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A
s I write this, the ITEA Executive
Committee, supported by the Board of
Directors, is conducting a search for
our next Executive Director. It is with
mixed emotions that I announce a

changing of the guard for this critical position within
ITEA. Lori Tremmel Freeman has successfully led the
ITEA operation for the past four years. She has led the
growth of our organization in terms of membership,
chapter vibrancy, international presence, and the hiring
of a professional internal staff. I truly hate to see her
leave, however I wish her continued success as she
moves forward in her career and takes on a leadership
position at the National Association of County and City
Health Officials in Washington, DC. The Board of
Directors presented Lori with a plaque depicting the
December 2009 ITEA Journal for her service. I have
asked Stephanie Clewer, ITEA Vice President, to
organize and conduct a search for Lori’s replacement.
Stephanie has formed a search committee and is already
receiving a number of resumes. As you read this, I hope
we are close to a decision if we haven’t reached it already!

During this period of transition, I have asked, and
was supported by the Board, for Gary Bridgewater to
serve as the Interim Executive Director while the
search for a new Director continues. Gary graciously
accepted this responsibility to ensure organizational
stability during the critical transition between Execu-
tive Directors. Gary has been a Past ITEA National
President and has been a long-term, ardent supporter
of ITEA throughout his career as a test and evaluation
professional. Prior to his career in industry, Gary
served in the U.S. Army in T&E leadership positions
at the Army Test and Evaluation Command (ATEC)
as well as in the office of the Director, Operational
Test and Evaluation (DOT&E). He will have his
hands full juggling this position on a part-time basis
while meeting the many demands of his company.
Thanks for stepping up to the plate, Gary!

Another challenge your Board of Director’s is taking
immediate action to resolve is the issue of the
perception of possible conflict of interest of Govern-
ment employees active participation in a non-profit
organization—ITEA, in our case but also applies to all
non-profit organizations. This issue seems to raise its
head every few years and involves the government’s
interpretation of the Joint Ethics Regulation (JER).
What is most frustrating is that guidance to Govern-
ment employees is not consistent among Government
agencies or even within the DoD. ITEA has always
advised Government participants to seek legal council

should they have questions concerning possible conflict
of interest. The bottom line is that this is an
interpretation of what would be considered an ethics
issue. I believe all of the Government employees
involved with ITEA know right from wrong! In
studying the JER it clearly allows for Government
employees to actively participate and to assume
leadership roles in a non-profit organization such as
ITEA. The JER allows participation as an official
Government Liaison or participation on a personal
basis. In either case, a Government employee can serve
with ITEA and meet the guidelines spelled out in the
JER. For example, the JER makes provisions for
Government employees to use Government resources
provided that the Government mission is not affected
and its use does not create significant additional costs.
Understandably, the other side of the coin is that
Government employees must remain mindful not to
use their official positions to influence ITEA events.

ITEA needs active Government participation to
remain a viable organization and the Government
needs organizations like ITEA for their employees!
Why? Government employees have career paths to
follow and need non-profit organizations like ITEA
to: (1) Publish and present papers and presentations to
peers within their professional community (T&E in
our case), and (2) Learn what the entire international
community is doing within the T&E field. ITEA
provides the forum, both in person and in print, to
meet these needs. Everyone in the field—Government,
Industry, and Academia—needs to work collaborative-
ly to accomplish goals for the good of the T&E

Russell L. (Rusty) Roberts

President’s Corner
ITEA Journal 2010; 31: 1–2
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community. I urge those interpreting the JER
guidelines to remember to keep this in mind and seek
positive solutions for how Government employees can
be active participants—we need each other!

This issue of our journal demonstrates my point.
Note the variety of authors, from within and outside
the Government, who address acquisition reform by
integrating the Test and Evaluation function within

the Systems Engineering process. I hope you enjoy this
edition of the journal and will continue to support the
International Test and Evaluation Association.

2 ITEA Journal



A
2009 readership survey (results in the

September 2009 issue) suggested the
Journal include a column in each issue
summarizing the content. The Publi-
cations Committee agrees and begin-

ning March 2010 we inaugurate Issue at a Glance.
This issue’s theme is ‘‘The Role of T&E in

Systems Engineering.’’ Systems engineering applies from
cradle to grave or can be tailored to any facet of a
program, for example, as a guide for designing and
executing a test program. Our goal was content relating
to design, development, testing, and fielding of complex
systems, and the systems engineering processes for
accomplishing these. With every issue, we always include
articles and features that may not align exactly with the
theme, but which we believe you will want to read.

First a summary of the recurring features of each issue
of the Journal, starting with our Guest Editorial. This
issue’s Guest Editorial was written by Professor Andrew
Sage, Founding Dean Emeritus, University Professor
and First American Bank Professor of George Mason
University, Department of Systems Engineering and
Operations Research. Mr. Chris DiPetto, Acting
Director, Developmental Test and Evaluation within
the Office of the Secretary of Defense, provided Inside
the Beltway which describes legislation that created the
new developmental testing organization that he directs
and his vision for it. The Invited Article in this issue,
written by The Honorable Mr. Thomas P. Christie,
former Director of Operational Test and Evaluation,
starts off a discussion of acquisition history and reform
that complements the Inside the Beltway contribution by
Chris DiPetto and the article by Mr. Pete Adolph in the
Technical Articles. In TechNotes Henry Merhoff and
Peter Helbig present results from using a direct
methanol fuel cell to power instrumentation during
operational testing. Dr. Craig Ewing illustrates the
capabilities of the Eglin AFB Advanced Guided
Weapon Testbed in his Featured Capability article. Dr.
Jeremy Kinney of the National Air and Space Museum
concludes the quarterly features with the second of a
two-part Historical Perspectives on Frank Caldwell.

The contributed technical articles are led by Brian
Weiss and Marnie Menzel, the 2009 Annual ITEA
International Symposium best paper authors, they discuss
a scenario methodology used for data collection and
evaluations. Next, examination of acquisition reform and
the acquisition process, recounting history, ills, and
hopes. Mr. Pete Adolph, who chaired the recent Defense
Science Board Task Force on Developmental Test &
Evaluation, brings his considerable acquisition experience
to the task. Drs. David Brown and David Bell directly
address the connection between T&E and systems
engineering and the benefits of more closely integrating
them. Professor Terry Bahill of the University of Arizona
brings us an academic perspective through the design of a
light management system for an astronomers’ operations
room on Mauna Kea atop Hawaii. Patrick Eigbe and his
Federal Aviation Administration co-authors present
results from their development of a process to integrate
project management with systems engineering and
operational test and evaluation. Dr. David Dryer and
co-authors develop enhanced design of experiments
modeling and analysis approaches for testing in a joint
environment. Jack Thompson describes incorporating
integration and testing earlier in system development to
manage program risk. Jamie Pilar presents a more
expedient implementation of the mission-based test and
evaluation methodology.

Craig Schlenoff presents a unified set of criteria and
software tools developed at the National Institute for
Standards and Technology for defining a performance
evaluation approach for complex intelligent systems.

The issue concludes with test results from a sensor
network designed for perimeter security, by Professor
David Russomanno and collaborators at the University
of Memphis, and with a bold vision for the future of
wind tunnel testing and the challenges ahead by Frank
Steinle and colleagues.

Please note the themes for upcoming issues (see page
22). We look forward to your interest in submitting an
article, whether it relates to the theme or not. Please
contact Dr. J. Michael Barton (itea@itea.org) for any
questions.

Issue at a Glance
ITEA Journal 2010; 31: 5
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The Role of Test and Evaluation in Systems
Engineering and Management

Andrew P. Sage, Ph.D.

Department of Systems Engineering and Operations Research

Volgenau School of Information Technology and Engineering

George Mason University, Fairfax, VA

S
ystems engineering is fundamentally con-
cerned with engineering of systems. Far
more often than not, these systems are
‘‘complex’’ in several meanings of the
word and today and are very

often ‘‘systems of systems.’’ Systems Engi-
neering is also undamentally associated with
systems management, or the efforts needed to
accomplish the management of programs
needed to field a system or system of systems,
It is inherently and intrinsically a multi-
disciplinary and transdisciplinary endeavor.
This particular journal is concerned with that
very important aspect of systems engineering
known as test and evaluation (T&E). Not
necessarily all the people concerned with test and
evaluation are systems engineers and system managers,
although surely many of them are, and both systems
engineering and management and test and evaluation
necessarily have a very broad and wholistic view of a
program, and each is in a unique position to diagnose
problems in systems that lead to one or more system
failure occurrences. In systems engineering and man-
agement, just as in the specialized test and evaluation
efforts, operational requirements of a system must be
decomposed to technical requirements and strategies
developed to measuring pertinent parameters that can
result in the assessment of overall mission performance.
Systems engineering and systems management supply
the process and the tools, which together with
integrated testing sets forth a foundation for future test
and evaluation. In both systems engineering and
management and specialized test and evaluation,
integrated testing is used to define, develop, and deploy
collaborative planning and collaborative execution of
test phases and events that will provide shared data in
support of independent analysis, evaluation, and report-
ing by all relevant stakeholders. In this context, the
purpose of integrated testing is to identify system
deficiencies early, to comply with accelerated schedules

needed for many systems of systems, and to reduce the
overall cost of engineering a system of systems.

In both systems engineering and management and in
test and evaluation, the thoughtful design of experi-

ments enables an efficient and effective design
of systems and testing of systems. Each of
these efforts must consider all the relevant key
factors and conditions that affect all aspects of
system of systems, performance and in test
and evaluation performance.

This particular journal issue contains papers
that examine the multidisciplinary and trans-
disciplinary aspects of systems engineering
and management, as well as the varied aspects
associated with the design of experiments for

test and evaluation. This includes varied aspects of the
training and evaluation and the systems engineering
and management workforce. Necessarily, this involves
verification, validation, and accreditation; standards,
metrics, data, analysis, and much more.

There are many dimensions of systems engineering
and management. These are each associated with a
large number of knowledge clusters. For example, we
could have clusters for such as:

N Knowledge principles, practices, and perspectives
N Systems management, processes, and methods

and tools
N Functional architecture, physical architecture,

implementation architecture
N Humans, organizations, and technologies
N Purpose, function, and structure

Even these clusters could have clusters associated with
them. For example, processes could be described by:

N Research, Development, Test and Evaluation
(RDT&E), acquisition or production, and plan-
ning and marketing

And each of these processes could be described in
terms of the phases of

Guest Editorial
ITEA Journal 2010; 31: 7–8
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N Definition, development, and deployment

Within each of these phases, we have steps of

N Formulation, analysis, and interpretation.

Thus we see that systems engineering and manage-
ment is necessarily multidimensional.

When we examine in any detail the human element
in systems engineering and look at cognitive function-
ing, we can define two extremes for reasoning:
experience-based intuitive thought and analytical
thought. Thus, we see that systems engineering and
management is very multidimensional. Two precau-
tionary comments are worthwhile making at this point.
One is that there is no standard systems engineering
and management vocabulary, so many authors use
different terms in place of the terms used here. For
example, we use the term phase to describe the distinct
yet integrated activities associated with a systems
engineering life-cycle process. The term phase is not
at all ubiquitous and standard across all the systems
engineering and management literature. In a similar
way, the term step is not always used by all authors to
distinguish the distinct but integrated activities asso-
ciated with one of the systems engineering and
management phases. We can have ‘‘designs’’ of various
types, as we have discussed here. Careful attention to
the context in which terms are used will generally
suggest their specific meaning and relationship to the
terms used here. It is our hypothesis that this same
comment applies across the more specialized integrated
test and evaluation literature.

Thus, we might conclude this very brief editorial by
noting that there is much to be gained by professionals
in both of these areas by close association and
collaboration. Hopefully, this special issue provides
dramatic illustration of this need. While a plethora of
pertinent references could be cited here, we present but
one, which appears to satisfy the well for a need for
integrated systems engineering and management with
test and evaluation. C

ANDREW P. SAGE received the BSEE degree from the
Citadel, the SMEE degree from MIT and the Ph.D. from

Purdue, the latter in 1960. He received honorary Doctor of

Engineering degrees from the University of Waterloo in
1987 and from Dalhousie University in 1997. He has been
a faculty member at several universities including holding

a named professorship and being the first chair of the Systems
Engineering Department at the University of Virginia. In
1984 he became First American Bank Professor of
Information Technology and Engineering at George Mason

University and the first Dean of the School of Information
Technology and Engineering. In May 1996, he was elected
as Founding Dean Emeritus of the School and also was

appointed a University Professor. He is an elected Fellow of
the Institute of Electrical and Electronics Engineers, the
American Association for the Advancement of Science, and
the International Council on Systems Engineering. He is

editor of the John Wiley textbook series on Systems
Engineering and Management, the INCOSE Wiley
journal Systems Engineering and is coeditor of Information,

Knowledge, and Systems Management. He edited the IEEE
Transactions on Systems, Man, and Cybernetics from
January 1972 through December 1998, and also served
a two year period as President of the IEEE SMC Society. In

1994 he received the Donald G. Fink Prize from the IEEE,
and a Superior Public Service Award for his service on the
CNA Corporation Board of Trustees from the US Secretary

of the Navy. In 2000, he received the Simon Ramo Medal
from the IEEE in recognition of his contributions to systems
engineering and an IEEE Third Millennium Medal. In
2002, he received an Eta Kappa Nu Eminent Membership

Award and the INCOSE Pioneer Award. He was elected to
the National Academy of Engineering in 2004 for
contributions to the theory and practice of systems

engineering and systems management. In 2007, he was
elected as a Charter Member of the Omega Alpha systems
engineering honor society. His interests include systems

engineering and management efforts in a variety of
application areas including systems integration and archi-
tecting, reengineering, engineering economic systems, and
sustainable development. Email: asage@gmu.edu
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The New Developmental Test and Evaluation and the Weapon
Systems Acquisition Reform Act of 2009

Chris DiPetto
Office of the Under Secretary of Defense, Acting Director, Developmental Test and Evaluation, Washington, DC

O
ver the last 15 years, multiple studies
on Test and Evaluation (T&E) in
the acquisition life cycle have con-
sistently found that the
Department of Defense

(DoD) needs earlier involvement and
more effective use of T&E, especially
Developmental T&E (DT&E) in acqui-
sition programs. In recognition of this,
and in an effort to increase systems
engineering capabilities, improve cost
estimating, and better assess technological
maturity, in 2009, Congress enacted the
Weapon Systems Acquisition Reform Act
(WSARA), now Public Law 111-23. Its
stated purpose was to ‘‘improve the
organization and procedures for the
acquisition of major weapon systems…’’
(S.454, 2009). Senator Carl Levin stated while
introducing the WSARA bill, ‘‘The key to successful
acquisition programs is getting things right from the
start with sound systems engineering, cost-estimating
and developmental testing early in the program cycle’’
(Weapon 2009).

The WSARA directed several actions, including
establishing the position of Director, DT&E to ‘‘be the
principal advisor to the Secretary of Defense and the
Under Secretary of Defense for Acquisition, Technol-
ogy and Logistics on developmental test and evaluation
in the Department of Defense’’ (S.454, 2009). The
DoD established the Office of the Director, DT&E
under the Director, Defense Research and Engineering
within the Office of the Under Secretary of Defense
for Acquisition, Technology and Logistics. Establish-
ing this Director, DT&E position raises the visibility
of DT&E in the acquisition process and creates an
opportunity to strengthen the use of T&E to provide
the right information, at the right time, for better
decisions.

Background
The recent law addresses perceived problems in the

DoD acquisition process, including a lack of early
focus, birthing broken programs, and ineffective

technology integration. The law also addresses findings
from the recent Defense Science Board Task Force on
DT&E, which found that a number of major changes

in the last 15 years have had a negative
impact on the acquisition process, in-
cluding diminished government over-
sight, a reduced acquisition T&E work-
force, and loss of key technical personnel
(Defense 2008).

WSARA implications for DT&E
in DoD

In addition to establishing a Director,
DT&E, WSARA prescribed specific
duties to include:

1. developing policy and guidance for
DT&E conduct, including soft-
ware development;

2. developing policy and guidance for integrating
developmental and operational testing (collabo-
rative with the Director, Operational Test and
Evaluation [DOT&E]);

3. approval of the T&E Master Plan for each Major
Defense Acquisition Program (MDAP);

4. oversight of DT&E planning, execution, and
results for each MDAP;

5. oversight and guidance for the DT&E acquisi-
tion workforce;

6. review of Service DT&E organizations and
capabilities; and

7. submitting an annual report on major program
DT&E (joint report with the Director, Systems
Engineering).

The most significant change for DT&E within the
Office of the Secretary of Defense, besides creating the
Director, DT&E position, is the oversight responsi-
bilities and activities. The DDT&E office has already
started to conduct oversight on major programs, and as
we grow over the next few years, we will engage more
with all of the major and other special interest
programs. In carrying out the DDT&E duties, our
office will broaden its scope to examine the effective
and efficient use of T&E across the complete

Christopher DiPetto

Inside the Beltway
ITEA Journal 2010; 31: 9–10
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acquisition life cycle. The following tenets will guide
our efforts:

N We will promote collaborative T&E policies and
guidance to improve T&E and acquisition
strategies and execution.

N We will emphasize development of effective
performance criteria and communicate with
program offices regarding the quality of testing.

N We will provide oversight of DT&E throughout
the acquisition life cycle.

N We will serve as an advocate for T&E and for the
training and sustainment of a professional
acquisition T&E community.

What this essentially means for the DoD is a
stronger voice and role for DT&E in the acquisition
process. Enhancing DT&E will improve the efficiency
and effectiveness of T&E programs, and help provide
better and timelier knowledge of system capabilities
and limitations to assist in reducing the cost,
acquisition time, and risks associated with MDAPs.
By collaborating more with the DOT&E and the Test
Resource Management Center, we will be able to
provide a seamless T&E effort with appropriate test
resources, to acquisition programs and S&T initiatives.

Conclusion/summary
The WSARA enhanced the visibility of DT&E in

DoD and provides our community a larger role to play in
the acquisition of weapon system capabilities. Involve-
ment of DT&E in the planning, execution, and reporting
of acquisition T&E programs is valued and now
prescribed in public law. At each acquisition decision
point for MDAPs, the office of DT&E will be providing
impartial risk assessments of the program’s T&E effort,
based on assessments of T&E planning, execution, and
demonstrated system capabilities. The Office of the
Director, DT&E office will mentor programs, ensure
DT&E is considered early and appropriately throughout
the acquisition life cycle, and serve as the DT&E
advocate within the DoD. DT&E has strong support
at the DoD enterprise level, and now must step up to the

challenge and show the value of DT&E involvement by
providing the right information, at the right time, for
better decisions throughout the system life cycle. C

CHRIS DIPETTO currently serves as the acting director,

Developmental Test and Evaluation (DT&E) within the

Office of the Secretary of Defense (OSD) with responsi-
bility for DT&E oversight of 180+ major weapons

systems. Additionally, he serves as the functional advisor
for the T&E acquisition career field. Mr. DiPetto is the

principal advisor to the Secretary of Defense and the Under

Secretary of Defense (AT&L) on DT&E. He has over
29 years of experience in the Department of Defense with

extensive experience in acquisition congressional matters,
energy policy, and T&E. Previous positions in OSD

included assignments as staff specialist for naval weapons
and for strategic and tactical airlift programs. Mr. DiPetto

served with the Naval Air Systems Command as a flight

test manager, planning and executing Tomahawk flight
tests. He began his career at the Navy’s Pacific Missile Test

Center as flight test engineer for surface and subsurface
launched missile systems. He earned a bachelor of science

from the New York Institute of Technology in 1979.

A graduate of the U.S. Naval Test Pilot School, he has
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Yet Another Dose of Acquisition Reform for the T&E
Community—What Does the Past Tell Us About

the Future?

The Honorable Thomas P. Christie

Former Director, Operational Test and Evaluation

Editor’s note: This is the keynote address to the ITEA Symposium, September 29, 2009. The

Honorable Thomas Christie accepted a short notice invitation from the Symposium chair, Mr.

Bert Johnson, to stand in for the planned speaker, Dr. Ashton Carter.

Key words: Acquisition personnel; acquisition reform; aging equipment; defense budgets;

defense forces; modernization; performance; weapons development.

L
et me start by thanking Bert Johnson
for this opportunity to come before you
today and express a few of my thoughts
regarding what has become a long
lasting, almost perennial, penchant for

undertaking some sort of acquisition reform on the
part of our national security appara-
tus—in both the executive and legis-
lative branches of our government—
what it has done for us in the past, and
where we might be headed in the
future.

I received a call from Bert several
weeks ago asking me to pinch hit for
Ash Carter, Undersecretary of Defense
for Acquisition, Technology and Lo-
gistics. Though quite hesitant at first, I
agreed to do so. My hesitancy reflected
disappointment that Dr. Carter had backed out of
coming before this gathering of the T&E community.
Hopefully, he understands how absolutely critical this
community is to restoring our broken acquisition
process and putting it back on the path to success
after years of poor performance. To do that, Dr. Carter
will need to subscribe fully—not just to the letter of the
law, so to speak, embodied in new reform initiatives,
but also to their intent—by giving the T&E commu-
nity a prominent place at the table and by heeding its
advice, its independent evaluations, in his program
reviews and decision making. If he doesn’t, then I fear
we are in for more of the same.

Clearly we need to do business differently than in
the past—Defense Science Board task force reports
over the past decade as well as the recent statutory

reform legislation have highlighted in no uncertain
terms the critical role that well-planned and executed
testing and evaluation must play if we are to be
successful in developing, producing, and deploying
effective, suitable, and survivable weapon systems to
our combat forces.

You will hear more about the latest
DSB review of T&E and Development
Test and Evaluation in particular when
the Chairman of that 2008 Task Force,
Pete Adolph, speaks to you tomorrow
morning. Pete was eminently qualified
to head this task force, having served as
the director the OSD DT&E office
until the mid-1990s. While I will not
steal Pete’s thunder, suffice it to say that
his report played a key role in the latest
attempt on the part of Congress at

Acquisition Reform, embodied in its ‘‘Weapon Sys-
tems Acquisition Reform Act of 2009.’’

After more than four decades of supposedly well-
structured defense planning and programming, as well
as numerous studies aimed at reforming its multibillion
dollar acquisition system, one can hardly avoid the
conclusion that the decision process governing our
defense establishment is broken, and our forces are not
getting systems with the performance they need in a
timely and effective manner. The evidence supporting
the need for drastic action abounds.

Despite the largest defense budgets in real terms in
more than 60 years, we have a smaller military force
structure than at any time during that period, one that
is equipped to a great extent with worn-out, aging
equipment. To highlight just one example of this
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critical problem—the fighter-attack forces of our Air
Force are roughly half the size they were in the mid-
80s and shrinking still; the average age of the fleet is
twice what it was or should be and growing; and the
prospect of producing enough aircraft to reverse these
truly disturbing trends seems to be growing dimmer
day by day.

Granted, the employment of our forces in Iraq and
Afghanistan has contributed to the wear and tear on our
combat and support equipment. The bill for repairing
and replacing that equipment—no doubt in the
hundreds of billions—is mostly yet to be faced. And,
more to the point, this only exacerbates the already
severe modernization problems faced by all three
services. Those problems have been on the horizon for
decades and would have plagued our forces even if the
war on terror had not evolved as it has since 2001.

A fundamental source of DOD’s problems is the
historically long pattern of unrealistically high defense
budget projections into the out years, combined with
equally unrealistic low estimates of the costs,
schedules, and technical risks associated with new
programs. As we have seen, time and again, this
make-believe world of defense programming and
budgeting, however, inevitably runs head on into
the real world of weapons development and procure-
ment, a world where hardly a week passes without
some new horror making the headlines. New systems
critical to the Service modernization plans for their
aging forces encounter huge cost overruns, serious
technical challenges, and lengthy schedule slips that
call into question the affordability and realism of
plans for growing and/or sustaining present force
levels and structures.

I believe present Pentagon leadership is painfully
aware of the need for drastic action, particularly in the
world of acquisition. The actions taken on several
major acquisition programs earlier this year by
Secretary Gates is an indication of a painful recogni-
tion that we must do things differently if we are to field
and maintain the world’s best combat forces.

Likewise, Congressional initiatives, particularly this
year’s Weapon System Acquisition Reform Act, are
further evidence of the crying need to do business
differently in the future.

But, haven’t we seen and heard all this before? Over
the past 40 years or so, I’ve observed and participated in
numerous Defense and Acquisition Reform exercises,
Defense Science Board task forces, working groups,
IPTs—you name it. The Blue Ribbon Commission of
1970; the Carlucci Initiatives of 1981; the Packard
Commission of 1986; the Defense Acquisition Per-
formance Assessment or DAPA of 2006; and now we
have probably the most far-reaching reform legislation

in this year’s authorization bill since Goldwater-
Nichols in the mid-1980s. To use an overused cliché,
I’ve been there, done that—time and time again.

Just recall a few of the initiatives and buzzwords of
the more recent past: Capabilities-Based Force Plan-
ning; Simulation-Based Acquisition; Commercial-Off
The Shelf Procurement or COTS; Cost As the
Independent Variable or CAIV; Spiral Development;
Total System Performance Responsibility or TSPR of
the 1990s. What have these much-ballyhooed initia-
tives done for us? What’s our record since the 1990s?
This year’s GAO report on the defense acquisition
system answers these questions. The 96 acquisition
programs they evaluated showed an average of more
than 40% cost growth in RDT&E alone, 25% cost
growth in total acquisition costs, and an average
schedule slip of 2 years.

DAPA’s statement of the problem it was established
to address says it all:

‘‘The current situation is characterized by mas-
sively accelerated cost growth in major defense
programs, lack of confidence by senior leaders, and
no appreciable improvement in the acquisition
system despite many attempts in the past.’’

Some of these reviews over the years have been
chartered with the explicit goal of ‘‘streamlining’’ the
so-called burdensome acquisition process. Too often,
unfortunately, this streamlining mania has translated
into casting the blame for the growing costs and
development times onto oversight activities, to include,
of course, the testing community—both developmental
and operational—as well as programming and cost
analysts. The thinking has been ‘‘if we could only get
these testers, these analysts off our backs, we could get
new systems into the field on cost, on time, on
performance.’’

This key misconception should be put to bed right
up front—a finding borne out in spades during a DSB
review of acquisition carried out in the 1990s. While
oversight by government agencies and their reporting
requirements can indeed be burdensome, they clearly are
not the causes of the continuing miserable record of program
stretch-outs and cost growth. This is truly independent of
whether those agencies and their reporting require-
ments are internal to DoD, such as the Defense
Contract Management Agency (DCMA), independent
cost analysis groups, operational test and evaluation
organizations; or those external, such as the congres-
sional committees and their staffs and the Government
Accountability Organization (GAO).

Instead, that review, covering some 100 major
defense acquisition programs, concluded that failure
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to identify and admit to technical issues and solutions,
as well as real costs, before entry into what was known
as Full-Scale Engineering Development (FSED)—
now referred to as Engineering and Manufacturing
Development (EMD)—was the overwhelming cause
for subsequent schedule delays, often in terms of years,
and the resulting cost growths. To the extent oversight
played any role in these delays, it was the discovery and
reporting of test failures—primarily in development
testing—during EMD that often necessitated addi-
tional time and dollars for system redesign, testing, and
retesting of fixes, as well as costly retrofits of those
fixes.

Despite the overwhelming evidence that oversight
per se was not the cause of continuing cost and
schedule growth, Pentagon leadership in the mid-
1990s implemented the strategy known as Total
System Performance Responsibility (TSPR) for many
key acquisition programs. This strategy, in essence,
relieved development contractors of many reporting
requirements, including costs and technical progress.
In essence, it built a firewall around the contractor,
preventing government sponsors from properly over-
seeing the expenditure of the taxpayers’ dollars.

Accompanying this new approach to acquisition, the
Department in essence savaged its in-house technical
capability and its ability to gain insight into the
technical and cost issues associated with the new
programs. For all intents and purposes, the OSD
Development Test and Evaluation office went away
and the Service DT&E organizations and capabilities
were stripped of much of their ability to plan and
conduct, or oversee meaningful government testing.

