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Abstract

One of the main goals of design patterns is to design for change. Many design patterns leave some room for future
changes and evolutions. The application of design patterns leads to adaptable software since the design pattern instances
could be changed with minimal impact on other parts of the system. Such changes, called the evolution of a design
pattern instance in this paper, typically involves the addition or removal of a group of model elements, such as classes,
attributes, operations, and relationships. However, the possible evolutions of each design pattern are often not explicitly
documented. Missing part of the evolution process may result in inconsistent evolution. In this paper, we present our
approach to assisting the evolution processes of design patterns by model transformation technology. We provide a
formal foundation for our approach by defining the predicates that can be used to describe the properties of each design
pattern, software system design, and design pattern evolutions. We also provide tool support to automate the evolution
processes based on the Query, View, Transformation (QVT). A case study on a large open-source software system is

conducted to illustrate and evaluate our approach.
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1 Introduction

Large software applications become more and more difficult to maintain and change due to their increasing size and
complexity. Making changes on software systems requires designers to understand the original software system design
and source code. Comparatively, it is less costly to perform changes on the software system at the design level than at the
implementation level. To cope with the complexity and improve software quality, design patterns [16][4], which capture
expert design experience, have been proposed to be reused in software system designs. Their applications, called design
pattern instances, help partitioning and encapsulating software designs into stable part and changeable part. Most of the
design pattern instances encapsulate future changes that may only affect a limited part of the entire design. By applying
design patterns, the change impact on a software design could be minimized and thus the adaptability of the software
design could be improved. Making changes on a design pattern instance is called design pattern evolution process, which
is an important part of the maintenance and evolution of a software system at the design level. It is a non-trivial process,
which is better to have assistance and validation.

In the documentation of each design pattern, however, the evolution information is generally not explicitly specified.
When changes are needed, a designer has to read between the lines of the documentation of a design pattern to figure out
the correct ways of changing the design. More importantly, the evolution should not violate the constraints or properties
of design patterns. The evolution process of a design pattern may involve the addition or removal of several correlated
elements to ensure the properties of the pattern. Without a deep understanding of design patterns, a designer may perform
inconsistent evolutions by missing parts of the evolution process which result in the violations of pattern properties. Thus,
it is important to have, in the documentation of the design pattern, the evolution information of the patterns.

In this paper, we propose an approach to defining and automating design pattern evolution process. We define pattern
evolution as the evolution of a pattern instance in a software system design. The input of the pattern evolution process is a
software system design. After the evolution, a pattern instance in the design is changed. There are typically three kinds of
changes for design pattern instance evolutions. The first kind of change is to add one or a group of model elements into
the original software system design. Model elements refer to classes, attributes, operations, and relationships. The second
kind of action is to remove model element(s) from the original software system design. The third kind of action is to
replace existing model elements by new model elements. Replacing model elements could be considered as removing the

existing model elements from the software system design and then adding new model elements to the software system



design; thus is not being discussed in this paper. The output of the evolution process is a new software system design with
the modified design pattern instances.

To present our approach formally, we define the predicates to describe pattern properties. We also use the predicates
to specify software system design before and after the evolution of design pattern instance. The differences between the
specifications for the software system design before and after an evolution indicate the changes performed during the
evolution process. To realize the evolution process, we define model transformation rules according to the QVT standard.
The rules are able to transform a software system design model to a new model by adding or removing model elements.
We automate such evolution processes in the Eclipse environment. In addition, we provide a case study on a large open-
source software system to illustrate and evaluate our approach.

The remainder of this paper is organized as follows. The next section presents the background knowledge. Section 3
presents the motivation of our approach based on an example. Section 4 introduces the formalism of our pattern evolution
approach. Section 5 discusses the implementation of the approach, i.e., the tool support for automating the pattern
evolution processes. Section 6 presents a case study on a large open-source software system. The last two sections cover

related work and conclusion.
2 Background

The Model Driven Architecture (MDA) [39][34] supports software development based on models as primary artifacts
to raise the level of abstraction. Thus, the level of reuse is raised accordingly since high-level software models are as
reusable as low-level software programs (libraries). In this way, models become assets in MDA. Consequently,
technology that supports the transformation of models is considered as a key enabler of MDA.

Model transformation is one of the key components in the Model Driven Architecture. A model transformation takes
as input a model conforming to a given meta-model and produces as output another model conforming to the same or a
different meta-model. It defines the process of converting source model into target model. A transformation is also a
model that conforms to a given meta-model.

The Query, View, Transformation (QVT) [40] is a specification by the Object Management Group (OMG). It defines
a standard way to transform source models into target models by model transformation rules. It standardizes the model
transformation by splitting model transformations into two-level architecture: relations meta-model and core meta-model.

The relation meta-model specifies, in a user-friendly way, a model transformation as a set of relations which must hold



for a successful model transformation. It supports complex object pattern matching and object template creation. It creates
trace classes and trace instances to record the transformation execution. The core meta-model is defined using minimal
extension to essential MOF (EMOF) and Object Constraint Language (OCL) [33]. It defines a transformation as a set of
mappings and defines trace classes explicitly as MOF models. It also creates and deletes trace instances explicitly.
Compared to the relation meta-model, its semantics can be defined more simply. The core model may be implemented
directly, or used as a reference for the semantics of relation models. The relations meta-model can be mapped to the core
meta-model, using the transformation language itself.

QVT defines three domain-specific languages, namely Relations, Core and Operational Mapping. The Relations and
Core are two declarative languages at two different abstraction levels, the relation meta-model level and the core meta-
model level. The Relations language has a textual and a graphical concrete syntax. The Core language is as powerful as
the Relations language, though with simpler semantics. The Operational Mapping language is an imperative language
that extends both Relations and Core. Its syntax provides constructs commonly found in imperative languages, such as
loops and conditions. It is able to define unidirectional transformations using the imperative approach. In addition, it can
be used to complement relational transformations by implementing the relations with imperative operations.

IBM’s Model Transformation Framework (MTF) is an implementation of the QVT standard. It is an Eclipse based
tool that helps designers to develop, execute and debug transformations. MTF transformations can be performed between
the Eclipse Modeling Framework (EMF) models, such as the UML2, Java Development Tools (JDT), XML Schema
Infoset Model (XSD), and Ecore models. The Ecore model is an essential model in EMF. All other models in EMF are
mapped to Ecore either explicitly or implicitly. Transformations in MTF are defined in a declarative way. The
transformation rules are defined as mapping between the objects in the source model and those in the target model. The
MTF transformation engine performs the transformation based on the pre-defined transformation rules in two steps,
mapping and reconciliation. In the mapping stage, the transformation engine evaluates the transformation rules and
generates the mapping between source model objects and target model objects. By performing the mapping between
source and target model objects, some mappings may become inconsistent with respect to the pre-defined transformation
rules. The reconciliation stage solves these inconsistencies by generating missing elements, modifying existing elements,

and deleting elements.



The Unified Modeling Language (UML) [3] is the de facto standard for object-oriented modeling. It can be used to
model software system designs as well as to represent design patterns. The evolution of a design pattern instance residing
in a software design may be considered as a transformation from the source software design model to a new target
software design model, where both the source and the target models conform to the same meta-model, the UML meta-
model.

The XML Metadata Interchange (XMI) [43] is an interchange format for metadata in terms of the Meta Object Facility
(MOF) [39]. XMI specifies how UML models are mapped into a XMl file. By representing a UML model in the XMl
format, the UML model is manageable with the rich collection of XML related techniques and tools.

The pattern evolution approach discussed in this paper uses model transformation techniques. In particular, the model
transformation part of this approach conforms to the QVT standard and uses IBM MTF as the execution platform. The
data processed in the model transformation is software system model including design pattern instances. The approach

uses UML and XMI to represent the data in a standard machine-processable format.

