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ABSTRACT 
 
 

As industries grow in size and complexity, the demand for software increases. The success 

of a software product is determined by its quality, which can be improved by introducing new and 

more efficient development models. The three major aspects of concern in software quality are 

cost, time, and ability to meet requirements. Conventional and contemporary software 

development models allow for a tradeoff among these aspects. In this research, a new model that 

integrates two traditional software development models to achieve desired levels of quality is 

proposed. This integrated quality software development (IQSD) model builds on the advantages 

of both the prototyping and waterfall models and eliminates their cited limitations. Research efforts 

here include the development of a cost estimation function that can be used to quantify the 

economic benefits of implementing the IQSD model. Numerical analysis has indicated that the 

proposed IQSD model outperforms traditional development models from an economic standpoint.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

Seventy-eight percent of the United States population used the Internet in 2012 (Internet 

World Stats, 2014).  Gartner (2014) forecasted that, worldwide, $3.8 trillion would be spent on 

information technology in 2014. This type of forecasting requires developers to produce high-

quality software in order to achieve customer satisfaction and gain their loyalty. Maintaining a 

higher level of product or service quality provides a competitive advantage. A business that can 

satisfy customers by improving and controlling quality can dominate its competitors 

(Montgomery, 2013). In order to reach these goals, developers must use an appropriate software 

development model, which allows for customer involvement during the design phase in order to 

minimize ambiguity and eliminate any misunderstanding between customers and developers. 

The following chapter represents a review of both conventional and contemporary 

software development models. Conventional models include the waterfall, incremental, 

prototyping, and spiral models, while contemporary models include the agile, rapid application 

development (RAD), extreme programming (XP), and V models. Each of these models has been 

reviewed with respect to their advantages and disadvantages. In addition, models most frequently 

used to describe software quality, such as those proposed by McCall (1977) and Boehm (1976) 

as well as the attributes included in the ISO/IEC 9126 standard, have been considered. Also, this 

review included parametric models for estimating software development costs.  

Chapter 3 introduces the proposed model for software development, referred to as the 

integrated quality software development (IQSD) model. This model integrates the waterfall and 

prototyping development models, and builds on their advantages while overcoming their cited 

limitations. The proposed model also benefits from the discipline of the house of quality (HoQ) 
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as a structured design technique used to translate customer requirements into engineering 

characteristics and document the design logic.  

A cost estimation function is developed in Chapter 4. This function is used to evaluate the 

economic advantage of utilizing the IQSD model. A comparison between expected levels of 

effort was conducted to highlight the benefits of utilizing the ISQD model instead of the 

conventional waterfall or prototyping models. Also, a numerical investigations of the model 

performance using a 24 unreplicated factorial design is represented. Finally, conclusions and 

directions for future research are represented in Chapter 5. 
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CHAPTER 2 
 

LITERATURE REVIEW 
 
 

Programming methodologies have been directed to the conceptual and theoretical aspects 

of software engineering. A number of software development models have been established. The 

two basic categories of software development models are conventional and contemporary, which 

are discussed here in chronological order, from the 1970s through the late 2000s. 

2.1 Conventional Software Models 

Conventional software models, which have existed since the initial days of software 

engineering, have a common number of phases, starting with the analysis of customer 

requirements and ending with maintenance (O'Docherty, 2005).  The goal of these phases is to 

“determine the order of the stages involved in software development and evolution and to 

establish the transition criteria for progressing from one stage to the next” (Boehm, 1988).  

2.1.1  Waterfall Model 

The waterfall model, developed by Royce (1970), represents a sequential design process 

incorporating an ordered set of phases organized in a linear fashion (DeGrace & Stahl, 1990).  In 

this model, represented in Figure 2.1, software requirement specifications (SRSs) are 

documented during the first phase of project development. Next, in the design phase, modules of 

the software are designed using information provided by the SRSs and other diagrams produced 

in the first phase. Then, during the implementation phase, or construction phase, modules are 

coded and tested to uncover defects/bugs as early as possible during the next phase, or testing 

phase. After testing, the software is ready for release. The final maintenance phase includes 

correcting uncovered defects and planning for system evolution.  
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Figure 2.1: Waterfall model (source: Optimal Solutions, 2013). 

Sage and Palmer (1990) have indicated that the waterfall model is linear and very easy to 

implement, requiring a minimum amount of resources and documentation at every phase of 

development. However, Munassar & Govardhan (2010) pointed out that this model cannot be 

applied to all situations. For example, customer requirements must be clear and understood 

before starting the design phase, the complete design must be approved before coding, and the 

the proposed phases must not overlap. The tester role is only allowed during the testing phase. In 

addition, the model progresses under the assumption that all requirements are fixed. In real-

world development during the design or coding phases, when the development team discovers 

issues that point to errors or gaps in the requirements, development should begin again from 

scratch.  

Jalote (1997) claimed that even though the waterfall model is the most widely used 

model, it has some limitations, such as lack of user knowledge relative to requirements prior to 

the design phase, which can lead to a delay in system completion, as well as the model 

preventing iterative enhancement during the design phase. 

2.1.2 Incremental Model 

Mills (1980) proposed the incremental model as an evolution of the waterfall model. 

Phases of the model take place during each development cycle, and then each cycle is divided 

into small and easily managed iterations. As shown in Figure 2.2 each iteration sequences 

through requirements, design, implementation, and testing phases. Testing and debugging 
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throughout the smaller iterations are easy, results are attained occasionally, and early parallel 

progress can be scheduled. Although additional resources may be needed and required in the 

waterfall model, the International Software Testing Qualifications Board (ISTQB) Exam 

Certification (2013) claims that the cost of change in the incremental model is higher than in the 

waterfall model; however, changing the requirements might not be appropriate. 

 

Figure 2.2: Incremental model (source: Online Tutorials, 2013). 

Munassar and Govardhan (2010) noted that in order to provide faster results when 

developing systems, using the incremental model would be more suitable and allow the 

development team to demonstrate results early in the process and to obtain quick feedback from 

users. This can be achieved by dividing the project into small segments, with incremental phases 

viewed as a mini-waterfall model, and obtaining user feedback from one phase to another. The 

problems with this model are that increments should be small, and the model should deliver 

some system functionality (Sommerville, 2007). 

2.1.3 Prototyping Model 

The prototyping model, proposed by Curtis, Krasner, and Iscoe (1988), allows for 

interactions with users to assure the efficiency of the software code during development. This 
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approach starts with gathering the needed requirements, followed by defining the overall 

objectives from the perspectives of developers and customers, and eventually leads to identifying 

those areas where a quick design format can be used to construct a prototype that can be 

evaluated by customers in order to refine the requirements. Such an approach enables developers 

to better understand customers’ needs as well as assure their satisfaction. The prototype tends to 

work as a tool to identify software requirements and enables developers to work with existing 

program components of the software to generate working software as quickly as possible. The 

development phase begins after customer satisfaction is achieved, and testing and maintenance 

follow, as shown in Figure 2.3.  

 

Figure 2.3: Prototyping model (source: Complex Tester, 2013). 

Doke and Swanson (1995) stated that the popularity of the prototyping model is due to its 

efficiency, which is achieved when improving and developing the software because the influence 

of users is taken into consideration during the early stage of the project, and the availability of 

necessary tools is wider. Jalote (1997) concluded that the prototyping model involves users 
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helping to elect requirements because this throw-away prototype is built for that purpose. 

Usually, customers can become quite familiar with the system and understand the requirements 

well, which can lead to fewer changes and modifications. In addition, the prototyping model is 

suitable for estimating the feasibility of a certain approach when building large projects; 

however, it is more costly than the waterfall model since the customer does not know the 

requirements up front (Davis et al., 1988), and the prototyping process is usually not documented 

(Sommerville, 2007).  

