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Part 7: Systems Engineering Implementation Examples

Matrix of Implementation Examples
Case Studies

Hubble Space Telescope Case Study
Global Positioning System Case Study
Medical Radiation Case Study
FBI Virtual Case File System Case Study
MSTI Case Study
Next Generation Medical Infusion Pump Case Study

Vignettes
Denver Airport Baggage Handling System Vignette
Virginia Class Submarine Vignette
UK West Coast Route Modernisation Project Vignette
Singapore Water Management Vignette
FAA Advanced Automation System (AAS) Vignette
Standard Korean Light Transit System Vignette

Part 7: Systems Engineering Implementation Examples
To illustrate the principles described in the Systems Engineering Body of Knowledge (SEBoK) Parts 1-6, Part 7 is a collection of
systems engineering (SE) implementation examples. These examples describe the application of systems engineering practices,
principles, and concepts in real settings. The intent is to provide typical instances of the application of systems engineering so
readers can learn from these experiences. This can improve the practice of systems engineering by illustrating to students and
practitioners the benefits of effective practice as well as the risks and liabilities of poor practice.

A Matrix of Implementation Examples is used to map the implementation examples to topics in the SEBoK. To provide a broader
set of domains, both formal Case Studies (glossary) and shorter Vignettes (glossary) are used. For the case studies, an introduction
and analysis of the case is given, with references to the full external case study. For the vignettes, the implementation example is
described directly. In the literature, a wide variety of examples and formats are considered "case studies." Here, the distinction
between a case study and a vignette is that a vignette is a short wiki article written for the BKCASE project and a case study exists
externally in the literature.

An initial set of examples is included, anticipating that more will be added over time to highlight the different aspects and
applications of systems engineering. In addition, new examples can be added to demonstrate the evolving state of practice, such as
the application of model-based systems engineering and the engineering of complex, adaptive systems.

Knowledge Areas in Part 7
Part 7 is organized into the following:

Matrix of Implementation Examples
Case Studies
Vignettes



3/15/12 Part 7 - .75 Sebokcase

2/40www.sebokwiki.org/075/index.php/Part_7

Like

References

Works Cited

None.

Primary References

No primary references have been identified for version 0.75. Please provide any recommendations on primary references in your
review.

Additional References

No additional references have been identified for version 0.75. Please provide any recommendations on additional references in
your review.

< Previous Article | Parent Article | Next Article >

Comments from SEBoK 0.5 Wiki

SEBoK 0.75 Reviews
Please provide your comments and feedback on SEBoK 0.75 below. You will need to log in to DISQUS using an existing account
(e.g. Yahoo, Google, Facebook, Twitter, etc.) or create a DISQUS account (click "DISQUS" button). Please look for the posts by
"BKCASE" for specific issues on which the author team would like feedback.

Add New Comment

Showing 0 comments

Sort by Popular now    Subscribe by email   Subscribe by RSS

Post as …



3/15/12 Part 7 - .75 Sebokcase

3/40www.sebokwiki.org/075/index.php/Part_7

blog comments powered by DISQUS

Matrix of Implementation Examples
The following matrix maps the SEBoK Systems Engineering Implementation Examples to knowledge areas in the Systems
Engineering Body of Knowledge (SEBoK). It provides both a list of potential systems engineering implementation examples for
topics of interest, and a list of relevant topics for each implementation example. Since the number of topics in the SEBoK is
extensive, only a subset are included here for clarity. For additional information, see the implementation example of interest and the
corresponding SEBoK topic.

The following abbreviations shown in Table 1 (Developed for BKCASE) are used for the implementation examples:

Table 1. Abbreviations for the SEBoK Case Studies and VIgnettes. Table developed for BKCASE.

HST Hubble Space Telescope Case Study Bag
Handling

Denver Airport Baggage Handling System
Vignette

GPS Global Positioning System Case Study VA Sub Virginia Class Submarine Vignette

Radiation Medical Radiation Case Study Route Mod UK West Coast Route Modernisation Project
Vignette

FBI VCF FBI Virtual Case File Case Study Water Mgmt Singapore Water Management Vignette
MSTI MSTI Case Study FAA AAS FAA AAS Vignette
Infusion
Pump

Next Generation Medical Infusion Pump Case
Study Light Rail Standard Korean Light Transit System Vignette

Table 2. Implementation Examples. Coverage of SEBoK Topics for Each Case Study and Vignette (Table Developed for
BKCASE).

SEBoK Topic HST GPS Radiation FBI
VCF MSTI Infusion

Pump
Bag

Handling
VA
Sub

Route
Mod

Water
Mgmt

FAA
AAS

Light
Rail

Systems X X
Systems Thinking X
Life Cycle Models X X X X X
Mission Analysis X X X X X

Stakeholder Needs and
Requirements X X X X X

System Requirements X X X X X X X
Architectural Design:

Logical X X X X X X X X

Architectural Design:
Physical X X X X X X X X

System Analysis X X X X X
System Implementation X X

System Integration X X X X X X
System Verification X X X X X X X
System Validation X X X X X X X

System Deployment X X
Operation of the System X X X X

System Maintenance X
Logistics X
Planning X X X X X X X X

Assessment and Control X X X X X
Risk Management X X X X X X X X X X
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Measurement X X
Decision Management X X X X

Configuration Management X X X X
Information Management X

Quality Management X
Product and Service Life

Management X X X X

Systems Engineering
Standards X

SE Workforce X
Software Engineering

References

Works Cited

No citations have been identified for version 0.5. Please provide any recommendations on citations in your review.

Primary References

No primary references have been identified for version 0.75. Please provide any recommendations on primary references in your
review.

Additional References

No additional references have been identified for version 0.75. Please provide any recommendations on additional references in
your review.

< Previous Article | Parent Article | Next Article >

Comments from SEBok 0.5 Wiki
No comments were logged for this article in the SEBoK 0.5 wiki. Because of this, it is especially important for reviewers to provide
feedback on this article. Please see the discussion prompts below.

SEBoK 0.75 Reviews
Please provide your comments and feedback on SEBoK 0.75 below. You will need to log in to DISQUS using an existing account
(e.g. Yahoo, Google, Facebook, Twitter, etc.) or create a DISQUS account (click "DISQUS" button). Please look for the posts by
"BKCASE" for specific issues on which the author team would like feedback.

blog comments powered by DISQUS

Case Studies
Systems engineering principles described in the Systems Engineering Body of Knowledge (SEBoK) Parts 1-6 are illustrated in Part
7, Systems Engineering Implementation Examples. These examples describe the application of systems engineering practices,
principles, and concepts in real settings. These systems engineering examples can be used to improve the practice of systems
engineering by illustrating to students and practitioners the benefits of effective practice and the risks of poor practice. The SEBoK
systems engineering implementation examples are grouped in two categories, Case Studies (glossary) and Vignettes (glossary).
Case studies reference cases that have already been published by external sources in the existing literature. Vignettes are short wiki
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articles written specifically for the BKCASE project.

Case Studies in the SEBoK
The following case studies are discussed in Part 7:

Hubble Space Telescope Case Study
Global Positioning System Case Study
Medical Radiation Case Study
FBI Virtual Case File System Case Study
MSTI Case Study
Next Generation Medical Infusion Pump Case Study

Value of Case Studies
Case studies have been used for decades in medicine, law, and business to help students learn fundamentals and to help
practitioners improve their practice. A Matrix of Implementation Examples is used to show the alignment of systems engineering
case studies to specific areas of the SEBoK. This matrix is intended to provide linkages between each implementation example to
the discussion of the systems engineering principles illustrated. The selection of case studies cover a variety of sources, domains,
and geographic locations. Both effective and ineffective use of systems engineering principles are illustrated.

The number of publicly available systems engineering case studies is growing. Case studies that highlight the aerospace domain are
more prevalent, but there is a growing number of examples beyond this domain.

The United States Air Force Center for Systems Engineering (AF CSE) has developed a set of case studies "to facilitate learning by
emphasizing the long-term consequences of the systems engineering/programmatic decisions on cost, schedule, and operational
effectiveness." (USAF Center for Systems Engineering 2011) The AF CSE is using these cases to enhance SE curriculum. The
cases are structured using the Friedman-Sage framework (Friedman and Sage 2003; Friedman and Sage 2004, 84-96), which
decomposes a case into contractor, government, and shared responsibilities in nine concept areas:

Requirements Definition and Management,
Systems Architecture Development,
System/Subsystem Design,
Verification/Validation,
Risk Management,
Systems Integration and Interfaces,
Life Cycle Support,
Deployment and Post Deployment, and
System and Program Management.

This framework forms the basis of the case study analysis carried out by the AF CSE. Two of these case studies are highlighted in
this SEBoK section, the Hubble Space Telescope Case Study and the Global Positioning System Case Study.

The United States National Aeronautics and Space Administration (NASA) has a catalog of more than fifty NASA-related case
studies (NASA 2011). These case studies include insights about both program management and systems engineering. Varying in
the level of detail, topics addressed, and source organization, these case studies are used to enhance learning at workshops, training,
retreats, and conferences. The use of case studies is viewed as important by NASA since "organizational learning takes place when
knowledge is shared in usable ways among organizational members. Knowledge is most usable when it is contextual" (NASA
2011). Case study teaching is a method for sharing contextual knowledge to enable reapplication of lessons learned. The MSTI
Case Study is from this catalog.
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"The Hubble Space Telescope (HST) Case Study" was developed by the United States Air Force Center for Systems
Engineering (AF CSE) located at the Air Force Institute of Technology (AFIT) and is accessible at the AFIT HST
website (http://www.afit.edu/cse/cases.cfm?case=18&a=detail) . The HST is a 2.4 meter reflecting telescope deployed in low earth
orbit that has the ability to observe objects in the optical, ultraviolet, and near-infrared wavelengths. According to the case study, the
telescope was planned for retirement in 2010, but additional work on the HST in 2009 (after the case study was written and
released) has extended its life until approximately 2014. There is some question as to how the HST will be retired as the final plans
have yet to be determined.

Application domains: aerospace, space, communications, exploration, innovative technology, and system of systems.

Application area: product.

Domain Background
“The HST Case Study” includes a brief discussion of the space industry, the progression of telescope development and capability,
and other applicable areas.

Case Study Background
The AF CSE, established in 2002 at AFIT, was tasked to develop case studies focusing on the application of systems engineering
principles within various aerospace programs (Mattice 2005). The HST study is one of four initial case studies selected by AFIT for
development in support of systems engineering graduate school instruction. Each of the case studies employs the Friedman-Sage
framework that is comprised of the following nine concept domains:

1. requirements definition and management;
2. systems architecting and conceptual design;
3. system and subsystem detailed design and implementation;
4. systems and interface integration;
5. validation and verification;
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6. deployment and post-deployment;
7. life cycle support;
8. risk assessment and management; and
9. system and program management.