3 Motivation

Design for change is one of the main goals of design patterns. Each design pattern documents the structure and
behavior of a group of classes. Most design patterns encapsulate some possible evolutions or changes. These evolutions
allow the applications of a design pattern to be changed in some particular ways such that the impact of the change is
minimal. However, the evolutions of each design pattern are typically documented implicitly, which makes it difficult to
change the software system design. Any mistaken or incomplete change may cause design defects, such as inconsistencies
in the design or the violation of the design pattern properties. Therefore, it is important to explicitly document the
possible evolutions of each design pattern and automate such evolution processes by defining the possible evolutions.

In [12][13], we have examined the changes and classified the pattern-level evolutions into five categories: the
independent, packaged, class group, correlated classes, and correlated operations/attributes. The independent pattern-
level evolution describes the addition or removal of one class and the corresponding relationships between this class and
other classes in the original pattern instance. This class is independent in the sense that the addition or removal of the
class does not cause any other changes on the pattern instance. This kind of evolution appears in several design patterns,
for example, in the Mediator and Fagade patterns. The packaged pattern-level evolution is the addition or removal of one

class, the required attributes and/or operations of this class, and the corresponding relationships between this class and



other classes in the original pattern instance. This kind of evolutions is different from the first kind in the sense that the
addition of an empty class may violate the pattern properties. The required attributes and operations must be added so as
to maintain the pattern properties. The class group pattern-level evolution is the addition or removal of one
attribute/operation in several different classes consistently. In this case, a certain set of classes, instead of a single class,
are affected by the addition or removal of the attribute or operation. The correlated classes pattern-level evolution is the
addition or removal of a group of correlated classes, the attributes and operations of the classes, as well as the
corresponding relationships between this group of classes and other classes. Some pattern, such as the Abstract Factory
pattern, requires the correspondence relations between classes. If one class is added or removed, the classes that have one-
to-one correspondence relationship with that class must also be added or removed; otherwise, it causes inconsistency. The
addition or removal of this group of classes should not affect the internal attributes and operations of other classes in the
original design pattern applications. The correlated attributes/operations pattern-level evolution is the addition or
removal of a group of classes, as well as the addition or removal of some attributes or operations in the classes of the
original pattern instance. Some design patterns, such as the Adapter, Visitor and Abstract Factory patterns [16], require
the one-to-one correspondence between one class and the attribute/operation of another class. Therefore, the addition or
removal of a class requires the addition or removal of the attribute/operation that has the corresponding relationship with
it. This kind of evolution may change the internal attributes and operations of the classes of the original pattern instance,
which is different from the correlated classes pattern evolution.

We described these pattern-level evolutions based on some primitive-level evolutions that describe the basic
transformations performed during the evolution process of a design pattern. These basic transformations include the
addition or removal of a model element, such as class, operation, attribute, association, generalization, aggregation,
composition, realization, and dependency. These basic transformations, which become the building blocks of the pattern-

level evolution, are defined as model transformation rules as discussed in Section 5.3.
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Figure 1 The Adapter Pattern

Consider the Adapter pattern [16] whose class diagram is shown in Figure 1. The Adapter pattern has its own minimal
set of properties, to which all its instances should conform. An instance is no longer a valid Adapter pattern, if it violates
any Adapter pattern property. The detail definition of the minimal set of properties is given in Section 4.2.

Figure 2 shows an instance of the Adapter pattern extracted from the design of Java.awt package [37]. The Arclterator
class that plays the role of Adapter wraps the transform() operation in the AffineTransform class that plays the role of
Adaptee to fit the interface of the Target interface, the currentSegment() operation in the Pathlterator class.

In this example, one possible evolution of the Adapter pattern is to add a new Adaptee (e.g., GeneralPath) that
includes one operation: getWindingRule(), as shown in Figure 3. To maintain the conformance to the Adapter pattern
properties, a new Adapter class (GeneralPathlterator) with one operation (getWindingRule()) needs to be added, and an
operation (getWindingRule()) needs to be added to the existing Target class (Pathlterator). This pattern evolution
involves the addition of a group of classes along with their attributes and operations, which fits into the correlated

operations/attributes evolution category.
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Figure 2 An Application of The Adapter Pattern

Arclterator AffineTransform
= =
Pathiterator |/~ | icurrentSegment( transform()
= indi
getWindingRule()  — GeneralPathliterator

B¥currentSegment() \/\ y GeneralPath

B¥igetwindingRule -
G R B¥igetwindingRule()

Figure 3 Adapter Pattern Evolution



On the other hand, the Adapter pattern has two possible choices for removing a model element: removing an Adapter
class or removing an Adaptee class from the Adapter pattern. Suppose we remove an Adaptee class, GeneralPath, from
the Adapter pattern instance shown in Figure 3. To maintain the Adapter pattern properties, the GeneralPathlterator class
with its operation, the corresponding operation of the GeneralPath class, the corresponding operation of the Pathlterator
class, and the generalization relationship between the GeneralPathlterator and Pathlterator classes should also be
removed. The evolved Adapter pattern is shown in Figure 2. It includes two instances® of the Adapter pattern.

Without correct understanding of the Adapter pattern, a designer may end up with adding or removing only the
Adaptee class, instead of the entire group of model elements. Manual pattern evolution may cause inconsistency or
violation of design pattern properties. Therefore, there is a need to document the possible evolutions for each design
pattern, provide a tool to assist the evolution process, and use the tool to set restrictions on the possible evolutions that

can be performed by a designer.
4  Specifying Design Pattern Properties and Evolutions

To present the design pattern evolution process formally, we introduce some predicates in Section 4.1. The predicates
could be used to define properties of design patterns, as discussed in Section 4.2. They could be used to formally specify

the software system designs, and thus to describe the design pattern evolutions, as discussed in Section 4.3.

4.1 Predicates for Design Pattern Properties
We define three groups of predicates: predicates for defining model elements, predicates for defining relationships,

and negation predicates.

4.1.1 Predicates for Defining Model Elements

Predicates in this section define whether a design pattern or a piece of software system design has a specific class,
whether a class has a specific operation, whether an operation has a particular parameter, the properties of the classes,
attributes, and operations.

Definition 1. HAS Predicate: a predicate that defines the existence of model elements.

For example, the following predicates are HAS predicates.

2 Although it can be considered as two variations of one instance of the Adapter pattern as well, we consider it as two instances of the
Adapter pattern for consistency.



Predicate 1. hasClass (d, c): Design d includes Class c.

Predicate 2. hasOperation (c, 0): Class ¢ has operation o.

Predicate 3. hasOperationSet (c, 0s) ::= V 0;€ 0s  hasOperation (c, 0;): each operation o; in 0s is a method of Class
C.

Predicate 4. hasAttribute (c, a): Class ¢ has attribute a.

Predicate 5. hasStatement (0, s): Operation o has a statement s.

Predicate 6. hasReturnValue (0, Ob): Operation o has Ob as return value.

Predicate 7. hasReturnType (o, T): Operation o has T as return type.
Predicate 8. hasParameterList (o, I): | is the parameter list of Operation o.
Predicate 9. hasParameterType (1, t, k): t is the type of the k™ parameter in the parameter list .

Predicate 10.  hasName (e, n): Pattern/Model element (class, operation or attribute) e has n as its name.

Definition 2. IS Predicate: a predicate that defines properties of the model elements.
For example, the following predicates are IS predicates.

Predicate 11.  isAbstract (x): Class/Operation x is abstract.

Predicate 12.  isConcrete (x): Class/Operation x is concrete.

Predicate 13.  isPublic (x): Attribute/Operation x is public.

Predicate 14.  isPrivate (x): Attribute/Operation x is private.

Predicate 15.  isProtected (x): Attribute/Operation x is protected.

Predicate 16.  isStatic(x): Attribute/Operation x is static.

Predicate 17.  isType (ob, t): Object ob is of type t.

4.1.2 Predicates for Defining Relationships

Predicates in this category define the constraints for the relationships between classes, relationships between
operations and classes, relationships between operations.
Predicates 18 through 27 are the class level predicates, which define relationships between classes.