During the prototyping phase, users can suggest the functionality as well as modifications 

of the software. In addition, this model is more effective when developing software and 

presenting it to non-information technology users. This model helps to build a better relationship 

between customers and developers through the prototyping process. Furthermore, customers can 

identify the developer capabilities and potential risks. However, prototyping can be costly to 

developers. It should be done with minimal resources and is considered a slow process. In 

addition, excessive involvement of customers can be very disturbing to the development team 

and likely not welcomed since customers are more involved in development (Davis et al., 1988). 

2.1.4 Spiral Model 

Boehm (1988) proposed the spiral model, as shown in Figure 2.4. This model is more 

comprehensive and addresses all stages of the lifecycle. The main characteristic of the spiral 

model is that it emphasizes a risk-driven approach rather than a code-driven or document-driven 

approach. It incorporates the strength of previous models and resolves many of their limitations 

(Boehm, 1988). This model was developed based on modifications and alterations of the 

waterfall model. It combines efficient characteristics of a linear model with the iterative behavior 

of a prototyping model. The model can be very helpful in incremental software releases. The 
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development project can be divided into different segments of framework activities during the 

iteration stages, including customer interaction, planning, design, and customer evaluation. 

These activities make the spiral model easy to accommodate when changing requirements, and 

prototype requirements can be captured more correctly. Furthermore, the system can be seen by 

users early on, and dividing the development process into smaller parts can result in better risk 

management. In contrast, project management is very complex, and the project end date may not 

be known early, which makes this model inappropriate for small projects. In addition, the 

documentation required in the intermediate stages can be very excessive and costly. 

 
 

Figure 2.4: Spiral model (source: Boehm, 1988). 
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2.2 Contemporary Models 
 

Contemporary methods are used for developing projects where changes in requirements 

are frequently needed. Most likely, this will be design flexibility and quality improvement. 

Therefore, the development team must select a software development approach that can fit the 

project goals. 

2.2.1 Agile Model 

Agile software development involves a partnership among self-organizing, cross-

functional teams to develop repetitive and gradual requirements and solutions. This method 

encourages ever-evolving development and delivery, advanced planning, a time-boxed repetitive 

approach, and rapidly adaptive responses to change. The process is achieved through expected 

interactions throughout the development cycle. 

Stevens and Lenz (2007) have explained that the purpose of the agile model is to 

maximize a product’s innovative features and that it can produce a highly successful product in 

the market. However, they have also noted that the agile model has some disadvantages, 

including it being an open-ended program plan, thus creating more cost and schedule overruns. 

Beck et al. (2001) created the “Agile Manifesto.” Supporters of this lightweight agile 

methodology have argued that the process returns to more classical developmental practices used 

early on in software development history (Larman & Basili, 2003). The Agile Manifesto is based 

on the following twelve principles (Beck et al., 2001) : 

1. Customer satisfaction due to providing rapid delivery of valuable software. 

2. Acceptance of changing requirements throughout the development process. 

3. Delivery of software in a matter of weeks instead of months. 

4. Working software as the basic measure of evolution.  

5. Sustainable development and ability to maintain a constant pace. 
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6. Close daily cooperation among business people and developers. 

7. Direct communication. 

8. Projects constructed around trustworthy and encouraged individuals. 

9. Continuous consideration of technical excellence. 

10. Identification of simplicity as necessary. 

11. Self-organizing teams. 

12. Regular adaption to changing circumstances. 

2.2.2 V Model  

 The V model is considered a deviation from the waterfall life-cycle model, which 

highlights communication between test and development phases of the software and includes 

additional “quality” spot checks (German Ministry of Defense, 1992; Jorgensen, 2002). Figure 

2.5 shows its key structures, with the left side focused on development and the right side focused 

on testing. Each box of the model represents either a testing or development phase.  

 
 

Figure 2.5: V model of system engineering activity (source: Software  
Engineering Institute, 2013). 
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Moving from one phase to another requires completing and passing a quality checkpoint 

review. As shown in Figure 2.5, there are two approaches in this type of model: from top to 

bottom, which designates the development of the software testing structure; and from bottom to 

top, which designates the execution of testing. The horizontal dashed lines between phases 

represent coexisting activities. 

For example, the planning for testing starts as soon as the process requirements are 

defined. Thus, the V model recommends that once the project is recognized and the process of 

system text development begins, product requirements for the analysis phase be used as input for 

the architectural design of the system. Results of the architectural design phase are then used as 

input in the detailed design phase. In the meantime, planning for unit testing begins as well. 

When unit coding is accomplished, then unit testing begins. In order to continue development, 

finding defects are possible during each of the test phases. Furthermore, each development and 

test phase is linked to a quality review of the product produced (e.g., design specifications, 

source codes, testing plan, and requirement specifications). Figure 2.5 illustrates this idea with 

the “quality review” circle, which is associated with each phase. 

The product’s type of review—formal inspection, peer review, or personal review—

depends on the size and scope of the project as well as available resources. Normal embedded 

justification techniques give the V model a great advantage over others.  

The ISTQB Exam Certification (2013) has outlined disadvantages of the V model. The 

model is very inflexible and the least flexible. No premature prototype can be produced since 

software is developed throughout the implementation phase. Test and requirement documents 

must be updated if any changes occur during the middle of development. 
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2.2.3 Rapid Application Development Model 

In the 1980s, Martin (1991) developed the rapid application development approach at the 

International Business Machines company and then finalized his idea in 1991 by publishing a 

book under the same name.  RAD is defined as a method that relates projects constructed around 

time. This term was originally used for identifying the software development process and 

successfully deploying it during the mid-1970s by the New York Telephone Company System 

Development Center under the supervision of Dan Gielan. After a remarkably successful 

implementation of the process, Gielan presented this method widely in numerous forums, which 

resulted in RAD prototypes. In his book, Rapid Application Development, Martin clarified this 

methodology. In recent years, the term RAD has been used on a wider scale, incorporating a 

variety of methods intended to speed up application development, such as software and web 

application frameworks. RAD is a response of designed systems developed in the 1970s and 

1980s. 

Previous methodologies encountered several problems where the application took too 

long and, in some cases, where a change in requirements took place even before the system was 

completed, thus leaving it unusable or insufficient.  El-Haik and Roy (2005) described the 

disadvantages of this model by stating the following:  

There is a danger inherent in rapid development. Enterprises often are tempted to use 

RAD techniques to build stand-alone systems to solve a particular business problem in 

isolation. Such systems, if they meet user needs, then become institutionalized. If an 

enterprise builds many such isolated systems to solve particular problems, then the result 

is a large, undisciplined mass of applications that do not work together (p. 36). 

http://en.wikipedia.org/wiki/Web_application_framework
http://en.wikipedia.org/wiki/Web_application_framework
http://en.wikipedia.org/wiki/Structured_Systems_Analysis_and_Design_Method
http://en.wikipedia.org/wiki/Structured_Systems_Analysis_and_Design_Method
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2.2.4 Extreme Programming Model 

 Beck (1999) created extreme programming while he was working on the Chrysler 

Comprehensive Compensation (C3) System Payroll Project as a consultant. Beck’s practice was 

transformed later into an agile methodology known as extreme programming. He detailed how 

this XP model turns the traditional software process in a sideways direction rather than following 

the steps of planning, analyzing, and designing. Extreme programmers, in fact, do all of these 

actions a little at a time throughout the development phase.  

With the XP model, customer focus can increase the ability of the software to meet user 

expectations and needs, thus resulting in the entire project’s lowered risk when the focus on a 

small incremental release has been applied. XP is suited for single-project development carried 

out by a single team. However, this programming is more vulnerable to what is called the “bad 

apple” developer who does not work well with others and is not a team player, which can occur 

with manger or customer conflict in the early decision-making process of completing 

specifications and a design prior to programming. This conflict can contribute to a bad 

environment where programmers are physically separated from each other. 

