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INTRODUCTION

Design patterns (Gamma, Helm, Johnson, & Vlissides, 1995)
extract good solutions to standard problems in a particular
context. Modern software industry has widely adopted
design patterns to reuse best practices and improve the
quality of software systems. Each design pattern describes
a generic piece of design that can be instantiated in different
applications. Multiple design patterns can be integrated to
solve different design problems. To precisely and unam-
biguously describe a design pattern, formal specification
methods are used. Each design pattern presents extensible
design that can evolve after the pattern is applied. While
design patterns have been applied in many large systems,
pattern-related information is generally not available in
source code or even the design model of a software system.
Recovering pattern-related information and visualizing it in
design diagrams can help to understand the original design
decisions and tradeoffs.

In this article, we concentrate on the issues related to
design pattern instantiation, integration, formalization,
evolution, visualization, and discovery. We also discuss the
research work addressing these issues.

BACKGROUND

Formalization

Design patterns are typically described informally for easy
understanding. However, there are several drawbacks to the
informal representation of design patterns. First, informal
specifications may be ambiguous and imprecise. They may
not be amendable to rigorous analysis. Second, formal

specifications of design patterns also form the basis for
the discovery of design patterns in large software systems.
Third, design patterns are generic designs that need to be
instantiated and perhaps integrated with other patterns when
they are applied in software system designs. There can be
errors and inconsistencies in the instantiation and integration
processes by using informal specifications. Finding such
errors or inconsistencies early at the design level is more
efficient and effective than doing it at the implementation
level. In addition, it is interesting to know whether some of
these processes are commutative at the design level (Dong,
Peng, & Qiu, 2007b).

The initial work on the formal specification of archi-
tecture and design patterns has been done in Alencar et
al. (Alencar, Cowan, & Lucena, 1996). The composition
of two design patterns based on a specification language
(DisCo) has been discussed in Mikkonen (1998). A formal
specification approach based on logics is presented in Eden
and Hirshfeld (2001). Some graphical notations are also
introduced to improve the readability of the specifications.
The structural and behavioral aspects of design patterns in
terms of responsibilities and rewards are formally specified
in Soundarajan and Hallstrom (2004). Taibi and Ngo (2003)
propose specifying the structural aspect of design patterns
in the first order logic (FOL) and the behavioral aspect in
the temporal logic of action (TLA). Formal specification of
design patterns and their composition based on the language
of temporal ordering specification (LOTOS) is proposed in
Saeki (2000).

Evolution

Change is a constant theme in software system development.
Mostdesign patterns describe some particular ways for future
changes and evolutions. In this way, the designers can add or

Copyright © 2009, IGI Global, distributing in print or electronic forms without written permission of IGI Global is prohibited.



remove certain design elements with minimal impact on other
parts of the system. However, such evolution information of
each design pattern is normally implicit in its descriptions.
When changes are needed, a designer has to read between
the lines of the document of a design pattern to figure out
the correct ways of changing the design. Misunderstanding
of a design pattern may also result in missing parts of the
evolution process. It might be a disaster if a change causes
any inconsistency, any violation of pattern constraints and
properties, and consequently, a system crash. It is impor-
tant to regularize, formalize, and automate the evolution of
design patterns.

Design pattern evolutions in software development pro-
cesses have been discussed in Kobayashi and Saeki (1999),
where software development process is considered as the
evolutions of analysis and design patterns. The evolution
rules are specified in Java-like operations to change the
structure of patterns. Noda (2001) consider design patterns
as a concern that is separated 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. Improving software system
quality by applying design patterns in existing systems has
been discussed in Cinnéide and Nixon (2001). When the user
selects a design pattern to be applied in a chosen location of
a system, automated application is supported by applying
transformations corresponding to the minipatterns.

Visualization

When a design pattern is applied in a large system design,
pattern-related information is normally lost because the
information on the role a model element plays in the pattern
is often not available. It is unclear which model elements,
suchas class, attribute, or operation, participate in the pattern.
There are several problems when design patterns are implicit
in software system designs. First, software developers can
only communicate at the class level instead of the pattern
level because they do not have pattern-related information in
system designs. Second, each pattern often documents some
ways for future evolutions, as discussed previously, that are
buried in the system design. The designers are not able to
change the design using relevant pattern-related informa-
tion. Third, each pattern may preserve some properties and
constraints. Itishard for the designers to check whether these
properties and constraints hold when the design is changed.
Fourth, it may require considerable efforts on reverse-engi-
neering design patterns from software systems.

