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Abstract
Software design is a difficult creative task learnt from long experience. Reusable object-oriented
design aims to describe and classify designs and design fragments so that designers may learn from
other peoples’ experience. Thus, it provides leverage for the design process. This paper surveys the
field, discussing software architectures, application frameworks, design patterns, and the design of
class libraries. The field is young with many open problems that still need to be researched.

1 Introduction

The drive for productivity in the software industry is forcing major changes in the ways that software
development and maintenance are being done. Traditionally, over 80% of total expenditure is directed
to software maintenance (including corrective, adaptive, and perfective maintenance), and about 60-70%
of the effort of maintenance is directed towards understanding the software (requirements, architecture,
design, and code). Hence, lowering the effort and costs of maintenance and understanding are the pri-
mary means to increased productivity. Software reuse [9, 27, 67, 64] amortizes the cost of developing a
component across many projects and supports better quality of products through more effort in inspec-
tions and testing. Reuse applies not only to source-code fragments, but to all the intermediate products
generated during software development, including requirements, documents, system specifications, and
designs. Systematic reuse of existing software components to construct new systems has been successfully
practiced by organizations since at least 1979 [50, 51].

Software design is a difficult creative task learnt from long experience [18]. Reusable object-oriented
design aims to describe and classify designs and design fragments so that designers may learn from
other peoples’ experience. Thus, it provides leverage for the design process. This paper surveys the
field, discussing software architectures, application frameworks, design patterns, and the design of class
libraries. The field is young with many open problems that still need to be researched.

Design is the activity to produce a description of how to perform a task which meets the customers’
requirements and any other constraints imposed by the context in which the task is to be performed.
That is, software design produces a mechanism to perform the task, and that mechanism is later realised
in a programming language. There are many methodologies for designing software [13, 18, 26, 39, 40,
44, 66, 76, 80, 81]. They chiefly address designing a system from scratch rather than design with reuse.
Design is an example of a “wicked problem” [18, pp.19-21]. In particular, the requirements for a system
may not be fully understood until the design is complete; there is no right answer to the problem, just
a vague distinction between good and bad designs; and there is no way to converge to a good design,
one postulates a tentative design and by analysing its merits and deficiencies may refine it to a complete
working design.



Parnas’ writings [60, 61, 62] have lead to the consensus that “design for change” is an overarching
principle for software design [32, p.65], and that information hiding is an essential step to achieving
design for change. The object-oriented paradigm stresses information hiding through the use of private
state variables for objects and loose coupling through message passing [45], so it is well-suited to design
for change. Meyer [55] makes the argument that object-oriented design is better for reuse than functional
design. He uses small examples to illustrate the argument that by focussing on data rather than process
there are more reusable components: the objects are common across applications whereas functionality
is not commonly reused.

The reusable design artifacts are

e software architectures, which describe the structure of systems at the level of gross organization
and global control,;

e application frameworks, which are actual implementations of those architectural components com-
mon to a family of applications, including the design and implementation of global control and the
global division of responsibilities;

o design patterns, which are micro-architectures or mechanisms that resolve one issue in design; and

e class libraries, which are collections of classes and incorporate the design of interfaces and class
hierarchies.

These artifacts may be classified as concrete if they provide an actual realisation of the mechanism as
well as the design of the mechanism; otherwise they are abstract. Application frameworks and class
libraries are concrete; software architectures are abstract; design patterns are abstract, but they are often
accompanied by examples which realise the design pattern in a specific application.

We should be careful to distinguish design patterns, which are micro-architectures, from patierns [41],
which document how to reuse or apply a design. A discussion of the different uses of the word “pattern”
is provided in [75].

Every designer can benefit from a knowledge of software architectures and design patterns, and from
familiarity with class libraries for domain-independent components such as data structures and user
interfaces. However, more systematic reuse of domain-dependent design artifacts brings more benefits.
Systematic reuse [33] requires a change in the whole software process, from requirements analysis to
maintenance, and impacts the whole organization and the way it does business. Costing, funding of
projects, and terms of contracts with customers and subcontractors are all impacted. The competitive
advantages that an organization derives from reuse are improved time-to-market, improved knowledge of
the domain of applications, recognition as a supplier of high-quality products, and improved productivity.
Successful introduction of reuse requires an organization’s software development process to be defined,
that is, level 3 of the Capability Maturity Model scale [38]. In such cases, the conclusions from industrial
reuse efforts [16, 50, 71] are typified by Hewlett-Packard’s experience [53] of a 2-4 times return-on-
investment from reuse. This is due to improved quality (up to 51% reduction in defects), improved
productivity (up to 57% increase), and a 42% reduction in time-to-market. These net improvements
come even though the development of components for reuse typically requires 20% more effort in each of
the following phases: requirements analysis, module interface design, and coding.

The paper is divided into two main parts: the context or background for reusable object-oriented design —
reuse, domain analysis, and design; and the reusable design artifacts themselves — software architectures,
application frameworks, design patterns, and class libraries. The open problems are summarised in the
conclusion.

We highlight domain analysis in section 2.2 because of its significance to systematic reuse and domain-
dependent design artifacts such as application frameworks and class libraries. Reuse requires understand-
ing the artifact to be reused, and an understanding of how to reuse the artifact. Hence, descriptions or
models of design artifacts are important aspects of our presentation.



2 Context for Reusable Object-Oriented Design

This section provides a context for the research on reusable object-oriented design. In particular, we
briefly provide background on reuse, domain analysis, and design. We assume the reader is familiar with
the basics of the object-oriented paradigm [45] and software engineering [32].