2.3 House of Quality and Quality Function Deployment  

Quality function deployment (QFD) was developed in Japan by Yoji Akao and Shigeru 

Mizuno.  Akao (1990) defined QFD as a technique that supports service planning and 

development in order for service suppliers to guarantee quality and customer satisfaction. The 

goals of QFD are to increase customer satisfaction by focusing on their wants and needs to 

improve profitability (Griffin, 1992). Mazur (1993) defined QFD as “a system and procedures to 

aid the plan and development of products and services and assure that they will meet or exceed 

customer expectation” (p.5). This process focuses on the voice of the customer (VoC) and 

http://en.wikipedia.org/wiki/Chrysler_Comprehensive_Compensation_System
http://en.wikipedia.org/wiki/Chrysler_Comprehensive_Compensation_System
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translating this voice to design characteristics from the initial life cycle of the system through all 

stages of planning, designing, and testing until implementation as an integrated process 

(Milosevic, 2003). Software quality function deployment (SQFD) is a technique that can reassign 

QFD technology from a traditional manufacturing environment to a software development 

environment (Haag et al., 1996).  

The main tool associated with SQFD is the house of quality (HoQ) matrix. HoQ, termed 

by Hauser & Clausing, (1988), is a technique by which customers can directly affect a project by 

influencing its design characteristics. This method aims to increase the market share by focusing 

on customer satisfaction and reducing developing time (Terninko, 1997). 

Akao’s definition of QFD is “a method and technique used for developing a design 

quality aimed at satisfying the consumer and then translating the consumer's requirements into 

design requirements and major quality assurance points to be used throughout the production 

stage” (Cohen, 1995). The HoQ matrix is used to convert “a structured set of customer 

statements, market research, and benchmarking data into an appropriate number of engineering 

targets to be met by a new product design” (Lowe & Ridgway, 2000, p. 150). The HoQ matrix 

consists of six major components, as shown in Figure 2.6. It is focused and oriented on customer 

needs. In addition, the HoQ is used for product and/or service quality improvement, reducing 

costs and increasing productivity. However, the voice of the customer may be ambiguous, and 

HoQ could be complex when the VoC is large. Furthermore, HoQ is a qualitative method 

(Bouchereau & Rowlands, 2000).  
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Figure 2.6: House of quality (Bouchereau & Rowlands, 2000).  

2.4 Software Quality Dimensions  

In general, the definition of quality focuses on the degree of excellence of a specific 

thing.  However, Juran (1988) technically defined quality as “fitness for use.” Crosby (1980) 

defined quality as “conformance to requirements.” According to Taguchi (1986), “quality is the 

loss a product causes to society after being shipped, other than losses caused by its intrinsic 

functions.”  The American Society for Quality (ASQ) (2011) defined quality as follows: 

A subjective term for which each person or sector has its own definition. In technical 

usage, quality can have two meanings: the characteristics of a product or service that bear 

on its ability to satisfy stated or implied needs, and a product or service free of 

deficiencies.  

Software quality is also defined as “the degree to which a system, a component, or 

process meets specified requirements” (Institute of Electrical and Electronics Engineers [IEEE], 

1990).  Juran (1988) defined quality as having multiple meanings, two of which dominate the use 

of the word: “Quality consists of those product features which meet the need of customers and 

thereby provide product satisfaction,” and “Quality consists of freedom from deficiencies.” 
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Nevertheless, it is convenient to standardize a short definition of the word quality as “fitness for 

use.” With regard to quality, Deming (1986) stated that there are problems inherent in attempts 

to define the quality of a product, almost any product. In order to design a product that can 

generate users’ satisfaction at a designated price, it’s challenging to interpret the upcoming user’s 

needs into specifically defined characteristics. 

Consumer needs have been changing constantly, and as a result, competitors have been 

targeting them accordingly. Ongoing endeavors are required by a producer/manufacturer to keep 

up with market needs.  Only the customer perceives and tastes quality.  Basically, the contrast 

between the actual experience with a service or a product and consumer expectations is what 

creates the perception of quality in the consumer’s mind. In a competitive market, this 

perception—whether implied or explicit, subjective or objective, conscious or subconscious—is 

the significant target (Feigenbaum, 2004).  

Software quality depends on how efficient the correlation is among the input, process, 

and output, in another words, the conformance (output) to consumer requirements (inputs) using 

functional characteristics of the software (process) (Pressman, 2005).  Those characteristics can 

be defined as fitness for the purpose of a piece of software or how it compares to competitors in 

the marketplace as a useful product. 

Organizations today face various challenges in the business environment, including 

reducing costs, reducing cycle time, and dealing with poor performance (Cohen, 1995). Garvin 

(1988) proposed eight dimensions of quality aimed at defining a practical set of product quality 

assessments. These eight dimensions focus on a simple product and a small set of attributes. 

Today, software products are highly complex and have a large number of attributes; thus, many 

software quality models have been developed, including the following: 
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 McCall’s Quality Model 

 Boehm’s Quality Model 

 ISO/IEC 9126 Quality Model  

2.4.1 McCall’s Quality Model 

McCall et al. (1977) developed the McCall’s quality model, the characteristics of which 

are classified into three major categorizes, as shown in Figure 2.7. This model employs a 

hierarchy of 11 quality attributes to describe the user view and 23 quality criteria to describe the 

developer view, as shown in Figure 2.8, left side and right side, respectively. Also known as the 

General Electric model for the U.S. military, McCall’s model was aimed at system developers 

and the development process to shrink the gap between end users and developers by focusing on 

software quality dimensions reflecting the views of both, in order for them to understand and 

quantify how software can meet user requirements. Al-Qutaish (2010) concluded that McCall’s 

model tries to reduce the gap between customers and developers. 

 
Figure 2.7: McCall’s quality model. 
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Figure 2.8: McCall’s hierarchy of 11 quality attributes (left) and 23 criteria (right). 

2.4.2 Boehm’s Quality Model 

 Boehm et al. (1976) presented the Boehm’s quality model as an extension of the 

McCall’s quality model to define software quality in a qualitative way by defining a set of 

attributes and metrics. Boehm’s model consists of three levels of characteristics: high, 

intermediate, and low, as shown in Figure 2.9. 
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Figure 2.9: Boehm’s quality model. 

 
In the high level of this model, Boehm lists requirements of the software’s general utility, 

that is, the as-is utility, maintainability, and portability. At this level, three main questions may 

be asked by a software customer:  

 How sound (easy, reliable, efficient) is the software as is? 

 Is it easy to comprehend, change, and retest? 

 Is it environment-independent (portable)? 

In the intermediate level of the model, seven quality factors comprise the software 

system’s expectations, and in the lower level, Boehm provides basic quality metric definitions 

for twelve factors, as shown in Figure 2.9. 
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2.4.3 ISO/IEC 9126 Quality Model  

The International Organisation for Standardisation (1991) and Institute of Electrical and 

Electronics Engineers (1990) described, in their ISO/IEC 9126 Standard (1991), the first 

international consensus of the external and internal quality of software, as shown in Figure 2.10 

(Al-Qutaish, 2010).  

 
 

Figure 2.10: ISO/IEC 9126 external and internal quality model [ISO, 2001]. 

 
Between 2001 and 2004, ISO/IEC expanded this to include an ISO/IEC quality-in-use model and 

its measurement, as shown in Figure 2.11.  

 
 

Figure 2.11: ISO/IEC 9126 quality-in-use model (ISO, 2001). 
 

The latest version, ISO/IEC 9126, includes three technical measuring metrics in addition to the 

international standard model: 

 ISO/IEC 9126-1—Quality Model (ISO, 2001): Describes and defines terms of software 

quality characteristics and how these characteristics can be divided and deployed into 
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subcharacteristics. However, this model does not define a method to measure these 

subcharacteristics. 

 ISO/IEC 9126-2—External Metrics (ISO, 2003): Measures the behavior of the computer-

based system, which includes the software.  

