composed
model needs to be altered using multiple add, delete and changeOccurences compo-
sition directives to make it well-formed. This can be avoided by just changing the
signature type to default signature type for classes and complete signature type for
operations. A selection of a particular signature type may result in the application

of more composition directives or vice versa.
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MoneyTransferService

moneyTransfer(acc:String, acc:String, amount:float)
decision(decision:boolean)
processCommit(Tid:String)

TrMaMts MtsTrMa

TransactionManager

|+ manages _moneyTrans

openTransaction(t: Ttype)
join(Tid:String, Pid:String)
addParticipant(Tid:String, Pid:String)

MoneyTransferService

processAbort(Tid:String) closeTransaction(Tid:String)
* |[AmMts initiateVotingPhase(Tid:String)
providesAcces timeOut(Tid:String)
1.% | MtsAm abortTransaction(Tid:String)
AccountManager 1| AmTiMa
withdraw(Tid:String, acc:String, amount:float)
do_withdraw(Tid:String, acc:String, amount:float) 1.% handles_accountManagers
deposit(Tid:String, acc:String, amount:float)
do_deposit(Tid:String, acc:String, amount:float) TrMaAm
canCommit(Tid:String)
doCommit{Tid:String)
processCommit(Tid:String)
doAbort(Tid:String)
processAbort(Tid:String)
Account

moneyTransfer(acc:String, acc:String, amount:float)
lookUp(acc:String)

withdraw(amount:float)
deposit(amount:float)

deposit(Tid:String, acc:String, amount:float)

* | AmA

* 1 AmMts
providesAccess
* | MtsAm
AccountManager 1 manages
withdraw(Tid:String, acc:String, amount:float) AAm

Figure 7.14: Composed model for transaction aspect with money transfer service not

well-formed

7.3 Authorization Aspect, Replication Aspect and
Banking Application - Pilot Study

In this pilot study we model two solutions that address dependability features: an

authorization-based access control aspect and a replicated repository fault tolerance

aspect [57, 59]. The aspect models are composed with a primary model describing

a small banking system. We also show the application of composition directives on

class models to obtain the desired results when the they do not exhibit the desired

properties.
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7.3.1 Banking Application Primary Model
7.3.1.1 Banking aplication primary class model

Figure 7.15 shows a class model describing a part of the banking application. Client
objects, for example customers and tellers, make requests to the ClientManager
objects to perform operations on accounts. Operations include adding or deleting
accounts, and debiting or crediting accounts. Accounts are held in a repository that

is an instance of AccRepository.

Client ClientManager
* requestsThro 1
userld: String ConCli CliCon}{ addAccount(userld, accType)
AccRCm | t
tracks
CmAceR | 1

Account .
¢ AccRepository

accld: int - holdsAccs 1
accType: String

AccRAcc AccAccR

create Account(acctType)

Figure 7.15: Banking application primary model

7.3.1.2 Banking application primary sequence model

Figure 7.16 shows a sequence model that describes how an account is added to the
system. Invocation of the addAccount operation in ClientManager object with the
type of account (accType) by a Client object results in the creation of a new account
using the createAccount operation. Once the new account is created the account

identity (accId) for the given account type.

7.3.2 An Authorization aspect model

Authorization is a security concern and is crosscutting in nature. A solution that
addresses authorization, can be used to prevent unauthorized handling of resources.

In our authorization aspect model, we describe a family of solutions in which accesses
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sd AddAccount accType: String

accld: int

!
addAccount(userld, accType) !

'
t
¢
'
'
'
'
'
'
t

accld = createAccount{accType)

A
'
'
'
1
1
|
'
|
'
'
'
'
(
1
i
i
)
)
1
|
|

Figure 7.16: The AddAccount sequence model

to protected operations must first be authorized. The authorization aspect model

consists of a class diagram and sequence diagram template.

7.3.2.1 An Authorization aspect class diagram template

|AuthorizationEntry
. [Requestor horizedRs
|directAccess ibi lauthorizedReqld
<<prohibited>> reqld authorizedOperld
l q
[Transact la |m
< Jaccesses
perform_|Operation[1..*}(Jreqld,|params1*) lopReqlds
|x
b 1
|AuthTrans v |Authorizer |AuthorizationRepository

: e d
* *
Multiplicty constraints [Operation(1 . *}(reqld.params1 *) jopReps checkAuth(reqld:int, operld:int)

Ja.lower>=0, b.lower>=0
[c.lower>=0, |d.lower>=1
[x.lower>=1, |y Jower>=1
im.lower>=1

Figure 7.17: A class diagram template for the Authorization aspect model

The class diagram template shown in Figure 7.17 has five class templates.

e Requestor is a template for client classes. It has an attribute template named

reqld representing a client’s identifier.

e Authorizer is a template for classes that are responsible for authorizing clients.

