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Abstract 
 

 

The Causal Effects of Cost, Schedule, and Quality on the Development of Geospatial 
Technology Using Waterfall and Agile Scrum Software Development Methods  

 
Many IT organizations expect high yield and returns with a simple change in 

development method, but experience failure because they lack the necessary tools to 

understand the relationship between value proposition, value stream, development 

processes and methods, development cost, and quality of the technology being 

developed.  The use of predictive models in IT service organizations has limited use, 

particularly in the Department of Defense, and software development practitioners lack 

a generalized means to truly understand the correlation between development method 

and time to market, cost, and quality.  Understanding the causality of cost, schedule and 

quality and their impact on adaptive planning and predictive software development 

estimation are important factors in successful IT organizations. This Praxis examines the 

pervasive use of Waterfall and Agile Scrum software development methods by many IT 

organizations in the DoD, and how predictive modeling and the Monte Carlo simulation 

method can be used to show the causality of cost, schedule, and quality in probabilistic 

development estimation.  Moreover, this praxis will help IT organizations particularly in 

DoD explore what technology development narratives about development cost, 

timeliness of delivery, and product quality, emerge in the wake of projects using 

Waterfall and Agile development methods; using The National Geospatial-Intelligence 

Agency as the research focus.   

Keywords: Software Development, Waterfall, Agile, Monte Carlo simulation method 
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Chapter 1 Praxis Introduction to Research 

1.1 Introduction to Software Development Methods 

With a dependence on software, the Software Development Life Cycle (SDLC), 

and software development (SDEV) methodologies, Information Technology (IT) 

organizations throughout the world are under extreme pressure to evolve; while 

remaining technologically relevant, competitive, and profitable.  Software development 

continues to evolve in its use and applicability.  In fact, “software development has 

become one of the world’s most important technologies.  The software we produce 

today is rapidly becoming the embodiment of much of the world’s intellectual property.  

Simply put, our world depends on software” (Leffingwell 5).  In a time of high demand 

and ever evolving user needs, IT organizations are striving to achieve a repetitive, risk-

free, and effortless continuous process to reduce the perils of delayed delivery, delivery 

cost overrun, and poor quality delivered technology. More importantly, consumers of IT 

products and services offered by many IT organizations demand immediacy, 

convenience, relevance, and innovation; with little to no degradation in the functionality 

of the technology (Davis 72).   

The role of software in complex systems has grown dramatically over the past 

four decades.  It has become so significant that software is the critical factor in project 

success, and IT companies are recognizing that software is the key to competitiveness 

(Haunts, 2018).  Software is normally the core of complex systems and architectures, 

provides systems functionality and drives hardware design (Cobb 15).  The software 
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development life cycle (SDLC) allows organizations to remain relevant, competitive and 

manage intellectual property by using steps that involve: designing, building, deploying, 

maintaining, and replacing technology, when necessary (Apke 213).  More importantly, 

the implementation of software development practices is transparent to: 1.) the type of 

technology being developed, 2.) location of the IT development company, 3.) sector of 

the IT software business, 4.) the size of IT company, and 5.) value of IT company.  Over 

the past decade, there has been an increase in the number of companies using software 

development methodologies to keep up with the exponential growth of the Internet of 

Things (IoT) (Schilling 89).  As the IoT continues to grow organically, driving the global 

economy, IT companies and organizations that produce technology are met with 

demands from consumers of all types.  The magnitude of software development has an 

annual cost now estimated at $850B in the United States alone.  Systems have increased 

in size, complexity, and hardware performance, thus, the software development used to 

harness these systems has become difficult to manage (Gilchrist 6).  Whether early 

adopters or technology laggards, consumers of information technology are putting 

pressure on IT firms to deliver innovation as fast as possible with as little lag in 

availability, quality, and cost (Schilling 117).  In the modern age, consumer demand 

continues to increase, and IT companies are under extreme pressure to find holistic 

methods that ensure production of technology can withstand the consumer demand.   

The International Council on Systems Engineering (INCOSE) is a not-for-profit 

membership organization and international body that encourages governmental, 

industry, and academic support for research and educational programs that improve the 
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Systems Engineering (SE) process and practices (INCOSE, 2018).  INCOSE is essential in 

helping guide software development methods, nuances, standards, application, and 

governance, and help evolve processes that are interdependent.  The approach and 

methodology discussed in this research are guided by principles established by 

organizations like INCOSE, the Federal Acquisition Regulation (FAR), and Software 

Engineering Institute (SEI) to facilitate seamless development of technology.   

1.2 The History and Evolution of Software Development (SDEV) 

Today, the success and relevancy of companies are predicated by their ability to 

produce technology at a rate that is, greater than, or commensurate with their 

consumers’ need; yet faster than their competitors’. Software is the heart of complex 

architectures and drives hardware design.  Systems have become more complex; thus, 

the development methods have become more difficult, and pose many challenges.  

Despite the challenges, consumer demand continues to grow at a rapid rate.  Because of 

the consumer demand and a reliance on software, IT companies need the necessary 

tools to assist in alleviating problems associated with the development of large, complex 

systems (Friend 12).   

The aims and mission of IT companies are three-fold. First, IT companies should 

leverage development methods that prevent considerable lags in the availability of 

technology.  The faster technology is provided to the consumer without degradation in 

functionality; the more relevant a company can be.  Secondly, it is advantageous for IT 

companies to have the necessary tools to assist in alleviating problems associated with 

the development of large-scale complex software systems (Osterwalder et al. 86-88).  
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How the development is planned and managed, are at the core of many problems IT 

companies face due to a lack of understanding and clarity in the complexity of systems 

(Cook 70).  Many companies have no insight into how complex systems design and 

development is until well into the life cycle. Many tools, like predictive models are 

effective tools that can help companies alleviate complexity associated with software 

development planning. Furthermore, they can help give clarity and forecast software 

development.  Lastly, it is advantageous for IT companies to use development processes 

because they help bring about organizational rigor.  Historically, companies that have 

allowed for the continued use of Waterfall development usually have not been very 

successful with delivering technology on time, within cost, or providing technology that 

is of quality and functions as desired by users (Friend 12).   

There are several software development methodologies that are being used by 

IT firms to develop technology, and the most widely used methodologies are the 

Waterfall approach, and the Agile approach (Warden et al. 18). Within the Waterfall 

approach, there are also the v-model, rapid application, spiral, and incremental 

methods (O’Brien 66).  Of these (5) models, Waterfall is the most widely used; 

particularly within the Department of Defense.  DoD has institutionalized this method 

and through the years has managed to weave the principles of Waterfall software 

development into some of its Acquisition standards.  This has made it hard for many 

DoD organizations and advocates to move away from Waterfall.  Within the Agile 

software development methodology there is Dynamic Systems Development Method 

(DSDM), Feature-Driven Development (FDD), Adaptive Software Development (ASD), 
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Scrum, Extreme Programming (XP), Open Unified Process (OUP), Agile RUP (Rational 

Unified Process), Kanban, and Lean methods (Leffingwell 13).  FDD, XP, and Scrum are 

the most widely recognized and used methods today (Ashmore et al. 14).  DSDM is an 

iterative and incremental Agile approach that fixes cost, quality, and time at the start of 

the software development life cycle.  One of the efficiencies of DSDM is that it uses the 

MoSCoW principle to prioritize the scope of the software development life cycle.  This 

principle is focused on prioritization of the scope into musts, should, coulds, and won’t 

haves in order to adjust the project deliverables.  DSDM is not used much in the DoD 

and Federal sectors because there are few recognized certifications with this approach. 

FDD is an iterative Agile approach that involves the development of a model that 

represents a high-level scope of the system or technology being developed.  The 

development of the system model involves the following steps: build the feature list, 

plan by feature, design by feature, and build by feature.  FDD is an Agile approach that is 

oftentimes implemented at part of the Agile Scrum methodology.  ASD approach is an 

Agile approach that is focused on the results, not specific tasks.  ASD involves a set of 

steps that involves continuous adaptation of the process to the work.  ASD is an Agile 

approach that actually replaces the Waterfall software development method and 

involves a repetitive series of speculate, collaborate, and learn process steps.  Projects 

that use the ASD method are characteristically mission focused, feature based, iterative, 

timeboxed, risk driven, and change tolerant.  XP is an Agile method that advocates 

frequent releases in short development cycles intended to improve productivity and 

introduce checkpoints at which new user requirements can be adopted.  With the XP 
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method projects have extensive code reviews and unit testing of all code that avoids 

programming of features until they are needed.  XP is also implemented as part of the 

Agile Scrum methodology.  OUP involves iterative development where work is done in 

very small teams of 3-6 developers and leverages use cases and scenarios to drive 

development.  Agile RUP is an iterative Agile development approach that enables 

projects to develop iteratively, considering risks as the primary driver.  Projects will also 

manage requirements, employ a component-based architecture, model software, 

continuously verify the software quality through testing, and manage all changes that 

occur with the software throughout development.  Many of these Agile methods are not 

widely used as a singular method, but are being used as a component of a collection of 

processes within Agile Scrum.  There are also new Agile methods that are constantly 

being developed and applied by industry Agilist.  Each of these Agile approaches have at 

some point provided timely, relevant, and groundbreaking technology across many 

sectors, however many IT firms, and Industry experts have been pushing for a broader 

codification of the Agile Scrum software development model; because of its ability to 

align with the global technology pace of change, simplicity, and ease-of-use (Townsend 

23-26).   The focus of this research will be on the most widely used Waterfall and Agile 

Scrum methods and their use across many IT organizations.  The Waterfall is the most 

widely used of the traditional methods, as many of the other traditional methods are 

being phased out of many organizations and projects.  There are many use cases that 

exist for Waterfall.  Of the Agile methods, Scrum is the most widely used, and is even 
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becoming part of formal training and certification programs.  Many of the other Agile 

methods are being used by a small subset of IT projects, with very few use cases. 

“In 1970, computer scientist Dr. Winston Royce first introduced the concept of the 

Waterfall software development model, and IT companies began to use it to develop its 

technology” (Martin 15). The Waterfall method grew in popularity because of its logical 

nature of the flow of phases from beginning to the end. It was so revolutionary, that in 

1985 the United States Department of Defense (DoD) began to build directives, 

standards, and mandates that incorporated the Waterfall method into its acquisition 

and technology development lifecycle (Government Accountability Office, 2012).  DoD-

STD-2167A, and MIL-STD-298 captured Royce’s methodology and gave way to the first 

mandates that the Government would use to manage how DoD contractors and 

developers were to implement software development of IT technology and systems. 

DoD pushed these standards through contractual obligations making it hard to 

transition to new methods.  DoD and Private Industry used Dr. Royce’s Waterfall 

approach to develop very large a complex software-based systems and technology that 

took years to develop.  Large military weaponry, airplanes and battleships, large 

construction projects, large infrastructure projects (bridges, skyscrapers, and roads), and 

financial banking systems are examples of development efforts and systems that use the 

Waterfall method.  Large development efforts like these take years of planning and 

implementation and could make good use of the Waterfall method.  In the modern-era 

where the need for large-scale and complex systems still exist, organizations are under 

extreme pressure to cut down the duration of development; eventually decreasing 
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time-to-market of systems.  “Royce’s developed Waterfall process is divided into 

separate stages, where the outcome of one stage steps in the input of the next stage. 

The first phase in Waterfall start with the Requirements covering all requirements 

analysis, where the requirements for the system being developed are recorded in a 

specification document.  The requirements specification will then need to be signed off 

by another project stakeholder, usually from the business” (Hants 11).  The business 

analyst usually has the responsibility of writing this specification and implores the help 

of key project stakeholders to ensure that the requirements and features of the system 

are captured up front. The second step of the Waterfall development model involves 

developing the Design. During the creation of the design, “the requirements 

specification from the first phase are inspected, and a subsequent system design is put 

together (Davis 17-19).  This design helps in specifying the design requirements and 

helps with creating the overall systems architecture” (Hants 12).  The development of 

the design is a collaborative effort between all the technical members of the project 

(Davis 17-19).  The third phase is Implementation (Davis 17-19). During implementation 

the developers take the system design and requirements and build workable code that 

represent the system/technology.  The fourth phase of the Waterfall model is 

Verification (Davis 17-19).  During verification the testing team coalesce all components 

of the system and test them as a single unit.  Once testing is completed, the technology 

is ready for Deployment to consumers; which is the last phase in the Waterfall model.  

Once deployed, there may be some maintenance on the system or capability delivered, 

and during this phase, if consumers report any problems or defects, they will get fixed, 
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tested, and then the technology will be re-deployed.  Concerning this approach, Dr. 

Royce was critical of its implementation and the risk involved; expressing genuine 

concerns of its applicability.  When asked about his concerns he stated emphatically 

that, “I believe in this concept [Waterfall], but the implementation described is risky and 

invites failure” (Leffingwell 6).  In Dr. Royce’s initial Waterfall development design, the 

concerns he shared with his colleagues have been prevalent in the field of software 

development.  Projects that use the rigid Waterfall model faces many challenges. First, 

with this model because of its rigidity, projects are hampered in their ability to handle 

any change.  Testing occurs later in the development life cycle, so if there are any 

changes requested by the user because they may not like the design, it can be too late 

to change paths.  Next, because of the sequential nature of the Waterfall method, one 

phase must be complete before moving on to the next (Leyton 25). As many as four 

steps need to be completed before coding can even begin- which means stakeholders 

and users will not see a working product until late in the life cycle.  Customers and 

stakeholders in most cases do not know what they want until they have had an 

opportunity to use a working prototype (Shiotsu 36).  Since Waterfall defines and locks 

all requirements in upfront, there’s a risk that the design will miss the mark and cause a 

rolling wave of issues further in the development lifecycle (Shiotsu 36).  Lastly, the 

Waterfall method saves all the testing for the end of the project, and this poses a huge 

risk as development may be rushed through because of strict project deadlines.  A 

poorly tested product can mean launching a product of poor quality (Shiotsu, 36).  

Figure 1-1 below shows the sequential steps of the widely used Waterfall model created 
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by Dr. Royce. This is the foundational design and through the years many organizations 

have changed the model to fit their organization’s software development regime by 

adding more steps to the methodology.  

 

Figure 1-1: Waterfall Development Model (© Leffingwell, 2011)  

1.3 The Software Development Problem Takes Shape 

Each day, companies are faced with a new and competing technology, new 

threats, increased demands, and new competitors.  Companies are now responding with 

speed, urgency, and relentless focus; creating value for the consumer becomes the 

narrative for many IT organizations.  The world of technology changes fast, and the 

future is uncertain.  Over time, the demand for systems and technology became more 

significant as did the actual size of the software development needed to build 

technology for the growing demand (Schilling 48).  One of the most difficult tasks that IT 

organizations and projects are faced with is making sure that the method being used to 

develop the technology is synchronized with the demand and need of the users.   For 

instance, in car manufacturing, before mass production begins, manufactures use the 

concept of Takt time to design the work involved in building the car.  Takt time is also 
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used to measure the pace of customer demand.  The concept of Takt Time is not 

explicitly understand and applied in many IT service organizations, but is useful in 

determining user demand and helping to plan the development cycle.  Takt time is the 

pace of production that aligns production with customer demand.  Simply put, Takt time 

is how fast a product needs to be manufactured to fill demand.  Because the Waterfall 

method involves a set of linear stages that locks the design down up front, has very little 

user involvement and interaction until later in the life cycle, and involves testing only 

near the end of the life cycle, it is very difficult to apply a concept like Takt time.  The 

pace of production and the pace at which an organization needs to fill demand is usually 

a function of human interaction and engagement, and very difficult, but not impossible 

to do with Waterfall. Takt time is not understood nor used much in software 

development, but is an important concept that can help IT projects ensure that all the 

capacity in a business is planned, and utilized and still meets the overall customer 

demand.  Takt time can help deliver the right product, at the right time, in the right 

quantity to the user.  In most cases with Waterfall, little statistical and mathematical 

concepts are applied in determining the right product, right time, and right quantity 

leading to much waste of resources, time, and money.  This is usually done through 

interaction of project staff, and is very hard to account for the unknown issues that may 

occur.  With this method, change that is introduced later in the life cycle has large cost 

impacts.  

Takt time also enables constant interaction across the development life cycle 

which will quickly captures capacity issues, synchronization issues among process 
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development stages, and quality issues.  Implementing Takt time can help software 

development projects and organizations estimate development, prevent disruption in 

development, eliminate over production as well as underproduction by meeting actual 

user demand, encourage standardized processes thus promoting higher quality 

products, and enable managers to set time-based development milestones and targets 

for production and delivery of technology.  The concept of takt time can be applied with 

predictive modeling and the Monte Carlo simulation method to help IT organizations 

make predictions about future development planning and cost.  The concept of Takt 

time for development and implementation of predictive model for project development 

planning is an effective and efficient way to help IT organizations enhance their business 

performance, transforms their development processes, and meet evolving user needs.   

As the need for software development grew so did the demand and immediacy 

with which consumers wanted technology. There was an unprecedented growth in the 

consumer base who demanded new technology as well as an exponential increase in the 

scope of development efforts and the software associated. Systems became bigger and 

more complex, and as a result the software at the core of these systems were 

complimentary in complexity.  With this growth in size and scope of systems and 

software, the implementation of Waterfall software development became increasingly 

complex and burdened by decision points; resulting in slower progress, and a movement 

away from the very thing we were trying to speed up – the ability for IT companies to 

deliver high-value, high-quality technology at a faster rate (Davis 44).  Dean Leffingwell 

states, “As Royce would have likely predicted, the model hasn’t worked all that well for 
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large software projects, and we have all struggled under the burden” (Leffingwell 6).  In 

fact, during the 1990s, empirical data and statistics showed that Waterfall was not very 

effective for large projects that could adapt to changing user needs.  For example, in 

1994, the oft-cited Standish Group’s Chaos report survey noted the following: 

• “31% of projects will be canceled before they completed (Chaos Report, 1994, 1). 

• “53% of the projects will cost more than 189% of their estimates (Chaos Report, 

1994, 1). 

• “Only 16% of the projects were completed on time and within budget (Chaos 

Report, 1994, 2). 

• “For the largest companies, completed projects delivered on 42% of the original 

features and requirements (Chaos Report, 1994, 2). 

• “13% of projects lacked user input (Chaos Report, 1994, 4). 

• “12% of all projects had incomplete requirements and specifications (Chaos Report, 

1994, 4). 

• “12% of projects had changing requirements and specifications that differed from 

the original baseline (Chaos Report, 1994, 4). 

As a solution to slower development, cost over-runs, and antiquated technology 

delivery, in the late 1990’s, a consortium of Engineers, Developers, and Business 

Analysts developed a new software development methodology that would factor 

interconnect people, processes, and technology at every phase of development (Swisher 

22).  With Waterfall, user feedback and engagement occur at the end, yet the 

requirements and design get established up front.  In fact, as many as four phases of the 
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development must occur before any coding begins- which means stakeholders and 

customers will not see a working product until late in the life cycle (Davis 45). This 

approach can often disrupt the dichotomy between the developer and the technology 

consumer.  On the converse, the Agile Scrum software development method involves 

user engagement and feedback throughout the lifecycle. It also ensures iterative 

capability delivery throughout development (Gilchrist 35).  The consortium of subject 

matter experts that developed this new Agile methodology saw it beginning to take 

shape and grow in popularity.  Over time, what became more promising is that the Agile 

method seemed to be the right solution for increasing consumer demands, and became 

a viable mechanism to manage the software development of new technology in an 

efficient manner.  Unlike Waterfall, Agile allows for user feedback and involvement 

throughout the development lifecycle (Highsmith 3).  Agile, simply provided adaptive 

processes that allowed for changes to design if needed.  Having users involved 

throughout the life cycle is essential because it increases the value stream, and overall 

quality.  This prevents requirements ambiguity since the user and developer are 

constantly collaborating. This increases the likelihood that the functionality and quality 

with meet the user’s needs (Radigan 11).   