Predicate 18.  generalize (cy, C,): Class c; is a subclass of class c,.



Predicate 19.  groupGeneralize (cs, ) ::= V ¢; € cs o generalize (c;, ¢): each class ¢; in ¢s is a subclass of c.

Predicate 20.  associate (cy, Cy): Class ¢, keeps a reference to class c,.

Predicate 21.  aggregate (cy, C,): Class ¢; maintains a reference(s) to ¢, and class c; is a part of ¢; semantically.

Predicate 22.  oneToMore (cy, ¢;): The multiplicity of association or aggregation relationship from class c; to class ¢,
is1:m.

Predicate 23.  oneToOne (cj, ¢;): The multiplicity of association or aggregation relationship from class c; to class c, is
1:1.

Predicate 24.  moreToMore (cy, C): The multiplicity of association or aggregation relationship from class c; to class ¢,
is m:m.

Predicate 25.  moreToOne (cy, ¢;): The multiplicity of association or aggregation relationship from class c; to class ¢,
ism:1.

Predicate 26.  create (cy, Cy): Class c; is responsible for creating Class c,.

Predicate 27.  correspondingRelated (p (set;, sety)) = Ve eset;, de,eset, e p (61, €,): This predicate is used
specially in the Abstract Factory pattern where there shall be at least one create method for each family of products.

Some of the relationships can be detailed at the operation level, such as the create relationship and the delegation
relationship.
Predicate 28.  create (cy, 0, C,): Operation o in class ¢, creates class c,.

Predicate 29.  delegate (cy, 04, Cz, 07): Operation 0 in class ¢, forwards request to operation o, in class c,.

4.1.3 Negation Predicates

Some design patterns require certain relations not to exist between certain classes, attributes, or operations. In the
Adapter pattern, for example, there is a generalization relationship from Adapter to Target. Hence, there shall not be a
generalization relationship from Target to Adapter, to avoid a circular generalization relationship. Negation relationships
are used to set this kind of restrictions.

Predicate 30. noDirectAccess (i, Cy): Class ¢; does not have direct access to class ¢,, the attributes or the operations

of c,.
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Predicate 31.  differentinterface (c;, 01, C, 0y) = (hasParameterList(o;, I) A = hasParameterList(oy, 1)) V
(hasReturnType(oy, t) /\ = hasReturnType(0,, t)): Operation o; in class ¢, has different interface (parameter list and
return type) from operation 0, in class c,, i.e., | is the parameter list of operation o4, but not that of operation o,; or t is
the return type of operation oy, but not that of operation 0,.

Predicate 32.  noGeneralize (c;, C;) = = (generalize (c4, C,)): There shall not be a generalization relationship from class
cytocy.

Predicate 33.  noAggregate (c;, ¢;) = = (aggregate (c,, C2)): There shall not be an aggregation relationship from class
¢y to cy.

4.2  Specifying Design Pattern Properties

The predicates defined in the previous section are general enough to specify all GoF patterns. In this section, we use

the predicates to specify the properties of the Adapter pattern, as an example. The Adapter pattern, as shown in Figure 1,

has three roles, Target, Adapter, and Adaptee. The Target is an abstract or a concrete class, the Adapter is a concrete

class, and the Adaptee is a concrete class. The Target and Adapter must have at least one common operation that call an
operation defined in the Adaptee. The Adaptee is not a subclass of the Target. The Adapter provides an interface different
from that provided by the Adaptee or the Client does not have direct access to the Adaptee. We define these properties as
follows:

3 p, Cy, Cy, C3, 01, 02, 03 ©  (hasName (p, “Adapter Pattern™) /\

hasClass (p, ¢;) /\ hasName (c;, “Target”) /\ (isAbstract (c;) V' isConcrete(c;)) A

hasClass (p, ¢;) /\ hasName (c,, “Adapter”) A isConcrete (c;) /A

hasClass (p, c3) /\ hasName (cs, “Adaptee”) /\ isConcrete (c3) /\

hasClass (p, c;) /\ hasName (c,4, “Client”) A

hasOperation (c;, 0;) /AhasName (0;, “Request”) /A hasReturnType (01, t) /A hasParameterList (04, I) /\ isAbstract(o;) A

hasOperation (c;, 0,) /A hasName (0, “Request™) /A hasReturnType (0,, t) /\ hasParameterL.ist (0,, I) /A isConcrete(0,) /\

hasOperation (cs, 03) /\ hasName (03, “SpecificRequest™) /\ isConcrete (03) /\

generalize (c,, ¢;) /\ associate (C,, c3) /\ delegate (c,, 04, C3, 03) /\ noGeneralize (cs, ¢;) /A

(differentInterface (c;, 0y, €3, 03) V' noDirectAccess (Cq, C3)))

11



4.3  Specifying Design Pattern Evolution

Pattern evolution defines the changes of a design pattern instance in a software system design by adding or removing
model elements. The input of the pattern evolution process is a software system design. The output of the evolution
process is a new software system design with the modified design pattern instance. We use the predicates to describe

software system design. The design in Figure 2, for example, could be described as follows:
3 ¢y, Cy, C3, 01, 05, 05 ® (hasClass (system, ¢;) /\ hasName (cy, “Pathlterator”) /\ isConcrete (cy) /\

hasClass (system, c,) /A hasName (c,, “Arclterator”) /\ isConcrete (c;) A
hasClass (system, c3) /\ hasName (c3, “AffineTransform”) /\ isConcrete (c3) /\
hasOperation (c;, 0;) /A hasName (o4, “currentSegment”) A isAbstract (0;) /A
hasOperation (c,, 0,) /A hasName (0,, “currentSegment”) A isConcrete (0,) /\
hasOperation (cs, 03) /A hasName (03, “transform”) /\ isConcrete (03) /\
generalize (cy, ¢;) /\ associate (cy, c3) /\ delegate (cy, 05, C3, 03))

Design pattern evolution involves the addition or removal of model elements. We can also represent the elements to be
added or removed by the predicates. In this way, the possible evolutions for each pattern can be formally specified. For
each design pattern, we identify the possible evolutions, define them using the predicates, and represent them in XML
file. The possible evolutions in XML format, which can be read and processed automatically, will be used in the concrete
implementation of the pattern evolution approach. Each GoF pattern may evolve in several possible ways in terms of the
five types of pattern evolutions we defined previously. We presented a list of all possible evolutions of each GoF pattern
[12][13]. For example, the Adapter pattern has several possible evolutions. One of the evolutions is to add a new Adaptee
together with a new Adapter, which belongs to the correlated attributes/operations pattern-level evolution as discussed in

Section 3. This can be specified by the predicates as:

3 ¢y, Cy, C3, 01, 02, 03 ® (hasClass (system, ¢;) /\ hasName (c;, c;-name) /A (isAbstract(c;) \/ isConcrete (cy)) A

hasClass (system, c,) /\ hasName (c,, c-name) /\ isConcrete (cz) /\
hasClass (system, cs) /\ hasName (cs, c-name) /\ isConcrete (c3) /\

hasOperation (¢, 01) /A hasName (0, 0;-name) /\ isAbstract (0;) /\

12



hasOperation (c,, 0;) /A hasName (0,, 0,-name) /\ isConcrete (0;) A
hasOperation (cs, 03) /A hasName (03, 03-name) /\ isConcrete (03) /A
generalize (cy, ¢;) /\ associate (cy, ¢3) /\ delegate (cy, 05, Cs, 03))

where ci-name (i = 1,2,3) and o;-name (j = 1,2,3) are class names and operation names, respectively, which are actually
provided by a designer during the evolution process.