It has an operation template named Operation representing operations that
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authorize clients. An instantiation of Authorizer can have one or more instan-
tiations of operation associated with it. This is indicated by the instantiation

multiplicity [1..*] associated with the operation template.

e Transact is a template for classes that contain protected operations (i.e. op-
erations that can only be invoked by authorized clients). It has an opera-
tion template named perform_|Operation representing protected operations.
If the Operation template in Authorizer is instantiated with a name op1,

then perform_|Operation must be instantiated as perform_opl.

e AuthRepository is a template for classes representing repositories of client-

operation authorizations.
e AuthorizationEntry is a template for classes representing authorization data.

The <<prohibited>> stereotype on the association template directAccess
indicates that associations between application-specific values of Transact and
Requestor class templates are prohibited. If such an association exists in a pri-
mary model then the association is deleted when an instantiation of the aspect class

diagram template is composed with the primary class model.
7.3.2.2 Authorization aspect sequence diagram template

Figure 7.18 shows an sequence diagram template that describes a family of autho-

rization scenarios. The following is a typical scenario in the family:

e A Requestor object (i.e., an object of a class instantiated from Requestor)

sends an operation call message to an Authorizer object.

e The Authorizer object checks whether the client is authorized to invoke the
requested operation by searching for an authorization in a AuthRepository

object. This check is done using the getAuth.
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sd |authorizationAspect
:|Requestor :jAuthorizer :JAuthRepository :|Transact
il I ]

<< body >>
|Operauon(|reqld |params1 *)I

pAuth = |checkAuth(jreqld, Icperld
:

l '

t

!

0]
[opAuth perform_|Operation(reqld, |Params 1*)

: 1

|
1
'
T
]
)

Figure 7.18: A sequence diagram template for the authorization aspect model

e If the authorization succeeds, then the Authorizer object delegates the respon-
sibility of performing the requested operation to a Transact object by calling
the corresponding instantiation of |Operation. This is represented using the

opt interaction occurance in the sequence diagram template.

The authorization aspect model has multiple lifeline templates that need to
bound with application-specific values and is modeled using the compositeAspect
tag fragments. The sequence diagram template (see Figure 7.18) consists of only the

<<body>> fragment.

7.3.3 A Replicated Repository aspect model

Resources can be replicated to improve fault tolerance [61]. We describe a simplified
data redundancy solution based on the use of replicated data repositories. Data
replication can be accomplished using either primary/backup techniques or active
replication techniques. With primary/backup replication, if a failure occurs in the
primary repository, another repository must take over. Active replication requires

that some sort of group communication be available for messaging between the client
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and replicas. In addition, messages must be totally ordered so that each replica
performs the same updates in the same order. The simple replication aspect described
in this study uses active replication, and therefore imposes an additional constraint on
the system design that a totally ordered broadcast group communication mechanism
be available. In the pilot study, the messages are broadcast to replicas that are in a

ready state. A replica in a not ready state is not available for access.

7.3.3.1 A Replicated repository class diagram template

|[Entity
entityld
Multiplicity constraints Jentity
la.lower >=0
[blower >=2 la

|m.Jower >=1

|containsEntity

0,b
[RepUser |ReplicatedRepository
jupdates b

Im

}doTask{1..*](jparams2*)
|getState()
|getReady()

T~

All communications from [RepUser to |ReplicatedRepository
occurs via totally ordered broadcast mechanism

Figure 7.19: A class diagram template for the Replicated Repository aspect model

Figure 7.19 shows a class diagram template of a simple replicated repository aspect

model. There are three class templates in the aspect model.

e RepUser: Instantiated classes represent repository users.
e ReplicatedRepostiory: Instantiated classes represent repositories.

e Entity:Instantiated classes represent items stored in repositories.

The ReplicatedRepository class template has an operation template doTask

representing operations that access the repository. The multiplicity parameter con-
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straint b. lower >= 2indicates that there must be at least two replicated repositories

associated with the application-specific value of the repUser class template.