Like the introduction of the Waterfall, Agile software development 

methodologies, particularly Scrum, have been embraced by several IT companies, across 

many sectors, and the use continues to show an upward trend (Government 

Accountability Office, 2012).  Many companies have experienced successes using Agile 

Scrum, as they continue to build technology using adaptive approaches.  Even though 
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there is a phasing out of Waterfall, there are many IT organizations and companies that 

are still beholden to that method. In fact, many Government IT organizations are so risk 

averse (Brady 20) that they believe Agile is a fad; even though it has been widely 

practiced for almost three decades.  Figure 1-2 below shows the Agile software 

development method, and the processes used in adaptive planning.  When aligned with 

organizational training and tradecraft, governance, and development processes projects 

that use the Agile Scrum method can show increased success when compared to similar 

projects that use the Waterfall method.  This Scrum process is one that repeats 

throughout the development duration.  The most important attributes about Agile 

Scrum is that after each development release there is realized technology that is based 

on actual user needs, has higher quality because of the ability to conduct continuous 

testing throughout development, and has less chances of cost overruns.  In essence, the 

Agile Scrum process promotes quality and efficiency.  Unlike Waterfall, where users only 

see and get visibility into the technology when it is delivered, Agile involves user review, 

feedback, and engagement throughout the entire lifecycle of development.  Agile is a 

method that aligns to the needs of consumers in the modern era.   
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Figure 1-2: The Agile Software Development Methodology (Rubin, 2013, 15) 

The creative consortium behind the development of Agile brought rigor to the 

process devising a manifesto in 2001.  The Agile Manifesto is a set of ideas that help IT 

developers uncover better ways of developing software by doing the following: 

individuals and interactions over processes and tools, customer collaboration over 

contract negotiations, working software over comprehensive documentation, and 

responding to change over following plans. Furthermore, the manifesto is comprised of 

a set of core principles.  As captured by Dean Leffingwell, the Agile manifesto principles 

are as follows: 

• “Our highest priority is to satisfy the customer through the early and continuous 

delivery of valuable software” (Leffingwell 13). 

• “Welcome changing requirements, even late in development. Agile processes 

harness change for the customer's competitive advantage” (Leffingwell 13). 

• “Deliver working software frequently, from a couple of weeks to a couple of months, 

with a preference to the shorter timescale” (Leffingwell 13). 
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• “Business people and developers must work together daily throughout the project” 

(Leffingwell 13). 

• “Build projects around motivated individuals. Give them the environment and 

support they need and trust them to get the job done (Leffingwell 13). 

• “The most efficient and effective method of conveying information to and within a 

development team is a face-to-face conversation” (Leffingwell 13). 

• “Working software is the primary measure of progress” (Leffingwell 13). 

• “Agile processes promote sustainable development. The sponsors, developers, and 

users should be able to maintain a constant pace indefinitely” (Leffingwell 13). 

• “Continuous attention to technical excellence and good design enhances agility” 

(Leffingwell 13). 

• “Simplicity--the art of maximizing the amount of work not done--is essential” 

(Leffingwell 13). 

• “The best architectures, requirements, and designs emerge from self-organizing 

teams” (Leffingwell 13). 

• “At regular intervals, the team reflects on how to become more efficient, then tunes 

and adjusts its behavior accordingly (Leffingwell 13). 

Dean Leffingwell, a well-respected software executive, and consultant in the 

software industry is a global icon in the pantheon of software engineering. His concept 

of an Agile delivery model that added enhancements to the basic Agile model is used 

globally.  In fact, the delivery model has become the impetus upon which many entities 

involved in IT and software development to use.  This delivery model is known as the 



18 
 

“Agile Enterprise Big Picture:  Scaled Agile Delivery Model” (Highsmith 4) and is used as 

the roadmap to help IT stakeholders understand the critical components and 

interdependencies across portfolios, programs, and teams involved in software 

development (Highsmith 4).  It lays out the enterprise, as well as the tactical elements of 

the Agile software delivery method.  Organizations like INCOSE, IEEE, and the Software 

Engineering Institute at Carnegie Melon believe in Agile and push for wider use.  Figure 

1-3 shows Dean Leffingwell’s developed Scaled Agile Delivery Model; which 

encapsulates Agile and the key components that are involved at the Enterprise 

(Portfolio), Mid (Program), and tactical (Team) levels.  The figure Agile has less rigidity 

than Waterfall and involves collaboration between a heterogeneous team that has a 

dynamical set of tasks that occur in cycles until the developed capability/technology is 

complete.  

 

Figure 1-3: Scaled Agile Delivery Model (© Leffingwell, 2018) 

Though Waterfall still has its use applicability, it has been phasing out slowly, and 

Agile methods like Scrum software development are being used more.  Over the past 
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five years, companies in the private sector like Spotify (Swan 24), Google, 

DaimlerChrysler, Lego, Sony-PlayStation, General Motors Corp, SalesForce.com, Fannie 

Mae (Greengard 38), and Getty Images have embraced Agile Scrum development.  

Though organizations and agencies within the DoD embrace Agile, it has been at a much 

slower rate (Government Accountability Office, 2012).  DoD Agencies like The Census 

Bureau, Defense Digital Service (DDS), Federal Bureau of Investigations (FBI), NASA, 

Department of Homeland Security, and the National Geospatial-Intelligence Agency 

(NGA) have embraced the concept and use Agile methods to develop their IT (Friend 

13).  In fact, as more IT producers across Private Industry and the Government embrace 

Agile, Scrum is the preferred method.  The necessary transition from Waterfall to Agile 

Scrum and the benefits, especially in the Government sector; where the demand for 

new and emerging technology is at a high rate of speed and very dynamic, is discussed 

further in subsequent chapters. 

Agile Scum and Waterfall software development methods are very different.  

There are those in Industry that advocate on behalf of one of these methods, with very 

few finding utility in both.  Many are against one, or for the other; but never seem to 

support the efficacy of both.  In fact, many IT experts find it hard to see utility in both.  

Though the Waterfall method has seen a slow phasing out in favor of Agile software 

development methods, it can still provide benefits; particularly for larger projects and 

organizations that require stringent development stages.   
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1.4 Description of Praxis Research Problem 

A common result of many software development projects is failure to adapt to 

changing or poorly defined user requirements and a consequent impact on project cost 

(Rubin 56).  Moreover, according to the Project Management Institute, “Disruptive 

technologies are rapidly changing the playing field by decreasing the barriers to entry.  

More mature organizations are increasingly prone to being highly complex and 

potentially slow to innovate, and lag behind in delivering new solutions to their 

customers.  These organizations find themselves competing with smaller organizations 

and startups that are able to rapidly produce products that fulfill customer needs.  This 

speed of change will continue to drive large organizations to adopt an Agile mindset in 

order to stay competitive and keep their existing market share” (Project Management 

Institute Inc., 2013).   

Since its inception in 1996, NGA has used the Waterfall software SDEV to 

develop its technology.  45% of projects that have used this method of development 

experience: cost overruns, delays in product delivery, and development costs that 

exceed the allotted project budget by an average of 37% (18F 13).  Most projects 

operate in a centralized manner, however the ability of those trusted agents to make 

decisions without slowing down development is not a natural occurrence.  Because 

Waterfall is a front-loaded approach that involves comprehensive planning upfront, it 

results in early requirement baseline and lockdown of design.  Also, with no customer 

involvement in the design and development lifecycle most projects that implement 

Waterfall experience a considerable amount of re-work at the conclusion of 
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development; resulting in cost overruns, and low user satisfaction. The persistent use 

of the Waterfall software development method at NGA does not support the design 

and development of geospatial capabilities that quickly adapt to the pace-of-change of 

mission and user needs. This stifles its ability to maintain a superior operational 

advantage, and the ability to support the velocity at which customers request 

geospatial technology.  Many projects in NGA are focused on process and give very 

little focus to statistical and Engineering concepts and tools like Monte Carlo modeling 

and simulation techniques and predictive models to augment program planning.  The 

methodology and approach of this research can not only help NGA, as the focused 

organization, but other DoD and IT organizations that desire to do the following: align 

the development strategy with user demand, identify risk that may impact cost, 

schedule, and the quality of technology being developed using software development 

methods, and make use of analytical tools that can help IT organizations determine 

probability of success before development begins.   

In 2016, 18F, an independent organization, conducted an audit on 30+ NGA 

projects, all of which use Waterfall. In the report, 18F stated, "Without swift changes in 

its development process, NGA is at great risk if it continues this way (18F 13-16)".  

Tangentially, in 2016 DoD leaders shared the results of an analysis of alternatives and 

studies.  They each recognized that there were pockets of organizations and projects 

that were using Agile Scrum and had realized and quantifiable successes.  Leaders such 

as The Undersecretary of Defense for Acquisition Technology and Logistics (AT&L), CIO 

for the Government Accountability Office (GAO), and The Undersecretary for 
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Homeland Security for Science and Technology were advocating for wider and more 

organic growth in the use of Agile methods (Government Accountability Office, 2012).  

The push for wider use of Agile methods grows each year and is being promulgated at 

all levels of Government, simply because of the evidence shown from Industry IT firms 

as well as select Government organizations who made the jump to Agile years ago. 

Following suit, and seeing the benefits, the NGA director began to develop a strategy 

that would include Agile methods as a regular part of the business rhythm (Barclay 4).  

In the strategy, the Director stated, "We must change the way we identify, design, 

develop and deliver capabilities" (NGA Strategy 3), sparking a corporate-wide plan to 

move to more Agile methods for development.  The agency has not transitioned its 

entire portfolio away from Waterfall development; as many of its existing programs 

still use it, however, the agency has made Agile the de facto development method for 

new contracts.  It is promising to see that as new programs and contracts are initiated, 

Agile SCRUM is the required method.    

This praxis investigates Monte Carlo-based modeling of Waterfall and Agile 

Scrum software development methods and the causal effects these methods have on 

cost, schedule, and quality of geospatial technology; using a sample of twelve projects 

at NGA. In the portfolio of over 400 projects at NGA, the researcher selected twelve 

projects that met the criterion for this research.  We chose a unique set of ten projects 

that explicitly used the Waterfall and progressed to the Agile Scrum method, one 

project that only used Waterfall, and one project that just used Agile Scrum, all of 

which were not picked to yield a desired result in favor of the research, but that met 
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the specific criteria needed to conduct the research. While this praxis research is 

centered around a set of hypotheses and beliefs that Agile Scrum is a viable software 

development methodology that provides many benefits (i.e. mitigating: cost overruns, 

the delivery of antiquated technology, and missed delivery dates), the desired outcome 

of this research is to provide empirical data developed through predictive modeling to 

show the effects each model has on cost, development schedule and quality in the 

development of geospatial technology.  Furthermore, we examine what narratives 

concerning software development methodology, delivery timelines, development 

timelines, cost to develop technology, and quality of technology emerge in the wake 

of, the increased demand for, and development of, geospatial technology.  

1.5 Praxis Problem Statement 

Problem Statement: Increased demand for geospatial technology, complexity of 

system design and software, lack of forecasting tools, and the inability to implement a 

software development method that lowers risk of cost overruns, schedule delays, and 

lower quality technology during development, has led to 45% of NGA projects not being 

delivered on time, antiquated technology, and a 37% average increase in program cost.  

The main problem of this research was to determine the effectiveness of using a 

predictive model within NGA projects to understand the causal effects of cost, schedule, 

and quality on the development of technology when using Waterfall and Agile Scrum 

software development methods. 

Most NGA projects involve complex design and large-scale architectures.  At the 

core of every design and architecture is software.  Each capability that NGA builds is 
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based on very complex software development.  The complexity, size, and demand of the 

systems NGA builds continues to grow, and can be problematic if the necessary tools are 

not leveraged to alleviate these development issues.  Historically, NGA projects have 

been fraught with cost overruns, schedule slips, poor performing software, and shifting 

requirements baselines.  The current Waterfall software development method being 

used by many projects at NGA does not support the design and development of 

geospatial technology that can adapt to quickly evolving threats and evolving user 

needs.  Most projects do not have regimented tools that can minimize risk, but rather 

use oversimplified assumptions about their planning and development as a viable tool.  

There are substantial risks involved in continuing to use this development model, and 

has significant impact on the cost, delivery, and quality of geospatial products and 

services rendered by the agency.  As NGA continues to use the Waterfall method it has 

become more challenging to maintain its superiority of developing and providing 

innovative geospatial technology, products, and services, and operating within is the 

fiscal budget threshold.  Waterfall involves early baseline and lockdown of requirements 

and design, thus making it very difficult to know if the design of the technology will 

meet the needs of the consumer.  In the case of NGA, early baseline and design 

lockdown have historically resulted in re-work which evolves into 1.) Late delivery to its 

consumers, 2.) Project cost overruns and 3.) Technology that is antiquated by the time it 

has been delivered; providing evidence of the concerns Dr. Royce stated about his 

methodology. Agile Scrum has been tested and proven by Private Industry IT firms in 

addressing cost, schedule, and performance associated with technology development.  
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Lastly, Waterfall software development is a method that does not include feedback and 

involvement from users/customers in the design of the technology.  Users have no 

insight in the evolution of the technology and only see the product at the end of the 

development, so the rigor, effectiveness, quality, and usability of the technology rarely 

meet the needs of the consumer; leading to re-work and more development spending.  

For the purposes of this research, the Agile Scrum software development 

lifecycle is defined as a set of processes that can help NGA programs accelerate its 

delivery by accomplishing many things. Agile helps with planning, prioritizing, and 

delivering a faster value stream, more predictably, helping IT professionals throughout 

the agency make informed decisions by gaining end-to-end visibility into progress and 

performance, increasing the agility of programs by adapting plans quickly to evolving 

priorities, and ensuring that the teams on programs that are doing the work are aligned 

to the business goals.  The Agile Scrum software development method specifically 

provides the service of ensuring the quality, immediacy and efficacy of technology 

systems and services meets consumer demand.  NGA projects that continue to use the 

Waterfall software development method are often faced with the difficult task of 

meeting the demands of its customers because of program cost overruns, extended 

development timelines, and technology that does not align to the baseline functional 

requirements established by programs.  For this reason, it is imperative that the 

software development technique they implement, and the tools used to improve their 

geospatial products and services development and delivery has a large enough impact 

on cost, delivery time, and quality, and that it drives swifter corporate change toward 
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Agile methods.  Furthermore, the delayed shift from Waterfall to Agile software 

development increases the probability that NGA will continue to curate products and 

services that inadequately meet the needs of its consumers.  For example, the U.S. 

Government Accountability Office (GAO) in their 2012 audit of Government agencies 

and their development spending stated, "Federal agencies depend on IT to support their 

missions and spent at least $76 Billion on IT in 2011.  However, long-standing 

congressional interested has contributed to the identification of numerous examples of 

lengthy IT projects that incurred cost overruns and schedule delays while contributing 

little to no mission-related outcomes.  To reduce the risk of such problems, OMB 

recommends modular software delivery consistent with an approach known as Agile, 

which calls for producing software in small, short increments" (U.S. Government 

Accountability Office 12-681 12).   GAO recognized that many Government agencies that 

lack Agile software development processes are less successful at improving the 

predictability, quality, and utility of its software products and their development.  These 

software development oversights make it very difficult for Government organizations 

like NGA to optimize cost, delivery, and quality of geospatial technology, because 

efficient development is not being used. 

There is a clear need for using predictive modeling and simulation at NGA and 

across DoD.  This approach can help DoD IT service organizations develop adaptive 

development planning that addresses specific user needs and demand, involves 

continuous testing to ensure higher quality products, and to increase the probability of 

completing development within cost.  It is reasonable to assume that an organization 
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like NGA as well as other DoD organizations will be likely to progress to Agile Scrum 

methods faster in order to develop the right technology, at the right time, and at the 

right pace in order to address user demand when using modeling and simulation 

concepts within than using existing processes.  Modeling and simulation techniques can 

help minimize the systematic cost overruns, prolonged development, and problematic 

technology that does not meet user need.  The question then becomes: does NGA and 

other IT organization’s use of predictive modeling and simulation techniques prevent 

cost overruns, result in higher quality technology, and ensure technology is delivered at 

the pace of user needs; prove true when using Agile Scrum software development 

rather than the Waterfall method?  

1.6 Praxis Thesis Statement 

Praxis Thesis: The National Geospatial-Intelligence Agency in its progression from 

the Waterfall software development method to Agile Scrum software development 

method should use predictive modeling and simulations tools and techniques that help 

NGA projects: align the rate of development of geospatial capabilities to user demand, 

involves users to minimize design ambiguity, enables rapid delivery and adaptive scaling 

of geospatial technology, and provides geospatial capability within the allotted project 

budget. 

In 2016, the Director of the NGA, stated, “We must change the way we identify, 

design, develop and deliver capabilities” (NGA Strategy 3).  Change is hard, change is 

necessary, but most importantly, change is inevitable. Organizational change is very 

difficult, especially when the way the organization has been doing business has been 
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institutionalized.  The proposed solutions rendered from this research will result in a 

tool that can help NGA and other IT organizations manage complex system design and 

development involved in development of new technology and the software associated 

with it.  This research will introduce methods that can help provide rigor to cost and 

schedule estimation and better long-term development planning.   

1.7 Praxis Research Objectives 

With the empirical data collected and research methodology used, the following 

formal objectives were used to help frame this research: 

• O1:  To measure the time to market of geospatial technology for NGA projects that 

have used Waterfall and progressed to Agile Scrum software development. 

• O2:  To measure the time to market of geospatial technology for a project at NGA 

that only used Waterfall software development. 

• O3:  To measure the time to market of geospatial technology for a project at NGA 

that only used Agile Scrum software development. 

• O4:  To analyze the statistical association of software development methodology to 

cost for 12 projects at NGA that used Waterfall and progressed to Agile Scrum, only 

used Waterfall, and only used Agile Scrum. 

• O5:  To analyze the correlation between planned and actual cost and the duration of 

the development of NGA projects that used Waterfall and progressed to Agile Scrum 

software development methodology. 

• O6: To understand the correlation between software development method and cost, 

delivery time and quality of geospatial technology at NGA. 
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1.8 Research Questions  

The major research question addressed by this praxis research is as follows: 

• MRQ1: What are the causal effects of cost, schedule, and quality on the 

development of geospatial technology using Waterfall and Agile Scrum software 

development methods at the National Geospatial-Intelligence Agency?  

The sub-research questions addressed by the praxis research are as follows:  

• SRQ1:  What is the relationship between development methodology and time to 

market of project technology? 

• SRQ2: What is the relationship between time to market and development cost of 

project technology? 

• SRQ3: What is the relationship between development methodology and cost? 

• SRQ4: What is the relationship between planned development cost and the duration 

of development? 

• SRQ5:  What is the relationship between actual development cost and the duration 

of development?  

• SRQ6:  What is the relationship between the quality of technology being developed 

and development methodology? 

1.9 Praxis Hypotheses 

The research questions stated above translate into the following research 

hypotheses: 

H1a:  Alternative Hypothesis 1: NGA projects that use an Agile Scrum software 

development method will show a 30% decrease in delivery to market compared to that 
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project using Waterfall.  The alternative hypothesis H1a can be expressed 

mathematically by equation 1.9-1 below, where P(Tw) = Project delivery time using 

Waterfall, and P(TA) = Project delivery time using Agile Scrum.  If the results of our 

modeling support this mathematical equation then we accept, else, we reject this 

hypothesis. 

 ∑ 𝑃(𝑇𝑤) = ∑(𝑃(𝑇𝐴) + .3 (𝑇𝐴)) (1.9-1) 

 

H1O:  Null Hypothesis 1: NGA projects that use an Agile Scrum software development 

method will not show a 30% decrease in delivery compared to that project using 

Waterfall. The null hypothesis H1O for this research can be expressed mathematically by 

equation 1.9-2 below, where P(Tw) = Project delivery time using Waterfall, and P(TA) = 

Project delivery time using Agile Scrum.  If the results of our modeling support this 

mathematical equation then we accept the hypothesis, otherwise it is rejected. 