The case study also populates a matrix using the Friedman-Sage (Friedman and Sage 2004) nine concept domain framework in the
context of the three areas of responsibility listed below:

1. systems engineering contractor responsibility;
2. shared responsibility; and
3. government responsibility.

The Friedman-Sage framework is used in the case study in several areas, including in the discussion of risk and systems
engineering management, in relation to Learning Principle 5 (see learning principles below), and in the summary of the case study.

Learning Principles

“The HST Case Study” derived five learning principles (LPs) that address the more broadly applicable areas of systems engineering
knowledge. These five LPs inform the areas of the SEBoK that are most strongly related to the case study. The five areas are:

stakeholder requirements definition (LP1);
planning (pre-program trade studies) (LP2);
system integration (LP3);
life cycle model management (LP4); and
risk management (LP5).

In addition, the HST study provides a comprehensive perspective on the systems engineering life cycle (glossary). It takes the
reader through a historical context that begins decades before the HST program was officially started to just beyond the first four
HST servicing missions that took place in December 1993, February 1997, December 1999, and March 2002. The study is related
to the SEBoK as described in the following sections.

Stakeholder Requirements Definition

Learning Principle 1: Early and full participation by the customer/user throughout the program is essential to success (Mattice vi, 6,
20-21).

This learning principle emphasizes the importance of stakeholder involvement since the lack of adherence to this principle early on
in the system development stage of the HST project brought about unwanted consequences in the overall development and
successful deployment of the system.

Planning

Learning Principle 2: The use of pre-program trade studies (“phased studies” or “phased project planning” in NASA parlance at
the time) to broadly explore technical concepts and alternatives is essential and provides for a healthy variety of inputs from a
variety of contractors and government (NASA) centers (vi, 6, 21-23).

This learning principle relates strongly to the impact of non-technical factors on the successful funding of the HST project and,
consequently, the implementation of critical trade studies early on in the process. The principle emphasizes that the technical
requirements of the program should have been prioritized above the political churn of competing organizations. Also, the areas of
the case study that address the Friedman-Sage framework in the concept domain of system and program management fit under this
topic.

Systems Integration

Learning Principle 3: A high degree of systems integration to assemble, test, deploy, and operate the system is essential to success
and must be identified as a fundamental program resource need as part of the program baseline (vi, 7, 23-33).

The integration challenges of the HST were present throughout the program development. Also the areas of the case study that
address the Friedman-Sage framework in the concept domain of systems and interface integration fit under this topic.
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Life Cycle Models

Learning Principle 4: Life cycle support planning and execution must be integral from day one, including concept and design
phases (vii, 7, 33-37).

The primary example of this principle was the ability to replace a faulty mirror, a completely unanticipated error in the system
design, early in the system operational life cycle, in order to bring the telescope to full operation. A second example of this is the
service module design – with a primary and a backup – and the redefining of the latest 2009 service mission where the non-
functional primary service module was replaced, extending the life of the system even further. The areas of the case study that
address the Friedman-Sage framework in the concept domain of life cycle support fit under this topic.

“The HST Case Study” takes the reader through the life cycle of the product development from system concept to deployment. It
continues on to follow the sustainability and the current operational state of the system. Sections of the case study cover the
historical context, as well as the procurement, development, and subsequent contract award. A time-line is included that begins in
1962 and ends in 1993, the year of the first service mission. The case study does not provide much information on retirement,
which is understandable since the system has not yet been retired. Also, the case study was completed in 2005 and does not include
an analysis of later events, such as the failure of the primary service module and the 2009 service mission. Another area that is not
addressed in the case study is the current operational state of the HST and the impact of the retirement of the shuttle program on the
future sustainability of the system.

The case study also includes an analysis that answers the question: “Was the HST, as a total program, a true systems-engineering
success and what lessons were learned?” (43). The mixed set of responses are provided by going through specific questions around
the concept domains in the Friedman-Sage framework.

Risk Management

Learning Principle 5: For complex programs, the number of players (government and contractor) demands that the program be
structured to cope with high risk factors in many management and technical areas simultaneously (vii, 7, 37-42).

The HST study supports this principle by pointing out that Lockheed Martin was held responsible for the risk of the optical systems
even though Perkin-Elmer was the technical expert in this area. This inevitably led to the HST going into orbit with the primary
mirror defect still undetected. The areas of the case study that address the Friedman-Sage framework in the concept domain of risk
assessment and management fit under this topic.

Summary
“The HST Case Study” provides a comprehensive perspective on the systems engineering life cycle, and can be used for detailed
instruction in the areas of stakeholder requirements definition, technical planning (Pre-Program Trade Studies), system integration,
life cycle model management, and risk management. Further, the case study provides a useful example of the rising cost of defect
correction through successive life cycle phases, demonstrating how an error (in test fixture specification) that could have been fixed
for $1,000 at the design stage, or detected and fixed with a $10 million investment in an end-to-end test of the telescope on the
ground, ended up costing $1 billion to fix when the system was in service.
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Global Positioning System Case Study
The Global Positioning System (GPS) case study (http://www.afit.edu/cse/cases.cfm?case=17&a=detail) was developed by the
United States Air Force Center for Systems Engineering (AF CSE) located at the Air Force Institute of Technology (AFIT). The
GPS is a space-based radio-positioning system. A constellation of twenty-four satellites, including three spares, comprise the overall
system which provides navigation and timing information to military and civilian users worldwide. GPS satellites, in one of six
Earth orbits, circle the globe every twelve hours, emitting continuous navigation signals on two different L-band frequencies. The
system consists of two other major segments: a world-wide satellite control network, and the GPS user equipment that can either be
carried by a human user or integrated into host platforms such as ships, vehicles, or aircraft.

Application domains: aerospace, space, communications, transportation

Application area: product, service, and enterprise

Domain Background
When looking at the Global Positioning System (GPS), it would be difficult to imagine another system that relies so heavily upon
such a wide range of domains, with the possible exception of the World Wide Web. Additionally, the various systems operating
within these domains must all function together flawlessly to achieve success. It is evident from reading this case study that it
directly relates to the following domains:

aerospace;
space;
communications; and
transportation.

This is also an example of systems of systems and is considered an innovative technology.

The GPS case study includes a detailed discussion of the development of the GPS and its components, as well as other applicable
areas. The reader of this study will gain an increased understanding of the effect that GPS has on military and commercial industries
in the context of the systems engineering support required to achieve success.

Case Study Background
The United States Air Force Center for Systems Engineering (AF CSE), established in 2002 at the Air Force Institute of
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Technology (AFIT), was tasked to develop case studies focusing on the application of systems engineering principles within
various aerospace programs (O'Brien and Griffin 2007). The GPS program was developed by AFIT in support of systems
engineering graduate school instruction. Each of the case studies employs the Friedman-Sage framework that is comprised of the
following nine concept domains:

1. requirements definition and management;
2. systems architecting and conceptual design;
3. system and subsystem detailed design and implementation;
4. systems and interface integration;
5. validation and verification;
6. deployment and post deployment;
7. life cycle support;
8. risk assessment and management; and
9. system and program management.

The Friedman-Sage framework (2004) is used in the GPS case study in several areas including in the discussion of risk and
configuration management in relation to Learning Principle 5 and in the summary of the case study.

Case Study Description
The “Global Positioning System - Systems Engineering Case Study” describes the application of systems engineering during the
concept validation, system design and development, and production phases of the GPS program (O'Brien and Griffin 2007). The
case examines the applied systems engineering processes, as well as the interactions of the GPS joint program office (JPO), the
prime contractors, and the plethora of government agencies that were associated with the program’s development and fielding. The
systems engineering process is traced from the initiation of studies and the development of key technologies, which established the
vision of a satellite navigation system in the 1960s, through to the multiphase joint-program that resulted in a fully operational
capability release in 1995. This case study does not cover system enhancements incorporated through Blocks IIM, IIF, and III.

The GPS case study derived four learning principles (LPs) that explain the more broadly applicable areas of systems engineering
knowledge that are addressed by the case study. These four LPs relate strongly to the SEBoK in the following areas:

enabling individuals (LP1);
configuration management (LP2);
enabling the organization (LP3); and
risk management (LP4).

Additionally, the GPS case study contains a thorough overview of life cycle management and exemplifies systems thinking
principles.

Enabling Individuals

Learning Principle 1: Programs must strive to staff key positions with domain experts.

From the program management team, to the systems engineering, design, manufacturing, and operations teams, the individuals on
the program were well-versed in their disciplines and all possessed a systems view of the program. While communications, working
relationships, and organization were important, it was the ability of the whole team at all levels to understand the implications of
their work on the system that was vital. Their knowledge-based approach for decision making had the effect of shortening the
decision cycle because the information was understood and the base and alternative solutions were accurately presented.

Configuration Management

Learning Principle 2: The systems integrator must rigorously maintain program baselines.

The joint program office (JPO) retained the role of managing and controlling the system specification and, therefore, the functional
baseline. The JPO derived and constructed a mutually agreed to set of system requirements that became the program baseline in
1973. While conducting the development program, the GPS team was able to make performance, risk, cost, and trade analyses
against the functional baseline to control both risk and cost. The JPO was fully cognizant of the implications of the functional
requirements on the allocated baseline because they managed the interface control working group process. Managing that process
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gave them first-hand knowledge and insight into the risks at the lowest level. The individual with the system integrator role must
rigorously maintain the system specification and functional baseline. There must be appropriate sharing of management and
technical responsibilities between the prime contractor and their government counterparts to ensure success.

Enabling the Organization

Learning Principle 3: Achieving consistent and continuous high-level support and advocacy helps funding stability, which impacts
systems engineering stability.

Consistent, continuous high-level support provides the requirements and assists funding stability. In this role, the Office of the
Secretary of Defense (OSD) provided advocacy and sourced the funding at critical times in the program, promoted coordination
among the various services, and reviewed and approved the GPS JPO system requirements. The OSD played the central role in the
establishment and survivability of the program. The GPS JPO had clear support from the Director of Defense Development,
Research, and Engineering, Dr. Malcolm Currie, and program support from the Deputy Secretary of Defense, Dr. David Packard.
Clearly, the armed services – particularly the Navy and the Air Force early on, and later the Army – were the primary users of GPS
and the eventual customers. However, each armed service had initial needs for their individual programs, or for the then-current
operational navigation systems. Additionally, the secretary of the Air Force provided programmatic support to supply manpower
and facilities.