7.3.3.2 A Replicated repository sequence diagram template

sd [replication
:[RepUser lhell'lelp"sli."’"iefi‘ . ﬁlRepﬁcatedRemsitow ]
Pp 1C: P T

y [2.%]

'
' T
| '
i

<<body>> : [rea:dy]
)

|
l<<broadcast>> |doTask(|params2*)
L —_—

_________________________________________________________________________

|getReady(
) ' |getState()

Figure 7.20: A sequence diagram template for the Replicated Repository aspect model

Figure 7.20 shows the sequence diagram template describing a family of scenarios
with multiple replicated repositories. The replicated repository aspect has multi-
ple lifeline templates and is modeled using compositeAspect tag fragments. The
sequence diagram template consists of only the <<body>> fragment. An instan-
tiation of the sequence diagram template should have atleast two instances of the
ReplicatedRepository lifeline templates. A |RepUser object (i.e., an object of the
application-specific value of RepUser) sends a |doTask message to each available repos-
itory via a totally ordered broadcast mechanism. If a repository is in a ready state
(i.e., the repository and its contents are available for access), the task is performed
by the repository. If the repository ié a not ready state then the repository has failed.
The repository may then update itself from other available repositories using the

|getReady and |getState messages.
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7.3.4 Applying class model composition

A banking system design in which the addAccount operation is protected (i.e.,
placed under access control) and fault tolerent (i.e, replicated) can be obtained by
composing the banking system primary model shown in Figures 7.15 and 7.16 with
application-specific values of the authorization aspect template diagram and repli-
cated repository aspect template diagram.

The primary class model is composed with more than one aspect class model.
Hence a weave-order needs to be established, before the aspect class models can be
composed with the primary class model. This can be accomplished by using the

model directive precedes:

authorization precedes replication

The directive states that the composition of authorization aspect class model
with the primary class model precedes replicated repository aspect class model. The
replicated repository aspect class model is composed with the resultant class model
obtained from composing authorization aspect class model and the primary class
model.

The authorization aspect class diagram template shown in Figure 7.17 must be
bound to the banking application before it can composed using the tool. The bindings
are shown in table 7.2. The context-specific aspect class model obtained by binding
the template elements with application-specific values is shown in Figure 7.21.

The context-specific aspect class model shows that the association requestsThro
is prohibited. The primary class model shown in 7.15 has an association between
the Client object and the ClientManager object. Hence the assocation should be

removed during the composition using the following composition directives:
1. remove primary: :requestsThro
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Table 7.2: Bindings for authorization aspect and banking application

| Aspect model parameter | Application specific element ]
|Requestor Client
|Requestor::|reqld Client::userld
| Transact ClientManager
|Authorizer Session
|Authorizer::|Operation Session::addAccount
|Operation::|reqld addAccount::userId
|Operation::|params1* addAccount::accType
|AuthorizationEntry AuthEntry
"|AuthorizationEntry::|authorizedReqld | AuthEntry::authReqld
|AuthorizationEntry::|authorizedOperld | AuthEntry::authOperld
|AuthorizationRepository AuthRepository
|AuthorizationRepository::|get Auth AuthRepository::getAuth
|get Auth::|reqld getAuth::userld
|get Auth::|operld getAuth::operld
directAccess requestsThro
accesses accesses
|AuthTrans AuthTrans
lopReps opReps
|opReqlds opReqglds
la *
B 1.1
lc *
E L1
m 1.
x 1.
ly 1

2. remove primary::ClientManager::CliCon

3. remove primary::Client::ConCli

The removal of association requires the removal of association ends. Once the
association is removed, the context-specific aspect and primary class model can be
composed using the tool. The signature-based composition devoid of composition

directives results in a faulty model that does not exhibit the desired properties.
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AuthEntry
Client .
<<prohibited>>  requestsThro ! authReqld
{ userld authOperld

ClientManager * [ SesCli AuthRAuthE | L.*
accesses

perform_addAccount(userld,accType) opReglds
1L* i
SesCon 1] CliSes AuthEAuthR |
AuthTrans 1 Session AuthRepository
ConSes N 14 aceT * opReps !
addAccount(userld, accType) [—-—o-cm’ SessAuth | getAuth(userld, operld)

Figure 7.21: Context-specific authorization aspect class model

The resultant model has a ClientManager class with addAccount operation and
perform_addAccount operation that accomplish the same goal. This can be avioded

by applying the following composition directives:

1. rename primary::ClientManager::addAccount

to perform addAccount ()

2. replaceOccurrences primary::ClientManager::addAccount

with primary::ClientManager: :perform_addAccount()