 ∑ 𝑃(𝑇𝑤) ≠ ∑(𝑃(𝑇𝐴) + .3 (𝑇𝐴)) (1.9-2) 

   
H2a:  Alternative Hypothesis 2: The cost of technology development NGA projects, 

denoted as CA, can be achieved within the project timeframe when using Agile Scrum 

software development. The alternative hypothesis H2a for this research can be 

expressed mathematically by equation 1.9-3 below.  If NGA projects that use the Agile 

Scrum software development method deliver the project within cost over the planned 

development cycle, then this hypothesis can be accepted, otherwise it is rejected. 

 ∑ 𝐶𝐴 > 0 (1.9-3) 
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H2O:  Null Hypothesis 2: The cost of technology development NGA projects, denoted as 

CA, cannot be achieved within the planned project timeline when using Agile Scrum 

software development.  The null hypothesis H2O for this research can be expressed 

mathematically by equation 1.9-4 below.  If NGA projects that use the Agile Scrum 

software development method do not deliver the project within cost over the planned 

development cycle, then this hypothesis can be accepted, otherwise it is rejected. 

 ∑ 𝐶𝐴 =  0 (1.9-4) 

 

H3a:  Alternative Hypothesis 3: The cost of technology development for NGA projects, 

denoted as CW, can be achieved within the planned project timeline when using 

Waterfall software development.  The alternative hypothesis H3a for this research can 

be expressed mathematically by equation 1.9-5 below.  If NGA projects that use the 

Waterfall software development method deliver the project within cost over the 

planned development cycle, then this hypothesis can be accepted, otherwise it is 

rejected. 

 ∑ 𝐶𝑊 > 0 (1.9-5) 

 

H3O:  Null Hypothesis 3: The cost of technology development NGA projects, denoted as 

CW, cannot be achieved within the planned project timeline when using Waterfall 

software development used. The null hypothesis H3O for this research can be expressed 

mathematically by equation 1.9-6 below.  If NGA projects that use the Waterfall 

software development method do not deliver the project within cost over the planned 
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development cycle, then this hypothesis can be accepted, otherwise it is rejected. 

 ∑ 𝐶𝑊 =  0 (1.9-6) 

 
H4a:  Alternative Hypothesis 4: The number of software bugs/issues captured during 

development for NGA projects when using the Agile Scrum software development 

method, denoted as SWBIA, are lower in quantity than when that project uses the 

Waterfall software development method, denoted as SWBIW.  The alternative 

hypothesis H4a for this research can be expressed mathematically by equation 1.9-7 

below.  If the quantity of software bugs/issues captured over the development lifecycle 

for NGA projects when using the Agile Scrum method is lower than the quantity of 

software bugs/issues captured over the development lifecycle when using Waterfall, 

this hypothesis can be accepted, otherwise it is rejected.  

 ∑ 𝑆𝑊𝐵𝐼𝐴 < ∑ 𝑆𝑊𝐵𝐼𝑊 (1.9-7) 

 

H4O:  Null Hypothesis 4: The number of software bugs/issues of NGA projects when 

using Agile Scrum development, denoted as SWBIA, are not lower in quantity, than when 

that project uses Waterfall, denoted as SWBIW.  The null hypothesis H4O for this 

research can be expressed mathematically by equation 1.9-8 below.  If the quantity of 

software bugs/issues captured over the development lifecycle for NGA projects when 

using the Agile Scrum method is equal to or greater than the quantity of software 

bugs/issues captured over the development lifecycle when using Waterfall, this 

hypothesis can be accepted, otherwise it is rejected. 

 ∑ 𝑆𝑊𝐵𝐼𝐴 ≥ ∑ 𝑆𝑊𝐵𝐼𝑊 (1.9-8) 
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1.10 Praxis Significance and Aim 

The significance of Praxis:  This praxis research supplements the limited pool of 

current literature in the realm of modeling and simulation techniques used to 

understand the causal effects of cost, schedule, and quality on the development of 

geospatial technology using Waterfall and Agile Scrum software development 

techniques. This study will contribute to the improvement of technology development 

using improved software development techniques not only at the National Geospatial-

Intelligence Agency but also in other IT service organizations globally.  I hope that this 

research will encourage NGA Agilist, Project Managers, Program Managers, and IT 

software development practitioners to be drawn to this new method of software 

development – a modeling and simulation approach- and to adapt it as an effective 

development strategy that will benefit NGA.   

The outcomes to be considered consist of the following: increase in the number 

of NGA projects that use predictive modeling and simulation to manage cost, schedule, 

and quality of geospatial technology; improvement in the delivery time to market of 

geospatial technology; implementation of software development methods that increase 

the probability of NGA project delivering geospatial technology at a pace that is aligned 

to user demand; and implementing development methods that enable NGA projects to 

complete development within the planned project cost.  This research can not only 

change the way geospatial technology is developed, delivered, and cost, but can be 

added as an effective tool that used to forecast, and better plan, and manage software 

development of large IT projects within NGA.  Government agencies using probabilistic 
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and predictive models to study behaviors of technology development projects and the 

affects that different software development methodologies may have is unchartered 

territory.  The findings of this study will redound to the benefit of academia, the 

Engineering discipline, Government technology innovation, and society, considering 

technology availability and geospatial information play an important role in science and 

technology today.  The greater demand for geospatial information justifies the need for 

more effective, disruptive software development approaches.  Thus, organizations like, 

NGA that apply the recommended approach derived from results of this study will be 

able to develop technology faster, better, and within budget; meeting the demand and 

pressures of a competing market.  Programs will be guided by what should be 

emphasized by its team in the development process lifecycle to improve the 

technology’s, quality, cost, and development time.  For the researcher, this study will 

help them uncover critical areas in the development of geospatial information systems 

and that NGA, other DoD government organizations, and many researchers have not 

been able to explore.  Thus, a new way on implementing technology development of 

geospatial technology may be arrived at.       

Aim of Praxis:  This praxis aims to investigates the relationship between software 

development methodology and the effects they have on quality, timeliness (schedule), 

and cost of geospatial systems and services at the National Geospatial-Intelligence 

Agency. 
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1.11 Research Contributions 

The problem stated earlier in the research in Chapter 1 - Increased demand for 

geospatial technology, complexity of system design and software, lack of forecasting 

tools, and the inability to implement a software development method that lowers risk of 

cost overruns, schedule delays, and lower quality technology during development, has 

led to 45% of NGA projects not being delivered on time, antiquated technology, and a 

37% average increase in program cost – is examined through a predictive model 

developed by the researcher.  The main problem of this research was to determine the 

effectiveness of using a predictive model within NGA projects to understand the causal 

effects of cost, schedule, and quality on the development of technology when using 

Waterfall and Agile Scrum software development methods. 

This praxis research contributes to the areas of software development at the 

National Geospatial-Intelligence Agency, DoD, and the global IT software development 

industry.  Specifically, it introduces novel thinking and techniques to the fields of 

technology development, project development planning, and predictive modeling and 

simulation.  The primary objective of this praxis is to test the hypotheses that:    

1. NGA projects that use an Agile Scrum software development method will 

show a 30% decrease in delivery to market compared to that project using 

Waterfall.   

2. The cost of technology development for NGA projects, can be achieved 

within the planned project timeline when using the Agile Scrum software 

development method. 
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3. The cost of technology development for NGA projects, can be achieved 

within the planned project timeline when using the Waterfall software 

development method. 

4. The number of software bugs/issues captured during development for NGA 

projects when using the Agile Scrum software development method are 

lower in quantity than when that project uses the Waterfall software 

development method.  

5. The number of software bugs/issues captured during development for NGA 

projects when using the Waterfall software development method are lower 

in quantity than when that project uses the Waterfall software development 

method.    

It should be noted that each of the stated hypotheses are formally proven for 

correctness or falsehood using a predictive model that leverages the Monte Carlo 

simulation method and other computational concepts.  It does so by introducing a 

predictive model designed specifically for modeling and simulating the development of 

NGA project that use different software development methods and has been 

implemented from the ground up to avoid inappropriate concessions to or influences 

from external variables.  The model is modular and can cope well with the diversity of 

data from NGA software development projects, and provides novel solution to 

geospatial technology development cost, delivery, and quality.   

Chapters 1.3 and Chapter 3 present the predictive model and methodology used 

in validating the hypotheses.  Chapter 1.3 begins with unfolding the praxis problem and 
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explains how the predictive model and simulation concepts are used to develop the 

model.  As part of the model development, practical application, ease-of use, and key 

variables are exposed and discussed.  With the model and simulation concepts 

articulated, Chapter 3 proceeds to outline the overall methodology, data parameters of 

the model, and layering abstractions needed to cope with the variability of project data. 

In particular, data and model validation steps are performed to achieve better 

performance of the model.  Chapter 3 also addresses other methodologies that were 

considered for this research and conclusions on why the selected methodology was 

chosen.  The four major contributions from this study are that: 

1. predictive modeling and simulation concepts resulted in significant savings 

for NGA projects using Agile Scrum software to deliver technology,  

2. predictive modeling of NGA projects resulted in a significant increase in 

bug/issues resolution resulting in higher quality technology for NGA projects 

when using Agile Scrum,  

3. the Agile Scrum software development technique works in principle, but 

does guarantee a significant decrease in the timeframe in which technology 

is delivered, and  

4. the use of predictive modeling and simulation in NGA resulted in significant 

software development process improvement. 

The predictive model is a viable solution for IT organizations in all sectors to 

adopt because the functionality of the model is able to analyze linear or nonlinear data 

to understand the causal effects that Waterfall and Agile Scrum methods have on cost, 
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delivery times, and quality of their products.  The context of this research and the model 

derived from it is a solution that can be replicated with other project’s data.  Using 

predictive models to understand future events and analyze the causal effects of many 

components in product planning and development, Project/Program Management, 

Engineering Management, Systems Engineering, and risk mitigation and buy-down and 

is very important.   

Rebecca Merrett states, “As projects are usually complex, accurately estimating 

overall cost and time to deliver is difficult and could easily miss the mark.  This is where 

applying mathematics to data comes in handy.  There was a project where we avoided 

US$200,000 worth of cost.  When we ran the predictive model through, we could see that 

it was going to take much longer than what they [the client] were hoping; 10 additional 

weeks it was going to take us to do this right,” said Scott Lancaster, VP of State Street at 

Predictive Analytics World in San Francisco” (Merrett 55). 

The Analysis that can be done on Waterfall and Agile Scrum Project data simultaneously, 

provides additional benefits.  IT Organizations would be able to forecast project delivery 

and the causal effect on cost and quality of the technology being developed.  The 

findings derived from the model will be used to help IT organizations make informed 

decisions on the following: 

• Development duration analysis 

• Software development methodology analysis 

• Project development modeling with other project datasets 
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The model will also allow IT organizations to conduct more powerful management of 

their IT and apply more effective development, project, and program management 

strategies by decreasing the risk of cost overruns, missed schedule timelines, and 

underwhelming technology. 

 It is important to acknowledge that much of the inspiration and motivation for 

this research derived from direct experience and interaction in the discipline of software 

development, and the visions of the future state of adaptive software techniques.  In 

the end, it is this direct experience and interaction that provided the guiding framework.  

It is important to understand that many of the results and techniques used in this 

research are not limited to NGA. 

1.12 Organization of Chapters 

This praxis is organized into chapters.  "Chapter 1. Introduction" provides a 

contextual overview of the area of research.  This chapter provides an introduction of 

software development methodologies; explains the research problem statement, thesis, 

hypotheses, and objectives; addresses the derived main research and sub-research 

questions that guide this research; describe the significance and aim of the praxis; and 

delineate the organization of chapters of the praxis.  The following chapter titled 

"Chapter 2. Literature Review" provides a synopsis of the research used to support the 

proposed research methodology.  This chapter addresses assumptions, ease of use, 

limitations, required adaptations, and applications of the methodology as it relates to 

this praxis research.  This chapter explores existing literary references that cover the 

following areas related to this research: The Waterfall software development 
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methodology, Waterfall software development case studies, The Agile software 

development methodology, Agile software development cases studies, and using 

probabilistic forecasting and predictive models in software development.   "Chapter 3. 

Research Methodology", explains the statistical methodology used in conducting this 

praxis.  Chapter 3 also explains how the data for this research was selected; explains 

how the methodology was selected; explains how exploratory analysis of the research 

datasets was conducted; explains the statistical processing done for this research; and 

explains research validation.  "Chapter 4. Research Results – Analysis and Interpretation 

describe the steps used in conducting analysis and interpretation of the data collected, 

provides a detailed analysis and interpretation of the data collected and the results of 

the methodologies used to interpret the praxis data, and any assumptions used during 

the analysis of data.  Furthermore, Chapter 4 explains the resolution of each of the 

developed research hypotheses, and discusses the ability of the research results to meet 

the objectives of the research, answer the research questions, and reject or accept the 

hypotheses. The final chapter, “Chapter 5. Conclusions, Research Limitations, and 

Recommendations” discusses the overall conclusions of the praxis research, the 

observed research limitations, and makes recommendations on future research 

opportunities.   

Chapter 2 Praxis Literature Review 

2.1 Literature Review Introduction 

This section summarizes the research supporting the praxis methodology 

discussed in Chapter 3.  In order to garner wider attention and gain a greater 
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appreciation of the evolution of technology development, and the uses of causal effects 

of cost, schedule, and quality on the Waterfall and Agile Scrum software development 

methodologies, a literature review was conducted.  The application of this Praxis 

research is not already in use by others with DoD, NGA, and other IT organizations.  The 

literature review provided insight into the features, limitations, ease of use, 

assumptions, adaptations, and applications of the Waterfall and Agile Scrum software 

development methodologies, and provided a basis for developing the research thesis, 

problem, objectives, questions, and hypotheses outlined in Chapter 1.  As part of the 

initial phase of research for this praxis, some literary databases were consulted 

including: 

• Software Engineering Institute Digital Library – Carnegie Mellon University 

• Program Management Institute (PMI) 

• IEEE – Institute of Electrical and Electronics Engineers database 

• U.S. Government Accountability Office database 

• VersionONE database 

In addition to these databases, there are several reports, books, articles, 

journals, and research papers found while conducting general internet searches.  

Searches of databases, and information found through the internet were limited to the 

last 20 years; with greater emphasis given to more recent publications.  With the 

internet searches, during the initial phases, the searches were very basic to capture a 

wide range of data points and relevant articles (i.e. "software development* AND 

"Waterfall development*, or "Waterfall AND Agile AND "software*).  As the research 
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progressed, the scope of the searches was refined to garner more relevant material.  

This literature review is an amalgamation of material that leverages the existing body of 

expansive knowledge in software development and building predictive models to 

analyze the causal effects Waterfall and Agile methods have on cost, schedule, and the 

quality during the development of technology.  The material found began with 

introductory and very basic concepts of the theories surrounding these topics but 

progressed in subsequent stages of the literature review.  During these stages the 

searches were more detailed in nature and specific to topics of interest that include but 

were not limited to the following: 

• Software Development and Government IT 

• Predictive Modeling for Software Development  

• Monte Carlo Simulation Method 

Because of the natures of its mission, there are very few widely disseminated 

references that specifically address NGA, and the methods it uses to develop geospatial 

technology.  The significance of this research does however extend beyond just NGA, as 

the concept of software development and predictive modeling can be applied in other 

Government and private industry IT firms.  Though NGA and its use of Waterfall and 

Agile methods is the focus of this research, the methodology and practical application of 

this research can be used to assist IT organizations in their development.  The material 

in this Chapter covers 6 key areas covered as part of the literature review.  These 

categories include: 1.) The Waterfall development method, 2.) Waterfall software 

development case studies, 3.) The Agile software development methodology, 4.) Agile 
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software development case studies, 5.) Waterfall vs. Agile: Predictive vs Adaptive 

methods, and 6.) The significance and use of probabilistic forecasting and predictive 

models in software development. 

2.2 The Waterfall Software Development Methodology 
 

 The software industry advanced very quickly after its inception in the 1950’s and 

1960s, and with this advancement there came the need to better predict and control 

large-scale software project outcomes.  The need to better predict led to the widely 

used sequential, stage-gated “Waterfall” software process model.  With the Waterfall 

model, software development occurred in an orderly series of sequential stages.  

“Requirements were agreed to, a design was created, and code followed thereafter” 

(Leffingwell 5).  The final stage of the Waterfall model was testing of the software to 

verify its conformance to the original developed requirements and design.  The concept 

of sequential software development is credited to Dr. Winston Royce, a respected 

Software Engineer, but believed that his concept software development model could 

not be recommended for large-scale software development.  Dr. Royce even stated, “In 

my experience, the simpler model of Waterfall has never worked on large software 

development efforts” (Leffingwell 5).  In fact, Dr. Royce enhanced his Waterfall method 

to include steps that involved building a prototype first and then using the prototype 

plus feedback between phases to build a final deployment.  Over time, the 

enhancements to the original Waterfall model were lost, so what became commonly 

used and most popular, many say was not what Dr. Royce intended.   
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For decades, DoD saw benefits in using Waterfall and even developed its 

acquisition policies and the lifecycle around Dr. Royce’s model.  Many DoD programs 

and organizations that used the Waterfall method to their advantage as it provided a 

number of benefits in transformative technology development.  First, the use of the 

Waterfall software development method provided benefits to larger organizations 

because it allowed the project to maintain a more detailed, robust scope and design 

structure due to all of the upfront planning and documentation stages.  This is an aspect 

that is well suited for projects comprised of large teams that may experience some shift 

in personnel throughout the life cycle.  Being able to adapt to shifting personnel and 

teams allows for the burden of design to be placed on the core of documentation and 

not on an individual contributor.  Next, Waterfall is advantageous because the process 

forces the project and organization to be disciplined in its design and structure.  It is 

very difficult and costly to make design changes later in the life cycle when using the 

waterfall method.  The method lends itself to well to changes early in the life cycle.  This 

can be advantageous for a project and organization when fleshing out the 

documentation, requirements, and design.  Lastly, because of the inherently linear 

structure of the Waterfall method, it is well suited for organizations and teams that 

work well under a milestone and schedule-driven paradigm.  With clear, concrete, and 

well understood phases, it is relatively simple to develop a development schedule for 

the entire life cycle of development.  This approach can help the project development 

team assign particular markers and milestones for each stage. The position of this 

research is not to eviscerate the Waterfall model, because it still has applicability, but as 
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the need and case studies show, technology firms and organizations across all sectors 

have been fraught with cost overruns, schedule delays, and resulting technology whose 

functionality does not meet the consumer’s need.   

Developing software using the Waterfall paradigm or one of its derivatives has 

become so entwined with the Department of Defense (DoD) acquisition system that it 

has been very difficult for DoD IT organizations to move away from.  The Software 

Engineering Institute noted that, “The DoD has a long history with software 

development, including a number of techniques that in today’s parlance would be 

considered “Agile” or even “extreme” (Software Institute Technical Note, 2018). As with 

all emerging technologies however, software engineering has had its share of issues, in 

part due to the heavy influence of hardware-oriented development approaches on 

software development.  In response to the software crisis of the late 1960s DoD took 

steps designed to control the development of complex software-intensive systems” 

(Palmquist et al. 1).  In fact, DoD began issuing a series of standards and policies that 

pushed a rigidly sequential, big design up front (BDUF), big test at the end, document 

everything approach involved in the software development lifecycle.  Over time, DoD 

developed methods that were derivatives of the initial Waterfall method, but 

functioned much like Waterfall.  Like the Waterfall method, the V-model method for 

instance, specifies a series of linear stages that should occur across the life cycle, one at 

a time, until the project is complete; however, the practical application of such a model 

yielded the same results.  There are examples where the V-Model has proven to be 

beneficial, however with the development of new methods, projects that continue to 
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use these models experience prolonged development, and cost overruns.  These 

lingering issues can be contributed to the fact that the project timelines are planned at 

the start, and a releasable product or technology is only delivered at the end of the 

project timeline.  If one phase is delayed all other phases are impacted, thus, a 

cascading project delay.  To avoid project delays, users try to anticipate all possibilities 

beforehand. This means that in the earliest phases of the project the development team 

tries to define all requirements as granular as possible (Scrum Institute, 2018).  

