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1.0 Introduction

The hardest single part of building a software system is deciding precisely what to build. No other part of the conceptual work is as difficult as establishing the detailed user requirements and mapping them into system functions and features. No other part has such a major impact on later results and no other part is so difficult to rectify.

This process of collecting requirements and converting them into a “built” product has been approach by many practitioners and has resulted in a wide variety of models for software development. 

This Technical Paper reviews the various models for software development. Some of these models are reviewed because they are still in practice although they are not recommended for various historically recognized weaknesses. It is also by understanding some of the early models that the strengths of new models can be highlighted.

1.1 Summary of Models

The earlier model documented in the software engineering industry was the Waterfall Model introduced in 1970 by Royce. The model became popular and widespread. It is still being used in many traditional ICT units. The strengths and weaknesses of this model were recognized throughout the 70s and 80s leading to the development of other models that improved the strengths and avoided the weaknesses. 

This paper discussed the following Models presenting their lifecycles, strengths and weaknesses as well as defining when such models can be used:

· The Linear Sequential Model or the Waterfall Model

· The Prototyping Model (Evolutionary)

· The Rapid Application Deployment Model (RAD)

· The Incremental Model (Evolutionary)

Because the life cycle steps are described in very general terms, the models are adaptable and their implementation details will vary among different organizations. The spiral model is the most general. Most life cycle models can in fact be derived as special instances of the spiral model. An ICT Unit may mix and match different life cycle models to develop a model more tailored to their products and capabilities. 

There are other models that can be looked up such as the Component Based Model, the Formal Specifications Model, the Concurrent Model and other models that are proprietary. These methods are not discussed in this Technical Paper because they are either too specialized or are suitable for use on large and complex projects. Both situations are outside the scope of the Standards and Guidelines being developed.

1.2 The Recommended Model

The Spiral Model is the one used in the Software Applications segment and recommended to be used with the Unified Modeling Language. 
The UML becomes the vehicle of expression of all intellectual software development activities leading the developers up to the stage of building the products using interfaced development platforms which are interfaced with the input from the UML.

2.0 The Linear Sequential Model or the Waterfall Model 

The Waterfall life cycle model was introduced by Winston Royce in 1970 and is currently the most commonly used model for software development. 
It is based on developing software in a set of sequential phases:
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Figure 1 : The Waterfall Model
The waterfall lifecycle model is the most straightforward and controlled of the models considered in this guide. It views software development as a series of processes that are expected to be done only once for the project. They are to be done in the proper order and the results documented for input to subsequent processes. 

Once a process is completed and signed off by the customer, the product of the processed frozen and can only be opened for changes through a formal process. Typical outcomes of change requests are changes being deferred until after the system is built.

The phases have established milestones made up of strict deadlines, documentation to be produced and reviews. 

One of the most critical features of the Waterfall Model is that the phases do not overlap. Design cannot begin until analysis is completed, and testing cannot begin until coding is completed.

2.1 Strengths of the Waterfall Model
1.
The model is well known by non-software parties making it easier to communicate.

2.
It offers a disciplined approach to software development because all the steps of the project can be clear from the beginning.
3.
It is document driven
5.
It is a good model to use when requirements are well understood and are quite stable. For example, migrating software that is already running or developing an application that is restricted to clear business rules. 
6.
Requirements are in the hands of the testers early

7.
It allows for tight planning and control by project managers.

8.
Late changes to requirements or design are limited

2.2 Weaknesses of the Waterfall Model

1.
The Model is inflexible for change as each phase results are frozen.

2.
length of time before anything usable by the customer is produced and the implied requirement to complete every process correctly the first time. 

3.
The Waterfall Model forces the software engineer to completely fulfill the scope of each phase before moving on. This is not always a realistic situation. It requires the engineer to “freeze” the activities of each phase. Requirements are frozen while design is taking place. 

To resolve this disadvantage, the Waterfall Model may sometimes include a "feedback loop" where the engineer can return to a previous phase. This requires very strict configuration management and change control.

4.
Major decisions must be made early, when knowledge is at its least depth.

5.
Changing a specification affects everyone: engineers, users, developers, trainers.

6.
There is a tremendous pressure on testers to prove whether a product is ready or not for release

7.
Requirements must be well-reviewed early. It is not always possible for the user to define the requirements in full. This cannot be absorbed in this model.