The possible pattern evolutions are pre-defined to allow a designer to add or remove a group of model elements
consistently. They prevent a designer from missing parts of the evolution. For the example in Section 3, when a new
Adapter (e.g., GeneralPathlterator) is added, a designer has to provide the evolution information according to the pre-
defined evolution. The predicates representing the model elements to be added could be obtained by providing the class

names (ci-name) and operation names (0;-name) in the pre-defined set of predicates as follows:

3 ¢y, Cy, C3, 01, 05, 05 ® (hasClass (system, ¢c;) /\ hasName (cy, “Pathlterator”) /\ isConcrete (c;) /\

hasClass (system, ¢,) /\ hasName (c,, “GeneralPathlterator”) /\ isConcrete (c;) A

hasClass (system, cs) /\ hasName (cs, “GeneralPath™) /\ isConcrete (c3) /\

hasOperation (¢, 01) /\ hasName (oy, “getWindingRule”) /\ isAbstract (0;) A

hasOperation (c,, 0,) /\ hasName (0,, “getWindingRule”) /\ isConcrete (0;) /\

hasOperation (cs, 05) /\ hasName (03, “getWindingRule”) /\ isConcrete (03) /\

generalize (c;, ¢;) /\ associate (C,, C3) /\ delegate (C,, 04, C3, 03))

Pattern evolution could be represented by the addition or removal of the predicates into or from the predicate set of the
original design. Therefore, the addition of model elements could be achieved by the conjunction of the predicate set of the
original design with that of the model elements. The removal of model element could be accomplished by the subtraction
of the predicate set of the model elements from that of the original design. For example, the software system design after
evolution including the original design and the model elements to be added is shown in Figure 3, which could be
described by the conjunction of the predicates representing the original design and the predicates representing the

additional model elements as follows:

3 ¢y, Cy, C3, C4, Cs, 01, 03, O3, 04, 05, 05 ® (hasClass (system, ¢;) /\ hasName (c,, “Pathlterator”) /A isConcrete (c;) /\

hasClass (system, c,) /\ hasName (c,, “Arclterator”) /\ isConcrete (c;) A

13



hasClass (system, c3) /\ hasName (cs, “AffineTransform”) /\ isConcrete (cs) /\
hasClass (system, c,) /\ hasName (c,, “GeneralPathlterator”) /\ isConcrete (cs) A
hasClass (system, ¢s) /\ hasName (cs, “GeneralPath™) /\ isConcrete (c5) A
hasOperation (c;, 0;) /A hasName (o4, “currentSegment”) A isAbstract (0;) /A
hasOperation (c,, 0;) /A hasName (0,, “currentSegment”) A isConcrete (0,) /\
hasOperation (cs, 03) /A hasName (0s, “transform”) /\ isConcrete (03) /\
hasOperation (c;, 04) /A hasName (04, “getWindingRule™) A isAbstract (04) A
hasOperation (c4, 05) /A hasName (0s, “getWindingRule”) A isConcrete (0s) /A
hasOperation (cs, 0g) /A hasName (0s, “getWindingRule”) A isConcrete (0g) /\
generalize (cy, ¢;) /\ associate (c,, ¢3) /\ delegate (cy, 05, C3, 03) A

generalize (cq4, ¢1) /\ associate (cq4, Cs) /\ delegate (cy, O, Cs, O¢))

Describing software system designs by predicates allows us to view the evolution as adding or removing predicates.
5 Pattern Evolution in QVT

In this section, we introduce our pattern evolution approach based on model transformation in detail. We first provide
an overview of our approach. We then discuss the Pattern Evolver User Interface, the transformation rules, and the

transformation environment. Finally, we use an example to illustrate the evolution process execution results.

5.1 Overview of the Approach

We have automated these pattern-level evolution processes based on the Extensible Stylesheet Language
Transformation (XSLT) in [11][12]. In an XSLT [44] transformation, each primitive-level evolution has an associated
XSLT transformation rule and is expressed with the tag <XMl.add> or <XMlI.delete> for the addition or deletion of a
model element, respectively. The pattern-level evolutions are represented in XMI similarly by grouping the XMI
specifications of the corresponding primitive-level evolutions. For each pattern-level evolution, there is a group of
associated XSLT transformation rules that can add/remove the corresponding model elements of this pattern-level
evolution into/from the original UML model in XMI format. The pattern evolution is performed one model element at a

time. For each primitive-level evolution, e.g., adding/deleting an attribute/operation to/from a class, the XSLT

14



transformation rule is applied by scanning the entire software system design to locate the class. If two or more
attributes/operations need to be added into a class, scanning the entire software system design needs to be done multiple
times, which wastes a considerable amount of execution time, hence impacting the performance of pattern evolution. This
could be a dramatic drawback because the software system design is usually very large. In this paper, we investigate the
QVT-based model transformations for the pattern-level evolutions based on our initial study in [14]. Unlike using
procedure language to specify the transformation rules in the XSLT-based pattern evolution approach, the QVT-based
approach specifies transformation rules using declarative rule language.

Figure 4 depicts the overall architecture of our approach for automated evolutions of design patterns based on model
transformations. Design pattern applications in a software design are normally modeled using the UML. Since UML
diagrams are typically persisted in proprietary formats of the corresponding UML tools, a standard XMI format has been
defined for the UML diagrams and the plug-in of these UML tools has been developed to export UML diagrams into
XMI format. Because the IBM Eclipse Modeler can translate software system UML design diagram to textual XMl
format based on the UML 2.0 definitions, the Original System Design is translated into the Source Model (in XMI-UML2
format) by IBM Modeler in Figure 4.

We provide the Pattern Evolver User Interface, an interactive interface to perform software system design evolution.
It takes the Source Model (in XMI-UML2 format) and a definition of the possible pattern evolutions in XML as inputs. It
generates a list of design pattern instances applied in the original design model and displays them. According to the
possible pattern evolution definition, it also generates a list of possible evolutions for each design pattern instance.
Designers can select a design pattern instance from the list and a type of pattern-level evolutions they want to perform.
They provide necessary information for the evolution, i.e. the names of the elements to be changed. To add a class,
designers should enter the name of the class. To add attributes or operations to the class, they also have to provide the
names of the attributes/operations. To delete a model element, they need to provide the name and other related
information. Based on the input, the interface generates the Segment Model (in XMI-UML2 format), which contains the
elements to be changed (to be added or to be deleted). The Source Model can be formally specified in the predicates
defined in the previous section. For example, the properties of the Adapter pattern have been specified in Section 4.2. An

instance of the Adapter pattern can be the Source Model that is specified in the predicates defined in Section 4.2.
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Similarly, the Segment Model can be specified in the predicates defined in Section 4. For instance, a Segment model of the
Adapter pattern is specified in the predicates defined in Section 4.3.

The Source Model (in XMI-UML2 format) and the Segment Model (in XMI-UML2 format) are implicitly converted
into the Source Model (Ecore) and the Segment Model (Ecore), respectively, which are Ecore models defined in the IBM
EMF. These two models are taken as input by the Transformation Engine in IBM EMF to produce the Target Model (in
XMI-UML2 format) in UML 2.0 format. The Model Transformation Rules are applied during the transformation.

The Model Transformation Rules specify how the model elements are changed (added or removed) from the original
software system design. It specifies how the Source Model and the Segment Model are combined or how the elements in

the Segment Model are subtracted from the Source Model.

IBM Eclipse

Generate - Apply V

Model
Transformation
Rule

Convert
L

Evolution Segment Model
(XMI-UML 2)

Input >
‘ Input >
Pattern Evolver

Definition of the Possible User Interface
Evolutions for Each Design Pattern

Figure 4 the Overall Architecture of the Approach

In the following sections, we discuss our Pattern Evolver User Interface, the QVT based model transformation rules,

and how to use the Transformation Engine to perform the evolution.
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5.2 Pattern Evolver User Interface

The Pattern Evolver User Interface takes as input a software system design expressed in the XMI-UML2 format and
displays design pattern instances in the user interface. It allows designers to view all the instances. In addition, it takes as
input a definition of the possible evolutions for each design pattern, according to which it generates a list of evolution
choices. In this way, it educates designers about the possible pattern evolutions and allows them to choose and perform a
pattern evolution in a batch. Once designers have provided the evolution information, it records and outputs the

information in the XMI-UML2 format.