 ISO/IEC 9126-3—Internal Metrics (ISO, 2003): Measures the software itself.  

 ISO/IEC 9126-4—Quality-in-Use Metrics (ISO, 2004): Measures the software after 

release. 

Firesmith (2010) categorized software quality characteristics into two subsets based on 

their associated measurable quality attributes: external and internal. External characteristics 

include availability, capacity, interoperability, performance, reliability, robustness, safety, 

security, usability, and variability. Internal characteristics include extensibility, feasibility, 

maintainability, portability, reusability, and testability. 

2.5 Software Cost-Estimation Models 

Due to the enormous growing demand for software applications, an appropriate method 

for cost estimation is needed. This method should be accurate and precise. There are two 

categories of software cost-estimation models: parametric and non-parametric. The parametric 

model comes from the statistical analysis of existent data, and the non-parametric model comes 

from expert and neural network methods. Many examples of parametric methods have been used 

in the software industry to estimate development cost; this research focuses on the two most 

famous models created by Boehm—constructive cost model (COCOMO) and constructive cost 

model II. 
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2.5.1 Constructive Cost Model 

Boehm (1981) published his first model, the COCOMO, based on three levels: basic, 

intermediate, and detailed. Most software projects use the basic COCOMO for cost estimation 

(Pandey, 2013). This algorithmic model was built on analyzing the data of 63 completed 

projects. Boehm used project size, number of developers, and other factors to predict the project 

cost. He described his model according to three development modes: organic, for a small project 

size that has less than 50,000 knowledge delivery source instructions (KDSIs) and simple 

requirements with an acceptable level of team developer experience; semidetached, for an 

intermediate project size, which has between 50,000 and 300,000 KDSI; and embedded, for a 

project that has constricted constraints and the software must be operated with a bundle of 

hardware, software, instructions, and procedures. The advantage of using an algorithmic model is 

that it enables one to work with an economically feasible approach for cost estimation (Pandey, 

2013) . “One of the problems with using COCOMO 81 today is that it does not match the 

development environment of the late 1990’s” (Attarzadeh & Ow, 2009). 

Basic COCOMO equations are as follows: 

Effort (E) = a (KSLOC)b [developer-months] 

Development Time (D) = c (Effort)d [months] 

Developers Required (P) = Effort/Time [count] 

where coefficients a, b, c, and d are provided in Table 2.1. 

Table 2.1: COCOMO 81 Coefficients (Boehm, 1981) 
 

Project a b c d 
Organic 3.2 1.05 2.5 0.38 
Semidetached 3.0 1.12 2.5 0.35 
Embedded 2.8 1.20 2.5 0.32 

http://en.wikipedia.org/w/index.php?title=Person-month&action=edit&redlink=1
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2.5.2 Constructive Cost Model II 

Boehm et al. (1995) proposed the COCOMO II as a new version of the COCOMO to 

bridge the gap between the software environment evolutions. The COCOMO II is comprised of 

four submodels: application composition, early design, reuse, and post-architecture. Boehm 

categorized these submodels based on four parameters: number of application points, number of 

function points, number of lines of code reused, and number of source code lines. In 2007, 

Sommerville described the submodels and parameters of the COCOMO II model, as shown in 

Figure 2.12. 

 

Figure 2.12: COCOMO II model (Sommerville, 2007). 
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2.5.2.1 Application Composition Model  

This model is based on the number of application points (i.e., screens, reports, and 3GL 

components) (Boehm et al., 1997) and supports a prototyping-based project. To estimate the 

cost, the following steps are followed (Boehm et al., 1997): 

1. Calculate object counts by estimating the number of screens, reports, and 3GL. 

2. Categorize objects into three levels of complexity—simple, medium, and difficult—as 

shown in Table 2.2, where S, M, and D stand for simple, medium, and difficult, 

respectively.  

Table 2.2: COCOMO II Object Point Levels (Boehm, 1997) 
 

 
Number 

of  
Views 

Screens 
 

Number 
of  

Sections 

Reports 
Number and Source of Data Tables Number and Source of Data Tables 
Total < 4 
< 2 serv 

< 3 client 

Total < 8 
2–3 serv  

3–5 client 

Total 8+ 
> 3 serv 

> 5 client 

Total < 4 
< 2 serv 

< 3 client 

Total < 8 
2–3 serv 

3–5 client 

Total 8+ 
> 3 serv 

> 5 client 
< 3 S S M 0, 1 S S M 

3 - 7 S M D 2, 3 S M D 
> 8 M D D 4 + M D D 

 
3. Based on Table 2.3, provide a complexity weight for the number of each cell. 

Table 2.3: COCOMO II Complexity Weight of Object Points (Boehm, 1997) 

Object Type 
Complexity-Weight 

S M D 
Screen 1 2 3 
Report 2 5 8 
3GL Component   10 

 

4. By adding the weighted objects, count the object points as one number. 

5. Estimate the proportion of reused code; then use the following formula to calculate the 

new object point (NOP) : 
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𝑵𝑶𝑷 =  
( 𝑶𝒃𝒋𝒆𝒄𝒕 𝑷𝒐𝒊𝒏𝒕𝒔) ∗ ( 𝟏𝟎𝟎 − % 𝒓𝒆𝒖𝒔𝒆 )

𝟏𝟎𝟎
 

6. Calculate the productivity rate (PROD) using Table 2.4. 

Table 2.4: COCOMO II Productivity (Boehm, 1997) 

Developers’ Experience and Capability 
ICASE Maturity and Capability 

Very 
Low Low Nominal High Very 

High 

PROD 4 7 13 25 50 

 
7. Finally, calculate the person-months (PM) effort by using the following equation: 
 

PM = (NOP * (1 – % Reuse)) / PROD 

2.5.2.2 Early Design Model 

This model is based on the number of function points and is used when the process of 

designing the software project begins. In other words, when starting from scratch, initially there 

is little knowledge about the project size that will be developed. Therefore, requirements must be 

agreed on before starting the estimation (Sommerville, 2007).  This model uses a number of 

source lines of code to estimate the cost. For cost estimation, this model considers seven cost 

drivers. Each driver has a scale of rating level weight from 1 to 6, where 1 is very low and 6 is 

extra high. Then all ratings are added together to obtain the resulting multiplier M. The following 

formulas are used to estimate the effort: 

PM = A * SizeB * M 

where A is the multiplicative constant for effort and equals 2.45, B is 0.91, and M is the product 

of the seven effort multipliers.  

2.5.2.3 Reuse Model 

 This model is based on employing reusable components, which come from two boxes: 

white and black. In the white box, code lines are integrated and understood (in other words, 
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modified code lines). In the black box, the component comes from using code lines without 

modification. To compute the number of lines of equivalent source code (white box), the 

COCOMO II uses the following formula (Sommerville, 2007): 

EDSI = ASLOC * (1 – AT/100) * AAM 

where EDSI refers to the equivalent delivered source instructions, or equivalent number of lines 

of the new source code; ASLOC is the adapted delivered source instructions, or the component’s 

number of code lines to be adapted; and AAM is the adaptation adjustment multiplier, which 

equals 

 AA + SUI + 0.4 (PDM) + 0.3 (PCM) + 0.3 (PIM) 

where AA is the assessment and assimilation increment, SUI is the software understanding 

increment, PDM is the percentage of design modified, PCM is the percentage of code modified, 

and PIM is the percentage of integration reused. 

 To compute the person-months for the black box, the COCOMO II uses the following  
 
formula:  

PM = (ASLOC * AT/100) * ATPROD 
 

where ATPROD is the automatic translation productivity. 

2.5.2.4 Post-Architecture Model 

 This model is based on the number of lines of source code used to develop and maintain 

the software product. It is employed when the architecture of the software cycle is already 

developed. The 17 cost drivers of this model must be considered in the cost estimation, and then 

the same formula as used for the early design model is applied. 