2.1 Reuse

Reuse applies not only to source-code fragments, but to all the intermediate products generated during
software development, including requirements, documents, system specifications, and design: indeed any
information that the developer needs to create software [9, 27, 67, 64]. The reuse of domain-independent
software components for an organization usually involves features common to all application systems.
These include common data structures, graphical user interfaces, interfaces to databases;, and networks.
The components may be purchased as a commercial library, or developed in-house, and then reused in
new applications.

It is important to separate the two sides of the reuse process: development of components for reuse and
development of new applications with reuse of existing components. The first side produces reusable
components, and the other side consumes them during the development of new applications. It is also
important to state that while most reuse may be reuse of source code, the term component also includes
designs, specifications, and requirements, all of which may also be reused. The main steps in development
for reuse are

e to re-engineer components from existing systems to make them more general and reusable,
e to qualify the components to ensure they are of acceptable quality for the library, and

e to classify the components as to purpose and dependencies in order to facilitate subsequent retrieval
from the library.

The main steps in development with reuse are

e to retrieve components from the library according to some need of the application under develop-
ment,

e to evaluate the quality and appropriateness of the candidate components, and

e to adapt a component if it cannot be used as-is.

Tracz’s 3C Model [73] of reusable software components indicates that at least the following information
must be stored about each component, and used in its classification: concept, the abstraction captured
in a component; content, the implementation of that abstraction; and context, the environment in
which component is designed to operate. The quality factors of a component which affect reusability are
the general ones of reliability, testability, and maintainability, and some which are more reuse specific
quality factors: flexibility, portability, understandability, and confidence [68]. Confidence differs from
reliability in that confidence is an estimate of the probability of error in unforeseen contexts, while
reliability estimates the probability of error in a fixed context.

In development with reuse, there may be direct reuse of a component if it precisely matches the needs
of the application. If the component must be adapted, then the following forms of adaptation might be
possible:

e reuse by instantiation, where arguments to a parametrized component are supplied;

e reuse by specialization, where a subclass of a component is derived; or



e reuse by adaptation, where the textual source of a component may be freely edited.

Reuse by composition of the adapted components is the norm for domain-independent components. A
typical example is using pipes to compose commands in Unix shell programs. Reuse in mature domains
or organizations may be reuse by generation, where the component is generated automatically from a
description of the desired solution. The description of the solution may use a script language, such as
a fourth-generation language (4GL) for relational databases, or a visual metaphor as in graphical user
interface builders.

2.1.1 Scope of Reuse

Three different scopes of reuse have been identified [11]:

General reuse is independent of the domain of application. It almost entirely reuses components such
as common data structures and graphical user interfaces, that are found in most applications.

Reuse within an application domain restricts its focus to a single domain, such as insurance, or
missile guidance. It is important to specify the common aspects of application systems for this
domain, and to also specify the range of variability found in the domain. This is one role of domain
analysis.

Reuse within a product family focuses on one product line within an application domain. A generic
architecture is developed for this product family, so that there is a well-defined role for each com-
ponent.

Reuse could be carried out within an organization, or be inter-organizational through the marketing of
reusable components. Reuse within an organization has been profitable at each of the three scopes. Reuse
is most successful when it is systematic and focuses on a narrow, well-understood application domain, or
on a product family [27, 33].

2.2 Domain Analysis

Reuse which is specific to an application domain relies on an analysis of the domain to discover the
common aspects of application systems for this domain, and to also discover the range of variability
found in the domain. Domain analysis is

“a process by which information used in developing software systems is identified, captured,
and organized with the purpose of making it reusable when creating new systems.” [74]

The domain is analyzed from the user’s and customer’s perspective (as in normal systems analysis),
and also analyzed from the developer’s perspective to discover common software components, interfaces,
and architectures [4, 74]. The sources of domain knowledge are the technical literature of the domain,
requirements documents for current application software, surveys of customer needs, the architecture
and components of existing systems, and domain experts. The results of domain analysis may include a
taxonomy of the concepts in the domain and their relationships, which may be used to aid classification
of components; standards concerning data formats, interfaces, etc; models of system architectures or
components; and languages for describing domain entities. The last two outputs play significant roles in
product-specific reuse.

The domain analysis identifies domain concepts, constructs, and code. Domain concepts may be reused
during analysis, as the concepts capture the user- and customer-level perspective of the domain. Domain
constructs are design artifacts such as architectural descriptions, abstract classes, or module interfaces,
some of which are traceable to user-level concepts. The domain constructs may be reused during design.
Domain code is actual code extracted from existing implementations, or specifically developed for reuse.



Source code is the implementation of a module, or class, and may be reused during the implementation
phase. Each concept might correspond to several constructs, and each construct might correspond to
several code fragments, which implement the construct or concept.

Domain analysis may identify common architectural features, and may develop a language to describe the
variable aspects of the product family. A generic architecture is developed for this product family, so that
there is a well-defined role for each component. The architecture, and its realization, is variously called a
reference architecture, a domain specific software architecture (DSSA), or an application framework [16,
79]. The role of a component within the framework may also form part of the domain taxonomy and be
used in classification and retrieval.

For mature architectures and product families, one can build an application generator [22]. This is reuse
by generation, where the components or system are generated automatically from a description of the
desired solution. The description of the solution may use a script language, such as a fourth-generation
language (4GL) for relational databases, or a visual metaphor as in graphical user interface builders.

Not all domains lend themselves to reuse. For example, in a domain where difficult real-time constraints
are very important, these performance considerations may always demand monolithic applications. Hence
there is no possibility of separating out reusable components.