Risk Management

Learning Principle 4: Disciplined and appropriate risk management must be applied throughout the life cycle.

The GPS program was structured to address risk in several different ways throughout the multiphase program. Where key risks
were known up front, the contractor and/or the government utilized a classic risk management approach to identify and analyze
risk, as well as develop and track mitigation actions. These design (or manufacturing/launch) risks were managed by the office who
owned the risks. Identified technical risks were often tracked by technical performance measures (such as satellite weight and
software lines Of codes) and addressed at weekly chief engineer’s meetings.

Serving in the clear role of program integrator allowed the JPO to sponsor risk trade studies at the top level. The JPO would issue
study requests for proposals to several bidders for developing concepts and/or preliminary designs. Then, one contractor would be
down-selected and the process would continue. This approach provided innovative solutions through competition, as well as helped
in defining a lower risk, more clearly defined development program for the fixed-price contracts approach that was being used for
development and production.

As the system integrator, the JPO was also closely involved with technical development. To identify unforeseeable unique technical
challenges, the JPO would fund studies to determine the optimal approaches to new issues. There were scheduled risks associated
with the first launch due to unforeseen Block II issues with respect to the space vehicle and control segments (software
development). Although a catastrophic event, the Challenger accident actually provided much needed schedule relief. Using
decision analysis methodology led the JPO to an alternative approach to develop the expendable launch vehicle for the Block II
satellites.

Good communication, facilitated by cooperative working relationships, was a significantly positive (though intangible) factor in the
success of the GPS program, regardless of whether it was between the contractors and the government (JPO or other agencies), or
between contractors and sub-contractors. A true team environment also played a significant role in reducing risk, especially
considering the plethora of government agencies and contractors that were involved in the effort.

Life Cycle Management

The GPS case study takes the reader through the initial concept of GPS (March 1942) all the way to the development, production,
and operational capability of the system. The current GPS program traces its heritage to the early 1960s when Air Force Systems
Command initiated satellite-based navigation systems analyses conducted by The Aerospace Corporation. The case study follows
the execution of the GPS program from the inception of the idea to the full operational capability release on April 27th, 1995. The
concentration of the case study is not limited to any particular period, and the learning principles come from various times
throughout the program’s life.

Systems Thinking
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The GPS case study highlights the need for systems thinking throughout. GPS satellites, in one of six Earth orbits, circle the globe
every twelve hours. These satellites emit continuous navigation signals on two different L-band frequencies. The system consists of
two other major segments: a world-wide satellite control network and the GPS user equipment that can either be carried by a human
user, or integrated into host platforms such as ships, vehicles, or aircraft. The ability to conceive, develop, produce, field, and
sustain the GPS demands the highest levels of systems thinking.

Summary
The GPS case study is useful for global systems engineering learning and provides a comprehensive perspective on the systems
engineering life cycle. The study is applicable for detailed instruction in the areas of:

enabling individuals;
configuration management;
enabling the organization;
risk management;
life cycle management; and
systems thinking.

The GPS case study revealed that key Department of Defense personnel maintained a clear and consistent vision for this
unprecedented, space-based navigation capability. The case study also revealed that good fortune was enjoyed by the JPO as
somewhat independent, yet critical, space technologies matured in a timely manner.

Although the GPS program required a large degree of integration, both within the system and external to the system amongst a
multitude of agencies and contractors, the necessary efforts were taken to achieve success.

Lastly, the reader of the GPS case study will gain an increased understanding of the effect that GPS has on the military and
commercial industries in the context of the systems engineering support required to achieve success. The system was originally
designed to help “drop five bombs in one hole” which defines the accuracy requirement in context-specific terms. The GPS signals
needed to be consistent, repeatable, and accurate to a degree that, when used by munitions guidance systems, would result in the
successful delivery of multiple, separately-guided munitions to virtually the identical location anywhere at any time across the
planet. Forty to fifty years ago, very few outside of the military recognized the value of the proposed accuracy and most non-
military uses of GPS were not recognized before 1990. GPS has increasingly grown in use and is now used every day.
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Medical Radiation Case Study
This case study presents system and software engineering issues relevant to the accidents associated with the Therac-25 medical
linear accelerator that occurred between 1985 and 1988. The six accidents caused five deaths and serious injury to several patients.
The accidents were system accidents that resulted from complex interactions between hardware components, controlling software,
and operator functions.

Application domains: medical, software engineering, and safety engineering

Application area: product

Domain Background
Medical linear accelerators, devices used to treat cancer, accelerate electrons to create high energy beams that can destroy tumors.
Shallow tissue is treated with the accelerated electrons. The electron beam is converted to X-ray photons to reach deeper tissues.
Accidents occur when a patient is delivered an unsafe amount of radiation.

A radiation therapy machine is controlled by software that monitors the machine's status, accepts operator input about the radiation
treatment to be performed, and initializes the machine to perform the treatment. The software turns the electron beam on in response
to an operator command. The software turns the beam off whenever the treatment is complete, the operator requests the beam to
shutdown, or when the hardware detects a machine malfunction. A radiation therapy machine is a reactive system in which the
system's behavior is state dependent and the system's safety depends upon preventing entry into unsafe states. For example, the
software controls the equipment that positions the patient and the beam. The positioning operations can take a minute or more to
execute, thus it is unsafe to activate the electron beam while a positioning operation is in process.

In the early 1980s, Atomic Energy of Canada (AECL) developed the Therac-25, a dual-mode (X-rays or electrons) linear
accelerator that can deliver photons at 25 megaelectron volts (MeV) or electrons at various energy levels. The Therac-25
superseded the Therac-20, the previous 20-MeV dual mode accelerator with a history of successful clinical use. The Therac-20
used a DEC PDP-11 (Digital Equipment Corporation Programmed Data Processor) minicomputer for computer control and
featured protective circuits for monitoring the electron beam, as well as mechanical interlocks for policing the machine to ensure
safe operation. AECL decided to increase the responsibilities of the Therac-25 software for maintaining safety and eliminated most
of the hardware safety mechanisms and interlocks. The software, written in PDP-11 assembly language, was partially reused from
earlier products in the Therac product line. Eleven Therac-25s were installed at the time of the first radiation accident in June 1985.

The use of radiation therapy machines has increased rapidly in the last 25 years. The number of medical radiation machines in the
United States in 1985 was approximately 1000. By 2009 the number had increased to approximately 4450. Some of the types of
system problems found in the Therac-25 may be present in the medical radiation devices currently in use. References to more recent
accidents are included below.

Case Study Background
The Therac-25 accidents and their causes are well documented in materials from the U.S. and Canadian regulatory agencies (e.g.,
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the U.S. Food and Drug Administration (FDA) and the Canadian Bureau of Radiation and Medical Devices) and in depositions
associated with lawsuits brought against AECL. An article by Leveson and Turner (1993) provides the most comprehensive,
publically-available description of the accident investigations, the causes of the accidents, and the lessons learned relevant to
developing systems where computers control dangerous devices.

Case Study Description
The Therac-25 accidents are associated with the non-use or misuse of numerous system engineering practices, especially system
verification and validation, risk management, and assessment and control. In addition, numerous software engineering good
practices were not followed, including design reviews, adequate documentation, and comprehensive software unit and integration
tests.

The possibility of radiation accidents increased when AECL made the systems engineering decision to increase the responsibilities
of the Therac-25 software for maintaining safety and eliminated most of the hardware safety mechanisms and interlocks. In
retrospect, the software was not worthy of such trust. In 1983 AECL performed a safety assessment on the Therac-25. The
resulting fault tree did include computer failures, but only those associated with hardware; software failures were not considered in
the analysis.

The software was developed by a single individual using PDP-11 assembly language. Little software documentation was produced
during development. An AECL response to the FDA indicated the lack of software specifications and of a software test plan.
Integrated system testing was employed almost exclusively. Levinson and Turner (1993) described the functions and design of the
software and concluded that there were design errors in how concurrent processing was handled. Race conditions resulting from the
implementation of multitasking also contributed to the accidents.

AECL technical management did not believe that there were any conditions under which the Therac-25 could cause radiation
overdoses, and this belief was evident in the company’s initial responses to accident reports. The first radiation overdose accident
occurred in June 1985 at the Kennestone Regional Oncology Center in Marietta, Georgia, where the Therac-25 had been operating
for about 6 months. The patient who suffered the radiation overdose filed suit against the hospital and AECL in October 1985. No
AECL investigation of the incident occurred and FDA investigators later found that AECL had no mechanism in place to follow up
potential reports of suspected accidents. Additionally, other Therac-25 users received no information that an accident had occurred.

Two more accidents occurred in 1985, including a radiation overdose at Yakima Valley Memorial Hospital in Yakima, Washington
that resulted in an accident report to AECL. The AECL technical support supervisor responded to the hospital in early 1986: “After
careful consideration, we are of the opinion that this damage could not have been produced by any malfunction of the Therac-25 or
by any operator error… there have apparently been no other instances of similar damage to this or other patients.”

In early 1986 there were two accidents at the East Texas Cancer Center in Tyler, Texas, both of which resulted in the death of the
patient within a few months. On March 21, 1986 the first massive radiation overdose occurred, though the extent of the overdose
was not realized at the time. The Therac-25 was shut down for testing the day after the accident. Two AECL engineers, one from
the plant in Canada, spent a day running machine tests but could not reproduce the malfunction code observed by the operator at
the time of the accident. The home office engineer explained that it was not possible for the Therac-25 to overdose a patient. The
hospital physicist, who supervised the use of the machine, asked AECL if there were any other reports of radiation overexposure.
The AECL quality assurance manager told him that AECL knew of no accidents involving the Therac-25.

On April 11, 1986 the same technician received the same malfunction code when an overdose occurred. Three weeks later the
patient died; an autopsy showed acute high-dose radiation injury to the right temporal lobe of the brain and to the brain stem. The
hospital physicist was able to reproduce the steps the operator had performed and measured the high radiation dosage delivered. He
determined that data-entry speed during editing of the treatment script was the key factor in producing the malfunction code and the
overdose. Examination of the portion of the code responsible for the Tyler accidents showed major software design flaws. Levinson
and Turner (1993) describe in detail how the race condition occurred in the absence of the hardware interlocks and caused the
overdose. The first report of the Tyler accidents came to the FDA from the Texas Health Department. Shortly thereafter, AECL
provided a medical device accident report to the FDA discussing the radiation overdoses in Tyler.