During my time as the DOT&E in the first half of
this decade, I saw the results of this misguided policy.
Time and again I sat in program review meetings,
including numerous DABs, where I was struck by the
lack of credible information concerning the status or
the results of development testing to date. In case after
case, Pentagon decision-makers acquiesced in pro-
grams entering EMD and even low-rate initial
production before technical problems were identified,
much less solved; before credible independent cost
assessments were accomplished and included in
program budget projections; before critical technolo-
gies were shown to be sufficiently mature; and even
before the more risky requirements were demonstrated
in testing. The overwhelming evidence clearly points to
a problem with the DoD acquisition system itself that
cannot be written off to poor management of
individual programs.

As an aside, I should admit that just having an
informed voice for testing—whether developmental or
operational—or, for that matter, independent cost

estimates, didn’t necessarily lead to hard-nosed deci-
sions. Speaking from my own experience as the
DOT&E from 2001 to early 2005, my office was
responsible for producing roughly 30 Beyond Low-
Rate Initial Production, or BLRIP, reports to the
Secretary of Defense and Congress. By law, these
reports are a prerequisite for any full-rate production
decision. These reports assessed over half of these
systems to be either not operationally effective or not
operationally suitable, or both. In not one case was one
of these programs stopped as a result of the
information available in the reports or presented at
the production DAB. To be fair, many of these
production decisions were made with accompanying
direction to conduct follow-on testing to verify the
fixes designed to address the problems uncovered in
operational testing.

Even though DoD’s acquisition policies and direc-
tives have most often reflected many of the more
substantive findings and recommendations from the
many reviews of the process over the years, too often
the managers of this process have lacked sufficient
information, if not the will, to be able to carry through
and implement them in program decisions.

Over the years, this process has been further warped
by the ever-optimistic projections of available funding
both in the near-term as well as into the out years, in
essence relieving the decision-maker of any need to
make the hard choices.

Part and parcel of the effort to sell new programs—
to get the camel’s nose under the tent, so to speak—is
the so-called buy-in syndrome, whereby costs, sched-
ule, and technical risks are often grossly understated at
the outset. These low-ball estimates mesh right in with
the optimistic overall budget top line projections into
the out years, especially the procurement accounts.

The root of the problem is well known: Review after
review has found that we should ‘‘fly and know if it
works and how much it will cost before buying.’’ Building
and testing prototype systems and subsystems—
hopefully on a competitive basis— before proceeding
with EMD has been a perennial recommendation. In
that same vein, these reviews have called for up-front
funding of robust efforts to demonstrate technology
maturity through testing as a prerequisite for program
approval.

DoD’s acquisition policy and directives have incor-
porated these recommendations. Unfortunately, the
rising operating and support (O&S) costs of the
existing forces, and the fact that there are more
acquisition programs being pursued than DoD can
possibly afford in the long term, have combined to
intensify the competition between programs for
dollars. This, in turn, has led to decision-makers
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sanctioning low-balled program costs and overly
optimistic schedules at the outset of major programs,
most often at the expense of building and testing
prototypes and critical early-on technology risk reduc-
tion efforts.

Having obtained approval to enter EMD with
unrealistic costs and schedules based on rosy, if not
surreal, technical risk assessments, programs inevita-
bly encounter problems early on. These problems, in
turn, set off the spiral of schedule stretches and
ballooning costs that have come to plague the vast
majority of DoD acquisition programs. Unfortunate-
ly, too often, program managers attempt to limit the
damage by trying to maintain the schedule at the
expense of critical test events and design fixes for
obvious deficiencies. The net result is a schedule-
based strategy, rather than the event-based program
strategy that the myriad of DoD acquisition direc-
tives stress. Systems urgently needed by our forward
deployed forces will be fielded as quickly as possible.
But many defense acquisition programs do not fall in
that group; consider major aircraft programs like the
F-22, F-35, and the next tanker; major ship
programs like the next generation nuclear aircraft
carrier and littoral combat ship; and other future
combat systems like a new joint lightweight tactical
vehicle or family of medium tactical vehicles. For
most major acquisitions, the urgency of the threat
does not demand curtailing risk reduction activity in
favor of urgent fielding.

The past several years, particularly after U.S. forces
entered combat in Afghanistan and Iraq, the pressure
has intensified even more to keep programs on
schedule, even to accelerate the process, in order to
get equipment in the hands of troops sooner than
later. As a result, some systems with serious
reliability and maintenance problems found in
development and operational testing have been
waived through the decision process into production
and deployment.

It appears that too often programs fail to carry out
adequate testing; and in those cases where they do,
they often fail to take the necessary corrective actions
based on that testing before proceeding with full
production and deployment. The Defense Science
Board Task Force on Development Test and Evalu-
ation headed by Pete Adolph reported that in the 10-
year period 1997 through 2006 roughly 70% of Army
systems had failed to meet their specific reliability
requirements in operational testing. And of those that
failed, the vast majority failed to reach even half their
reliability criteria. The Task Force found that similar
problems existed with the programs of the other
services. These problems with attaining realistic

reliability, availability, and maintainability goals re-
sulted in increased logistics burdens on our operating
forces and a de facto reduction in force effectiveness
attributable to low equipment availability.

What is disturbing about these failures is that most
of these programs should not have been cleared to
enter OT&E in the first place. They clearly had not
completed development testing successfully—they had
either failed to meet effectiveness or suitability
requirements in DT&E or, in some cases, had
truncated planned DT&E in order to stay on schedule
or to stay within costs.

The MV-22 is a good example of a major program
that encountered technical and cost problems in EMD,
yet attempted to hold to a schedule that provided little,
if any, slack to address those problems. Clearly, after
nearly 20 years in development at the time, the urgency
of replacing the aging CH-46s drove decisions to
severely reduce development testing in EMD in order
to save dollars and stay on schedule.

The official investigation into the tragic accident
that occurred in April 2000 drives home this point.
That accident involved the crash of an MV-22 near
Tucson, Arizona, during an operational test mission
and resulted in the deaths of 19 Marines. DoD
suspended flight testing for 2 months after the accident
to investigate.

The official report from the investigation states
there were three test events flown as part of the MV-
22 EMD Flight Control System Development and
Flying Qualities Demonstration Test Plan investigat-
ing the phenomenon known as power settling. As the
report notes, the original test plan called for 103 test
conditions to be flown. In an effort to recover costs
and schedule, the conditions to be tested were reduced
to 49, focusing on aft center of gravity conditions that
were thought to be most critical. Of the 49
conditions, 33 were actually flight tested. Thus, in
order to save dollars and make up for schedule slips,
the important testing was severely curtailed—roughly
one-third of the planned test events were actually
flown—and particularly critical test points were not
flown at all.

This series of events, culminating in the April 2000
accident and another crash in December of that year,
brought the program to a halt, nearly resulting in
termination. In the end, the MV-22 program recov-
ered, executed the full range of technical testing that
should have been done previously, went through its
second OPEVAL, and was approved for full produc-
tion in 2005, nearly 25 years after the decision to
initiate the program.

Unfortunately, there are many other examples of
major programs curtailing DT&E and rushing into
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OT&E before development is complete; of programs
failing to demonstrate the required levels of maturity
for critical technologies; of programs that entered
EMD before they were ready, resulting in major
schedule delays—accompanied by inevitable cost
growth.

While we can all bemoan the fact that the past has
witnessed an acquisition system and process gone
awry, we need to look to the future and hope that
the past is not a prologue to further horror stories in
the days to come. This community, this test and
evaluation community—both development and oper-
ational testers, both government and industry tes-
ters—has an extremely critical role in making our
acquisition system work as it should. It stands ready
to do so—hopefully, it will be permitted to exercise
that role.

This critical role for T&E has been emphasized
repeatedly by DSB Task Forces, by the National
Academy of Sciences, by the Government Account-
ability Office, and, most recently, by this year’s
Acquisition Reform Act.

Let me briefly mention some of the findings from
these reports. A DSB Task Force on T&E in the late
1990s concluded that

‘‘The fundamental purpose for testing is to
discover and to learn. The testers as well as the
developers and users are the learners in this
process. In order to build mutual trust and
confidence, and to focus on system operating
characteristics that can be tested in a way that
makes sense, the expertise of the testers should be
sought by the users and developers as the system
requirements are being formulated. This means
that the testing community should be a part of the
requirements development process.’’

The Pentagon’s Section 231 report responding to
a congressional requirement in the FY 2007 Autho-
rization bill to evaluate the department’s T&E
practices and their effectiveness stated among other
things:

N All T&E should concentrate on user needs and
measuring improvements to mission capability
and operational support.

N All testing and evaluation programs should
experiment, learn about the strengths and weak-
nesses of system and its components, and help
incorporate results into system enhancement
initiatives.

N Testing should continue through the entire life
cycle of a weapon system.

N Evaluation should be in the mission context and
in terms of the test results’ operational signifi-
cance.

N Evaluations should be based on a comparison
against current mission capabilities so that the
improvements can be measured.

N Evaluations should include all available informa-
tion, whether obtained through DT&E or
OT&E or operational experience, whether
through testing conducted by the government
or by industry.

While I stated earlier that you would be getting
more detail tomorrow from Pete Adolph reporting on
his 2008 DSB review of DT&E, let me steal a little of
his thunder with a couple of their key results:

N Changes over the past 15 years have had a
significant negative impact on DoD’s ability to
successfully execute increasingly complex acqui-
sition programs. A major contributor to this
problem includes massive workforce reductions
in acquisition and test personnel compounded
by the high retirement rate of the most
experienced technical and managerial personnel
in both government and industry without an
adequate replacement pipeline. As a result, a
significant amount of DT is currently per-
formed without sufficient government involve-
ment or oversight.

N As a minimum, government test organizations
should develop and retain a cadre of experienced
T&E personnel to

# participate in the translation of operational
requirements into contract specifications, and
in the source selection process, to include RFP
preparation

# participate in DT&E planning, including
TEMP preparation and approval

# participate in technical review processes
# participate in test conduct, data analysis,

evaluation, and reporting.

When the new Congress convened this past January,
it was clear that there would be a push to enact yet more
acquisition reform legislation. Early on, it appeared that
the major thrusts of this evolving legislation would aim
primarily at arresting the rampant cost growth in many
of the major acquisition programs, at strengthening
such supposed brakes on cost growth as the Nunn-
McCurdy act. Unfortunately, to many of us, there
didn’t appear to be sufficient emphasis on addressing
critical T&E issues, particularly in the world of DT&E,
which so many reviews had highlighted in the past.
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In particular, as I mentioned before, failure to
identify and admit to technical issues and solutions, as
well as real costs, before entry into what was known as
EMD—was the overwhelming cause for subsequent
schedule delays, often in terms of years, and definitely
the root cause for most of the resulting cost growths in
RDT&E. Programs entered EMD and even low-rate
initial production before technical problems were
identified, much less solved; before planned DT&E
had been executed, demonstrating in testing that the
more risky requirements were attainable and that
critical technologies were sufficiently mature. There
was convincing evidence that the lack of a credible
OSD DT&E oversight capability, accompanied by
drastic cuts in the Service DT&E organizations, had
led directly to these fiascoes.

Accordingly, there was an early initiative to bring to
the attention of the Armed Services Committees the
need for action to restore the T&E capability
reductions of the late 1990s and the early years of this
decade. These overtures were successful in that early
draft versions of the legislation began to incorporate
such actions.

Then, when the Senate and House versions of the
reform went to the conference committee, Pete
Adolph, Jack Krings, the first DOT&E, and myself
signed a memo to Senators Levin and McCain
requesting a restoration of a robust and independent
DoD DT&E capability. I quote from that letter:

‘‘We wish to express our strong endorsement of the
Levin-McCain bill approved by the Senate
Armed Services Committee that reestablishes the
Director, Developmental Test and Evaluation
(DDT&E) office as a direct report to the Under
Secretary of Defense for Acquisition, Technology
and Logistics. This office is the key to providing
the requisite unfiltered assessments of program
progress through developmental testing and
evaluation (DT&E), as well as independent
evaluations of technology readiness levels. The
absence of independent assessments of develop-
mental readiness and progress is a root cause of
the systemic DoD acquisition problems.

‘‘Unfortunately, since the late 1990s, OSD has
not accomplished meaningful or effective over-
sight of DT&E. As a result, the visibility and
transparency required to perform effective pro-
gram reviews at the OSD level no longer exists.’’

The final legislation, known as Public Law 111-23
and signed into law in May of 2009, requires several
changes in the Pentagon’s acquisition organization

and process. Of particular interest here is the much-
needed restoration of the OSD DT&E office as well
as direction to restore DT and other technical
capabilities in the Services. The statute requires the
Secretary to select officials to serve as the Director
for Developmental Test & Evaluation and Director
for Systems Engineering, with responsibilities for
issuing joint guidance relating to the integration of
developmental test and systems engineering. These
Directors are responsible for leading the develop-
mental test and systems engineering workforces
within DoD. This legislation also requires the
military departments and defense agencies to develop
and implement plans to ensure they have the
appropriate resources for developmental testing and
systems engineering, and the Directors are required
to assess these plans and report their assessments
directly to Congress.

All of that sounds great on the surface, but as I
mentioned earlier, we’ve been down these roads before.
I am deeply concerned that, 4 months after the
legislation, that Director for DT&E has yet to be
named and the needed steps to staff not just that
directorate, but those of the Service RDT&E organi-
zations, with the talent they so sorely need, appears to
be dragging, if moving at all.

Recently, Dr. Carter was quoted as saying he is
encouraging Defense Department managers to come
forward with problems as soon as possible and seek
fixes. ‘‘If they bring a problem to you, you will help
them solve it,’’ he says. ‘‘If they hide it from you, you
won’t forgive them.’’

He went on to say,

‘‘There is another kind of acquisition reform,

which is what to do when programs are not

performing or are not needed anymore. We have

a responsibility to acquisition at the back end as

well. When we find programs that are troubled,

that aren’t performing in cost, schedule or

performance or that are no longer needed, then

we need to stop doing them.’’

Dr. Carter, I implore you to recognize that you
have a community that stands ready to help you in
implementing the real reforms that are so critical to
the success of our acquisition system. Get out in field
and meet them where they are on your test ranges
and other test facilities—both government and
industry. Give this community a seat at your table
and listen to their advice. They will not shy away
from bringing forward to you very early in the game
system problems as well as proposals for their
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solution. They will not hide these problems if you
give them a voice.

This community I speak of—this T&E community,
in both government and industry, both development
and operational testers—has served the department
very well over the years, despite its ups and downs. The
success of our operational forces over the years reflects
their dedication to developing and deploying systems
proven effective and suitable on our ranges and in our
facilities. There is a new world dawning now as you,
Dr. Carter, and your fellow Service acquisition leaders
undertake to right this defense acquisition ship—so to
speak—and put it back on a course to success. I am
confident that this T&E community can rise to the
challenges ahead and, together with you and the rest of
the acquisition community, see to it that our soldiers,
sailors, and airmen are equipped with the best
equipment our nation can provide. C
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Development and Fielding of a Direct Methanol Fuel Cell

Henry Merhoff

U.S. Army Operational Test Command, Fort Hood, Texas

Peter Helbig

Bundeswehr WTD 41, Trier, Federal Republic of Germany

Fuel cells are developing as one of the most promising and suitable energy sources for many

military applications. The U.S. Army Operational Test Command required and contracted for

a low-power, 250-W transportable direct methanol fuel cell to power operational test

instrumentation in support of the future combat systems test and evaluation. This unit also has

application by the German Bundeswehr as a battery-charging station and auxiliary power unit.

The direct methanol fuel cell is characterized by its low noise emission, minimal thermal

signature, and high fuel efficiency that will enable continuously sustained operation for long-

duration missions in the field.

Key words: Energy sources; environmental experiments; nonintrusive power; operational

realism; noise; T&E; thermal signature.

T
est instrumentation requirements de-
mand nonintrusive power. If nonintru-
sive power is not used, the test scenario
will be interrupted with negative effects
on operational realism and possible loss

of data. Use of vehicle power to support test instru-
mentation has three deficiencies: (a) the vehicle may not
have adequate power for both tactical equipment and
test instrumentation, (b) use of test instrumentation
during periods of Silent Watch will drain the batteries
and require startup of the vehicle to charge the batteries
and interfere with the tactical mission, and (c) previous
tests demonstrated that tactical power was not stable for
test instrumentation. When standalone batteries are
used, life-cycle cost analysis indicates an increase in
expense for support personnel costs and equipment, and
interruption of each battery-equipped vehicle for a
battery exchange every 8–12 hours during the opera-
tional test. A better alternative was required.

Acquisition of a nonintrusive power source required a
number of complementary tasks: (a) survey of available
fuel cell industry sources to determine if the technology
had reached sufficient maturity to support operational
test requirements, (b) construction of an experimental
prototype fuel cell to determine if an operational fuel (fuel
cell stack, fuel container, startup battery, and balance of
plant components) could be integrated into a single
enclosure, (c) an independent technology assessment to
determine if specifications were realistic, and (d)

preparation of specifications and source selection. Based
on best value, the FC-250 direct methanol fuel cell was
selected. The contract award specified three-phase
procurement: (a) prototype phase for 4 units, (b) low-
rate initial production for up to 20 units, and (3) full-
production phase. The prototype phase has been
completed successfully with almost 2,000 hours of
operational life, and the low-rate initial production phase
is in process for delivery in mid-2009.

The specifications for the alternative power source fuel
cell were detailed, but general enough to encourage a
variety of fuel cell technologies to be proposed. Principal
objectives were focused on power output, size, and
weight. The use of containers of pressurized fuel was pro-
hibited because of the nature of the operational test
environment (the fuel cell would be mounted on the
exterior of a vehicle). Secondary concerns were about
survivability (shock of 30g, vibration profiles for tracked
and wheeled vehicles, and drop tests) as specified in
MIL-STD-410F. Range of operating temperature, emit-
ted noise level, and thermal signature were also specified
consistent with the operational test environment.

Contractor development and testing
A contract was awarded to Smart Fuel Cell AG of

Munich, Germany, in November 2006, which proposed
development and construction of the prototype FC-250
DMFC. The technology was based on an expansion of
their commercial fuel cell product, the EFOY 1600, into
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a fully integrated package. Smart Fuel Cell AG built and
tested two proof-of-concept prototypes and demon-
strated them in early 2007. They also visited the U.S.
Army Operational Test Command (USAOTC) at Fort
Hood, Texas, in April 2007 for a form, fit, and function
check. This visit resulted in a number of technical
changes to make the unit more compatible with the
operational test environment.

Smart Fuel Cell AG then built two fully operational
prototypes and subjected them to laboratory testing to
validate hardware, firmware, and software performance
prior to testing of the prototypes at the Bundeswehr
Technical Research Center in Meppen, Germany.
Prototype performance testing was conducted in No-
vember 2007 and February 2008. The units had
performed well in the laboratory but failed when
subjected to the survivability tests. Support mounts
(designed for the commercial environment) broke, and
other elements could not withstand the 30g shock and
drop tests. However, a 24-hour dust test was successful,
and the unit did not seem to be susceptible to light rain.
Noise and thermal signature were minimal and exceeded
specifications. In February 2008, the tests were repeated
at Meppen. The FC-250 passed all tests successfully and
continued to operate. The only damage noted was small
indentations at each corner where the unit had been
dropped. Based on these results, the FC-250 met the
definition for Technology Readiness Level 6 (TRL 6)—
System/subsystem model or prototype demonstration in a
relevant environment: Representative model or prototype

system, which is well beyond the breadboard level, is tested in

a relevant environment and represents a major step up in a

technology’s demonstrated readiness.

Testing at the USAOTC
The U.S. Army recognizes four instrumentation

support applications for nonintrusive power fuel cells:

(a) the FC-250 for large vehicles and power for mobile
ground instrumentation, (b) a lightweight alternative
power source for smaller vehicles and unmanned
systems, (c) a commercial fuel cell in an enclosed box
for low-power fixed-site application, and (d) a wearable
power source to support soldier-carried instrumenta-
tion. Both the FC-250 and the commercial fuel cell are
currently in use.

Four prototype FC-250 fuel cells were delivered to
the USAOTC in April 2008. Custody and operation
of these units was accepted by the USAOTC Test
Support Contractor (TSC). The TSC personnel then
installed an FC-250 fuel cell and operational test
instrumentation on two test support vehicles (modified
high mobility multiwheeled vehicles—Figure 1), which
were operated for 600–800 hours on rough terrain
trails at the Fort Hood, Texas, range areas. Both units
operated without failure throughout the test period.
No fuel cell in this power range has yet been operated
successfully for such an extended duration.

A third unit is presently undergoing extended life-
cycle testing to determine when the power output
degrades to 80% of its normal output. For a normal
maximum output of 250 W, the degraded value is
200 W. Based on observed data from individual
modules, it is expected that this value may approach
or exceed 5,000 hours. The performance objective in
the specification was 3,000 hours.

Field and laboratory testing by the TSC revealed
some hardware and firmware anomalies—not a
surprising result for a new prototype. However, the
fuel cells continued to operate and provided data to
confirm successful continued performance. At the
conclusion of the field testing in July 2008, the TSC
concluded and stated that the FC-250 was at
Technology Readiness Level 7 (TRL 7)—System

prototype demonstration in an operational environment:

Figure 1. FC-250 fuel cell field testing at USAOTC.
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Prototype near or at planned operational system, represents
a major step up from TRL 6 requiring the demonstration
of an actual system prototype in an operational environ-
ment, such as in an aircraft, vehicle, or space.

Testing by the Bundeswehr Test Centers
Within the German Bundeswehr there will be two

applications for a 250-W fuel cell system. The first
application will be the use of the fuel cell system FC-
250 as an energy-platform for a battery-loading station
for mobile and stationary use in the field, as well as for
use in vehicles. Possible users will be soldiers of the
German Bundeswehr, e.g., the Infantrymen of the
Future (Infanterist der Zukunft) and the soldiers of the
German Special Forces.

In the second application, the FC-250 fuel cell
system will be used as a charging device for the
reloading of batteries in vehicles. Because of the
integration into a vehicle (space problems), the system
has to be split into an energy unit and a tank unit. This
project is still in its study phase. There are plans to do
the field testing with vehicles like the wheeled vehicle,
Dingo 2, shown in Figure 2.

To conduct laboratory testing, German Bundeswehr
WTD 41 acquired three FC-250 fuel cell systems
within the study budget, sponsored by BWB (Federal

Office of Defense Technology and Procurement).
With these fuel cell systems, WTD 41 accomplished
a test program, harmonized with the firm, Smart Fuel
Cell AG (Figure 3).

The testing included the fuel cell system as a single
unit as well as its coaction with the modified battery-
charging unit, Type PP–8481B/U, from Bren-Tronics,
Inc., a battery manufacturer in the United States
(Figure 4).

WTD 41, in collaboration with Smart Fuel Cell
AG, carried out the tests in Table 1. The laboratory
tests in principle proved the fuel cell system FC-250 to
be an appropriate power source but also disclosed that
subsequent improvements to the fuel cell system still
need to be done. The testing of the modified battery-
loading unit, Type PP-8481B/U, from Bren-Tronics,
Inc., was successfully completed by the manufacturer.
After realization of the improvements by Smart Fuel
Cell AG, verification tests will be accomplished by
WTD 41 in cooperation with USAOTC.

Field deployment and test support
In 2009, FC-250 fuel cells were installed on

vehicles under test to provide uninterrupted power
for operational test instrumentation. The units

Figure 2. Dingo 2 vehicle.

Figure 3. Fuel cell system FC-250 undergoing vibration testing.

Figure 4. FC-250 with modified battery loading unit type PP–

8481B/U.

Table 1. Test conditions and results

Test

Results

Passed Failed

Function test 3

Cold start test 3

Temperature test 3

Freeze and thaw test (at 210uC, system start

after thaw to +10uC) 3

Dust test 3

Shock and vibration test 3

Electromagnetic compatibility test 3

Spray water test 3

Noise emission analysis 3

Drop test 3

Merhoff & Helbig
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operated for approximately 500 hours over an 11-
week period without failure. They were exposed to
direct sunlight with measured temperatures exceeding
140uF (60uC) on a solar shield placed above the fuel
cell lid and 135uF–138uF on the fuel cell side panels.
Although these temperatures exceeded the operating
limit of the fuel cell (118uF; 50uC), the fuel cells
were unaffected and provided the power required at a
substantially reduced test cost compared with batte-
ries. This was the first field deployment during an
extended event of a 250-W fuel cell in the
Department of Defense. The FC–250 fuel cell has
satisfied the intent of the DoD definition for
Technology Readiness Level 8/9—

TRL 8: Actual system completed and ‘flight qualified’

through test and demonstration. Technology has been

proven to work in its final form and under expected

conditions.

TRL 9: Actual system ‘flight proven’ through successful

mission operations. Actual application of the technology in
its final form and under mission conditions, such as those

encountered in operational test and evaluation.

Conclusion
This article presents the results of recent successful

environmental tests of a 250-W direct methanol fuel cell
conducted at test range facilities in Fort Hood, Texas,
and Munich, Meppen, and Trier, Germany, as a
cooperative effort by USAOTC, BWB/WTD 41, and
Smart Fuel Cell AG (manufacturer of the FC-250 direct
methanol fuel cell). Contractor tests included power
output to various applications, cold start test, temperature
test, freeze and thaw test (at 210uC, system start after
thaw to +10uC), static orientation test, shock and
vibration test, drop test, spray water test, noise emission
analysis, and an electromagnetic compatibility test.
During government field and laboratory tests, the FC-
250 was connected to typical instrumentation and battery
charging applications in the operational environment.
These tests demonstrated the reliability and maturity of
the FC-250 technology and validated its performance at
Technology Readiness Level 7.

The cooperative testing resulted from a formal data
exchange agreement in support of testing of mutual
interest and exchange of test data. This exchange is
favorable for both nations because in the context of this
international cooperation, common methodologies will
be employed and thus synergistic effects will be
obtained with economic advantages for both parties.
In addition, the assessment of the functional reliability
of the direct methanol fuel cell system will be expanded
through the extensive breadth and variety of test
situations. The goal for military equipment users—

which is to get proven and reliable portable fuel cells
into operational use—will be achieved much earlier.

As mentioned, the successful support and reliable
field performance in a rugged tactical environment
demonstrates that fuel cells can be an alternative source
of power for test and evaluation requirements. Using
fuel cells reduced interruptions to the tactical timeline
during operational testing and is a cost effective
measure for future tests. C
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The Advanced Guided Weapon Testbed (AGWT) at the Air
Force Research Laboratory Munitions Directorate

Craig M. Ewing, Ph.D.

Integrated Guidance Simulation Branch, Eglin Air Force Base, Florida

This article describes the capabilities of the Kinetic Kill Vehicle Hardware-in-the-Loop

Simulator facility and the Virtual Munition Simulator facility co-located at the U.S. Air Force

Research Laboratory Munitions Directorate, Eglin Air Force Base, Florida. Together they

make up the Advanced Guided Weapon Testbed used to research advanced guidance components

using hardware-in-the-loop simulation as well as the exploitation and investigation of new

weapon concepts through the use of distributed simulation and wargaming.

Key words: Autonomous guided munitions; capabilities; communication; cooperative

attack; hardware-in-the-loop simulation; human-in-the loop; synthetic scene generation;

wargaming.

T
he U.S. Air Force Research Laboratory
Munitions Directorate’s (AFRL/RW)
mission is to develop, integrate, and
transition science and technologies for
air-launched munitions for the defeat

of ground, air, space, and cyber targets. These
technologies advance warfighter capabilities through
the development of guided munitions that operate
autonomously or semi-autonomously to acquire, track,
engage, and kill moving and fixed targets. Many of
these new weapon systems are becoming highly
communicative and rely on multi-sensor data fusion,
human-in-the-loop confirmation, and increased fire
control for cooperative attack.

AFRL/RW shares the Department of Defense
(DoD) and Air Force vision that synthetic, or virtual,
testing of these increasingly complex weapon systems
will play a critical role in future success on the joint
battlefield. To determine which guided weapon
concepts and technologies are the most beneficial to
the warfighter, they need to have a good understand-
ing of the kind of capabilities that advanced
technology can bring to the joint and coalition
battlefield. The Advanced Guided Weapon Testbed
(AGWT) allows for improved system effectiveness on
the battlefield by getting advanced weapons’ concepts
into the hands of the warfighter early in the weapons
life cycle, providing an optimized solution, maximiz-
ing interoperability, and reducing risk and cost by
utilizing a high fidelity simulation to augment flight
tests.