Requirement definition in such an early phase of the project is not an easy task, 

resulting in many of the requirements changing throughout the development lifecycle. 

According to the Scrum Institute, “studies have shown that in larger and complex 

projects, about 60% of the initial requirements are changed throughout the project. 

Other requirements are implemented as defined but are not really needed by the 

customer and consume valuable time that could have been better used to implement 

functionality with a higher added value for the customer” (Scrum Institute, 2018).  With 

the V-model and Waterfall model, the separation into different project phases force 

users to estimate each phase separately. The problem is that most of these phases are 

normally not separate. Figure 2-1 below shows processes that make up the V-Model 

used by many IT organizations and is a derivative of the original Waterfall model.  Both 

models introduce problems and inefficiencies with large scale software development 

efforts but are still widely used; particularly on Government and DoD projects.  
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Figure 2-1: Software Development V-Model (Cordioli, 2017) 

Examining the persistent use of Dr. Royce’s Waterfall model in DoD, research has 

shown many successes in its early years, but many failures have followed suit.  

Government leaders are becoming more aware of the financial impacts and likelihood of 

a failed project while continued use of this model. Over the last half decade there has 

been a push to change DoD policies and mandates to allow for new methods of 

software development though progress has been languid. Dr. Royce’s reticence with 

respect to the application of his developed Waterfall model seems to support the flaws 

and limitations noticed in its practical application.  In 2016, The Standish Group looked 

across the Government and graded several large projects that use Waterfall. “Federal IT 

cost were $78B in 2016, and of the large IT projects that failed, it resulted in $32B of 

waste” (Friend 13).  These statistics resulted in only “4% Federal IT projects being 

successful, 56% challenged, and 40% failed completely” (West 26).  In a 2012 

Government Accountability Office report research has shown that even with this data, it 

has been extremely hard for many Government organizations to move away from the 

Waterfall development approaches. NGA is one such organization that has used to 
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Waterfall model and experienced significant cost overruns and delayed schedules. 

Though the concept of Waterfall has purpose, its limitations are more pronounced with 

current DoD projects, especially those that involve large development baselines.  The 

Waterfall method has seen a slow phasing out in recent years in favor of Agile methods 

for the following reasons:  the method has non-adaptive design constraints; it does not 

account for user feedback until late in the development cycle; and the method does not 

conduct testing of the design and requirements until late in the process. 

VersionONE is a company that has created an industry-wide and oft-cited global 

survey that captures metrics on the use of software development methodologies but 

focuses much of its metrics on the use of Agile.  This survey is known as "The State of 

Agile".  "98% of companies that use Agile have realized success" (11th Annual State of 

Agile Report 2).  Figure 2-2 below shows the by percentage use of Agile methodologies 

according to the 11th Annual State of the Agile report. Scrum, being the most practiced 

Agile method with 58% of practitioners implementing that technique in their 

organization.  Though there are different Agile methods, Scrum is the most popular 

innovation engine.    
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Figure 2-2: 2016 State of Agile Use of Agile Methods Metrics (Standish Group, 2016) 

As with many Government agencies, and IT organizations outside the Government and 

DoD, the transition from Waterfall to Agile has been a very difficult process.  Research 

shows that the corporate use of Agile methods in the Government sector has been a 

difficult and slower process partly because of the policy-driven changes that will be 

impacted.  In 2012, the Government Accountability Office addressed why the use of 

Agile software development methods has been difficult in DoD unlike Private Industry, 

and the report stated that because of the standards and policies and the many decision 

points involved in making changes, the Government lags behind Industry by a decade in 

its use of Agile methods corporately (Government Accountability Office, 2012).  Private 

Industry has less restrictions, so embracing Agile has been easier, because it has 

involved less bureaucracy.  The inability to codify Agile methods can also be linked to 

the inability of organizations to understand the psychodynamics, knowledge 

management, and behavior science associated with introducing significant change in 
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organizations with institutional thinking. This shift from Waterfall to Agile in the 

Government sector has been very slow and even more challenging, but there are many 

that recognize the significance and benefits, as shown in many case studies (Brady 15).   

Jim Barclay and John Ruark, two Leading Agilest in the Government sector 

stated, “The push for making the move from Waterfall to Agile Scrum is a necessity and 

has been in work for over 15 years, and is not a new. The culture has just now caught up 

with the efficiencies of Agile methods like Scrum serves in development” (Barclay and 

Ruark, 2018).  In fact, there are several Government leaders and policy makers who 

advocate for, and believe in the Agile manifesto, thus the convergence of more agencies 

pushing to codify Agile methods in their organizations (Government Accountability 

Office, 2012). Though the use of Agile in government is done in small pockets, many still 

are in a perpetual cycle and vortex of Waterfall development and are experiencing cost, 

schedule, and quality risk.  This research provides a tool and methodology for Agilist and 

IT organization to use in order to decide to make the move from waterfall to Agile.  Like 

any other technology, IT service-based technology that is being developed by DoD IT 

organizations have had to adjust its execution chain in order to keep up with the pace of 

change.  The pace of change is related to customer demand, as well as competitive 

position.  In order to remain viable, organizations have to decrease the execution and 

development chain and also ensure technology meets demand.   

The National Geospatial-Intelligence Agency is one such Government agency that 

has, since its inception, leveraged the Waterfall software development method as 

directed by DoD Standard, DoD-STD-2167A (Harris 26).  This is a standard that required 
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DOD entities under the auspices of the Federal Acquisition Regulations (FAR) to develop 

systems using a Waterfall software development cycle that includes the following six 

phases: Preliminary Design, Detailed Design, Coding and Unit Test, Integration, and 

Testing (Harris, 2016).  Moving from one phase contains many decision points that make 

it difficult to move from one phase to the next. The dynamics of institutional practices 

and their impact are no different at NGA than any other technology focused 

organization.  When you have used processes for so long, they become engrained in 

your business model and it becomes very difficult to transition into new ways of doing 

business.  At NGA, Waterfall was once a policy-driven standard, however, new, and 

improved standards like MIL-STD-498 are not so biased towards the Waterfall model, 

and account for more flexibility and choices in development.  

As part of its mission, the National Geospatial-Intelligence Agency has a very 

important role in provided software-based geospatial tools and services to the global 

community.  The NGA Strategy 2016 states, “Anyone who fights wars, locates targets, 

sails a U.S. ship, flies a U.S aircraft, makes national policy decisions, responds to natural 

disasters, or even navigates with a cell phone relies on the NGA.  It is the leader in 

enabling these critical actions and shapes decisions that impact our world through the 

indispensable discipline of Geospatial Intelligence (GEOINT).  Geospatial Intelligence is a 

highly evolved intelligence discipline that goes beyond telling you what is happening, 

where it is happening and when it is happening- it also reveals how it is happening, why 

it matters, and what is likely to happen next” (NGA Strategy 1).  GEOINT is the 

foundation of all intelligence disciplines.  NGA is the lead Federal Agency in the 
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Department of Defense responsible for GEOINT and manages a global consortium of 

more than 400 Commercial and Government relationships.  Many of the technologies 

that NGA builds to handle its GEOINT is made using software. As the demand for 

technology grows and the lifespan shortens, NGA thrives on the need for development 

processes that enable fast delivery, less complexity it the development lifecycle, and 

low-cost burdens.  Managing technology innovation in NGA is problematic due to 

cultural realities and the pervasive use of methods that extend development timelines; 

resulting in cost and schedule overruns, and ambiguous interpretation of the 

consumer’s need.  This also results in the delivery of technology that most times does 

not address the needs of the consumer/user.  Like many DoD IT organizations, the 

introduction of Agile approaches and methods at NGA have been stagnated because of 

the absence of methods that allow for adaptive technology development.  For example, 

while using traditional methods such as Waterfall, IT organizations define requirements 

and design up front, allowing no changes to be made to design.  The further along in 

development you are to allow or changes, the costlier the changes. Its inability to be 

adaptive and amenable to changing scope can not only impact NGA’s ability to expose 

time relevant geospatial technology to its consumers, but can also put the national 

security apparatus’ ability to defend against emergent threats, at risk.  

In its evolution over the past 20 years, NGA went from paper-based and 

hardcopy products like: maps, nautical charts, and other geodetic products, to an IoT, 

automated, systems-of-systems workflow, where its valued assets were produced, 

maintained, and managed by systems, data repositories and services that relied heavily 
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on technology development.  The foundation of its technology has always been 

software development.  Over time, NGA saw its core workflow evolve from static map 

production to very complex, dynamic, service-oriented architectures that combined 

loosely coupled and interoperable applications, systems, and tools to support its 

customers.  Waterfall software development was the perfect set of processes that 

would influence the strategic and methodical way the agency would define, develop, 

and maintain its new way of technology to suits it changing needs.  Over the past 

decade NGA has been crippled in its ability to develop and modernize technology and 

processes that address consumer needs, current threat environments, and data volume; 

making it very difficult to navigate and cope with realities of a data-centric, technology-

driven world.  These problems are not just germane to NGA, but most IT organizations.  

The idea is to be leading edge, but while many IT organizations like NGA continue to use 

Waterfall, the execution chain has shortened from 50 years ago, and competitors have 

learned to move inside their decision space, whereby they move faster than the sector 

leader’s ability to respond by introducing technology ingenuity.      

The Waterfall method was built into the Governments acquisition lifecycle for IT 

development, however NGA would choose Waterfall as the preferred development 

methodology (Harris, 2016).  The organization has experienced some successes using 

Waterfall, but the fiduciary responsibility of the agency has been fraught with budget 

overruns, antiquated technology, and overextended schedules.  Many believe that the 

rigidity of the Waterfall, and its inability to embrace change like Agile, is the root cause 

of why many programs experience cost, quality, and delivery burdens.  Senior decision 
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makers at NGA, DoD, and Private Industry have studied and evaluated these problems, 

studied Industry results, and pushed for new ways to develop its products and services.  

Agile SDEV methods are ways NGA has thought to produce “faster”, “better”, and 

“cheaper”, and has seen moderate use (NGA Strategy 2).  The shift in approach has been 

slow, but momentum has increased over the last 6 years.  More audits and third-party 

evaluations of the business of IT development at NGA is being done and more programs 

are seeing the benefits of Agile.  The results of this research and the quantitative 

approach that is introduced to assess NGA’s software development process 

methodologies can be useful and bring necessary change to the organization.  The use 

of development methods that align with the execution chain is very important and is 

one function that can help IT organizations better manage and plan their software 

baselines and technology development.  

2.3 Waterfall Software Development Case Studies 
 

 Over the past two decades research has captured the differences in opinion with 

respect to Waterfall and Agile software development.  Advocacy and support fall into 

one of two schools of thought.  Those that find intrinsic value in the Waterfall software 

development method, and those staunch supporters of Agile, and find no use for the 

Waterfall method in modern software development use.  Very few find common ground 

between the two methods.  The juxtaposition of the two methods has resulted in the 

global software engineering, project management, and IT communities clamoring to see 

which will survive when the dust settles, and more It service companies and 

organizations are phasing out Waterfall in favor of Agile methods.   
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Private Industry has always been at the tip of the spear and leader of change; 

with the DoD lagging.  Although there are supporters of the Waterfall method, it is 

becoming harder to find those IT organizations that still see benefits to such an 

antiquated method.  Private Industry has shown a quicker transition from Waterfall, but 

there are several Government organizations that still use it.  There are examples of DoD 

IT projects that used the Waterfall method and succeeded though these case studies are 

becoming harder to find.  There are also cases studies that show DoD projects that 

experienced significant cost, schedule, and performance failures while using Waterfall.  

The demand for technology over the past 20 years has resulted in IT companies 

decreasing their execution chain.  There is still a demand for large, complex technology 

that relies heavily on external systems such as airplanes, bridges, large buildings, and 

banking systems.  Waterfall was once the preferred method for complex technology 

such as these.  Today the demand for technology must adapt to evolving needs, so 

companies are focused on breaking large complex systems into smaller, more 

manageable development efforts.  Companies are seeing that with large development 

efforts, changing requirements or design midway can be very costly; which is an issue 

experienced by many companies using Waterfall. 

In 2012, Brian Wernham presented a paper that presented many Government 

programs that used the Waterfall approach and failed.  He stated that “CG(X), Kinetic 

Energy Interceptor (KEI), XM2001 Crusader, Transformational Satellite Communication 

System (TSAT), Expeditionary Fighting Vehicle (EFV), Airborne Laser (ABL), RAH66 

Comanche, Future Combat System (FCS), Virtual Case File System (VCF).  Each of these 
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projects were marred by requirements ambiguity, shifting requirements, delayed 

milestones, and cost growth that resulted in over $46B in wasted development costs” 

(Wernham, 2012).   

To understand why IT organizations fail using Waterfall, we studied 

Helathcare.gov.  In 2013, Khan, Heironimus, Wisseh, Moussavi and Parerikkal published 

research on the failures of healthcare.gov.  Under Former President Barack Obama, the 

Nation’s Affordable Care Act (ACA) healthcare reform law was enacted on March 23rd, 

2010.  Under this new act, a new “Patient’s Bill of Rights” gave Americans the stability 

and flexibility they needed to make informed choices about their health.  Healthcare.gov 

is the data repository that would be set up to allow citizens the choice to pick their own 

healthcare policy.  Healthcare.gov is another federal IT project in the long list that 

experienced catastrophic failures while using Waterfall methods (Harris 27). The 

website suffered from poor planning from its very beginning.  Instead of using a phased 

approach that would’ve allowed for parts of the website system to be rolled out in 

weekly or biweekly cycles, the government used a Big Definition Up Front (BDUF) 

approach, whereby all the requirements for the system were defined upfront, and the 

developer could work on the development until a finished product was to be delivered 

(Kelley 43). There were over 55 different developers working on Healthcare.gov, and the 

planned cost was $93.7M.  When it launched on October 1, 2013, it allowed residents in 

36 states to create and manage their own healthcare exchange.  Healthcare.gov went 

live as part of the technical implementation of the ACA reform to help Americans buy 

healthcare insurance (Khan, Heironimus, Wisseh, Moussavi and Parerikkal, 2016).  
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However, on its launch it was not designed to handle the volume of users (250,000) and 

was shut down within 2 hours of launch.  An astonishing 6 users could only complete 

and submit their applications and select a health insurance plan on the first day.  The 

development method allowed for no testing and was under extreme schedule pressure 

as mandated by the Affordable Care Act. The website was to launch regardless of the 

maturity of the software design.  Through a large amount of troubleshooting, bringing in 

new contractors, and increased management, the website could then handle over 

35,000 concurrent users, and 1.2 million customers had signed up for healthcare by 

December 2013. The research concluded that though the development effort using a 

Waterfall approach had budgeted cost of $93.7M the actual cost was 1.7B, and it wasn’t 

until 2014 that the website was fully functional. 

In 2012, Brian Wernham also presented the findings about a failed Government 

project that used Waterfall. Brian aimed to provide a clear understanding of the root 

causes and proposes why it is important that the Government progress to Agile Scrum.  

The focus of Wernham’s research was the FBI’s Virtual Case File project.  Many industry 

Agilist study this case study to examine the failure of Waterfall software development 

implementation.  In 2001, The Federal Bureau of Investigation was using antiquated 

technology to record evidence and other intelligence information.  Up to this point they 

had relied heavily on ad-hoc processes to share documents, photos, and other 

electronic media.  The way the FBI had handled the Oklahoma City Bombing case 

exposed many deficiencies in their technology.  Continued use of outdated technology 

resulted in the FBI revealing that it had not disclosed over 700 documents to defense 
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attorneys in this case (Wernham, 2012).  Wernham stated, “The FBI had forgotten to 

send materials and, in many cases, had lost evidence, and an independent investigation 

showed that the combination of the old computer system and the manual processes 

were to blame (Wernham 5).  The FBI evaluated the program and determined that the 

computer system that was being used did not support the critical operational processes, 

was over complex, and very difficult for Agents to use (Wernham 5).  The FBI started a 

project to build a new Virtual Case File system (VCF) at a cost of $379M (Wernham 5).  

The FBI determined that it would plan the VCF project using the Waterfall software 

development method- with a grand design being drawn up before work would start on 

the development of a monolithic system (Wernham 5).  Using the standard waterfall 

process led the development planning of VCF to conduct all testing of the Virtual Case 

File system at the end of development, and then the whole system would go live at 

once.  The FBI made promises to bring forward deployment of the VCF system by 6 

months, then received an additional $78M of funding, and promised yet again to deliver 

the systems 6 months ahead of schedule. In Wernham’s evaluation of the VCF project 

he stated, “In all, the FBI promised to deliver 12 months ahead of the original schedule 

with a total budget of $457M” (Wernham 9).  The classic symptoms of Waterfall were 

pervasive with the VCF system and after a year of development, it became evident that 

a total re-write of the software was necessary.  The project led by SAIC missed its 

project milestones, and though work continued, each year the project deadline was 

extended an additional year was added, with no delivery of technology. A 300-person 

team had initially spent six months creating requirements and six hundred pages of 
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listed requirements; presenting a grand design upfront, with a Waterfall style rollout 

planned.  After years of work, SAIC and its team had delivered 600 pages of 

requirements, 400 documented change requests, 700,00 lines of program code that had 

been written and re-written, and 1,200 pages of requirements documentation.  The post 

mortem report concluded that SAIC had “so badly bungled the project and that the 

software was incomplete, inadequate and incompetently designed – essentially 

unusable under real world conditions” (Friend 6). The project was finally cancelled in 

2005.  Wernham conclusively states, “Failures of the VCF project can be contributed to 

poorly aligned Waterfall software development method, and from the inception of the 

project there were poorly defined designed requirements, a lack of mature 

management processes, poor oversight, lack of a mature enterprise architecture, and a 

lack of specific completion milestones and review points” (Wernham 12).   

In 2016, 18F published a report on the important considerations for revitalizing 

NGA’s technology development methods.  The report states, “Though this report is 

specifically concerned with understanding technology development inefficiencies, 

assessing development stability, estimating project stability, and selecting an 

appropriate development methodology, the findings are not germane to one specific 

project, but the entire enterprise, and thus should be applied across the entire Agency” 

(18F 16).  NGA in its pervasive use of the Waterfall method of software development 

could learn valuable lessons from previously failed Federal IT projects like the FBI’s VCF 

project and CGI’s Helathcare.gov.  It should no longer be beholden to an antiquated 

approach and software development method that results in cost overruns, late 



60 
 

deliveries, or cancelled projects.  Research has shown that projects, regardless of sector, 

that use the Waterfall method have very little flexibility in the design and development 

after the development starts, no user involvement, and testing isn’t done until the end 

of development.  The requirements baseline is established upfront as is the design.  

Both locked in with very little flexibility.  Migrating to an approach like Agile Scrum is no 

guarantee for success, more IT service companies are migrating away from Waterfall 

and using agile in order to optimize cost. Bureaucracy makes DoD more risk averse than 

most, so there is a much slower progression to Agile. Agencies like The National 

Geospatial-Intelligence Agency have used the Waterfall method and developed 

innovative capabilities, but cost overruns, lagging schedule deliveries, and rework of 

development work are systemic issues that are believed to be contributed to the 

pervasive use of the Waterfall method.  Understanding probabilistic forecasting 

techniques and predictive models, and how they could be applied to Agile development 

efforts are viable mechanisms that can be used at NGA to forecast and model future 

development events.  