Parametric models are the most popular technique. They easily allow for modifying input 

data, and refining and customizing formulas. On the other hand, these models are unable to deal 

with different development environments. Furthermore, some experiences and factors cannot be 
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quantified by using these models. Periodic calibration using a company’s own data is required to 

assure accuracy (Lee et al., 2002). 
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CHAPTER 3 
 

DISCUSSION AND MODEL DEVELOPMENT 
 
 

The ultimate measure of quality is customer satisfaction. The ability of any organization 

to meet and exceed the expectations of its customers determines its future. The International 

Organisation for Standardization (1991) defines software quality as “the totality of features and 

characteristics of a software product that bear on its ability to satisfy stated or implied needs.” 

This supports the need for customer involvement during software development in order to 

minimize the risk of failure and total cost. Section 3.1 represents a discussion of the cited 

advantages and disadvantages of the development models reviewed in Chapter 2. 

3.1 Discussion 

Based on the review in Chapter 2, the waterfall model is linear and very easy to 

implement (Sage & Palmer, 1990).  However, as noted by Amlani (2012), it is not flexible for 

changes in customer requirements.  

The incremental model, an updated version of the waterfall model, considers the waterfall 

process at each stage of development and allows the customer to experiment with the product 

before it is finalized. This model could reduce the risk of project failure by producing important 

parts first. However, it has a higher cost, requires a longer development time, and is only 

appropriate for small projects (Sommerville, 2007). 

The prototyping model allows for interactions among developers and customers during 

design to assure clear understanding of the requirements.  Jalote (1997) noted that this model 

involves users helping to elect requirements because this throw-away prototype is built for that 

purpose.  Davis et al. (1988) argued that this model can be costly and time-consuming since 
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customers do not know their requirements up front. In addition, Sommerville (2007) indicated 

that the prototyping process is not typically documented. 

The spiral model is a risk-driven model, described by Boehm (1988) as a “process model 

generator.” It is considered for complex projects with high budgets and needs a high level of skill 

in evaluating risks and uncertainties. 

The agile software development method encourages ever-evolving development and 

delivery, advanced planning, a time-boxed repetitive approach, and rapidly adaptive responses to 

changes in customer needs. This development process is achieved through interactions between 

customers and developers throughout the development cycle. As such, it is viewed as an open-

ended process, which results in greater cost and schedule overruns. 

The V model is considered to be a deviation from the waterfall model.  It provides an 

easy and simple approach to software design. However, moving from one phase to another 

requires completing and passing a quality checkpoint review. Furthermore, it is difficult to 

implement modifications, and there are no prototypes while the software is being developed. In 

addition, testing and documentation are needed mainly when changes occur. 

The rapid application development model is a rapid software delivery method suitable for 

projects where requirements are clear and understood. However, once an application is in the 

testing stage, it is difficult to go back and change its requirements. Furthermore, no working 

software is produced until the last stage. 

Extreme programming, a customer-focused model, is appropriate for single-project 

development carried out by a single team. However, a developer who does not work well with 

others and is not a team player may cause a “bad apple” effect and make the programming 
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weaker. Furthermore, XP does not work in an environment where developers are separated 

geographically.  Table 3.1 summarizes the pros and cons of these software development models.  

Table 3.1: Pros and Cons of Software Development Models 
 

Model Pros Cons 
Waterfall  Linear and very easy to implement.  Not flexible for making changes 

when requirements change. 
 

Incremental   Simple and easy to implement. 
 Faster results.  

 Lack of process visibility.  
 Time-consuming. 

Prototyping   Allows for interactions with 
customers to ensure efficiency of 
software code during development. 

 Costly since customers do not 
initially know their 
requirements. 

 Difficult to determine 
development time. 

Spiral  Incorporates strengths of 
previous models and resolves 
many of their limitations. 

 Very complex project 
management.  

 Possibility of unknown project 
end date early on. 

 Inappropriate for small projects. 
 Very costly. 

Agile  Targets quick delivery. 
 More customer involvement. 

 High cost. 
 High risk. 

V-Model  Allows for planning and designing 
tests before coding phase. 

 Appropriate for small projects if 
customer requirements are fully 
understood. 

 Fast delivery. 

 Inability to produce prototypes 
since software is developed 
throughout the implementation 
phase. 

 No risk analysis activity. 
 Tests and documentation needed 

when changes occur.  
 High cost. 

Rapid Application 
Development  

 Reusability of components through 
fast delivery. 

 Utilizes customer feedback. 

 Insufficient as a result of any 
change in requirements when 
system is incomplete. 

Extreme 
Programming 
 

 Fast delivery.   Costly due to programming pairs.  
 Lack of documentation. 
 Need for high level of 

programming skills. 
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3.2  Comparison  

Based on the pros and cons of software development models, Tables 3.2 and 3.3 show an 

assessment of conventional and contemporary models, respectively, relative to cost, risk, and 

duration as major performance characteristics.  From these tables, it appears that there is no 

single model that achieves low cost at low risk with low development duration.  

Table 3.2: Comparison of Conventional Models 
 

Characteristic 
Model 

Waterfall Incremental Prototype Spiral 
Cost Very Low Low High Very High 
Risk Very High Medium Low Low 
Duration High Very High High Very High 

 
 

Table 3.3: Comparison of Contemporary Models 
 

Characteristic 
Model 

Agile V RAD XP 
Cost Very High Very High Low Very High 
Risk High Very High Low Very High 
Duration Low Based on Project Size Medium High 

 
3.3  Research Gap 

Based on the literature review and comparisons represented in the previous sections, it 

appears that both conventional and contemporary models offer a tradeoff between the risk of not 

meeting customer requirements and the cost of development. This contradicts modern trends in 

quality management that call for achieving higher levels of customer satisfaction at lower costs.  

On the other hand, a review of software cost-estimation models has revealed that the 

cited models are focused on specific development environments.  As noted earlier, parametric 

(arithmetic) models are inflexible and require periodic calibration to maintain their accuracy. 



32 

Research efforts are needed to develop more flexible models that account for integrated efforts 

and the value of iterative development.  

3.4  Integrated Quality Software Development Model 

Today there is a growing demand for computerized and automated business. Software 

development companies must develop and deliver software applications that achieve customer 

satisfaction.  In addition, both customers and developers are concerned about development cost 

and time to market. As mentioned previously, Tables 3.2 and 3.3 show that both conventional 

and contemporary software development models allow for a tradeoff among cost, time, and risk 

of not meeting customer expectations. 

In addition, focusing on clarifying and understanding customer requirements is very 

critical since customer expectations increase over time. Investing in design efforts up front can 

lead to a cost reduction at the end of the software development life cycle. In contrast, incomplete 

design efforts can lead to an increase in cost of maintenance, as shown in Figure 3.1.   

 
Figure 3.1: Design changes (Hauser & Clausing, 1988). 
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As mentioned in the literature, the waterfall development model is a good approach, 

having low cost and time, but only if customer requirements are completely understood and 

clear. The prototyping model involves customers in the development process, but there is no 

obvious end; in other words, it is an open-ended process that requires a larger budget and more 

time.  

One way to achieve customer satisfaction at a low cost is to integrate a model that has the 

advantages of both the waterfall and the prototyping development models. As such, the 

prototyping model allows for initially clarifying the voice of the customer (VoC). Then, once the 

VoC is clearly understood, developers can switch to the waterfall model and move rapidly to 

complete the development process, thus meeting customer requirements at lower cost.    

The proposed model incorporates six phases, beginning with the solicitation of customer 

requirements and ending with maintenance after release. This model is a modification of the 

waterfall model with the addition of two critical phases. The first phase involves the selection of 

a sample application to focus the initial scope of development.  The second phase involves an 

application of the prototyping model guided by the discipline and structure of the HoQ.  This 

new model has six phases, as shown in Figure 3.2. 
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Figure 3.2: IQSD model. 
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3.4.1  Customer Requirements/Analysis 

Understanding customer requirements and needs is the core and pillar of any successful 

process. To produce a successful software application, developers need to comprehend and 

understand all customers’ voices clearly, since the final output or goal depends on their wants 

and desires in order to launch a successful product.   