Made possible by the investment and direction of
the Missile Defense Agency (MDA) since 1987, and
with the addition of Air Force funding in more recent
years; the Kinetic Kill Vehicle Hardware-in-the-Loop
Simulator (KHILS) facility mission focuses on high
fidelity hardware-in-the-loop (HWIL) simulation of
guided hit to kill weapons (Murrer, Thompson, and
Coker 1999). KHILS serves as a testbed for develop-
ment of HWIL test technologies for agencies around
the country, such as scene projectors, projector control
electronics, high frequency motion simulation, and
synthetic scene generation. KHILS also performs
Government-owned nondestructive HWIL testing
for guided munition hardware and software component
research, development, and test (such as infrared [IR],
Ladar, ultra-violet [UV], millimeter wave [MMW],
and visible seekers; navigation systems; advanced
guidance algorithms; flight hardware and software;
and integrated guidance systems). Use of the KHILS
for ground test reduces the number of flight tests
needed for critical program decisions, provides risk
reduction for those flight tests that do take place, and
provides expanded operational envelope definition by
investigating off-nominal scenario excursions. All of
these roles help to lower overall flight test costs.

The Virtual Munition Simulator (VMS) facility
provides a persistent distributed simulation connectiv-
ity to enable advanced guidance, sensor, and other
advanced munition technologies and concepts to play
in distributed joint experiments in the engineering,
testing, and training domains. It supports virtual and
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constructive simulation of advanced conceptual weap-
ons, and components, with or without a human-in-
the-loop. The VMS leverages state-of-the-art exper-
tise from multiple disciplines including persistent
distributed environments, constructive/virtual simula-
tions, HWIL, munitions and targets modeling,
guidance, navigation, and control, real-time scene
generation, and seekers, sensors, and signal processing.
Without this early interaction, weapon systems
brought to the field will suffer inadequacies in meeting
the warfighter needs, and modification costs to meet
these needs will be high. Having advanced weapon
concepts used in joint war-gaming and training games/
events gives the warfighter a chance to explore and
exploit new technologies, make suggestions for im-
provements/modifications, help determine the Con-
cept of Employment (CONEMP), and, overall, impact
the technology maturation decision process early in the
life cycle providing the best use of dollars to meet their
needs. By having new weapon concepts accepted and
vetted by the warfighter early in their life cycle, the
weapons developed by the Air Force will continue to
play an important role in the success of the warfighter
on the battlefield at a lower cost.

Both facilities together combine to comprise the
state-of-the-art 10,000 plus square foot AGWT,
consisting of high throughput computational resources,
physical effects simulators, environmental chambers,
scene projectors, synthetic scene generation, and flight
motion simulators, which realistically exercise inte-
grated guided missile concepts in a simulated flight
environment. This testbed is helping in research,
development, test, and evaluation (RDT&E) of
advanced weapon concepts, sensors, multi-source
sensor/data fusion, weapon targeting, and guidance
algorithms in a joint netted environment. In addition,
the AGWT provides an environment for flight test risk
reduction studies uncovering hardware and software
issues that could jeopardize the success of a flight test.
All evaluations can be performed as stand-alone
internal research activities or as part of a distributed
simulation capability in either unclassified or classified
environments.

AGWT resources
Constructive/virtual/real-time simulation
computational resources

The heart of any simulation capability begins with
the computers that run the software that is simulating
the vehicle and its environment, and there is a great
deal of computational capability in these facilities. The
AGWT computational equipment suite is a collection
of computer systems uniquely configured and integrat-
ed to support real-time simulation, high volume data

reduction, and the hardware and digital model
interfacing requirements of HWIL and distributed
simulation.

i-Hawks. Three modular concurrent iHawk server
systems function as the principal real-time modeling
and control computers. These computers solve the
missile 6 degree of freedom equations, contain models
of missile subsystem components not present as
hardware, and compute the target states and the
engagement geometry. Miss distance requirements and
the small time constants for signal processing,
guidance, and propulsion subsystems demand accurate
and efficient computation to keep pace with high-
speed hardware test articles. Commands for the
physical simulators, the flight motion simulators, and
the image generation systems are also generated here.

16 CPU Beowulf cluster. This cluster performs the
task of visualization for a large eight-screen data wall,
as well as for the dual-seat F-15 cockpit simulator. The
AGWT is currently using the commercially available
FlightGear software to visualize the weapon flight
environment. This suite of computers is also available
to drive the instrument panels and the visible imagery
available to the pilot in the F-15 cockpit simulator.

IBM Blade center. A 64-processor IBM Blade center
is used primarily to perform Monte Carlo constructive
simulations that are used to evaluate target acquisition,
recognition, and tracking algorithms. This multipro-
cessor architecture is ideally suited for distributing a
large quantity of runs over many processors for
evaluation against numerous closing engagements and
scenarios.

Dual-core Xeon PC’s. Through KHILS’ test technol-
ogy development efforts on real-time PC-based scene
generation, some aspects of HWIL simulation can now
be performed with standard desktop computers. These
computers are spread throughout the seven worksta-
tions and can be configured to run scene generation
software, simulate operator ground control stations, or
anything that needs to be computed as part of the
HWIL environment.

Flight Motion Simulators (FMS)
A key aspect of performing HWIL is to accurately

simulate the motion of the weapon system during
flight. The FMS tables are used to impart flight-like
angular dynamics to the test article’s sensor, gimbals,
and inertial instrumentation. The KHILS flight
motion simulators are electro-hydraulic and electro-
magnetic devices designed to subject the test article to
high dynamic range rotational motion as might be
experienced in an actual engagement. The five- and
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three-axis FMS are electrically commanded and
hydraulically driven to achieve the high bandwidth
required to simulate a closed loop engagement with
large inertias and large amplitudes, whereas the high
frequency motion table simulates low amplitude, small
inertia jitter. The five-axis table is capable of
reproducing bandwidths up to 35 Hz, while the
smaller three-axis table can simulate frequencies up
to 60 Hz.

Three-axis Carco table. In 1988, KHILS developed a
three-axis Carco FMS, Figure 1, optimized for light-
weight space-based interceptor concepts. Simulator
range of travel was limited (+/2 10 degrees) in order to
achieve, at that time, an unprecedented dynamic
response of 60 Hz. Since that time, the simulator
was upgraded with an interchangeable set of hydraulic
actuators to allow for approximately twice the increase
in travel at the expense of some bandwidth.

Five-axis Carco table. The five-axis table, Figure 2,
delivered in 2001, allows for a larger payload mass and
volume than the three-axis, and true line-of-sight
simulation with target motion that can be represented
by installing a projector on the outer gimbal. It also has
a much larger range of travel for ‘‘over-the-shoulder’’
engagement scenarios.

High-frequency motion table. KHILS has developed
the capability to reproduce high-frequency jitter
through the use of the Image Stabilization Testbed
(ISTAT) system, Figure 3, currently being installed in
the facility. This system uses electro-mechanics to

generate motion up to 1,000 Hz to simulate missile
motion beyond the capability of current state-of-the-
art flight motion simulators. The ISTAT can replicate
the dynamic boundary conditions at the base of the
seeker resulting from both airframe vibrations (flexible
body motion) as well as rigid body motion (up to +/2
1 degree) resulting from vehicle control forces or the
flight environment. The ISTAT is not a shaker table
but is driven by the output of a deterministic closed-
loop simulation and will replicate the time history of a
commanded signal.

Control room
The control room comprises seven reconfigurable

workstations, 14 dual-core Xeon PCs, four large LCD
displays, 28 workstation displays, and an eight-screen
data wall for visualization of important simulation data
(Figure 4).

Reconfigurable workstations and viewing area.
There are seven reconfigurable workstations distribut-
ed throughout the control room. These workstations
can be used to simulate ground control stations or
operator–in-the-loop stations, control the simulation,
manage the scenario visualization, manage the data-
wall screen displays, run scene generation software, or
do just about anything else that is needed during an
HWIL simulation. There is also a 15-seat viewing area
where invited guests can watch the simulation and get
a complete picture of everything that is happening
from one location. Interested parties can view the
weapon system functionality from many different

Figure 1. Carco three-axis Flight Motion Simulators and controller.
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perspectives, and warfighters get a chance to experience
new weapon systems and see the real hardware in live,
virtual, and constructive war games and training events.

Data wall. The data/video wall, Figure 5, comprises
individual display devices placed edge to edge to
produce a larger unified display. The wall consists of
eight, 52-inch LCD flat panel displays, a video wall
processor, DVD-R, and a high quality sound system.
The video wall can be configured to display both video
and data signals. When married with its video wall
processor, the wall displays a Windows desktop
mirroring what you’d see on a PC. Additional inputs

can be added to the video wall processor to display
satellite and camera feeds, as well as DVD and VCR
signals. The processor allows an operator to select
network applications and to size and move them
seamlessly across the video wall. The video wall can
display a broad range of sources that allow the user to
access and utilize the information in a consistent and
intuitive way. As a monitoring tool, the video wall
enhances the user’s effectiveness in responding to
problems as they arise. By looking at the expansive data
wall and surrounding monitors, the operator can watch
critical parameters of the simulation; see the projected
imagery, the sensed imagery, and the autopilot
functions; monitor the flight motion table; view the
synthetic imagery; and access a host of other functions.

Human-in-the-loop capability
An F-15 dual seat cockpit simulator, Figure 6, serves

to offer a human-in-the-loop capability to the testing
environment. This cockpit can be used to allow a pilot
to gain experience with the targeting and mission
planning associated with new weapon concepts.
Although originally an F-15 cockpit simulator, the
cockpit display can be driven to show displays for both
the front or rear seat and new functionality can be
added to any screen. Important information can be
gained by using feedback on workload and problems
associated with launching multiple weapon systems
from future platforms.

Figure 3. Five-axis high frequency Flight Motion

Simulator table.

Figure 2. Carco five-axis Flight Motion Simulators and controller.
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Figure 4. Control room with reconfigurable workstations (top left & right) and viewing area (bottom).

Figure 5. Data wall display.
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Scene projection
The AGWT performs HWIL testing on imaging

sensors having autonomous discrimination, track, and
aimpoint algorithms, requiring a robust projection
capability. There are numerous types of scene projec-
tors that have been developed for use in KHILS as well
as by many other HWIL facilities (Williams, Gold-
smith, and Stockbridge 2005). This gives us the
capability to project synthetic imagery to the units
under test in the specific waveband they expect to see
during an actual flight. We currently have projectors in
the infrared (IR), visible, and Ladar wavebands.

Infrared scene projection. Infrared scene projection
capability has grown rapidly in KHILS to include the
Wideband Infrared Scene Projector (WISP), the
Multi-Spectral Scene Projector (MSSP), and the
Optimized Array for Space-background Infrared
Simulation (OASIS). Figure 7 shows a 512 3 512
IR MSSP projector along with its associated collimator
optics that collimates the light and focuses the image at
infinity.

Figure 8 shows a 512 3 512 programmable high
dynamic range resistive array IR OASIS projector. The
OASIS array is optimized to operate in cryogenic
chamber environments; however, it will also function
very well at room temperature. High fidelity synthetic
IR imagery is projected through this device to a seeker
unit under test. The generation of this imagery is
described in the Synthetic Scene Generation section.

Imagery from two or more devices can be combined
through a diachronic beam combiner to present
multiple waveband imagery to a seeker under test
(Sieglinger 2006). Each resistor in the array, or pixel, is
individually controlled by regulating the current flow
through the resistor, thus regulating the resistor’s
radiance output. This allows KHILS to test the full
functionality of the seeker including optics, focal plane
array, and processor.

Ladar scene projection. Several organizations in the
DoD are developing Ladar seekers, and it is necessary
to be able to stimulate these articles in a HWIL test
environment. An ongoing effort to develop a large-
format Ladar scene projector has been underway for
several years. KHILS has already demonstrated the
capability to digitally inject synthetic Ladar imagery to
a sensor under test. Research programs are now
underway to develop a 256 3 256 Ladar scene
projector capable of providing imagery to the next
generation of Ladar seekers. An eight-channel Ladar
scene projector has been used for previous weapon
seeker testing. Because of its large size, if we were to
expand this to 65,000+ channels we would need a new
building to hold all the racks of equipment. Numerous
research projects into laser diodes, arbitrary waveform
generators, photonic modulators, high-speed D to A
converters, and many other areas will allow us to
develop the next generation Ladar scene projector in a
fraction of the space.

Figure 6. F-15 dual-seat cockpit simulator.

Figure 7. Multi-Spectral Scene Projector infrared projector (left), collimator optics (right).
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Visible scene projection. New weapon system seekers
are being developed with much wider fields of view
than previous seekers. The AGWT has recognized the
need to stimulate those sensors during HWIL testing,
and in 2009, a Wide-Field-Of-View (WFOV) visible
multi-projector system, Figure 9, is being installed in
the AGWT. The WFOV projector system is a 4-meter
dome, which uses 10 projectors to produce an image
that is 220 degrees in azimuth and 135 degrees in
elevation. Research into an IR WFOV projector
system is beginning as well.

Projector array control electronics. Through KHILS’
technology development efforts in array control
electronics, talented engineers have designed the PC-
based Array Control Electronics or PACE (Goldsmith
et al. 2003). PACE is an inexpensive, robust, and
reconfigurable set of electronics that can support
legacy, current, and upcoming emitter array projectors.
The PACE electronics systems are manufactured and

tested in the KHILS facility and have been successfully
transitioned to numerous MDA, Air Force, U.S.
Army, and U.S. Navy test facilities.

Infrared projector characterization
KHILS has established a nationwide reputation as

an expert in non-uniformity correction (NUC) of
resistive array IR scene projectors. These types of
projectors suffer from an inherent non-uniformity
among the individual elements. The uncorrected
elements may exhibit 10 to 20 percent spatial variation
when commanded with the same drive voltage.
Methods have been developed over the past decade
for NUC of resistor array projectors. After correction,
the element response variation can be reduced to the
order of a percent or two, depending mainly on the
NUC camera errors (Flynn et al. 2003; Joyce,
Świerkowski, and Williams 2006; Meshell et al.
2008; Sisko et al. 2006).

Figure 8. Optimized Array for Space-background Infrared Simulation 512 3 512 infra-red scene projector (IRSP) (left), raw imagery
captured with infrared camera (right).

Figure 9. Visible wide-field-of-view projector system.
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Synthetic scene generation
To provide inputs to all of these different types of

scene projectors, we have an extensive real-time
synthetic scene generation capability. The AGWT’s
primary function relates to high fidelity endgame
simulations of visible, IR, MMW, and Ladar seekers,
and the closing guidance sequences require that
KHILS engineers merge aerodynamics, 6 degree of
freedom analysis, aerodynamic heating, and signature
predictions in a real-time sequence. The code used to
generate these images in the AGWT is called the
Real-Time Composite High Altitude Missile Plume
(RTC) code.

RTC began as a code called Composite High
Altitude Missile Plume (CHAMP) (Crow and Coker
1998), developed by KHILS in the late 1980s as a tool
to render complex targets, such as missiles with fins,
multi-warhead post-boost vehicles, and waking reentry
vehicles. CHAMP incorporates the time-dependent
signature phenomena, based on computed hard-body
thermal response owing to radiation and convection
heat loads. It also models external source effects,
including solar reflection, earth shine, and plume
impingement. Over the years, the CHAMP code has
been updated to include modeling of tactical air
breathing targets such as aircraft, cruise missiles,
maritime, and ground-based targets. It has also been
made to run real-time for use as RTC for performing
HWIL simulations. Figure 10 shows examples of RTC
output for ballistic missiles and air breathing threats.
Figure 11 shows some examples of maritime and
ground-based target imagery generated with the
RTC code.

As urban combat has become an important part of
the warfighter’s mission, the AGWT is developing a

capability to exercise advanced weapons with realistic
synthetic urban imagery in real time. The capability to
generate urban scenes as high fidelity, spectrally correct
images has been completed under a Small Business
Innovative Research (SBIR) program with TerraSim
using their product TerraTools (Figure 12). Work is
currently ongoing to merge the urban scene generation
with RTC to provide a real-time capability for use in
the HWIL environment.

Environmental chambers
Some weapon systems are designed to operate in

unique operational backgrounds, or require special
environments for repeatable high fidelity ground
testing. KHILS has several unique capabilities to
provide the appropriate operational environment for
HWIL testing.

Cryogenic chamber. The first is the KHILS Vacuum
Cold Chamber (KVACC). The KVACC consists of a
cooled optical collimator and source chamber inside a
vacuum chamber in a class 1000 clean room and has
established the capability to perform IR scene projec-
tion for HWIL testing with significantly reduced IR
backgrounds. The cold background of this system
reduces the overall thermal noise floor, thereby
increasing the available dynamic range of the projec-
tion system. The all-reflective optics in KVACC
provides the capability of simultaneous mid-wave and
long-wave IR scene projection. A sensor chamber has
been added to the main KVACC chamber, providing
for testing of seeker hardware and/or vacuum-capable
IR cameras. Also, a gaseous helium refrigeration
system has been installed, greatly reducing the logistics
and operational overhead of dealing with LN2. The

Figure 10. Air breathing and ballistic missile real-time CHAMP outputs in various wavebands.
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new refrigeration system provides a chill-down
capability to about 50 to 60 K (Thompson et al.
2006).

Radio Frequency (RF) environmental chamber. The
AGWT also includes a 21 3 26 3 16 foot tall X-band
anechoic chamber located in a 100-dB shielded room
to accommodate ground testing of RF systems. There
is a moveable flight table mount that allows a flight
table to be inserted into the middle of the room for
articulation of test articles inside the chamber. There is

an antenna array wall at the other end with access to
the RF chamber.

Global Positioning System (GPS) simulator
As GPS is an important function for many weapon

systems, the AGWT has the capability to simulate a
fully operational GPS environment using the Interstate
Electronics Global Positioning System. The GPS
simulator can provide up to 24 channels of L1/L2
satellite information to a missile system.

Figure 12. Urban scene generation examples in various wavebands.

Figure 11. Ground and maritime real-time CHAMP output in various wavebands.
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Distributed connectivity
The AGWT is capable of connecting to the outside

world through many different networks including the
Defense Research and Engineering Network (DREN),
the secret form of the DREN known as the SDREN,
MDA-Net, and the Joint Mission Environment Test
Capability (JMETC) virtual private network. The
AGWT can operate in both classified and unclassified
modes. This connectivity has been used with several
war games and joint experiments including the Joint
Expeditionary Forces Experiments (JEFX) and the
Advanced Concept Exploration (ACE) experiments.

Summary
KHILS has long been recognized as a national test

resource for the development of HWIL test technology
and the nondestructive HWIL performance testing of
precision guided missile systems and subsystems. With
the recent addition of the Virtual Munition Simulator,
the AGWT is the Air Force Research Lab’s one-stop
shop for researching and demonstrating advanced
weapon system components and systems through
HWIL and distributed simulation. AGWT test
engineers provide pretest planning, integration, test
execution, data observations and collection, and
posttest data analysis on a variety of guidance
subsystem technologies.

While the AGWT prides itself in being a leader in the
design of scene projectors and electronics, synthetic scene
generation, distributed simulation, and PC-based real-
time hardware, the facility offers much more. It is more
than a facility filled with computers, hardware, software,
and electronics. The AGWT resources also consist of
dedicated people with the vision and determination to
continually push the state-of-the-art technologies for
HWIL and distributed testing. Numerous scientists and
engineers from the Munitions Directorate and its
contractor support base have dedicated their lives to
making the AGWT a national asset. C
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‘‘Engineering of a Pioneer Character’’:
Frank W. Caldwell and the United States Army’s

Propeller Testing Program, 1917–1931

Jeremy R. Kinney
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Editor’s note: This is the second of two articles about the career and achievements of Frank

W. Caldwell in the field of propeller design and testing. The first, ‘‘Turning in the Wind:

Frank W. Caldwell and the Variable-Pitch Propeller’’ appeared in the September 2009 issue

of the ITEA Journal.

O
n October 1, 1918, the new propel-
ler-testing laboratory of the United
States Army Air Service Engineering
Division began operations at McCook
Field, Dayton, Ohio (Figure 1). Char-

acterized by its futuristic streamlined test housing, the
laboratory’s design reflected the U.S. Army’s intent to
wage a modern industrial and aerial war. One
contemporary observer said that the new facility
represented ‘‘engineering of a pioneer character.’’1 It
incorporated the largest, most powerful propeller testing
equipment of its time and symbolized the Army’s
cutting-edge work in aeronautics. Under the leadership
of civilian specialist engineers—directed primarily by
Frank W. Caldwell—the Engineering Division at
Dayton established propeller testing facilities and
techniques that were major contributions to fundamen-
tal aeronautical engineering.

World War I acted as a powerful catalyst for
increased aeronautical development in Europe and
the United States, and it directly stimulated the
development of the aerial propeller. The wooden,
fixed-pitch model, which was most efficient for only
one predetermined flight condition, gave satisfactory
performance for aircraft that flew below 100 mph and
at low altitudes. Frank Caldwell faced an enormous
challenge if he was to succeed in broadening propeller
applications beyond these narrow limitations. Knowl-
edge was scant in 1917 regarding the steps necessary to
design efficient, lightweight, and durable propellers.
Caldwell realized that acquiring an adequate level of
design knowledge of the forces that acted upon
propellers, as well as the characteristics of the materials
capable of withstanding these forces, would require an
abundance of time, money, experimentation, and
testing.2

The primary American aeronautical technology to
emerge during the war was the 400-hp United States
Army Standardized, or Liberty V-12 engine. Four
times more powerful than the 90-hp Curtiss OX-5
used in JN-4 aircraft, the Liberty presented Caldwell
and the engineers at McCook with a steep challenge.
To be compatible with the Liberty power plant, new
propellers had to be four times as strong as before and
capable of withstanding the ever-expanding perfor-
mance thresholds brought about by the rapid develop-
ment of the airplane during the war.3

For starters, Caldwell had to create the tools and
practices necessary for engineering development. He
needed to evaluate new designs, materials, and types of
construction to ensure that no unsafe propellers were
accepted into military service. Caldwell and his team
responded to these demands by conducting thorough and
extensive structural testing in excess of designed speeds
and power ratings.4 This they accomplished by whirl
testing, an empirical process that reflected Caldwell’s and
the Army’s strategy to ‘‘over-engineer’’ aeronautical
equipment in order to withstand the rigors of aerial
operations. Over-engineering, over-building, and over-
testing propellers was a common engineering practice
that introduced a ‘‘factor of safety’’ that took into account
unknown performance parameters and ensured the
survival of structures under all foreseeable conditions.5

Whirl testing involved a three-level process. The
first consisted of a basic whirl test at various speeds
followed by a 10-plus-hour endurance run at 100 to
200 percent overload conducted on an electrically
driven test stand. The second saw the propeller
installed on a high-horsepower aeronautical engine
and run for 20 to 50 hours at full throttle. The third
and final level, known as destructive whirl testing,
placed the propeller back on the electric test stand and
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rotated it at even higher speeds and horsepower with
the intention of destroying the propeller to determine
its overall structural strength and the limits of its
capabilities.6

The main purpose of whirl testing was to determine
the strength and endurance of specific propeller
designs. In actual flight, propellers were subject to
thrust, torque, centrifugal force, and gyrostatic mo-
ments, and if a propeller failed, the unbalanced
centrifugal force and resultant rotating leverage could
break the engine shaft or jerk the engine from its
mountings, resulting in a crash. In attempting to
determine design limitations, Caldwell tried theoretical
calculations, but this proved to be a tedious process,
subject to misleading conclusions unless carried out in
a highly exacting manner. Whirl testing, on the other
hand, ensured that government contractors manufac-
tured their products according to predetermined
specifications. It also enabled such factors as construc-
tion, materials (wood laminates and glue), and
finish to be evaluated quickly and with startling
clarity.7

Under Caldwell’s influence, in September 1917 the
Army began to define its requirements for a permanent
destructive propeller whirl rig with the intention of
building one at the engineering and test facilities at
McCook Field. In the meantime, Caldwell got
permission to erect a propeller whirl-testing rig at
Westinghouse’s East Pittsburgh plant.8 Created to
meet the unprecedented wartime demand for aerial
propellers, the Westinghouse facility was nothing more
than a temporary measure, the result of a cooperative
effort with the army. Nevertheless, it constituted the
first whirl rig in the world.

With Caldwell’s consultation, Westinghouse set up
the propeller whirl-testing apparatus in aisle ‘‘D’’ at
East Pittsburgh (Figure 2). According to D. Adam
Dickey, a young, newly hired electrical engineer
employed by Westinghouse, workmen were told to
‘‘knock a big hole in the wall’’ to divert the rig’s air blast
and to ventilate the hot air caused by the machinery.
Apparently, the whirl rig vented the warm air all too
well; on cold days the building became so chilled that
the propeller engineers had to conduct the tests when
the factory was closed.9

A 500-kW direct current motor powered the
Westinghouse whirl-testing rig, attaining a top speed
of 300 rpm, well below the Army’s requirements of
1,500 to 2,000 rpm. To compensate somewhat,
Caldwell and the Westinghouse engineers separated
the test shaft from the motor to increase the rotational
speed of the whirl rig, installing a large-diameter pulley
gear on the motor and small diameter pulleys on the
test shaft to generate higher speeds for testing.10

Before he could evaluate the safety of propeller
design, Caldwell had to determine whether the test
equipment itself was safe to operate. He incorporated
fundamental safety features into the Westinghouse
whirl rig: a breakable extension to the test shaft and a

Figure 2. The belt, shafting, and pulleys of the Westinghouse

whirl rig represented traditional early twentieth century factory

design. National Archives and Records Administration.