On May 2, 1986 the FDA declared the Therac-25 defective and required the notification of all customers. AECL was required to
submit to the FDA a corrective action plan for correcting the causes of the radiation overdoses. After multiple iterations of a plan to
satisfy the FDA, the final corrective action plan was accepted by the FDA in the summer of 1987. The action plan resulted in the
distribution of software updates and hardware upgrades that reinstated most of the hardware interlocks that were part of the Therac-
20 design.
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AECL settled the Therac-25 lawsuits filed by patients that were injured and by the families of patients who died from the radiation
overdoses. The total compensation has been estimated to be over $150 million.

Summary
Leveson and Turner (1993) describe the contributing factors to Therac-25 accidents: “We must approach the problems of accidents
in complex systems from a systems-engineering point of view and consider all contributing factors." For the Therac-25 accidents,
the contributing factors included:

management inadequacies and a lack of procedures for following through on all reported incidents;
overconfidence in the software and the resulting removal of hardware interlocks (causing the software to be a single point of
failure that could lead to an accident);
less than acceptable software engineering practices; and
unrealistic risk assessments along with over confidence in the results of those assessments.

Recent Medical Radiation Experience
Between 2009 and 2011, The New York Times published a series of articles by Walter Bogdanich on the use of medial radiation,
entitled “Radiation Boom" (2011).

The following quotations are excerpts from that series:

Increasingly complex, computer-controlled devices are fundamentally changing medical radiation, delivering higher
doses in less time with greater precision than ever before.” But patients often know little about the harm that can
result when safety rules are violated and ever more powerful and technologically complex machines go awry. To
better understand those risks, The New York Times examined thousands of pages of public and private records and
interviewed physicians, medical physicists, researchers and government regulators. The Times found that while this
new technology allows doctors to more accurately attack tumors and reduce certain mistakes, its complexity has
created new avenues for error — through software flaws, faulty programming, poor safety procedures or inadequate
staffing and training. . . .

Linear accelerators and treatment planning are enormously more complex than 20 years ago,’ said Dr. Howard I.
Amols, chief of clinical physics at Memorial Sloan-Kettering Cancer Center in New York. But hospitals, he said, are
often too trusting of the new computer systems and software, relying on them as if they had been tested over time,
when in fact they have not. . . .

Hospitals complain that manufacturers sometimes release new equipment with software that is poorly designed,
contains glitches or lacks fail-safe features, records show. Northwest Medical Physics Equipment in Everett, Wash.,
had to release seven software patches to fix its image-guided radiation treatments, according to a December 2007
warning letter from the F.D.A. Hospitals reported that the company’s flawed software caused several cancer patients
to receive incorrect treatment, government records show.
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FBI Virtual Case File System Case Study
This case study presents systems and software engineering issues encountered in the Federal Bureau of Investigation (FBI) Virtual
Case File (VCF) project in the period between 2000-2005. VCF development was abandoned in 2005 after over $170 million had
been spent.

Application domains: government, law enforcement, project management, integration, stakeholder requirements, system
requirements, planning, assessment and control, and risk management

Application areas: product and enterprise

Domain Background
The FBI is an organization within the United States Department of Justice (DoJ) consisting of 23 divisions, including
counterintelligence, criminal investigation, and cybercrime. The Bureau's 12,400 agents investigate everything from counter-
terrorism leads to kidnappings. They interview witnesses, develop informants, conduct surveillance, hunt for clues, and collaborate
with local law enforcement to find and arrest criminals. Agents document every step and methodically build case files. They spend
a tremendous amount of time processing paperwork. This system of forms and approvals stretches back to the 1920s when forms
for all of the bureau's investigative reports were standardized.

In 2000, the Bureau had hundreds of standardized paper forms and obsolete information technology (IT) systems. The FBI’s
13,000 computers could not run modern software. Most of the agency offices were connected to the FBI Intranet with links
operating at about the speed of a 56 kilobits-per-second modem. Agents could not e-mail U.S. Attorneys, federal agencies, local
law enforcement, or each other; instead, they typically sent case-related information by fax. The agency’s problems in 2000 were
summarized in the 9/11 Commission Report: "the FBI's information systems were woefully inadequate. The FBI lacked the ability
to know what it knew; there was no effective mechanism for capturing or sharing its institutional knowledge" (National
Commission on Terrorist Acts upon the United States 2004).

In September 2000, Congress approved $380 million over three years for what was then called the FBI Information Technology
Upgrade Program. Eventually divided into three parts, the program became known as the Trilogy Information Technology
Modernization Program. The first part would provide all 56 FBI field offices with updated computer terminals, as well as new
hardware such as scanners, printers, and servers. The second part would re-implement the FBI Intranet to provide secure local area
and wide area networks, allowing agents to share information with their supervisors and each other. The third part was intended to
replace the FBI's investigative software applications, including the obsolete Automated Case Support (ACS) system.

In June 2001, the FBI awarded a contract to develop the investigative software applications of Trilogy to Science Applications
International Corporation (SAIC) over a three year period. The purpose of the software to be developed was to:
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provide the capability to find information in FBI databases without having prior knowledge of its location, and to search all
FBI databases with a single query through the use of search engines;
Web-enable the existing investigative applications;
improve capabilities to share information inside and outside the FBI;
provide access to authorized information from both internal and external databases; and
allow the evaluation of cases and crime patterns through the use of commercial and FBI-enhanced analytical and case
management tools.

After the September 11 terrorist attacks, the inability of FBI agents to share the most basic information about al Qaeda's U.S.
activities was front-page news. Within days, the FBI's obsolete technology infrastructure was being discussed in Congress and the
FBI was under intense pressure to improve its information sharing capabilities. On September 4, 2001, Robert S. Mueller III
became FBI director, and, in the face of intense public and congressional pressure, Mueller accelerated the Trilogy program. The
planned three year period to develop the investigative software was considered politically unacceptable. In January 2002, the FBI
requested an additional $70 million to accelerate Trilogy; Congress went further, approving $78 million.

Providing Web-enablement of the existing but antiquated and limited ACS system would not provide the investigative case
management capabilities required to meet the FBI’s post-September 11 mission. In December 2001, the FBI asked SAIC to stop
building a Web-based front end for the old programs. Instead, SAIC was asked to devise a new case management system, the
Virtual Case File (VCF), to replace ACS. The VCF would contain a major new application, database, and graphical user interface.
In order to make both criminal and terrorist investigation information readily accessible throughout the FBI, major changes to the
standardized FBI processes would be required. This case study focuses on the VCF component of the Trilogy program.

Case Study Background
The most complete description of the development of the VCF is the report by the DoJ Office of the Inspector General (OIG). The
OIG reports to the Attorney General and is independent of the FBI organizations responsible for the Trilogy program. The
introduction to the report states, “We conducted this audit to assess the FBI’s progress in meeting cost, schedule, technical, and
performance targets for the three components of Trilogy. We also examined the extent to which Trilogy will meet the FBI’s current
and longer-term IT needs” (OIG 2004).

An IEEE Spectrum article complements the OIG audit report by providing detailing the development of the VCF requirements, the
contractor’s activities, and the project management failures by both the FBI and the contractor. The contractor’s viewpoint is
presented in testimony given before a subcommittee of the U.S. Senate Appropriations Committee.

These materials, in total, provide a comprehensive view of the VCF program and the reasons for its failure.

Case Study Description
In the political environment following the 9/11 attacks, funding for the VCF project was never a problem. By early 2002, SAIC
and the FBI committed to creating an entirely new case management system in 22 months. High-level funding enabled the project
to continue gaining momentum in spite of the problems it encountered. The scheduling for the VCF project focused on what was
desired, not what was possible. Trilogy’s scope grew by approximately 80% from the initial project baseline (Moore 2010).

The reasons for the failure of the VCF project are associated with the non-use or misuse of numerous system engineering practices,
especially within stakeholder requirements, system requirements, planning, assessment and control, and risk management. Given
the political pressures following the 9/11 attacks, the schedule was accelerated to the point that it was nearly impossible for the
developers to follow an appropriate systems engineering process.

The FBI cycled through five people in the role of Chief Information Officer in four years and most decisions were made by
committees. In order to compress the schedule, the FBI even proposed replacing the ACS with the VCF over a weekend using an
IT procedure called a “flash cut-over.” In this proposed implementation, the ACS system would be taken offline and entirely
replaced by VCF. Once the cut-over happened, there would be no mechanism to return to ACS, even if the VCF did not work
properly.

SAIC worked under a cost-plus-award-fee contract for the VCF as the scope of the project was undefined in early 2002 when work
began. Given the schedule pressures, the FBI believed that there was no time to develop formal requirements (glossary), validate
them with the various FBI user communities, and then estimate the cost and time required to develop the VCF. The SAIC contract
did not require specific completion milestones and the cost-plus contract allowed the scope to increase. VCF was a case of not
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getting the requirements sufficiently defined in terms of completeness and correctness. The continuous redefinition of requirements
had a cascading effect on what had already been designed and produced. Once there was demonstrable software, change requests
started arriving—roughly 400 from December 2002 to December 2003.

The new FBI Intranet was specified during 2001, before the start of the VCF project and with little understanding of the network
traffic that would result from information sharing. By early 2003, the FBI began to realize how taxing the network traffic would be
once all 22,000 users came online. The requirements for the FBI Intranet were modified based on the best guesses for the
bandwidth that would be required when the VCF was fully operational. By early 2004, the new FBI Intranet was in operation,
although the VCF software was far from complete.

In reaction to the time pressure, SAIC broke its VCF development group into eight teams working in parallel on different functional
elements of the program. However, this posed many integration challenges and the eight threads would later prove too difficult for
SAIC to combine into a single system. By the time VCF was canceled, SAIC had developed over 700,000 lines of software based
upon an incomplete set of requirements that were documented in an 800-page volume.

Summary
The OIG summarizes its conclusions as:

Various reasons account for the delays and associated cost increases in the Trilogy project, including:

poorly defined and slowly evolving design requirements,
contracting weaknesses,
IT investment management weaknesses,
lack of an Enterprise Architecture,
lack of management continuity and oversight,
unrealistic scheduling of tasks,
lack of adequate project integration, and
inadequate resolution of issues raised in our previous reports on Trilogy. . . .

According to the Government Accountability Office (GAO), an Enterprise Architecture is a set of descriptive models
such as diagrams and tables that define, in business and technology terms, how an organization operates today, how
it intends to operate in the future, and how it intends to invest in technology to transition from today's operational
environment to tomorrow's. . . .