8.
Test plan can be written early

9.
When testing does start, the project is on the critical path

10.
There is no early deliverable. This results in long waits before users can acquire the systems. Not having early acceptance often results in negative expectations.
2.3 When to use the Waterfall Model?

1.
Because of the various weaknesses of this Model, it is best limited to situations in which the requirements and the implementations of those requirements are clearly understood and at the beginning.

2.
It works well for products that are well understood and whose technical methodologies are also clear.

3.
It also works well for projects that are repeats of earlier work such as migration, updates, new releases. 

4.
It is quite suitable for developing products with which the development team have a lot of experience such as the case when the analytic reports are being developed for a Human Resources Information System having had the experience of similar reporting in the Payroll System.

3.0 The Prototyping Model (Evolutionary)
Most software application development efforts often yield systems that are not totally usable. The later releases of such products improve their use. This led to the development of a prototyping model that is highly iterative in nature. It is mostly used for developing “proof of concept” applications that are not completely usable. As the requirements get known, the system gets refined.

The Prototyping Model is the basis of later models such as the Rapid Application Deployment model and the Spiral Model. 

In the case where requirements are not clear, Prototyping may be the most suitable approach. Such situations as the following require prototyping:

· Users do not have clearly defined procedures and processes

· Systems are complex and are not amenable to clear analysis

· Requirements are changing due to various reasons: markets, regulations, uncommitted management, etc.
What is a Prototype?

It is a quickly developed, easily modifiable and extendible working model of the required application. A prototype does not necessarily represent the complete system. It is not meant to. It is only meant to start proving the validity of converting the user requirements into working designs.

In general terms, the Prototype Model follows these steps:
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Figure 2 : The Prototyping Model
1.
Analyze requirements in a broad manner. This stage is completed when general lines are agreed upon between analysts and users.

2.
A quick design will then take place that is not rigorous but that provides proof in general terms of the above requirements. For example, in an inventory system, the developer may present the user with around 20 screens showing the various parameters (Stock type, supplier, etc), the stock master and the transactions in the system. No processing is required and no updating is developed.

3.
The above prototype is evaluated by the user and changes and revisions are noted. Using the above example, the user can now identify some business rules such as validations and controls. 
4.
The developer will now revise the system and return to the first step for deeper and more elaborate analysis. 
The above cycle is repeated until the system reaches the final acceptance stage.
3.1 Strengths of the Prototyping Model
1.
The requirements are analyzed in a top down fashion ensuring that no major blocks are missed.

2.
Technological solutions are identified early.

3.
There is a much lower risk of confusion in terms of miscommunication, misunderstanding user requirements or system features. Communications problems are therefore minimized.

4.
New or unexpected user requirements can easily be incorporated.

5.
The prototype can be used as a formal specification because it is tangible and well tried.

6.
It secures the user because of the steady and visible progress

7.
Prototyping development costs are offset by avoidance of the usual high cost of rework and repair.
8.
There will be many opportunities to reappraise requirements or rethink the design.

9.
It is relatively simple to eliminate useless features.

3.2 Weaknesses of the Prototyping Model
1.
The user may be led to believe that developing software is easy and would hence become undisciplined while expressing his requirements.

2.
The resulting system may have been built without consideration of such issues as security, performance, look and feel, etc., all because the developer is concentrating on delivering the required functions of the systems. Furthermore, inefficient algorithms may be used, unsuitable development environments or testing may take place under unrealistic platforms (Operating systems, database systems, etc). Addressing such issues at a later stage may be cumbersome and inefficient.

3.
Lack of early planning may cause project management problems: unknown schedules, budgets and deliverables.
4.
This Model results in potentially longer development cycles
5.
Seeing functions in working mode early in the life cycle stimulates users into requesting additional functions. This may take the project outside the scope of the feasible requirements. If such extensions are crucial, this weakness becomes a strength.

6.
The user may be led to think that the resulting system is a “quick fix” or a “dirty solution” rather than a final polished products.

7.
There is a tendency to postpone complex requirements till a later stage to achieve early proof of concept. This may result in systems which may be difficult to modify.

8.
Developers may be tempted to deliver a reasonably working prototype rather than a tightly controlled and robust product.
3.3 When to use the Prototyping Model?

1.
When requirements are not known at the beginning of the project

2.
When requirements are unstable and constantly changing.

3.
When users, for various reasons, do not have the capability of expressing their requirements clearly or when they are reluctant to commit to a set of clear requirements.

4.
The model is ideally suited for developing look and feel or user interfaces because such features cannot be easily documented and are best seen when tested.