Figure 1. The U.S. Army’s Propeller Testing Laboratory at

McCook Field, Dayton, Ohio, was the largest and most

powerful in the world in 1918. National Archives and

Records Administration.
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barrier to protect test personnel and equipment called a
‘‘bombproof’’ (Figure 3). In the event of a blade failure
and the resulting imbalance, the extension broke off
with the propeller to prevent damage to the test shaft
and drive system.11

One of the major operating parameters the McCook
engineers wanted to evaluate was propeller deflection;
that is, the amount the blades distorted under
aerodynamic load. Slots arranged perpendicularly to
the rotation of the propeller in the side of the
Westinghouse bombproof enabled the propeller engi-
neers to measure deflection through the use of an
optical sighting device. For the first time, engineers
were able to observe and record the extent to which
propeller blades’ pitch became bent and distorted while
under aerodynamic load.12

The engineers of the propeller unit whirl tested
more than 130 sample propellers at the Westinghouse
facility from December 1917 to October 1918. The
majority of them were for immediate production and
operational service, constructed from the traditional
mahogany, black walnut, or birch. There were also
several experimental types, which included seven steel,
six composite, and two variable-pitch mechanisms.13

Caldwell recognized the limitations of the Westing-
house machinery even before the equipment went into
operation. It could not rotate the propellers at high
rpms, offered limited protection from propeller debris,
and was unable to measure thrust. Therefore, in
November 1917, he pressed for the construction of
the new propeller whirl-testing facility at McCook
Field. Caldwell argued that it was imperative to have
new propeller testing equipment constructed as quickly
as possible in Dayton in order to meet the demands of

the wartime aviation production program. The insuf-
ficiency of propellers for service use represented a
potential bottleneck in the entire aviation manufactur-
ing schedule.14

Caldwell succeeded in his efforts. The Propeller
Testing Laboratory at McCook began operations in
October 1918, and the Army hailed it as a place for the
‘‘material advancement in the scientific design’’ of
propellers. The general layout of the new facility
consisted of two parts: the apparatus necessary to
produce electricity and the devices used by the
laboratory to test and evaluate propellers. The power
transformation building converted the 6,600-V alter-
nating current supplied by the Dayton Power and
Light Company into direct current for the drive
system. Four inline direct-drive engine-testing dyna-
mometers manufactured by the Sprague Electric
Works (a subsidiary of General Electric) rotated
propeller tip speeds up to 856.8 mph (3,000 rpm), just
over the speed of sound. Using the McCook whirl rig,
Caldwell’s engineers could conduct tests on propellers
compatible with engines up to 1,000 hp.15

Caldwell intentionally designed the housing for the
propeller drive system to resemble an airplane fuselage.
The unobstructed slipstream that resulted offered true
thrust measurements, both for tractor and pusher
propellers. Additionally, Caldwell placed the drive
system approximately 9 feet above the ground to allow
clearance for propellers up to 18 feet in diameter.
Below the streamlined housing, he oversaw the
construction of an underground observation room.
Finally, for observing and gathering blade deflection
data, Caldwell incorporated a telescope mounted in a
surveyor’s transit mounted, in turn, on a sliding
mechanism.16

The McCook Field whirl rig bombproof served as
more than just a protective barrier from propeller
debris. Affixed to rails that ran parallel to the test
stand, the bombproof also served as a movable gantry-
type crane that facilitated the positioning and removal
of test propellers. A line installed along the top
introduced water into the airstream of the whirling
propellers for endurance evaluation.17

Advanced as this test system may have been at its
inception, by 1925 its limitations were well known.
Caldwell and his team designed the equipment when
the majority of the propellers were wood, and the
knowledge that went along with their design and
construction was limited. Indeed, some of the newer
metal propellers actually survived the destructive whirl
testing on the old rig, only to fail in flight. Indeed, the
introduction of metal propellers accelerated the
demand for new and more powerful testing appara-
tuses.18

Figure 3. The whirl rig at McCook Field, characterized by the

streamline power housing and bombproof, was a sophisticated
collection of engineering equipment brought together

specifically to evaluate airplane propellers. National Archives

and Records Administration.
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The Army responded to this challenge with an
improved propeller test facility at a new research and
development facility at Wright Field, which opened in
October 1927. Aeronautical technology had outgrown
the facilities at McCook, and the Army moved east
toward Fairborn, Ohio, to start from scratch. The
Chief of the Air Service approved the construction in
May 1925. The Engineering Division issued a call for
proposals and accepted the lowest bid from Westing-
house,19 whose design featured equipment capable of
operating under various loads with provision for thrust
measurement and variable speed control.20 Realizing
that the single stand of the older McCook rig was no
longer adequate, the engineers proposed one high-,
one medium-, and one low-speed stand in order to
evaluate the myriad propeller designs and applications
required by the military services. All three stands were
arranged in tandem, 25 feet above the ground to allow
rotational clearance, as well as to permit the testing of
the propellers in an undisturbed airstream.21

These impressive propeller test stands—completed
in October 1928—were located at the south end of
Wright Field and were the largest structures at the
facility.22 Each one incorporated an underground
observation chamber. Propeller engineers could sight
on the leading and trailing edges of test propellers and
measure the linear and angular distortion caused by
propeller thrust. The bombproofs consisted of two
layers of 6-inch thick oak with one half-inch thick steel
plate ‘‘sandwiched’’ between them.23

The importance and accuracy of the Wright Field
Propeller Laboratory (Figure 4) soon became public
knowledge. Columnist Lauren D. Lyman noted in the
New York Times, ‘‘Wright Field has developed methods
of testing so precise that it is now possible to predict
exactly the point of failure in a propeller.’’24 By 1936,

the Army boasted, ‘‘whereas the European props may
be lighter in weight than ours, the American safety
factor is much greater.’’25

The pioneering propeller testing of Frank Caldwell
and the U.S. Army spread through the military services
and far beyond. The propellers for every significant
American aircraft flown during World War I—from
the DH-4 ‘‘Liberty Plane’’ to the Naval Aircraft
Factory F-5L flying boat—passed through the Army’s
propeller testing program. During the 1920s, key
propeller designs, such as the Standard Steel propeller
for Charles Lindbergh’s Spirit of St. Louis, and those
for the successive generations of ‘‘modern’’ aircraft in
the 1930s came to Wright Field for propeller testing.
As World War II loomed, manufacturers of military
aircraft knew that the giant whirl rigs in Ohio
represented years of proven equipment and expertise
that would bolster the strength and safety of the
American air armada. The work of Frank Caldwell and
his associates illustrates how the U.S. government
fostered aeronautical innovation through synergistic,
specific advances that collectively increased the overall
performance of airplanes. C
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To create effective and accurate two-way, free form, spoken language translation devices, the

technologies must have appropriate training data. The goal of the Defense Advanced Research

Projects Agency Spoken Language Communication and Translation System for Tactical Use

(TRANSTAC) program is to demonstrate capabilities to rapidly develop and field this

technology, so speakers of different languages can communicate in real-world tactical situations.

A critical component is to generate data sets to train and evaluate the technologies. A novel

approach was developed to collect these data, employing innovative data-collection and

evaluation scenarios. This article describes the scenario methodology used for the TRANSTAC

data collections and evaluations.

Key words: Communication in tactical situations; data collection; evaluation; Iraqi Arabic

speakers; language translation systems; spoken language; U.S. military personnel.

T
he Spoken Language Communication
and Translation System for Tactical
Use (TRANSTAC) program is a
Defense Advanced Research Projects
Agency (DARPA) advanced technolo-

gy research and development program. The goal of the
TRANSTAC program is to demonstrate capabilities
to rapidly develop and field free-form, two-way
translation systems that enable speakers of different
languages to communicate with one another in real-
world tactical situations without an interpreter. To
date, several prototype systems have been developed for
specific domains in Iraqi Arabic (IA), Mandarin, Farsi,
Pashto, and Thai.

The primary use cases involve U.S. military
personnel and IA speakers, Figure 1. While the U.S.
military personnel will be trained in advance to use the
technology, the assumption is that the foreign language
users will have little or no chance to become familiar
with the system.

An Independent Evaluation Team (IET) was funded
by DARPA to evaluate the TRANSTAC technologies
during several phases of the TRANSTAC Program.
The IET was responsible for analyzing the performance
of the TRANSTAC systems by producing training data
for the technologies, along with designing and executing
technology evaluations and analyzing the results of the
evaluation (Weiss et al. 2008).

This article discusses the initial approaches to
collecting data and evaluating systems using the
previous means of data-collection and evaluation
scenarios. Further, subsequent novel approaches are
presented for creating the audio, transcription, and
translation training data through the development and
execution of specialized data-collection scenarios.
These innovative data-collection scenarios enabled
the IET to collect more natural, tactical conversations
that lasted 60% longer than their previous counter-
parts. In addition, the unique methodology for
producing representative data and developing relevant
evaluation scenarios is discussed. Comparisons dem-
onstrate how the enhancements contributed to higher
quality data and evaluation protocols. Ultimately, these
scenario enhancements contributed to a technical
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performance improvement of 18% (discussed in detail
later in this article).

Evaluation background
An experimental method was designed to evaluate

the TRANSTAC technologies given their expected
state of maturity. The IET developed an evaluation
approach that would scale well with the technologies as
they developed, thus allowing for valid assessments of
performance improvements over time. This method
included developing a scalable testing approach,
securing participants for testing, etc. (Schlenoff et al.
2007).

The scalable testing approach was built off previous
approaches and incorporated new procedures and
evaluation types. The following two metrics were
specified as the focus for the technology evaluation:

1. System usability testing—providing scores to the
capabilities of the whole system,

2. Software component testing—evaluating individ-
ual components of a system to see how well they
performed in isolation.

The IET employed a two-part test methodology to
produce these metrics. The first metric was realized
through the use of structured and utility evaluation
scenarios, while the second metric was evaluated
through the use of offline utterances. Both of these
evaluation approaches were designed to measure the
progressive development of the TRANSTAC system
capabilities and to predict the impact these technolo-
gies will have on warfighter performance across a range
of tactical domains. The scenarios’ content was
designed to provide a reasonable level of difficulty for
the TRANSTAC systems at their current state of
development as well to create the opportunity to

evaluate the systems in the future at their expected
rates of improvement. This methodology will be
discussed further in subsequent sections. It should also
be noted that individual technology performance scores
are not published in this article due to restrictions in
the DARPA TRANSTAC program.

Need for data-collection scenarios
In order to effectively assess the technology

performance, conversational audio data between En-
glish-speaking military and IA personnel were record-
ed, transcribed, translated, and distributed to the
technology developers prior to the evaluation, so that
this data could be used to train the technologies. These
conversations were driven by operationally relevant
data-collection scenarios provided to each speaker at
these collections (separate events held months prior to
the evaluations).

These data-collection scenarios inspired the dia-
logues that allowed the teams to train their systems.
Furthermore, a small portion of this audio data (known
as the representative set) was not provided to the
developers so that it could be used by the evaluation
team to develop the evaluation scenarios. Utterances
from the representative set were used to perform
offline evaluations of the technologies that focused on
the testing of automated speech recognition, machine
translation, and text-to-speech. In addition, the
representative set supported the creation of live
evaluation scenarios that involved English and IA
speakers interacting with the technologies.

Need for live evaluation scenarios
A specific evaluation scenario format and method-

ology was developed to evaluate both technical
performance and utility of multiple technologies, so
that comparisons could be drawn among them. These
scenarios were generated directly from the representa-
tive set to ensure the systems were evaluated against
relevant dialogues with which the developers were
likely to train their systems.

Data-collection scenario development
Developing scenarios for the data collection includ-

ed a series of steps, each necessary to ensure the
creation of domain-specific and tactically relevant
scenarios. A specific process was first adopted by the
IET. As the program continued, the IET identified
areas for improvement and enhanced the data-
collection scenarios. Advantages of the new data-
collection scenarios were identified at the conclusion of
the data collection and evaluation events.

Figure 1. Demonstration interaction between a U.S. Soldier
and an Iraqi Arabic speaker using a Translation System for

Tactical Use (TRANSTAC) system.
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Initial design
The initial data-collection scenario design process

began with taking inventory of the existing scenarios,
followed by identifying new and pertinent topics. Next,
the scenarios were generated following a specific
format.

Inventory of existing scenarios. Since the goal of the
TRANSTAC program is to develop translation capa-
bilities that are relevant in real-world tactical situations,
the starting point for the data-collection scenario design
was to identify those scenarios, developed to support
previous efforts, that were either highly applicable or
underrepresented. Twenty existing scenarios were
identified that either had not been recorded, had been
used in a relatively small number of recordings, or were
used in the previous phase’s evaluations. These scenarios
fell into the following topic areas:

N Tactical Operations,
N Civilian Interactions,
N Joint Training/Operations,
N Intelligence Operations.

Topic identification. The first source of information
for new topics originated from focus-group sessions
involving military personnel of the target end-user
population. IET personnel conducted discussions with
Soldiers and Marines at numerous military bases
around the country. These multi-day events began
with conversations discussing experiences and inci-
dents. IET members organized these topics, and
dialogues were collected from this exercise to enhance
the depth of each scenario topic.

The second source of information to further topic
identification was to search media articles, testimoni-
als, and relevant Web sites. This search enabled the
IET to stay current on the interactions that occurred
between English-speaking military personnel and IA
speakers (both civilian and military).

Scenario creation. Once the information was orga-
nized, scenarios took shape through the development
of one to two paragraphs that provided an overview
and background along with five to 10 bullets that
described the important concepts to be discussed in the
dialogue. The entire scenario description was targeted
to be approximately a single page.

In some cases, input from the end-user focus groups
needed to be modified to make the material more
suitable for data collection purposes. Specifically, topics
that encouraged the English speaker to talk at length
were avoided or reworked, so that reasonable oppor-
tunities were provided to the IA speaker to contribute
to the conversation.

The data-collection scenario creation process led to
the development of 44 scenarios that were deployed in
varying frequencies across approximately six data
collections. Before being used in the data collections,
the scenarios were approved by a committee composed
of military subject matter experts, IA cultural advisors,
and evaluation team personnel. Figure 2 shows a
scenario generated to support the initial data collec-
tions.

Shortcomings. After these scenarios were put into
practice, several deficiencies were noted. The first dealt
with the organization of the scenarios within the four
specified topic areas. Some topic areas contained many
more scenarios compared with others. For example,
only five of the 44 data-collection scenarios were
categorized as Intelligence Operations. This led to an
uneven distribution in scenario recordings and repre-
sentation of dialogues across the four domains.

In addition, it was noticed that the data-collection
scenario format imposed unintentional restrictions on
the speakers. This included inhibiting a speaker’s
ability to enhance the dialogue with their own relevant
experiences. The five to 10 bullets that were included
in each scenario specifically laid out the flow of the
scenario that prevented the speakers from augmenting
the dialogue where they saw fit. Data collection
participants also noted that recording scenarios from
this format, especially after they were rehearsed,

Figure 2. Phase 2 data-collection scenario.
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became somewhat monotonous and reduced the
potential realism of the conversation.

Scenario evolution
Inventory of existing scenarios. Subsequent data-
collection scenario development began the same way it
did previously by taking inventory of the most recent
scenarios. It was observed that the four scenario topic
areas should be reorganized to better promote a more
uniform distribution of scenarios to avoid the uneven-
ness present earlier.

Topic identification. The evolution of this step began
with more U.S. Marines and Soldiers being solicited
for experiences to broaden the range of topics and to
stay current with the types of interactions occurring
among IA speakers. This information was collected
from focus groups, discussions, and tactical training
observations at military facilities including the Joint
Readiness Training Center and the National Training
Center.

The four topic areas were reorganized into six new
domains to achieve a more balanced scenario distribu-
tion (among them) and to reflect the current
interactions between English and IA speakers that
would make the TRANSTAC technology more
immediately useful.

A. Traffic Control Points/Vehicle Checkpoints,
B. Facilities Inspections,
C. Civil Affairs,
D. Medical Operations,
E. Combined Training,
F. Combined Operations.

With these new scenario domains in place, the
groundwork is laid for the data-collection scenarios to
evolve from their previous state.

Scenario creation. The data-collection scenario for-
mat evolved to encourage the speakers (both English
and IA) to introduce more of their own experiences
into the dialogues. Another intent was to provide a
range of ideas and questions that the English speakers
could choose in the event that they found difficulty in
discussing a particular topic. In essence, the goal was to
achieve a balance between providing the speakers with
enough ideas to maintain a realistic dialogue (without
them running out of things to say) and ensuring that
the speakers would not get bored by reading near-
scripted scenarios.

The new format began with organizing the ideas
(along with the content from the previous scenarios
that was still applicable) into the six scenario domains.
For each domain, multiple English-speaker motiva-

tions were specified that are composed of background
and situational information about the scenario. Fol-
lowing each English motivation, talking points were
listed to give the speaker topics that could be included
in their dialogues. Specific backgrounds and motiva-
tions were written for the IA speakers that fell within
each of the English motivations. This process pro-
duced 60 viable scenario variants that were all used in
the data collection recording sessions, Table 1.

Data collections
The data-collection scenarios were employed at the

data collections. These events brought English-speak-
ing military personnel and IA speakers together at a
recording studio to generate audio dialogues. These
two-way conversations were interpreter mediated since
both the English and IA speakers spoke in their native
languages (this also ensured that the dialogues would
be smooth and succinct).

Prior to recording their dialogues, the speakers
familiarized themselves with their data-collection
scenario with the help of an IET member. From

Table 1. Phase 3 data-collection scenarios.

Domain English motivation
Iraqi Arabic
motivations

A – Traffic Control

Point/Vehicle

Checkpoint

1 – Quiet 4

2 – IED hotspot 3

3 – Border 3

B – Facilities inspection 1 – Police station 2

2 – Power plant 2

3 – Water treatment

facility

2

4 – Hospital 4

C – Civil Affairs 1 – Civilian complaint 3

2 – SWET survey 3

3 – Contractor interview 3

D – Medical 1 – MEDCAP/

DENCAP

3

2 – Patient status 3

3 – Medical attention 2

E – Joint Training 1 – Weapons 2

2 – Patrols 2

3 – Personnel/vehicle

search

2

4 – First aid 2

5 – Patrol debrief 2

6 – Arrest/detention 2

F – Joint Operations 1 – Planning a raid 4

2 – Cordon and knock 4

3 – Snap VCP planning 3

Total scenario variants 60

IED, improvised explosive device; SWET, sewer, water, electricity,

trash; MEDCAP, Medical Civic Action Program; DENCAP,

Dental Civic Action Program; VCP, vehicle checkpoint.
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there, the three speakers (English, interpreter, IA)
generated their dialogues inside a recording booth,
Figure 3. Conversations varied in length from as short
as 10 minutes to over 30 minutes. Conversation
durations were largely at the discretion of the speakers
based upon the scenario and their specific experiences.

Each weekend (consisting of two, 9- to 10-hour
workdays) yielded from 18 to 36 hours of audio data,
which were subsequently transcribed and translated.
Producing large volumes of data was accomplished by
having up to three recording sessions run in parallel.

Advantages of design improvements
The innovations in the data-collection scenarios

encouraged the speakers to be more engaged, which
ultimately resulted in more comprehensive and longer-
lasting dialogues. The speakers commented that the
format enabled them to inject more of their own
experiences and provided them reasonable latitude to
take the dialogue in a familiar direction, while still
staying within the assigned motivation.

Since the innovative format allowed the speakers to
become more immersed in their dialogues, the IET
collected an average of 8 minutes more per scenario. This
is based upon an average of 20.70 minutes per scenario
(580 scenarios across 200.1 hours of recordings) compared
with 12.47 minutes per scenario (637 scenarios across
132.4 hours of recordings) collected during previous
recordings. This additional data not only benefited the
technology developers, since they have more data to train
their systems, but also provided the IET with a richer and
larger data set to support the evaluations.

Live evaluation scenario development
The development of the live evaluation scenarios

took shape after the data-collection scenarios were
transcribed and translated. This process began with
splitting the data into two pieces (per weekend
collection event), where a majority went to the
developers for training and the remaining portion
stayed with the IET for the evaluations. Next, specific
scenarios were selected and adapted to be used in the
evaluations.

Initial design
Representative data set development. Before the
involvement of the National Institute of Standards and
Technology (NIST), the data that had been withheld
for evaluation purposes were selected solely on the basis
of scenario and demographic information. The partic-
ular features given priority in this selection process
were as follows (in order of importance):

1. Scenario Type,
2. Speaker Dialect,
3. Speaker Gender,
4. Speaker Age.

The main drawback to this approach was that the
withheld data only represented the total data set at a
scenario/demographic level and not at a word level. In
order to address this concern and produce a set of
scenarios that were more representative of the training
data, the following approach was proposed:

1. Collect all instances of all words in the training
set (available at the time).

Figure 3. Speakers role-playing a scenario within a recording booth for data collection.
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2. Take out very common words (e.g., ‘‘the,’’ ‘‘of,’’
‘‘I,’’ in English).

3. For a given scenario, determine

a. the percentage of words that are in scenario
that are also in training set, and

b. the average number of times a word in the
scenario appears in the training set.

4. Select the scenarios with the highest combined
average score.

This approach was applied using the initial set of
data, which consisted of 118 sessions (approximately
29 hours of data). Statistical word analysis1 was
performed on this data set according to the following
categories:

a. Total words in scenario,

b. Total unique words in scenario,

c. Words only occurring in this scenario,

d. Unique words only occurring in this scenario,

e. Percentage of words common to this scenario and
other scenarios,2

f. Percentage of unique words common to this scenario
and other scenarios,3

g. Average number of times a word in the scenario

appears in the training set.

Approximately 10% of the total set of scenarios
selected as being the most representative consisted of
those with the highest combined average, based on the
sum of ( f ) and (g).

The resulting set showed high coverage of the words
in the training set but did not provide a representative
distribution of scenario topics, that is, some scenarios
were significantly overrepresented, while others were
not represented at all. To rectify this, some of the
repeated scenarios were replaced with alternative
scenarios that shared a similarly high score.

It was then proposed that scenarios with mid-range
scores may be more representative than those with
higher scores as they would facilitate maximum diversity
in scenario types, but this would come at the cost of an
increase in the number of words appearing in the
evaluation data but not in the training data.

It became evident that the percentage of unique
words may have a more significant bearing on
achieving comprehensive representation than the
number of times a word shows up in the training set.
As a result of this finding, a different approach (based
on unique word metrics) was developed to select the
representative set. The procedure was as follows:

1. Sort the scenarios by Percentage of unique words
common to this scenario and other scenarios.

2. Take the middle 30% (or so) of the scenarios.

3. Take this new set of scenarios and sort first by
scenario number and then by average number of
times a word appears in the training set.

4. The next step is somewhat subjective. Take at
least one instance of each unique scenario number
while trying to include a wide-ranging distribu-
tion of English speakers and maximizing the
number of times that words in the scenario
appear in the training set.

This process was applied to the subsequent batches
of data and successfully produced representative sets in
each instance.

Scenario selection. For the first evaluation, the
technologies were tested against 9 live field4 and 11
live lab5 scenarios. First, scenarios were selected from
the representative set, which were adapted to be field-
structured scenarios (discussed in more detail in the
following section). This decision was made first because
the field evaluation presented a more constrained
environment as compared with the lab evaluations with
regard to scenario realization. The initial step in
choosing the field scenarios was to sift through the
representative set to determine which scenarios could be
realized in the limited field environment (Weiss et al.
2008). The next step was to pick nine scenarios from the
‘‘field acceptable’’ set, emphasizing a representative
balance of scenarios from each of the four topic areas.

Next was to choose the scenarios for use in the lab
evaluations. Since the field evaluations included solely
structured scenarios, while those from the lab consisted
of both structured and scripted,6 the lab-structured
(structured scenarios that occurred in the lab environ-
ment) were determined first to avoid repeating the
field-structured. evaluations. Based upon these criteria
and the unselected scenarios remaining in the repre-
sentative set, six scenarios were selected to be lab-
structured scenarios.

Selecting the scenarios to be scripted for the lab was
done by scrutinizing the representative set with a focus on
those scenarios that had yet to be chosen for the
evaluations and those with ‘‘clean’’ dialogues. It was
desired to make the lab-structured and scripted scenarios
unique from one another while it was acceptable to use the
same scenario in the field and the lab-scripted (scripted
scenarios that occurred in the lab environment). This could
be accomplished since all field scenarios were structured,
making them unique in evaluation dialogue. This resulted
in five scenarios being scripted for the first evaluation.

The second evaluation also contained 20 live
evaluation scenarios, but it consisted solely of struc-
tured scenarios (the scripted scenarios were removed
from the evaluation since they were unnatural for the
speakers and turned out to be minimally repeatable).
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This evaluation included several scenarios that were
used in the first test event to see how far the
technologies had improved.

Dialogues were selected to be field- and lab-
structured scenarios in a manner similar to what was
done in the first evaluation. For those selected
scenarios that were used in the first evaluation, their
past write-ups were modified and augmented with
additional English prompts and IA responses based
upon the current representative data.

Scenario adaptation. Adapted from the representative
set, structured scenarios were intended to prompt the
English-speaker to ask the IA speaker questions to
determine information known to the IA speaker. Both
the English and IA speaker’s scenarios outlined the
scenario background, set the scene, and presented the
scenario’s intended outcome. The English speaker’s
scenario continued with numbered prompts directing
them as to the specific pieces of information they were
to gather or knowledge they were to pass to the IA
speaker. Instead of prompts to specific pieces of
information, the IA speakers were provided with
several paragraphs outlining the information they were
supposed to convey when appropriately queried.
Figure 4 presents an evaluation scenario.

The scripted scenarios were very straightforward in
design. Of the remaining scenarios, the five with the
‘‘cleanest’’ utterances were chosen. From 24 to 29
utterances (both English and IA) were selected per
scenario to form the five scripted scenarios. If a selected
utterance contained a mispronunciation (e.g., ‘‘ah,’’
‘‘um’’) then the utterance was cleaned up (the mispro-
nunciation was eliminated) for the scripted document.
However, any slang or street terms were retained.

Evaluations using live scenarios. The technology
teams were tested against each of the live structured
evaluation scenarios in 10-minute time frames (per
scenario). For a structured scenario, the IET measured
how many concepts the English speaker obtained from
the IA speaker within 10 minutes. Likewise, the IET
used low level concept transfer metrics along with
Likert and automated metrics to evaluate the scripted
dialogues (Sanders et al. 2008).

Shortcomings. In addition to the scripted scenarios
being removed from the test plan between the two
evaluations, the other significant shortcoming of the
structured scenarios involved their use within the field
environment. The English and IA speakers noted that
they felt more immersed in the scenarios within the
field as opposed to the lab (the high-level concept
transfer metrics supported a greater speaker comfort in
the field, as well). However, the speakers felt very
constrained using the structured scenarios within the
more realistic field environments. This information
was gathered after debriefing the speakers at the
conclusion of the evaluations. The IET noted that it
was still important to continue the lab evaluations (for
comparison to previous evaluations to see how the
technologies had advanced with respect to high-level
concept transfer) but realized that the scenario format
needed to be altered for the field tests.

Subsequent evolution
The following evaluations not only continued the

structured scenario format within the lab environments
but also introduced scenarios specifically designed for
the field to assess the end-users’ utility of the
technology. These so-called utility-field scenarios were

Figure 4. Structured evaluation scenario showing both speakers’ sheets.
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less constrained and took a format similar to the data-
collection scenarios. Three data-collection scenarios
(that were also selected to be lab-structured scenarios)
were chosen to be performed as utility scenarios in the
field. The scenario selection was based upon which
domains and corresponding English and IA speaker
motivations were realizable in the available field
setting. Once these motivations were chosen, the
English speaker’s talking points were adjusted to better
reflect the test environment.

The final product yielded scenarios in which each
English speaker was provided with a motivation and
talking points (similar to that provided to the speakers
during the data-collection events). Likewise, each IA
speaker was provided with their own background and
motivation. Figure 5 depicts some English and IA
speakers interacting in more realistic environments as
prescribed by the utility scenarios.

Evaluation format progression benefits
Direct technical performance comparisons were

drawn across the technologies over multiple evalua-
tions when tested against the structured scenario
format. Likewise, the utility format enabled the
speakers to use the system in somewhat realistic/
tactical manners where they assessed the utility of the
technologies.

In addition, the IET noted an approximately 18%
(on average) increase in the high-level concept transfer
metric between the second and third evaluations (that
NIST conducted) across three principal TRANSTAC
technologies. Although numerous factors affected the
teams’ improvement across the phases, including their
accessing more training data and having more time to
enhance their technologies, the evolution of the

evaluation scenarios played an important role. The
structured scenario and utility field scenario formats
enabled the IET to specifically assess technical
performance and utility of the TRANSTAC systems,
respectively, while allowing direct comparisons among
the systems to be established.

Future efforts
The program is continuing to move forward, and the

evaluation team is further refining the design and
implementation of data-collection and evaluation
scenarios to support both technical performance and
utility tests.

Conclusion
The data-collection scenario development process

enabled the evaluation team to collect tactically
relevant, realistic dialogues between English-speaking
military personnel and Iraqi Arabic speakers. As a
direct result of this effort, the research teams were
provided with appropriate data with which to train
their systems, and the evaluation team was given
representative audio with which to generate fair and
appropriate evaluations. The evaluation scenario de-
velopment process enabled the IET to create appro-
priate scenarios such that multiple technologies were
evaluated and compared following conversations be-
tween English and Iraqi Arabic speakers, while
adhering to structured and utility-field scenario
formats.