As of early 2005 the FBI’s operations remain significantly hampered due to the poor functionality and lack of
information-sharing capabilities of its current IT systems. . . . (OIG 2005)

In May 2005, FBI director Mueller announced Sentinel, a four-phase, four-year project intended to fulfill the purpose of VCF and
provide the Bureau with a web-based case and records management system. During the previous five years, commercial case
management software had become available; as a result, Sentinel is intended to utilize commercial off-the-shelf (COTS) software. A
report by the OIG in late 2009 describes Sentinel and its status at that time. News reports indicate that the FBI expects Sentinel to
be completed in 2012.
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MSTI Case Study
The Miniature Seeker Technology Integration (MSTI) spacecraft was the first of its kind: a rapid development spacecraft, designed
and launched in one year. As an aerospace example for a satellite application, the case study, "M.S.T.I.: Optimizing the Whole
System" (Grenville, Kleiner, and Newcomb 2004), describes the project's systems engineering approach. Driven by an aggressive
schedule, MSTI optimized over the whole project, rather than allowing sub-optimizations at the component level. As a partnership
with Phillips Laboratories, the Jet Propulsion Laboratory (JPL), and Spectrum Astro, MSTI went into orbit on November 21, 1992.
The MSTI-1 succeeded in meeting all primary mission objectives, surpassing the 6-day data collection mission requirement.

Application domains: aerospace, project management, planning, and systems of systems

Application area: product

Domain Background
There are many case study examples for aerospace systems. This case is of particular interest because it highlights mechanisms
which enabled successful performance following an aggressive schedule. Since this rapid development spacecraft was designed and
launched in one year, new ways of structuring the project were necessary. Within this domain, the MSTI project used an innovative
approach. Practices from this project led to the Mission Design Center and the System Test Bed at JPL.

Case Study Background
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This case study was developed in support of the National Aeronautics and Space Administration (NASA) Program and Project
Management Initiative by authors at the Virginia Polytechnic Institute and State University and Scientific Management, Inc. The
case study was developed in the interest of continuously improving program and project management at NASA. Research for this
case included comprehensive literature review and detailed interviews. The project was selected based on the potential for
providing lessons learned.

Case Study Description
The MSTI case study illustrates many principles described in the Systems Engineering Body of Knowledge (SEBoK). The MSTI
team had to make adjustments to the traditional approach to spacecraft development in order to stay within budget and to meet the
aggressive timeline of bringing a spacecraft from conception to launch within one year. The team realized that they were "building
Porsches not Formula 1s"(Grenville, Kleiner, Newcomb 2004). Meeting the schedule was a crucial factor that affected all
decisions. The SEBoK knowledge area on life cycle models describes life cycle design in more detail.

The team took advantage of existing hardware architectures for their architectural design to expedite the project. In addition, at each
design phase, the whole system was optimized instead of optimizing subsystems, and the level of optimization at the subsystem
level was reduced. A hardware-in-the-loop test bed was used throughout the project, which expedited system integration.

The schedule was maintained only at a high level in the project management office, and the costs were managed using a cost
reporting technique for "cost to completion." Rather than report on past spending, the Responsible Engineering Authorities (REAs)
were expected to continually evaluate their ability to complete their tasks within projected costs. Faster procurement was achieved
using the Hardware Acquisition Team, where a technical team member was matched with a procurement representative for each
design function. This pair wrote the specifications together and initiated the purchase requisitions.

From the organizational perspective, increased responsibility and accountability were given to each team member. Individuals took
ownership of their work and the decision process was streamlined. The team made more "good decisions," rather than optimal
decisions. The team was collocated, and daily meetings were used to assign daily tasks and keep the team focused on the launch.
The standard Problem Failure Report (PFR) was streamlined and electronic reports provided snapshots of the resolved and
outstanding PFRs. The report helped REAs stay on top of potential problem areas. REAs were responsible for looking forward on
the project horizon and notifying the team of any potential problem areas.

The first satellite in the MSTI series, MSTI-1, was launched on November 21, 1992. The spacecraft weighed 150 kg and was built
for $19M in less than 12 months. Over 200,000 photographs were returned from the spacecraft. From a project management
standpoint, all mission objectives were completed.

In addition, MSTI had a lasting legacy. Faster procurement developed into an approach JPL now calls "Fast Track Procurement."
Hardware acquisition teams are used often in JPL projects. The hardware-in-the-loop test bed was the precursor to the Flight
System Test Bed at JPL. Team members moved up quickly in JPL due to the increased responsibility and authority they were given
on the MSTI project.

Summary
MSTI demonstrated that an aggressive schedule can be used to design low earth-orbiting spacecraft to optimize the full system. The
MSTI experience changed JPL's culture and their approach to spacecraft development and mission management. The insights from
this case study example can help both students and practitioners better understand principles described in the SEBoK.
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Next Generation Medical Infusion Pump Case Study
This case study summarizes the systems engineering aspects of the next-generation Symbiq™ IV (intravenous) medical pump
development. Symbiq™ was developed by Hospira Inc. and documented in detail in Chapter 5 of the National Research Council
book, Human-System Integration in the System Development Process. As described in the book, Symbiq™'s purpose was “to
deliver liquid medications, nutrients, blood and other solutions at programmed flow rates, volumes and time intervals via
intravenous and other routes to a patient, primarily for hospital use with secondary limited feature use by patients at home" (Pew
2007).

Application domains: medical, integration

Application area: product

Domain Background
This case study provides insight into the use of systems engineering practices in a medical application.

Case Study Background
The project that is the subject of this report was approved by the Governing Board of the National Research Council, whose
members are drawn from the councils of the National Academy of Sciences, the National Academy of Engineering, and the
Institute of Medicine.

The study was supported by Award Nos. W911NF-05-0150 and FA5650-06-1-6610 between the National Academy of Sciences,
the U.S. Department of the Army, and the U.S. Department of the Air Force.

Case Study Description
In creating a next-generation product, Hospira proposed to introduce new IV pump features, such as:
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multi-channel vs. single-channel liquid delivery;
the ability to group multi-channeled devices together;
associated user-programming capabilities and programmable drug libraries for specifying parallel delivery of liquids;
use of color touchscreen devices;
integration with numerous types of hospital information systems;
ease of use for both medical personnel and patients at home;
handling of potential hardware, software, and human-user faults;
compliance with U.S. and international safety standards;
use of alternating-current or battery power; and
the ability to be cost-competitive and attractive to traditional medical and hospital administration personnel.

Many of these features are highly coupled, such as the multi-channel hardware controls, concurrent software synchronization,
distinctive displays and alarms for multi-channel devices, and rigorous medical safety standards.

Views of the resulting Symbiq™ pump are shown in Figures 1 and 2. Systems engineering for the device involved a great deal of
concurrent analysis and engineering of its hardware, software, human factors, operational, business, and safety aspects. It has been
a commercial success and won the 2006 Human Factors and Ergonomics Society’s User-Centered Product Design Award and the
2007 Medical Design Excellence Award.

Figure 1. “Symbiq™ Pump Industrial Design”
(Pew and Mavor 2007, Chapter 5 Draft (Photo
belongs to Hospira, Inc.)) Source available at
http://www.nap.edu/catalog.php?record_id=11893

Figure 2. Two Channel IV Pumps with Left
Channel Illuminated (Pew and Mavor 2007, pg.
107, Fig. 5-5 (Photo belongs to Hospira, Inc.)
Source available at
http://www.nap.edu/catalog.php?record_id=11893

Not only were there numerous technical challenges in the development of Symbiq™, but there were also challenges in the systems
engineering of a product with a life-cycle operational concept that would produce satisfactory outcomes for a wide variety of
product and operational stakeholders whose value propositions were often in some conflict. Some stakeholders wanted numerous
features that would require a complex user interface, while others wanted a simple and easy to learn interface. Some users wanted
the most advanced color touchscreen displays available, while others wanted a simpler, less-expensive product that was harder to
misuse due to inadvertent screen commands. Some organizations felt that a minimal interpretation of the required safety features
would be acceptable, while others advocated ultrahigh assurance levels. Some marketing personnel wanted a quick development
and fielding of the basic product to capture market share, while maintainers wanted initial built-in life cycle support, maintenance,
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and diagnostic capabilities.

In such situations, many organizations focus on making quick requirement decisions and rapidly proceed into development.
However, Hospira’s understanding of the uncertainties and risks caused them to pursue a risk-driven, incremental commitment
course of buying information to reduce risk, as emphasized in the SEBoK Part 3 knowledge area on Risk Management. As
described in Pew and Mavor (2007), Hoshira used a version of the Incremental Commitment Spiral Model (ICSM) summarized in
the SEBoK Part 3 Knowledge Area on representative systems engineering process models. The following sections describe the
project’s incremental system definition progress through the ICSM exploration, valuation, foundations, and Development phases.
Some evolution of terminology has occurred, the Pew and Mavor (2007) version uses ICM instead of ICSM and "architecting
phase" instead of "foundations phase".

Symbiq™ Exploration Phase Summary

In the exploration phase, the project carried out numerous analyses on stakeholder needs, technical opportunities, and business
competition. Using these analyses, the project team determined ranges of preferred options. Stakeholder needs analyses included
contextual inquiry via shadowing of nurses using IV pumps and followup interviews, as well as creating task flow diagrams, use
environment analyses, and user profiles analyses. Technical opportunity analyses included initial conceptual designs of multi-
channel pump configurations, evaluation of commercially available single-color and multicolor display devices with touchscreen
capabilities, and software approaches for specifying multi-channel delivery options and synchronizing concurrent processes.

Business competition analyses included hiring a management and marketing planning firm to examin next-generation pump
competitor strengths and weaknesses with respect to such capabilities as the number of pump channels, therapies, programming
options, air-in-line management, battery and alternating current capabilities, biomedical domain expertise, and alarms. Several key
competitive advantages of a next-generation pump were identified, such as the ability to read bar-codes, small size, light weight,
stand-alone functional channels, an extensive drug library, a high level of reliability, and clear mapping of screen displays and
pumping channels.

Market research and market segment analyses also identified market windows, pricing alternatives, hospital purchasing decision-
making trends, and safety aspects. These were iterated by focus groups of key thought leaders in critical care. The results were
factored into a product concept plan, cost analysis, and business case analysis. These were independently reviewed by experts as
part of the ICSM Valuation Phase Commitment Review process, which resulted in a go-ahead decision with an identification of
several risks to be managed.

Symbiq™ Valuation Phase Summary

The valuation phase focused on the major risks highlighted in the Valuation Commitment Review, such as the multi-channel pump
options, the types of programmable therapies, the need for tailorable medication libraries, the display screen and user interface
options, and the safety considerations. The valuation phase also elaborated the product concept plan for the most attractive general
set of options, including a development plan and operations plan, along with an associated cost analysis, risk analysis, and business
case for review at the Foundations Commitment Review.