2.3 Design

Design [18] is the activity to produce a description of how to perform a task in such a way that it satisfies
the customers’ requirements and also satisfies any constraints imposed by the environment in which the
system is to be used. Design methodologies [18, 26, 44] typically have three principal components:

e a representation of the design using one or more notations;
e a process for developing or transforming the representation; and

e aset of heuristics maybe guiding the order of steps, or the selection of issues that are to be addressed.

Heuristics are necessary since there is no pre-determined way to converge to a good design. Typically
one postulates a tentative design and, by analysing its merits and deficiencies, the design is refined to
a complete working design. Generally, an architectural design is developed before a detailed design.
The architectural design describes the main subsystems and modules, their responsibilities, the division
of control, and the interface or protocol of each module. The detailed design describes the internal
mechanism of each module.

Design is an example of a “wicked problem” [18, p.19-21]. Often, when pursuing the resolution of an
issue, the designer discovers other related issues of which the designer was not aware. The problem
becomes more complicated as you approach a solution. Thus, the requirements for a system may not be
fully understood until the design is complete. Design processes may be modelled [63] as an exploration
of issues, the arguments for and against a position on an issue, and the design steps taken because a
position has been adopted. Beck and Johnson [7] use this approach to describe an architecture by the
issues encountered and the design patterns chosen to address each issue.

Parnas’ writings [60, 61, 62] have lead to the consensus that “design for change” is an overarching
principle for software design [32, p.65], and that information hiding is an essential step to achieving
design for change. The object-oriented paradigm stresses information hiding through the use of private
state variables for objects and loose coupling through message passing [45], so it is well-suited to design
for change.

The representation or model of the design forms the basis of communication, analysis; and documentation.
A model and the views of a model are described using notations. Budgen [18] classifies design notations
into three categories:

diagrammatic notations based on a visual graphical representation;



textual notations written in pseudocode or natural language; and

mathematical notations based on logic, algebra, set theory, or other mathematical notations.

There are generally multiple views of a system. Each view focuses on a single aspect of the system in
an attempt to reduce complexity. Object-oriented design methodologies, for example, commonly use the
following viewpoints or perspectives [13, 18, 66]:

structural viewpoints of the static aspects of a system, which may include the organization of subsystems
and modules at the architectural level;

functional viewpoints which seek to describe what the system does in terms of its tasks;

behavioral viewpoints describing the dynamic or causal nature of events and system responses during
execution; and

data-modeling schemas, or class diagrams, concerned with the data used within the system and the
relationships between these.

The notations used for these viewpoints also support decomposition or hierarchies to further assist humans
to control the complexity of even a single aspect of a system. For example, a developer might use
nested modules to describe the structural view of a system; hierarchical data flow diagrams to describe
functionality; statecharts, which provide nesting, abstraction, and decomposition, to model behavior;
and a class inheritance hierarchy to model data [18]. Each viewpoint should be derived from a consistent
underlying model. Harel [35] is optimistic that developers can exercise greater intellectual control over
complexity by using models throughout the development process. Harel is a supporter of multiple models,
which have both a visual representation and a solid semantic foundation. A visual model aids human
cognitive skills; a semantic foundation allows analysis of the models, such as providing answers to “what-
if” questions.



3 Software Architectures

Software architectures provide an abstract description of the organisational and structural decisions that
are evident in a software system.

“Structural issues include gross organization and global control structure; protocols for com-
munication, synchronization, and data access; assignment of functionality to design elements;
physical distribution; composition of design elements; scaling and performance; and selection
among design alternatives.

This is the software architecture level of design.” [31]

One important aspect of this area is compiling a catalogue of existing software architectures. The primary
reference is the work of Mary Shaw and her colleagues [31]. Their list of architectural styles follows.

o Pipe-and-Filters architectures, like that supported by the Unix shell, connect filters in a linear
fashion. Each filter has one stream of inputs and one stream of outputs.

e Data Abstraction and Object-Oriented Organization architectures promote the decomposition of the
system into entities (data type variables or objects) that encapsulate their implementation details
and present an interface that completely describes their behaviour or functionality.

o Fuvent-based, Implicit Invocation architectures are based on components that register an interest in
(a class of) events. The components are invoked in response to the occurrence of an event implicitly
rather than being called directly by another component.

e Layered System architectures are organized as a hierarchy of layers, each layer providing services to
the layers above it and each layer being a client for the services provided by layers below it.

e Repository architectures have distinct components for a central data store (the repository) and
those components which operate upon the repository.

o Table Driven Interpreter architectures implement a software virtual machine (the interpreter) by
separating the interpretation engine from a table that describes the machine behaviour.

e Heterogeneous architectures combine architectural styles.

The development of a catalogue of architectures would be greatly assisted if corporations released details
of their system architectures: information which is now often proprietary.

The ultimate aim of their research is a tazonomy of architectures to organize our knowledge by describing
common and distinguishing features of the architectures. This may help designers to appreciate the
breadth of choices and trade-offs, and may guide the discovery or invention of new artifacts. It may also
assist the development of design notations and languages, which could be incorporated in development
environments specific to individual architectural styles [30].

The book on OMT [66] also contains very useful sections describing architectures and their use in system
design. There is good general agreement of their list below with the above list of architectures.

e Batch Transformation architectures transform the entire input data set once.

e Continuous Transformation architectures transform the input data continuously in response to
incremental changes in the input.

Interactive Interface architectures are dominated by external interactions.

Dynamic Simulation architectures simulate evolving real-world objects.

Real-time System architectures are dominated by strict timing constraints.



e Transaction Manager architectures process transactions on data stores that are being accessed in
a concurrent and distributed fashion.

e Hybrid systems combine architectural styles.