5.
When the user requires proof of concept.

6.
When quick demonstrations are required such as for higher management.

7.
When technological features are to be tested
8.
The model is highly suitable with object oriented programming environments since objects can be designed as prototypes with minimal functionalities thus providing an overall working system that is not totally usable.

4.0 The Rapid Application Deployment Model (RAD)

The Rapid Application Deployment (RAD) model is a high-speed adaptation of the linear sequential model. The RAD model is characterized by a quick turn around time from requirements to completed product. It follows a sequence of evolutionary system integrations or prototypes that are reviewed by users. The development of each integrated delivery is restricted in time, usually 2 – 3 months. 

The RAD Model is a combination model. The RAD model is an adaptation of the Waterfall Model which works well when a system can be modularized or be component based. Another condition for its success is that the requirements have to be well understood.

The RAD model relies on several teams developing each module or component in parallel thus reducing the overall life cycle of development.
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Figure 3 : The Rapid Application Development (RAD) Model 

The above steps or phases can be the steps or phases of any Waterfall based model. These can be:
1.
Requirements Planning: these are gathered using structured discussions based on workshops meetings.

2.
User Description: this follows a technique known as JAD (Joint Application Design) which involves the user while converting requirements into designed features. Automated tools are usually used to capture information from the users. These can be Integrated Development Environments (IDE) such as Oracle Designer or Visual Studio or Java JBuilder. 

3.
The Construction Phase: this phase goes into detailed technical design followed by building and testing. The release must be within the 2 – 3 months time box mentioned earlier. This phase is strongly dependent on such software tools as screen generators, code generators or ERD diagramming tools that can generate SQL scripts to define databases.

4.
Cutover: the unit produced in the time box will be delivered and qualified for operation and performance.
4.1 Strengths of the RAD Model
1.
The system can be completed early. Indeed, this is the main purpose of the Model.

2.
Development cycle times are reduced due to the use of powerful automated tools. Such tools may not be suitable for large complex systems that are developed using other models.

3.
Different skills can be applied to different modules leading to more efficient results.

4.
Ongoing user involvement reduces changes and increases satisfaction.

5.
Ongoing integration encourages early acceptance.

4.2 Weaknesses of the RAD Model
Project requirements must be well understood and the project scope tightly constrained. Developers are often able to use component-based construction techniques to build a fully functional system in a short time period. 
1.
Larger projects will require a large number of teams which may not be available.

2.
The RAD Model cannot be applied to systems which are not easy to modularize such as a complex web application.

3.
Integration testing may pose project management problems.

4.
Whenever there are risks related to technology, competence, availability of resources, the RAD model will not be suitable.

5.
The model requires disciplined communications which may not be possible due to the rapid rush of work.

4.3 When to use the Rapid Application Development Model?

1.
With systems that can easily and clearly be modularized.

2.
With systems whose requirements are reasonably well understood.

3.
When the user can be involved with the development process especially with the automated development tools.

4.
On projects requiring short development times.

5.
When reusable components of the final products can be found.

6.
With projects where cost and schedule are not critical such as the launch of new systems that are being investigated.

5.0 The Incremental Model (Evolutionary)
The incremental lifecycle model is similar to the waterfall in many respects. However, it produces earlier tangible results. It is the process of constructing or building a partial implementation of a total system which can be completed and used. 
In some ways, this model is similar to the Prototyping Model. The main difference is that the prototyping model starts with the core development of all functionalities and grows as the requirements are clarified. The Incremental Model splits the software development effort into a modularized set of work units. 

It follows the following general broad stages:

1.
The initial processes of Analysis of Requirements and general design are done in sequence, once for the overall project. 

2.
The software product is then partitioned into increments occurs. A number of different development efforts, beginning with Technical Design, are identified. These increments can be planned as sequential or parallel efforts, depending upon the project characteristics and project constraints. 

For the same reason as the waterfall model, it is suitable for large projects with requirements that are known, stable and understood. Given these project characteristics, it is the best choice when early release of some parts of the software is beneficial or when earlier release of the entire system can be accomplished through multiple teams working in parallel on different increments. 

5.1 Strengths of the Incremental Model
1.
The requirements are analyzed in a top down fashion ensuring that no major blocks are missed.

2.
Technological solutions are identified early.

3.
A usable product may be ready early depending on how the partitioning takes place. For example, the first increment could be the core transaction system leading to very early operation leaving the administrative and analytic reports to a later stage.