The multi-channel pump options were explored via several hardware industrial design mockups and early usability tests of the
mockups. These included evaluation of such desired capabilities as semi-automatic cassette loading, special pole-mounting
hardware, stacking of and total number of channels, and tubing management features. The evaluations led to the overall all choice
to use a semi-automatic cassette loading capability with a red-yellow-green LED display to indicate concerns with the loading
mechanism and with the pump in general (Figure 2 shows the resulting capability on a two-channel pump with the left channel
illuminated above the cassette loader).

Field exercises with prototypes of the pole mountings indicated the need for quick release and activation mechanisms, which were
subsequently implemented. Risk analyses of alternative stacking mechanisms and the potential number of channels available
established a preference for side-by-side stacking, a decision to develop one and two channel units, and to support a maximum of
four channels in a stacked configuration.

The types of programmable therapies considered included continuous delivery for a specified time period, patient weight-based
dosing, piggyback or alternating delivery between the two channels, tapered or ramped-rate delivery, intermittent-interval delivery,
variable-time delivery, and multistep delivery. These were evaluated via prototyping of the software on a simulated version of the
pump complexes and were iterated until satisfactory versions were found.
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Figure 3. Sample Simulated GUI Screens(Pew and
Mavor 2007, Chapter 5 Draft (Photo belongs to
Hospira, Inc.)) Source available at
http://www.nap.edu/catalog.php?record_id=11893

Evaluation of the tailorable medication libraries addressed the issue that different hard and soft safety limits were needed for
dosages in different care settings (e.g., emergency room, intensive care, oncology, pediatric care, etc.) which creates a need for
hospitals to program their own soft limits (overridable by nurses with permission codes) and hard limits (no overrides permitted).
Stakeholder satisfaction with the tailoring features was achieved via prototype exercises and iteration with representative hospital
personnel.

A literature review was conducted to determine the relative advantages and disadvantages of leading input and display
technologies, including cost and reliability data. After downselecting to three leading vendors of touch screen color LCD displays
and further investigating their costs and capabilities, a business risk analysis focused on the trade offs between larger displays and
customer interest in small-footprint IV pumps. The larger display was selected based on better readability features and the reduced
risk of accidental user entries since the larger screen buttons would help to avoid these occurrences. As shown in Figure 3,
extensive usability prototyping was done with hardware mockups and embedded software that delivered simulated animated
graphic user interface (GUI) displays to a touchscreen interface that was integrated into the hardware case. Figure 3 shows three of
the display options that were tested.

The safety risk analysis in the valuation phase followed ISO 14971:2000
standards for medical device design, focusing on Failure Modes and Effects
Analyses (FMEAs). This analysis was based on the early high-level design,
such as entry of excessive drug doses or misuse of soft safety limit overrides.
Subsequent-phase FMEAs would elaborate this analysis, based on the more
detailed designs and implementations.

As in the exploration phase, the results of the valuation phase analyses, plans,
budgets for the succeeding phases, the resulting revised business case,
evidence of solution feasibility, and remaining risks with their risk
management plans were reviewed by independent experts and the ICSM
Foundations Commitment Review was passed, subject to a few risk level and
risk management adjustments.

Symbiq™ Foundations Phase Summary

During the foundations phase, considerable effort was focused on addressing the identified risks such as the need for prototyping
the full range of GUI usage by the full range of targeted users, including doctors, home patients, the need for interoperability of the
Symbiq™ software with the wide variety of available hospital information systems, and the need for fully detailed FMEAs and
other safety analyses. Comparable added effort went into detailed planning for development, production, operations, and support,
providing more accurate inputs for business case analyses.

GUI prototyping was done with a set of usability objectives, such as:

90% of experienced nurses will be able to insert the cassette the first time while receiving minimal training;
99% will be able to correct any insertion errors;
90% of first time users with no training will be able to power the pump off when directed; and
80% of patient users would rate the overall ease of use of the IV pump three or higher on a five-point scale (with five being
the easiest to use).

Similar extensive evaluations were done on the efficacy and acceptability of the audio alarms, including the use of a patient and
intensive care unit simulator that included other medical devices that produced noises, as well as other distractions such as ringing
telephones. These evaluations were used to enable adjustment of the alarms and to make the visual displays easier to understand.

Software interoperability risk management involved extensive testing of representative interaction scenarios between the Symbiq™
software and a representative set of hospital information systems. These resulted in several adjustments to the software
interoperability architecture. Also, as the product was being developed as a platform for the next generation of infusion pump
products, the software design was analyzed for overspecialization to the initial product, resulting in several revisions. Similar
analyses and revisions were performed for the hardware design.

As the design was refined into complete build-to specifications for the hardware and the operational software, the safety analyses
were elaborated into complete FMEAs of the detailed designs. These picked up several potential safety issues, particularly
involving the off-nominal usage scenarios, but overall confirmed a high assurance level for the safety of the product design.
However, the safety risk assessment recommended a risk management plan for the development phase to include continued
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FMEAs, thorough off-nominal testing of the developing product’s hardware and software, and extensive beta-testing of the product
at representative hospitals prior to a full release.

This plan and the other development and operations phase plans, product feasibility evidence, and business case analysis updates
were reviewed at a Development Commitment Review, which resulted in a commitment to proceed into the development phase.

Symbiq™ Development Phase Systems Engineering Summary

The development phase was primarily concerned with building and testing the hardware and software to the build-to specifications,
but continued to have an active systems engineering function to support change management; operations, production, and support
planning and preparation; and further safety assurance activities as recommended in the risk management plan for the phase.

For hospital beta-testing, thoroughly bench-tested and working beta versions of the IV pump were deployed in two hospital
settings. The hospitals programmed drug libraries for at least two clinical care areas. The devices were used for about four weeks.
Surveys and interviews were conducted with the users to capture their “real world” experiences with the pump. Data from the
pump usage and interaction memory was also analyzed and compared to the original doctors’ orders. The beta tests revealed a
number of opportunities to make improvements, including revision of the more annoying alarm melodies and the data entry
methods for entering units of medication delivery time in hours or minutes.

Usability testing was also conducted on one of the sets of abbreviated instructions called TIPS cards. These cards serve as
reminders for how to complete the most critical tasks. Numerous suggestions for improvement in the TIPS cards themselves, as well
as the user interface, came from this work, including how to reset the “Air-in-Line” alarm and how to check all on-screen help text
for accuracy.

The abovementioned usability objectives were used as acceptance criteria for the validation usability tests. These objectives were
met. For example, the calculated task completion accuracy was 99.66% for all tasks for first time nurse users with minimal training.
There were a few minor usability problems uncovered that were subsequently fixed without major changes to the GUI or effects on
critical safety related tasks.

The risk analysis was iterated and revised as the product development matured. FMEAs were updated for safety critical risks
associated with three product areas: the user interface, the mechanical and electrical subsystems, and the product manufacturing
process. Some detailed implementation problems were found and fixed, but overall the risk of continuing into full-scale production,
operations, and support was minimal. Systems engineering continued into the operations phase, primarily to address customer
change requests and problem reports, and to participate in planning for a broader product line of IV pumps.

Overall, customer satisfaction, sales, and profits from the Symbiq™ IV pump have been strong and satisfaction levels from the
management, financial, customer, end user, developer, maintainer, regulatory, and medical-community stakeholders have been quite
high (Pew 2007).

Summary
In summary, the Symbiq™ Medical Infusion Pump Case Study provides an example of the use of the systems engineering practices
discussed in the SEBoK. As appropriate for a next-generation, advanced technology product, it has a strong focus on risk
management, but also illustrates the principles of synthesis, holism, dynamic behavior, adaptiveness, systems approach, progressive
entropy reduction, and progressive stakeholder satisfying discussed in Part 2 of the SEBoK. It provides an example of an
evolutionary and concurrent systems engineering process, such as the incremental commitment spiral process, and of other
knowledge areas discussed in SEBoK Parts 3 and 4, such as system definition, system realization, system engineering management,
and specialty engineering.
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Vignettes
Systems engineering principles described in the Systems Engineering Body of Knowledge (SEBoK) Parts 1-6 are illustrated in Part
7, Systems Engineering Implementation Examples. These examples describe the application of systems engineering practices,
principles, and concepts in real settings. These examples can be used to improve the practice of systems engineering by illustrating
to students and practitioners the benefits of effective practice and the risks of poor practice.

The SEBoK systems engineering implementation examples are grouped in two categories: case studies and vignettes. The SEBoK
examines case studies previously published by external sources and demonstrates the real world examples of systems engineering
principles that are present in these studies. The vignettes are short wiki articles written specifically for the BKCASE project. These
vignettes were developed to illustrate the applicability of systems engineering principles in a broader range of domains and
geographic locations.

A matrix is used to map the implementation examples to topics in the SEBoK. This matrix maps each implementation example to
the discussion of the specific systems engineering principles illustrated.

List of Vignettes

The following are the vignettes provided in Part 7:

Denver Airport Baggage Handling System Vignette
Virginia Class Submarine Vignette
UK West Coast Route Modernisation Project Vignette
Singapore Water Management Vignette
FAA Advanced Automation System (AAS) Vignette
Standard Korean Light Transit System Vignette
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Denver Airport Baggage Handling System Vignette
This vignette describes systems engineering (SE) issues related to the development of the automated baggage handling system for
the Denver International Airport (DIA) from 1990 to 1995. The computer controlled, electrical-mechanical system was part of a
larger airport system.

Application domains: transportation, logistics, and system of systems

Application areas: product, service

Vignette Description
In February 1995, the Denver International Airport (DIA) was opened 16 months later than originally anticipated with a delay cost
of $500 million. A key schedule and cost problem—namely, the integrated automated baggage handling system was a unique
feature of the airport. The baggage system was designed to distribute all baggage automatically between check-in and pick-up on
arrival. The delivery mechanism consisted of 17 miles of track on which 4,000 individual, radio-controlled carts would circulate.
The $238 million system consisted of over 100 computers networked together, 5,000 electric eyes, 400 radio receivers, and 56 bar-
code scanners. The purpose of the system was to ensure the safe and timely arrival of every piece of baggage. Significant
management, mechanical, and software problems plagued the automated baggage handling system. In August 2005, the automated
system was abandoned and replaced with a manual one.

The automated baggage system was far more complex than previous systems. As planned, it would be ten times larger than any
other automated system, be developed on an ambitious schedule, utilize novel technology, and require shorter than average baggage
delivery times. As such, the system involved a very high level of SE risks. A fixed scope, schedule, and budget arrangement
precluded extensive simulation or physical testing of the full design. System design began late as it did not begin until well after
construction of the airport was underway. The change management system allowed acceptance of change requests that required
significant redesigns to portions of work already completed. The design did not include a meaningful backup system; for a system
that required very high mechanical and computer reliability, this increased failure risks. The system had an insufficient number of
tugs and carts to cope with the volume of baggage expected and this, along with severely limited timing requirements, caused
baggage carts to jam in the tracks and for them to misalign with the conveyor belts feeding the bags. This resulted in mutilated and
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lost bags.