There is a strong relationship between the study of software architectures and the study of programming at
the architectural level that is pursued in megaprogramming [78] and the design of module interconnection
languages [65].

3.1 Reusing Software Architectures

Rumbaugh et al [66] provide a methodology for applying an architecture that is based on

e characterising the kinds of systems to which the architecture is applicable;
e presenting important design principles which must be observed when applying the architecture; and

e providing a sequence of detailed steps to follow when developing a design based on the architecture.

we illustrate this methodology for the Interactive Interface Architecture in Section 3.1.1.

Another approach to utilising architectural styles is to encode a description of the components and
constraints of an architecture into an software development environment. Thus the environment forces
the designer to conform to the specified style. Garlan et al [1, 30] describe an architecture in terms of its
components, connectors, configurations, ports, and roles. Hence a description of an architectural style
provides

o a vocabulary of the basic design elements (components and connector types),
e aset of configuration rules which constrain how components and connectors may be configured,

o a semantic interpretation which defines when suitably configured designs have a well-defined mean-
ing as an architecture, and

e analyses that may be performed on well-defined designs.

From such a descripption, their system, Aesop, can generate a development environment that is tailored
to the given architectural style.

3.1.1 Example: Interactive Interface Architecture

This section summarises the methodological information of Rumbaugh et al[66, section 9.10.3] for applying
the interactive interface architectural style.

Characterisation An interactive system is dominated by the interactions with external agents, such as
users, sensors, and IO devices, over which it has no control. So events and interactions occur independently
of the system, although the interactions may be in response to system prompts or requests.

Design Principles Isolate the interactive interface from the rest of the system. Understand the se-
quence or syntax or protocol of the interaction. The dynamic model of behaviour is very important.



Steps in Designing an Interactive Interface

e Isolate the objects which form the interface from the objects that define the semantics of the
application.

e Use predefined objects to interact with external agents, if possible. For example, a toolbox like
XR11 or Motif.

e Use the dynamic model to structure the program. Use concurrent control (multi-tasking), or use
event-driven control (interrupts or callbacks).

e Isolate physical events from logical events.

e Fully specify the application functions that are invoked by the interface. Make sure that the
information to implement them is present.

3.2 Other Information

Design patterns can be used to describe an architecture and document the rationale for its development [7].

Architectural styles can be used to tailor proof techniques or provide a framework for modular proofs.
Layered architectures can be reasoned about using modular proofs for each layer and then relying on
the composition theorem of Lam and Shankar [49] to show that the system as a whole has the desired
properties. The equivalence of two architectures may be proven [59] modulo the equivalence of their
components, thus providing assurance about a system re-structuring or about a refinement from an
abstract architecture to a concrete implementation of that architecture. Moriconi and Qian [59] illustrate
their theory by proving the equivalence between a pipe-and-filter architecture for a compiler and one
which uses an abstract data type for the parse tree.



4 Application Frameworks

For a given application domain, the process of domain analysis can draw from existing software ap-
plications to identify common architectural features, and to describe their variable aspects. A generic
architecture may be developed for a product family or application domain, so that there is a well-defined
role for each component. A realization of the architecture is an application framework:

“a collection of abstract classes, and their associated algorithms, constitute a kind of frame-
work into which particular applications can insert their own specialized code by constructing
concrete subclasses that work together. The framework consists of the abstract classes, the
operations they implement, and the expectations placed on the concrete subclasses” [25, p.92]

“A framework is an abstract design for a particular kind of application, and usually consists
of a number of classes. These classes can be taken from a class library, or can be application-
specific.” [42, p.25]

A framework is usually designed by experts in a particular domain and it is used by non-experts. It allows
the user to reuse abstract designs, and pre-fabricated components in order to develop a system in the
domain. A user may also customize existing components by subclassing. The design of the framework
incorporates decisions about the distribution of control and responsibility, the protocols followed by
components when communicating, and implementations for each of the major algorithms. Often the
implementations are template methods that embody the overall structure of a computation and that call
user’s classes to perform sub-steps of the algorithm. Default implementations of each user class may be
provided, and the user will subclass in order to override or specialize the operation which implements the
sub-step.

A good characterization of the relationship between a framework and user’s classes is “Don’t call us, we’ll
call you.” So the classes defined in the framework call the user’s code, whereas the traditional use of
class libraries is for the user’s code to call the library classes.

“Lexical

Analyser Optimiser
Va . \
/ - . \
/ : \
Par ser . iy
, T Abstract
\ Syntax
\ Tree
\ / \
Symbol \ / \
~ Table \\ Code
PR LALR Gen.
- \ N
- \ Parser VAAREN
\ PR TN
/ \

Figure 1: Compiler Framework

For example, a framework for program translation or compilation would provide an abstract class for each
of the roles identified: Lexical Analyser, Parser, Symbol Table, Abstract Syntax Tree, Optimiser
and Code Generator shown in Figure 1. Furthermore, there would be a class or main program orchestrat-
ing the overall communication and control of the compilation process. Concrete subclasses, such as LALR
Parser would implement specific algorithms and/or representations for a role. A reuser of the framework
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would select a concrete subclass for each role, if a suitable one existed in the associated class library,
or create their own subclass (usually by specializing an existing one. Once the selected configuration is
compiled, a new instance of the application is ready for use.

