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Abstract

In order to gain a competitive advantage in today’s software engineering industry, it is necessary to reduce the time to market and the cost of development, as well as to increase software quality.  Reuse-driven development is a commonly used method for achieving these goals.  Various software development approaches exist that aim at achieving reuse by determining the commonality and variability of the systems to be developed.  Generative programming, aspect-oriented programming and product line practice are some of these approaches.  Differentiating the common from the variable features can become a complex task.  Feature modelling provides a simplified overview, by graphically depicting the common and variable features of a system family.  The above mentioned approaches were considered and applied to a case study.
1. Introduction

The software engineering industry is becoming more and more demanding.  It requires software of high quality to be developed in shorter periods of time and within a reduced budget.  Achieving these goals using traditional development methods becomes an impossible task, as has been proven over and over again by failing projects.  Also, with technology persistently advancing and information technology demands constantly changing, the only certain factor in such an environment is that change will occur.  It is therefore important to take these changes into consideration when developing software systems.  

Focus needs to be shifted from developing single systems to system families.  A system family is a collection of systems sharing a common set of features that address the specific need of a defined domain [6].  System families are created to effortlessly accommodate changes and to speed up the software production process.  Product line practice is a popular approach used for developing system families.  It helps designing reusable components and a common architecture for a system family.
Reuse is a concept well-known to software engineers developing software families.  Reuse-driven development is not only used by product line practice, but also other development approaches such as generative programming and aspect-oriented programming.  These approaches reuse various software engineering artefacts, from software architectures to code, for the development of system families.  Reuse is achieved firstly, by determining the commonality and variability of the systems to be developed and secondly, by reusing those parts found to be common for all systems.  
Explicitly identifying the commonalities and variabilities of a family of systems proves to have great benefits.  ‘Domain Engineering’ and ‘Scope, Commonality and Variability Analysis’ are two methods used to identify the common and variable features of a family of systems.  Due to the complexity of many system families, identifying the common and variable features of the systems to be developed can become a tedious and perplexing task.  Once these features have been identified, presenting them in a manner useful to the stakeholders
 involved becomes another challenge.  Feature modelling is used to document the commonality and variability of a family of systems.  It has become an essential part of domain analysis, and yet no standardized notation exists to date.  The above mentioned approaches were considered, and by applying them to case studies, some of the problems were solved.
Section 2 of this document introduces the concepts of commonality and variability, why they are difficult to identify and how system development should be approached to deal with their complexity.  Section 3 describes some of the software engineering practices that deal with the complexity of commonalities and variabilities in the systems to be developed, and provides a comparison of them.  Section 4 presents and illustrates two case studies that have dealt with the complexity by having considered and applied these approaches.
2. Commonality and Variability

Considering a family of systems, commonality represents the aspects uniformly occurring across all systems of the family, whereas variability represents those aspects only occurring in some, but not all of the systems.  For example, an attribute having the same value in all systems is seen as commonality and when having different values for at least two of the systems, as variability.  Another example from [4], moving away from system families, is looking at a set of figures, circles, triangles and squares.  Each one of these figures is two-dimensional and has an area.  Thus both of these features, “two-dimensional” and “has an area” are commonalities.  Some of these shapes are differentiated by the number of sides they have and the formula of their area, thus “number of sides” and “formula of area” are variabilities. 

At this stage the notion of a variation point is introduced.  A variation point is any point in a system at which variation may occur [5].  A variation point, as mentioned by [2], locates a variability and its bindings by describing several variants.  Every variant is one way to realize that variability and bind it in a concrete way.  The variation point itself locates the insertion point for the variants and determines the characteristics of the variability.  An example of a variation point could be sorting algorithm.  The variants of this variation point would be bubble sort, quick sort or insert sort.  Another example of a variation point, in the case of an order process, could be payment information.  Its variants would be billing data, delivery data and credit card data.  The figure below illustrates these examples.
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Figure 1:  Examples of a variation point and its variants adapted from [2]
Variability mechanisms are used to implement more concrete models of variation points.  There are different types of variability mechanisms, and each one provides a different type of variability as shown in the following table.  

Table 1:  Variability Mechanisms adapted from [5] and [8]
	Mechanism
	Type of 
Variation Point
	Type of Variant
	Time of 
Specialization
	Particular Use

	Inheritance
	Virtual Operation
	Subclass or Subtype
	Class definition
	Specializing and adding selected operations, while keeping others

	Extension
	Extension Point
	Extension
	Requirements
	Attaching several variants at each variation point

	Uses
	Use Point
	Use Case
	Requirements
	Reusing abstract use case to create a specialized use case

	Configuration
	Configuration Item Slot
	Configuration Item
	Previous to runtime
	Choosing alternative functions and implementations

	Parameters
	Parameter
	Bound Parameter
	Component implementation
	Selecting between alternative features

	Template Instantiation
	Template Parameter
	Template Instance
	Component implementation
	Doing type adaptation or selecting alternative pieces of code