It is important to note that these processes of
creating and implementing both data-collection and
evaluation scenarios can be applied to the training and
evaluation of spoken language translation devices
focused on languages other than English and Iraqi

Figure 5. Phase 3 field evaluations with dialogues motivated by the utility scenarios.
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Arabic. In addition, scenarios can be designed that are
outside of tactical military dialogues.7 C
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Endnotes
1Due to time constraints, common words were not removed when

generating the statistics.
2If the word ‘‘checkpoint’’ is used 20 times in a scenario out of the total

1,000 words in a scenario, and ‘‘checkpoint’’ is present in other scenarios

(whether it’s one more or many more), then this would account 20/1,000

5 2% of the words common to this scenario and others.
3If the word ‘‘checkpoint’’ is used 20 times in a scenario out of the total

1,000 words with 250 unique words total in the scenario, and

‘‘checkpoint’’ is present in other scenarios (whether it’s one more or

many more), then this would account for 1/500 5 0.4% of the unique

words common to this scenario and others.
4Live field evaluations were set up to test the systems in a more realistic

environment. This included introducing very well-controlled background

noise, requiring the English-speakers to carry the technology, and

encouraging the speakers to be mobile during the evaluation.
5Lab evaluations were designed to test the systems in an idealistic

environment, with no background noise and the participants being

stationary.
6Scripted scenarios were dialogues taken directly from numerous data

collection recordings that the speakers read verbatim into the technol-

ogies during the evaluation.
7NIST disclaimer. Certain commercial products and software are

identified in this article in order to explain our research. Such

identification does not imply recommendation or endorsement by NIST,

nor does it imply that the products and software identified are necessarily

the best available for the purpose.
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The DOD Acquisition/Test Process:
What Went Wrong and How to Fix the Process

Pete Adolph

Albuquerque, New Mexico

This article summarizes the changes to the acquisition/test processes since the mid-1990s and the

impact of those changes. The way to judge the effectiveness of any set of initiatives is to assess

outcomes. The changes of the last 15 years, in the aggregate, have had a significant negative impact

on weapons system acquisition programs in terms of cost overruns, accompanied by increased

developmental time lines, as well as a dramatic increase in suitability (reliability, availability, and

maintainability) failure rates. The motivation for many of the changes was to correct an overly

bureaucratic and time-consuming process by adopting commercial practices and allowing more

flexibility. The outcome, with few exceptions, was the removal of a disciplined process, albeit with

defects, but which incorporated lessons learned over decades, without substituting a disciplined

alternative. At the same time, an experienced government workforce was decimated, and some

guidance documents necessary to manage a more flexible alternative acquisition process were either

done away with or allowed to atrophy. By doing away with processes and guidance documents that

have evolved over decades at a time when acquisition programs were becoming increasingly complex

and interrelated, Department of Defense (DoD) effectively threw out the playbook and at the same

time got rid of the majority of its most experienced players. A discussion of the remedies required to

improve the process follows a discussion of the problems. While the article is Test and Evaluation

(T&E) centric, it addresses other aspects of the acquisition process as well.

Key words: Acquisition process reform; test and evaluation; commercial standards; military

specifications; modeling & simulation; reliability; suitability failure; sustainment costs;

workforce reduction.

F
or a period of 40 years or more, the DoD
acquisition process was focused on ac-
quiring systems to meet a single potent
but relatively well-defined threat. The
acquisition process that evolved during

that period developed and delivered a succession of the
most capable weapons systems in the world, albeit not
without problems. With the collapse of the Soviet
Union and Warsaw Pact, the national focus of the U.S.
shifted to other priorities. There was a ‘‘procurement
holiday’’ during the 1990s, and several waves of
‘‘acquisition reforms’’ followed, with mixed results.
This article explores what happened during the last 2
decades, through a prism of Test and Evaluation
(T&E), and identifies remedies to correct some of the
problems that have crept into the system.

What happened?
Threat changes

The nature of the threat has changed dramatically
since the demise of the Soviet Union. A set of totally

different asymmetric threats has arisen in a very short
period of time, which drives many ‘‘quick reaction’’
developmental programs. At the same time, the require-
ment to develop more capable follow-on weapons to the
systems fielded in the last several decades still exists.

Breakthroughs in communications techniques, aided
by much more capable and inexpensive information
processing technology, provide the potential for much
better interoperability at all levels; e.g., coalition, joint,
system-of-systems. This is a huge challenge because for
decades the acquisition process was focused on
optimizing designs at the system level as well as for a
monolithic threat. Rapid information technology
advances in the commercial world became an impetus
to adapt commercial approaches to the DoD acquisi-
tion process and probably served as a catalyst to
decrease government oversight.

Congressional actions
Congressional direction in Fiscal years 1996 through

1999 Defense Authorization Acts reduced the acqui-
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sition workforce. In addition, Congress promoted the
use of non-government standards in federal agencies in
the National Technology Transfer Act.1

Acquisition reform
Several changes resulted from the implementation of

acquisition reform in the late 1990s. While the
acquisition reform initiatives were well intentioned,
in some instances they had detrimental results because
of the manner in which they were implemented.

The defense industry was encouraged to use
commercial specifications and standards, unless there
was justification for the use of military specifications.2

This policy sometimes resulted in inappropriate use of
commercial standards, and numerous military specifi-
cations and standards were either cancelled or fell into
disuse in Service acquisition organizations. Allowing
more flexibility by selective use of commercial
specifications and products is a sound concept where
appropriate for military applications. However, imple-
menting this process effectively requires capable and
experienced government engineering and contracting
experts. The acquisition/developmental test workforce
required to implement this approach was decimated by
congressional cuts, accompanied by additional exces-
sive cuts by many Service acquisition organizations. It
has certainly been the case in some instances that an
overly stifling DoD oversight environment contributed
to cost growth, schedule slips, and constrained
innovation. There were instances when specifications
were applied inappropriately because they had not been
adequately tailored to the system under procurement.
However, most specifications had evolved over decades
and were excellent compendiums of best practices and
lessons learned.

The author has personal experience with developing
and updating specifications and standards. The process
typically includes government domain engineers,
leading independent research laboratory personnel, as
well as domain design experts from the defense
industry. Specifications are used in conjunction with
the initial requirements process to help define basic
design and test requirements. They facilitate a
disciplined approach to requirements definition, and
help ensure that the normal developmental challenges
that occur in any new highly complex high technology
system are uncovered early.

In addition to the cancellation of design/test
specifications, other acquisition guidance documents
fell into disuse. One major acquisition organization
estimated that 80 percent of these documents have not
been updated and thereby have been allowed to
atrophy. By doing away with guidance documents
and processes that have evolved over decades, at a time

when acquisition programs were becoming increasingly
complex and interrelated, DoD effectively threw out
the playbook and at the same time got rid of the
majority of their most experienced players.

Reliability/sustainment cost impacts
One major casualty of acquisition reform was that

basic military reliability specification was cancelled,
and the requirement for a reliability growth program
during development was eliminated in all but a small
fraction of DoD acquisition programs. This resulted in
a significant increase in the number of programs not
meeting minimum reliability and maintainability
thresholds during initial operational test and evaluation
(IOT&E).3 More important, it resulted in a significant
negative impact in the availability of fielded systems as
well as substantial increases in sustainment costs,
which translates directly into increased life cycle costs.
Recent case studies conducted by the Logistics
Management Institute (LMI)4 and the Army5 show
that a robust investment in reliability during program
development results in a significant reduction in
sustainment cost.

Acquisition process turbulence
There were several initiatives over the last 15 to

20 years that contributed to acquisition process
turbulence. These have been characterized as slogan-
based acquisition experiments; starting with ‘‘Simula-
tion-Based’’ in the early 1990s; followed in rapid
succession by ‘‘Performance-Based’’; ‘‘Capability-
Based’’; and ‘‘Effects-Based.’’ The use of Modeling
and Simulation (M&S) received additional impetus
starting in the early 1990s with advances in informa-
tion processing technology. However, the potential for
improving the acquisition process was grossly oversold,
with expectations unduly raised by many government
managers. M&S tools have been used for decades in
support of the development/test process. It is no
substitute for robust testing of production representa-
tive articles throughout the operating envelope; but can
be a valuable adjunct to certain types of developmental
and operational test activities. In many cases, this
requires the development of physics-based models,
followed by an iterative comparison of predicted results
with actual test data; with adjustments made to models
as necessary. Projections to untested conditions usually
involves extrapolations, which are sometimes limited
by an understanding of the physics involved when
moving from one regime to another, as well as the
interaction of many complex phenomena. The data
processing system must be compatible with the
simulation tools to facilitate interaction among testing,
simulation, and analysis tools.
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The information processing advances of the 1990s
greatly enhanced the realism of environments used in
test and training simulators. However, many of the
joint M&S activities initiated in the past 15 years
were disjointed, with few notable successes in
building and sharing common models, databases,
and verification and validation efforts, all of which
are required to ensure the new models are adequate
for the intended purpose. Numerous recent M&S
developments were terminated after investing tens of
millions of dollars because of the failure to produce a
useable product. In addition, because of recent
acquisition process changes relating to model and
test data availability, models and simulations were
often not updated and contractor and relevant
commercial models sometimes not made available
to government organizations.

Service test/test support workforce reductions
The manpower reductions mandated by Congress in

the late 1990s, followed by excessive additional
Services-directed reductions have decimated the pro-
gram office engineering and test support workforce as
well as DoD government test organization personnel.
One of the participants in a recent study observed that
the government test community has gone from
‘‘insight’’ to ‘‘oversight’’ to ‘‘out-of-sight.’’ The major
changes to the DoD test workforce are detailed in the
May 2008, Report of the Defense Science Board Task

Force on Developmental Test and Evaluation3 and are
summarized below. All Services took the congressio-
nally legislated acquisition/test workforce reductions.
Some Service acquisition organizations, notably in the
U.S. Air Force, went well beyond the mandated cuts.

Army. The U.S. Army declared that government
involvement in developmental testing is optional and
all but eliminated their military test cadre several years
ago. A brigade combat team was subsequently stood up
at Fort Bliss to support Future Combat System testing.

Navy. The U.S. Navy retained government involve-
ment in the T&E process to a greater degree than did
the Army and the Air Force.

Air Force. The current trend in the Air Force is to turn
Developmental Test & Evaluation (DT&E) over to
the prime contractor. Some Air Force acquisition
organizations reduced the technical personnel support-
ing program offices by as much as 60 percent. These
were cuts to subject matter experts who previously
assisted in translating requirements into design spec-
ifications, as well as overseeing the technical progress
of developmental programs.

Office of the Secretary of Defense (OSD). Director of
Operational Test and Evaluation (DOTE): There have
been no significant cuts or mission changes to the
office of DOTE. Director of Developmental Test &
Evaluation: The OSD office responsible for develop-
mental test and evaluation was dismantled in 1999.
Since that time, there has been no effective OSD
oversight of developmental test and evaluation pro-
grams, practices or workforce training.

Major Range and Test Facility Base (MRTFB). The
focus of investment in DoD’s in-house T&E capabilities
is the MRTFB, which comprises those facilities, ranges,
and skilled personnel designated as most critical to
supporting the developmental test and evaluation needs
for DoD acquisition programs. Another change resulting
from recent acquisition policy revisions was a de-
emphasis in the use of government test facilities. As a
result of these policy changes and attendant manpower
cuts, the MRTFB has experienced the loss of a large
number of experienced subject matter engineering
experts, scientific and information technology personnel.
Additionally, several MRTFB test facilities have been or
are being mothballed or closed, while few significant new
capabilities have been added in the past fifteen years.

Aggregate impact of changes
The changes discussed above, in the aggregate, had a

substantial negative impact on the DoD acquisition
process. It should be reiterated that some of the basic
objectives of the initiatives were sound, but the
implementation was significantly flawed for numerous
reasons, which are discussed in this article. The chief
reason is that government involvement and oversight
throughout the process from initial requirements
setting to system fielding was inadequate. The way to
judge the effectiveness of any set of initiatives is to look
at results. A number of outcomes that indicate the lack
of effectiveness are summarized below:

N inadequate requirements definition,

# increased requirements turbulence,
# testability considerations deemphasized,

N inadequate attention to technology readiness,
N cost overruns unprecedented in magnitude and

frequency of occurrence,

# numerous Nunn-McCurdy breaches: precipi-
tated ‘‘Triage action,’’

N developmental time lines increased,

# unprecedented schedule slips,

N dramatic increase in suitability failure rates,
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# major sustainment cost, system availability
driver,

N waivers granted for not meeting critical technical
parameters,

N production increments increasingly funded prior
to initial operational test and evaluation (IOT&E)
or adequate DT&E.

The time line increase is the result of numerous
factors, including lack of discipline in the initial
requirements process, frequently changing require-
ments, underfunding developmental programs from
the outset, and a lack of discipline in assessing
technology readiness.

Congressional legislation
The situation became so bad without effective

corrective action by OSD or the Services that Congress
took the initiative, starting with Senate and House
Armed Services Committee hearings in March 2009,
followed by legislation in May (Public Law 111-23;
May 22, 2009 ‘‘Weapon System Acquisition Reform
Act of 2009’’), which is designed to correct what
Congress perceived as the major deficiencies in the
current acquisition process. Among other actions, the
legislation mandates

N the establishment of a Director of Cost Assess-
ment and Program Evaluation,

N reestablishment of the Director of Developmen-
tal Test & Evaluation (DDT&E), to be principal
advisor to the Secretary of Defense and Under
Secretary of Defense (Acquisition, Technology &
Logistics) on DT&E, and

N establishment of the Director, Systems Engineer-
ing (SE), with comparable responsibilities relative
to Systems Engineering.

The key policy provisions include a requirement for
a trade-off analysis among cost, schedule, and perfor-
mance, prototyping critical technologies and actions to
address systemic problems. Statutory requirements for
the DDT&E include a joint annual report to Congress
with the Director SE on DT&E and SE activities, and
collaboration with the Director Defense Research &
Engineering (DDR&E) on an assessment of maturity
and integration risk of critical technologies. In addition,
the DDT&E will be responsible for reporting on DT&E
for major programs, developing DT&E policy and
guidance, and providing a report on Service training of
DT&E personnel, a joint biannual report with the
Director Test Resources Management Center (TRMC),
updating the T&E resource plan. Finally, the DDT&E,
with the DOTE, will be jointly responsible for Test &
Evaluation Master Plan approval.

Remedies
Expand and balance the
government workforce
The key to every remedy discussed below is to
reconstitute an experienced and capable govern-
ment acquisition and T&E workforce. During a time
of increased programmatic and technical complexity,
there has been a loss of the most experienced
management and technical workforce without an
adequate replacement pipeline. Remedies for the
acquisition problems must begin with reconstituting a
trained and experienced government workforce, which
includes program managers, contracting personnel,
testers and evaluators, as well as the technical staff to
support program offices. While I support the emphasis
placed recently on systems engineering, domain subject
matter experts are of equal importance, but they do not
appear to enjoy the level of support needed. No amount
of oversight at the systems integration level will
compensate for a lack of technical domain expertise.

A steady career field flow must be reestablished to
provide a constant replacement source as people
progress through their careers and retire. A key
element of this effort should be aggressive university
recruiting campaigns similar to the ones that used to
occur on an annual basis. The current job market
presents a unique opportunity to recruit engineers and
scientists, both entry level and mid-to-late career
personnel. Several government organizations have
begun to ramp up by wholesale conversion of support
contractors to government positions. This may be a
quick interim solution to temporarily acquire badly
needed in-house skills, but forced large-scale conver-
sions will continue the experience gap in the long run,
as a large number of people being converted are retired
government employees who will again retire in the near
future. In recent meetings, both Service and OSD
personnel have asserted that a major reason for
reconstituting the government workforce is to save
money on salaries. This is unequivocally the wrong
motivation. The sole reason for the reconstitution
should be to restore an in-house capability, so the
government can perform its essential role in managing
the acquisition process. This action will save an order
of magnitude more money than any small and
debatable savings accruing from lower salaries. In
addition, professional services support contractors
provide a valuable source of experienced support
augmentation and should continue for government
program office and test organizations. Unlike the
government workforce, service contracts provide the
flexibility to rapidly ramp up and down to smooth out
the demand for coverage during surges and delays in

Adolph

52 ITEA Journal



programs, as well as provide a quick reaction source for
specialized expertise.

Another poor practice in some Service organizations
is the elimination of the functional organizations that
provide core cadres of domain expertise. The de-
emphasis on government involvement was a factor in
eliminating some functional organizations responsible
for T&E oversight, policy, and procedures. Senior
engineers at one major test organization affirmed that
the erosion of the capability negatively impacted test
planning and analysis of test results. The organization
is no longer able to maintain their core domain
expertise and mentor junior engineers. In addition,
there was no longer an expert cadre to advance the
state-of-the-art in test technology and data analysis
software. Further, long-term permanent assignment to
programs (rather than using a matrix approach) results
in poor workforce utilization when long program
delays occur. This poor practice has accelerated in the
past 2 decades and should be reversed.

Improve the requirements process
A disciplined Analysis of Alternatives process should

be employed to support requirements development,
from capability needs identification to include system
design and development as well as life cycle improve-
ment. Emphasis must be placed on improving the
processes for relating cost and mission effectiveness to
system design, system performance and suitability.
Suitability considerations have not been given the
requisite priority in recent programs, which has had a
severe adverse impact on availability, and sustainment
costs. In some cases, programs have been stopped after
years of development to belatedly address this critical
area. Rigorous enforcement of key requirement thresh-
olds, along with emphasis on performance in the
intended mission environment, should be the norm
when entering System Development and Demonstra-
tion. Issues that need to be addressed in relation to
requirements setting include technology readiness, the
translation of requirements into design criteria, with
attention to testability at the subsystem and system
levels, as well as defining thresholds for key perfor-
mance parameters. Effective feedback processes are of
special importance for spiral developments to identify
enhancements which will improve performance and
suitability. Improving the quality and speed of this
feedback is increasingly important in responding to
rapid changes in threat environments. Unfortunately,
the deficiency reporting (DR) process, which was a
major feedback mechanism during developmental test
programs, has been allowed to atrophy in the last
15 years. Additionally, systematic feedback to the
program offices after fielding is no longer used to the

extent it was in the past. This continuing feedback is
essential to improve system effectiveness, as well as to
provide insights for spiral upgrades.

A disciplined process that develops a complete list of
stable requirements is the indispensable starting point
in the acquisition process. The requirements must be
stated in unambiguous terms for design, developmental
and test. They must be measurable, reasonable in terms
of technology and cost, and capable of being tested and
evaluated. The recent National Research Council
study, led by Dr Paul Kaminski, is a superb roadmap
for the requirements development process.6

Improve technology readiness
One of the many problems with recent systems is a

lack of technology readiness for critical subsystems.
Critical systems should be prototyped and alternative
solutions evaluated on full-scale hardware. This
evaluation must include experimentation or evaluation
by government organizations who are not the primary
technology advocates. Government test and evaluation
involvement should be the norm in assessing Tech-
nology Readiness Level (TRL); i.e., system/subsystem
model or prototype demonstration in a relevant
environment. Recent consideration has been given to
strengthening early involvement of the test community
by reinvigorating the developmental test process. The
government should focus on providing rigor to the
TRL assessments in terms of test methodology as well
as the test environment. There may be rare exceptions
when a requirement is so pressing that higher than
normal risks must be taken to design a system that
incorporates an unproven technology. In those in-
stances, a high priority, adequately funded, and closely
monitored effort must be undertaken to mature the
technology. This must include an early, rigorous
assessment of the difficulties associated with the
development effort as well as robust testing of the
full-scale article to fully assess the requisite maturity.
This is certainly not an area where the government
hands-off approach, which has been in vogue recently,
should be used. In addition, the TRL process has been
focused on the technology of system components.
Problems with manufacturing these components in
production quantities have also led to significant cost
growth for weapons systems. Previous legislation
established the Manufacturing Technology Program to
identify and develop initiatives to improve manufactur-
ing quality, productivity, and technology. Consideration
should be given to expanding the TRL process to
evaluate the maturity of production methods by which
systems are manufactured by embedding people with the
requisite manufacturing expertise in the teams doing the
technology development/maturization.
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Restore meaningful government
tester involvement

The role of the government in the test process is
addressed in detail in the May 2008, DSB report on
developmental test and evaluation.3 With few excep-
tions, a government test organization should be the
Responsible Test Organization (RTO). Over the last 2
decades, there has been a trend towards decreasing or
eliminating active involvement by the government test
community. This practice has included RTO designa-
tion to industry or government program offices; the
latter often lacking in the requisite expertise to execute
the RTO duties. Government tester involvement
should start early and include participation in the test
program for the Request for Proposal, as well as
involvement in source selection. (W. D. Bell provides
an excellent discussion of the rationale for government
tester involvement in the requirements definition
process).7 When the program is on contract, the
government test community should work with the
prime contractor to develop the detailed test program,
participate in technical reviews, and provide written
reports periodically to the government program office
on test progress. Red teams consisting of outside
experts from other Services or Federally Funded
Research & Development Centers (FFRDCs) should
be used selectively for augmentation purposes.

Discipline Modeling and Simulation
(M&S) investments

An overall M&S vision is required to identify where
efforts should be focused, and to ensure that activities
remain focused within that vision. Separate plans are
needed for requirements definition, acquisition/test,
training, and force structure evaluations, although there
are common areas where cooperative M&S efforts would
produce better and more cost-effective products. If high-
priority M&S efforts within the overarching vision could
be identified, it would be possible to establish require-
ments, understand what is currently available, and then
determine shortfalls in M&S capability. One approach is
exemplified by the Testing in a Joint Environment
Roadmap, which was recently developed by DOT&E
and approved by the Deputy Secretary of Defense. While
focused on T&E usage, this capability would meet a
significant percentage of contractor development and
testing M&S requirements. The T&E roadmap identi-
fies a requirement for a distributed live, virtual,
constructive T&E capability; largely supported by
existing models of friendly and threat systems. Much of
this capability is expected to come from existing models
of acquisition systems developed by program contractors,
in conjunction with threat models available from the
intelligence agencies. However, there has been virtually

no effort to identify requirements for high-priority joint
missions, determine what friendly and threat force
representations are required, assess the availability of
existing models that meet those requirements, and then
use that information to define M&S shortfalls. In
addition, there are insufficient mechanisms and process-
es to feed back data from operational tests and field
exercises to further validate and refine models. Archiving
mechanisms to store and locate verification and
validation data for future applications are also needed.

Another issue that needs to be addressed is the
availability and reuse of existing models to meet current
requirements. Many models were developed by system
contractors to meet specific needs. In many cases those
models are proprietary; rarely with provisions for the
models to be maintained current, so they represent a
system in the field with normal improvements and
modifications, or changes to the threats.

There are also supporting M&S requirements (engi-
neering- and physics-based models) that are required in
the validation of higher-level engagement models.
Higher-level models, such as envisioned in the Testing
in a Joint Environment Roadmap, could be used to
identify areas with the greatest risk and uncertainty to
identify areas where engineering and physics-based
models are required. Any initial effort should be to
review the past studies on M&S in the DoD and
determine those requirements that could contribute the
most to improving M&S capability. While most studies
have identical or similar recommendations, the majority
of those recommendations have not been implemented.

Focused M&S business plans must be developed,
and the government must address issues relating to
long-term configuration control, upgrades, ownership,
and funding throughout the system lifecycle, to include
training. In addition, addressing the requirements for a
single joint mission doesn’t capture requirements across
several potential joint missions and scenarios. Howev-
er, it would provide a starting point for future
requirements and identify the most sensitive issues in
implementation of the overall concept.

For any effort to improve the DoD’s M&S
capability, there should be an increased emphasis on
reusable models, along with accessible supporting
databases (radar cross-section, terrain, etc.) and
documentation of verification and validation efforts.

Finally, an important consideration is the physical
location of major simulation laboratories and related
facilities. There are often valid reasons to locate a
simulation capability at a contractor development
facility to support initial development; however, this
approach places limitations on the future utility and
accessibility of the simulation, as well as the need to
replicate parts of the simulation capability at a
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government test facility or logistics center. Prior to
making a decision regarding the location of simulation
facilities for each major program, an assessment should
be made as to the most cost-effective locations(s),
taking into account follow-on and future programs.
This decision-making process should include the
appropriate Service Major Range & Test Facility Base
(MRTFB) representatives, as well as the Test Resource
Management Center TRMC).

Properly scope T&E
The lack of adequate test assets and funding for initial

DT&E has a major adverse effect on developmental cost
and schedule. There are numerous issues relating to
DT&E funding. The weapons time lines for RDT&E
continue to increase, driven by inadequate resourcing of
the entire developmental and T&E process as well as the
inclusion of immature technologies in systems. Inade-
quate funding of developmental testing, which includes
the number and timing of test articles results in delayed
identification and correction of problems, many of which
are a normal part of a high-technology developmental
program. Late identification results in more difficulty
and expense involved in fixes. Most recent programs
have had an inadequate number of test articles to execute
a robust developmental test program in a timely manner.
When there are an inadequate number of test assets, the
developmental test program is drastically impacted, often
for months, when a test vehicle must be laid up for a
retrofit. By the time a program reaches the full-scale
platform test phase, there is a huge cadre of test and test
support personnel who cannot be efficiently used
whenever a test program comes to a halt. The fixed cost
of maintaining this cadre often exceeds the incremental
variable cost per mission or test. This latter cost includes
the cost for test range support and data processing. An
exception is a test program where a high-cost asset is
destroyed in every full-up test; e.g., missile testing.
Adding test support personnel to accelerate a test
program can be less expensive over the length of a
program than allowing the program to stretch out over
several years. More important, the normal problems that
occur in every high technology developmental effort can
be discovered and fixed earlier. Another factor in
efficient testing is the availability of adequate test
personnel and test facilities. The latter includes physical
test support facilities and assets, instrumentation, and
data processing. Numerous developmental programs
have been delayed because of the lack of adequate
facilities, capacity, and people with the appropriate
expertise to accomplish the basic data processing tasks
quickly, as well as an inadequate number of domain
subject matter experts to analyze test results. Commer-
cial programs routinely resource facilities and personnel

to conduct testing on a multiple shift basis during critical
phases of the developmental process.

The 1999 Defense Science Board (DSB) report on
T&E addresses test cycle time reduction.8 The following is
a summary of the cycle time discussion from that report:

‘‘DoD test programs undergo extensive technical and
safety reviews, but little attention is paid explicitly to
test cycle time reduction. There are several basic
mechanisms by which test cycle-time can be reduced:

N reduce test program content;
N accomplish testing more effectively/efficiently;
N use test facilities and resources more intensively

(e.g., multiple shifts, 7-day weeks, etc.);
N eliminate duplicative testing;
N budget and fund testing and test planning earlier

in the program.’’

Full-scale testing in many DoD test programs is
already at or near an irreducible minimum. A frequent
choice of program managers is to further reduce testing
or ignore test results (e.g., reliability), whenever a
schedule or cost problem is encountered. There are
numerous recent examples of this, which led to
disastrous consequences; e.g., MV-22, theater high-
altitude area defense (THAAD).

In summary, test cycle time reduction should be
addressed at program initiation as well as periodically
throughout every major program.

Conclusions
The last 20 years have seen dramatic changes in the

DoD acquisition process in a time of unprecedented
changes in the nature of the threat. In the aggregate,
the implementation of the acquisition process changes
had a negative impact during a period of increasing
technological complexity. The current systemic acqui-
sition problems are widely recognized by Congress as
well as by some people in DoD. However, DoD took
no substantive corrective action prior to the passage of
the 2009 Weapons Systems Acquisition Reform Act.
The required corrective actions are obvious, but it
remains to be seen if OSD and the Services will
revitalize the government workforce and re-instill the
discipline necessary to remedy the many problems that
exist today. C
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Systems engineering has recently seen increased emphasis as an essential methodology for conduct of

Department of Defense and industry development and acquisition. However, it is not a fad. Systems

engineering is an excellent process and discipline to assure efficient, cost-effective, technically correct

development of complex systems. This is precisely what the Department of Defense desperately needs;

hence the emphasis that the Director of Acquisition, Logistics and Technology and Congress are

putting on it. The good news for ‘‘T&Eers’’ is that Test and Evaluation (T&E) is an essential part

of the systems engineering process. The additional good news is that the systems engineering process

can also be applied to the planning and execution of a T&E effort to bring efficiency, cost-

effectiveness, and technical correctness to the T&E effort as well.

Key words: Complex systems; development; sectionalization; validation.

L
et’s start with discussing the traditional
relationship of Test and Evaluation
(T&E) to Systems Engineering (SE).
SE is simply the application of the
scientific method to the concept, de-

sign, development, and building of complex systems.
The scientific method problem definition steps are as
follows: select hypothesis, test hypothesis, draw
conclusions, translate to systems engineering steps
commonly designated as requirements analysis, func-
tional definition, physical definition and design
synthesis, and design validation. These same steps are
repeated for each phase of the development of the
system; needs analysis, concept exploration, concept
definition, technology validation, engineering design,
and integration and evaluation (Figure 1). This
method ensures that every phase of the process is
informed and assessed before continuing on to the next
phase. It is truly an event driven process when these
information and assessment steps are indeed treated as
opportunities to decide whether to continue to the next
phase. The Government Accountability Office (GAO)
has found that the majority of Department of Defense
(DoD) major weapon system acquisitions are not
information based or event drive (GAO 2008). Greater

emphasis on using the SE process in DoD acquisition
could mitigate this issue.