Early examples of application frameworks were for graphical user interfaces (GUI), including MACAPP [3],
and INTERVIEWS [54]. There is now an abundance of GUI frameworks that have been used successfully
on many platforms ranging from Dos to UNix, such as MacApp for MacIntosh, OwL-WiNDows for
Dos/Winpows, and MoTir for UNix. Frameworks now exist for a broad range of application domains
such as ET++, an editor toolkit [77] which has recently been used in MET++ which is a framework for
multimedia applications; RTL framework [43] for code optimization in compilers; CHOICES for object-
oriented operating systems [19]; BEE++4 for analyzing and monitoring distributed programs [17]; and
others for network management and telecommunications [8], and financial engineering [10]. Don Batory[5]
has developed the GENESIs framework for relational database systems, where a database is a composition
of functional layers (or realms), and the framework consists of the realms, their type constraints as
functions, and the alternative implementations. Commercially available (non-GUI) frameworks include
SuPERTEVIEW for word processing, NEO.ACCESS for object-oriented databases, and NEXTSTEP MUusic
KiT for music and sound.

4.1 Developing a Framework

An application framework evolves in response to feedback from reusers. An initial framework is based
on past experience or by careful construction of one or two applications, keeping in mind the need
for flexibility, reusability and clarity of concepts. Each consequent reuse points out shortfalls in these
qualities in the existing framework as one stretches the architecture to accommodate the new application.
By addressing the issues raised, the framework evolves, gaining flexibility, coverage of domain concepts,
and clarity of the concepts and the dimensions along which they vary.

The major steps in developing an application framework can be summarized as follows [42, 72]:

1. Identify and analyze the application domain and identify the framework. If the application domain
is large, it should be decomposed into a set of possible frameworks that can be used to build a
solution. Analyze existing software solutions to identify their commonalities and the differences.

2. Identify the primary abstractions. Clarify the role and responsibility of each abstraction. Design
the main communication protocols between the primary abstractions. Document them clearly and
precisely.

3. Design how a user interacts with the framework. Provide concrete examples of the user interaction,
and provide a main program illustrating how the abstract classes are related to each other and to
the classes for user interaction.

4. Implement, test, and maintain the design.

5. Iterate with new applications in the same domain.

The design and implementation of frameworks relies heavily on abstract classes, polymorphism (both
parametric and inclusion polymorphism), and inheritance.

When analyzing existing applications to determine reusable components and abstractions, one might
re-structure the classes in order to separate what is common across applications from what is unique to
one application. Johnson and Foote [42] provide a set of rules to this end: designing reusable classes.
They can be summarized as follows:
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Rules for Finding Standard Protocols

Rule 1: Recursion introduction

Rule 2: Eliminate case analysis

Rule 3: Reduce the number of arguments
Rule 4: Reduce the size of methods

Rules for Finding Abstract Classes

Rule 5: Class hierarchies should be deep and narrow
Rule 6: The top of the class hierarchy should be abstract
Rule 7: Minimize access to variables

Rule 8: Subclasses should be specializations

Rules for Finding Frameworks

Rule 9: Split large classes

Rule 10: Factor implementation differences into subcomponents

Rule 11: Separate methods that do not communicate

Rule 12: Send messages to components instead of self (in Smalltalk or this in C++)
Rule 13: Reduce implicit parameter passing

The components of design patterns (described in the next section) also provide a goal or target for the
re-structuring of classes, and may assist in determining some roles of the abstractions identified.

4.2 Describing Frameworks

Only a small amount of work[36, 37, 41] has been done on documenting, specifying, and reasoning about
frameworks. The frameworks under consideration are chosen from toolkits for user interfaces and drawing
programs. Only the Contracts paper[36] considers verifying correctness, but the authors offer no evidence
of actual reuse which has benefited from their contracts. On the other hand, patterns[41] have been an
important aspect of much actual reuse. There the emphasis is on documentation rather than specification,
and certainly there is no concern for verification of correctness.

The documentation of a framework is very important to both the re-user of the framework, and to the
developer/maintainer of the framework. These two audiences have different requirements:

Documentation for reuse illustrates how to customize the framework, often through examples, for
typical reuses. It discusses which classes to subclass, and which methods to override, and whether
combinations of classes and methods need to be specialized in unison to maintain a protocol of
collaboration amongst the classes. It is prescriptive.

Johnson [41] introduced an informal patiern language that can be used for documenting a framework
in a natural language. The documentation of a framework consists of a set of patterns where each
pattern describes a problem that occurs repeatedly in the problem domain of the framework, and
also describes how to solve that problem. Each pattern possesses the same format. The elements
of a pattern are: description of its purposes, explanation of how to use it, description of its design,
and some examples.

Specification for reuse is generally more descriptive than prescriptive: the re-user is left to figure out
the implications of the specification in terms of the desired customization. The main concerns
are to clearly specify the obligations on a user-defined subclass, any protocols which the user can
customize, and the collaborations amongst classes that must be supported by the user-defined
subclasses.
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Documentation and specification for general understanding primarily assists the evolution of the
framework. Traditional techniques for modules, such as the Larch family of interface languages [34],
can be used for describing class interfaces and extended to include the obligations on subclasses [20].
The EIFFEL language [57] supports design-by-contract through the declaration of assertions, pre-
conditions, and postconditions.

Contracts [36, 37] are a high-level (abstract) construct for explicitly specifying behavioral composition,
the obligations on participating objects, and interactions among groups of objects. A contract specifies a
set of communicating participants and their contractual obligations which extend the signature of types
and functions used in a class to include constraints on behavior that capture the behavioral dependencies
between objects. A contract specifies preconditions on participants required to establish the contract,
and the invariant to be maintained by these participants.