Account
aecRepository 1 holdsAccs x| accld
accType
AccAccR AccRAcc
create Account(accType)
CmAccR | 1
tracks
AuthEntry
AccRCm | 1 Client authReqld
: userld the Id
ClientManager authOper!

perform_addAccount(userld,accType) accesses * | SesCli AuthRAuthE | 1..*

*
SesCon 1. opReglds
1] CliSes AuthEAuthR |1
AuthTrans 1 Session AuthRepository
ConSes * opReps 1
addAccount(userld, accType) | AuthSess SessAuth | SetAuth(userld, operld)

Figure 7.22: Primary class model composed with Authorization aspect class model

The composed model obtained by composing the authorzation aspect class model
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with the primary model using a default signature type (name) for classes, operations
and a complete signature types for attributes, parameters and association ends is
shown in Figure 7.22.

The composed model is then integrated with the instantiation of replicated repos-
itory aspect class diagram template. The context-specific aspect class model shown

in 7.23 is obtained by applying the bindings specified in table 7.3.

Table 7.3: Bindings for the authorized banking application and replicated repository

aspect
[ Aspect model parameter [ Application specific element

|RepUser ClientManager
|Entity Account
|ReplicatedRepository accRepository
|Entity::|entityld Account::accld
|ReplicatedRepository::|doTask accRepository::createAccount
|doTask::|params2* createAccount::accType
|updates tracks
|containsEntity holdsAccs
|a | *
b 2
|m 1

Account

accld
* | AccRAcc
holdsAccs
2 | AccAccR
ClientManager accRepository
1 tracks 2
AccRCm CmAccR | createAccount(accType)
getState()
getReady()

Figure 7.23: Context-specific replicated repository aspect class model

The composed model obtained by composing the authorzation aspect class model
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with the primary model using a default signature type (name) for classes, operations
and a complete signature types for attributes, parameters and association ends is
shown in Figure 7.22.

The context-specific aspect class model has a holdsAccs association with a mul-
tiplicity value ”2” on the accRepository end. Similarly, the tracks associtation
has a multiplicity value ”2” on the accRepository end. However, in the primary
model the associations holdsAccs and tracks have multiplicity value ”1” on the
accRepository end. A default merge using the tool will apply the default merge
semantics by choosing the stronger of the two multiplicities. A modeler may choose

a weaker muliplicity using the following composition directives if needed:

1. association end multiplicity rule
primary: :accRepository::CmAccR; aspect::accRepository::CmAccR;

weaker

2. association end multiplicity rule
primary: :accRepository::AccAccR; aspect::accRepository: :AccAccR;

weaker

Alternatively, the default composition rule can be overriden for all the elements
using the composition directive:

association end multiplicity rule weaker

7.3.5 Applying Interaction model Composition

The primary sequence model shown in 7.16 describes a partial banking application
that allows addition of accounts to the account repository. The primary sequence

model in which addAccount operation call message is protected (i.e., placed under
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accRepository Account
2 accld
createAccount{accType) holdsAccs * accType
getReady() AccAccR AccRAcc
getState()
CmAccR | 2
tracks
AuthEntry
AccRCm | 1 Client authReqld
userld F
ClientManager authOperld
perform_addAccount(userld,accType) * | SesCli AuthRAuthE | 1.*
accesses
*
SesCon L. opReqlds
1| CliSes AuthEAuthR |1
AuthTrans 1 Session AuthRepository
ConSes * opReps 1
addAccount(userld, accType) { AuthSess SessAuth | getAuth(userld, operld)

Figure 7.24: Primary class model composed with Authorization and Replicated
Repository aspect class models

access control) and the account repository is fault-tolerant (i.e., repositories are repli-
cated) can be obtained by composing the primary sequence model with the instanti-
ations of authorization aspect sequence diagram template shown in Figure 7.18 and
replication aspect sequence diagram template shown in Figure 7.20.

The addAccount message in the primary sequence model is tagged using an au-
thorization compositeAspect tag. The system should replicate all messages sent to
the account repository. The intent is to broadcast the messages to all the repositories.
Hence the createAccount message is tagged using the compositeAspect replication
(see Figure 7.25).

The composition of the instantiation of the aspect interaction diagram template
with the primary sequence model is done using the explicit binding semantics for the
authorization aspect since the binding are explicitly specified in the tagged primary
sequence model. The implicit binding semantics are applied for the replication aspect.
The resultant composed model is shown in Figure 7.26.