	Generation
	Parameter or Language Script
	Bound Parameter or Expression
	Before or during runtime
	Doing large-scale creation of one or more types or classes from a problem-specific language


Commonality and variability can also be expressed in terms of features.  Features abstract from requirements, which is important in system family engineering because by combining a number of systems in a family, the size and complexity of the requirements also increases, which severely hinders the detection of commonalities and variabilities in the family.  Traceability is provided by mapping features in the problem space to parts in the solution space.  Multidimensional variation refers to the construction of systems by selecting from a large asset base of features [3] [2].
In [4] it is said that analyzing the commonality and variability of a domain provides a systematic way of thinking about and identifying the system family to be created and helps to analyse the economics of creating a family.  Understanding the commonality and variability of systems allows functions, objects, aspects, etc. to be derived in a reusable form [9].  Determining the commonality and variability of a family of systems is not always as straightforward as it seems.  There are many different facets of any system family that need to be considered before distinguishing between its common and variable features.  Once these features have been identified, representing them in a way useful to the developer is another problem not easily solved.
2.1. The Complexity of Commonality and Variability
System families can grow to be very large and intricate.  With the ever increasing complexity of software systems, it becomes a necessity to find a way to cope with the large design space of these systems.  There are so many aspects that need to be considered as the design space increases, that it is difficult to have a clear-cut overview of all the features involved.  This shows that the size is directly proportional to the complexity of the system family.  It is possible for the complexity of software systems to exceed a person’s abilities to construct them [16].
Often designers and developers are lacking experience and skill to find and exploit the commonalities and accommodate the variabilities of a system family.  With the design space so large it becomes hard to distinguish the common from the variable features and thus extensive invention is necessary.  Changes in technology and domain environments are often unforeseen and it is difficult to predict what the future will demand.  A considerable experience base is thus required to successfully identify commonalities and variabilities [4].  
2.1.1. Separation of Concerns

The principle of separation of concerns is known as the need for dealing with one important issue at a time [5].  It has long been used by software engineers to manage the complexity of software system development.  The separation continuum, as defined by [23] is “a systemic view of a system to understand its parts and their relationship, through understanding vertical and horizontal continuums needed where abstraction and implementation are on the vertical continuum, and human and machine facing aspects to have attributes of adaptability, context and relevance are on the horizontal continuum.”  There are great benefits to understanding interrelated layers of a system and the levels of re-usability required in producing software intensive system families.  One of the benefits is that highly adaptive software systems can easily respond to changes in the market environment.  Another one is that the time-to-market is decreased, since new software products can effortlessly be assembled from existing reusable assets.  Others are operational optimization and the ability to innovate [23].
At the one end of the horizontal continuum are the visual aspects, whereas at the other end are the non-visual aspects of a system or family of systems.  The horizontal continuum separates the user interface, the user interface controller, the connectivity, the business logic and also the data access from one another.  These mostly only have an influence on the platform implementation aspects of the vertical continuum.  At the one extreme of the vertical continuum are the abstract business concerns, whereas at the opposite extreme are the implementation details of the systems.  The vertical continuum differentiates the layers needed to implement platform elements separately from the higher levels of abstraction needed at application levels, such as the business requirements.  The levels along the vertical continuum are the business model, the system model, the applications portfolio, the services architecture, the component architecture and the object architecture [23].  The figure below illustrates these concepts.
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Figure 2:  Separation Continuum adapted from [23]
Any aspect of a software system can be directly mapped onto all or at least some of the dimensions of the separation continuum.  In every dimension there are different aspects to be considered and thus they have different concerns.  The commonality and variability needs to be identified for these dimensions.

Separating the concerns of large systems families decreases the complexity significantly, but it does not help distinguish a relevant feature from one that is not.  Not everything that could be a feature should be a feature, as explained in section 2.3.  For example, a user interface usually has amongst other things a background colour and a button.  It is unnecessary to define the background colour or button size as a feature, unless it is a key distinctive characteristic of a product.  So even though variations of background colour or of button size might exist, if it is not a significant feature, it does not have to be specifically identified.  Careful consideration needs to be taken when analyzing the common and variable features of each dimension.  
2.1.2. Model-Driven Development

For the analysis of commonality and variability to be useful to the stakeholders involved in developing a family of systems, it must be expressive and comprehensible.  A visual display is much clearer and easier for the human mind to comprehend than a line of text.  Models reduce risk by helping to better understand a complex problem and its potential solutions through abstractions before undertaking the expense and effort of a full implementation.  It is therefore apparent that complex software systems can benefit from using models and modelling techniques [16].  A model diagram is an essential communication tool, especially when there are a number of people working on a system or family of systems.  Clear diagrams also become a fundamental aid to maintenance when systems need to be modified.
Model-driven development [16] focuses on having models rather than software programs as primary product.  The advantage of this is that models are expressed using concepts that are less bound to the underlying implementation technology and are much closer to the problem domain.  This allows the models to be easily specified, understood and maintained.  It also enables models to be less sensitive to the chosen technology and to evolutionary changes to that technology.
There are five key characteristics that a model must possess in order to be useful and effective [16].  These are:

· Abstraction.  A model is a reduced representation of a system.  By hiding detail for a given viewpoint, it becomes easier to understand the essence of it.  Abstraction is almost the only means of coping with the complexity of large system families.
· Understandability.  It is not enough to simply abstract away detail.  That which is to be modelled must be presented in such a way that it is appealing to the eye.  Understandability is directly proportional to the expressiveness of the modelling notation used.  Expressiveness is seen as the capacity to communicate a complex idea with little direct information.  Program code is usually not very expressive, because it requires too much detailed parsing of text to be clearly understood.  It is therefore important to reduce the amount of intellectual effort required for understanding a model.
· Accuracy.  A model must represent the true features of the modelled system, since the model will eventually become the system that it was modelling.
· Predictiveness.  The modelled system’s properties must be correctly predictable through either experimentation or formal analysis.
· Inexpensive.  A model should be considerably cheaper to construct and analyse than the system that it models.
The advantages of using models are evident.  A solution proposed for dealing with the complexities of commonality and variability is making use of feature modelling.  Feature modelling is a key technique of domain engineering for identifying and capturing commonality and variability.  It facilitates the development and reuse of software assets for building system families.  Although, due to the complex nature of available features and their variations in today’s software systems there is no feature modelling notation that has yet been standardized.
2.2. Domain Engineering
A domain, as defined by [5], is an area of knowledge.  It includes the knowledge of how to build software systems or parts of software systems in that area.  Domain engineering is the activity of collecting, organizing, and storing past experience in building systems or parts of systems in a particular domain in the form of reusable assets, as well as providing an adequate means for reusing these assets when building new systems.  It can be applied to a variety of problems, such as domain specific frameworks, component libraries and generators.  Conventional software engineering concentrates on satisfying the requirements for a single system, whereas domain engineering concentrates on providing reusable solutions for a family of systems.  Commonalities and variabilities need to be identified before the reusable solutions can be developed.  The following table compares conventional software engineering and domain engineering according to their work products.  
Table 2:  Comparison between Conventional Software Engineering and Domain Engineering taken from [5]
	Software Engineering
	Domain Engineering

	Requirements Analysis
Produces requirements for one system
	Domain Analysis
Produces reusable, configurable requirements for a class of systems

	System Design
Produces design of one system


	Domain Design
Produces reusable design for a class of systems and a production plan

	System Implementation
Produces system implementation


	Domain Implementation
Produces reusable components, infrastructure, and production process


A family of systems can cover various domains.  Vertical and horizontal domains exist.  Vertical domains are areas organized around classes of systems, such as order processing systems, inventory management systems and payment systems.  Horizontal domains are areas organized around classes of parts of systems.  These parts of systems are classified according to their functionality, such as database systems, GUI libraries and workflow systems [5].  Reusable software, developed when applying domain engineering to vertical domains, can be instantiated to yield any concrete system in the domain.  For example, a system framework covering the scope of an entire vertical domain can be developed.  Applying domain engineering to horizontal domains produces reusable components.  Vertical domains should be modelled using several horizontal domains, as illustrated in Figure 3.
Domain engineering consists of three process components, which are domain analysis, domain design and domain implementation.  Domain analysis is the first process component that is responsible for identifying the commonalities and variabilities of a system family.  It is a creative activity that involves collecting relevant domain information and integrating it into a domain model.  A wide variety of sources need to be used to gather sufficient domain information.  Some of these sources include existing systems in the domain, domain experts, textbooks, prototyping, standards, technology forecasts, etc. [5].  A domain model is amongst other things, an explicit representation of the commonalities, variabilities and the dependencies between the variable features of the systems in a domain.  One major output component of domain analysis is the feature model.  Feature-oriented domain analysis (FODA), developed at the Software Engineering Institute, has become a popular domain analysis method based upon identifying the prominent or distinctive features of a class of systems.  FODA affects the maintainability, understandability, and reusability characteristics of a family of systems [12].
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Figure 3:  Vertical and Horizontal Domains

The process component, domain design [5], is responsible for developing a software architecture for the family of systems in the domain and to devise a production plan.  A software architecture as defined by [1] is the structure or structures of a system, which comprise software components, the externally visible properties of those components such as the provided services and performance characteristics, and the relationships among them.  The production plan describes how concrete systems will be produced from the common architecture and its components.  Domain Implementation [5] follows domain design and involves implementing the software architecture, its components and the production plan by using the appropriate technology.
2.3. Features

A feature is a prominent or distinctive user-visible aspect, quality, or characteristic of a software system.  It is essentially an abstraction or product characteristic that both customers and developers understand [9].  It is important to determine what constitutes a good feature.  Not everything that could be a feature should be a feature, as mentioned earlier.  The unclear description of a features makes it difficult to formalize its precise semantic, validate results, and provide automated support.  Feature descriptions need to be robust and expressive.  Features are mainly used to distinguish between choices of system properties, and not to describe any functionality in great detail [7].  They can occur at different levels, such as high-level system requirements, architectural level, subsystem and component level, and even implementation-construct level.  According to [5] there are many different types of features.  They can be separated into context, representation and operational features, or classified according to their binding times.  Parameter features [15], which are used to represent simple values, have also been identified.
2.3.1. Feature identification