< Ppattern Evolution
File Edit Help

1 Pattemns [ NewAdapter | NewdAdapt
¢ ] Adapter]1]
LS IjAdaﬁ
[ faa]
D Remave ROLE NAME PATTERN INSTANCE NAME
¢ ] Adaptee M ewiAdapter GeneralFathlterator
[ Add Reguest getiwindingRule

[ Remove

Add ‘ |
Note:
For each class (tab), please enterthe name of class andior attributes (operations)
and click on "Add" to the class into the system!

Cancel

Figure 5 User Interface for Adding Model Element

The Pattern Evolver User Interface provides two kinds of interfaces for the changes, one for addition and the other for
removal. The replacement could be performed by removing and then adding. Figure 5 illustrates the interface for addition.
The left panel of the interface shows there is one Adapter pattern instance in the input software system design. The items
under each design pattern are possible pattern-level evolutions for that design pattern. For the Adapter pattern, e.g., there
are two possible evolutions, adding/removing an Adapter class and adding/removing an Adaptee class. Each possible
evolution has two actions, Add and Remove. When a designer selects the Add action in the Adapter pattern, the right panel
will display a table asking designers for the necessary information to perform the Add action, with one class on each tab.
The designer enters the name of Adapter class and the name of the operation that plays a role of Request in the Adapter

pattern on the NewAdapter tab and the names of Adaptee class and corresponding operation that plays a role of
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SpecificRequest in the Adapter pattern on the NewAdaptee tab. After all information has been entered, the designer can
click on the Add button. When the Add button is clicked, the evolution information is recorded as an evolution segment
model in the XMI-UML2 format. Since the pre-defined evolutions define the possible evolutions that can be performed,
they limit the actual segment models that could be defined. Later on, both the evolution segment model and the original
software system model are sent to the transformation engine that performs the process according to the addition rules. We
will introduce the transformation rules in the next section. When a designer selects the Remove choice under the possible
evolutions of the Adapter pattern in the left panel of the interface, the removal interface will be displayed, as shown in
Figure 6. In the removal interface, all removable classes, such as GeneralPathlterator, GeneralPath, Arclterator and
AffineTransform, is displayed in a dropdown list in the right panel. A designer may select one of the classes, e.g.
GeneralPathlterator, and click on the Remove button. The chosen class, together with its attributes and operations, and its
relations with other classes, is recorded as a model in the XMI-UML2 format, a segment model. If the removal of the
chosen class requires the deletion of other related class in order to maintain the pattern property, the information of the

related classes is also recorded in the segment model.
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Figure 6 User Interface for Removing Model Element

5.3 QVT Based Model Transformation Rules
We define model transformation rules in QVT, which are applied in two types of changes: adding or removing model

elements. The inputs of the transformation include the source model that represents the original design and the segment
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model that represents the model elements to be added into or removed from the source model. The output of the
transformation is the target model. All three models conform to the same UML meta-model. The model transformation

rules are defined in the MTF as a set of relations.

8 relate FileToFile (uml:IFile umlsrc, uml:IFile umiSeg, uml:IFile umltgt)

9 {

10 ModelToModel(umlsrc.model, umiSeg.model, umltgt.model)

11}

12 relate ModelToModel (uml:Model srcModel, uml:Model segModel, uml:Model tgtModel)

13 when equals(srcModel.name, tgtModel.name) | equals (segModel.name, tgtModel.name)

14

15 PkgToPkg(over srcModel.ownedMember, over segModel.ownedMember, over tgtModel.ownedMember)
16}

17 relate PkgToPkg (uml:Package srcPackage, uml:Package segPackage, uml:Package tgtPackage)

18 when equals (srcPackage.name, tgtPackage.name) | equals (segPackage.name, tgtPackage.name)
19

20 PkgToPkg (over srcPackage.ownedMember, over segPackage.ownedMember, over tgtPackage.ownedMember),
21 ClassifierToClassifier (over srcPackage.ownedMember, over tgtPackage.ownedMember),

22 ClassifierToClassifier (over segPackage.ownedMember, over tgtPackage.ownedMember),

23 AssociationToAssociation (over srcPackage.ownedMember, over tgtPackage.ownedMember),

24 AssociationToAssociation (over segPackage.ownedMember, over tgtPackage.ownedMember),
28}

29 abstract relate ClassifierToClassifier(uml:Classifier srcClassifier, uml:Classifier tgtClassifier)

30 when equals (srcClassifier.name, tgtClassifier.name)

31 relate ClassToClass extends ClassifierToClassifier (uml:Class srcClass, uml:Class tgtClass)

32

33 ClassifierToClassifier (over srcClass.nestedClassifier, over tgtClass.nestedClassifier),

34 ordered GeneralizationToGeneralization [0..1] (over srcClass.generalization, over tgtClass.generalization),
35 ordered AssociationToAssociation (over srcClass.Association, over tgtClass.Association),

36 ordered DependencyToDependency (over srcClass.Dependency, over tgtClass. Dependency),

37 PropertyToProperty (over srcClass.ownedAttribute, over tgtClass.ownedAttribute),

38 OperationToOperation (over srcClass.ownedOperation, over tgtClass.ownedOperation)

39}

40 relate InterfaceTolnterface extends ClassifierToClassifier (uml:Interface srcint, uml:Interface tgtint)
41 {

48}
49 relate PropertyToProperty(uml:Property srcProp, uml:Property tgtProp)
50 when equals(srcProp.name, tgtProp.name)

Figure 7 Transformation Rules for Addition
Figure 7 illustrates the transformation rules that we provide for the first type of changes that add model elements into
the source model. The FileToFile relation (defined by lines 8 through 11) is the starting point, where three files are taken
into the transformation procedure. The first two files, umlSource and umlSeg, are two inputs, one taking the original

design model information and the other taking the segment model information. The third file, umlTarget, is used as an
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output, which is empty before the execution. Line 10 indicates that the ModelToModel relation (defined by lines 12
through 16) executes on the models defined in the three files. The ModelToModel relation invokes the PkgToPkg relation
(defined by lines 17 through 28), which defines how the elements in the two inputs are transformed to the output. Line 20
indicates that if the input packages contain sub-package, the elements within the sub-packages are mapped recursively by
the very same relation. Lines 21 and 22 indicate that the classifiers (i.e. the classes or the interfaces) in both input models
are copied into the target model. If a class is defined in both the source class and the segment class, only one copy is made
in the target model due to the following reasons: first, when line 21 executes the MTF engine cannot find a match in the
target and thus creates a copy; second, when line 22 executes, the MTF engine matches the newly created copy with the
one defined in the segment model and thus does not create another copy. Therefore, the MTF mapping engine has the
ability to filter out the duplicate elements. Lines 23 and 24 indicate that the associations in the input models are mapped
into the target model.

The ClassifierToClassifier relation (defined by lines 29 and 30) has two arguments, the source classifier
(sourceClassifier) and the target classifier (targetClassifier), which represents the source class/interface and the target
class/interface of the transformation, respectively. The relation is defined as abstract and is extended by two concrete
relations, the ClassToClass relation and the InterfaceTolnterface relation. When the ClassifierToClassifier relation gets
invoked, the MTF engine checks the type of the arguments passed in. If the type is “uml:Class”, the mapping relation
ClassToClass (defined by lines 31 through 39) is performed, and if it is “uml:Interface”, the mapping relation
InterfaceTolnterface (defined by lines 40 through 48) is performed.