For the purposes of this discussion, we must clarify
that T&E will be treated as a sub-process of SE. The
authors realize that testing is acquiring data, and
evaluation is developing information and knowledge
from those data. However, the larger concept is
validation. Validation not only includes T&E but also
analysis (to include modeling and simulation), dem-
onstration, and inspection. As will be discussed later in
this document, validation includes assuring that the
requirements are valid, in that they accurately and
appropriately state what the customer needs and wants,
while also assuring that definitive methods exist
whereby the developed product can be validated to
have met these requirements.

Another essential principle of SE is sectionalization.
Sectionalization, sometimes referred to as decomposi-
tion, involves breaking a complex project into pieces
(components, subsystems) small enough to be designed
and developed independently and then integrated to
create the larger complex system. Integration is a
primary element of SE, from technical project and
personnel expertise perspectives. Technical integration
includes development and validation of the hardware
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and software interfaces among components and
subsystems and the complex system, which results
from the integration of the components and subsys-
tems. Project integration includes functionality, pro-
ducibility, quality, reliability, maintainability, economic
feasibility, suitability, supportability, ergonomics, and
information assurance. Integration of all of the above is
accomplished through a subdiscipline of SE known as
concurrent engineering. Concurrent engineering is
often accomplished through the integration of person-
nel with development and validation expertise in the
multiple disciplines required throughout the project
life cycle. Such a team is another acquisition ‘‘buzz
term’’—the Integrated Product and Process Team, or
IPT.

Concurrent engineering and IPTs
During the mid 1990s IPTs were created and used

in system development for the first time (NASA 2008).
This contrasted greatly with the previously existing
design team approach. Previously, design teams
comprised selected design engineers such as electrical,
mechanical, software, and a token systems engineer.
Whole areas of SE were ignored, at least as long as
they could be. Maintainability and reliability engineers,
for example, were seldom brought to the design team
until the very end, and then they were pressured to
quickly agree that the system was reliable and

maintainable. Often, very late in the process, it became
obvious that elements of the system were breaking
frequently. There would be a sudden realization that
the reliability engineer was needed, and he/she was
expected to perform a miracle to keep the design effort
from further cost and schedule erosion.

Testers, or more correctly ‘‘validators,’’ were likewise
held at arm’s length for most of the duration of the
development program. Design engineers ran tests, but
since they were testing their own creations, many
problems went unnoticed or the problem’s solution was
put on hold for another day. Like the reliability
engineers, testers were brought to the design team near
the end of the program. With little SE and tester
involvement during the requirements definition, tests
had to be planned and executed from poorly written or
nonexistent requirements. With little time and money
remaining, testers were expected to show that the
system performed correctly. This put everyone into an
ugly situation. The design team was disappointed that
problems were found, and they often resented the
testers for finding them. Likewise the testers were
frustrated by the poor requirements and lack of
support. The whole program suffered because of the
resulting redesigns and retests.

When IPTs initially came into vogue, they worked
in the following manner. In addition to the necessary
designers, all the systems and specialty engineers (e.g.,

Figure 1. Systems engineering method throughout project life cycle.
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reliability, maintainability, logistics, information assur-
ance, producibility) and testers were a part of the team
from the beginning. Each member had the responsi-
bility and authority to represent their discipline. For an
issue related to a particular type of engineering
specialty or discipline, its representative had the final
word for resolution and approval in the area. They
were team members in the truest sense of the word.
That is, they all participated in requirements defini-
tion, preliminary design, detail design, building,
fielding, support, and disposal. Every step of the
program had the benefit of the perspectives of all the
engineering disciplines. Issues were nearly always
resolved through consensus, and no one was made to
feel unnecessary. The respect for the input from each
discipline was the same, but the magnitude of the
effort for any specific discipline was tailored as the
program went through its development cycle and, as
appropriate, for the program. The authors’ sense of the
present state of IPTs is that sometimes, or even often,
the name is the same, but the reality is more like the
design teams of old. Once again systems, especially the
specialty and testing engineers, are being marginalized,
left out, and ignored. In DoD acquisition, the rise in
operational T&E failures is the evidence needed to
assert the failure of this return to the practices of the
days before IPTs (Castellano 2007). Emphasis on SE
methodology for DoD acquisition and development
will strengthen concurrent engineering as part of the
process, and therefore the use of IPTs to help make it
happen.

During requirements development
Whether a government program office or a com-

mercial company is considering creating a new product,
getting the requirements right is essential. To state the
obvious, if the requirements are not good, the project
has little chance of success. Right requirements are
defined as accurately describing what the customer
wants and needs and also are feasible and validatable.
The tester/validator plays a key role in the latter two
essential characteristics of good requirements. Feasible
requirements are based on mature and well-understood
technologies and procedures. Tester/validators gener-
ally have the expertise and experience to provide
assessments of the maturity of technologies and cost-
and time-effectiveness of procedures and designs to
provide significant input to assess the feasibility of
requirements.

Experienced tester/validators also have essential
knowledge and experience to assure that requirements
are developed and stated such that they can be
validated. During requirements generation, tester/
validators must ‘‘imagine’’ a definitive method by which

every requirement can be validated. Keep in mind that
the validation method that is imagined can be test,
demonstration, inspection, or analysis. Further, analysis
includes the power of modeling and simulation, if
appropriate. This process of imagining a validation
method creates requirements that are validatable, well
written, understandable, and unambiguous. By the way,
years later, the actual validation may be done differently
than originally imagined, but the process generated a
validatable requirement. Consider a requirement that
includes the phrase ‘‘shall be capable of.’’ We have all
seen this many times. A tester/validator should ask the
following questions: ‘‘What does this mean? Does it
really have to do something? If not, then how can it be
validated?’’ If it must do something, then say it must do
it rather than be capable of doing it. Often this phrase,
‘‘shall be capable of,’’ is used when what is really meant
is that the item should have certain features that can be
readily upgraded at a future time. If this is the meaning,
then say specifically what is intended; otherwise it is
ambiguous. An ambiguous requirement can be satisfied
hundreds of ways and still not be what was intended. If
the ambiguous requirement is not eliminated at the
beginning, eventually someone (a designer?) will make
an interpretation so that design and building can occur.
Later there will be a realization that what is being built
is not what was intended. When this realization
happens, significant time and money have been spent,
and much more of both will be required to correct the
situation. Therefore the IPT should stifle ambiguity
from the beginning by writing a requirement that is
sufficiently quantified so that how it will be verified can
be imagined. Tester/validators should lead this effort to
write unambiguous requirements.

A validatable requirement is also one from which a
validatable specification can be written. Validatable
specifications are readily understood; i.e., they are not
susceptible to misinterpretation during the require-
ments flow-down process. Like the requirements,
specifications should be written with a view toward
validatability. Once again, if at least an idea exists as to
how it can be validated, the specification is not likely to
be ambiguous. As a side note, validate and verify are
often used interchangeably. The authors have pur-
posely used the term validate, which is the process to
ensure that something meets a specification or
requirement, whereas to verify is to ensure that
something meets its design.

Program planning and source selection
Testing is a non-trivial expense in any development

program or project. Appropriate testing-related sched-
uling, budgeting, infrastructure, other resources, and
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personnel need to be planned early and become a part
of the program’s master planning documents, the
request for a proposal, the proposal, and the proposal
evaluation. The tester/validators who participated in
the requirements generation (likely the customer) and
the specification generation (likely the supplier) have
an excellent background for developing these docu-
ments. After all, they just completed imagining a
verification approach for every requirement and
specification. Fresh from these tasks, they are well
informed to estimate the test requirements, resources,
and schedule. On the customer side, the tester/
validators will have a good idea for budgeting,
scheduling, personnel, and resources, and what to
require in the request for proposal. Likewise, bidders or
suppliers will have the knowledge to prepare a proposal
that will have validation ‘‘right-sized.’’ With this
knowledge, contractors can be prevented from under-
or over-bidding the test and evaluation part of their
proposal, since tester/validators, as essential members
of the proposal evaluation team, can assure that there
was test realism in the proposal or at least in the
negotiations.

Another example of how tester/validators can
improve budget and scheduling estimation lies in
answering the question, ‘‘How much and what type of
data need to be collected?’’ This depends on many
factors such as desired statistical confidence and the
ability to access and record data. If certain data are
deemed essential but not readily accessible in the
preliminary design, a huge savings can be made by an
early rather than late redesign. Planning the number of
test trials, though somewhat an art since the data are
not always cooperative, is best handled by testers using
their past experience. Also, looking ahead to the ‘‘end-
game’’ when final testing is ongoing, these same testers
are in the ideal position to determine that sufficient
data have been collected; the results can be determined
and the test is over. Figure 2 shows a sample program
plan and schedule with validation/T&E planned
throughout.

All of these benefits accrue simply because tester/
validators, as full partners in the IPT, are associated
with the requirements and specification developments.
(Note: The number of IPTs and their precise
composition [i.e. customers and suppliers on the same
IPT] are details that must be determined.) But
regardless of the exact details, the benefits of early
tester/validator involvement are still there. Without
early tester/validator involvement, these planning and
source selection processes and decisions are made by
people who are less informed and less skilled in the
validation discipline. The result is either inappropriate
or poorly utilized test-related resources.

Test execution benefits
Early testing naturally favors performance testing

and validation to specifications. These tests are
generally called Developmental Test and Evaluation
(DT&E). However if a tester/validator has been
involved from the beginning, he/she will notice that
some of the DT&E data are also relevant to
operational considerations. In fact he/she can often
cause data to be gathered or to be made available that
are nearly or completely serendipitously available for
other uses for no additional of time and money. These
data give all concerned an early look at operational
issues. Operational issues are those that are historically
addressed in Operational Test and Evaluation (OT&E)
and are related to effectiveness and suitability.

For example, it is common to execute reliability
growth tests during early phases. These tests are
typically of the DT&E variety. During these tests, the
unit under test will occasionally break and need repair.
If someone measures the time and skill required to
repair the unit, these data can be used to make
informed evaluations and very early maintainability
assessments. Granted these are not precise data, and
designers as maintainers are not representative of the
ultimate maintainers, but it gives an early glimpse of
potential problems. With this insight, perhaps changes
can be made in the maintenance approach or in the
design at this early and relatively inexpensive stage.
This is far superior to finding the problem years later
during the final OT&E.

All these benefits result from simply having tester/
validators engaged who can point out the data that can
be made available for multiple evaluations for virtually
no additional cost. The motto, ‘‘test once and evaluate
multiple times,’’ can often be applied. With this early
look at operational issues, the likelihood of surprises
during the final OT&E is greatly reduced. Another
benefit is that the program office (or their commercial
equivalent) validators make the best interface to the
independent operational tester/validators (or potential
customers) in terms of communication between the
OT&E executors and the program throughout the
development cycle.

The bottom line
The bottom line is that although T&E, or more

correctly validation, is identifiable as part of the SE
process, it should not be applied occasionally and
intermittently, but rather it should be an integrated
aspect of the SE process from beginning to end.
T&Eers, or more correctly validators, assure that
requirements and specification are unambiguous, and
verifiable. Although resources and effort expended in
support of validation may fluctuate significantly during
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the course of a project, the involvement and contribu-
tion of verification to the total system engineering
process is continuous. A single validation person
involved in developing good requirements may have
as much, or more, effect on assuring good project
outcome than a thousand people involved in a final full
system operational test.

Validation is a very important and often forgotten
assist to good SE. It is all about getting information
and knowledge on which to base essential process
decisions. The cost associated with obtaining infor-
mation is not trivial, but the cost of ignorance is huge.
Some believe that testing (validation) is expensive, but
fixing the problems found late in the project is far more
expensive—another compelling justification for inte-
gration of validation throughout the process. Valida-
tion plays a vital role in design reviews. Successful
design reviews answer questions, assure that risk is
appropriate, and convince decision makers to approve
moving into the next phase of system development.
The information and knowledge provided by validation
provide the most compelling rationale to support the
decision. Closely related to design reviews are assess-
ments of technical maturity and specification compli-
ance of the design and development of the system. This
validation is traditionally based on DT&E. Later

stages of development are focused on meeting
operational requirements and customer needs. This
validation is traditionally supported by OT&E. These
are not separate processes or disciplines. DT&E and
OT&E are merely different perspectives of the
validation subprocess of SE. Therefore, it is very
reasonable and sensible to combine the feeder activities
(test, analysis, demonstration, inspection) of both
developmental validation and operational validation
to produce better validation information much more
efficiently.

SE as a methodology for validation
From a validator’s perspective, the SE process should

also be applied to the planning and execution of the
validation subprocess (typically referred to as the T&E
program or test program). A well-planned, well-
executed, and effective validation subprocess assures
that the required data, information, and knowledge are
available when needed to support the requirements
definition, concept definition, design, development,
production, fielding, support, and disposal of the
system. A well-planned, well-executed, and effective
validation subprocess must have well-defined require-
ments, functional definition and design, physical
definition or execution, and validation or evaluation

Figure 2. Sample program/project plan and schedule (DAU 2009).
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and output. These elements should sound very familiar
by now, and the reader should recognize them as the
elements of the SE process. Thus, not only is
validation an integral part of the SE process, but the
discipline of the SE process provides an excellent
framework for an effective validation subprocess. This
is not a circular argument as it may appear, just good
sound engineering practice.

In summary
SE is accepted by the DoD and industry as the best

methodology and disciplined approach to the devel-
opment of complex new or modified systems. In
addition, the SE methodology is also the best approach
for validation (T&E) planning and execution. Systems
development requires good requirements definition,
knowledge of trade-offs, technical status determina-
tion, check of specification compliance, and assessment
of operational effectiveness and suitability. All of this
requires knowledge. A good validation subprocess
(T&E program) provides that knowledge. The SE
process, with fully integrated validation (T&E) will
indeed support knowledge-based vice ignorance-based
development and acquisition.1,2 C
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Design and Testing of an Illuminance Management System

A. Terry Bahill, Ph.D., P.E.

Systems and Industrial Engineering,

University of Arizona, Tucson, Arizona

Students, the professor, and eight systems engineering advisors for a class project in the fall of

2009 designed a light management system for an operations room for astronomers on Mauna

Kea on top of Hawaii. For these astronomers who need constant illumination, BIMS is a light

and energy management system that will make them more comfortable and productive, and will

save money. Unlike conventional lights and blinds, BIMS will automatically control the

illuminance in the room when the sun’s or the moon’s light rays change. The documentation for

this design is lengthy; it has been condensed for this article: Parts that do not concern test and

evaluation have been eliminated.

Key words: Requirements, systems engineering process, SysML, UML, validation,

verification.

T
his article shows how systems engi-
neering principles (Sage and Rouse
2009) can be applied to test and
evaluation. It is based on a set of
documents written in the fall of 2009

with weekly iterations to help the systems engineering
students at the University of Arizona model and design
systems. This set of documents was not intended to be
a complete design; instead, it shows a few good
examples of each type of item that might be in a
typical design document. It has only one use case and
only one trade-off study. The full set of documents is
located at http://www.sie.arizona.edu/sysengr/sie554/
BIMS/. This site has more examples in each section,
but before discussing this case study, we must explain
our set of documents (http://www.sie.arizona.edu/
sysengr/sie554/8docs.doc; Chapman, Bahill, and Wy-
more 1992; Pinewood 1992; Wymore 1993).

The eight systems
engineering documents

Document 1: The Problem Situation Document is the
executive summary. It specifies the system’s mission,
explains the customers’ needs and expectations, states
the goals of the project, defines the business needs,
prescribes the system’s capabilities, delineates the scope
of the system, expresses the concept of operations,
describes the stakeholders, presents the key decisions
that must be made, shows the incipient architecture,
and (in the final version) highlights the preferred

alternatives. It is written in natural language and is
intended for management and the public.

Document 2: The Customer Requirements Document is
a description of the problem in plain language. It is
based on the use cases of document 6. It is intended for
management, the customer, and engineering.

Document 3: The Derived Requirements Document is a
technical description (or model) of the problem
statement and the requirements of documents 1 and
2. Each requirement in this document must trace to
document 1 or 2. Alternative names for this document
are Technical Requirements and Design Require-
ments. The audience for document 3 is engineering.

Document 4: The Verification and Validation Docu-

ment has four parts. Validating the system means
building the right system: making sure that the system
does what it is supposed to do. Verifying the system
means building the system right: ensuring that the
system complies with its requirements and conforms to
its design. Verifying requirements means proving that
each requirement has been satisfied. Validating
requirements means ensuring that the set of require-
ments is correct, complete, and consistent; that a model
can be created that satisfies the requirements; that a
real-world solution can be built that satisfies the
requirements; and that this real-world solution can be
tested to prove that it satisfies the requirements. The
intended audience for document 4 is systems engi-
neering, test and evaluation engineering, and the
customer.
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Document 5: The Concept Exploration Document is
used to study alternative system designs through
brainstorming, modeling, simulation, prototypes, and
finally the complete system (Daniels, Werner, and
Bahill 2001; Smith et al. 2007). In early iterations of
document 5, this exploration helps produce the
incipient system architecture (Rechtin 2000). This
document is rewritten continually as more information
becomes available. Evaluation criteria are derived from
a subset of the trade-off requirements. They are used in
the heart of later iterations, which is a trade-off study
where the preferred alternatives are suggested by the
data. A sensitivity analysis identifies the most impor-
tant parameters in a trade-off study; often these are the
cost drivers that are worthy of further investment
(Smith et al. 2008). This is one of the most popular
documents. It should be readable by the public.

Document 6: The Use Case Model contains many use
case reports that in the aggregate describe the required
behavior of the proposed system (Daniels and Bahill
2004). The system design and the testing procedure
should be based on these use cases. The early use cases
should be independent of potential solutions. The
intended audience for document 6 is management,
engineering, the customer, and the public.

Document 7: The Design Model shows the objects that
implement the required functionality of the system.
System interfaces and test equipment are designed in
this document. Its intended audience is engineering.

Document 8: The Mappings and Management Docu-
ment shows the mappings between the documents. It
also includes activity diagrams, the risk analysis,
schedule information (Gantt charts, program evalua-
tion review technique charts, etc.), the project work
breakdown structure, the business plan, and a log of
meetings with the customer.

These eight documents are often called a systems
engineering management plan. They are living docu-
ments: They grow and are continually updated
throughout the entire system life cycle. They are not
written sequentially, but they are structured so they can
be read sequentially. The order in which a scientific
article is written is usually not Introduction, Methods,
Results, Discussion, and Conclusion, but it is the order
in which a scientific article is usually read.

‘‘Begin at the beginning,’’ the King said gravely,
‘‘and go on ’til you come to the end; then stop.’’
(From Lewis Carroll, Alice’s Adventures in
Wonderland.)

Bahill’s system design process is a use-case-based
iterative process. It starts with a problem statement in a
preliminary document 1 (Problem Situation). Next we

make a rough schedule of who does what and when,
and we put that in document 8 (Mappings and
Management). Those were brief activities. Now we
write the use cases that describe the behavior of the
system. While we are writing the use cases, we develop
functional and nonfunctional requirements. These go
into a fairly large document 6 (Use Case Model). The
customer requirements (just discovered) go into
document 2 (Customer Requirements) and also into
the requirements verification section of document 4
(Verification and Validation). Design of tests can start
as soon as the use cases are written. The systems
engineers then derive the technical requirements, and
the test engineers create the test requirements that go
into document 3 (Derived Requirements). Now that
we have some requirements, we can form evaluation
criteria that will be used in the trade-off studies of
document 5 (Concept Exploration). Document 7
(Design Model) contains Unified Modeling Language
(UML) and Systems Modeling Language (SysML)
diagrams that show the behavior and structure of the
proposed system. This system design process is very
iterative. Creating these eight documents is not a serial
process. There must be many iterations, and there are
many opportunities for parallel processing.

This article is based on one of the later iterations of
the full set of design documents for the BIMS. It can
be read from beginning to end, but it might be easier to
read this article in this order: document 1, 6, 2, 3, 4, 5,
7, and 8.

Bahill Intelligent Computer Systems
(BICS) Illuminance Management System
Document 1: Problem Situation
Product position statement. For astronomers who
need constant illuminance, the BICS Illuminance
Management System (BIMS) is a light and energy
management system that will make them more
comfortable and productive, and will save money.
Unlike conventional lights and blinds, BIMS will
automatically control the illuminance in the room
when the light rays of the sun or moon change.

Concept of operations (ConOps). Our customer (the
National Optical Astronomy Observatory [NOAO])
needs a total light-management system for the
operations rooms of telescope enclosures to be built
on Mauna Kea in Hawaii and on Cerro Pachón near
Vicuña in Chile. However, the system must be
designed so that it can be adapted for other structures.
It should be the basis of a BICS company standard that
will be sold in all commercial and residential venues.
This system will be named the BICS Illuminance
Management System.
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The system must conserve energy and provide a
natural daylight color spectrum. An efficient way of
doing this is to have the system use daylight instead of
artificial lighting as much as possible. BIMS will be
politically correct (environmentally green) because it
will use renewable-energy electric generators, such as
solar panels or wind turbines, but other electric
generation alternatives such as geothermal systems
using the Kilauea volcano should be considered.

Astronomers will use the operations room day and
night while observing both the sun and nighttime
targets such as stars and galaxies. In the daytime, the
astronomers want a constant illuminance of 500 lux.
The operations room will have a large east-facing
window. As the sun rises, the lights can be turned on.
By midmorning, the lights can be dimmed and the
window screens or curtains can be gradually opened.
After noon, the window screens or curtains can be
opened wide. As the sun sets, the lighting level will
gradually decrease following a predetermined program.

During the night, the astronomers will be contin-
ually going in and out of the operations room. There
will be no lights outside because that would interfere
with the telescopes. So we want the light inside the
operations room to be dim and constant so that (1) the
astronomers do not have to wait minutes for their eyes
to dark adapt and (2) the light inside does not leak out
and interfere with the telescopes. Therefore, we want
the inside illuminance at night to be 0.4 lux. This is
roughly the illuminance of a full moon. So your system
will have to accommodate phases of the moon, its
rising and setting, and clouds that might obscure it.
Figure 1 shows the scope of this project.

BICS company policy

All systems shall have built-in self test (BiST) with a
continuous visual indicator of status. At startup all
systems shall do self tests. In addition, whenever the
system is not serving the customer, it should be
performing BiSTs.

All systems shall have the BICS touch, feel, and look.
The BICS look includes options that portray elegance.

All systems shall use the International System of Units
(SI). Input and output can be in familiar units, but
all specifications and calculations shall be in SI units.

Our design process uses sequential incremental iterations
(simulate a little, build a little, test a little, repeat).

It is company policy that nondevelopmental products
be considered the primary solution to addressing
customer needs with customized implementations
being secondary solutions. While the primary
nondevelopmental products addressed in this policy
are Commercial off the Shelf (COTS), the phrase
primary nondevelopmental products also includes

Government off the Shelf (GOTS), Open Source
software, and previously developed in-house prod-
ucts.

System designs shall be satisficing designs, never
optimal designs (Simon 1957, 1962).

All system designs shall follow the principles of good
design presented in Bahill and Botta (2008) and
http://www.sie.arizona.edu/sysengr/publishedPapers/
goodDesignPrinciples.pdf.

The on-line BIMS document has more examples of
company policy.

Applicable standards. Connection to the alternating
current (AC) power grid must comply with the
UL1741/IEEE1547 standard. The system must com-
ply with Underwriters Laboratories, ISO 15288, EAI-
632, OSHA, EPA environmental regulations, Nation-
al Electrical Code (NEC), and Federal Communica-
tions Commission (FCC) regulations concerning our
product’s emissions and FCC regulations concerning
the 434-MHz electromagnetic spectrum bandwidth
allocation. The online BIMS document has other
examples of applicable standards.

Stakeholders. BIMS stakeholders include architects,
contractors, dealers, salespeople, end users, astrono-
mers, NOAO, university students, a surrogate cus-
tomer (an in-house person designated to have
knowledge of end user needs and expectations), and

Figure 1. Block diagram showing the scope of a BIMS.
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potential victims (such as other astronomers on the
mountain, construction workers, Hawaii Electric Light
Company Inc., the environment, and Poliahu the snow
goddess of Mauna Kea).

Ubiquitous language glossary

brightness: The amount of light coming from a unit
area of a flat surface that is seen by the human eye.
Brightness is perceived, not measured, so it has no
units.

capacity factor: Electric generators do not generate
electricity at their maximum rate 24 hours a day, 7 days
a week. The system must be shut down for
maintenance and repairs, and output will be reduced
when the loads are small. In addition, renewable-
energy systems will have reduced output when, for
example, clouds cover the sun or there is no wind. The
capacity factor is defined for specified period: It is the
actual electricity generated divided by the energy that
theoretically could have been generated if the system
ran at maximum capacity for the whole period.

CapacityFactor~

ActualAverageDailyElectricityGenerated(kWh=d)

RatedPower(kW)|
24h

d

The capacity factor of renewable-energy electric
generators is typically 5% to 40%. For photovoltaic
solar power, the capacity factor is around 17%.

dark adaptation: When a person goes from sunlight to
darkness, the retina can adjust its gain over nine orders
of magnitude. But this adaptation takes around
10 minutes. This may be why pirates wore black eye
patches. When a pirate (probably just the captain or the
first mate) was above deck, he put a black patch over
one eye: That eye then became dark adapted. When he
went below deck, where it was dark, he would take the
patch off and the dark-adapted eye would immediately
be able to see. When the pirate returned topside, he
would replace the black patch on his eye.

electric generators: Electric generators transform
environmental energy into electric energy. Here are
some common examples: photovoltaic solar panels;
wind turbines; ocean currents, waves, and tides;
hydroelectric dams; tapping static electricity stored
in the atmosphere; and geothermal systems based on
the Kilauea volcano. An electric generator generates
electricity. It transforms another form of energy into
electric energy. It does not create energy or electricity.
(So, in this context, generate does not mean create.)
Power is the time rate of change of electric energy.

energy storage units: Energy storage units smooth the
electric grid voltage when the generating environment
varies. However, energy need not be stored as

electricity. The energy storage units could be electric
(like super capacitors), chemical (like batteries),
thermal (like a big rock, a pond, molten salt, or ice),
potential (like pumping water between two altitudes or
compressed air tanks), or kinetic (like a big flywheel).

expected average daily electricity generation: This
term estimates the amount of electricity that a
particular system would be expected to generate per
day in a particular location (kWh/d).

illuminance: The amount of visible light coming from
a source (such as the sun, the moon or a light bulb)
that falls on a unit area of a surface. Its units are lux.
One lux is one lumen per square meter. One lumen
per square foot is one footcandle.

insolation: The amount of solar radiation that strikes a
single location over a given period (usually 1 day) is
called insolation. It has units of kilowatt-hours per
square meter per day (kWh/[m2?d]).

inverter: Renewable-energy electric generators pro-
duce direct current (DC) or some other form of
voltage. The AC electric power grid has very well
controlled 60-Hz sinusoidal AC. Generally an
inverter changes DC into AC.

luminance: The amount of light coming in a particular
direction from a unit area of a flat surface (such as a
wall, a table, or a computer monitor). Luminance
depends on the light source, the surface, and the
viewing angle. Its units are candelas per square meter.

light blockers: Light blockers alter the amount of light
coming into or out of a room. Examples are blinds,
shades, screens, curtains, drapes, shutters, polarized
windows, skylights, window films that change
transparency with electricity, and opaque screens that
unroll from the roof in front of the windows.

rated power: Rated power is the power that the system
was designed to generate in steady-state at the
normal operating point. This is usually near the
maximum power. It is also called generating capacity
and nameplate capacity.

use case: A use case is an abstraction of required functions
of a system. A use case produces an observable result of
value to a user. A typical system will have many use
cases, each of which satisfies a goal of a particular user.
Each use case describes a sequence of interactions
between one or more actors and the system. This
sequence of interactions is described in a use case
narrative, and the relationships between the system
and its actors are portrayed in use case diagrams.
Names of the use cases are set in the Verdana font.

Document 2: Customer Requirements
The system requirements are discovered in the use

cases of document 6 (Daniels and Bahill 2004). They
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are formalized in document 2. Test engineers can use
these requirements immediately to start writing test
cases and test procedures. Finally new requirements are
derived based on the customer requirements, the
mission statement, and the concept of operation
(Bahill and Dean 2009), and they are put into
document 3 (Derived Requirements).