Finding case studies where the implementation of Waterfall has been successful 

is becoming more difficult, because so many people believe that Agile ensures success 

and must be applied in all scenarios.  In the disciplines of Engineering Management, and 

Program and Project Management, three of the most important functions that drive 

success are: cost, schedule, and performance. Today, many projects that use the 

Waterfall SDEV find it hard to manage each of these functions.  Finding projects that 

maintain all three of these functions I very difficult.  For example, a project may deliver 
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within cost, but behind schedule, and the functionality of the system delivered does not 

meet the needs of users. 

The implementation of the Waterfall approach is necessary in some cases.  In 

fact, the method can be used to deliver a baseline set of requirements for system 

functionality.  Once the baseline has been established, an iterative approach like Agile 

can be used to deliver parts of the larger system design and functionality.  The NGA 

desktop operating system project is a great example of when Waterfall was an efficient 

and necessary process to use.  The desktop operating system used the software 

approach to deliver email unified communications (chat, and phone), desktop services, 

print services, security, and virtualization of applications for access by users so they 

could do their jobs.  Using an iterative approach to deliever these baselines services 

would have had catastrophic impacts to the mission, so it was necessary to see 

Waterfall to develop all of the requirements and design of the desktop of front to 

deliver the necessary batch of desktop functionality.  In this instance, delivering pieces 

of these key functions for employees was very important.  Even in this case, where 

Waterfall was used to deliver a baseline set of requirements and design, the project 

eventually transitioned to an iterative delivery model using Agile software development 

methods to deliver subsequent functionality.   

In 2004, Marcus Urioste provided research on the Tactical Tomahawk Weapon 

Control System.  TTWCS is another example of a moderately successful DoD program 

that used the Waterfall software development method.  However, though it started 

with the Waterfall approach with success, it eventually changed to a more iterative 
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approach; seeing significant success. “The Tactical Tomahawk Weapon Control System 

(TTWCS) is the next-generation system for planning and controlling Tomahawk cruise 

missile flight. The TTWCS development is part of the U.S. Navy’s Tactical Tomahawk 

Weapon System Upgrade to improve the flexibility and responsiveness of Tomahawk 

cruise missiles, add new capabilities, and upgrade existing fleet systems” (Urioste, 2004, 

9).  At its inception in 1999, Lockheed Martin’s award of the TTWCS contract was 

managed using Waterfall software development.  “Software is a vital part of the TTWCS, 

where the software is comprised of over 500,000 lines of new and modified custom 

software code, and 500,00 lines of reused software code (Urioste, 2004, 9).  In early 

2000 TTWCS migrated away from using Waterfall to an incremental Agile software 

development method.  “The TTWCS benefits from an incremental software 

development model that offers improved quality, reduced cost, and better adherence to 

schedule over spiral or waterfall development. Each increment adds functionality and is 

taken through a full development and test cycle.  In software increment one, legacy 

software from ATWCS was integrated with TTWCS hardware. During increment two, the 

TTWCS infrastructure (Operating Environment and Common Services Middleware Layer) 

was implemented and matured. Software increments three through six added new 

functionalities to the heritage weapon control system.  The final increment contained 

the full TTWCS functionality and was formally tested under rigorous supervision.  

Incremental software development allows for risk reduction through incremental 

system integration.  Each successive increment is developed at reduced technical risk 
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due to a solid functional and performance foundation established in the preceding 

increment” (Urioste 9). 

2.4 The Agile Software Development Methodology 

Over the past four years Agile methods have drawn more attention from NGA IT 

professionals, and as new development efforts are negotiated, more are based on Agile 

Scrum principles.  This change has been in the works for over a decade.  Many software 

development organizations are striving to become more Agile (Cohn 50).  Research 

shows several case studies of successful Agile organizations that were producing higher-

quality software that better met user needs more quickly and at a lower cost than 

organizations that used the Waterfall method (Mayer 63).  Yet and still, even though 

these examples exist, many DoD and Federal IT organizations have been much slower to 

embrace Agile. Government IT organizations have been slow to transition to Agile 

because the Waterfall approach has been a major part of the Government’s Acquisition 

and Technology development lifecycle; woven in by directives and standards.  In 

October 2015 Sean Brady presented the findings of research he had done on DoD and 

its inability to embrace Agile. He presented a framework that involved identifying the 

“key variables to implement Agile” and using the existing standards and directives to 

determine the most seamless way to overlay the method into DoD’s acquisition process 

(Brady 21). This methodology is consistent with the notion that using Agile in DoD is a 

measure of success for IT development; lowering cost, minimizing risk, and improving 

software acquisition.  The author also concludes that DoD leaders increasingly 

appreciate Agile software practices and there is growing adoption, DoD seeks practical 
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approaches that mesh Agile with DoD’s statutory, regulatory, operational, and closed-

scope environment, and that existing DoD Instructions support tailoring for adoption of 

Agile.  That same month at the Defense Once Summit, the Honorable William LaPlante, 

Assistant Secretary of the Air Force for Acquisition stated, “There’s a lot of promise in 

Agile; I think a lot of us are excited about it… The question is going to be how Agile our 

Acquisition system is to take advantage of it” (Brady 16).  At the same summit, The 

Honorable Sean Stackley, Assistant Secretary of the Navy for Research, Development, 

Acquisition and Test stated, “We find ourselves in a position where until you bring that 

software to bear against the systems that you’re integrating, you do not really have a 

good sense of the quality and completeness of the SW…” and then you get into the test 

and fix mode.”  The adoption of Agile methods could mean less uncertainty throughout 

the lifecycle of software development” (Brady 16).  Both quotes from Senior 

Government officials shows the desire to move beyond Waterfall software development 

to more adaptive methods.  

Federal standards, once required Waterfall to be used during development, but 

with the progression to Agile catching speed, more Federal IT organizations are showing 

interesting in implementing Agile corporately.  Those Government IT organizations that 

have already switched to Agile processes are seeing significant gains in productivity with 

corresponding decreases in cost (Cohn 67).  The number of Agile processes in practice 

speaks to the industry’s drive for more effective and lighter-weight processes.  In the 

Federal and DoD sectors, standards, and directives such as Department of Defense 

Standard 2167A (DoD-STD-2167A) and Department of Defense Directive 5000.01 (DoDD 
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5000.01) were interpreted for decades by many to mandate the use of only Waterfall 

development.  As private industry started to utilize Agile methods, DoD was lagging 

because many believed that the standards and directives prohibited the use of Agile. In 

fact, in 2010 in a technical note written by fellows at Carnegie Melon’s Software 

Engineering Institute states, “Flexibility, responsiveness, innovation, and collaboration 

are all terms that one might see when discussing Agile. These terms are in fact section 

headings in DoDD 5000.01. One could interpret these sections as encouraging the use of 

methods such as Agile. Other sections on Integrated Test and Evaluation, Professional 

Workforce, and System Engineering also support the use of Agile; at least they seem to 

be open to methods other than Waterfall” (Lapham et al. 13).  The note concludes that 

the realization that existing standards and directives are amenable to Agile rather than 

prohibit its use, is driving more DoD IT organizations to use Agile methods.  There are 

several Agile methods being used as described in this section, and more are constantly 

being developed.  Of those existing Agile methods, the most widely used methods are 

Extreme Programming, and Scrum.  Of the projects at NGA that have progressed to Agile 

methods, they all use the Agile Scrum method, as it is the preferred Agile method by 

many Agilist. 

Extreme Programming (XP) is an Agile process created by Kent Beck in the 1990s.  

With the XP Agile method requirements are expressed as scenarios (called user stories), 

which are implemented directly as a series of tasks. XP is usually done in a team of five 

to ten programmers that work at one location with customer representation on-site 

(Beck and Andes 78-79).  The development occurs in frequent builds or iterations, which 
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may or may not be releasable, and delivers incremental functionality (Beck 38).  There is 

a short time gap between releases of the system (Sommerville 42). With XP, the 

requirements are also specified as user stories, each a new chuck of new functionality 

the user requires (Leffingwell 28).  The requirements, architecture, and design are 

artifacts that emerge over the course of the project using XP. Figure 2-3 below shows 

the Extreme Programming Agile Process (Beck and Fowler 14).  Extreme programming is 

usually implemented as part of the Agile Scrum process, and not often as a stand-alone 

method that is implemented within a project.  Few independent case studies of XP exist 

as the method is used as a process within the development team as part of the Agile 

Scrum software development method.   

 

Figure 2-3: Extreme Programming (© Beck & Fowler, 2004 

 The Agile Scrum framework that is used by many IT organizations was developed 

in 1993 by Jeff Sutherland and Ken Schwaber (Sutherand and Sutherland 67).  Research 

data shows that over the past decade, Agile Scrum is seeing wide-spread use.  Jeff 

Sutherland and Ken Schwaber developed Scrum because they were looking for a faster, 
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more reliable, more effective way to create software in the tech industry (Sutherland 

and Sutherland 2014).  Scrum is an iterative and incremental Agile software 

development framework for managing product development (Scrum Alliance, 2014).  

The Scrum approach to software development is a flexible, holistic product 

development method that enables a development team to work as a unit to reach a 

common goal (Harvard Business Review, 2010).  The Agile Scrum development method 

is vastly different than Waterfall in that it is implemented by a Scrum development team 

that is in most co-located. The Scrum development team works closely together 

throughout the development cycle.  A noted advantage of the Agile Scrum software 

development method is that it is also amenable to change or unpredictable challenges 

that may occur during the development cycle.  “With the Agile Scrum software 

development approach, the work is done in “Sprints” that are time boxed and fixed” 

(Leffingwell 15).  In prototypical Agile Scrum development project development, a Sprint 

is typically 2-4 weeks long.  The Scrum Team commits to a certain scope within the 

Sprint, and once the scope is established no additional functionality can be added, 

except by the development team.  “The work that the team does is captured in the 

product backlog, which includes all the new requirements to be delivered, the defected 

workload, and infrastructure and design activities” (Leffingwell 15).  Key roles within the 

Agile Scrum development framework include the following: Scrum Master, Mission 

Owner, Product Owner, and the Development Scrum Team.  The Scrum Master 

represents the management to the project, is responsible for enacting Scrum values and 

practices, removes impediments, ensures that the team is fully functional, and 
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productive, enables close cooperation across all roles and functions, and shields the 

team from external interferences. The Scrum Master is responsible for directing all the 

development. The Mission Owner is responsible for the creation of User Stories, 

Acceptance Criteria, and managing the prioritization of features/requirements that are 

within the backlog.  They also help to define the development roadmap for the project. 

The Product Owner is considered the trusted agent that decides on the release date and 

content, is responsible for the profitability of the products, supports the Mission Owner 

in prioritizing features in the backlog according to market value, adjusts features and 

their priority as needed, and accepts or rejects work results from the development 

team.  The Development Scrum Team is a cross-functional team that is responsible for 

the code design and creation that is necessary to build features and products.  The 

enhance existing code or develop new software code that represents the system or 

technology design.  Each of these key roles within the Agile Scrum software 

development framework work together toward the same goal, setting the rhythm of the 

development, and adapts to change (Villafiorita 74). Figure 2-4 below describes the 

Agile Scrum software development lifecycle method.   
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Figure 2-4: Agile Scrum Lifecycle (© Sutherland & Schwaber, 2018) 

Scrum has been used by many companies like: Spotify (Swan 24), Google, 

General Motors Corp (Harris, 2017), SalesForce.com (Kline, 2014), Fannie Mae 

(Greengard 39), Microsoft (Tino 16), Lockheed Martin (Scharadin 6), Philips, Turner 

Broadcasting, John Deere (Rigby et al, 2016), and Saab (Rigby et al. 8).  Each of these 

companies have used the Agile Scrum method for commercial software, video game 

development, mobile phones, handheld software, the Joint Strike Fighter, Satellite-

control software, and websites.  Scrum is a proven process and has helped each of these 

companies increase their value stream, decrease the time in which their technology was 

delivered, and deliver technology with higher user satisfaction.  The Agile method has 

shown great utility and has decreased the time in which companies deliver their 

products, shown cost savings, and shown higher quality as compared to the Waterfall 

method. 

2.5 Agile Software Development Case Studies 

The Standish Group, Program Management Institute, Software Engineering 

Institute, and INCOSE have studied the causal effects of cost, schedule and quality on 

technology development using the Waterfall and Agile methods.  Research suggests that 
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more companies are leveraging the data from these groups and using the data findings 

to understand the effects and how they can transition to Agile.  Though the Federal 

Government has been slower to change its current directives and standards, there are 

leaders who are seeing the benefits and pushing for wider use.  In 2010 Mike Chon 

wrote about Salesforce.com and their motivation to find new and innovative ways to 

lower the cost of development, increase productivity, and get technology to its 

consumers faster.  This company is studied by many in the field of software 

development and its successes have given impetus to further research.  As Mike Cohn 

presents, Salesforce.com is one of the greatest examples of a company that built their 

business around Waterfall software methods and eventually progressed to an Agile 

Scrum development method and saw significant gains in productivity, decreased cost, 

and a higher value stream after doing so.  They were able to bring products to market 

much faster and with greater degree of customer satisfaction.  With Agile Scrum, 

Salesforce also experienced greater visibility into the development process, which lead 

to greater predictability.  Founded in 1999 in an apartment in San Francisco, 

Salesforce.com is one of the true lasting dot-com-era success stories (Cohn 51).  The 

company specializes in software as a service (SaaS).  In 2006, the company had more 

than $450 million in revenue and 2,000 employees but noticed that the frequency of its 

releases had dwindled from four a year to one a year (Cohn 67).  The company Executive 

team realized the frequency and timeliness of deliveries had direct impacts and 

consumers of their products were getting less and waiting longer to get it.  The company 

examined its development processes and believed that the use of the Waterfall model 
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contributed to these late deliveries.  The company decided to transition to the Agile 

Scrum model throughout the company, and after the first year of progressing that 

model, they released 94% more features, 38% more features per developer, and 

delivered over 500% more value to its customers (Greene and Fry 2008).  Continuing to 

use the Agile Scrum model in 2017, the company had $8.39 billion in revenue and 

$61.74 million in operating income and employs over 25,178 people. 

 In October 2012 Brian Wernham presented research from a case study done 

regarding Agile project management for the government. In his research he provided 

details of the FBI’s Sentinel project. This project is another great example of a large-

scale Government software development project that used the Waterfall method, 

experienced failures, and eventually progressed to using the Agile Scrum model.  What 

makes this project unique is that its success came on the heels of, not one, but two 

failed attempts at using the Waterfall method for the same project.  The Virtual Case 

File System discussed in Section 2.2 of this Chapter is the predecessor to the Sentinel 

project, and after 5 years of development and $457 million dollars, the project had 

nothing to show and was terminated. With the termination of VCF, and the inception of 

Sentinel, the project awarded Lockheed Martin and its subcontractors a 3-year contract 

worth $425 million to revamp the virtual case file management system.  The 

development effort was set up to exercise Waterfall, and once again the project 

experienced major schedule slips, and the system was lacking 57 promised security and 

authentication system features.  The project ended up slipping another 12 months and 

increased by $18 million dollars.  As development continued, network latency caused 
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major system issues, and the vendor requested an additional $39 million dollars to build 

out, improve, and streamline the network infrastructure.  This resulted in the project 

slipping to September 2010.  The project was clearly in trouble, however throughout the 

project, the reports produced by the PMO, despite being detailed and full of statistics, 

never reported even on sub project as being in trouble, even as the project was 

obviously out of control (Wernham, 2012).  During testing the users rejected the system 

as designed, exposing major issues in design and functionality of the system.  This phase 

of development was eventually stopped because of major design flaws, and cost 

increases.  By now, $405 million dollars had been spent on the project, and an 

independent report estimated that completing the Sentinel project under the current 

development would cost an additional $351 million and take another six years.  In 

September 2010, the FBI made the difficult but sensible decision to develop an 

alternative plan for completing Sentinel (Wernham 2012).  The change their 

development approach and decided to select Agile Scrum as the preferred method to 

complete development.  The FBI removed all Lockheed Martin personnel from the 

project and started to supervise all the sub-contractors directly.  The number of 

personnel supporting the effort went from 125 full time equivalents to 55 full time 

equivalents, and the team began to prioritize the previous developed 670 user stories in 

a backlog, where they each described just one end-to-end process that the system 

needed to do.  21 sprints were planned to develop all user stories, and after just a few 

sprints it became possible for the team to forecast the rough timescales and start to 

plan the dates for incremental implementation estimation.  Forecasting is an important 
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concept that can contribute to the success of a project.  Jeff Sutherland, the co-creator 

of the Agile Scrum method along with J.J. Sutherland present a concept that correlates 

time to the variability in the estimate of project scope (effort, cost, features).  This 

concept is called the cone of uncertainty (Sutherland and Sutherland, 2014).  The cone 

of uncertainty shows that the beginning of estimates of work can range from 400% 

beyond the time taken to 25% of the time taken.  The low and high estimates differ by a 

factor of sixteen.  As the project progresses and more gets settled, the estimates will 

start to align with reality until there are no estimates and the project scope is operating 

in reality.  With Waterfall development all your project estimation is done of front not 

accounting for project variability.  With Agile, projects have the opportunity to refine 

the plan throughout the project rather than doing it all up front.  Projects can plan in 

enough detail to deliver the next increment of value and estimate the remainder of the 

project in larger chunks. Being able to stabilize the cone of uncertainty contributed to 

the Sentinel project’s success. The project was funded incrementally, so the scope of 

work was bound by funding allowing the vendor to spike through enough of the work, 

and then using that as a basis of estimate for future work that is similar.  After just a few 

sprints, the Sentinel project development team was able to provide estimates that kept 

scope and budget well below what was expected.  It did not take long for the team to 

catch its groove while using Agile Scrum and project estimation.  After a full year of 

development in 2011 the project was running so smooth under Agile that only 52% of 

the much-reduced Agile development budget of $32.6 million had been spent on 

building 88% of the system (Wernham, 2012).  By June of 2012, the revised technical 
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targets had been achieved.  $46 million had been spent on making progress, and most 

importantly users were using the system and it functioned as they had desired.  

Wernham’s research concluded that the cost of the failed trilogy VCF project was $170 

million (Wernham, 2012).  The cost of the written off work of Phase 1 and 2 of the 

Sentinel project up to the firing of Lockheed Martin was $427 million (Wernham, 2012).  

The total spent on these failed attempts to replace the system was $597 million and 

wasted 10 years (Wernham, 2012).  The same project using Agile Scrum, which is now 

delivering a solution only cost $114 million for a three-year long project (Wernham, 

2012).      

2.6 Waterfall Methods vs Agile Methods (Predictive vs. Adaptive) 

 In 2015, The Standish Group’s “Chaos Report “research found that large Agile 

projects are 6x more successful than Waterfall projects (The Standish Group, 2015).  

Rather than relying solely on the theoretical, in 2016 The Standish Group set out to 

provide industry with empirical evidence to address the Waterfall vs Agile comparison.  