Using the explicit bindings specified in the tagged primary sequence model, the

Requestor is bound to a Client object and the Tramsact to ClientManager.
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sd AddA ccountComposed ) accType: String
accld: int

[ :ClientManager —i

<<compositeAspect>> authorizationA'spect (Client,Requestor; ClientManage’r,Transact) )

| i
1
1

T
1
1
1}
t
:
addAccount(userld, accType) :
l
1
1
1
!
T
1
L}
!
]
1
l

<<compositeAspect>> replication )

accld = createAccount(accType)

N
1
1
I
I
I
|
1
1
I
1

Figure 7.25: The tagged AddAccount sequence model

Based on the rules defined for a compositeAspect tag, the message template
Operation(reqld,paramsi*) sent by the Requestor lifeline template and received
by the Authorizer template can be bound to messages that origate from a Client
object (application specific value of Requestor lifeline template) and received by
ClientManager objects (application specific value of Transact lifeline template).
This results in an association between the Client object and ClientManager object,
which is <<prohibited>> (see Figure 7.21). The presence of such a message call
will make the class model and sequence model view inconsistent with each other.
Hence a message call from Client object to the ClientManager object needs to be
removed in the composed sequence model.

The implicit bindings semantics of the replication aspect bind the
ClientManager to RepUser and accRepository to ReplicatedRepository. Since

replication requires atleast two repositories, the account repository is replicated twice.
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sd AddAccountComposed) accType: String
accld: int

:Session ITAuthRepository
T T

addAccount(userld, accType) _ |
V—_‘—__»

[:ClientManager l‘accRI:accRepository l ‘accRZ:accRepository J
T

\
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.
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Figure 7.26: AddAccount sequence model composed with Authorization and Repli-
cated Repository aspect sequence models

The sequence in the <<body>> fragment of the compositeAspect
authorizationAspect refines the addAccount message by breaking it up into
addAccount and perform_addAccount messages where the addAccount just requests
the Session object to perform an authorization check for the given operation
operId. If the operation is authorized, the perform_addAccount adds the account
to the repository objects using createAccount. The perform_addAccount behavior
exhibits the semantic properties of the addAccount message defined in the primary
model.

The sequence in the <<body>> fragment of the compositeAspect replication
replicates the createAccount message. The message is sent to both the account

repositories. If an account repository is in a not ready state, it updates itself by
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getting the current state from another repository.
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Chapter 8

Conclusion and Future work

The class and interaction model composition techniques described in this thesis are
a part of the broader AOMDF framework that is currently being developed at CSU.
The AOMDF is an MDD framework that supports (1) separation of crosscutting
features from other features and (2) transformation of features across different levels
of abstractions. The AOMDF is based upon the aspect oriented modeling (AOM)
approach [15]. The AOM approach supports modeling of crosscutting features as
aspects and other features (core business functionality) as a primary model. The
support for transformation is provided through the application QVT standards.

The aspect models are described using template RBML and the primary model
is described using UML. Class diagram templates are used to describe the static
structure of an aspect model and sequence diagram templates are used to describe
the behavior. The template aspect models are bound to application-specific values
before they are composed with the primary model. The bindings are specified as
(aspect model parameter, application specific element) pairs for class models. For
sequence models, the application-specific values are bound depending upon the type
of aspect sequence model (compositeAspect or simpleAspect). Composition of aspect
and primary model results in a composed model that describes the integrated view of
the system design. The class models are composed to obtain an integrated structural

view of the system design. The sequence models are composed to obtain an integrated

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



behavioral view of the system design.

The class model composition technique uses a signature-based approach that al-
lows one to vary how class models are composed using composition directives. Com-
position directives give added flexibility by providing the means to alter model el-
ements and override default composition rules to obtain desired composed models.
The directives described in this thesis are based on the experience gained by using the
composition approach to compose aspects modeling security features with primary
models.

A composition metamodel that describes the static and behavioral properties
needed to support class model composition is also presented. The metamodel de-
scribes the static relationships among composition concepts and provides specifica-
tions of behaviors that are needed to support model composition. As proof of concept,
we implemented the class composition metamodel using the KerMeta language. The
prototype implementation currently supports the composition of UML class model
elements and can be extended to support additional features that appear in the com-
position metamodel. Since‘K.erMeta is a metamodeling language compatible with
EMF, the composition metamodel was directly added to the ecore model. The imple-
mentation in KerMeta has a one-one correpondence with the composition metamodel.