CuR1-1 The system shall use an ephemeris, tables,
models, firmware, or similar methods to anticipate
sunrise, sunset, moonrise, moonset, and the phase of
the moon. Note: A ROM-based ephemeris is
available commercially. DeriveReqt: Req 1-1 of
Control Illuminance During the Day use case.
Notes: DeriveReqt means that this requirement is
derived from the indicated requirement in the use
cases.

CuR1-2 The system shall control the illuminance of
the lights. DeriveReqt: Req 1-2 of Control
Illuminance During the Day use case.

CuR1-3 The system shall control the opening and
closing of window screens or curtains. DeriveReqt:
Req 1-3 of Control Illuminance During the
Day use case.

CuR1-4 The system shall sense the illuminance in the
operations room. DeriveReqt: Req 1-4 of Control
Illuminance During the Day use case.

CuR1-5 The system shall buy electricity from and sell
electricity to the AC electric power grid. DeriveR-
eqt: Req 1-5 of Control Illuminance During
the Day use case.

CuR1-6 The system shall exchange electricity between
the DC electric generator and the energy storage
device. DeriveReqt: Req 1-6 of Control Illumi-
nance During the Day use case. This require-
ment was removed by A. T. Bahill October 17,
2009.

CuR1-7 The system shall execute Built-in Self Tests
(BiST). DeriveReqt: Req 1-6 of Control Illumi-
nance During the Day use case. Mandated by
BICS company policy.

CuR1-8 The system shall maintain the daytime
illuminance in the operations room at 500 6 50 lux
(<50 6 5 fc). Trace to CuR1-2, CuR1-3, and
CuR1-4. DeriveReqt: Req 1-8 of Control Illumi-
nance During the Day use case.

CuR1-9 The system shall maintain the nighttime
illuminance in the operations room at 0.4 6 0.2 lux
(<0.04 6 0.02 fc). Trace to CuR1-2, CuR1-3, and
CuR1-4. DeriveReqt: Req 1-9 of Control Illumi-
nance During the Day use case.

CuR1-10 The system shall generate electricity at a cost
that is competitive with commercial electricity costs
at that location, after federal subsidies, etc. Trace to

CuR1-5 and CuR1-6. DeriveReqt: Req 1-10 of
Control Illuminance During the Day use case.

Mandatory requirements. This mandatory require-
ments section contains the key decisions of document 1
as well as some additional requirements. Mandatory
requirements specify necessary and sufficient capabil-
ities, use the verb shall, are passed or failed with no in
between and should not be included in trade-off
studies. An example is ‘‘The system shall not violate
federal, state, or local laws.’’

The system shall have renewable-energy electric
generators. Rationale: This is a political decision,
not an economic or scientific decision. It is justified
in document 8.

The system shall include all equipment needed for
connecting to the local AC electric power grid.

The system shall satisfy all rules, regulations, and
standards necessary for connecting to the local AC
electric power grid.

The system shall not have local energy storage units.
Rationale: Grid-connected electric generators do not
need energy storage units such as batteries. In
October 2009, Bill Henry of TEP said that very few
of TEP’s customers have batteries. Subsequently,
Terry Bahill, president of BICS, decided that the
BIMS will not have energy storage units.

The renewable-energy electric generators shall have
the capability of supplying the operations room with
an average daily electricity generation of 40 kWh/d.
This result is derived in the analysis at NFPR1-4.

The system shall be designed with the following site
constraints. The average ground wind speed at the
telescope site on Mauna Kea is 10 miles/h (4.5 m/s).
Yearly average insolation is 6 kWh/(m2 d). Average
air density for July is 0.76 kg/m3 (Bahill, Baldwin,
and Ramberg 2009). This means that if the
astronomers were to play a baseball game in the caldera,
a hit that would travel 365 feet in San Francisco would
travel 430 feet on Mauna Kea.

Renewable-energy electric generators shall not inter-
fere with any of the telescopes on the summit.

Mandatory requirements are not tested only once at
total system test. They are monitored continually.
They are discussed at every design review. Because
they are so important, some mandatory requirements
will become technical performance measures
(TPMs) (Bahill and Dean 2009). The requirement
for an average daily electricity generation of 40 kWh/
d is a prime candidate for a TPM.

Model mapping rules. Throughout the design of a
system many models will be made. Usually each
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Table 1. The derived requirements for BIMS.

Functional requirements

Identification tag (Id) FR1-1
Name Predict Sunrise and Sunset
Text The system shall predict sunrise, sunset, moonrise, moonset, and the phase of the moon.
Comment Possible solutions include an ephemeris, tables, models, and firmware. A ROM-based ephemeris is available

commercially.
DeriveReqt: CuR1-1
Verify method Initially modeling, thereafter demonstration: Tester will observe the time of sunrise and sunset. The predicted times

and the observed times must be within TBD minutes on average. All aconyms are expanded at the beginning of
document 8. The TBD shall be resolved before PDR.

Priority Low
Date of last change December 3, 2009

Identification tag (Id) FR1-2
Name Control Lights
Text The system shall control the illuminance of the lights.
Comment Another requirement should be added that requires the illuminance to be uniform throughout the operations

room.
DeriveReqt: CuR1-2
Refined by NFPR1-1 and NFRP1-2
Verify method Initially inspection, later demonstration
Priority High
Date of last change December 3, 2009

Identification tag (Id) FR1-3
Name Control Light Blockers
Text The system shall control the opening and closing of light blockers.
Comment Light blockers are devices that alter the amount of light coming into or out of a room, such as blinds, shades

and drapes. At night they will be closed to prevent light from leaking out to the telescopes.
DeriveReqt: CuR1-3
Refined by NFPR1-1 and NFRP1-2
Verify method Initially inspection, later demonstration
Priority Medium
Date of last change December 3, 2009

Identification tag (Id) FR1-4
Name Sense Illuminance
Text The system shall sense the illuminance in the room.
Comment This requirement should be expanded to require that the sensors be distributed throughout the operations

room. A nonfunctional performance requirement could specify the required accuracy of the light sensors.
DeriveReqt: CuR1-4
Verify method Test during design and construction, thereafter demonstration: The illuminance sensor readings will be

compared with calibrated illuminance meters on a monthly basis.
Refined by NFPR1-1 and NFRP1-2
Priority High
Date of last change December 3, 2009

Identification tag (Id) FR1-5
Name Buy and Sell AC Electricity
Text The system shall be capable of buying electricity from and selling electricity to the AC electric power grid.
Comment The Hawaii Electric Light Company Inc. is the electric company for the Big Island of Hawaii. This

requirement has a measure of effectiveness, the amount of energy sold to this electric company per month.
DeriveReqt: CuR1-5
Verify method Initially inspection, when operational weekly analysis
Priority Low
Date of last change December 3, 2009

Identification tag (Id) FR1-6
Name Generate Electricity
Text The system shall be capable of generating electricity.
Comment Electric generators transform environmental energy into electricity. Here are some common examples: PV

panels, wind turbines, ocean waves, ocean tides, and geothermal systems. The energy storage part of this
requirement was deleted by Bahill October 17, 2009.

DeriveReqt: CuR1-6
Verify method Inspection
Priority Medium
Date of last change December 3, 2009

Identification tag (Id) FR1-7
Name Execute BiST
Text The system shall execute BiSTs.
Comment This comes from BICS company policy.
DeriveReqt: CuR1-7
Verify method Test during design and construction, and thereafter in weekly demonstration.
Priority High
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Date of last change December 3, 2009

Identification tag (Id) FRz-1
Name Gather V&V Data
Text The system shall facilitate gathering evidence that can be used to prove verification and validation (V&V) of

the system and the requirements.
DeriveReqt: BICS company policy
Verify method Inspection
Priority High
Date of last change December 3, 2009

Nonfunctional performance requirements

Identification tag (Id) NFPR1-1
Name Maintain Daytime Illuminance
Text The system shall maintain the daytime illuminance in the operations room at 500 6 50 lux (<50 6 5 fc).

Trace to FR1-2, FR1-3, and FR1-4.
DeriveReqt: CuR1-8
Verify method The system will record the illuminance every minute. This file will be examined weekly. The average value,

the number of excursions from the limits and the total duration of the excursions will be computed. These
measures shall be within TBD. This TBD shall be resolved before PDR.

Priority Medium
Date of last change December 3, 2009

Identification tag (Id) NFPR1-2
Name Maintain Nighttime Illuminance
Text The system shall maintain the nighttime illuminance in the operations room at 0.4 6 0.2 lux (<0.04 6

0.02 fc). Trace to FR1-2, FR1-3, and FR1-4.
DeriveReqt: CuR1-9
Verify method The system will record the illuminance every minute. This file will be examined weekly. The average value,

the number of excursions from the limits, and the total duration of the excursions will be computed. These
measures shall be within TBD. This TBD shall be resolved before PDR.

Priority Medium
Date of last change December 3, 2009

Identification tag (Id) NFPR1-4
Name Rated Power
Text The electric generating system shall have a minimum rated power of 10 kW.
Rationale Expected average daily electricity generation in this location with this type of plant must be at least 40 kWh/d. To

account for environmental variability, the capacity factor of renewable-energy electric-generators is typically
5% to 40%. For photovoltaic solar power, we estimate a capacity factor of 17%. Therefore the minimum rated

power must be 10 kW. RatedPower~
AverageDailyElectricityGeneration

CapacityFactor|
24h

d

~
40kWh=d

1

6
|

24h

d

~10kW

DeriveReqt: FR1-6
Verify method Inspection
Priority High
Date of last change December 3, 2009

Test requirements*

Identification tag (Id) FRz2
Name Acceptance Testing of COTS Equipment
Text There shall be an office and yard in Hilo that will be used for receiving, testing, and initial assembly of

purchased equipment.
Rationale Each major piece of equipment shall be tested to ensure that it satisfies the manufacture’s specifications.

Equipment will be preassembled in Hilo. Once equipment gets up to 13,800 feet, testing and assembly will
be more difficult and more expensive, and it will interfere with operation of the telescopes.

DeriveReqt: Test and Evaluation
Verify method Inspection
Priority High
Date of last change December 3, 2009

Cost requirements

Identification tag (Id) CoR3
Name Cost of Generated Electricity
Text The system shall generate electricity at a cost that is competitive with commercial electricity costs at that

location, after federal, state, local, and electric utility company credits.
Comment Trace to CoR2 and NFPR1-4. To evaluate the cost of producing electricity, the streams of costs are converted to

a net present value using the time value of money. The cost includes design, purchase, installation, operation,
maintenance, retirement, and replacement. It depends on the interest rate and the amortization period.

DeriveReqt: CuR1-10
Verify method Analysis
Priority High
Date of last change December 3, 2009

*Test and evaluation engineers will create requirements for test and evaluation and put them in this section.

Table 1.—Continued.
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iteration produces more complex and more detailed
models (Bahill et al. 2008). It is imperative that rules
be written to show this progression between models
(Mellor et al. 2004). For example, documents 6 and 2
use phrases like ‘‘window screens or curtains.’’ In
documents 3, 4, and 7, this phrase will be replaced with
the class name Light Blocker. The ConOps and
documents 6 and 2 use phrases like ‘‘solar panels or
wind turbines.’’ In documents 3, 4, and 7 this phrase
will be replaced with the class name DC Electric
Generator.

In the use cases, the requirements are labeled as, for
example, Req 1-2, where the 1 indicates the first use
case and the 2 indicates the second requirement in this
use case. In document 2, the requirements are labeled
as customer requirements, for example, CuR1-2. In
document 3, the requirements are labeled as functional
requirements, for example, FR1-2, and nonfunctional
performance requirements, for example, NFPR1-2.

Document 3: Derived Requirements
Each requirement is verifiable by (ordered by increas-

ing cost) logical argument, inspection, modeling, simu-
lation, analysis, test, or demonstration (Bahill and Dean
2009). Here are dictionary definitions for these terms.

logical argument: a series of logical deductions.
inspection: to examine carefully and critically, espe-

cially for flaws.
modeling: a simplified representation of some aspect

of a system.

simulation: execution of a model, usually with a
computer program.

analysis: a series of logical deductions using mathe-
matics and models.

test: applying inputs and measuring outputs under
controlled conditions (a laboratory environment).

demonstration: to show by experiment or practical
application (flight or road test). However, some
sources say demonstration is less quantitative than
test. Demonstrations can be performed on electronic
breadboards, plastic models, sterolithography mod-
els, prototypes made in the laboratory by techni-
cians, preproduction hardware made in the plant
using developmental tooling and processes, and
production hardware using full plant tooling and
production processes.

The attributes of the requirements of Table 1 are
listed row by row, because this is a Word document. If
this were a spreadsheet, they would be listed column by
column. Figure 2 shows the relationships between the
use cases, the requirements, and the test cases. The on-
line BIMS set of documents has more requirement
examples.

Document 4: Verification and Validation
Verification and validation has four parts (Bahill and

Dean 2009; Bahill and Henderson 2005). Validating
the system: Building the right system: ensuring that the
system does what it is supposed to do. Verifying the
system: Building the system right: ensuring that the

Figure 2. Requirements diagram (req) for one use case of a BIMS.
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system complies with its requirements and conforms to
its design. Verifying requirements: Proving that each
requirement has been satisfied. Validating require-
ments: Ensuring that the set of requirements is correct,
comprehensive, complete, and consistent.

Validating the system. Validating the system means
building the right system: making sure that the system
does what it is supposed to do in its intended
environment. Validation determines the correctness
and completeness of the product, and ensures that the
system will satisfy the actual needs of the customer.

It is very important to note that validation is not
done once and that it is not a serial process. Like all
systems engineering processes, it is iterative and highly
parallel. System validation artifacts can be collected at
the following discrete events: trade-off study reviews,
phase reviews, life cycle reviews, red team reviews,
system requirements review, preliminary design review
(PDR), Critical Design Review (CDR), and field test.
Validation defects can be detected at inspections: The
role of tester should be given an additional responsi-
bility, validation; tester should read the vision state-
ment and the concept of operation, and specifically
look for such system validation problems. System
validation artifacts that can be collected continuously
throughout the life cycle include white papers, results
of modeling and simulation, and a count of the number
of operational scenarios (use cases) modeled. Detect-
able system validation defects include mismatches
between the model and simulation, and the real
system. For BIMS, validation evidence will be
collected throughout design and construction.

A sensitivity analysis can reveal validation errors
(Smith et al. 2008). If a system is very sensitive to
parameters over which the customer has no control,
then it may be the wrong system for that customer. If
the sensitivity analysis reveals the most important
parameter and that result is a surprise, then it may be
the wrong system. If a system is more sensitive to its
parameters than to its inputs, then it may be the wrong
system or the wrong operating point. If the sensitivities
of the model are different from the sensitivities of the
physical system, then it may be the wrong model. The
sensitivity analysis in document 5 shows that our trade-
off study is valid.

Verifying the system. Verifying the system means
building the system right: ensuring that the system
complies with its requirements and conforms to its
design. Components are verified during component
testing. Systems are primarily verified at Total System
Test. Sensitivity analyses can also be used to help verify
systems. In a manmade system or a simulation,
unexpected excessive sensitivity to any parameter is a

verification mistake. Sensitivity to interactions should
definitely be flagged and studied: Such interactions
may be unexpected and undesirable.

Verifying requirements. Verifying requirements means
proving that each requirement has been satisfied.
Verification can be done by logical argument, inspec-
tion, modeling, simulation, analysis, test, or demonstra-
tion. The verification matrix must show a one-to-one
mapping between the requirements and the test plan. Its
audience is systems engineering and the customer.

The way documents 2 and 3 were written, we do not
have to verify any of the document 2 requirements
because they all have derived requirements in docu-
ment 3. In the test section, we will verify each of the
system functional requirements. We will not verify the
business model requirements, process requirements,
the cost requirements, the schedule requirements, or
the verification and validation requirements.

It is important to note that verification is not a serial
process: It is iterative and highly parallel. Verification
and validation are not done sequentially. They are done
in parallel with many iterations.

System test
Requirements verification. The system will have
built-in self-tests. In addition, it will be subjected to
the following logical tests.

TestCase1 for BIMS Functional Requirements
{Test using the main success scenario of the

Control Illuminance During the Day use case}

1. Before sunrise, tester starts BIMS and records
that it has executed all of its built-in self tests.
This verifies FR1-7.

2. The sun rises in the morning. The system turns
up the lights and closes the light blockers.

3. Tester records the result including actual and
predicted time of sunrise. This verifies FR1-1,
FR1-2, FR1-3, FR1-4, and NFPR1-1.

4. The system senses the illuminance in the
operations room and adjusts the illuminance
with light dimmers and light blockers.

5. Tester measures the illuminance in the opera-
tions room, observes that the system is following
the sunrise sequence diagram fragment (Figure 7)
and records the result. This verifies FR1-2, FR1-
3, FR1-4, and NFPR1-1.

6. The sun moves across the sky and the
illuminance from the sun increases.

7. The system decreases illuminance from the
lights and partially opens the light blockers.

8. At half-hour intervals, tester measures the
illuminance in the operations room and records
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the result. This verifies FR1-2, FR1-3, FR1-4,
and NFPR1-1.

9. The sun rises to its zenith.
10. The system reduces the illuminance of the lights

and opens the light blockers as far as possible,
while maintaining the illuminance within its
daytime limits.

11. Tester measures the illuminance in the opera-
tions room and records the result. This verifies
FR1-2, FR1-3, FR1-4, and NFPR1-1.

12. The system senses the illuminance in the opera-
tions room with light sensors and adjusts the
illuminance with light dimmers and light blockers.

13. At half-hour intervals, tester measures the
illuminance in the operations room and records
the result. This verifies FR1-2, FR1-3, FR1-4,
and NFPR1-1.

14. The sun starts to set.
15. The system slowly adjusts the illuminance to its

nighttime level.
16. Tester measures the illuminance in the opera-

tions room, observes that the system is following
the sunset sequence diagram fragment (Figure 7),
and records the result. This verifies FR1-2, FR1-
3, FR1-4, and NFPR1-1.

17. The sun sets.
18. Tester observes that the system has shifted to

the Control Illuminance During the Night
use case and records the result.

{Test using the Clouds Cover the Sun unanchored
alternate flow of the Control Illuminance During
the Day use case}

1. While the BIMS is operating properly during the
daytime, tester blocks sunlight from the opera-
tions room. This could be done by waiting for
natural clouds to come by or by unrolling an
opaque screen from the roof in front of the
operations room window. If wind turbines or
other electric generating devices are used, then this
statement will have to be changed accordingly.

2. The system opens the light blockers.
3. Tester measures the illuminance in the opera-

tions room, observes that the system is following
the Clouds Cover the Sun unanchored alternate
flow and records the result. This verifies FR1-2,
FR1-3, FR1-4, and NFPR1-1.

4. The system draws energy from the AC electric
power grid.

5. Tester measures the illuminance in the operations
room and the flow of energy from the AC electric
power grid and records the result. This verifies
FR1-2, FR1-3, FR1-4, NFPR1-1, and FR1-5.

6. Tester turns off unnecessary electric loads and
removes the opaque screen from the operations
room window.

7. The system delivers energy to the AC electric
power grid.

8. Tester measures the illuminance in the opera-
tions room and the flow of energy to the AC
electric power grid and records the result. This
verifies FR1-2, FR1-3, FR1-4, NFPR1-1, FR1-
5, and FR1-6.

9. Tester observes that the system returns to the
main success scenario and records the result.

{End of testCase1 for the Control Illuminance
During the Day use case}

This test case procedure has verified FR1-1, FR1-2,
FR1-3, FR1-4, FR1-5, FR1-6, FR1-7, and NFPR1-1.
Nonfunctional performance requirement NFPR1-2
will be verified in tests based on the Control
Illuminance During the Night use case. CR3 will
be verified by analysis.

{Start of Verification and Validation (V&V) Test}

1. Tester uses the system as in the test for the main
success scenario for the Control Illuminance
During the Day use case.

2. Tester observes and records the result.
3. Tester examines the data and writes a V&V

report. This verifies FRz-1 Gather V&V data.

{End of V&V Test}

System verification
{Test by system experiment}
The system experiment in Table 2 will test the high-

level system functioning. It is based on the BIMS
Illuminance controller state machine diagram in
document 7 (Figure 8).

Preconditions:
Wait for weather conditions that will generate above

average electricity, such as a sunny afternoon for
photovoltaic panels or winds above 15 mph for wind
turbines.

Disconnect the system from the AC electric power grid
and turn off all possible loads.
The system experiment shown in Table 2 is a state-

based test. If the problem statement requires a state-
based solution, then state-based tests must be used. It is
not possible to test a state-based system using only
input–output behavior (Botta, Bahill, and Bahill 2006;
Wymore and Bahill 2000).

Validating requirements. Validating requirements
means ensuring that the set of requirements is correct,
complete, and consistent, that a model can be created
that satisfies the requirements, that a real-world
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solution can be built that satisfies the requirements,
and that this real-world solution can be tested to prove
that it satisfies the requirements. If the client has
requested a perpetual motion machine, this is the place
to stop the project and save the money. Requirements
validation often uses comparisons to existing systems
that do most of the desired tasks. Lutron Electronics
has two products that satisfy most of our light
management requirements: the Daylighting system
and the Hyperion–Solar Clock. The features of BIMS
that are not included in either of those two systems are
using renewable-energy electric generators, remote
locations, and consideration of moonlight. We are
sure that we can design and build a system that satisfies
these requirements because most of them can be
fulfilled with presently available COTS systems. There

are lots of renewable-energy electric-generating sys-
tems, including many that are already connected to AC
electric power grids. The validation process should
start at the beginning of the project.

Document 5: Concept Exploration
Alternative architectures. The BIMS project will do
trade-off studies for many decisions such as choosing
the type of light blockers, selecting a system to control
the entire light management system, and suggesting an
energy storage unit to smooth the electric generation
when the environment varies. This article only shows
the trade-off study for the type of electric generator
that will be recommended.

Electric generators transform environmental energy
into electric energy. Here are some common examples:

Table 2. Test of the BIMS Illuminance Controller using a system experiment (Wymore 1993).

Time Input Present state Output Next state
BiST

indicator
Related

requirement

0 Connect to AC Electric

Power Grid and turn

on the loads

Initial Running BiST Fail

1 statusBiST 5 finished Running BiST statusBiST 5 running; statusBiST

5finished; resultBiST 5 pass

Maintaining

Daytime

Illuminance

Fail FR1-7

2 illuminance . 550 Maintaining

Daytime

Illuminance

set (lightLevel, blockingPercent) Decreasing

Daytime

Illuminance

Pass FR1-2

FR1-3

FR1-4

NFPR1-1

3 illuminance # 550 Decreasing

Daytime

Illuminance

set (lightLevel, blockingPercent) Maintaining

Daytime

Illuminance

Pass FR1-2

FR1-3

FR1-4

NFPR1-1

4 sunset Maintaining

Daytime

Illuminance

set (lightLevel, blockingPercent);

requestProgram (sunset);

Running Sunset

Program

Pass FR1-1

FR1-2

FR1-3

FR1-4

NFPR1-1

5 programDone Running Sunset

Program

set (lightLevel, blockingPercent);

signal(programDone)

Maintaining

Nighttime

Illuminance

Pass FR1-2

FR1-3

FR1-4

NFPR1-2

6 sunrise Maintaining

Nighttime

Illuminance

requestProgram (sunrise); set

(lightLevel, blockingPercent);

Running Sunrise

Program

Pass FR1-1

FR1-2

FR1-3

FR1-4

NFPR1-2

7 programDone Running Sunrise

Program

runProgram(sunrise); set (lightLevel,

blockingPercent);

signal(programDone)

Maintaining

Daytime

Illuminance

Pass FR1-2

FR1-3

FR1-4

NFPR1-1

End of

test

Maintaining

Daytime

Illuminance

set (lightLevel, blockingPercent) Pass FR1-2

FR1-3

FR1-4

NFPR1-1

There are many more transition arrows of the state machine diagram that need to be tested.
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photovoltaic (PV) solar panels; thermal solar panels;
wind turbines; ocean currents, waves, and tides;
hydroelectric dams; balloons for tapping static elec-
tricity stored in the atmosphere; and geothermal
systems based on the Kilauea volcano. For this project
the electric generators will be connected to the AC
electric grid. Table 3 shows the alternative systems that
were analyzed in this project.

The question posed to this trade-off study was, ‘‘In
terms of using renewable energy to generate electricity
for the telescope operations room on top of Hawaii,
what is the preferred electric generating system?’’
Figure 3 suggests a part of the analysis that went into
fitting the alternatives into the environment.

Evaluation criteria. Evaluation criteria will be needed
for each trade-off study. Some of the criteria may be
reusable in several trade-off studies. Here are some of
the criteria for choosing the preferred renewable-
energy electric-generating systems.

Performance

Name of criterion: Perceived Ease of Test and

Evaluation

Name of criterion: Vendor Evaluation

Name of criterion: Possible Interference with Telescope Views

Each criterion will have a full description such as the
following.
Name of criterion: Rated Power

Figure 3. Brainstroming illustration of alternative electric generators fit in the Mauna Kea environment. A trade-off study to help
determine the system architecture must consider multiple alternatives situated in the environment in which the system will operate.

Photo montage credit: Alex and Zach Bahill.
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Description: Rated Power (kW) is the power that the
system was designed to generate in steady state at
the normal operating point, which is usually near the
maximum power point. It is also called generating
capacity and nameplate capacity. The normal
operating point for the telescope site on top of
Hawaii has an average wind speed of 10 mph and an
average insolation of 6 kWh/(m2 d).

Weight of importance (priority): 4 (Botta and Bahill
2007)

Basic measure: The power that the system was
designed to generate

Units: kW
Measurement method: Initially we will believe the

manufacturers’ specifications. During operations we
will compute the value of the average power that is
actually produced in steady state at the normal
operating point.

Input: Rated power (kW), with a domain of 0 to
1 MW, and expected values between 5 and 25 kW.

Scoring function: Monotonic increasing, LL 5 5, BL
5 10, S 5 0.2, UL 5 25 plotting range 5 to 16
(Daniels, Werner, and Bahill 2001; Figure 4).

Output: 0 to 1
Traces to NFPR1-4

The input to the function of Figure 4 is Rated Power,
which has legal values between 0 and 1 MW. Feasible
alternatives will have expected values between 5 and
25 kW. The preferred alternatives shown in Table 4 had
rated powers between 7 and 11 kW, which is where the
curve has its maximum slope and therefore the greatest
differentiating power. Four of the alternatives are shown
in the figure. The output is normalized to the 0 to 1
range, and more output is better.
Cost

Name of criterion: Total Life Cycle Cost (thousands of
U.S. dollars)

Name of criterion: Price to Power Ratio ($/W)

Name of criterion: Cost of Generated Electricity ($/
kWh)

Company policy
Name of criterion: Built-in Self Test:
Name of criterion: Reusability:

The online BIMS set of documents has more
evaluation criteria examples.

The trade-off study matrix for this project is shown
in Table 4. It shows that the PV solar panels have the
highest alternative ratings. The complete trade-off
study and sensitivity analysis is located at http://www.
sie.arizona.edu/sysengr/sie554/BIMS/BIMS11.xls.

The values for the cells were derived by a panel of
domain experts using the Delphi method. The values
came from manufacturers’ data, peer reviewed journal
articles, and (only for the weather data) Internet Web
sites. A value was derived for each alternative and for
each criterion. This value was put into the scoring
function for that criterion and the resulting score (Sc)
was put into Table 4. Each score was then multiplied
by its corresponding normalized weight (Wt), and
these products were summed in each column to
produce the alternative ratings.

This trade-off study answered the question ‘‘In
terms of using renewable energy to generate electricity
for the telescope operations room on top of Hawaii,
what is the preferred electric generating system?’’ by
stating that the preferred alternatives are the PV solar
panels without battery storage.

Each number in a trade-off study matrix should have
an explanation. For example, the score for total life
cycle cost for the ‘‘do nothing’’ alternative is 0.2. Its
purchase price is zero, which would give it a high score.
But it would sell no energy to the electric company so it
would not generate revenue. This lowers its score to
0.2. The original estimation was made by Bahill,
December 3, 2009.