Prior to the study, the Group established basic assumptions.  They assumed that the 

comparative analysis of the two methods would only be viable if the projects used in the 

research were of similar size, shared the same business domain, and the team make-up 

was the same.  The group then set out to conduct the study of the two very similar large 

software projects, and the results concluded that: The Agile Scrum project was 4x 

cheaper than the cost of the Waterfall project, the Agile Scrum project was delivered 

with higher user satisfaction, while the Waterfall project had a watered-down critical 

function and the high-value feature was not part of the delivered application, and the 
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Agile Scrum project’s payback was at the end of two years their application costs were 

fully paid back and the users were highly proficient while the Waterfall project 

estimated the systems payback would break even in 20 years (The Standish Group, 

2015).   Researchers who have studied software development continue to examine why 

methodologies like Agile Scrum prove more cost effective and efficient than the 

Waterfall.  Agile promotes an evolutionary design and inspires adaptive planning 

methods and early delivery of software. Waterfall is a process -laden method that 

involves requirements and design being locked down early in the process.  Adaptive 

methodologies like Agile Scrum taken an iterative or tactical approach to software 

development where the focus is on the ability of the team to deliver functional software 

in small iterative deliveries (Cockburn, 2016).  Predictive methodologies like the 

Waterfall method involve defined phases and if one phase is disrupted, then this directly 

impacts the rest of the phases, making it very difficult for the project to correct course 

(Colomo-Palacios, 2014).  Moreover, with predictive methods there is no user 

involvement and testing until later in the development life cycle.  This can be very risky 

because the fidelity of the design and functionality of the product is not known until 

testing occurs.  In the past, it was entirely possible that doing large up-front design 

would save money and time (Cohn 67).  Barry Boehm demonstrated in Software 

Engineering Economic (1981) that defects in software are more expensive to fix the later 

in the development process they are discovered (Ghahrai 32-33).  Agile Scrum alters 

that equation, because it allows for test driven development, automated unit testing, 

and refactoring as part of the model.  The Waterfall development model has large cost 
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on up-front analysis and design, and even greater cost to incorporate changes that 

occur later in development.  When development teams try to make estimates for their 

projected work, the cone of uncertainty in the case of Waterfall projects has a wider 

range at the start of the work. Again, estimates can range between 400% beyond the 

time taken up to 25% (Albuquerque 18). Many projects that use Waterfall realize that 

their estimates are off by factors.  With Agile Scrum, teams can plan in just enough 

detail to deliver the next increment of value and estimate the remainder of the project 

in larger chunks.  In scrum, development teams have at the end of each iteration 

something of value that can be shown.  Then team can then ask questions like: “Does 

this solve a part or all of your problem? Is this what you want? Are we going in the right 

direction?” If the answers are no, the team still has the flexibility to change their plan 

without major cost or time impacts.  Waterfall does not allow for such flexibility once 

the development starts, and any changes introduced can have significant impact on 

time, quality, and cost (Obrien 5-6).  

NGA has used the Waterfall approach for over two decades and has seen the 

effects of this approach on cost, schedule, and quality of its software-based systems. 

The complexity and size of its software-based systems has grown along with consumer 

demands.  As these factors increase in focus, the mission of the agency has remained 

the same; supporting the needs and demands of its users and stakeholders.  These 

needs and demands change at a high rate of speed and the organization must be 

postured to product geospatial product at a rate that is aligned to this need.  Finding the 

right development methodology coupled with the right tools can alleviate the risk 
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associated with complex software development (Albino 41). The adaptive Agile Scrum 

software method allows for more tactical and iterative delivery of geospatial 

technology, whereas the predictive Waterfall is a phase-dependent sequential set of 

phases that have historically prolonged product delivery, had cost overruns, and 

involved a consider amount of rework.  The use of estimation models based on 

probabilistic simulation is an excellent that NGA and other IT organizations can use to 

build better project development plans of likely delivery timelines for its projects (Agile 

Modeling, 2018).   Theodore Levitt, former professor at Harvard Business Schools 

stated, “People do not buy a quarter-inch drill bit, they buy a quarter-inch hole.  You’ve 

got to study the whole and not the drill.  The drill is just the solution for it” (Osterwalder 

et al. 5).  His statement is one that can be applied in software development and also 

applied by NGA. Using tools like probabilistic forecasting and predictive models can help 

NGA and others do the following: 1.) Understand what the customer/consumer needs, 

2.) Identify and eliminate bad assumptions that could kill success, 3.) Design a software-

based product that meets the needs of its customers/consumers, 4.) Develop a simple, 

effective plan for product software development, and 4.) Answer the question, should 

we do this? 

2.7 Using Probabilistic Forecasting and Predictive Models in Software Development 

The SEI Software Engineering Measurement and Analysis (SEMA) Initiative has 

been leading research to better understand how existing analytical and statistical 

methods can be used successfully and how to determine the value of these methods 

once they have been applied to large-scale software reliant projects (Goldenson 72).  SEI 
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lead research helped to identify technical barriers associated with the use of advanced 

measurement and analytical techniques, such as computer modeling and simulation 

methods.  Companies making practical use of tools like predictive models and the 

Monte Carlo simulation method to predict and measure their project’s probability of 

success of delivery and the causal effects on cost, delivery time, and quality is not being 

used in DoD It organizations (Magennis 18).   

In 2010, it was reported that Neal Mackertich and Michael Campo of Raytheon 

Integrated Defense Systems tried to demonstrate the use of a Monte Carlo simulation 

model they developed that would be used to predict defects and cycle time based on 

controllable factors during development. The Compose Process Model (Stoddard and 

Goldenson, 2010) was created to support Raytheon's goal of developing increasingly 

complex systems with smaller performance margins, but changed their approach when 

they experienced their most daunting challenges associated with schedule pressure.  

Probabilistic forecasting, probabilistic decision making, and how you use 

probability, risk, and non-certain evaluations can help to make better decisions during 

development (Maccherone 101).  Two of the most important questions that come up 

during project planning in software development is: How long will it take? How much 

will it cost?  Probabilistic forecasting using the developed model and the Monte Carlo 

simulation method for this praxis is a tool that NGA and other IT organizations can 

leverage to forecast delivery of its projects as well as determine cost.  It can also be used 

to understand user demand and map development to ensure the right technology is 

being delivered at the right time, and in the right quantity.   
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The popularization of Agile Scrum development has revolutionized the software 

delivery process- making it faster and affordable for businesses to release their 

software.  Many software development practitioners believe that when comparing the 

Agile Scrum SDEV to the Waterfall SDEV, one of the value propositions for using the 

Agile Scrum approach is that it increases the probability of project cost savings.  Even 

with Agile a projects main focus is increasing the project’s success, but there are 

assumptions and considerations in doing this.  There are concepts that can be used to 

increase the level of project success. Uncertainty is a variable that should always be 

considered and incorporated in the planning of a project.  Incorporating uncertainty can 

be done using a concept called reference class forecasting.  Reference class forecasting 

is a method that promises more accuracy because it is taking an outside view on 

development work. It is based on the knowledge of performance of reference class 

performance on similar projects. We cannot control uncertainty, however, deterministic 

planning forces certainty on uncertain situations.  Present day management paradigm is 

based on the first principle of scientific management. This principle states, it is possible 

to know upfront all that is needed to know in order to plan all we that we need to do. It 

does recognize that uncertainty does play a role, but it can be eliminated by more 

detailed planning.  

The use of probabilistic simulation in software development delivery estimation 

has grown over the past decade, though it is still new in practical application in some IT 

organizations. The intent of using modeling in software development is to plan 

development, model your planned approach, and as the development occurs, use the 
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output of the model to compare the actual against the planned.  Monte Carlo 

estimation methods using Takt Time to estimate a range of delivery dates and their 

associate probability are great tools to help buy down project risk (Martz, 203).  It shows 

empirically how statistically sound the planned development is. Understanding the 

velocity, which is a key variable in building the model using the Monte Carlo method, 

helps with understanding how well your probability of success in delivering on time will 

be.  With the predictive Waterfall method, predicting velocity can be quite convoluted 

as the requirements and design are locked in upfront and the velocity is determined by 

how fast you get through each phase.  There is not much institutional research to draw 

from regarding the use of probabilistic models and their application in making estimates 

for Waterfall project delivery.  With Waterfall comparative estimation is based on team 

conversations and interactions (Lode 67).  There is no statistical rigor in comparative 

estimation as it is based on the opinions of the development team.  Humans tend to 

over-estimate, so comparative estimation done in this manner can be quite risky 

(Kroese 29).  With Agile Scrum, probabilistic modeling, takes the human opinion out of 

the loop and uses statistics and simulation to draw estimates about delivery timelines.  

Kenneth Rubin points out that when using Agile Scrum, project teams tend to lean 

towards comparative estimation, based on an idea made popular by Mike Cohn.  

Comparative estimation done well is a wonderful facilitator of good team conversations, 

but it is still an opinion, tied to analysis of the task at hand (Uni 21). Probabilistic 

simulation uses the Monte Carlo method and Takt time of work items within a project to 

determine a probable range of delivery dates (Martz 121).  We plan probabilistically 
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using reference class forecasting. The purpose of reference class forecasting is to not 

forecast a specific “uncertain event” that might affect the project, but instead places the 

new project being forecasted in a statistical distribution of outcomes from a reference 

class of comparable projects (Cook 67). The theory of reference forecasting is based on 

work of Daniel Kahneman, a Noble price winning Economist who created this theory 

stating, “the forecast on a given project is based on knowledge about actual 

performance in a reference class of comparable projects” (Bakardzhiev 8). The 

procedure has three steps: 1.) Identification of a relevant reference class of past, similar 

projects. It is key that the reference class be broad enough to be statistically meaningful, 

but also narrow enough that it can be compared with the specific project. During this 

step, the projects in the reference class should have comparable team structures, 

technology being used, development process, client type, and business domain 

(Bakardzhiev 8). 2.) Establishing a probability distribution for the selected reference 

class of projects.  Picking a metric that allows us to establish a probability distribution 

for selected reference class (Bakardzhiev 8). The proposed research model uses Takt 

time. 3.) Comparing the new project with the reference class distribution, to establish 

the most likely outcome for the new project (Bakardzhiev 8).  This theory further shows 

that projects almost never delivery in a linear fashion. Deliveries will have some varied 

distribution rendering it non-linear in nature.  Most projects start out slow, and show 

gradual increase, and then slow down at the tail end.  Most development and project 

planning for Agile projects can be represented by a 3-leg z-curve.  Research suggests 

that in the 1st leg of the z-curve 5% of the work is done using 20% of the project time. 
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During the 2nd leg, 90% of the work is done using 60% of project time. Lastly, during the 

3rd leg 5% of work is done using 20% o project time. The Takt time and average Takt 

time can be found for each and combining all three gives you the complete delivery time 

for the project.  Figure below 2-5 below shows the typical z-curve of the prototypical 

development project. Equations 2.1 and 2.2 below shows the mathematical expression 

of how a project’s delivery time can be calculated using Takt Time for each section of 

the z-curve.  The total project time is equal to the sum of the disparate project legs of 

the z-curve.  

 

Figure 2-5: Project Z-Curve Delivery Model 

 

 
 

𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑡𝑖𝑚𝑒 𝑇 = 𝑻𝒛𝟏 +  𝑻𝒛𝟐  + 𝑻𝒛𝟑 
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Where: 
𝑇𝑧1 = 𝑇ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 1𝑠𝑡 𝑙𝑒𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑧 − 𝑐𝑢𝑟𝑣𝑒 

 𝑇𝑧2 = 𝑇ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 2𝑛𝑑 𝑙𝑒𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑧 − 𝑐𝑢𝑟𝑣𝑒  
𝑇𝑧3 = 𝑇ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 3𝑟𝑑 𝑙𝑒𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑧 − 𝑐𝑢𝑟𝑣𝑒  

(2.2) 

 

This theory can be easily applied with the Agile Scrum method.  The project, or 

batch of work items, and Takt time are key in helping to understand reference 
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estimation.  Takt time is a term most commonly associated with manufacturing and 

process engineering but has been applied to software development.  Takt time is a 

defined as the maximum acceptable time needed to meet the demands of the consumer 

(McCombs 29).  In other words, Takt time is the speed with which the product needs to 

be created in order to satisfy the consumer. The formula for Takt time is as follows: 

 𝑇 =  
Available time 

𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐷𝑒𝑚𝑎𝑛𝑑
 (2.3) 

   
Understanding the Takt time can help the project ensure that the product of the 

software is in line with the demand of the consumer of the technology.  Takt time is also 

a simplified way to determine how long it will take to produce larger volumes of work 

(Shonkwiler et al, 2009). Once the Takt time is determined, you multiply the number of 

work items by the Takt to determine the delivery time of a batch of work.  In Agile, this 

concept becomes critical when the Takt time is the rate at which the software 

development team completes user stories/features/work items over time.  This can be 

captured over a number of ways. They can be captured by sprint, release, features per 

day, or features per sprint. The project duration can then be found using the following 

formula: 

𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =  𝑇𝑎𝑘𝑡 𝑇𝑖𝑚𝑒 𝑥 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐹𝑒𝑎𝑡𝑢𝑟𝑒𝑠  (2.4) 

When using this approach accounting for uncertainty is critical.  During Agile Scrum 

development we must assume that the rate at which the team delivers will not be the 

same in the future (Stellman 13). Building ranges of data in modeling gives the model 

fidelity.  Rubenstein et al argues that building ranges of data is an appropriate means to 

gaining insight for development decision (Rubenstein et al. 43).  He further reasons that 



84 
 

attempting to produce a detailed, specific prediction of a project outcome prone to 

uncertain variables, rarely provides information any more valuable for the purpose of 

decision making (Rubenstein et al. 43). Accounting for uncertainty in the model can be 

done by mathematically simulating realistic project outcomes in order to produce 

ranges of likely delivery dates.  These delivery dates will be based on an assumed level 

of confidence.  The range of dates can be discussed among the team to determine how 

to proceed. We can couple the results of our delivery dates with the cost burn-down to 

determine whether proceeding is in the best interest of the project.  This is a more 

practical approach to software development. 

In 2008 Juanjuan Zang presented research on the topic of Estimation with Monte 

Carlo Simulation.  He noted that Work estimation is very important for Agile projects, 

particularly for time critical ones.  Inaccurate effort estimation can cause over 

commitment, scope creep, and cost overruns.  His research points out that though re-

estimation is sometimes necessary, uncertainty estimation and risk reduction can best 

managed by using the Monte Carlo model simulation method (Zang 66).  The Monte 

Carlo method is a simulation method that can be used to take the Takt time data and 

build a range of thousands of outcomes and use those to again build a range of probable 

delivery dates.  Monte Carlo simulations that are run internal to the model will use a 

concept called resampling, using our data to build reasonable, probable outcomes.  

Resampling allows us to validate our model by using random subsets.  Instead of 

assuming one constant Takt time, the simulations build a range, and uses that data 

again to build a range.  When using the Monte Carlo method for this praxis research I 
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assumed that the Takt Time and all other variables are independent and normally 

distributed. With the given confidence level, I can use this data along with the cost data 

to determine delivery risk, and whether proceeding with development is viable. 

Chapter 3 Praxis Methodology 

3.1 Research Methodology Introduction 

Using the Monte Carlo Method to provide a predictive estimation on delivery, 

cost, and quality of the geospatial technology being delivered by NGA projects and uses 

the following variables as input to the model: Takt time, average Takt time, delivery 

method, planned cost, actual cost, start time of development, completion time of 

development, number of bugs/issues captured, and the number of bugs/issues resolved. 

Based on the Literature Review of this praxis, a comparative analysis of 

geospatial software development methods being used at NGA, as captured, would be 

considered a novel approach in the following ways: the predictive model output 

provides quantitative data that shows the comparative use of SDEVs and benefits Agile 

Scrum has served NGA’s technology innovation with given data set, predictive model 

output provides statistical data to show how Agile Scrum has minimized cost of 

development for NGA projects, the predictive model output shows how the use of Agile 

Scrum has shown an increase in the quality of technology in using Agile Scrum software 

development methods at NGA, and the predictive model output shows the value that 

Agile Scrum provides in enabling NGA to develop technology at a rate consistent with 

the pace of user demand.  The proposed research results associated with the 

implementation of the Agile Scrum and Waterfall development at NGA builds on the 
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literature review presented above and provides a holistic view of the Agile Scrum SDEV 

and the comparative use of Waterfall.  The methodology used to render the results of 

this research provide the tangible evidence needed to push for quicker change at NGA. 

Seeing the cost, quality, and time benefits of Agile Scrum will only drive home that 

point.  Additionally, the methodology used based on quantitative comparative analysis 

of Waterfall vs. Agile Scrum will present empirical data associated with current 

programs to show how the concepts can be applied and enhanced towards better 

technology products.  There are aspects of the previous literature that will be adopted 

to help facilitate the institutional use of Agile Scrum software development at NGA.  

In an effort to support and add value to the initiative of combating lagging 

acceptance of Agile Scrum in Government organizations, it was determined, that 

projects at NGA that used the Waterfall and progressed to the Agile Scrum method, a 

project that only used Waterfall, and a project that only used Agile Scrum could serve as 

proxies to illustrate the advantages of using an Agile development model more 

throughout the Government arena.  The methodology developed can be applied to 

other projects within NGA as well as Government agencies that have a similar sample 

set. The model developed for this research uses the Monte Carlo Method.  The research 

methodology for this study is divided into four phases to accurately explain the steps 

that were used to derive the results of the research. Figure 3-1 below shows the 5 

Research Methodology Phases used for this praxis research. 
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Figure 3-1: Research Methodology Phases 

3.2 Phase 1:  Data Selection   

The datasets that are used in the predictive model includes Waterfall and Agile 

Scrum development data for selective NGA development projects.  NGA’s technology 

portfolio is comprised of over 400 projects, programs, and initiatives that are involved in 

geospatial technology Research & Development (R&D) and development, so the 

selection process was quite involved.  Some of these activities involve cooperative 

agreements, research studies, and Industry engagement, and cooperative agreements 

with academic institutions; not all are a designated as software development projects.  

For the purposes of this research, the researcher selected projects from NGA’s portfolio 

that met the research criterion. This criterion resulted in the selection of 10 projects 

that used both methods, one project that used Agile Scrum only, and one project that 

used Waterfall only, resulting in a dataset comprised of 12 projects, respectively.  The 

dataset collected ranged from January 3, 2005 to November 20, 2017.  Each of the 12 
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projects kept their data in various tools and formats, so part of the data selection 

process involved extracting and collecting data from the following sources:  NGA Project 

Contract Financial Status Reports (CFSRs), Project Test Reports, Project Integration 

Verification & Validation (IV&V) Test Discrepancy Reports, Project Work Breakdown 

Structure (WBS), Project Contract Invoices, Project Earned Value Management (EVM) 

Reports, Project System Requirements Document (SRDs), Project Requirements 

Verification Traceability Matrix (RVTM), Project Integrated Master Schedule (IMS), 

Enterprise JIRA Tool, and Microsoft Excel.  Because of the sensitive nature of these 

projects, the specific names of the projects and other key information were required to 

be redacted and replaced by designators.  This by no means impacts the authenticity of 

the data, just protects sensitive information from being exposed.  The researcher 

worked with the appropriate project staff and officials to make sure the data was 

masked appropriate, but in a way that still allows the data to have fidelity for this praxis 

research.  For instance, the project names and specific features/work item names were 

masked, and designators used to protect the information.  The projects used to conduct 

this analysis are: “Project A”, “Project B”, “Project C”, “Project D”, “Project E”, “Project 

F”, “Project G”, “Project H”, “Project I”, “Project J”, “Project K”, and “Project L” each 

being geospatial based projects that are within the National geospatial Intelligence 

Agency.  Projects A – J used Waterfall and progressed to Agile Scrum, Project K only 

used Waterfall, and Project L only used Agile Scrum.   