The relation ClassToClass deals with the mapping between classes from the source model and those from the target
model. In the body, the relation hierarchically maps the subclasses (line 33), the generalization relationships (line 34), the
association relationships (line 35), the dependency relationships (line 36), the attributes (line 37), and the operations (line
38) of the source class to those of the target classes. In line 33, the relation ClassifierToClassifier is invoked recursively
to map the subclasses. The keyword over indicates that the corresponding argument represents collections. A mapping
should be created between every element of the collections. The invocation of relation GeneralizationToGeneralization in
line 34 maps the generalization relationship of the source classes to that of the target classes. The keyword ordered allows
the generalization relation participants in the target model to maintain the same order as that in the source model. The

multiplicity [0..1] in the generalization mapping relation restricts the number of generalization relationships exist between
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two classes to be at most one. The association and dependency mappings are defined similarly in lines 35 and 36. In
addition, the relation PropertyToProperty in line 37 and the relation OperationToOperation in line 38 map all attributes
and operations, respectively, between the classes from the source model and the classes from the target model.

Similarly, the relation InterfaceTolnterface (lines 40 through 48) defines the mapping relation from the interfaces of
the source model to the interfaces of the target model. It also hierarchically maps the sub-interfaces, generalization,
association, and dependency relations, attributes, and operations of the source interface to those of the target interface.

The relation PropertyToProperty (lines 49 and 50) define the mapping between the class attributes. Other mappings,
such as OperationToOperation, GeneralizationToGeneralization, AssociationToAssociation, and

DependencyToDependency, which are not shown in the figure, can be defined similarly.

11 relate FileToFile (ws:IFile umlsrc, ws:IFile umlseg, ws:IFile umltgt) {

12 ModelToModel(umlsrc.model, umiseg.model, umltgt.model)}

13 relate ModelToModel (uml:Model srcModel, uml:Model segModel, uml:Model tgtModel)

14  when equals(srcModel.name, segModel.name) & equals(srcModel.name, tgtModel.name) {

15  PkgToPkg(over srcModel.ownedMember, over segModel.ownedMember, over tgtModel.ownedMember)}

16 relate PkgToPkg (uml:Package srcPackage, uml:Package segPackage, uml:Package tgtPackage)

17  when equals(srcPackage.name, segPackage.name) & equals (srcPackage.name, tgtPackage.name) {

18  PkgToPkg(over srcPackage.ownedMember, over segPackage.ownedMember, over tgtPackage.ownedMember),

19 ClassifierToClassifier(over srcPackage.ownedMember, over segPackage.ownedMember, over tgtPackage.ownedMember),
20  AssociationToAssociation(over srcPackage.ownedMember, over segPackage.ownedMember, over tgtPackage.ownedMember)}
21 abstract relate ClassifierToClassifier(uml:Classifier srcClassifier, uml:Classifier segClassifier, uml:Classifier tgtClassifier)

22 when lequals(segClassifier.name, srcClassifier.name) & equals (tgtClassifier.name, srcClassifier.name)

23 relate ClassToClass extends ClassifierToClassifier (uml:Class srcClass, uml:Class segClass, uml:Class tgtClass) {

24  ClassifierToClassifier(over srcClass.nestedClassifier, over segClass.nestedClassifier, over tgtClass.nestedClassifier),

25 OperationToOperation(over srcClass.ownedOperation, over segClass.ownedOperation, over tgtClass.ownedOperation),
26  PropertyToProperty(over srcClass.ownedAttribute, over segClass.ownedAttribute, over tgtClass.ownedAttribute)}

27 relate InterfaceTolnterface extends ClassifierToClassifier (uml:Interface srcinterface, uml:interface seginterface, uml:Interface
tgtinterface) { ... }

45 relate PropertyToProperty(uml:Property srcProp, uml:Property segProp, uml:Property tgtProp)

46  when (lequals(srcProp.name, segProp.name))&(equals(srcProp.name, tgtProp.name))

47 relate OperationToOperation (uml:Operation srcOperation, uml:Operation segOperation, uml:Operation tgtOperation)

48  when (lequals (srcOperation.name, segOperation.name))& equals(srcOperation.name, tgtOperation.name)

Figure 8 Transformation Rules for Removal
Figure 8 illustrates the transformation rules that we defined for the type of changes that remove model elements from

the source model. The removal rules compare the elements in the source model and those in the segment model, and then
map into the target model the elements that appear in the source model but not in the segment model. For example, lines
22, 46 and 48 indicate such comparison and mapping.

We use the IBM Eclipse as our pattern evolution environment. There exist two ways to invoke the model

transformation application. One way is to invoke the application through the Mapping Rule Editor. The other way is
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through a Java application. The former is usually used to develop and debug transformation rules and the latter has a
wider usage. For example, the Java application can be embedded into other applications, such as the user interface shown
in Figure 5. Figure 9 depicts the IBM Eclipse interface for the design pattern evolution performed through Java
application invocation. The left panel of the interface shows the project packages, including Java application source,
libraries used in the package, source model, evolution segment model, target model and pre-defined transformation rules.

These transformation rules have been discussed previously.
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Figure 9 the Design Pattern Evolution Process Interface

The target model is initially an empty model. The type of evolution that adds the segment model into the source model
applies the transformation rules defined in the previous section to copy both the elements in the source model (the
original software system design) and those in the segment model into the target model. The duplicate elements, which are
defined in both the source model and the segment model, are combined. A removal evolution checks every element for
their existence in the segment model. If an element in the source model does not exist in the segment model, it copies it
into the target model. If it exists in the segment model, it does not copy it. Thus the target model becomes the relative

complement of the segment model in the source model.
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5.4 An Example of Pattern Evolution in QVT

Consider the example software system designs as shown in Figure 2 and Figure 3. Figure 2 describes a software
system design with an Adapter pattern instance. The instance has three classes, Pathlterator, Arclterator, and
AffineTransform. Class Arclterator is a subclass of class Pathlterator. Both Pathlterator and Arclterator classes have an
operation named currentSegment. The AffineTransform class has an operation named transform. The software system
design can be modeled in the XMI-UML2 format, as shown in Figure 10 (A). Figure 3 describes a software system design
with an Adapter pattern instance. The instance has two Adapter classes, Arclterator and GeneralPathlterator, and two
Adaptee classes, AffineTransform and GeneralPath, which can be modeled in the XMI-UML2 format, as shown in Figure
10 (C). The evolution segment to be added to Figure 2 or be removed from Figure 3 includes an Adapter class called
GeneralPathlterator and an Adaptee classes called GeneralPath. The information of the evolution segment is provided
by a designer and recorded by the Pattern Evolver User Interface in the XMI-UML2 format. As illustrated in Figure 10
(B), the segment model has three classes, Pathlterator, GeneralPathlterator and GeneralPath. All three classes have
operations named getWindingRule. The GeneralPathlterator class is a subclass of the Pathlterator class.

The flow labeled with “Combine” in Figure 10 indicates the process of the evolution that adds model elements. During
an addition, the transformation takes the source software system model shown in Figure 10 (A) and an evolution segment
model shown in Figure 10 (B) as inputs. The transformation engine applies the addition rules defined in Figure 7 as the
transformation rules. It combines the model elements in the two input models and generates the result as shown in Figure
10 (C). The flow labeled with “Remove” in Figure 10 indicates the process of the deletion of model elements. In this case,
the software system model that is shown in Figure 10 (C) and the evolution segment model that is shown in Figure 10 (B)
are taken as inputs. The transformation engine applies the transformation rules to remove the elements in the segment
model from the source software system model and generates the result in the target model. The target model will contain
an Adapter pattern instance with one Adapter class and one Adaptee class, which is the same as the model in Figure 10

(A).
6 Case Study

In this section, we present a case study on a large open-source software system, the Java.awt package in JDK 1.4 [37].

More specifically, we study the pattern evolutions of this software system using our model transformation techniques and
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tools. The goal of this case study is to demonstrate that our pattern evolution approach works fine with real-life software

systems.