Early work on explicitly visualizing design patterns in
UML has been investigated in Vlissides (1998), where all
approaches surveyed can only represent the role a class
plays in a pattern, not the roles of an attribute (or operation).
They cannot distinguish multi-instances of a pattern either.
Current approaches on visualizing design patterns can be
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categorized into two kinds, UML-based approaches (France,
Kim, Ghosh, & Song, 2004; Lauder & Kent, 1998; Vlis-
sides, 1998) and non-UML-based approaches (Mapdlsden,
Hosking, & Grundy, 2002; Reiss, 2000). The UML-based
approaches can be further divided into single-diagram (Vlis-
sides, 1998) and multidiagram (France et al., 2004; Lauder
& Kent, 1998).

Discovery

Design document is often missing in many legacy systems.
Even the document is available; it may not exactly match
the source code that may be changed and migrated over
time. Missing pattern-related information may compromise
the benefits of using design patterns. The applications of
design patterns may vary in different layouts, which also
pose challenges for recovering and changing these design
pattern instances. It is important to effectively and efficiently
recover the design pattern from the source code.

Several approaches have been proposed to discover a
design pattern from either source code or design model
diagrams, such as the UML. A review of these approaches
has been presented in Dong (Dong, Zhao, & Peng, 2007d).
Among them, Antoniol (2004) uses the abstract object
language (AOL) as the intermediate representation for pat-
tern discovery. Tsantalis et al. (Tsantalis, Chatzigeorgiou,
Stephanides, & Halkidis, 2006) applies a graph matching
algorithm to calculate the similarity of two classes in pattern
and system. Machine learning algorithms, such as decision
tree and neural network, have been applied to classify the
potential pattern candidates in (Ferenc, Beszedes, Fulop, &
Lele, 2005, Gueheneuc, Sahraoui, & Zaidi, 2004).

FROM THEORY TO PRACTICE

In this section, we present our approaches on the formaliza-
tion, evolution, visualization, and discovery of design pat-
terns. In addition to the theory of our approaches, we provide
several tools for practical uses of our approaches.

Formalization

Over the past decade, we have applied several formal
methods, such as first-order logic, temporal logic of action
(TLA) (Lamport, 1994), Prolog, Calculus for Communicat-
ing System (CCS) (Milner, 1989), to specify design pat-
tern structure and behavior. More specifically, we applied
first-order logic to specify the structural aspect of a design
pattern and the TLA to specify the behavior of each design
pattern in Dong (Dong, Alencar, & Cowan, 2000). The
structural aspect is described by predicates for describing
classes, state variables, methods, and their relations. The
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integration of two design patterns is the union of two sets
of the predicates corresponding to the structures of the two
patterns. We specify the behavioral aspect using the TLA
since it is an axiomatic style of semantic definition suitable
for describing both safety and fairness properties. We define
the behavioral semantic of each design pattern in terms of
TLA formulas. In addition to TLA, we used CCS to specify
the behavioral aspect of design patterns in Dong (Dong,
Alencar, & Cowan, 2006a), where we define the behavior
of each pattern in terms of CCS processes. The objects and
their communications in each pattern are represented in the
processes and their communications. We define the interface,
input/output messages, and actions of each process. We then
defined the behavioral instantiation and integration based on
the process definitions.

Formal specification allows describing the structural
and behavioral aspects of design patterns more precise and
concise. [talso facilitates automated verification techniques,
including model checking and theorem proving.

Model checking techniques typically include a model
specification language that specifies a finite state model and
a property specification language that defines the properties
ofasystem in, for example, temporal logic. Amodel checker
is a tool that explores the finite state model to match the
properties. We have explored model checking techniques
in Dong et al. (2006a). By specifying the properties of each
pattern, we used a model checker to check them against the
behavioral specification of the pattern. In this way, we can
check the consistencies of the integration of design patterns
and discover errors early at the design level.