Features are generally divided into four main categories.  These are capability features, operating environment features, domain technology features and implementation features [9] [10] [15].  
· Capability features are characterized as distinct services, operations, or non-functional aspects of systems in a domain.  Services are end-user visible functionality of products offered to their users in order to satisfy their requirements.  They are often considered as marketable units or units of increment in a product line. Operations are internal functions of products that are needed to provide services.  Non-functional features include end-user visible application characteristics that cannot be identified in terms of services or operations.  Examples of these features are presentation, capacity, quality attributes, usage, and cost.
· Operation system environment features address the hardware and software components of a system family.  They include computing environments and interfaces with different types of devices and external systems.  Protocols communicating with external systems are also classified as environment features.
· Domain technology features are domain specific technologies that domain analysts or architects use to model specific problems in a domain.  They are also used to implement service or operation features.  These features are domain specific and might not be useful in other domains.  Some examples of this type of feature are domain-specific theories and methods, analysis patterns, and standards and recommendations.

· Implementation technique features are more generic than domain specific features and can be used across several domains.  These features contain key design and implementation decisions that may be used to implement some of the other types of features.  Examples of this type of feature are communication methods, design patterns, architectural styles, and synchronization methods.
The figure below illustrates the feature categories in a little more detail.
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Figure 4:  Feature categories taken from [10]
The following are guidelines [10] necessary for successfully identifying features.
· Try to identity the variabilities among systems of a family first, and only after that identify the commonalities.  Systems of the same family usually share a high level of commonality.  The amount of commonalities to work with would be larger than that of the variabilities.  According to [10] it is easier to find differences rather than finding commonalities.  It is recommended to first identify system categories.  Each system within a category should have a higher level of commonality and lower variability than those systems in different categories.  The next step is to list features that characterise each category.  For each category, specific systems should be identified and the features characterizing each system should be listed.  By understanding these categorizations, identifying commonalities becomes easier, and listing features and modelling them becomes effective and efficient 
· Do not identify unnecessary implementation details that do not distinguish between systems in a domain.  Developers tend to identify all implementation details and list them as features, although there are no variations among them.  A feature model is not a requirements model that expresses detailed functionality.  Focus should be placed on identifying system properties, factors, and assumptions that can differentiate one system from others in the same domain.
2.3.2. Feature analysis
During feature analysis [12] a customer's or end user's understanding of the general capabilities or features of the class of systems is captured.  The features, which describe the context of domain applications, the needed operations and their attributes, and representation variations, are important results because the features model generalizes and parameterizes the other models produced in FODA, such as the use case model and object model.  Examples of features include function descriptions, descriptions of the mission and usage patterns, performance requirements, accuracy, time synchronization, costs, etc.  Features may be defined as alternative, optional, or mandatory, as defined in more detail in section 2.4.  Mandatory features represent baseline features and their relationships.  The alternative and optional features represent the specialization of more general features by representing changes that are likely to occur in different circumstances.  For optimal benefit, the resulting feature model should be captured in a tool with access to rule-based languages so that dependencies among features can be maintained and understood. 

2.4. Feature Modelling
Once features are identified, they should be organized in a feature model.  Features and feature models are used in domain analysis to capture and organize the commonalities and variabilities of systems in a domain in preparation for reuse access.  The feature model represents variability in an implementation-independent way.  Ideally feature models should represent requirements such as what a system must do, how it must behave, the properties it must exhibit, the qualities it must possess, and the constraints that the system and its development must satisfy [17].  They can contain features of different content at a time, for example, functional aspects, data-flow aspects, interaction aspects, synchronization aspects, etc. [5].  Feature models are usually part of other types of models used in domain engineering that together describe a reusable piece of software [12].

Feature models consist of the following 4 elements:

· The feature diagram.  It represents a hierarchically structured view of the features and their types.

· The feature definitions.  They describe all features including the indication of whether a feature is bound at compile time, activation time or at runtime.  Other binding times exits.
· The composition rules.  They capture the feature interdependencies and define which features may be combined and which may not.  The two most common rules are the ‘requires’ and the ‘mutually-exclusive’ rules.  The former depicts features that must be chosen together, where the latter depicts features that may not be chosen together.

· The rationale for features.  It specifies the reasons and trade-offs for choosing or not choosing a given feature.  It is mainly used to avoid dealing with complexities in the feature diagram.

Even though there have been many modelling notations proposed by well-known researchers in the field of product line practice and related areas [5] [7], including an extension of the UML [14] [21], there has not yet been a notation standardized for feature models.  In this document, the notation defined by [5] will be used.