AWT stands for Abstract Windowing Toolkit, a powerful and flexible Java class library for the development of

Graphical User Interface (GUI). It contains rich user components, such as Frames and Panels, which ease GUI

development and is able to run on any platform. The definition of each such component also contains a range of actions

which can be performed on a specific event associated with the component. The AWT package also contains different

layouts for placing components, such as Scrollbar and Button, onto containers like Frame or Panel. These layouts do not

depend on window size or screen resolution [37]. The Java.awt package consists of 346 files. These files contain a total of

485 classes (including inner classes) and 111 interfaces. It is large open source software. We used a computer with 3.4

GHz Pentium processor, 1 GB of RAM and Windows XP operating system in our study on the Java.awt package.
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Since the Java.awt package is an open-source software system, there is no comprehensive design document. Although
many design patterns have been applied by the developers of this software system, pattern-related information is not
documented anywhere. One of the methods to recover pattern-related information is to use existing design pattern
discovery tools. In particular, we have developed a UML-based design pattern discovery tool, called DP-Miner [9][15].
Using DP-Miner, we recovered 21 Adapter pattern instances, as well as a number of other pattern instances, in the
Java.awt package. Two of these Adapter pattern instances, as shown in the previous sections, are composed of five
classes, Pathlterator as Target, GeneralPathlterator and Arclterator as Adapter, GeneralPath and AffineTransform as
Adaptee. Figure 11 shows the class diagram of the design of the Java.awt package with the aforementioned classes
highlighted by a dashed oval. More specifically, the GeneralPathlterator and Arclterator classes are subclasses of the
Pathlterator class. The GeneralPathlterator and Arclterator classes associate with the GeneralPath and AffineTransform
classes, respectively. The getWindingRule() operations in the Pathlterator and GeneralPathlterator class play the role of
Request() whereas the getWindingRule() operation in the GeneralPath class plays the role of SpecificRequest() in the first
Adapter instance in the upper part of the oval area in Figure 11. The currentSegment() operations in the Pathlterator and
Acrclterator class play the role of Request() whereas the transform() operation in the AffineTransform class plays the role
of SpecificRequest() in the second Adapter instance in the lower part of the oval area.

In the previous sections, we have shown an example of the addition of a new Adapter pattern instance to a small
software system with one Adapter pattern instance. In this section, we illustrate the addition of a new Adapter instance in
the design of the Java.awt package. As discussed previously, one possible evolution of the Adapter pattern is a correlated
operations/attributes evolution that is the addition or removal of a group of classes along with their attributes and
operations. For example, the developers may add a new Adapter class that includes one operation, myRequest().
However, the Adapter class cannot be added alone. The corresponding Target and Adaptee classes have to be added or
identified. In this case, the Pathlterator class is identified as the Target class. Thus there is no need to add a new one.
However, the myRequest() operation needs to be added in the existing Target class (Pathlterator). In addition, since no
Adaptee class is identified, a new Adaptee class is required to be added. Any missing changes of these model elements
may result in errors and inconsistencies in the design that are difficult to find and correct.

In this case study, we apply our approach and tool to add a new Adapter instance in the Java.awt package. More

specifically, our approach and tool for QVT-based pattern evolution include the following processes.
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Figure 13 An Evolution of the Design of Java.awt
First, all pattern instances applied in a software system design are identified [9][15] and explicitly displayed. Pattern

related information may not be always available in many software systems, especially large real-life software systems.

Many approaches [2][9][15][17][29][31] have been proposed to recover such information from software system source

code. These recovered pattern instances from a software system are the basis of our approach presented in this paper. In

particular, we use our own tool, DP-Miner, to recover the pattern instances in a software system for the following reasons.

DP-Miner is also an XMI-based tool that outputs the results of pattern recovery in an XMl file. All pattern-related

information in such XMl file can be represented using the stereotypes and tagged values defined in [10]. This XMl file

with pattern-related information can be the input of our QVT-based model transformation tool described in this paper,

which naturally integrates with our pattern recovery tool. Note that other pattern recovery tools can also be used as the

basis of our pattern evolution tool in this paper although some adjustment and adaptation of the results from these tools

may be required, which is out of the scope of this paper.
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Second, our QVT-based model transformation tool takes the software system design model XMI file with pattern-
related information as an input and provides a user interface that allows designers to supply the information of the pattern
evolution. The tool displays all the pattern instances available in the AWT package, including 21 instances of the Adapter
pattern. With each pattern instance, the tool displays the evolution possibilities. Clicking on an evolution that involves
addition action brings up a table, similar to the one shown in Figure 5, where the names of new model elements, which
play certain roles in the pattern instance, can be specified by designers. In this case study, a designer adds a new Adapter
class to the Adapter instance highlighted in Figure 11. The new Adapter class is named Mylterator and the new Request
operation is named myRequest. Since the Adapter class cannot be added into the design alone, there has to be an Adaptee
class to be adapted. The tool, as illustrated in Figure 5, provides another tab (NewAdaptee) to request from the designer
the information for the new Adaptee. The designer is prompted to provide the names for the new Adaptee class and the
new SpecificRequest operation, which, in this case, are MyPath and mySpecificRequest(), respectively. Our tool requires
the designer to provide all information related to the new model elements so that there will be no missing elements. On
the other hand, if the designer selects an evolution possibility that removes elements from a pattern instance, all possible
pattern participants that could be removed will then be displayed in a dropdown menu, similar to the one shown in Figure
6. Selecting any element will result in the removal of all related elements of the pattern instance.

Third, our transformation rules for adding model elements described in Section 5.3 will be applied after designers
provide the information about the new model elements with the guidance of our tool. Figure 12 shows the UML2 models
of our model transformation processes in Eclipse. More specifically, Figure 12 A) displays the geom. package of Java.awt
that includes the two Adapter pattern instances we are interested, one includes the Pathlterator, Arclterator,
AffineTransform classes, the other consists of the Pathlterator, GeneralPathlterator, GeneralPath classes, which are
highlighted in solid ovals in the diagram. While Figure 12 A) presents the original UML2 model of Java.awt, Figure 12
B) depicts the new model elements of a new Adapter pattern instance that the designer wants to add in Java.awt. The
names of these model elements that play certain roles in the new Adapter pattern instance have been provided by the
designer in the previous step. In this case, two new classes include Mylterator and MyPath, each of which has its own
operation, myRequest and mySpecificRequest, respectively. A new operation, myRequest, also needs to be added into the
Pathlterator class. In addition, the dependency relationship between classes Mylterator and MyPath and the

generalization relationship between classes Mylterator and Pathlterator need to be added as shown in the diagram. Our

29



model transformation rules for adding model elements are then applied to combine the two UML2 models shown in
Figure 12 A) and B) into a new model shown in Figure 12 C), where the dashed ovals highlight the new addition of the
Adapter pattern instance. Figure 13 shows the class diagram of the evolved software system design, with the involved
classes highlighted by a dashed oval and the newly added classes highlighted by a solid oval. Removing model elements
from the original design model could be achieved similarly by applying the transformation rules for removing model
elements, which is responsible for removal. For example, an Adapter instance described in Figure 12 B) can be removed

from the model in Figure 12 C), resulting in the model in Figure 12 A).

7 Related Work

The evolution processes of design patterns have been studied in [1], where Prolog [7] is used to capture the structural
evolution processes of design patterns. Thus, the evolution of a design pattern application could be achieved by the
addition or removal of new or old Prolog facts. The evolution processes are defined as Prolog rules. In this paper, we
describe the evolution process as model transformations based on QVT.

Design pattern evolutions in software development processes are also discussed in [24], where software development
processes are considered as the evolution analysis of design patterns. The evolution rules are specified in Java-like
operations to change the structure of patterns. Although some primitive-level evolution rules are introduced, there is no
discussion on pattern-level evolution rules. In addition, our approach automates the evolutions based on model
transformations in QVT.

In order to automatically apply design patterns in software system design models, Wang et al. [32] propose a design
pattern oriented model transformation approach. The transformation framework includes a set of atom mappings and
pattern mappings. They combine the two mappings and create the model transformation code template, which can
generate XSLT based model transformation code. The template library is easy to be extended for new design patterns.
They use the XMI-Light, a middle storage format for many UML tools, as the input and output format. They use XSLT as
the transformation technique. Comparatively, our work focuses on the evolution of design patterns instead of their
applications. Our evolution approach is based on QVT transformation standard rather than XSLT.