4.
When requirements are known and understood, later releases can incorporate changes that surface during the earlier development efforts. 

5.
The implementation in successive steps results in various advantages such as lessons learned, incorporation of user experience and identification of additional functionalities.
6.
Budgets are spread so that initial delivery costs are much lower.

7.
Risk of failure is reduced because it is restricted to each increment as it is being worked.

5.2 Weaknesses of the Incremental Model
1.
Use of the Incremental Model requires careful partitioning of the system/product and well defined interfaces between the increments, especially if they will be developed in parallel. 
2.
Project mangers using the incremental model must be aware of the need for additional attention to the coordination of multiple efforts. This includes additional attention to the coordination of multiple effort. This includes additional effort that will likely be needed in the test process, where integration is addressed.  

3.
The designers have to be very careful about partitioning the work. Each increment may be dependent on another. 

4.
Lack of early planning may cause project management problems: unknown schedules, budgets and deliverables.

5.
Interfacing design becomes critical as each increment is integrated with an earlier working unit. Regressive testing is then required.
6.
The coordination effort requires disciplined project management techniques which may not always be available or may be ignored during the life cycle of the project.

5.3 When to use the Incremental Model?

1.
When requirements are understood in the early stages but can change during the project’s life cycle.

2.
With lengthy projects.

3.
With software applications that are regarded by the users with doubt. Early increments can create the necessary early consensus on the usefulness of the application.

4.
When it is too risky to develop the overall system as one block.

6.0 The Spiral Model (Evolutionary)
The spiral method was originally proposed by Barry Boehm. It is an evolutionary model that is hybrid in that it uses key concepts of the iterative nature of Prototyping with the controlled and systematic aspects of the Linear Sequential model (Waterfall).
Using the Spiral Model, software is developed in a series of incremental releases. During the early iterations, the incremental release might be a paper model or a prototype. During later iterations, increasingly more complete versions of the engineered system are produced. 

This model is not the one to solve all problems but can be considered as one of the best approaches. 

6.1 How the Spiral Model Works?

A Spiral Model is divided into a number of activities also called Task Regions. Typically, there are between 3 and 6 task regions. The figure below consists of the following task regions:
· Customer communication: tasks required to establish effective communication between developer and customer
· Planning: tasks required to define resources, schedules and other project related information
· Risk analysis: tasks required to assess both technical and project management risks
· Engineering: tasks required to build one or more representations of the application 
· Construction and release: tasks required to construct, test, install and provide user support such as documentation and training
· Customer evaluation: tasks required to obtain customer feedback based on evaluation of the software representations created during the engineering stage and implemented during the installation stage. 
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Figure 4 : The Spiral Model

Each of the above 6 regions is made up of a set of work tasks or activities called a task set. These are adapted to suit the project’s complexity and nature.

In all regions, there will be two key umbrella activities related to:

· Configuration Management (Kindly refer to the Configuration Management segment).

· Software Quality Management (Kindly refer to the Quality Management segment)

The steps through which developers go in the Spiral Model are the following:

1.
As the evolutionary process begins, the software engineering team moves around the spiral in a clockwise direction and beginning from the center.

2.
The first circuit around the center might develop the first product specification such as the Requirements Definition Document. As iterations continue, the team will develop other interim products such as Functional Designs, Technical Designs. Later iterations will produce software prototypes or increments of the system.

3.
Each pass through the Planning Region results in a review of the project at that point and subsequent adjustments to the project plan in terms of its costs and schedules. These are based on feedback from the customer evaluation of the various interim products being produced.

It remains the responsibility of the Project Manager to define and control the number of iterations in the whole process.

6.2 Key Differences between the Spiral and Other Models

One of the key differences between the Spiral Model and others is the ability of the Model to incorporate post delivery activities such as maintenance, support and implementation.

Another major characteristic is the stress on Project Management activities such as risk, quality and configuration management.

Finally, the Spiral Model allows the organization to enter into the spiral at specific points. These are called Project Entry Points. For example, it may be that a software application project may be broken down into the following 4 projects: 

· Concept Development leading to Functional Design documents

· Acquisition of the software requiring selection and evaluation

· Implementation of the software requiring customer evaluation and support

· Maintenance of the software application

The above projects can each enter the Spiral on its own at specific points.