A feature diagram is a graphical representation of features and their relationships [6].  It has the form of a tree in which the root represents the concept being described and the following levels hierarchically denote the concept features and sub-features.  A specific path down the tree represents a description of a concept instance.  A sub-feature can only be chosen according to its specifier if and only if its parent-feature is included in the description of the concept instance.  All features have a property that holds either a mandatory, optional, alternative or an or-specifier.  A mandatory feature is compulsory and must be included in all concept instances’ descriptions.  The optional feature may or may not be included in a description.  As shown in the diagram below, a filled circle, at the top of a node, identifies a mandatory feature, where an empty circle identifies an optional feature.  Alternative features denote a set of features of which only one feature may be chosen, where or-features denote a set of features of which at least one feature must be chosen, but more may be chosen as desired.  A segment of a circle between the outer edges of a set of features denotes a choice out of a set of features.  Alternative features are indicated by an empty arc, while or-features are indicated by a filled arc.
The following figure is an example feature diagram of an order process in the e-commerce domain.
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Figure 5:  A Feature Diagram of an Order Process

The composition rules should be included with the feature diagram and need to be considered.  They describe the relationships and interdependencies between the variant features.  For example, in the figure above, the credit card feature requires the online display feature, the pay on delivery feature requires the shipping feature, and the shipping feature requires the shipping cost feature.  The pay on delivery feature is mutually exclusive with the electronic delivery feature, which shows that they cannot both be selected in the same concept instance.  The ‘implemented-by’ rule is represented in the feature diagram by a bold line that connects a feature with another one that implements it.
In [14], a notation using UML multiplicities that does away with storing specifiers as a property of features has been proposed.  Instead they store specifiers as a property of feature relations.  Multiplicities are used in feature diagrams wherever features are combined into a set.  The multiplicities that cover the most common cases are described in the following table.
Table 3:  Feature Multiplicities adapted from [14]
	0..1

1
	At most one feature has to be chosen from the set. 

Exactly one feature has to be chosen from the set.


	alternative specifiers

	0..*
	Any number of features can be chosen from the set.


	optional specifiers

	1..*
	At least one feature has to be chosen from the set.


	or-specifiers


The feature diagram below illustrates the use of multiplicity of feature relations.  It shows that the name feature must be chosen with any two or more of the other four optional features.
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Figure 6:  An example usage of feature multiplicities adapted from [14]
2.4.1. Feature organization 

Features can represent almost any aspect of a system, making it difficult to organize them in a structured way.  By separating concerns into horizontal and vertical domains, the feature diagram can be organized in such a way, that it would benefit the system development process.  A feature model represents the vertical domain in layers, such as a capability layer, an operating environment layer, a domain technology layer, and an implementation technique layer [9].  The horizontal domain is separated along the horizontal axis into features that could be categorized into system components, such as the graphical user interface, the user interface controller, the connections, the business logic and the data.

Features are often organized to represent functional dependencies, like in a function call hierarchy.  Instead they should be organized to captures and represent commonalities and variabilities.  Features should be organized so that commonalities and variabilities can be easily recognized rather than representing the interactions among them.
In some feature models it may occur that there are many upper-level features associated with a lower-level feature through the implemented-by relationship.  In such a case, the lower-level feature can be connected to the nearest common parent feature of its related upper-level features to reduce complexity of the feature model.  Figure 12 illustrates an example of this.
2.5. Scope, Commonality and Variability Analysis 
Scope, commonality and variability (SCV) analysis [4] provides software engineers with a systematic way of thinking about and identifying the system family they are creating.  It helps developers create a design that contributes to reuse and ease of change, predict how a design might fail or succeed as it evolves, and identify opportunities for automating the creation of family members.
The following five steps are used in SCV analysis [4].

· Establish the scope by collecting objects that are under consideration.

· Identify the commonalities and variabilities.

· Bound the variabilities by placing specific limits, such as maximum values, on each variability.

· Exploit the commonalities.

· Accommodate the variabilities.

SCV analysis can be applied to various programming tasks.  For specific systems, SCV analysis is used to develop individual lines of code that allow certain variability and take advantage of commonality.  In domain engineering, SCV analysis is used to create long lived systems with many variations, such as software product lines.
Many programming language features are focused on exploiting commonality and accommodating variability.  Some of these language mechanisms are procedures, inheritance and parametric polymorphism.  Inheritance, as an example, is broken down in SCV analysis as follows.

· The scope is a collection of classes.  

· The commonality is the code common to all classes in the scope.  This code is placed in a base class.  

· The variability is identified as being the ‘uncommon’ code in the scope and is placed in subclasses.

3. Concepts
Product line practice, generative programming and aspect-oriented programming are some software engineering approaches that need to distinguish the commonality from the variability of the systems to be developed.  These approached are described in the sections to follow.
3.1. Product Line Software Engineering

Product line software engineering [20] is targeted at organizations concerned by the lack of predictable delivery and long-term return on their software investments.  Product lines are becoming an important approach to reducing the costs and the time to market of complex software products.  Some advantages of a product line of software systems, when built from a common set of shared assets, are an increase in profits, cost savings, system reliability, customer satisfaction, as well as a decrease in staffing requirements and time-to-market.  Organizations using product lines for the development of software systems have a great competitive advantage.
Product lines and system families are closely related, but they have different meanings.  A system family is a set of systems sharing enough common properties to be built from a common set of assets [5].  A product line can incorporate the characteristics of a system family, but is distinguished by mainly focusing on satisfying a given market.