Judson et al. propose a design pattern based model transformation and refactoring approach which defines
transformation at the meta-model level [18]. They aim at providing a declarable model transformation language to

transform software system design based on pre-defined transformation patterns. They specialize the UML meta-model to
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characterize source and target models. The transformation patterns can be used to constrain how transformations are
defined at the model level and can act as the points against which transformations are checked for conformance.
Specifying the transformations patterns as meta-models promotes the controlled evolution of models. The approach has
been applied to the Abstract Factory and Visitor patterns. Abstract Factory transformation patterns have been developed
for UML class and interaction design models. We investigate the possible evolutions for the design pattern instances and
provide a framework where each applied design pattern instance in the software system design can be transformed
according to the properties of the pattern.

A Role-Based Meta-modeling Language (RBML) has been proposed to specify the design patterns in [23]. Based on
RBML, a tool is also developed to check the conformance of a software system design diagram to a design pattern
diagram by matching the pattern roles to the classes in the software system design diagram. If a software system design
diagram does not conform to the corresponding pattern diagram, their tool is able to change the non-conformance case to
a conformance one by adding missing roles into the software system design diagram. Although their approach can add
missing roles of a pattern, the goal of their tool is to change the software system design to conform a pattern diagram,
which is different from our goal of pattern evolutions. Thus, their tool can only add missing roles of a pattern, instead of a
new pattern instance. In addition, our approach is based on QVT that follows model transformation standards.

With the intent to incorporate patterns into UML models, Kim et al. propose a role based meta-modeling approach to
specify design patterns at the meta-model level [22]. They propose a notion of model role, which is generalized from the
object-oriented role. Model role is used to describe the role played by a model element. This notion can be used to define
the interactions and state-based behaviors of design patterns. They illustrate the use of model roles with a specification of
a variant of the Observer design pattern. In contrast, we specify design patterns using predicates. In addition to the pattern
specification, our work also includes the model transformation based approach for design pattern evolution.

Noda et al. [30] consider design patterns as a concern that is separate from the application core concern. Thus, an
application class may assume a role in a design pattern by weaving the design pattern concern into the application class
using Hyper/J [36]. Due to the separation of concerns, an application class may assume different roles in different design
patterns. The change of roles that an application class plays, i.e., the change of design patterns, becomes a relatively

simple task. The main goal of their evolution of design pattern is the replacement of one pattern by another. In contrast,
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our design pattern evolution refers to the internal changes of a design pattern application. In addition, the practical
application of their approach is left as a mystery.

Improving software system quality by applying design patterns in existing software systems has been discussed in
[5]1[6]- When the user selects a design pattern to be applied in a chosen location of a software system, automated
application is supported by applying transformations corresponding to the mini-patterns. The transformations are defined
in terms of preconditions, algorithm, behavioral preservation, and postconditions. The main goal of their software
evolution is to apply design patterns in existing software systems, whereas our evolution goal is to change the design
patterns that have already been applied in a software system. Additionally, our transformations are defined at the UML
meta-model level and implemented in QVT.

The tool support for UML model evolution is provided in [21], which is also based on XMI. The tool is mainly for
database model scheme evolutions, such as the change of the type of a data element. The design and development of the
tool applies several design patterns to model the components (Composite pattern), to reconcile difference in changing
interfaces (Adapter pattern), to model a set of update commands (Composite pattern), and to describe change executions
(Command pattern). While they apply some design patterns in their tool, they have not addressed the changes of a design
pattern instance. In contrast, we focus on the evolution of design patterns, instead of the evolution of UML models.

Mazon et al. [27] applied MDA to a data warehouse (DW) development framework to address the design of the whole
DW. The framework consists of five layers, each of which represents a part of the whole DW system. Each layer has its
own viewpoint, including the Platform Independent Model (PIM), Platform Specific Model (PSM) and Computation
Independent Model (CIM), according to the MDA. Each layer and its viewpoints require different model formalisms.
Once PIM models in each layer are developed, other models can be transformed based on the relational layer of QVT.
While they proposed QVT-based model transformations for DW, we presented QVT-based model transformations for
design pattern evolutions. In contrast to their vertical transformations where a source model is transformed into a target
one at different level of abstraction, our model transformations merge multiple source models into a single target model at
the same level of abstraction. In addition, their model transformations are mostly presented at the conceptual level and
lack tool support.

D'Ambrogio [8] applied model transformations to build automatically a performance model from the UML model. The

performance model is necessary to effectively validate the performance of a software system through its development
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lifecycle. Building performance models based on model transformation obtains a high degree of automation in the
generation of performance models from software development models. While their goal of model transformation is to
construct a performance model from the UML model, our goal is to automatically evolve design pattern applications.
Moreover, their tool was implemented in XSLT, instead of QVT.

Kalnins et al. [19][20] proposed a graphical procedural transformation language MOLA. The model transformation
defined by MOLA is a sequence of graphical statements linked by arrows. MOLA is more suitable for the transformation
between two models, such as transformation from UML diagram to RDBMS schema. Other model transformation
languages, such as QVT-Merge [41], ATL [34], MTF [38], Tefkat [42], and Fujaba Story diagrams (SDM) [35], which
are either textual or graphical languages, address the transformation from one model to another. Muller et al. [28] also
proposed a model transformation language (Kermeta) to better describe the behavioral aspect of model transformation. In
contrast, our purpose is to describe the pattern evolution and automate this process based on QVT.

XMl is an interchange format that supports the exchange of models in differential forms. Kovse and Harder [25] build
on this feature of XMI to examine the possibility of XMI-based generic transformations of UML models. They propose to
predefine generic XMl-based transformations, which can be configured via parameter values to generate specialized
transformations via XSLT. The specialized transformations can be used to transform UML models. Therefore, their
approach promotes model reuse. On the other hand, our work is more specific to the transformation of UML models. We
provide the transformation framework to transform the design pattern instances applied in the software UML design
model.

Lengyel et al. [26] investigate how to support flexible, expressive, and verifiable model transformation. They present a
meta-model-based model transformation framework, Visual Modeling and Transformation System. They use graphs to
visualize the models and perform the graph transformation that is facilitated by the graph rewriting tool. In addition to
visualizing models by graphs, they use OCL to define the transformation rules precisely and to validate the model
transformation. Meta-model-based transformation rules are at the layer of meta-models, which allows assigning OCL
constraints to transformation rule elements. They provide a high-level control flow language, Visual Control Flow
Language (VCFL), to define transformations. Although our approach also bases on model transformation, we deal with a

different topic, which is the evolution of design pattern instances applied in the software system design.
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8 Conclusions

Since the evolution information of a design pattern is generally implicit in the pattern descriptions, a designer has to
dig into the pattern descriptions to understand the particular ways of evolution encapsulated in design patterns. There are
several problems when the evolution information is implicit. First, it is hard for the designer to take advantage of the
benefits of using a design pattern when changes are needed. Second, the evolution of a design pattern generally involves
several classes and relationships. Missing one part may cause inconsistencies and errors in the design which are difficult
to find and correct. Third, the evolution processes are not reusable if not documented. As discussed in [11][13], many of
the evolution processes recur in different patterns, which can be documented by studying the pattern descriptions.

In this paper, we define the evolution processes of design patterns as model transformation rules based on QVT. We
specify design pattern properties and evolutions in predicates. We also provide tool support for the automation of the
pattern evolution processes. In this way, the evolution information of each design pattern is not only made explicit to the
designers, but also automated for them to apply as a transformation. To illustrate our approach, we also provide a case
study on an open-source software system. The case study shows that the types of evolutions of each design pattern we
define appear in real-life systems. Although we only use the Adapter pattern as the example and case study in this paper,
our approach could be applied to other patterns as well. For example, we have presented an example of the Observer

pattern evolution using our approach in [14].
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