The interaction model composition technique uses tags to compose the aspect
and primary sequence models. Tags are placed on the primary model to specify
where in the primary model the aspect model sequence needs to be composed. Two
types of aspects are described in this thesis: simpleAspect and compositeAspect.
The simpleAspect is used when the aspect sequence just needs to be inserted in the
primary model. The compositeAspect is used when the primary model sequence
needs to be modified, or the elements in the primary model sequence need to be
replaced/integrated with the elements in the aspect model.

A composition metamodel that describes the static properties of the interaction
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model composition has been presented. The behavioral properties needed to imple-
ment the sequence model composition have not been addressed in this thesis. A set of
atomic operations that can be used to implement the interaction model composition
have been described.

The composition techniques have been applied on pilot studies (described in this
thesis) and other secutiry features (role based access control features) to study the
applicability of the techniques. The composition techniques can be used as a founda-
tion for developing model analysis and transformation techniques. The composition
techniques also have some limitations and issues that need to be addressed in future

to be more effective.

8.1 Contribution

Many researchers [2, 4, 22, 31, 39, 56] have developed support for composing aspect-
oriented programs. There is very little work on composition of design models.

Ossher et al., Aldawud et al., and Clarke et al. have proposed composition tech-
niques at the'design level. They compose design models using model element names
but do not provide mechanisms to handle conflicts that may occur during composi-
tion. Asshown in this thesis, composition using model element names is not sufficient.
The approach by Clarke et al. supports overriding of model elements but this is not
sufficient to adddress conflicts that may occur during composition. For example,
model elements may need to be added or deleted to avoid conflicts.

In this thesis we have provide composition directives that are more extensive
and can be used to resolve composition problems. Although the list of composition
directives is not complete, the directives described in this theis are more extensive
and well-defined. Further, we have described a composition metamodel that has been
used to implement a general-purpose composition algorithm. The general-purpose

composition algorithm can be varied using composition directives. We have also
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described an interaction model composition technique that can be used to compose
sequence models.

The properties of the composed model (for example, pre and postconditions) can
be analyzed to determine if the primary and aspect model properties have been pre-
served. The composition technique described in this thesis enables one to build such
an analysis technique by providing mechanisms to compose the pre and postcondi-
tions. Techniques for carrying out such analysis are not discussed in this thesis.

In the context of AOMDF, the composition techniques described in this thesis can
be used to compose the aspect and primary models at a particular level of abstraction.
The composed model can then be transformed to produce models at another level of
abstraction. The models may also be transformed individually at a particular level

of abstraction and then composed at another.

8.2 Composing hierarchical structures

The design models used in this thesis for applying the composition technique do not
have any hierarchical structure. The classes do not have any superclass/subclass
relationships. For example, consider the models, Model 1 that has two classes (Shape
and Rectangle) with a superclass operation (move) that is overriden in the subclass
Rectangle (see Figure 8.1(a)). The move operation is executed using set of coordinates
(z1, y1, z2, y2). The model (Model 2) has two classes (Shape and ShapeEditor)
associated with each other. The (Shape class has an operation (move) that moves
a particular shape using the a single set of coordinates (21, yI) and the angle of
movement (angle)(see Figure 8.1(b)).

The composition of the models with a default signature (name) for classes, opera-
tions, parameters and association ends using the tool will result in a the a composed
model shown in Figure 8.1(c). Using the specified signature, the two shape classes

match and the the merge is invoked on the constituent elements. The operations
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Model 1

Shape

move(xl, y1, x2, y2) Model 2

Shape
ShapeEditor
move(x1, yl, angle)

Rectangle

)

move(xl, y1,x2, y2)

(a)

Composed model

Shape
ShapeEditor

move(xl, y1, x2, y2, angle)

T

Rectangle

move(xl, y1, x2,y2)

©

Figure 8.1: Composition of classes with hierarchical structures

move match but the in the parameter list only z1 and yI match. This results in a
composed model with a move operation with the parameter list z1, y1, z2, y2, angle
(see Figure 8.1. In the composed model, the move method in Rectangle class does not
override the superclass move method. To resolve this issue, one may have to modify
the parameter list using a set of composition directives. It needs to be determined
if the existing composition directives can be used to composed class models with
heirarchical structures.

The class model composition implemented in the tool can detect conflicts. This
detection of conflicts is strictly styntactic. For, example if two attributes are matched
using a complete signature type, then all the properties of the attributes should match.