Two constructs for modifying a contract are provided: refinement and inclusion. Refinement and inclu-
sion are used for deriving a class based on particular subclasses. This concerns the aspect of inclusion
polymorphism that is necessary in building an application framework.

Contracts are refined by either specializing the type of a participant, extending its actions, or deriving
a new invariant which implies the old. Consequently, the refinement of a contract specifies a more
specialized behavioral composition.

The behavior of a subset of the participant in a large composition can be specified by means of simpler
sub-contracts. These sub-contracts can simply be included in a large contract. The invariant clauses
of a contract with sub-contracts are formed from the union of the corresponding statements from the
sub-contracts.

4.3 Application Generators

For mature architectures and product families; one can build an application generator [22]. This is reuse
by generation, where the components or system are generated automatically from a description of the
desired solution. The description of the solution may use a script language, such as a fourth-generation
language (4GL) for relational databases, or a visual metaphor as in graphical user interface builders.

“toolkit is a collection of high level tools that allow a user to interact with an application
framework to configure and construct new applications.” [42, p.26]

attribute grammar —j
optimization
strategies COMPILER
) > Par ser
target machine KIT
description
Code
etc | Gen.
Symbol
— Table
CONFIGURATION
CHOICES CONCRETE SUBCLASSES

Figure 2: Toolkit for the Compiler Framework

Figure 2 shows possible inputs and outputs — the concrete subclasses for the compiler framework — of
a compiler generator.

13



4.4 Other Information

Section 3.2 on software architectures is also relevant to application frameworks.

Batory and O’Malley [5] introduce tthe GENVOCA approach to designing and implementing hierarchical
software systems with reuse based on the object-oriented paradigm. It aims at developing a domain-
independent model of hierarchical software system design and implementation based on interchangeable
software components and large-scale reuse.

The basic notions in this approach are realms and components. A component is a closely-knit cluster
of classes that acts as a unit. Every component has an interface and an implementation. A component
can be thought of as an object or as the implementation of a class. A realm is an abstraction of a set
of components. A set of components possessing a common behavior is described at an abstract level by
a realm. Consequently, every component is a member of a particular realm. The interface of a realm
consists of the set of one or more classes including their objects, functions, and interrelationships. The
interface of a component has additional information, such as source and object files. When designing a
large system in a particular application domain, realms can be used as reusable design artifacts. The
implementation of the system can then be accomplished by reusing the corresponding components. The
language P4+ [69] supports the GENVOCA approach.

14



5 Design Patterns

A pattern is a solution to a problem in a context [21, p.93]. A pattern is an abstract model of the
problem and its solution. So the pattern expresses the relationship among the elements in a problem,
and describes the context: it lets the designer focus on the abstract level (building block) when thinking
about the solution rather than focusing on the low concrete level (bricks) [2, 52]. The pattern mechanism
also describes quality, impact and alternatives.

“Design patterns identify, name, and abstract common themes in object-oriented design. They
preserve design information by capturing the intent behind a design. They identify classes,
instances, their roles, collaborations, and the distribution of responsibilities.” [28, p.407]

“Design patterns are descriptions of communicating objects and classes that are customized
to solve a general design problem in a particular context” [29, p.3].

Design patterns capture design experience at the micro-architecture level, by specifying the relationship
between classes and objects involved in a particular design problem. By documenting, cataloging and
classifying this experience, design patterns allow it to be reused. Since design patterns only record
proven resuable design techniques, they offer improved reusability and reliability for developers of new
systems. Furthermore, design patterns can improve the documentation and maintenance of existing
systems through the reuse of the explicit specification of class and object interactions and their underlying
intent [29]. So design patterns constitute a reusable base of experience for building reusable software.

Design patterns tend to be independent of the application domain since they are smaller and less special-
ized than frameworks and architectures. They are abstract since they describe a pattern (of structure or
collaboration) and not a concrete instance of the pattern. While concrete examples might form part of
the documentation of a design pattern, the cataloguer has already abstracted a higher level description
from these examples.

Design patterns provide a common vocabulary for designers to communicate, document, and explore
design alternatives. The vocabulary of patterns — their names, the roles played by participants, and
the names of collaborations — enrich the vocabulary of object-oriented designers forming a part of their
language when communicating with colleagues and when presenting their work to others.

A design pattern provides an abstraction above the level of classes and objects. This allows a designer
to work at a more abstract level and to reduce system complexity. Each design pattern identifies a
design problem, constraints, solution to that problem and other alternatives, meanwhile it encapsulates
a well-defined problem/solution [52, p.42] as a building block for constructing more complex designs.

Design patterns help reduce the required learning time for a library when the library uses the common
vocabulary of roles in a design pattern. The library user is then familiar with the terminology in the
documentation and knows from the roles how the class should be reused.

A catalogue of design patterns offers examples of good design, and provides proven solutions to design
problems in a well-organized form. This can help a novice learn design skills more quickly and to perform
more like an expert.

Design patterns provide a target for the reorganization or refactoring of class hierarchies.

5.1 Documenting Design Patterns

The purpose of design patterns is to reuse design. Clearly the problem, the context, and the solution are
documented. However, besides the description of the structural aspects of a pattern, it is necessary to
also record the information pertinent to the critical issues considered during design work, such as design
decisions, alternatives and trade-offs. In general, a design pattern has four essential elements:
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1) Name(s) of Pattern — to identify a design problem, and to produce terminology for thinking and
communicating.

2) Problem Explanation — to describe a set of pre-conditions which should be met to apply the
pattern.

3) Solution Description — to describe the relationships, responsibilities and collaborations among
the elements involved in the pattern.

4) Consequences Analysis — to present the results and trade-offs of applying the pattern.