The baggage system problems could be associated with the non-use or misuse of a number of systems engineering concepts and
practices: system architecture complexity, project scheduling, risk analysis, change management, system analysis and design,
system reliability, systems integration, system verification and validation/system testing, and insufficient management oversight.

Summary
The initial planning decisions, such as the decision to implement one airport wide integrated system, the contractual commitments to
scope, schedule, and cost, as well as the lack of adequate project management procedures and processes, led to a failed system.
Attention to system engineering principles and practices might have avoided the system’s failure.
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Virginia Class Submarine Vignette
Prior to the Virginia class submarine, sonar systems were comprised of proprietary components and interfaces. However, in the
mid-1990s the United States government transitioned to the use of commercially developed products (COTS) as a cost-saving
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measure to reduce the escalating costs associated with proprietary-based research and development. The Virginia class submarine
system design represented a transition to COTS-based parts and initiated a global change in architectural approaches adopted by the
sonar community. The lead ship of the program, Virginia, reduced the number of historically procured parts for nuclear submarines
by 60% with the use of standardization. The Virginia class submarine sonar system architecture has improved modularity,
commonality, standardization, and reliability, as well as maintainability and testability (RMT) over historical sonar systems.

Architectural Approach: Standardization

Based on the new architectural approach and the success of the transition, system architecture experts developed an initial set of
architecture evaluation metrics. These metrics included:

Commonality
Physical commonality (within the system)

Hardware (HW) commonality (e.g., the number of unique line replaceable units, fasteners, cables, and unique
standards implemented)
Software (SW) commonality (e.g., the number of unique SW packages implemented, languages, compilers,
average SW instantiations, and unique standards implemented)

Physical familiarity (with other systems)
Percentage of vendors and subcontractors known
Percentage of HW and SW technology Known

Operational commonality
Percentage of operational functions which are automated
Number of unique skill codes required
Estimated operational training time (e.g., initial and refresh from previous system)
Estimated maintenance training time (e.g., initial and refresh from previous system)

Modularity
Physical modularity (e.g., ease of system element or operating system upgrade)
Functional modularity (e.g., ease of adding new functionality or upgrading existing functionality)
Orthogonality

Level to which functional requirements are fragmented across multiple processing elements and interfaces
Level to which throughput requirements span across interfaces
Level to which common specifications are identified

Abstraction (i.e., the level to which the system architecture provides an option for information hiding)
Interfaces

Number of unique interfaces per system element
Number of different networking protocols
Explicit versus implicit interfaces
Level to which the architecture includes implicit interfaces
Number of cables in the system

Standards-based openness
Interface standards

Ratio of the number of interface standards to the number of interfaces
Number of vendors for products based on standards
Number of business domains that apply/use the standard (e.g., aerospace, medical, and telecommunications)
Standard maturity

Hardware standards
Ratio of the number of form factors to the number of line replaceable units (LRUs)
Number of vendors for products based on standards
Standard maturity

Software standards
Number of proprietary and unique operating systems
Number of non-standard databases
Number of proprietary middle-ware
Number of non-standard languages

Consistency orientation
Common guidelines for implementing diagnostics and performance monitor/fault location (PM/FL)
Common guidelines for implementing human-machine interface (HMI)

Reliability, maintainability, and testability
Reliability (fault tolerance)
Critical points of fragility (e.g., system loading comprised of percent of processor, memory, and network loading)
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Maintainability (e.g., expected mean time to repair (MTTR), maximum fault group size, whether the system can be
operational during maintenance)
Accessibility (e.g., space restrictions, special tool requirements, special skill requirements)
Testability

Number of line replaceable units (LRUs) covered by built-in tests (BIT)| (BIT coverage)
Reproducibility of errors
Logging/recording capability
Whether the system state at time of system failure can be recreated
Online testing (e.g., whether the system is operational during external testing and the ease of access to external
testpoints)
Automated input/stimulation insertion

Summary
In summary, the work on the Virginia class submarine prompted a change in the traditional architectural approach used in the sonar
community to design submarine sonar and validated the cost savings in both research and development and in component costs
when transitioning from proprietary interfaces to industry standard interfaces. The identification of a list of feasible architecture
evaluation metrics was an added benefit of the effort.
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UK West Coast Route Modernisation Project Vignette
The West Coast Main Line is a principal United Kingdom (UK) railway artery serving London, the Midlands, the North West and
Scotland. The Line is responsible for over 2,000 train movements each day, with more than 75 million rail journeys made each year
on the route. It accounts for 43% of Britain’s UK freight market (Railway People 2011). In 1998, the British government embarked
on a modernization program called the West Coast Route Modernisation (WCRM) project, to carry out a significant volume of
modernization work between 1998 and 2008, delivering increased capacity and reduced journey times as well as replacing worn-
out parts of the railway. It was challenging a job involving 640 kilometers of track—much of which was incapable of carrying
high-speed rail cars. Some sections were seriously dilapidated, and new trains would require a complete overhaul of signaling,
power supply, and switching systems.

This vignette is based on information from an INCOSE publication on systems engineering case studies (INCOSE 2011) and a
report of the UK National Audit Office (NAO 2006).

Application domains: transportation, system of systems, system updates and upgrades

Application areas: services, enterprises

Vignette Description
Early on, the WCRM upgrade had serious problems. A major complicating factor was the introduction of a new signaling
technology that was designed to allow improved services for new trains running at 140 miles per hour. By 2001, neither the rail
infrastructure upgrade nor the new trains were on course for delivery as expected in the 1998 agreement. By May 2002 the
projection of the program’s final cost had risen from £2.5 billion (in 1998) to £14.5 billion, but had delivered only a sixth of the
original scope.

In January 2002, the UK Secretary of State instructed the Strategic Rail Authority (SRA) to intervene and find a way to renew and
upgrade the WCML. A SRA analysis identified the following issues:

The program lacked direction and leadership before 2002.
The project did not have a delivery strategy and there was no central point for responsibility and communication.
There was a lack of openness and communication regarding the program with interested parties before 2002 and a lack of
stakeholder management.
Scope changes arose because WCRM did not have an agreed upon specification that matched required outputs with inputs.
There was inadequate knowledge about the West Coast asset condition.
Technology issues related to the decision to replace conventional signaling with unproven moving block signaling introduced
major risk into deliverability and cost before 2002. These technology issues caused scope changes and program delay.
Project management was weak, with a lack of senior management skills, too many changes in personnel, and ill-defined and
fragmented roles and responsibilities. There was no integrated delivery plan and there was limited oversight of contractors.
Poor management of contracts added to costs.

In order to remedy the situation the SRA initiated the following actions, which align with generally accepted systems engineering
(SE) practice:

A clear direction for the project was developed and documented in the June 2003 West Coast Main Line Strategy, specifying
desired goals and outcomes.
A clear, measurable set of program outputs was established, along with more detailed infrastructure requirements, which
were then subject to systematic change control and monitoring procedures fixing scope. Contractors were invited to tender to
complete detailed designs and deliver the work to a fixed price
Clear program governance structures were instituted.
The SRA consulted widely with stakeholders and in turn, kept stakeholders informed.

A National Audit Office (NAO) report concluded that the new arrangements worked well and that there were benefits to this
approach. (NAO 2006) Until this time, one of the program's key constraints and cost drivers had been the ability to access certain
areas of the track. The new approach facilitated the ability to obtain possession of the track for engineering work, which was crucial
to delivery. The new approach also enabled the program to identify opportunities to reduce the total cost by over £4 billion.

The NAO report also discussed a business case analysis by the SRA that identified the following benefits (NAO 2006):
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benefit:cost ratio for the enhancements element was 2.5:1;
journey times and train frequencies exceeded the targets set out in the 2003 West Coast Strategy;
growth in passenger numbers exceeded expectations (e.g., by 2005-06, following Phase 1 of the West Coast program, annual
passenger journeys on Virgin West Coast grew by more than 20%); and
punctuality improved (e.g., by September 2006, average time delays on Virgin West Coast trains have been approximately
9.5 minutes, a 43% improvement on the average delay of 17 minutes in September 2004).

The WCRM problems could be associated with a number of systems engineering concepts and practices: stakeholders
requirements, planning, analysis of risks and challenges of new technology, decision management, configuration or change
management, information management, and management oversight.

Summary
The WCRM project illustrates that when SE concepts and practices are not used or applied properly, system development can
experience debilitating problems. This project also demonstrates how such problems can be abated and reversed when SE
principles and methods are applied.

References

Works Cited

INCOSE Transportation Working Group. 2011. Systems Engineering in Transportation Projects: A Library of Case Studies,
version 1.0. Seattle, WA, USA: International Council on Systems Engineering. March 9th, 2011.

NAO. 2006. The Modernisation of the West Coast Main Line, Report by the Comptroller and Auditor General. London, UK:
National Audit Office. November 22, 2006. HC 22 Session 2006-2007.

Railway People. 2011. '"West Coast Route Modernisation." RailwayPeople.com website. Accessed July 25, 2011. Available at:
http://www.railwaypeople.com/rail-projects/west-coast-route-modernisation-3.html.

Primary References

No primary references have been identified for version 0.75. Please provide any recommendations on primary references in your
review.

Additional References

No additional references have been identified for version 0.75. Please provide any recommendations on additional references in
your review.

< Previous Article | Parent Article | Next Article >

Comments from SEBok 0.5 Wiki
No comments were logged for this article in the SEBoK 0.5 wiki. Because of this, it is especially important for reviewers to provide
feedback on this article. Please see the discussion prompts below.

SEBoK 0.75 Reviews
Please provide your comments and feedback on SEBoK 0.75 below. You will need to log in to DISQUS using an existing account
(e.g. Yahoo, Google, Facebook, Twitter, etc.) or create a DISQUS account (click "DISQUS" button). Please look for the posts by
"BKCASE" for specific issues on which the author team would like feedback.

blog comments powered by DISQUS



3/15/12 Part 7 - .75 Sebokcase

34/40www.sebokwiki.org/075/index.php/Part_7

Singapore Water Management Vignette
This vignette describes a systems engineering approach in the development of a sustainable National Water Management System
for the Republic of Singapore. It demonstrates the successful outcome of long term planning and a systems approach to preempt a
critical water shortage. The vignette is primarily based on information taken from a paper presented at INCOSE International
Symposium in 2008. (Chia 2008)

Application domains: public works, civil engineering

Application uses: services and enterprises

Vignette Description
When Singapore achieved independence in 1965, water supply depended on water catchment in local reservoirs and two bilateral
water agreements with its closest neighbor, Malaysia. These water agreements, registered with the United Nations, will expire in
2011 and 2061, respectively. After several failed attempts to renegotiate the extension of the first water agreement, Singapore
determined that it was necessary to achieve full water self sufficiency by 2060 in case the second water agreement also could not be
extended. An intermediate goal was to match the supply of the first water agreement before it expired. This was achieved in several
ways. In 2001, the Public Utilities Board (PUB), the national water agency responsible for treating raw water in Singapore, was
charged to also begin managing wastewater and stormwater, allowing for an integrated and holistic approach to water management.