Theorem proving is another verification technique that
ensures the correctness of a design. By applying rigorous
mathematical knowledge, formal model abstracts the struc-
ture and behavior of a design pattern, and the operations
between them, which enables us to summarize, predict,
prove, or exclude certain general properties of design pat-
tern operations. Based on our definitions of the structural
and behavioral aspects of deign patterns, we have proved
several theorems related to the structural integrity, safety,
and liveness properties in Dong et al. (2000). While manual
proving theorems can be tedious and error-prone, we also
explore the application of Prolog for deducing facts from a
formal specification of patterns in Alencar et al. (Alencar,
Cowan, Dong, & Lucena, 1999).

While each design pattern needs to be instantiated when
itis applied in a system, it may also be integrated with other
patterns to solve multiple design problems. It is interesting
to know whether the instantiation and integration processes
are commutative. Proving the conditions that these processes
are commutative is important because it can save a lot of
time of the designers on trial-and-error. In this way, we
are able to predict the possible outcome of a design and to
disclose potential problems. The commutability problem

has been explored systematically under our formal model
in Dong et al. (2007b).

Evolution

The evolution process of design patterns has been initially
studied in Alencar et al. (1999), where Prolog is used to
capture the structural evolution processes of design patterns.
The structural aspect of a design pattern is described in terms
of Prolog facts. Thus, the evolution of a design pattern ap-
plication can be achieved by the addition or removal of new
or old Prolog facts.

While there are many different ways to evolve design
patterns, we classified them into two-level transforma-
tions, the primitive level and pattern level, in Dong et al.
(Dong, Yang, Lad, & Sun, 2006b). The primitive level
transformations include the addition/removal of an object-
oriented modeling element, such as class, attribute, opera-
tion, association, generalization, aggregation, composition,
realization, dependency. The pattern level transformations
are a group of primitive level transformations that reappear
in many design patterns. We categorized five pattern-level
transformations:

1)  simple addition/removal of an independent class and
the corresponding relationships between this class and
the classes in the original pattern;

2)  addition/removal of one independent class with at-
tributes and/or operations and the corresponding
relationships between this class and the classes in the
original pattern;

3)  addition/removal of an attribute/operation in several
classes consistently;

4)  addition/removal of a group of correlated classes;

5) addition/removal of a group of classes and some at-
tributes or operations in the classes involved in the
original pattern instance.

With this classification of the evolution processes of
design patterns, we are able to automate these evolutions
with tool support. We used XMI to describe our two-level
evolutions. Using an XMI file processor, design pattern
evolutions can be automated by transforming from the
original UML model of a design pattern to the destination
UML model of the pattern. In particular, we explored two
main model transformation techniques, XSLT and QVT, to
automate the evolution processes.

By semiautomating the evolution process, our tool
provides the following features: first, analyzing the legacy
code and presenting in a visible manner the pattern-related
system pieces that can be evolved and the possible evolu-
tions for each system piece; second, when certain evolution
is selected, input fields for the required information are
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displayed to ensure no missing information and the integrity
for the evolution; and third, ensuring the consistency by
facilitating the reasoning.

Visualization

Our research of design pattern visualization is a UML-based
approach (Dong, Yang, & Zhang, 2007c). We have extended
the UML with a new profile for design pattern that defines
new stereotypes (PatternClass, PatternAttribute, and Patter-
nOperation) for tracking design patterns in UML diagrams.
Each stereotype may be attached by a tagged value: role@
name[instance]. The pattern-related constraints for stereo-
types are defined based on OCL. These new stereotypes
and tagged values are attached to a modeling element to
explicitly represent the role the modeling element plays in
a design pattern so that the user can identify the pattern in
a UML diagram. Based on this profile, we also develop a
Web service (tool), called VisDP, for explicitly visualizing
design patterns in UML diagrams based on coloring and
mouse movement. In this way, our tool can hide all pat-
tern-related information and allows the user to visualize
design patterns on demand. All pattern-related information
is displayed only when requested.

Discovery

We propose a novel approach based on matrix and weight
to discover design patterns from source code (Dong, Lad, &
Zhao,2007a). Inparticular, the system structure is represented
in a matrix with the columns and rows to be all classes in the
system. The value of each cell represents the relationships
among the classes. For each specific relationship, there is
a unique prime number associate with it. For example, the
“Generalization” relationship can be prime number 2, and
“Aggregation” can be prime number 3. The cell value for
any two classes is the multiplication of each associated
prime to the power of occurrence of the relationship. If two
classes have both the “Generalization” and “Aggregation”
relationships, the cell value is 2' x 3! = 6.