The first step in producing a successful software application is to define the problem to 

be solved and then define the intended customers.  Customer requirements are derived from 

either customers or developers (Maiden, 2008).  Customer requirements involve communication 

among these entities and can be categorized into functional and non-functional.  Functional 

requirements are a subset of the entire application requirements and describe how the application 

or the system will work.  Non-functional requirements explain the behavior of the application. In 

addition, there are many techniques used for collecting customer requirements: 

 One-on-One Interviews: This most common technique focuses on sitting down with 

customers and inquiring about their needs, in other words, a direct interview between 

customers and developers, to avoid any misunderstanding of customer requirements 

(Gause & Weinberg, 1989). 

 Questionnaires: This technique is used when remote customers or a very large number 

of customers are involved, or there is no way to meet customers face to face.  This 

technique must focus on avoiding redundancy in the large amount of data that is required 

(Foddy, 1993). 

 Brainstorming: This technique is used when requirements are ambiguous and there is a 

need for innovative ideas (Osborn, 1963). First, developers are asked to meet in a room, 

start innovative brainstorming to solve a problem, and then find alternative solutions.  
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Next, developers prioritize these alternatives.  Finally, there is consensus as to the best 

alternative to finding an optimal solution. 

3.4.2 Selecting the Sample Application 

Selecting the sample application is very important in determining and judging the 

throwaway prototype. By sampling, developers can minimize and limit the possible liability of 

launching a “sub-par” product. Furthermore, bugs and defects during sampling can be fixed with 

minimum cost and time. 

In order to select the sample application for iterative development, the system 

(application) must be dividable into subsystems; after that, a Pareto analysis technique for 

prioritizing these subsystems (subapplications) can be applied.  Pareto analysis was discovered 

by the Italian scholar Vilfredo Pareto and is based on the Pareto principle where 80% of projects 

or problems are the result of 20% of causes. 

 In the stage of gathering requirements, customers should first determine the most needed 

subsystems to be developed and delivered, and then arrange them in ascending order.  Based on 

this process, developers can prioritize subsystems by using Pareto analysis to arrange them 

according to the magnitude of their needs.  

3.4.3  Designing Prototype for Selected Application 

Prototyping is a tool that explains whether requirements are met or not.  In the 

prototyping phase, there are several steps, beginning with the house of quality. 

3.4.3.1 House of Quality 

Sometimes, customers are not aware of exactly what they need, or their requirements are 

ambiguous.  The HoQ technique looks for spoken customer requirements, thus making invisible 

requirements visible. This method is capable of capturing any misunderstanding of customer 
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requirements by using a correlation matrix between what customers require and how developers 

design and engineer characteristics in order to meet customer satisfaction.   

After gathering customer requirements, the HoQ can be used to translate all customer 

requirements into engineering characteristics to generate a set of features and functions to 

achieve customer satisfaction. By using the HoQ in software development, the quality of 

software will be increased and improved (Basili et al., 1996; Chávez et al., 1998; Haag et al., 

1996; Poulin et al., 1993).  As shown in Figure 3.3, a series of steps is involved in the 

construction of the HoQ (Haag et al., 1996). 

 
Figure 3.3: House of Quality (Haag et al., 1996). 

 
3.4.3.2 Developing a Prototype 

Early defect detection is recommended in order for developers to correct and fix any 

problems before system release. In addition, early defect detection can minimize the cost of poor 

quality. Prototyping enables customers to be involved during the design phase, so that customers 

can obtain a clear view and awareness of their requirements, which in turn will allow them to 
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better share their ideas. All prioritized engineering characteristics in the HoQ will be 

implemented in the initial prototype. 

3.4.3.3 Customer Evaluation 

By having a throwaway prototype, customers are ready to evaluate and provide feedback 

in order for changes to be made. Customer evaluation can help to implement an effective output 

system. Once this has succeeded, the next step is to deploy the entire development process for 

the remaining system subapplication. However, if the customer evaluation is not successful, then 

reviewing and updating is necessary. 

  

3.4.3.4 Reviewing and Updating 

By using customer feedback, requirements and specifications can be improved.  In 

addition, all lessons learned will be documented by using database storage to comprehend and 

document all customer feedback to incorporate the advantages and eliminate defects in order to 

accelerate the development process.  By using the lessons learned, this model can implement 

customer requirements for other subapplications during the prototyping phase, which runs the 

risk of not meeting customer requirements. Furthermore, this process saves time and cost.   

3.4.4 Deployment 

During this stage, all programming codes will be accomplished and implemented for the 

remaining subapplication in order to complete the entire application.  

3.4.5 Testing 

After accomplishing all required programming codes, they can be tested to ensure that 

neither bugs nor defects are found in matching customer requirements. 
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3.4.6 Maintenance 

In this phase, the application will be ready to be released, and customers will be 

encouraged to send their feedback and comments relative to the correction of bugs or further 

improvement. 
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CHAPTER 4 
 

COST-ESTIMATION MODEL 
 
 

This chapter proposes a new software cost estimation function to estimate the total efforts 

of the integrated quality software development model. 

4.1 Notation 

The following symbols are used in estimating the cost of utilizing the proposed IQSD 

model: 

Y  Expected level of effort, in person-months, under the application composition submodel of 

COCOMO II 

Y1 Cost of iterative development in PM 

Y2 Cost of linear development in PM 

 Learning exponent 

X Expected number of iterations 

g 

p 

Realization factor 

Proportion of the sample application 

4.2 Estimated Cost of Utilizing the Proposed Model:   

The IQSD model is aimed at reducing the risk of not meeting customer requirements and 

expectations. This is especially useful in developing customized (made-to-order) software 

systems. To determine the economic consequence of achieving this goal, a cost function for 

estimating the level of effort is developed. This function accounts for two terms: one for the 

level of effort Y1 expected during iterative development of a selected proportion of the system, 

and the other for the average effort Y2 used during linear development of the reminder of the 

system. Both terms are estimated based on the expected level of effort Y obtained using the 

application composition submodel of the COCOMO II. This method is typically utilized to 
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estimate the cost of employing the waterfall development model under the assumption of clear 

and fixed requirements. As such, the level of effort Y is considered a baseline estimate of the 

development cost expressed as 

 𝑃𝑀 = 𝑌1 + 𝑌2 (3.1) 

Due to the advantages of the COCOMO II, as noted in section 2.5.2, it is assumed that potential 

users are familiar with the application composition model and have had more than one chance to 

calibrate its parameters.  

4.2.1 Cost of Iterative Development 

The term Y1 accounts for the effort made during iterative development of a selected 

proportion p of the software system. This proportion is developed iteratively following the 

prototyping model. The resulting prototypes are used to clarify customer requirements and verify 

their capabilities. The proportion p is viewed as a representative sample of the system under 

development. It can be determined based on the ratio of its new object point to the estimated total 

NOPs of the software. The final result represents a functional component of the system that can 

be evaluated and accepted by the customer. Costs incurred during this iterative development 

depend on the selected proportion p and number of prototypes developed and evaluated, in an 

effort to clarify requirements. In obtaining an estimate of such costs, a production progress 

function is utilized to incorporate the effect of sequential learning on the cumulative cost.  As 

frequently utilized in production planning and cost estimation, such a function requires an 

estimate of the cost of developing the first prototype p.Y, and the learning exponent . The latter 

can be attributed to the gains expected from acquiring customer feedback during iterative 

development and the accumulation of lessons learned. Consequently, the expected effort of 

iterative development can be expressed as 
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 𝑌1 = 𝑝. 𝑌. 𝑋1−𝛼 (3.2) 

As pointed out by Belkaoui (1986) it is common practice to estimate the exponent  in 

terms of the cost reduction for double production. Thus, each time the number of iterations is 

doubled, the cumulative average effort per iteration is expected to decrease by 2−. Utilizing the 

level of effort from two successive iterations, an appropriate estimate of  can be obtained. It 

should be pointed out that the learning exponent in this application replaces the reuse rate in the 

COCOMO II, which is difficult to estimate a priori. The exponent represents a measure of 

competency of the software development team and its ability to translate customer requirements 

into technical specifications. With adequate training, higher values of  can be achieved.  