This vignette examines Singapore’s water management system from a large-scale systems engineering perspective, particularly
focusing on the goals, boundaries (see System Concepts), stakeholders (see Stakeholder Needs and Requirements, and complexities
involved in this type of a national system. This approach illustrates how Systems Thinking (illustrated through causal loop
diagrams) and other systems engineering tools may be used to understand systems complexities. Concepts and methodologies of
learning organizations were applied to enable understanding of behavioral complexities. Lean thinking facilitated a long term
strategic philosophy, built on the premise of continuous improvements.

Perhaps more importantly, it shows that while systems engineering, especially the Systems Approach, is necessary for the
conceptualization and planning of such a complex system, it is not sufficient for success. It is the systemic structures that have been
put in place over decades, political will, leadership, people, and culture that make such tasks realizable.

The supply of water in Singapore is managed in totality. Collecting rainwater, purchasing water, purifying water utilizing reverse
osmosis and desalination are all considered. Even incentivising consumers to change their habits by making drains and canals
recreational areas to encourage the public not to dispose of waste in their drains. By managing sewage and drainage together with
water, environmental considerations are taken into account as well. By carefully adjusting organizational boundaries, Singapore has
managed to reduce silo thinking and parochial interests. The relationships between the industry innovators, government, suppliers
and users, and technology innovators create opportunities for Singapore’s water management. This demonstrates, how multiple
stakeholder interests can be combined to create a viable water management solution. Continuous improvements through the use of
technology and elimination of waste, such as reducing water that is not accounted for in the system, help to assure the sustainability
of an adequate supply of water for a growing Singapore population. The Singapore Water Management system is already in
successful operation and is being studied by the Organisation for Economic Co-operation and Development (OECD) and by other
nations.

Summary
The supply of water in Singapore is managed in totality through a systems approach, i.e., water catchment, supply, sewage and
drainage. The importance of relationships between the stakeholders is also recognized. Industry innovators, political leadership,
suppliers, and consumers are all involved; the project has been able to incentivize this diverse group to work together for a common
goal, i.e., assuring the sustainability of an adequate supply of water for Singapore into the future.

Utilizing Systems engineering and taking into consideration the systemic structures and culture required has helped Singapore
achieve its first milestone of supplying its own water resources by 2010. Singapore has been able to overcome the shortfall that
would have come about with the expiry of the first water agreement with Malaysia in 2011.
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FAA Advanced Automation System (AAS) Vignette
In 1981 the Federal Aviation Administration (FAA) announced the Advanced Automation Program, which was established to
modernize air traffic control (ATC) computer systems. A centerpiece of the project was the Advanced Automation System (AAS).
AAS was the largest project in FAA’s history to modernize the nation’s ATC system. AAS would replace computer hardware and
software as well as controller work stations at tower, terminal, and en-route facilities and allow the ATC system to accommodate
forecasted large increases in traffic through the use of modern equipment and advanced software functions. (GAO 1992)

Vignette Description
The FAA originally proposed AAS in 1982 as a project that would cost $2.5 billion and be completed in 1996. However,
substantial cost increases and schedule delays beset the AAS project over it history, caused by numerous problems in AAS
development:

The project began with a design competition between Hughes and IBM. The competition involved numerous extensions and
took four years to complete. Analysis by the FAA and others pointed to inadequate consideration of user expectations and
improper assessment of the technology risks. (Barlas 1996)
The FAA pushed for 99.99999% reliability, which was considered by some “more stringent than on any system that has ever
been implemented” and extremely costly. (DOT 1998)
The program created unworkable software testing schedules - “Testing milestones were skipped or shortcutted and new
software was developed assuming that the previously developed software had been tested and performed.” (Barlas 1996)
There were an extraordinary number of requirements changes. For example, for the Initial Sector Suite System (ISSS), a key
component of AAS, there were over 500 requirements changes in 1990. Because of these changes, 150,000 lines of software
code had to be rewritten at a cost of $242 million. (Boppana et al. 2006)
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IBM’s cost estimation and development process tracking used inappropriate data, were performed inconsistently, and were
routinely ignored by project managers. The FAA conservatively expected to pay about $500 per line of computer code - five
times the industry average. The FAA ended up paying $700 to $900 per line for the AAS software. (Gibbs 1994)
In 1988, FAA estimated that the AAS program - both contract and supporting efforts - would cost $4.8 billion. By late 1993,
the FAA estimated that it would cost $5.9 billion. Before the program was dramatically restructured in 1994, estimates had
risen to as much as $7 billion, with key segments expected to be behind schedule by as much 8 years. In 1994, with
significant cost and schedule overruns, as well as concerns about adequate quality, usability, and reliability, the AAS
program ceased to exist as originally conceived, leaving its various elements terminated, restructured, or as parts of smaller
programs. (DOT 1998)

The AAS problems could be associated with the non-use or misuse of a number of system engineering concepts and practices:
system requirements, system architecture complexity, project planning, risk analysis, change management, system analysis and
design, system reliability, system integration, system verification and validation/system testing, and management oversight.

Summary
The AAS program was the centerpiece of an ambitious effort begun in the 1980s to replace the computer hardware and software
throughout the ATC system - including controller workstations, and en-route, terminal, and tower air traffic control facilities. AAS
was intended to provide new automated capabilities to accommodate increases in air traffic. After sustaining serious cost and
schedule problems, FAA dramatically restructured the program into more manageable pieces. This action included terminating
major segments of the contract. (DOT 1998)
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Standard Korean Light Transit System Vignette
This vignette deals with systems engineering (SE) (glossary) concepts and guidelines applied to the development of the Standard
Korean Light Transit System (SKLTS). In Korea, local authorities had historically been interested in light transit to help resolve
their transportation problems. The SKLTS was a joint effort between local authorities and the central government. It was built to
provide a standard platform on which any local authority could construct its own light transit system. The issues of stakeholder
requirements, safety, and reliability, availability, and maintainability were critical to the development of a successful system.

Application domain: transportation, unmanned systems

Application uses: services, enterprises

Vignette Description
The elements of the SKLTS were classified into four groups (as shown in Figure 1): trains, signal systems, electric and machinery
(E&M) systems, and structures. Trains and vehicles were to be automatically operated, without need for human operators.
Operation systems and their interfaces were based on digital signals and communications. For SKLTS, SE-based design activities
focused on reliability, availability, maintainability, and safety (RAMS), and were integrated into project management activities
during all phases.

Figure 1. Subsystems of the SKLTS (Ahn, 2005) (Notes: CCU: Central Control Unit; TTC: Total
Traffic Control; ATP: Automatic Train Protection; ATO: Automatic Train Operation; PSD: Platform
Screen Door) Reprinted with permission of Journal of the Korean Society for Railway.

The project life cycle for the SKLTS is summarized in Figure 2. It consisted of 7 phases: concept studies, concept development,
preliminary design, design, system production and testing, performance evaluation, and operation/maintenance/close-out (OMC) -
please see (Choi 2007) and (Chung et al. 2010) for further details. These phases, with the exception of the production and test
phases, are completed through an evaluation and decision point (EDP) (milestone), depicted as a colored circle in Figure 2. These
EDPs correspond to common life cycle artifacts such as requests for proposal RFPs), proposals, preliminary design reviews
(PDRs), and critical design reviews (CDRs).
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Figure 2. 7 phases of the SKLTS development (Ahn 2005) Journal of the Korean Society for Railway

During the SKLTS development, SE activities were focused on RAMS as summarized in Table 1.

Table 1. The SE framework of the SKLTS (Ahn 2005) Reprinted with permission of the Journal of the Korean Society for
Railway.

In the "concept studies" and "concept development" phases, requirements included the RAMS objectives. Planning activities in this
phase included the scheduling of various tests and evaluations to be conducted after system design. The basic layout of rails and
command rooms was also proposed. Finally, it was during this phase that interface management procedures and relationships
between requirements and systems were defined. For RAMS engineering, it was also important to establish associated plans and
criteria (e.g., RAM plans, safety plans, service availability, etc.).

During the pre-design phase, the basic architecture of the system was determined for safety planning, RAMS planning, and
operational scenarios. Interfaces among subsystems were defined as well as management procedures for contractors and legal
regulations. The functional analysis dealt with timeline, accuracy of stop points, and trip times. Pre-design activities also included
the specifications of major system elements such as signal systems, trains, and interfaces. For RAMS engineering, safety scenarios
were defined, and the hazard and risk analyses were performed.

During the design and performance evaluation phases, hazard log and RAMS analyses were performed to ensure that each
subsystem met safety requirements. The specifications of alarm systems and stations were also defined. In addition, (V&V) and test
procedures were determined for performance evaluation. During the design phase, a design/construction interface manual (D/CIM)
was developed and applied to ensure integrated and consistent design. (Bombardier, 2005)

Because SKLTS was designed as an automatically-driven system, RAMS issues were critical to its success. The safety and
reliability of the SKLTS were evaluated on a test railway that was constructed to standard specifications. Data was gathered from
existing Korean light rail systems, as well as the light rail systems from other countries, to support verification and validation
activities.
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Various methods were applied for achieving the RAMS objectives, including RAMS requirements analysis, safety and RAMS
planning, utilization of systems scenarios, and construction risk analysis.

Initial operation of SKLTS was allowed only after the system was formally accepted and operators were properly certified. During
test operation, RAMS performance was continuously monitored and system scenarios were used successfully to evaluate the
dynamic behavior of the system. A failure reporting and corrective action system (FRACAS) was used to gather accident and
failure data. Continuous improvement when the system is in normal operation was identified as a requirement; the results from the
FRACAS will be used to support improvement of the system, maintenance, and improvement of procedures.

Summary
Korean local authorities have successfully introduced the SKLTS to their precincts with some modifications. Successful examples
include the Inchun Airport Line and the Seoul 9th Subway Line. One lesson learned identified was that requirement analysis,
especially in the first few phases, should have been more complete.
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