6.3 Strengths of the Spiral Model

1.
It is a realistic approach to the problems of medium to large scale software development 
2.
It can use prototyping during any phase in the evolution of product. 
3.
The main benefit of the spiral model is incorporation of project management methods such as Risk Management, Quality Management and Configuration Management.
4.
The incorporation of the evolving spiral to cover both intellectual and development activities imposes an evolutionary design on all such activities which are then subjected to project management principles.

5.
Because the software development process is evolutionary and is interspersed with risk analysis, both users and developers learn to respond and manage risks at each stage of the project.

6.4 Weaknesses of the Spiral Model 

1.
It requires excellent project management skills. In addition, the project manager must be prepared to manage from a risk-avoidance viewpoint. 

2.
Developers must be prepared to identify, analyze and mitigate risks which is a skill not always identified and cultivated. 
3.
The additional processes are not as well defined as the standard processes

4.
There are not as many methods, techniques and tools to support them.

5.
Use of the spiral model may prevent inadequate or unusable software from being built, resulting in the avoidance of rework and increasing trust between the customers and the developers. 

6.
It may be difficult to convince users that the evolutionary approach of the Model will actually work because they will not be able to see the end of the project.
7.
It demands expert knowledge of risk analysis and management which may not always be available. Major risks uncovered at later stages may have drastic impacts on the final result.

6.5 When to use the Spiral Model?

1.
Projects that would benefit the most are those that would be built on untested assumptions. 

2.
It is suitable in situations where business modeling is clearly understood and in use.

Generally, the Spiral Model can be used over a variety of project and is not really restricted due to its flexibility. However, that requires a fair amount of customization.

7.0 Evaluation Criteria

The following criteria can be used to arrive at a decision as to which model to use. They are based on several characteristics:

· Characteristics of the Requirements

· Characteristics of the Project Team

· Characteristics of the Users

· Characteristics of the Project Type and its Risks

The tables were adapted from the book: Quality Software Project Management by Futrell, Shafer and Shafer published by Prentice Hall in their Software Quality Institute Series.
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Are the requirements easily defined 

and well known?

Yes No No Yes No

Can the requirements be defined 

early?

Yes No No Yes Yes

Will the requirements change 

frequently?

No Yes Yes No No

Is there a need to demonstrate 

requirements?

No Yes Yes Yes No

Is a proof of concept required to 

deomonstrate capability?

No Yes Yes Yes No

Do the requirements indicate that the 

system is complex?

No Yes Yes No Yes

Is early functionality a requirement? No Yes Yes Yes Yes


[image: image6.emf]Characteristics of Project Team Waterfall Prototype Spiral RAD Incremental

Are the majority of the team 

memberes new to the problem 

domain?

No Yes Yes No No

Are the majority of the team members 

new to the technology?

Yes No Yes No Yes

Are the majority of the team members 

new to the tools to be used?

Yes No Yes No No

Are the team members subject to 

reassignment during the project?

No Yes Yes No Yes

Is there proper training for the team 

when required?

No No No Yes Yes

Is the team more comfortable with 

structure than with flexibility?

Yes No No No Yes

Will the project manager closely track 

the team's progress?

Yes No Yes No Yes

Is ease of resource allocation a 

problem?

Yes No No Yes Yes

Does the team accept peer reviews 

and inspections?

Yes Yes Yes No Yes
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Will the availability of the user 

representatives be restricted or 

limited during the life cycle?

Yes No Yes No Yes

Are the user representatives new to 

the system definition?

No Yes Yes No Yes

Are the user representatives experts 

in the problem domain?

No Yes No Yes Yes

Do the userse want to be involved in 

all the phases of the life cycle?

No Yes No Yes No

Does the cusomter want to track 

project progress?

No Yes Yes No No
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Does the project identify a new 

product direction for the organization?

No Yes Yes No Yes

Is the project a system integration 

project?

No Yes Yes Yes Yes

Is the project an enhancments to an 

existing system?

No No No Yes Yes

Is the funding for the project expected 

to be stable throughout the life cycle?

Yes Yes No Yes No

Is the product expected to have a 

long life in the organization?

Yes No Yes No Yes

Is high reliability a must? No No Yes No Yes

Is the system expected to be modified 

in un-anticipated ways after 

implementation?

No Yes Yes No Yes

Is the schedule constrainged? No Yes Yes Yes Yes

Are the module interfaces clean? Yes No No No Yes

Are reusable components available? No Yes Yes Yes No

Are resources scarce? No Yes Yes Yes No


















