After we get the matrix representation of the system, we
can apply direct matching method to find the pattern instance.
The structure of each design pattern is also represented in
another matrix. The discovery of design patterns from source
code becomes matching between the two matrices. The di-
rect matching results of the structural analysis may include
false positive instances due to missing behavioral analysis.
Our approach may proceed to check back the XML files or
directly into the source code for behavior characteristics.
Some patterns may be hard to distinguish since they have
the same structural and behavioral characteristics. In such
case, our approach also analyzes the semantic information
of the pattern instances, like naming convention. We auto-
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mated the structural, behavioral, and semantic analyses in
our DP-Miner tool (Dong et al., 2007a).

We also apply template matching method to pattern
discovery (Dong, Sun, & Zhao, 2008). The basic idea is
to calculate the normalized cross-correlation value of two
vectors f and g. Normalized cross correlation defines the
cos® value, where 0 is the angle between vector f'and g.
The maximum value is 1 when fand g is an exact match,
that is, 6 = 0. A two-dimensional matrix can be flatted
into one-dimensional vector by appending the following
rows values to the first row. If two matrixes are similar to
each other, we are expecting to see a small angel between
the two flatted vectors, in other words, a high normalized
cross-correlation value. Our template matching approach
encodes both pattern and system knowledge into two overall
matrixes, and calculates their similarity score by cross cor-
relation. We also implement a Web-based tool to facilitate
the template matching for pattern recovery. The advantage
of template matching approach is that it cannot only find the
exact matches of pattern instances, but also identify their
possible variants.

FUTURE TRENDS

Our future direction on formalization is to use our formal
model and its derivation methodology in security-related
applications, where the correctness of pattern operations is
vitally important to the completeness of a successful sys-
tem. We are also interested in combining the use of formal
derivation together with model checking, to grasp a deep
understanding of system properties, and gain more confidence
on the system correctness.

We will characterize the constraints of evolutions of
each design pattern, and provide techniques and tools for
checking such constraints after evolutions. In addition, we
are investigating the model transformation techniques based
on other techniques to improve our current approach.

Ourresearch on visualization can be extended from design
patterns to architectures. We are interested in architecture
visualization that can explicitly display critical architecture
information in large software architecture.

Applying machine learning and data-mining methods
are future trends for pattern discovery. In addition, we will
continue to further optimize our tool for better performance.
Furthermore, pattern discovery techniques may be also
extended to architectural pattern discovery.

CONCLUSION

In this chapter, we present the research issues related to
design patterns. These issues range from theory to practice,
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including formalization, evolution, visualization, and discov-
ery of design patterns. We discussed the research problems
related to these issues and describe the existing solutions to
these problems. In addition, we introduced our formal and
automated engineering solutions to these problems. Future
research directions are also pointed out. Design patterns are
good designs that are at the heart of software development.
Research work on software design is critically important to
the success of software systems.
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KEY TERMS

Design Patterns: Design patterns represent solutions
to problems that arise when developing software within a
particular context. Design patterns capture the static and
dynamic structure and collaboration among key participants
in software designs.

Design patterns are generic design pieces that need to be
instantiated before uses. The instantiation of a design pattern
describes the process of applying generic design pieces into
a system design.

The integration of design patterns describes the process
of composing multiple design patterns to solve a number
of design problems. Design patterns can be integrated by
overlapping common parts from different patterns or adding
new relationships between parts from different patterns.

The formalization of design patterns is to apply rigor-
ous methods to specify design patterns or to verify their
properties. These formal methods include logic-based and
process-based methods.

The evolution of a design pattern is a process to add
or remove design elements to/from existing design pattern
applications in a software system. It takes place when new
requirements, platforms, technologies, or environments
change and therefore software system need to be adapted
to such change.

The visualization of design pattern provides techniques
and tools for explicitly visualizing the instances of design
patterns applied in a large software system design. These
visualization techniques and tools can help software designers
for tracing, identifying, and checking design patterns in the
software system design, and making right design decision
of applying design patterns.

Design pattern discovery techniques are used to recover
design pattern instances applied in existing source code. It
becomes a key issue for many research areas, such as reverse
engineering and code refractory, because it helps for program
comprehension and design visualization.