 The number of iterations X in equation (3.2) is typically unknown due to the uncertainty 

involved. It is likely that the first prototype requires significant changes. And some changes may 

receive positive evaluations, while others may be shown to have no or even detrimental effect on 

customer satisfaction. The final prototype may differ considerably from that initially developed 

and evaluated. However, the number of iterations X can be assessed by using the realization 

factor g within the (0,1) interval as defined by (Weheba & Elshennawy, 2004), who indicated 

that the number of iterations X can be approximated by a geometric random variable with an 

average 1/g. Here, the factor g represents the probability that the initial prototype will 

successfully achieve customer requirements. This is a function of the clarity of the initial 

requirements and past experience with the same customer. In general, it is appropriate to assume 

that projects with a high realization require less iterations on the average. In other words, 

development projects starting with clear and accurate requirements from returning customers 

should be assigned values of the factor g close to unity. Otherwise, initial subjective estimates of 

g may be used and updated as records accumulate. An initial value of < 0.25 is appropriate, as 
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recommended by Montgomery (2013). Also, it is important to note that equation (3.2) indicates 

that the lower the realization factor g of the first prototype, the higher the effect of the exponent 

 on the estimated cost. This is expected to compensate for the effect of assuming a constant 

realization as a characteristic of the geometric distribution.  

4.2.2 Cost of Linear Development  

The cost of linear development can be estimated based on Y2, which accounts for the PM 

effort required for developing the remaining proportion 1–p of the system. It is assumed that the 

development will follow a linear model (waterfall) with a clear and accurate set of requirements. 

As shown in Figure 3.2, this stage is aided by lessons learned during iterative development. Such 

information is typically documented in the house of quality, with clear indications of user 

requirements and specific design aspects known to achieve them. It is assumed that this stage of 

development can begin only when a target level of customer satisfaction has been achieved. 

Utilizing the estimate Y from the COCOMO II, the linear development effort is expected to be 

 𝑌2 = (1 − 𝑝). 𝑌 (3.3) 

4.2.3 Total Cost Function  

The total development effort in person-months of utilizing the proposed model can now 

be estimated by adding equations (3.2) and (3.3): 

𝑃𝑀 = 𝑝. 𝑌. 𝑋1−𝛼 + (1 − 𝑝). 𝑌 

                                                            = 𝑌[1 + 𝑝 (𝑋1−𝛼 − 1)] (3.4) 

An examination of equation (3.4) reveals that the theoretical minimum level of PM effort can be 

achieved when p = 0 (equivalently X1- =1). At this level, the complete system is developed 

without iterations at the baseline level of PM effort. This entails the assumption of an accurate 

understanding of a fixed set of requirements as in the waterfall model. However, should this 
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assumption be violated, then the actual effort of repeated development using the waterfall model 

is expected to be a multiple of Y, depending on the number of developments required to achieve 

customer satisfaction. On the other hand, when p = 1, the development will follow the 

prototyping model at an estimated effort represented by a multiple (magnitude of X1- > 1) of the 

baseline development effort Y.  The main advantage of the proposed IQSD model lies in its 

ability to represent developers with a middle ground approach, one in which the risk of failure is 

reduced at a fraction of the cost of repeated development.  

The expected level of effort PM as a function of the development model utilized is shown 

in Table 4.1, for a development project with an initial effort Y of 5.0 PM (NOP/PROD = 5.0). 

Values of PM for using the IQSD model were calculated based on equation (3.4) at various 

levels of the realization factor g, assuming p = 0.25 and α = 0.40. For the waterfall and 

prototyping models, values of PM were calculated based on the application composition 

submodel of the COCOMO II. The calculated value of the average PM when using the 

prototyping model is based on a reuse rate of 40%. 

Table 4.1: Comparison of Three Models Based on Assumed Data 
 

g 
Efforts of Integrated 

Model 
Efforts of Prototyping 

Model 

Efforts of Waterfall 
Model  

(with iterations) 
1.00 5.00 5.00 5.00 

0.50 5.64 8.00 10.00 

0.33 6.17 9.80 15.00 

0.25 6.62 10.88 20.00 

0.20 7.03 11.53 25.00 

0.17 7.41 11.92 30.00 

0.14 7.77 12.15 35.00 
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The value of the average PM for using the waterfall model, assuming a constant and fixed 

number of requirements, is calculated at the hypothetical level of realization (g = 1.0). However, 

when this assumption is violated, values of g are used to calculate the expected number of 

redevelopments. This is typical of the waterfall model, as was noted in section 2.1.1.  

Calculated values of the average PM as a function of the development model used at the 

expected values of X (or 1/g) are represented graphically in Figure 4.1. As shown, all three 

models result in the same average level of PM when no iterations are needed. As the number of 

iterations increase, the IQSD model tends to outperform both the waterfall and prototyping 

models. Section 4.3 represents a study of the model performance at varying levels of its 

parameters.    

 

Figure 4.1: Comparison of PM effort based on development model used. 
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4.3 Model Performance 

Previous Equation (3.4) represents a mathematical function for estimating the level of 

effort expected when the proposed IQSD model is utilized in terms of person-months. To study 

the performance of the function at various levels of its parameters, a factorial design was 

utilized. The function includes four independent factors. Each factor was assigned two levels, 

low and high, as shown in Table 4.2. These levels were selected within practical ranges and 

based on levels used in the literature. For example, the value of Y can be used as a measure of 

the software or project size. The low level of Y was set at 5, as recommended by Lee et al. 

(2010). Also, Pandey (2013) described projects that require up to five person-months as small 

projects. Consequently, the high level was established at ten person-months to represent large 

projects. Levels of the realization factor g were established based on levels used by (Weheba & 

Elshennawy, 2004), whereas practical levels of the learning rate  and the proportion p were 

used, as shown in Table 4.2.  

Table 4.2: Four Major Cost Factors and Their Levels 

Factor Factor Name Level 
Low (–1) High (+1) 

 Learning Rate 0.20 0.70 
p Proportion 0.25 0.75 
g Realization Factor 0.10 0.90 
Y Effort in PM 5 10 

 
The design matrix and calculated values of the response PM based on equation (3.4) are 

shown in Table 4.3. Statistical analysis of these results was performed following the procedures 

for analyzing 24 unreplicated factorial designs (Montgomery, 2013) and utilizing Design Expert, 

version 7.1.6 (2008).  Table 4.4 represents the estimated effects of the four factors and their 

interactions. As can be seen, the four-factor and all three-factor interactions appear to have 
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insignificant effects with minor relative contributions to the variability of the calculated PM 

response. However, effects involving the realization factor g, learning rate , and their 

interaction appear to be significant, with a combined relative contribution of about 52%. In 

addition, the effect of the level of effort Y appears significant, with a relative contribution of 

13.7%. These results are confirmed by the analysis of variance (ANOVA) table for the reduced 

model, as shown in Table 4.5. It is important to note here that in this type of factorial design 

application, there is a clear absence of any random error, because repeated calculations will 

exhibit no variation in the response variable PM. The objective here is to determine the 

sensitivity of equation (3.4) to changes in the four factors and weigh their effects.  