In order to develop highly reusable core assets, product line software engineering must have the ability to exploit commonality and manage variability among systems from a domain perspective.  According to [20], “a software product lines is a set of software-intensive systems that share a common, managed set of features satisfying the specific needs of a particular market segment or mission and that are developed from a common set of core assets in a prescribed way”.
Systematic management of planned variations across a product line and exploiting of commonalities is essential for successful product line software engineering.  The commonality being exploited allows reuse of a number of shared assets, such as architectures, reusable components, schedules, budgets, test cases, performance modelling, training and documentation.  When developing a new product in a product line, composition and generation are encouraged rather than programming as in the traditional way.  By reusing parts of previous systems to build new systems, their reliability is considerably increased. [20]
A large investment is required when initially adopting a new technology, such as product line practice, in an organization.  Market analysis should be done in advance to justify the investment.  Such a change usually has a great impact on an organization, forcing it to re-structure and re-organize.  A product line is mostly targeted at specific customers, and thus customer management plays a very important role. [20]
A software architecture must be robust and applicable across a product line.  It must be defined by reusable components that are easily adaptable and testable.  One of the most important factors of a product line is a good understanding of its commonalities and variabilities, such as identified through domain analysis.  Feature modelling, an activity of domain analysis, is an effective and efficient method for identifying and organizing the commonalities and variabilities among the products of a product line.

The Software Engineering Institute at Carnegie Mellon University has developed a framework for product line practice, which aids organizations with the processes of developing a product line.  It identifies and describes 29 practise areas, which are divided into the software engineering practice areas, the technical management practice areas and the organizational management practice areas.

Product line practice consists of three main activities.  They are the development of the core assets, the development of the products using the core assets, and the management of both these processes.  The first two activities are described below [17].
3.1.1. Core Asset Development

The goal of this activity is to create product production capability.  The following figure illustrates the core asset development activity along with its outputs and necessary inputs. 
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Figure 7:  Core Asset Development taken from [17]
This activity along with its counterparts is iterative and by the diagram it is evident that the inputs and outputs of this activity affect each other.
Three of the outputs of the core asset development activity are the product line scope, the core assets and the production plan.  They are necessary for a production capability to develop products.
· The product line scope describes the products that will be included in the product line in terms of the commonalities and variabilities amongst the products.  These might include, for example, features, their operations, their quality attributes such as performance and the platforms on which they run.

The success of the product line depends on the careful definition of the scope.  The scope may not be too large, or too small, and it must target the right products.  For the product line to be kept current, the scope should evolve as market conditions change, as the organization's plans change, or as new opportunities arise.
· The core assets are the basic building blocks of the product line.  They include an architecture shared by the products in the product line, and software components developed for systematic reuse.  The software architecture plays an important role in that it must satisfy the general needs of the product line, as well as the individual products by explicitly admitting a set of variation points.  Requirements specifications, domain models and commercial off-the-shelf (COTS) components are also classified as core assets.

A core asset should always be associated with an attached process.  The attached processes are step-by-step descriptions of how the core assets will be used in the development of the products in the product line.  They are themselves core assets that are included in the production plan.  The following figure illustrates this concept of attached processes and how they are incorporated into the production plan. 
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Figure 8:  Attached Processes taken from [17]
· The production plan describes how products will be developed using the core assets.  It is essentially a set of attached processes from each of the core assets.
Every product in the product line has specific variations predefined by variation points.  The production plan describes how these variation points can be accommodated.  It also describes how the core assets are linked and how they are utilized effectively and within the product line constraints.

The three outputs of the core asset development activity are necessary for the product development activity, which in turn produces the products of the product line that fulfil a specific customer or market need.

3.1.2. Product Development

Increasing the productivity of producing products is the main drive of product line practice.  The product development activity is responsible for assembling each product.  It depends on the three outputs described above, as well as the requirements for each individual product.  The following figure illustrates these relationships.
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Figure 9:  Product Development taken from [17]
The inputs for the product development activity are described below.
· The requirements for a particular product are essentially the product features [23] and are necessary for producing a specific product.
· The product line scope determines whether a certain product can be included in the product line or not.

· The core asset base is needed to build the products.

· The production plan describes how the core assets should be used in order to build a product.

From a simplified point of view, the product development activity entails receiving requirements for a product that is in the product line scope, and then following the production plan so that the core assets can be correctly used to develop the product.  The process is, however, not always that simple.
3.2. Generative Programming

Generative programming is about automating the creation of software products, such as components and applications.  It combines domain engineering with appropriate technologies for implementing the elementary components of a system family and for their automatic assembly.  According to [5], this requires modelling system families, ordering products, providing implementation components to assemble the products from, specifying the mapping from product specifications to concrete assemblies of implementation components, and implementing this mapping using generators.