Typically this information is provided in a template, though some aspects of Contracts [36] for docu-
menting frameworks actually document patterns: the connection is elaborated in work of Lajoie [47, 48].

The “standard” way to document a design pattern is the template [29, p.6] shown in Figure 3. A template
provides a consistent format for documentation which makes design patterns easier to learn, compare and
use.

Design patterns vary in their granularity and level of abstraction, as well as in what they actually do.
Design patterns are classified by two criteria [29, Table 1.1, p.10]: purpose which can be creational,
structural, or behavioral, and scope which can be class, object or compound. Purpose indicates the
outcome of applying the pattern: Does it organize how classes or objects are created? Does it provide a
useful structure amongst classes or objects? Does it provide a useful dynamic behavior? Scope indicates
the granularity; that is, whether the pattern mainly works at the level of a class, an object, or a number
of objects.

These are early days for design patterns, and much work is being done on ways of documenting and
classifying patterns [75].

5.2 Reusing Design Patterns

Design patterns support issue-based design by providing a range of solutions for certain issues that
commonly arise in object-oriented design. Generally these are issues of providing flexibility so that some
aspect of the design can change easily. Knowing what varies, one can access related design patterns [29,
Table 1.2, p.30]. It is then a matter of understanding the abstraction of the design pattern and matching
components of the actual design to the abstract participants of the pattern.

Beck and Johnson [7] illustrate the use of design patterns in developing the design for HoTDRAW, a
framework for drawing editors. This is actual a re-documentation of an existing design [41], but it very
clearly shows the nature of issue-based design.

In [29, pp.33—77], a case study is presented in the design of a “What-You-See-Is-What-You-Get” document
editor called LEXI. The document can mix text and graphics freely in variety of formatting styles, with
pull-down menus and scroll bars, and a collection of page icons for jumping to a particular page in the
document. Eight design patterns are illustrated in the case study.

5.3 Other Information

Patterns are a way of developing and packaging reusable software components [6]. Abstractors, who create
reusable pieces, and elaborators, who massage those pieces to fit the needs of a user, are introduced as
two sets of players in the world of software development. A Multicurrency Library, as an example, is
described to illustrate how patterns can be used as “a way for abstractors to communicate their intent.”.

The first step to develop a pattern is a process of discovery [21, p.94]. “Beyond its elements, each building
[or town] is defined by certain patterns of relationships among the elements.... These relationships are not
extra, but necessary to the elements.... The elements themselves are patterns of relationships.” [2, 21]
“And finally, the things which seem like elements dissolve, and leave a fabric of relationships behind,
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Design Pattern Name and Classification
The name should convey the pattern’s essence succinctly. A good name is vital, as it will become

part of the design vocabulary.

Intent
What does the design pattern do? What is its rationale and intent? What particular design issue

or problem does it address?
Also Known As

Other well-known names for the pattern, if any.

Motivation ] ] ] )
A scenario that illustrates a design problem and how the class and object structures in the pattern

solve the problem. The scenario will help the reader understand the more abstract description of

the pattern that follows.
Applicability
What are the situations in which the design pattern can be applied? What are examples of poor

designs that the pattern can address? How can one recognize these situations?
Structure ) ) ) ) ) )
graphical representation of the classes in the pattern using a notation based on the Object

Modeling Technique (OMT) [66]. The interaction diagrams [13] is applied to illustrate sequences

of requests and collaborations between objects.
Participants

Describe the classes and/or objects participating in the design pattern and their responsibilities.
Collaborations
Describe how the participants collaborate to carry out their responsibilities.

Consequences
How does the pattern support its objectives? What are the trade-offs and results of using the

pattern? What does the design pattern objectify? What aspect of system structure does it allow

to be varied independently?
Implementation
What pitfalls, hints, or techniques should one be aware of when implementing the pattern? Are

there language-specific issues?
Sample Code

Code fragments that illustrate how you might implement the pattern in C4+4 or Smalltalk.

Known Uses )
This section presents examples from real systems. We try to include at least two examples from

different domains.

Related Patterns ) ) ) )
What design patterns have closely related intent? What are the important differences? With

which other patterns should this one be used?

Figure 3: Documentation Template for Design Patterns
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which is the stuff that actually repeats itself, and gives the structure to a building or a town.” [2, 21] To
find a pattern among some low-level elements, such as classes and objects, means to find the relationships
among them in a context. A pattern results from the experience of being an elaborator several times. A
pattern is problem-oriented, not solution-oriented, so the developer is looking for the issues or tensions
that the pattern resolves.
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6 Class Libraries

There have been many class libraries developed, and their design has been extensively documented in the
literature [42, 46, 56, 58, 70], so this section will be brief.

Object-oriented class libraries embody

e the design of interfaces,
e the design of a class hierarchy, and

e the design of policies or conventions, such as those on reporting errors in calls to library classes.

The most effective libraries are domain-specific and often complement an application framework by pro-
viding a choice of concrete classes to instantiate the abstract classes in the framework [42, p.25]. Korson
and McGregor [46] list the following necessary attributes of a reusable object-oriented class library:

complete general model for each concept covered by the library;

consistent definitions and naming throughout the library;

easy-to-learn because of the organization of the documentation, design, and implementation;
easy-to-use because the necessary classes are easy to find, understand, and use;

efficient implementations of each algorithm, and the selection of appropriate algorithms;
extendable classes via specialization or composition;

integrable with other libraries;

intuitive to those familiar with the standard practice for the domain covered by the library;

robust classes that deal reasonably with erroneous arguments to calls and with erroneous sequences of
calls; and

support from the vendor.