The complete dataset for this research was organized and input into the 

Microsoft Excel 2016 tool to make it easier to interpret, analyze and perform 
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exploratory analysis of the data.  Microsoft Excel 2016 is the tool used to developed and 

run our predictive delivery model.  The tool was readily available and the most cost- 

effective tool available to build the predictive model.  More specifically, the data 

consisted of: development duration ( variables are: planned and actual development 

start and completion durations- in days), scope of work ( variable is : planned and actual 

quantity of requirements or features/ work items contained in development- by count), 

requirements/features/work item completion time (variable is: Takt Time- in days), cost 

(((variable is: Budgeted Cost of Work Scheduled (BCWS)) – planned cost and (Actual Cost 

of Work Performed (ACWP)) – actual cost in USD in $M)), and quality of products 

(variable is: quantity of software bugs/issues captured- by count) attributes.  Each of 

these variables allows us to understand the disposition of project delivery estimation 

and get a holistic view of the project delivery. Dinesh Seth & Vaibhav Gupta define Takt 

Time as “the rate at which a finished product/work item/feature/requirement needs to 

be completed in order to meet user/customer demand” (Seth and Gupta 44).  The 

Project Management Institute defines BCWS as, “the approved budget for activities 

scheduled to perform during a given period” (PMI 371).  The Project Management 

Institute defines Actual Cost (AC) as, “the cost incurred for executing work on the 

project” (PMI 371). All data was obtained with consent and approval from each of the 

project’s Government Program Manager, Developer Scrum Master, and Developer 

Program Manager Authority.  Where necessary, the data was masked as not to expose 

any sensitive data. 
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3.3 Phase 2: Methodology Selection 

Choosing the methodology used during research is one of the most important 

drivers in the success of the research. In fact, "selecting an appropriate research 

methodology is one of the key factors that can make or break a research project” 

(Cooper 75).  Choosing the research methodology best suited for this research topic was 

an involved process. Unique factors were leveraged in helping determine the 

methodology used for this praxis.  The first factor was understanding the goals of the 

research area chosen and what the research will accomplish.  The goal of this praxis is to 

show software development programs the advantages of using an Agile software 

development method to build technology.  This comparative analysis of methods will 

leverage a predictive model using simulated methods to determine the probability that 

NGA projects can complete its development and delivery technology on time and within 

cost.  The second factor was understanding the statistical significance of the praxis 

results.  Being able to statistically accept or reject the developed hypotheses of this 

research is important and involves highly data-driven and statistically-significant 

answers.  Thus, the need for a large amount of quantitative project data.  The 

quantitative data collected for this research was used to quantify the problem by 

generating numerical data that is then transformed into usable statistics. During data 

collection, data for this research was readily available to the researcher and was not 

selected to ensure the desired outcome. The data was selected not only because it 

satisfied the criterion set forth, but because it had the quantitative depth and rigor, and 

parameters needed to test each of the hypotheses.  With confidence, the selected data 
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was used to derive outcomes that are significant enough to drive change in the way 

geospatial technology software development is implemented at NGA.    

 Considering the factors mentioned above, the researcher explored several 

methods in order to find the best methodology to apply to this research.  Historical 

examples and practical application of each of the considered methodologies were part 

of the evaluation criteria used to deduce which best aligns to the purpose and intent of 

this research.  The Monte Carlo method, Systems Dynamics Modeling, Fault Tree 

Analysis, and Bayesian Belief Networks were explored during initial phase of research, as 

methodologies for consideration. In 2008, Zang Juanjuan conducted extensive research 

in the area of Agile estimation using Monte Carlo simulation and examined using SDM 

but concluded that that technique is used to understand the nonlinear behavior of 

complex systems over defined periods of time using stocks, flows, internal feedback 

loops, table functions and time delays.  He further states that SDM is popular in census 

and population, ecological, and economic applications (Zang 66).  There was not much 

research found in the application of SDM with project estimation and predictive 

analysis.  Our data and the developed hypothesis does not seem be applicable to this 

methodology.  Fault Tree Analysis is a concept used in deductive failure analysis of 

systems.  This concept is used widely in aerospace, nuclear power, chemical processing, 

and software engineering for debugging software (Masood 204).  Fault trees are used to 

understand the events that lead to failures in systems and require failure rate data of 

the system.  The data obtained for this research does not include failure rates, would be 

very difficult to obtain, ruling out Fault Tree Analysis. Bayesian Belief Networks are 
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probabilistic graphical models that are used to model and show graphical dependencies 

between a set of variables (Masood, 203).  Though they were once widely used in risk 

analysis, the use has become more widely used in areas such as bioinformatics, financial 

and marketing informatics, medicine, information retrieval, and some aspects of 

engineering.  Though Bayesian has its applicability in aspects of Engineering, the data 

collected for this praxis research could not be synthesized to build a Bayesian Belief 

Network.  At the end of this phase of the research, it was determined that in order to 

achieve the objectives and aims, and perform statistical evaluation of the model output, 

the Monte Carlo Method was the best methodology approach to be applied to this 

praxis research.    

The Monte Carlo Method is an excellent probabilistic approach and analytical 

technique that is often used in projecting project delivery time, much like what is 

involved in this research.  It is a technique that is applied by professionals in fields such 

as finance, manufacturing, engineering, and project management.  The Monte Carlo 

Method performs risk analysis by building models of possible results by substituting a 

range of values—a probability distribution—for any factor that has inherent uncertainty. 

The results are then calculated over again, each time using random variables from the 

probability functions (Pastor and Molina 58).  The Monte Carlo method helps address 

questions like: How long will it take? How much will it cost? 

3.4 Phase 3: Exploratory Analysis of Datasets  

Exploratory analysis was conducted separately for each of the 12 projects 

looking at the data captured for the projects that used Waterfall and progressed to Agile 
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Scrum, the projects that only used Waterfall, and the projects that only used Agile 

Scrum, over the planned development duration.  The assumption was made by Jeff 

Sutherland that with Agile Scrum, projects could complete twice the work in half the 

time, no matter the organization, when compared to the same projects using Waterfall 

(Sutherland, 2014).  He also stated that "planning is useful, collaboration with users is a 

necessity, inspect and adapt is critical, and that every project should look to fail fast so 

that fixes can be applied early".  These are attributes that Agile Scrum are amenable to 

rather than Waterfall.  
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Table 3-1: Waterfall Software Development Data Attributes Collected for Predictive Model 

Waterfall Development Data Attributes for Predictive Model Using Monte Carlo Simulation 
Start Date Completio

n Date 
Planned 
Duration 
(Months) 

Actual 
Duration 
(Months) 

Planned 
Cost ($) 

Actual 
Cost ($) 

Cost 
Overrun 

(+) or 
Underrun 

(-) 

% of Cost 
Overrun 

Baseline 
Rqts 

Count 

Complete
d Rqts 

% 
Complete

d Rqts 

# of 
Issues/bug

s found 

# 
Issues/bug
s resolved 

% 
Issues/Bug
s resolved 

 

Table 3-2: Agile Software Development Data Attributes Collected for Predictive Model 

Agile Development Data Attributes for Predictive Model Using Monte Carlo Simulation 
Start Date Planned 

Dev. 
Duration 
(Months) 

Actual Dev 
Durations 
(Months) 

Delivery 
Rate (+) or 
(-) 

% Delivery 
Rate  

BCWS ($) ACWP ($) Cost 
Overrun 
(+) or 
Underrun 
(-) 

Baseline 
Rqts/featu
res Count 

Complete
d Rqts 

% 
Complete
d Rqts 

# of 
Issues/bug
s found 

# 
Issues/bug
s resolved  

% 
Issues/Bug
s resolved  
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3.5 Phase 4: Statistical Processing 

 During the statistical processing phase the datasets collected for each geospatial 

project was input into the model using the data attributes from Tables 3-1 and Table 3-2 

above. To understand and analyze the causal effects of disparate development 

methodologies on cost, schedule, and quality of geospatial technology, this research 

methodology was carried out using a phased approach.   

The predictive model is starting to take shape during the statistical processing 

phase.  Our model will leverage the Monte carlo simulation method and will use the 

data from Tables 3-1 and 3-2.  To understand and analyze the causal effects of disparate 

development methodologies on cost, schedule, and quality of geospatial technology, 

this research methodology was carried out using a phased approach. To use the 

collected data to predict delivery times for each project we did the following: Collected 

Takt Time data for the Dev System: This is the project start date and the date each 

feature is completed. Takt Time is the number of days it takes to complete a 

feature/requirement, for multiple features completed on the same day, takt time for 

the first feature is the number of days between start of project and completion, and the 

other features will have 0 Takt time.  The predictive model when running the Monte 

Carlo simulation leverages the technique of resampling for our monte carlo simulation. 

For every TakT time rendered our Monte Carlo simulation will choose 1 of the Takt time 

entries at random. We use this resampling technique for the total number of features 

we have in our development cycle. For each randomly generated delivery time we 

calculate Average Takt time which is: delivery time/number of work items/features.  The 
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predictive model simulates 1000 runs of the resampling.  The model just not just 

resample, but it uses the randomly generated sample to calculate the delivery time of 

the project.  The figure 3-2 below represents the predictive model capturing Takt Time, 

and the resampling of technique.  It also shows the number of work items/features, 

delivery time, and average Takt Time.  The predictive model using the Monte Carlo 

simulation method also calculates the following: Median, Standard Deviation (STD), 

Average Delivery Time (T), 85 Percent Confidence Level Delivery Time, 95% Confidence 

Level Delivery Time, and Mode.  

 

Figure 3-2: Monte Carlo Simulation in Predictive Model 

3.6 Phase 5: Validation  

“Validation is the approach used to demonstrate that the models that are 

created for the Monte Carlo simulations are a reasonable representation of the actual 
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geospatial projects simulated: that it reproduces actual behaviors of the projects with 

enough fidelity to satisfy the analysis techniques and objectives (Winter 79). Before the 

data to be tested and simulated was input into the system, a series of steps were 

performed to validate the model.  We segregated our data into two groups to conduct 

Active Non-linear Testing (ANT) on the model. ANT is a series of mathematical tests 

designed to expose weak points within the model. Once the weak points are identified, 

the model is then calibrated for live testing. The first group was test data and the 

second was training data.  The data collected from January 3, 2005 to November 20, 

2017 is the research “training data”, while the data collected from March 1, 2012 to 

March 1, 2013 for Project J, and September 16, 2016 – September 16, 2017 for Project L 

is the research “test data”.  The research test data was a critical part of the validation 

process in that it helps identify and avoid errors.  Research suggests that when using 

predictive modeling techniques, there are a number of errors that should be considered.  

Bias and variance are two sources of errors that can take place as the model is being 

constructed.  Bias is the result of building a model that significantly simplifies the 

presentation of the relationships among the data points in the historical data used to 

build the model.  During this research simulated samples of the data were generated by 

drawing new samples (with replacement) from the dataset.  This technique is better 

known as resampling (bootstrapping) and helped to reduce the variance and account for 

our model’s tolerance to bias.  Lastly, once all error is accounted for and datasets 

labeled correctly, the trained model output is run against the test data to see how well 

the model will perform.  Once the model was proven efficient with no errors, the 
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training data was input into the model in order to begin running Monte Carlo 

Simulations on the datasets.  

The validation approach used for this research uncovered observations, but with 

slight mathematical tests began to operate in a stable manner.  Our model used the 

Monte Carlo simulation and had a normal mean with m = 106 independent iterations.  It 

was assumed that the mean was normal, so the relevant Standard Deviation (SD) was 

determined by 
2𝑆𝐷

√𝑚
  in order to estimate the margin simulation error.  Next, the 

simulation experienced instability during initial trail runs.  This was mitigated by 

conducting an examination of the traces of running averages (cumulative sums up to n = 

1000) against n for the Takt time data input.  The results in the simulation rendered no 

errors, thus being considered stable.     

3.7 Summary 

 The research methodology was the focus of this chapter. It described and 

explained the researcher’s methodology and the phased approach that was used in 

conceptualizing the approach, helping to derive the predictive model.  It further 

describes how the data and model were used jointly to test the developed hypotheses 

of this praxis research.  Moreover, this chapter provides a detailed roadmap, developed 

by the researcher that shows how theoretical approaches were applied in data 

selection, methodology selection, exploratory analysis of the datasets, statistical 

processing of the mode, and model validation.  Chapter 4 provides the research results 

along with the researcher’s analysis of the data and scientific interpretation.  Chapter 5 

looks at the analysis and interpretation of the results and draws conclusions.  The 
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researcher then shares any recommendations for other researchers that may find 

interest in expanding this research. 

Chapter 4 Praxis Results 

4.1 Research Results – Analysis & Interpretation 

The results discussed in this chapter are based on the application of the 

proposed methodology on 12 selective geospatial projects at the National Geospatial-

Intelligence Agency.  Ten of the projects in the dataset are projects that used the 

Waterfall software development approach and the progressed to the Agile Scrum 

method.  One of the projects had yet to progress to the Agile Scrum development 

method, and continued to implement Waterfall.  The last project within the dataset is a 

project that only used the Agile Scrum software development method. Each of the 

figures presented below show the distribution of the Takt Time for the project 

development life cycle as well as the distribution of bugs/issues that were resolved by 

the project.  Because of the maturity level of each project, the span of data collected by 

project varied.  For each project the predictive model collected Takt Time, average Takt 

time, and the number of work items/features/requirements over the development 

cycle.  The technique of bootstrapping was applied along with the Monte Carlo 

simulation method within the model.  Using 1 sprint worth of data for each project, then 

took an average Takt time after 1000 simulations of the data.  Project’s then used this 

data to plan future development using the Agile Scrum method.  We assumed an 85% 

confidence level during while running our simulations.  For the predictive model output 

shown in the subsequent project output analysis sections, the two outputs for each 
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project show the software bugs/issues disposition, and the feature distribution over the 

development cycle, respectively.  In the first figure, the output shows the distribution of 

issues/bugs identified (orange line) vs. issues/bugs completed (gray line) for each 

release development cycle.  In the second figure, the orange line represents the 

cumulative percent of features that were resolved over the development cycle and by 

Sprint, the black line represents the actual percent complete of project features over by 

Sprint, and the peach colored bars are the feature completion count by Sprint.    

Project A:  

 While using the Waterfall software development method, Project A exceeded 

the planned development budget by 58.33%. The project also exceeded the 

development schedule by 9 months, and only completed 93% or 294 of the 316 

software bugs/issues that were found during testing. The project also only completed 

163 of the 215 requirements in its software baseline. This only accounts for 76% of the 

requirements being completed as part of the delivered capability.  For this praxis, we 

were able to collect data for the project from October 17, 2016 to December 22, 2017.  

While using the Agile Scrum software development, Project A completed development 

in 141 days rather 200, which enabled the project to deliver the technology to the user 

29.5% faster than planned.  Moreover, while using Agile, Project A also completed 

development having only used 45.4% of the budgeted cost for worked performed. There 

were 64 software bugs identified and all were resolved before each development cycle 

was complete.  Figure 4.1 below shows the distribution of bugs/issues over the 

development lifecycle for Project A.  Figure 4-2 is a graphic showing the output of the 
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model while using the Monte Carlo simulation method for the project Takt Time.  The 

output shows the distribution of complete features over time based on simulated 

results after the first sprint cycle.  For Project A, a delivered capability, with the 

associated resolved features, did not occur until Sprint 7.  This is not an unusual 

phenomenon when using Agile Scrum.  Work associated with specific features was done 

in Sprints 1-6; however, the work did not result in a delivered capability.  These results 

were then used as the basis for future predictive behavior and project delivery.  The 

graphic shows significant schedule efficiencies as well as technology that is of high 

quality. The Takt time for the project was normally distributed for Project A, and 

resulted in the project completing 100% of its development and delivering technology 

just after the start of Sprint 11. The software development life cycle for Project A was 

planned to end after Sprint 24.  Using Agile Scrum resulted in a significant decrease in 

the delivery time T of Project A. 

 

Figure 4-1: Project A Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-2: Project A: Agile Scrum Delivery 

 

 

Project B: 

 While using the Waterfall software development method, Project B exceeded 

the planned development budget by 5.91%. The project also exceeded the development 

schedule by 12 months and had additional requirements that were added to the 

baseline late in development.  There were 26 additional requirements added to the 

baseline which is equivalent to 12.86% percentage of new requirements being added.  

79%, or 88 of the 112 software bugs were found during testing were resolved.  For this 

praxis, we were able to collect data for Project B from October 17, 2016 to December 

22, 2017.  While using the Agile Scrum software development method, Project B 

completed development in 164 days rather 200, enabling the geospatial technology 

being developed to get to market 18% faster.  Project B also completed development 
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having only expended 50.26% of the budgeted cost for worked performed. There were 

20 software bugs identified and all were resolved during development as seen in Figure 

4-3 below.  For development releases 3 and 4 where the identified bugs/issues were not 

resolved, those bugs/issues where completed in the subsequent release.  Figure 4-4 

below shows that when using and following the established Takt time distribution, 

Project B completed development of the geospatial technology in 14 Sprints rather than 

the planned 20 Sprints. The output also shows that for Project B, a delivered capability, 

with the associated resolved features did not start to occur until Sprint 5.   

 

Figure 4-3: Project B Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-4: Project B: Agile Scrum Delivery 

Project C: 

While using the Waterfall software development method, Project C exceeded 

the planned development budget by 28.57%.  The project also exceeded the 

development schedule by 10 months and had 115, or 32.17% of the original baseline 

being added as additional requirements late in the development life cycle.  71%, or 87 of 

the 123 software bugs that were found during testing were resolved.  Data collection for 

Project C occurred from December 5, 2016 to November 5, 2017.  While using the Agile 

Scrum software development method, Project C completed development in 175 days 

rather 200, which meant that the geospatial capability being developed by the project 

was delivered to users 12.5% faster than originally planned.  Moreover, Project C only 

expended 31.25% of the planned budget by completion. There were 39 software bugs 

identified and all were resolved. Figure 4-5 shows the distribution of bugs/issues for 

Project C when using the Agile Scrum software development method.  All bugs/issues 
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that were found during the specified development release were completed within that 

release.  Figure 4-6 shows the output of the Monte Carlo simulation ran using the 

project’s Takt time distribution data.  Project C completed development in 18 sprints 

rather than the planned 20.  Furthermore, the output also shows that for Project C, a 

delivered capability, with the associated resolved features did not start to occur until 

Sprint 12.   

 

Figure 4-5: Project C Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-6: Project C: Agile Scrum Delivery 

Project D: 

While using the Waterfall software development method, Project D exceeded 

the planned development budget by 67.14%. The project also exceeded the 

development schedule by 12 months and had additional requirements added to the 

baseline throughout the development life cycle.  There were 400 additional 

requirements added to the baseline which is equivalent to 40% percentage of new 

requirements being added when compared to the original baseline.  48%, or 100 of the 

210 software bugs found during testing were resolved. For this praxis, data collection for 

this project occurred from November 28, 2016 to November 10, 2017.  While using the 

Agile Scrum software development method, Project D completed development in 140 

days rather 200, resulting in 30% faster delivery.  While using Agile, Project D also 

completed development having only used 50.26% of the planned budgeted cost for 

worked performed. There were 35 software bugs identified and all were resolved.  
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Figure 4-7 shows the distribution of bugs/issues for Project D when using the Agile 

Scrum software development method.  All bugs/issues that were found during the 

specified development release were completed within that release.  Figure 4-8 shows 

the output of the Takt time distribution over the project development lifecycle.  Project 

D completed 100% of its development in 16 sprints rather than the planned 20 sprints.  

More importantly, the output also shows that for Project D, a delivered capability, with 

the associated resolved features started in Sprint 4, but the project experienced issues 

with feature completion, and did not have an actual delivered geospatial technology 

until Sprint 5.   

 

Figure 4-7: Project D Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-8: Project D: Agile Scrum Delivery 

Project E: 

While using the Waterfall software development method, Project E exceeded 

the planned development budget by 100%.  The project also exceeded the development 

schedule by 60 months (5 Years), and had 512, or 18.5% of the original requirements 

baseline additional requirements added to the baseline.  67%, or 200 of the 298 

software bugs found during testing were resolved.  Data for the project occurred from 

November 30, 2015 to October 23, 2017.  While using the Agile Scrum software 

development method, Project E completed development in 175 days rather 400, 

resulting in the geospatial capability being delivered 56.3% faster than planned.  While 

using the Agile Scrum method, Project E also completed development having only used 

50.26% of the budgeted cost for worked performed. Moreover, there were 83 software 

bugs identified and all were resolved by completion of the development life cycle. 