Table 4.3: Design Matrix and Calculated Values of PM 

Learning 
Rate Proportion Realization Effort of 

COCOMO II PM 

0.2 0.25 0.1 5 11.64 
0.7 0.25 0.1 5 6.24 
0.2 0.9 0.1 5 28.89 
0.7 0.9 0.1 5 9.48 
0.2 0.25 0.9 5 5.11 
0.7 0.25 0.9 5 5.04 
0.2 0.9 0.9 5 5.4 
0.7 0.9 0.9 5 5.14 
0.2 0.25 0.1 10 23.27 
0.7 0.25 0.1 10 12.49 
0.2 0.9 0.1 10 57.79 
0.7 0.9 0.1 10 18.96 
0.2 0.25 0.9 10 10.22 
0.7 0.25 0.9 10 10.08 
0.2 0.9 0.9 10 10.79 
0.7 0.9 0.9 10 10.29 
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Table 4.4. Estimated Effects and Percent Contributions 
 

Term Effect Sum of 
Squares 

Percent 
Contribution 

Learning Rate () –9.42312 355.18 13.1517 
Proportion (p) 7.83034 245.257 9.0814 
Realization (g)  –13.3359 711.388 26.3414 
Effort (Y) 9.61789 370.015 13.701 

p –5.32611 113.47 4.20157 
.g 9.18235 337.262 12.4882 
.Y –3.14104 39.4645 1.4613 
p.g –7.5377 227.268 8.4153 
p.Y 2.61011 27.2507 1.00904 
g.Y –4.44531 79.0431 2.92682 
p.g 5.19002 107.745 3.98961 
p.Y –1.77537 12.6078 0.466841 
g.Y 3.06078 37.4736 1.38758 
p.g.Y –2.51257 25.252 0.935033 

p.g.Y 1.73001 11.9717 0.44329 
 
 

Table 4.5: Analysis of Variance 
 

SS DF MS F-Value P-Value  
Reduced Model 2,019.10 5 403.82 5.93 0.008 

Learning Rate () 355.18 1 355.18 5.21 0.045 
Proportion (p) 245.26 1 245.26 3.60 0.087 
Realization (g) 711.39 1 711.39 10.44 0.009 
Effort (Y) 370.02 1 370.02 5.43 0.042 
Interaction .g)  337.26 1 337.26 4.95 0.050 

  Residual 681.55 10 68.15   
  Total 2,700.65 15    

 
A reduction of the model allows for determining the relative importance of the remaining 

terms. As shown in Table 4.5, the model was reduced to include five terms thought to be most 

influential. The sum of squares (SS) for residuals in Table 4.5 represents the total sum of squares 

for the remaining ten terms (681.5). This is used to calculate the mean square (MS) of the 
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residuals (68.15) based on ten degrees of freedom (DF). The reduced model is shown to be 

significant, with a p-value of 0.008. 

 The interaction plot shown in Figure 4.2 indicates that equation (3.4) is more sensitive to 

changes in the realization factor g at the low level of the learning rate . The maximum 

calculated value of PM is obtained at the low levels of both  and g. However, at the high level 

of , changes in g do not appear to have a significant effect on the average PM.  This implies 

that learning can offset the effect of vagueness in the initial requirements. In other words, 

developers will be able to learn and discover real needs through iterative development. The 

horizontal line at the bottom of the plot reflects the assumption that software development starts 

with a clear and fixed set of requirements at high levels of realization. Unlike the waterfall 

model, one advantage of the proposed IQSD model lies in its ability to account for the value of 

learning when these assumptions are violated. This is typically true in projects involving the 

development of customized software with vague or missing requirements at low level of g.  

 
Figure 4.2: Interaction plot of learning rate  and realization factor g. 
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Figure 4.3 shows the effect of the initial level of effort Y on the average response PM.  As 

would be expected, a two-fold increase in the value of Y leads to a 200% increase in the 

calculated value of PM, whereas, a three-fold increase in the proportion p, as shown in Figure 

4.4, leads to only a 175% increase in the calculated PM. This indicates that users of equation 

(3.4) are not required to be as accurate in determining the value of p as they would be with the 

other parameters. 

   
 

     Figure 4.3: Effect of effort Y.              Figure 4.4: Effect of proportion p. 
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CHAPTER 5 
 

CONCLUSIONS AND FUTURE RESEARCH 
 
 

5.1  Conclusions 

One of the objectives of this research was to propose a software development model that 

builds on the advantages of existing models and overcomes their limitations. An integrated 

quality software development model including two major steps was developed. The first step in 

this IQSD model involves the development of a selected proportion of the software system using 

the prototyping model. This step is aimed at clarifying customer requirements (both explicit and 

implicit) while reducing the risk of project fatigue and the consequent increase in development 

costs. It requires the documentation of all verified customer requirements and engineering 

characteristics used to achieve them through the discipline and structure of the house of quality. 

The second step involves the development of the remaining portion of the system using the 

waterfall model. This helps accelerate the development process by deploying the lessons learned 

during the first step. Both steps are aimed at increasing software quality and achieving customer 

satisfaction.  

The second objective of this research was to demonstrate the economic advantages of 

utilizing the proposed IQSD model. In achieving this objective, a mathematical cost function for 

estimating the total effort (person-months) was developed. This cost function employs the level 

of effort obtained by using the application composition submodel of the COCOMO II as a 

baseline, given its popularity. It includes two terms: the first accounts for the level of effort 

required during the iterative development of a selected portion of the system, and the second 

accounts for the level of effort required for developing the remaining proportion. The total cost is 

estimated based on four factors: the expected baseline effort (Y) obtained using the COCOMO II, 
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the proportion of the model selected for iterative development (p), the realization factor (g), and 

the learning rate (α). Numerical investigation of the model performance over practical levels of 

these four factors was conducted. The investigation utilized a two-level factorial arrangement 

and revealed that the expected total effort is more sensitive to changes in the realization factor 

(g) at the low levels of the learning rate (α).  This indicates that high levels of learning are 

needed when developing software systems for new customers. It was noted that the model is not 

sensitive to changes in the proportion (p) selected for iterative development. This supports the 

effective utilization of the HoQ in translating customer requirements into engineering 

characteristics. In other words, users of the proposed development model should be more 

concerned with the ability of the selected proportion to reflect as much of the customer 

requirements, rather than its relative size.   

The proposed IQSD model could be used in product design where rapid prototyping and 

3D printing are efficiently utilized for iterative development. This is an area where numerous 

research efforts have been made to reduce cost and time to market while improving design 

quality.  The model is simple, easy to implement, and reinforces the need for clear 

communication between developers and customers. It allows developers to utilize customer 

feedback during the early stages of product development and achieve high levels of satisfaction. 

5.2  Future Research 

In addition to investigating the possibility of utilizing the proposed model for product and 

process development, other potential areas for future research include the following:  

5.2.1 Preventive Value of Integrated Model 

Throughout this research, development efforts were estimated using the COCOMO II, 

which was assumed to include the entire development cycle starting from identifying customer 
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requirements and ending with maintenance. This author believes that the use of the proposed 

integrated model will have a significant impact on maintenance costs. As was indicated by 

Koskinen (2003), software maintenance costs account for up to 90% of life cycle costs. Given 

the attention paid to customer requirements during development and evaluation of the prototype, 

the IQSD model will help reduce costs typically incurred after release. Research in this area 

would focus on quantifying the economic leverage provided by preventing problems encountered 

after release. This may require the development of a new cost function that separates the cost of 

development from that of maintenance.   

5.2.2 Models for Estimating Realization Factor  

The IQSD model requires practitioners and analysts to assess the value for the realization 

factor (g) when estimating the cost of development. Based on the performance investigation 

represented in Section 4.3, errors in estimating this factor need to be minimized. Research in this 

area would address appropriate models for this factor and methods for estimating its value. This 

may involve applications of artificial intelligence and knowledge-based systems. Such systems 

are capable of analyzing patterns and trends in customer requirements. In addition, new research 

would consider the effect of utilizing automated systems in gathering and analyzing customer 

requirements. 
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