The first step towards achieving this is generative domain modelling, which enables automatic generation of a system in a family based on its specification.  A generative domain model consists of a problem space, a solution space and the configuration knowledge mapping between them.
The problem space consists of the application oriented concepts and features that are necessary for the development of an application.  There are different kinds of features as described by [5].  These are concrete features, aspect features and abstract features.

· A concrete feature is directly mapped to a component, which can possibly be a parameterized component.  An example would be implementing sorting by a sorting component [5].

· An aspect feature is mapped to an aspect as would be identified in aspect-oriented programming.  An aspect is a facet that affects several other components, such as the synchronization of a number of components.  This aspect code needs to be inserted into many components.

· An abstract feature, for example a performance requirement, does not have any specific implantations.  It is implemented by an appropriate combination of components and aspects.

The configuration knowledge specifies certain combinations of features that may not be allowed, as well as, if some features are not specified, their default settings and dependencies that need to be assumed.  It also specifies the construction and optimization rules.

The solution space consists of the implementation components with all their likely combinations.  The implementation components are designed so that they can be combined in as many ways as possible, while maximizing reuse, and minimizing code duplication.  
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Figure 10:  Elements of a Generative Domain Model taken from [5]
The development and implementation of a generative domain model for a family of systems is one of the essential objectives of generative programming.  The main development steps of generative programming are listed below [5].
· Domain scoping

· Feature modelling and concept modelling
· Designing a common architecture and identifying the implementation components

· Specifying a domain-specific notation for the ordering of systems

· Implementing the implementation components

· Implementing the domain-specific notations

· Implementing the configuration knowledge using generators.

These steps need to be done iteratively and incrementally during the analysis, design and implementation phases.
3.3. Aspect-oriented Programming

Separation of concerns is an essential principal for dealing with the complexity by separating systems into smaller units according to their functionality.  Many systems and sub-systems however, especially in a system family, have cross-cutting features.  These are features that affect and span across a number of systems or components, such as security, distributed data transfer, memory management, persistence, synchronization, and many more.  Better known as aspects, these features are difficult to localize using traditional modularization constructs such as components, objects or procedures.  The basic difference between an aspect and a modular unit is that modular units are usually encapsulated and organized in a hierarchy, whereas an aspect crosscuts a number of modular units [5] as illustrated in the following figure.
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Figure 11:  Modular versus aspectual decomposition taken from [5]
The purpose of aspect-oriented programming, according to [5], is to provide methods and techniques for decomposing problems into a number of functional components, as well as aspects that crosscut functional components, and then combine these components and aspects to obtain system implementations.  
Subject-oriented programming, composition filters and demeter/adaptive programming are aspect-oriented decomposition approaches that concentrate on encapsulating various system properties such as aspects, which crosscut modular units of functionality.  Aspects influence the way we decompose problems and need to be taken into account during domain analysis.  At the beginning stages of feature modelling, feature starter sets help initialize the key concepts in a domain.  Some of the concerns in these feature starter set will be aspects, which are modelled in the feature diagram.
3.4. Summary and Comparison
It is fairly obvious to say that commonalities and variabilities play an important role in each of the approaches described above.  Product line practice, generative programming and aspect oriented programming are closely related in that each one of them uses domain engineering methods for their respective analysis, design and implementation development phases.

Domain engineering methods cover three phases, as described in section 2.2.  Domain analysis entails domain scoping, the analysis of commonality, variability and the dependencies within a family of systems, and the development of reusable, configurable components.  In product line practice domain analysis is used during the core asset development activity for identifying the product line scope and core assets, while it is used for defining the problem space, which holds the domain-specific concepts and features in generic programming.  In aspect-oriented programming it is used for decomposing systems and to identify and define the relevant aspects and functional components of the system to be developed.  
Domain design deals with the design of a common architecture that holds the structure of components and, in the case of generative programming, a means for specifying system family members and their automatic assembly from the components.  In product line practice domain design is used for devising an architecture for the product line that includes the core assets identified in the domain analysis.  Domain design overlaps the problem space and configuration knowledge of generative programming, where it is used for designing the common architecture and specifying domain-specific notations for the ordering of systems.  