Figure 4-9 shows the distribution of bugs/issues for Project E when using the Agile 
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Scrum software development method.  For development releases 1 and 3 where the 

identified bugs/issues were not resolved, those bugs/issues where completed in the 

subsequent release.  Figure 4-10 below shows the output of the project Takt time 

distribution. It shows that Project E was able to complete development within 36 sprints 

rather than the planned 40 sprints.  More importantly, the output also shows that for 

Project D, a delivered capability, with the associated resolved features did not occur 

until Sprint 25. This project was a large development effort, and involved a lot of 

Engineering spikes associated with studies to help the development team understand 

the scope of work and the new customer.  This project represents a typical z-curve 

whereby 5% of the overall development work is done in the first leg of the z-curve, 90% 

of work in second leg, and 5% in the third leg.  The development work associated with 

Project E is akin to a three-legged z-curve.    

 

Figure 4-9: Project E Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-10: Project E: Agile Scrum Delivery 

Project F: 

While using the Waterfall software development method, Project F exceeded the 

planned development budget by 26.25%. The project also exceeded the development 

schedule by 6 months and had 68, or 13.7% additional requirements that were added to 

the baseline late in development.  85%, or 138 of the 162 software bugs found during 

testing were resolved.  Data collection for this project occurred from November 7, 2016 

to October 9, 2017.  While using the Agile Scrum software development method, Project 

F completed development in 175 days rather than the planned 400, which resulted in 

the project delivering 26.9% faster than planned.  Also, while using the Agile Scrum 

method, Project F completed development having saved 66.55% of the initial budgeted 

cost for worked performed. There were 10 software bugs identified and all were 

resolved. Figure 4-11 shows the distribution of bugs/issues for Project F when using the 

Agile Scrum software development method.  All bugs/issues that were found during the 

specified development release were completed within that release.  Figure 4-12 below 
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shows the output of the Monte Carlo simulation using the distribution of Takt time for 

the project development life cycle.  It shows Project F completed all development within 

16 sprints rather than the planned 20 sprints.  Furthermore, the output of the predictive 

model shows that for Project F, a delivered capability with the associated resolved 

features, did not start to occur until Sprint 9. 

 

 

 

Figure 4-11: Project F Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-12: Project F Agile Scrum SDEV Delivery 

Project G: 

While using the Waterfall software development method, Project G exceeded 

the planned development budget by 51.84%.  The project also exceeded the 

development schedule by 12 months and had 363, or 22.4% additional requirements 

added to the baseline.  84%, or 176 of the 210 software bugs found during testing were 

resolved.  For this praxis, data collection for the project occurred from October 5, 2015 

to May 8, 2017.  While using Agile Scrum, Project G completed development in 175 days 

rather 400, allowing capability to get to market 56.3% faster.  While using the Agile 

Scrum software development method, Project G completed development saving 

56.4%% of the initial budgeted cost for worked performed. There were 10 software bugs 

identified during development, and all were resolved.  Figure 4-14 shows the 

distribution of bugs/issues for Project G when using the Agile Scrum software 

development method.  For development releases 3, 4, and 5 where the identified 
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bugs/issues were not resolved, those bugs/issues where completed in the subsequent 

release.  Figure 4-15 shows the output of the Monte Carlo simulated Takt time 

distribution for the project.  The results show that Project G was able to complete 

development with 21 Sprints rather than the planned 40 sprints.  Furthermore, the 

output of the predictive model also shows that for Project F, a delivered capability with 

the associated resolved features, did not start to occur until Sprint 11. 

 

Figure 4-13: Project G Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-14: Project G: Agile Scrum Delivery 

Project H: 

While using the Waterfall software development method, Project H exceeded 

the planned development budget by 65.91%. The project also exceeded the 

development schedule by 12 months and had 215, or 34% additional requirements that 

were added to the baseline late in development.  74%, or 61 of the 82 software bugs 

found during testing were resolved.  Data collection for the project occurred from 

October 17, 2016 to October 2, 2017.  While using the Agile Scrum software 

development method, Project H completed development in 147 days rather 200, 

resulting in delivery of the geospatial technology 26.9% faster than planned.  Also, 

Project H completed development having expended only 47.48% of the initial budgeted 

cost for worked performed. There were 36 software bugs identified and all were 

resolved. Figure 4-15 shows the distribution of bugs/issues for Project H when using the 

Agile Scrum software development method.  All bugs/issues that were found during the 
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specified development release were completed within that release.  Figure 4-16 shows 

the model output for the project’s distributed Takt time and the eventual project 

delivery.  The results show that Project H was able to complete development within 15 

Sprints rather than the planned 20 sprints.  Furthermore, the output of the predictive 

shows that for Project H, a delivered capability and the associated resolved features did 

not start to occur until Sprint 8. 

 

Figure 4-15: Project H Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-16: Project H: Agile Scrum Delivery 

 

Project I: 

While using the Waterfall software development method, Project I exceeded the 

planned development budget by 35.34%. The project also exceeded the development 

schedule by 24 months and had 546, or 50.8% of the original requirements baseline 

added to the baseline over the development life cycle.  58%, or 138 of the 240 software 

bugs found during testing were resolved. For this project data collection occurred from 

October 17, 2016 to October 6, 2017.  While using the Agile Scrum software 

development method, Project I completed development in 143 days rather 200, and 

allowing capability to get to market 28.5% faster.  Project I also completed development 

having only spent 32.95% of the initial budgeted cost for worked performed. There were 

54 software bugs identified and all were resolved. Figure 4-17 shows the distribution of 

bugs/issues for Project I when using the Agile Scrum software development method.  
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For development release 3 where the identified bugs/issues were not resolved, those 

bugs/issues where completed in the subsequent release.  Figure 4-18 shows the model 

output for the project’s distributed Takt time.  The results show that Project I was able 

to complete development within 13 Sprints rather than the planned 20 sprints.  

Furthermore, the output of the predictive model also shows that for Project I, a 

delivered capability and the associated resolved features did not start to occur until 

Sprint 8. 

 

Figure 4-17: Project I Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-18: Project I: Agile Scrum Delivery 

Project J: 

While using the Waterfall software development method, Project J exceeded the 

planned development budget by 50.7%. The project also exceeded the development 

schedule by 19 months and had additional requirements that were added to the 

baseline late in development.  There were 149, or 27.5 % additional requirements added 

to the baseline.  74%, or 46 of the 62 software bugs found during testing were resolved.  

For this praxis, data collection occurred from December 5, 2016 to November 20, 2017.  

While using the Agile Scrum software development method, Project J completed 

development in 171 days rather than the planned 200 days.  This resulted in the project 

delivering the technology to users 14.5% faster than planned.  Project J was also 

completed development having only spent 34.8% of the initial budgeted cost for worked 

performed. There were 32 software bugs identified and all were resolved. Figure 4-19 

shows the distribution of bugs/issues for Project J when using the Agile Scrum software 

development method.  All bugs/issues that were found during the specified 
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development release were completed within that release.  Figure 4-20 shows the model 

output for the project’s distributed Takt time and the eventual project delivery.  The 

results show that Project J completed development within 16 Sprints rather than the 

planned 20 Sprints.  Furthermore, the output also shows that for Project J, a delivered 

capability, with the associated resolved features, did not start to occur until Sprint 11. 

 

Figure 4-19: Project J Agile Scrum SDEV Bugs/Issues Distribution 
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Figure 4-20: Project J: Agile Scrum Delivery 

Project K: 

Project K is a project within NGA that only uses the Waterfall software 

development method in the proliferation of geospatial technology.  While using the 

Waterfall method, Project K continues to exceed its planned development budget.  

During the duration of this praxis, Project K has exceeded cost by 42.42%. The project 

also exceeded the development schedule by 19 months and had additional 

requirements that were added to the baseline late in development.  There were 149 

additional requirements added to the baseline which is equivalent to 27.5% of new 

requirements being added.  74% or 46 of the 62 software bugs found during testing 

were resolved.  

Project L: 

Project L is a project in NGA’s portfolio that only uses the Agile Scrum software 

development method, and for this praxis, data collection for the project occurred from 
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December 5, 2016 to November 20, 2017. This project continues to use Agile Scrum 

however we were limited in the collection of data for the purposes of this research.  

While using Agile Scrum, Project I planned for 200 days of development.  This duration 

of development covered 5 release cycles of development, each comprised of 8 weeks of 

development. While using the Agile Scrum software development method, Project L 

completed development in 171 days rather than 200 days.  This allowed the project to 

deliver technology to its users 14.5% faster than planned.  Project L also completed 

development having only spent 25.29% of the initial budgeted cost for worked 

performed. During the planned project development life cycle, there were 32 software 

bugs identified and all were resolved by the completion of the 5 development releases. 

Figure 4-21 shows the distribution of bugs/issues for Project L when using the Agile 

Scrum software development method.  All bugs/issues that were found during the 

specified development release were completed within that release.  Figure 4-22 shows 

the predictive model output for this project using the distributed Takt Time data. The 

results show that while using Agile Scrum Project L completed development within 17 

sprints rather than the planned 20 sprints.  Furthermore, the output of the model also 

shows that for Project L, a delivered capability and the associated resolved features did 

not start to occur until Sprint 8. 
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Figure 4-21: Project L Agile Scrum SDEV Bugs/Issues Distribution 

 

 

Figure 4-22: Project L: Agile Scrum Delivery 
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Projects, F, and I when compared to this hypothesis rate of delivery, was greater by 

3.1% and 1.5%, respectively; hence the alternative hypothesis can be rejected for 

Projects F and I only.  The predictive model showed to be very effective when the 

projects used the Agile Scrum method.  None of the projects at NGA showed an increase 

in time to market, however they did show a decrease.  In fact, some of the project’s 

time to market showed a decrease well above the stated 30%, while others were below 

the 30%; hence we failed to accept this hypothesis.  The research data shows that with 

NGA projects Agile Scrum shows benefits in time to market, however a 30% baseline in 

the decrease in time to market is not guaranteed with Agile Scrum.  Hypothesis H2a:  

The cost of NGA projects, denoted as CA in equation 1.9-3 in Chapter 1.9 (page 31), can 

be achieved within the project timeframe when using Agile Scrum software 

development were accepted by all projects.  All NGA projects used for this research 

experienced cost underruns when using the Agile Scrum software development method.  

Agile Scrum showed significant cost savings for these projects when using Agile Scrum, 

hence the research failed to reject this hypothesis.  Hypothesis H3a:  The cost of NGA 

projects, denoted as CW in equation 1.9-5 in Chapter 1.9 (page 32), can be achieved 

within the project timeframe when using Waterfall software development was rejected 

by all projects, apart from Project L which was excluded because it is a project that only 

uses the Agile Scrum software development method.  H4a:  The number of software 

bugs/issues of NGA projects when using Agile Scrum development, denoted as SWBIA in 

equation 1.9-7 in Chapter 1.79 (page 33), are lower in quantity, than when that project 

uses Waterfall, denoted as SWBIW in equation 1.9-7 in Chapter 1.9 (page 33), was 
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accepted by all projects. The resulting output of the predictive model showed that with 

Agile Scrum the NGA projects identified software bugs/issues while in development and 

resolved each bug/issue before the end of the development cycle.  With Agile Scrum 

these projects were able to implement continuous testing throughout the development 

life cycle yielding a higher quality grade geospatial product when compared to that 

same project using the Waterfall software development method; hence research fails to 

reject this hypothesis.  Table 4-1 below further delineates the research hypothesis and 

analytical results for the established research hypotheses, providing an overall 

evaluation of the research.  

Table 4-1: Overall Research Hypothesis Results 

 

4.3 Data Results Conclusion 

When examining the implementation of the predictive modeling and simulation 

and the quantitative research approaches used against the focused project datasets, the 

methodology successfully me the research objectives: to measure the time to market of 

geospatial technology for NGA projects that have used Waterfall and progressed to Agile 
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Scrum software development, to measure the time to market of geospatial technology 

for a project at NGA that only used Waterfall software development, to measure the 

time to market of geospatial technology for a project at NGA that only used Agile Scrum 

software development, to analyze the statistical association of software development 

methodology to cost for 12 projects at NGA that used Waterfall and progressed to Agile 

Scrum, only used Waterfall, and only used Agile Scrum, to analyze the correlation 

between planned and actual cost and the duration of the development of NGA projects 

that used Waterfall and progressed to Agile Scrum software development methodology, 

and to understand the correlation between software development method and cost, 

delivery time and quality of geospatial technology at NGA. 

Additionally, the research questions were effectively answered.  With the 

geospatial projects that were the focus of this praxis research, it can be concluded that 

while Agile Scrum practices reveal adaptive processes, they are not a guarantee that the 

technology will be delivered at a rate at least 30% faster than when using Waterfall. The 

ability to complete software delivery and an eventual geospatial technology faster with 

the Waterfall method involves more than just applying the method.  The adaptive 

nature of the Agile Scrum software development method does account for continuous 

user/customer engagement and involvement as well as testing of the software code and 

technology.  One of the most critical functions to gauge the quality of products is by: 

user testing, and the minimization of bugs/issues that occur during testing.      

Chapter 5 Conclusion 

The developed predictive model using the Monte Carlo simulation method 
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helped to meet the research objectives: to measure the time to market of geospatial 

technology for NGA projects that have used Waterfall and progressed to Agile Scrum 

software development, measure the time to market of geospatial technology for a 

project at NGA that only used Waterfall software development, measure the time to 

market of geospatial technology for a project at NGA that only used Agile Scrum 

software development, analyze the statistical association of software development 

methodology to cost for 12 projects at NGA that used Waterfall and progressed to Agile 

Scrum, only used Waterfall, and only used Agile Scrum, analyze the correlation between 

planned and actual cost and the duration of the development of NGA projects that used 

Waterfall and progressed to Agile Scrum software development methodology, and 

understand the correlation between software development method and cost, delivery 

time and quality of geospatial technology at NGA.  The output results of the developed 

model showed the efficiencies and advantages that Agile Scrum serves in projecting 

software development and delivery for NGA geospatial technology.  For instance, a 

higher rate of geospatial projects delivered earlier than expected with a higher than 30% 

reduction in time, when compared to that project delivery when using the Waterfall 

software development method.  This model and approach can be expanded to other IT 

organizations looking to minimize risk associated with cost, schedule, and quality of the 

technology they are developing.  The pervasive use of the waterfall software 

development method continues to not serve NGA well. Many projects exceed budget by 

at least 35% and are slow to market. While industry theories suggest that Agile Scrum is 

better from a cost, schedule, and quality perspective, this research concludes that with 
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limited datasets within NGA, Agile has shown at least an 18% cost savings, and with 

continuous and adaptive planning, software comes out with higher quality, as testing is 

done in conjunction with development. This praxis leveraged existing literary 

references, and expert opinions about software development and the impact Waterfall 

and Agile Scrum software development methods have on cost, schedule, and quality of 

technology development.  While examining existing projects that used the Waterfall 

software development method and progressed to the Agile Scrum method, we conclude 

that Agile has provided quality geospatial products, and kept development costs well 

below what was planned.  Comparatively, Agile Scrum has enabled projects within NGA 

to be cost effective, efficient, and timely in their delivery of geospatial technology.  We 

observed this in more than 50% of the projects used for this research.  Agile is a useful 

software development method and has proven to be a cost- effective tool that NGA, 

DoD, and other IT organizations should push for wider use.  Though the concept of Takt 

Time is used primarily in manufacturing, its application in software development has 

advantages.  Takt time is a variable that helps estimate a project’s service delivery 

process and process/software outcome. More importantly, Takt time can help projects 

achieve a consistent, continuous flow of production, eliminate the waste of 

overproduction or underproduction by ensuring projects produce software-based 

systems and technology that meet customer demands.  

5.1 Research Limitations 

The applications used to develop and run the model were confined to Microsoft 

Excel because the tool was easily accessible and cost effective. The research is limited to 



128 
 

NGA and 12 projects that use the Waterfall and Agile Scrum software development 

methods only. Also, the project data used was limited in scope because of the unique 

projects in NGA that have used both software development methods.  As more projects 

are progressing to Agile Scrum, the scope of future research can be expanded to include 

a large set of projects.  NGA, the focused DoD Agency of this research, has selective 

projects that use the Waterfall and Agile Scrum methods.  

5.2 Research Contributions and Practical Application 

The four major contributions from this study are that: predictive modeling and 

simulation concepts resulted in significant savings for NGA projects using Agile Scrum 

software to deliver technology; predictive modeling of NGA projects resulted in a 

significant increase in bug/issues resolution resulting in higher quality technology for 

NGA projects when using Agile Scrum; the Agile Scrum software development technique 

works in principle, but does guarantee a significant decrease in the timeframe in which 

technology is delivered, and the use of predictive modeling and simulation in NGA 

resulted in significant software development process improvement. 

The predictive model is a viable solution for IT organizations in all sectors to 

adopt because the functionality of the model is able to analyze linear or nonlinear data 

to understand the causal effects that Waterfall and Agile Scrum software development 

methods have on cost, delivery times, and quality of their products.  The context of this 

research and the model derived from it is a solution that can be replicated with other 

project’s data.  Using predictive models to understand future events and analyze the 

causal effects of many components in product planning and development, 
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Project/Program Management, Engineering Management, Systems Engineering, and risk 

mitigation and buy-down and is very important.   

The contributions of this research include the development of a new predictive 

tool using modeling and simulation computational techniques to better understand and 

analyze the impacts of Waterfall and Agile Scrum software development methods.  

Specifically, this tool helps to investigate the causal effects of cost, schedule, and quality 

on the development of geospatial technology development when using Waterfall and 

Agile Scrum software development methods.  It also helps to investigate the following 

critical areas in software development: user demand, technology delivery, schedule 

analysis, user involvement, software quality, development cost, cost analysis, project 

delivery estimation, and Takt time.  Furthermore, this praxis research contributes to the 

body of knowledge on software development methods within the National Geospatial-

Intelligence Agency, Department of Defense, and global IT community by providing an 

approach and predictive tool to study software development methods as a set of 

dynamically interconnected elements.   

The model derived for this research provides the foundation for future research.  

It can help practitioners improve software development; decrease the time to deliver 

technology to users; lower the probability of cost overruns; predict delivery reality; 

establish processes that result in focused development that aligns to specific user 

needs; and increase the probability of delivering quality software-based technology.  

Experimentation with the model suggest that projects that used the Waterfall software 

development method locked the requirements and design upfront, leading to major 
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rework later in the development cycle; resulting in significant cost, schedule impacts, 

and quality control impacts.  With Agile Scrum software development, the model 

suggests that it is easier to control variables that are interdependent.  Simulating a 

sample of the Takt Time for a given project, over a finite set of time can help show the 

probability of future development and delivery success. Takt Time can also help identify 

problems early in the development process (Fabok, 2013). 

 Finally, the results from this study are expected to be of significant interest to IT 

organizations and practitioners of software development methods within NGA, the 

Department of Defense, global IT community.  This research provides them a modeling 

and simulation environment using novel concepts to examine the impact of current 

software development projects and the correlation between cost, schedule, and quality 

when using Waterfall and Agile Scrum techniques.  In summary, this research provides 

researchers a tool to study software development methods, and helps practitioners 

make more informed decisions, and projections about software development processes 

and technology development planning.  

5.3 Recommendations for Future Research 

In the future, work in this area would be beneficial to incorporate at other DoD 

IT organizations.  This research was focused on NGA as a pilot organization for 

implementation of the methodology and predictive modeling tool developed, however 

future research can include a more expansive dataset of varying IT organizations.  

Recommendations for additional research could include expanding the scope of 

research to also address psychodynamics, knowledge management, and training and 
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tradecraft, and how these variables effect cost, schedule, and quality of technology 

when using different software development methods.    

Other Agile methods such as Lean Start-up, Kanban, and XP that are increasing in 

popularity can also be explored for future application.  More DoD and IT organizations 

are beginning to explore these Agile methods as viable means for software 

development.  The use of predictive models and the Monte Carlo simulation method 

can also be explored to understand the behavior of methods such as Kanban, Extreme 

Programming (XP), and Lean Start-Up and how these methods effect key variables such 

as cost, time to market, and quality of technology. 
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