The rules of Johnson and Foote [42] provide some guidance as to the evolution of a reusable class for
a library, and Meyer [58] illustrates clarity of concepts, the precise style of Eiffel interface contracts,
and just how few arguments the methods in a reusable class should have. The design of reusable class
libraries is an iterative process requiring a clear vision of the domain of the library and also requiring
much feedback from actual reusers about the classes, their interfaces, and the documentation.

Object-oriented languages generally have a standard library providing basic mathematical objects, 1/0O
files and streams, and utility classes such as String.

Class libraries for common data structures are specific to the domain of data structures, and are the
result of a long history of studying abstract data types and collection classes. The development of the
Booch Components, first in Ada [12] then in C++ [14, 15], clearly uses a domain analysis.

Utility class libraries for persistence, threads, and distributed computing follow a set of conventions, as
do classes for I/0O files and streams.

User interface libraries complement the corresponding application framework and must be consistent with
the conventions and division of responsibility and control of that framework.
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7 Conclusions

There are some obvious conclusions from our survey of reusable object-oriented design. The most apparent
is that both fields of study — software reuse and software design — are under active development, and
while we may be approaching a mature understanding of those fields individually, we have hardly begun
to understand their intersection which includes reusable object-oriented design. One outstanding issue
in software reuse is understandability of artifacts: how does one document, specify, classify, and annotate
artifacts so they are easily understood by a potential reuser. Two outstanding issues for software design
are how to document the rationale or reasoning behind a design — especially the false leads rejected
during the design process — and metrics relevant to the qualities which a design should possess.

The major problems of software development with reuse of retrieval and understanding exist for design
artifacts as they do for code artifacts.

One clear conclusion is that reusable design artifacts are the result of evolution and iteration. This is
especially true for application frameworks and class libraries — the concrete artifacts, where all details
must be spelt out.

Another clear conclusion is that models and notations play several important roles. The abstract artifacts
are themselves models, but even for them the role of models and notations extends much further.

e Models and notations are an aid to communication.
e Models and notations improve understanding through precision, conciseness, and visual cues.

e A model or documentation template often provides a checklist of the information needed to fully
understand or reuse a design artifact. For example, these may include:

— responsibilities of each participant;
— collaborations amongst participants;
— purpose of the artifact; and

— preconditions for applicability.

There are many open problems for architectures, frameworks, micro-architectures, and, to a lesser de-
gree, for the design of class libraries. We have broadly categorized these into problems of retrieval,
understanding, and evaluation.

Retrieval problems are those related to the classification and description of design artifacts, as well as
the problem of enlarging our catalogue of known reusable design artifacts.

Each of the following is aimed towards enlarging and organizing our knowledge of design artifacts. This
provides a base from which to retrieve design artifacts and also provides a conceptual classification scheme
that forms the basis of the attributes mentioned in retrieval queries. Although we have seen examples of
work on each of these areas in this survey, there is much more that needs to be done still.

e A tazonomy of design artifacts provides a map of the space of artifacts, their commonality and their
differences. This organizes our knowledge, helps designers to appreciate the breadth of choices and
trade-offs, and may guide the discovery or invention of new artifacts, and assist the development of
design notations and languages.

o (Classification of individual artifacts according to their significant or distinguishing features aids our
understanding of that individual artifact and contributes to the development of the taxonomy.

o (ataloguing the existing design artifacts requires assistance from industry to release details of the
design of their systems. Our understanding of software architectures and application frameworks
depends heavily on enlarging the base of examples in the catalogue, particular to assist the de-
velopment of a taxonomy. The invention and discovery of new designs is also a part of this open
problem.
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Understanding problems are those related to reducing the effort by a reuser to understand a design
artifact and to understand how to reuse a design artifact.

e Documentation styles and standards are required to ensure that all information needed by reusers is
documented, and to present the information to reusers in a timely fashion: that is, precisely when
they need it.

The spiral approach of patterns [41] tailors the timing and volume of information that a reuser of
a framework is presented with. The documentation templates for design patterns [29] ensures that
each item of necessary information is provided, and that examples of use are also included.

Documentation of architectures and class libraries is still in need of good styles and standards.

o Formal specification and description of design artifacts claim to provide improved precision, concise-
ness, and reasoning. Each of which may improve understanding. Most of the work on the description
of design artifacts has been done by practitioners who do not share a belief in the merit of formal
specifications: they used natural language and diagrams for their documentation. As a consequence
there is only a small body of work on how to formally specify design artifacts [1, 20, 23, 24, 36, 37, 59].
There is scope for further work in this area.

o Fzxperimental validation of claims that certain documentation or specification styles do improve
understanding in practice is required. All aspects of research into software development need a firm
experimental foundation.

Evaluation problems include those of comparing design artifacts, those concerned with the evolution of
artifacts; and the problems of evaluating design artifacts.

o Metrics for design artifacts are in very short supply. The correlation between metrics and the
desirable qualities of a design also needs to be established quantitatively. The metrics research
community is large and active so we predict that a stream of new design metrics will be forthcoming.
There is also a strong interest from practitioners who are establishing quality assurance programmes
and are collecting the necessary data to confirm any correlation between measurement and quality.

e Specifying and describing the evolution of a design and the differences between designs may require a
notion of a “design delta” to capture the increment of change or difference. Alternatively, evolution
could be viewed transformationally, and the increment would be a description of the transformation.
Ralph Johnson and his students call these transformations “refactorings”. Given the importance of
evolution, refinement, and iteration to design and reuse, this is a major open problem for reusable
object-oriented design.
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