Domain implementation is responsible for implementing the components, the specification means, and the generators.  In product line practice it is used for the implementation of some core asset components, but mostly for the product development activity, where applications are assembled from the core assets.  Domain implementation is mainly concerned with the solution space of generative programming, where the implementation components, the domain-specific notations and the configuration knowledge using generators are implemented.  In aspect-oriented programming it is used for the combining of the functional components and aspects to obtain system implementations. 
Product line practice, generative programming and aspect-oriented programming overlap each other in the sense that generative programming and aspect-oriented programming can both be incorporated in product line practice.  Generative programming and aspect-oriented programming are important implantation techniques.  Most product lines have aspects that cross-cut the range or a subset of systems, or even subsystems, to be built.  These aspects need to be dealt with..  The generative programming can be used for automatic assembly of a product in the product line.
4. Solution Examples
Of the two case studies described in the sections below, the Views system is the most complete example to be found.  Many examples in literature describe merely parts of their solution.  For this reason, the second example of this section illustrates only a part of the solution.
4.1. Views
Views is a vendor independent extendable windowing system developed as a joint project between the University of Pretoria and the University of Victoria.  By building a systems family for Views, it becomes flexibly, and adaptable to changing requirements, and can thus satisfy a greater market need.
Views defines XML tags and attributes which mirror those in the Windows Forms namespace of the .NET platform.  It generates a graphical user interface for any program by sending the XML as a string parameter to the Views constructor.  After the GUI is drawn, the user can interact with it via a small set of methods such as GetControl, GetText and SetValue.  
The emphasis is entirely on the ease of use.  Some of the advantages of Views are its small footprint, its user friendliness, and the ability to develop GUIs effortlessly.  One distribution of Views runs on Windows, and requires access to the WinForms API provided by the System.Windows.Forms namespace.  Views can also be run on the SSCLI/Rotor platform without requiring access to WinForms.  Instead, it can use Tcl/Tk or QT to render the GUIs, achieving platform independence.  Primarily, Views was to be developed in the C# programming language, but the option of using Java as programming language also exists.
The root of the feature diagram represents the concept “Views”.  Some of the main service and operational features identified for the system are GUI description notation, XML converter, Control constructor, Layout designer and GUI event model.  Non-functional features of the system are user-friendly, fast and efficient and small footprint.  XML notation, Platform, Toolkit, Operating system and Programming language are some of the other important features identified.
Various versions of the Views system can be developed by choosing one of the configuration possibilities in the feature model.  The system can be built for different platforms, running on different operating systems, and using a different toolkit for the GUI.  There are a few inter-feature-dependencies that are described by the composition rules included in the feature model.  The feature model in the following figure illustrates the features that are of importance to the Views system.  
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Figure 12:  Feature Model of the Views System
Suppose a user would like the Views system running on the Linux operating system.  The diagram above would assist in presenting the configuration options for such a system.  The user would have the option of choosing, for example, Linux as the operating system, C# as the programming language, Rotor as the platform and QT as the toolkit for the Views system.  However, he could not choose, for example, Linux as the operating system, C# as the programming language, JVM as the platform and WinForms as the toolkit.  For this specific reason, the composition rules need to be considered before choosing a configuration for the system.
4.2. Bank Account

Consider a bank account [5] system family.  Every bank has its own account system.  All of them are similar, but have substantial variations.  Even among the types of accounts, such as savings or cheque account, there are variations.  

Before developing a bank account system family, the desired products of the system family need to be identified.  A savings account, cheque account and open account are the three types of systems that belong to the family.  These accounts have a number of basic commonalities and some variability, which distinguishes them form one another.  The savings account, for example, does not support money transfer, whereas the cheque account does.  Another example is that the cheque account does not provide an overdraft facility, where again the open account does.  Each account type might have a different balancing period, which involves calculating the interest and charging the account fees.  Also, not all accounts are kept in the same currency.  All accounts have an owner, a number and a balance in common.
The feature diagram below is used to represent the identified commonalities and variabilities of the bank account system family.  The root of the feature diagram represents the concept “personal account”.  Several variation points are illustrated in the feature diagram, such as overdraft, payment, balancing period, and currency.  All but payment are dimensions with several alternative subfeatures.  The subfeatures of payment are or-features of which any nonempty subset can be selected of.
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Figure 13:  Feature Model of Personal Account System adapted from [5]
The feature diagram above is quite incomplete.  In order to simplify the example, it only illustrates some of the features that should be considered for the bank account system family.  Other important features that could have been added are calculation of interest, minimum balance, contract period, etc.  Due to the incomplete feature diagram, the decomposition rules have not been included in the model.  A feature diagrams itself can become very complex, considering the number of features a family of systems can have.  In order to simplify it, it could be broken up and modelled according to the different views of the stakeholders.  This, however, has not been done for the example illustrated here.
5. Conclusion

It is evident that to have a competitive advantage in today’s software engineering industry; systems need to be built in as short a time as possible, with reduced costs and increased quality.  The best way to achieve this is by building system families, which are based on explicitly identifying commonality and variability of family members for the purpose of reuse.  Due to the increase of systems and their size, it becomes a complex task to identify and use the commonalities and variabilities appropriately.
To deal with this problem of complexity, it has been concluded that separating concerns in software systems decreases the complexity considerably.  Domain analysis is an activity of domain engineering that is used to identify the commonalities and variabilities.  To be able to understand and use the identified commonalities and variabilities optimally, it has been determined that using a modelling technique to represent them would be best.  Feature modelling is thus used to capture the common and variable features of a system family in a domain.
Product line practice, generative programming and aspect-oriented programming are just some of the approached that make use of domain analysis and specifically feature modelling to reduce and manage the complexity of the systems to be developed.  These approaches were considered and successfully applied to the example case studies.
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�A stakeholder is any person involved in the development process of a system, e.g. users, customers, developers, managers, etc.





� The terms product line software engineering and product line practice can be used interchangeably.
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