So an attribute of type float will not match an attribute of type double although one
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is the subtype of the other.

8.3 Selection of signatures

In the class model composition technique, the class models can be composed using
a default signature type or specify a subset of the complete signature type. Using a
default signature type can increase the model elements that match with each while
a complete signature type can restrict the number of model elements that match. A
selection of a particular signature type may result in the application of more compo-
sition directives or vice versa. The approach does not define a systematic approach
or a criteria for selecting a particular signature type. It’s upto the modeler to define
a signature type that can best reduce the usage of composition directives. A set of
guidelines that help a modeler to choose particular signatures for particular model

element compositions are needed.

8.4 Validation of the composition techniques

Empirical evaluation is needed to validate the coﬁposition techniques. Such an eval-
uation requires the existence of an integrated robust tool set that can be used to
perform the various tasks in AOMDF. The lack of such a tool set has limited the val-
idation of the techniques described in this thesis. Further, an independent validation
limits bias. Such studies can determine the amount of effort required to apply the
compositions in complex designs.

The studies can also be used to determine whether the composition directives
match the requirements of a complex project. The insights gained from the studies
may be used to develop a tractable method for selecting, defining, and applying com-
position directives and signatures in class model composition. Work in this respect
could result in the specification of some common composition strategies to ease the

task of specifying and using composition directives.
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The studies can show the relationship between the class and sequence model com-
position techniques. This will help in determining whether the class models need to
be composed before the sequence model or vice versa. The experience gained from
such studies can help in defining a common composition metamodel that establishes
a clear relationship between the class and sequence models. Further, this common

metamodel may be used to guide the implementation of tools that can compose any

UML model type.

8.5 Tool Support

In the context of AOMDF, following tool support is available at Colorado State

Univerisity:
e A prototype editor for creating aspect class diagram templates.

e A tool, built on top of Rational Rose, that generates instantiations from UML

class diagram templates.

e A prototype model composer (developed as part of this thesis) implemented
in KerMeta that takes in primary class model and context-specific aspect class

model and outputs a composed class model.

The prototype tool implemented for composing class rﬁodels does not allow com-
position directives. Hence the tool needs to be extended to provide support for
composition directives. Implementing the functionality to handle composition direc-
tives in the tool will enable one to specify the order of composition if multiple aspect
models are to be composed with the aspect model. In cases where the composed
model is expected to exhibit undesirable properties, one can just input the compo-
sition directives to the tool to obtain the desired results. For example, if a primary

model needs to be modified, one has to change the primary model manually and then
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input the changed primary model to the tool. In cases where the composition results
in conflicts, currently a developer needs to explicitly handle these conflicts using the
composition directives. For example, if the aspect model needs to override primary
model elements in all the cases, one may have to specify the composition directive
multiple times. The tool needs to handle this by allowing a global specification of the
overriding characteristics for the aspect and primary model elements.

The prototype tool needs to be extended with interaction model specific features.
This will enable the composition of sequence models. To accomplish this, the atomic
operations specified in this thesis need to implemented. The implementation will help
the developer to determine whether the atomic composition operations are sufficient

to perform composition on different variants of sequence models.

8.6 Consistency of Framework

A systematic approach to maintain the consistency between class and sequence model
views needs to be developed. Such an approach will enable one to explore the rela-
tionships between the class and interaction model composition. It’s not enough, if
one develops an approach to maintain consistency of design views. A developer also
needs to ensure the consistency of aspect, primary or composed models when they
are transformed across different levels of abstraction.

In AOMDF, the composition can be performed at the source level, target level or
at both levels. Depending on where the composition is performed, the target level
composed model can be obtained by using two different paths: (1) Composition of
transformed aspect and primary models and (2) Transformation of composed model.
In the first path, the target level aspect and primary models are obtained by transfor-
mation and then the aspect and primary models are integrated to obtain a composed
model. In the second path, the source level aspect and primary models are integrated

at the source level to obtain a composed model. The source level composed model is
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then transformed to obtain a target level composed model. The AOMDF supports us-
ing either paths and thus, one has to ensure that the composition techniques produce
consistent results for both paths. Consistency implies the preservation of properties

through refinement [14].

Source level

cm_sre
A
mc
: cm_trgt
pm_trgt
man
v
[amirg] —— (@ ——]  emurr
L ]
: / c_trgt
amn_trgt
Target level

Abbreviations used:

pm: primary model, am: aspect model,

mp: mapping primary model

mal: mapping aspect model 1, man: mapping aspect model n
rc: mapping model composition

mc: mapping composed model

c: composition, src: source, trgt: target

Figure 8.2: Two paths to obtain composed model

In Figure 8.2, cm_src, a composed model at the source level is created by com-
posing a source level primary model pm_src and a set of source level aspect models
am_src using a composition technique c,rc. To establish consistency, we need to show
that for any mapping specification mc that maps cm_src to a corresponding model

at the target level cm_trgt, there exists an equivalent mapping consisting of:

e Separate mappings (mal...man) for each of the aspects (aml_src...amn_src)
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that can be used to derive a set of corresponding aspects (aml_trgt...amn _trgt)

at the target level.

e A mapping (mp) of the primary model pm_src to a corresponding target level

primary model (pm_trgt).

e A composition technique at the target level that produces a composed model

(cm_trgt'), where cm_trgt is consistent with cm_trgt.

We identify the following three necessary conditions for these two paths to be

consistent:

1. The composition at the target level (c_trgt) is a refinement (rc) of the compo-

sition at the source level (c_src).

2. pm_trgt is consistent with pm_src, aml_trgt...amn_trgt is consistent with

aml_src...amn_src.
3. cm_trgt is consistent with cm_src.

A proof can be derived to show that condition 1-3 are sufficient to make the
equivalence of the two paths true. This follows since if condition 1, 2 and 3 holds
cm_trgt is consistent with cm_src. Proofs that establish the consistency of framework
can lead to a more effective usage of the framework and need to be addressed in the

framework.
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Appendix A

Money Transfer Service with
Transaction management

The Figure A.1 shows expanded version of money transfer sequence model composed
with transaction aspect sequence model shown in 7.9. The <<end>> fragment has
been expanded in this figure. The end fragment shows how the process is committed

or aborted depending the result of the voting phase of the transaction.
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Figure A.1: Expanded Money transfer sequence model composed with transaction
aspect sequence model
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Appendix B

Merge algorithm

The merge part of the composition algorithm is shown below. Notice the algorithm
is deviod of composition directives. The algorithm performs a recursive merge of the

given model elements based on the specified signature.

sk ok o o ok ok ok sk ok o ok ok ok ok ko o koo ok oo o ko o ok sk sk ook sk o ok okl sk ok sk ol sk e ksl sk o ok koo ok ok
// el and e2 are the model elements that need to be merged

//precondition : el.sigEquals(e2) returns true

el.merge(e2 : ModelElement)

FAAAAKFHAKA A KA A AR A AR R AAK AR A A AR A AR A KKK KA AR R FKK KKK K
// create the merged instance in the context of el

result := el.getMetaClass.new
// Iterate on all properties of the objects to be merged
// el and e2 have the same metaclass.

// So they have me same set of properties.

foreach Property p in el.getMetaClass.getAllProperties

if type of p is primitive
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// Primitive type is the basic datatype like string, int, etc,.
// If an object does not have a value for a property then

// the value val is taken from the other object and vice versa.
// This is not a conflict.

// If neither object has values,

// then val is null in the merged object.

if el.get(p) is null or e2.get(p) is null then
result.set(p, val)
else
// if the values are the same then it is ok
// otherwise a conflict has been detected.
if el.get(p) = e2.get(p) then
result.set(p, el.get(p))
else
A conflict has been detected
else
// Type of p is not primitive.

// If the property refers to a single object

if the property upper bound is 1
if el.get(p) is null or e2.get(p) is null then
result.set(p, val) // val is the same as above
else
if sigEquals(el.get(p), e2.get(p)) then
// 1If the object el.get(p) is contained by el

// and same for e2
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// (p.isComposite=true) then the objects should be merged,
// otherwise, one is choosen.
// Either one can be chosen because they both
// have the same signature
if p.isComposite is true then
result.set(p, merge(el.get(p), e2.get(p)))
else
result.set(p, el.get(p).clone())
else
A conflict has been detected
else
// The property refers to a collection of objects.
// The merged object should contain property values that are only
// in el or only in e2,
// and the merged version of objects that are in both el and e2.
for each value vl in el.get(p)
for each matching element v2 in e2.get(p)
if p.isComposite then
result.get(p) .add(merge(vl, v2))
else
result.get(p) .add(vi.clone())
if no element found
result.get(p) .add(vl.clone())
for each value v2 in e2.get(p)
if NO matching element found in el.get(p)

result.get(p).add(v2.clone())
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