When filling in a trade-off study matrix, like
Table 4, it is important to pay attention to common
mental mistakes (Smith et al. 2007). For example, the
criteria total lifecycle cost, price to power ratio, and
cost of generated electricity are dependent; evaluation
criteria should be independent. Second, there is an
uneven level of detail in the description of the PV solar
panels and the LIMPET system. This often occurs for
straw men but should not exist for serious alternatives.

The sensitivity analysis (Smith et al. 2008) per-
formed on this trade-off study showed that the most
important category weight was that for company
policy, the most important subcategory weight was
that for BiST, and the most important scores were for
BiST for alternatives 1, 2, 3, 4, and 7. Therefore, we
spent extra time discussing among ourselves and with
top management whether performance, cost, or

Figure 4. Scoring function for the Rated Power

evaluation criterion.
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company policy should have the highest weight. We
expended extra resources consulting with management
and the customer about the relative weights of the
subcriteria. We did extra research, analysis, and
modeling to get more reliable scores for BiST for
alternatives 1, 2, 3, 4, and 7.

Document 6: Use Case Model
A use case is an abstraction of required functions of a

system. A use case produces an observable result of
value to the user. Each use case describes a sequence of
interactions between one or more actors and the
system.

Name: Control Illuminance During the Day
Iteration: 3.4
Derived from: ConOps
Brief description: The sun rises and sets, but the

BIMS will keep the illuminance in the operations
room constant.

Level: High
Priority: This is of the highest priority.
Scope: The operations room of a telescope facility on a

remote mountaintop and a renewable-energy electric
generator and an energy storage device. Note: the
original ConOps specified the use of energy storage
devices. This requirement was subsequently re-
moved. In this use case, we show the removal by
using a strikethrough effect.

Added value: Astronomers are more comfortable and
more productive.

Goal: Maintain specified illuminance in the daytime.
Primary actors: Astronomer, engineer, tester

Supporting actors: Sun, clouds (and during the night
the moon).

Frequency: It will be used every day.
Precondition: The system has passed all of its BiSTs,

and tester or the engineer has started the system.
Trigger: The sun rises.

Main success scenario

1. The sun rises in the morning.
2. The system turns up the lights and closes the

window screens or curtains.
3. The system senses the illuminance in the room

with light sensors and adjusts the illuminance
with light dimmers and window screens or
curtains.

4. The sun moves across the sky, and the
illuminance from the sun starts to increase.
(Actually, the earth rotates, but it more intuitive
to say that the sun moves.)

5. The system decreases illuminance from the
lights and partially opens the window screens
or curtains. The trade-off between these two
would be determined by sunlight shining on
computer monitors, heating and cooling con-
siderations, as well as electricity usage.

6. The sun rises to its zenith.
7. If it will not waste heating or cooling energy, the

system opens the window screens or curtains.
8. The system senses the illuminance in the room

with light sensors and adjusts the illuminance
with light dimmers and window screens or
curtains.

9. The sun starts to set.
10. The system slowly adjusts the illuminance to its

nighttime level. (Because of its complexity, this
step will probably become a separate use case in
future models.)

11. The sun sets.
12. Include the Control Illuminance During

the Night use case.

Clouds Cover the Sun unanchored alternate flow

1. Electric generation falls because of the wind
dropping, waves disappearing, or clouds covering
the sun.

2. The system opens the window screens or
curtains.

3. The system draws energy from the energy storage
device AC electric grid.

4. Electric generation resumes because of the wind
increasing, waves coming back, or clouds blowing
away.

Table 4. Renewable-energy electric-generating systems that

were analyzed in a trade-off study.

Manufacturer

Rated
power
(kW)

Purchase price
without installation

(U.S. dollars)

Grid-connected PV systems

Sun Electronics 10.2 $34,000.

DMSolar 10.4 $34,000.

The Solar Calculator 8.9 $55,000.

Grid-connected wind turbines

Jacobs Wind Systems 7 $55,000.

Bergey WindPower 2 $30,000.

Abundant Renewable Energy 3.5 $50,000.

Southwest Wind Power 2.4 $14,000.

Nordtank 65 10.2 $62,000.

Other

LIMPET, wave power 100 $260,000

Helium balloons 6 3 10212 $100

The do-nothing alternative 0 0
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5. The system delivers energy to the energy storage
device. AC electric grid.

6. The system readjusts the light dimmers and
window screens or curtains. [return to the main
success scenario.]

Postcondition: The system is in the Control
Illuminance During the Night use case.

Specific requirements (Daniels and Bahill 2004)

Functional requirements:

Req1-1 The system shall use an ephemeris, tables,
models, firmware, or similar methods to anticipate
sunrise, sunset, moonrise, moonset, and the phase of
the moon.

Req1-2 The system shall control the illuminance of the
lights.

Req1-3 The system shall control the opening and
closing of window screens or curtains.

Req1-4 The system shall sense the illuminance in the
operations room.

Req1-5 The system shall buy electricity from and sell
electricity to the AC electric power grid.

Req1-6 The system shall generate electricity and use
energy. Here are some common examples of sources
of renewable energy: PV panels, wind turbines,
ocean waves, ocean tides, and geothermal systems.
The energy storage requirement was removed by
Bahill October 17, 2009.

Req1-7 The system shall execute built-in self tests
(BiST). (Derived from BICS company policy.)
Nonfunctional requirements:

Req1-8 The system shall maintain the daytime
illuminance in the operations room at 500 6 50 lux
(<50 6 5 fc). Trace to Req1-2, Req1-3, and Req1-4.

Req1-9 The system shall maintain the nighttime
illuminance in the operations room at 0.4 6 0.2 lux

(<0.04 6 0.02 fc). Trace to Req1-2, Req1-3, and
Req1-4.

Req1-10 The system shall generate electricity at a cost
competitive with commercial electricity costs at that
location, after federal subsidies, etc. Trace to Req1-5
and Req1-6.

Author/owner: Walt Zaharchuk
Last changed: December 3, 2009

A use case diagram is the table of contents of a use
case model. It shows all of the use cases that have been
described so far. Figure 5 is our first use case diagram.

Other use cases. So far, we have written one use case.
A complete design will probably have dozens of use
cases. Here are some other proposed use cases:

Control Illuminance During the Night
Buy Electricity from and Sell Electricity to

the AC Electric Power Grid
Generate Electricity Using Renewable-

energy Electric-generators
Follow Sunrise and Sunset Programs. For

the telescopes, these programs will be different
from residential venues because during this critical
time of day naked-eye observations by astrono-
mers, meteorologists, naval personnel, etc., are
important. The algorithms here may be the most
complex because the change of illuminance will
have the largest dynamic range and the fastest
time constant.

Run Built-in Self Tests
Run Tests and Evaluate the System
Control Temperature in the Operations

Room. The lighting control system must interact
intimately with the HVAC system. This will
produce requirements of temperature goals and
tolerances.

Document 7: Design Model
Document 7 contains UML and SysML diagrams

(Bahill and Szidarovszky 2009; Friedenthal, Moore, and
Steiner 2008; OMG UML 2010; OMG SysML 2010).
First, we will work on the class diagrams. The following
classes were obtained by (a) thinking about concepts in
the problem domain, (b) underlining nouns in the use
cases and ConOps, and (c) considering the stereotypes
of interfaces (boundary classes), data storage needs
(entity classes), and state machines (controller classes).
Figure 6 shows the high level classes of BIMS.

Figure 7 shows a sequence diagram for BIMS. A
complete model might have dozens (maybe hundreds)
of sequence diagrams. The sequence diagrams and class
diagrams are produced concurrently: use sequence
diagrams to find the operations (functions) of the

Figure 5. Use case diagram (uc) for a BIMS.
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classes. There should be a sequence diagram for every
flow of every use case. After the CDR, test and
evaluation should ensure that the commands and
messages of the sequence diagrams are related to the
functions (operations) of the classes.

Analysis classes

Engineer ,,actor..

name: String
programBIMS
troubleshootBIMS

An engineer programs and troubleshoots the BIMS.
Lifetime: An engineer exists from the moment a
person has been classified as an engineer with BICS
until the moment the engineer ceases his or her
relationship with BICS.

Tester ,,actor..

name: String
troubleshootBIMS
testBIMS

The role of tester will be filled by a member of the
test and evaluation team. It could be filled by the same
person(s) who fills the role of engineer.

Sun, moon, clouds ,,supporting actors..

name: String
varyIlluminaceOfEarth()

Later this class will be decomposed into three
classes. Lifetime: The sun is about 5 billion years old:

It will last another 5 billion years. The earth is about
4.5 billion years old, and the moon is a bit younger.
Each cloud lasts a few hours.

Operations Room ,,package..

depth: Real 5 7 {m}
height: Real 5 4 {m}
width: Real 530 {m}

The operations room contains the thermostat, the
light sensor, and the light blocker. It is 7 m deep, 30 m
wide, and 4 m high. Its east wall is all glass and faces
directly east. All other walls have minimal glass and
maximum insulation.

Thermostat ,,boundary class..

temperature: Integer 5 65 {0–100, degrees Fahrenheit}
measureTemperature()
sendTemperature()

The thermostat measures the average temperature in
the operations room and sends that value to the BIMS
illuminance controller.

Light Sensor ,,boundary class..

illuminance: Real {0.01–3000, lux}
measureIlluminance()
sendIlluminance()

The light sensor measures the average illuminance in
the operations room and sends that value to the BIMS
illuminance controller.

Light Blocker ,,boundary class..

Figure 6. High-level class diagram for a BIMS.
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blockingPercent: Integer 5 100 {0–100}
blockingPercent()

The light blocker blocks some percentage of the
incoming light.

Light Dimming System ,,block or package..

The light dimming system is composed of the light
controller, the light dimmer, and the light bulb. There
will be many light bulbs in this system, but in UML
and SysML we name the classes with a singular noun.

Light Controller ,,control class..

lightLevel: Integer 5 100 {0–100, percent}
lightLevel()

The light controller is the brains of the Light
Dimming System. The bars on the sides of this box
indicate that the BIMS Light Controller is an active

class. That means it has one or more state machine
diagrams.

Light Dimmer
powerLevel: Real {watts}
increasePower()
decreasePower()

The light dimmer varies the power being sent to the
light bulb.

Light Bulb
illuminance: Integer 5 0 {0–12,000 lumens}
colorTemperature: Integer 5 3,500 {Kelvins}
emitLight()

Beverage Store ,,subsystem..

address1: String 5 ‘‘Hawai’i Nui Brewing, 275 E.
Kawili St, Hilo, HI 96720’’

Figure 7. Time runs from top to bottom in this sequence diagram (sd) for one instance of the main success scenario of the Control
Illuminance During the Day use case.
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address2: String 5 ‘‘Stores in the town of Vicuña, a
one-hour drive from the top of Cerro Pachón’’

sellBeer(MehanaMaunaKeaPaleAle)
sellBeer(RogueChipotleAle)

Graphical User Interface (GUI) ,,boundary class..

statusGUI: Boolean 5 off {on, off}
Use the company standard GUI.

AC Electric Power Grid Interface ,,boundary class..

statusAC: Boolean 5 buying {buying, selling}
energySold: Real {kWh or J}
sellACelectricity()
buyACelectricity()

Our system must be able to buy and sell electricity
through the AC electric power grid interface. The
WattHourMeter indicates the direction of and amount
of energy flow. The measure of effectiveness attribute

energySold indicates the amount of energy that has
been bought or sold to the electric power grid.
Physically, this could be 1 WattHourMeter or 2.

Renewable-Energy System ,,subsystem..

The Renewable-Energy System is a subsystem of
BIMS composed of a DC electric generator and a DC
to AC inverter.

DC Electric Generator
ratedPower: Real {kW}
generateElectricity()

DC/AC Inverter
ratedPower: Real {kW}
convert DC to AC()

Database ,,entity class..

read/writeData()

Figure 8. State machine diagram (stm) for a BIMS Illuminance Controller (IC). The illuminance limits could be parameters instead of

fixed values. The IC increases or decreases the illuminance by commanding a different lightLevel and blockingPercent. Running the

sunrise program is accomplished by commanding a sequence of preprogrammed lightLevel and blockingPercent.
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provideData()
The clock and the database work together so that

they always know the correct time and date. They use
this in conjunction with tables or models so that they
always know where the sun and the moon are. The
database also stores light programs. For example, the
sunrise program might look like this:

1. The sun starts to rise.
2. The light blockers close as necessary to eliminate

direct sun rays on computer screens.
3. The light dimming system turns up the lights to

provide the desired daytime illuminance.
4. As the sun rises, the light blockers are opened

and the lights are dimmed.

Clock ,,control class..

time(hh:mm): String {hh [0–24], mm [0–60]}
date(mm/dd/yy): String {mm [1–12], dd [1–31], yy [0–99]}
daytime(): Boolean {AM, PM}
compute() {sunrise, sunset, moonrise, moonset,

phaseOfMoon}

announce() {sunrise, sunset, moonrise, moonset,
phaseOfMoon}

requestData()

Built-in Self Test (BiST) ,,control class..

resultBiST: Boolean 5 fail {pass, fail}
statusBiST: Boolean 5 finished {running, finished}
sendResultBiST()
indicateStatusBiST()

Whenever the system is not serving the customer, it
should be doing BiST. In addition, at startup it will do
self tests. And finally it will run large diagnostic tests
once a day.

Illuminance Controller (IC) ,,control class..

statusIC: Boolean 5 notBusy {busy, notBusy}
compute(lightLevel, blockingPercent)
setLightLevel()
setBlockingPercent()
runBiST()
requestProgram()
runProgram()
programDone()

Table 5. Standard ports that show the movement of signals, commands, or messages.

Control class Inputs and outputs
Source and

destination class Explanation

Illuminance Controller

(IC)

Inputs Source Class

announce {sunrise, sunset, moonrise,

moonset, phaseOfMoon}

Clock This algorithm uses predicted sunrise and sunset,

and the illuminance to announce when the sun

is rising or setting.

illuminance() Light Sensor Average illuminance in the operations room.

programs {sunrise, sunset, etc.} Database Preprogrammed sequences of light and light

blocker parameters.

statusBiST {running, finished} BiST

statusIC {busy, notBusy} IC

Outputs Destination Class

setLightLevel() Light Controller

setBlockingPercent() Light Blocker

requestProgram() Database

programDone() IC

statusIC {busy, notBusy} IC

Light Controller Inputs

setLightLevel() IC

Outputs

lightLevel() Light Dimmer

BiST Inputs Source Class

runBiST IC

Outputs Destination Class

statusBiST() IC

resultBiST() IC, et al.

Clock Inputs Source Class

data() Database

illuminance() Light Sensor

Outputs Destination Class

announce {sunrise, sunset, moonrise,

moonset, phaseOfMoon}

IC

requestData Database
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The illuminance controller is an active class. That
means it has one or more state machine diagrams. It
sends commands to the light controller and the light
blocker to make the illuminance follow certain pro-
grams, such as for sunrise and sunset. The light sensor
sends illuminance levels to the illuminance controller.

The major required functionality of the system
(shown in the last two dozen class boxes) will be
captured in the use cases and put into the customer
requirements document. These functions will be tested
in the use case derived test procedures. Detailed design
will produce additional lower level functions that must
be tested. Test and evaluation must test each of the
functions (the bottom compartment, the operations) of
every one of these classes.

Other diagrams. Figure 8 shows a state machine
diagram (stm) for a BIMS illuminance controller
(IC). Table 5 shows standard ports that describe the
movement of signals, commands, and messages.
Table 1 showed a system experiment that would test
the behavior described in the state diagram of Figure 8.
After CDR, test and evaluation should ensure that the
inputs (events) and outputs (functions) of the state
machine diagrams are related to the commands and

messages of the sequence diagrams and the functions
(operations) of the classes.

Figure 9 shows a SysML block definition diagram
(bdd) illustrating the structure of a BIMS. The values
in these blocks must be tested. These values should be
the same as the attributes in the center box of the
classes of the previous section.

Figure 10 shows a SysML block definition diagram
(bdd) illustrating the constraints of a BIMS. Figure 11
shows a SysML parametric diagram (par) that
illustrates the bindings for a BIMS: It shows the
location of the values that will be used in the equations
of Figure 10. There is a constraint, shown in Figure 10,
that the illuminance rate of change shall not be greater
than 10 lux/s. To test compliance with this constraint,
the tester must know where to get values for this
equation. A SysML parametric diagram (Figure 11)
shows where these values can be found.

Document 8: Mappings and Management
Acronyms

BICS-Bahill Intelligent Computer Systems
BIMS-BICS Illuminance Management System
BiST-Built-in Self Test

Figure 9. SysML block definition diagram (bdd) showing the structure of a BIMS. Most of the values in the component blocks were

described with the classes. The new one is the Measure of Effectiveness (MoE) for the amount of energy sold to the commercial
electric power grid.
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CDR-Critical Design Review
CDRL-Contract Deliverable Requirements List
ConOps-Concept of Operations
CoR-Cost Requirement
CuR-Customer Requirement
FR-Functional Requirement
HVAC-Heating, Ventilation and Air Conditioning
IC-Illuminance Controller
LED-Light Emitting Diode
NFPR-Nonfunctional Performance Requirement
OCD-Operational Concept Description
PDR-Preliminary Design Review
PV-Photovoltaic
RR-Risk Requirement
SI-Systeme International d’Unites
SR-Schedule Requirement
SRR-System Requirements Review
TBD-To Be Determined
TEP-Tucson Electric Power Company

Risk analysis. Risk is an expression of the potential
harm or loss associated with an activity executed in an
uncertain environment (Bahill and Smith 2009).
Astronomical observatories face heightened scrutiny
from environmentalists because of their prominent
siting. To ameliorate this potential opposition, BIMS
will use renewable-energy electric generators. This is a
political decision, not an economic or scientific decision.
In the risk analysis of Table 6, the greatest risk is that
environmental activists will try to prevent funding and
construction of the facility. Tables 6 and 7 present two
risk analyses: One is specific for the telescope project,
and the other is for home owners in general connecting
PV-solar electric generators to an AC power grid.

The greatest risk is that environmental activists will
try to prevent funding and construction of the facility.
We must alert our public relations people about this risk
now. The second biggest risk is that a similar system has
already been patented. Therefore, we should start

Figure 10. SysML block definition diagram (bdd) showing the constraints of a BIMS. The block named BIMSAnalysis would describe

the engineers doing the analysis, the computer operating system (LINUX, Windows, Macintosh), the software (MATLAB, Maple,

Mathematica), and the algorithms (Runge-Kutta, Adams-Moulton, Cooley-Tukey FFT) that would be used to analyze the equations
of BIMS.
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working on this risk immediately. We should contact
BICS’s lawyer and then start a patent search.

Table 7 contains a failure modes and effects analysis
(FMEA) for Tucson Electric Power’s (TEP) AC electric
power distribution grid. The input data were given to us
by Tom Hansen, vice president of TEP, October 2008.
We derived the rest of the numbers. First, we changed
frequency of occurrence into a percentage. Then we
calculated the range of these frequencies: about six orders
of magnitude. The range for frequency and severity must

be the same (Bahill and Smith 2009) so we assigned
numerical values to the severities as follows:

extreme 1,000,000
very high 100,000
high 10,000
medium 1,000
low 100
very low 10
miniscule 1

The biggest risk in Table 7 is the short to ground on
the distribution grid. This is indeed a big risk because
it cannot be fixed by merely throwing a switch on the
computer control panel. The next biggest risks are
injury or death to humans. This shows that TEP cares
about its employees. The next risks are weather related:
intermittent loss of the energy source (such as sunlight
or wind) and interruption of power produced due to

thunderstorms. Although we cannot do anything about
the weather, we can affect how it affects our system.

Environmental risks. Raptors with large wing spans
can get electrocuted when their wings touch two power
wires at the same time. All birds can be killed if they fly
into the blades of a wind turbine. Many people are
worried about possible noise from wind turbines.

Solar panels could destroy habitats and modify bird
migration patterns. Large fields of solar panels
mounted flat to the earth’s surface could look like a
lake to migratory birds and throw them off course.
Panels mounted on roofs could reflect light into the
eyes of car drivers or airline pilots.

Economic risks. The following are some factors that
could affect the economic risks of attaching solar
electric generating equipment to the AC power grid:
interest rates; continuation of federal, state, and utility
company rebates; amortization period; federal stimulus
funds; and federal regulations.

Risks that have already been addressed. The electric
utilities have been doing risk analyses for years. When
they identified a risk, they did something to minimize
its effects. Here are a few examples.

There could be strong opposition from environmen-
talists, neighbors, or businesses around the areas where
installation of solar panels is proposed. They might
claim that solar panels are unsafe or ugly. Home owners

Figure 11. SysML parametric diagram (par) showing the bindings for a BIMS. This diagram shows where tester would go to get values

to plug into these equations.

Illuminance Management Systems Engineering

31(1) N March 2010 85



associations could prohibit or strongly discourage PV
systems. This was considered a long time ago, and the
state of Arizona passed laws making it illegal for home
owners associations to impose rules against PV systems.

If a home owner tried to install a photoelectric
system, he (or she) could get electrocuted. Installation
looks like a simple task, but high voltages are involved.
TEP has considered this, and they created the green

Table 6. Failure modes and effects analysis for a BIMS.

Failure mode Potential effects
Relative

likelihood*
Severity of

failure
Estimated

risk

Performance

The volcano might erupt. Acts of God are not normally included in a risk

analysis. But in this case we should ensure that

our system is connected to the USGS Volcano

Hazards Program, at the Hawaiian Volcano

Observatory in case we have to evacuate the

mountaintop.

0.001 0.9 0.0009

The electric generators might not supply

enough electricity in cold temperatures,

at high altitudes.

We would not be able to sell power to the AC

electric power grid.

0.01 0.02 0.0002

Telescopes operate below the temperature

of the outside air so telescope enclosures

are typically kept cold inside.

HVAC demands will be different than for a typical

office building (reuse).

0.9 0.001 0.0009

Commercial AC electric power grid may

fail for hours at a time.

We may have to incorporate backup diesel electric

generators.

0.01 0.1 0.001

Cost

It is expensive to build in such a remote

location. Skilled labor may be more

expensive than expected.

We could overrun our budget. 0.9 0.001 0.0009

Construction workers working at 13,800

feet (4,200 m) will have trouble breathing.

This will make the workers less efficient, and they

will need medical observation.

1 0.001 0.001

Something could interrupt the supply lines

across the ocean and up the mountain.

We could overrun our budget and schedule. 0.5 0.001 0.0005

Electric power is expensive on Hawaii

because it has no natural sources of fossil

fuels. The average electricity rate is

$0.2/kWh to $0.3/kWh compared with

the national average of $0.1/kWh.

This could increase construction and operations costs.

It will also affect the balance between electric

lighting cost and HVAC costs. This is also an

advantage because it will help us compete with

commercial electricity rates.

1 0.001 0.001

Cost of generating electricity in this

location is more than the cost of buying it.

We would abandon this part of the project. 0.05 0.5 0.025

Business

The project might lose political support,

and Congress or the NSF could stop

funding.

The project would be terminated. 0.01 1 0.01

Observatories face heightened community

scrutiny because of their prominent siting.

Proactively seeking accommodation with

environmental concerns is one ingredient to a

successful project.

0.5 0.5 0.25

A similar system has already been patented We would have to license patent rights. Although

it would cost at least $5,000, we should initiate

a patent search. If no similar patent is found,

then we should initiate a patent application.

We should immediately contact BICS’s lawyer

and ask if putting this document on my Web

site constitutes disclosure.

0.8 0.1 0.08

One of your teammates might refuse to

do any work.

You will have to fire that teammate, and everyone

else will have to work harder (process).

0.15 0.2 0.03

*Likelihood that the event would happen within the next year. Estimated risk is the product relative likelihood and severity of failure. These values

were estimated by Terry Bahill September 13, 2009.
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incentives program. If a business or a home is
retrofitted with electricity-saving or electricity-produc-
ing devices, TEP will pay about one-third of the
purchase price. But to qualify for the program, the
system needs to be installed by a certified professional;
this discourages people from installing the system
themselves because they would forego the rebate.

Electric companies might refuse to buy electricity
from homeowners. Federal law requires electric
companies to buy electricity from their customers
(http://irecusa.org/wp-content/uploads/2009/10/IREC_
NM_Model_October_2009-1.pdf).

Photovoltaic panels contain no toxic chemicals or
heavy metals. Smashing a panel would not release toxic

gases, produce short circuits on the power grid, or
create unusual flying debris.

Summary
The system design process is a use-case-based

iterative process. Use cases describe the required
functionality of the system; the functional and
nonfunctional requirements are developed while writ-
ing the use cases. These customer requirements are
used to derive technical requirements and create test
procedures. Some of the highest priority requirements
will be made into evaluation criteria for use in trade-off
studies. The system functions (described in the use
cases) are mapped to classes and blocks, and these are

Table 7. Failures modes and effects analysis for TEP’s electric AC power distribution grid.

Failure mode Effect
Frequency of occurrence,

raw data, % of time Severity Risk

Short to ground on the

distribution grid.

This could damage TEP’s equipment,

particularly transformers and capacitor

banks. The system should be back up

within 2 hours. This is unlikely to

damage our customers’ equipment.

Twice a month, 0.6% Medium, 1,000 6

Loss of ability to supply

full load.

This would trip breakers and leave

customers without electric power.

One hour in 10 years, 0.001% Low, 100 0.001

Accidents. Injury to humans requiring medical

attention.

0.02% High, 10,000 2

Human mistakes. Death of humans, with 100 employees,

TEP has had no fatalities in 25 years

of operation.

0.0005% Extreme,

1,000,000

5

Intermittent local loss of

energy source such as wind

or sunlight due to, for

example, clouds.

Voltage on the grid changes and frequency

of coal-fired generators may change.

Big electric generators do like transients.

The average annual sunshine in Tucson

is 85%.

15% Very low, 10 1.5

Massive interruption of power

generation due to monsoon

thunderstorms.

This would cause the voltage on the grid

to change, and this might cause the

frequency of coal-fired generators to

change.

1% during July and August Low, 100 1

TEP must have the capacity to

supply peak power even if

clouds cover all of the solar

panels.

This not a problem when solar power

comprises only 1% or 2% of the load.

But if solar power were to approach

one-fourth to one-half of the peak

power, then TEP would have to have an

expensive, seldom used, backup system.

Presently, 0.01% Medium, 1,000 0.1

Grid frequency goes out of

60.5-Hz limits

This will trip generators, perhaps

overloading transmission lines and

may result in fines. Duration is usually

less than 5 minutes. This failure has a

low severity with existing equipment.

However, it will increase with

distributed generation.

Twice a week, 0.7% Low, 100 0.7

Feeder circuit disconnects

from substation

Feeder circuit voltage gets out of phase

with the grid. This failure has a

medium severity for existing equipment,

but it will get worse with PV solar panels.

It may require synchronized reclosers.

Interruption may last 10 minutes.

Twice a month, 0.05% Medium, 1,000 0.05
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interconnected to reveal the system architecture.
Testing is more effective if it is planned right along
with the system. Basing the tests on the use cases
allows development of the testing procedures to begin
right at the beginning of the system design. This
should help produce more complete test plans and
develop customer support for the test plans. The test
plans should also include system experiments that will
test the logic of the state machine diagrams. The
system design process is not serial; it is very iterative,
and there are many opportunities for parallel process-
ing. C
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The operating environment for test and evaluation (T&E) is changing with advancements in

technology affecting users’ needs and systems development approaches. These changes demand

new strategies for conducting T&E to keep pace with the changing environment. However,

collecting and managing appropriate data could pose serious challenges to T&E programs that

do not have established processes. To address this issue, the authors conducted a systemic analysis

of previous operational T&E programs within a government T&E organization to determine

the extent to which integration of project management with technical processes contribute to

making T&E execution easier. The research analysis demonstrates that the application of project

management practices contributes to achieving success in executing T&E programs within the

Federal Aviation Administration. This research contributes to the field by identifying the

critical dimensions of project management that contribute to achieving operational T&E

program success.

Key words: Managing test programs; operational testing, program management; project

management; test program success.

T
he operating environment for test and
evaluation (T&E) is changing with
advancements in technology, affecting
users’ needs as well as systems design
and development approaches. Systems

such as the Next Generation Air Transportation
System (NextGen) are becoming more capability
based and flexible. These changes demand new
strategies for concept verification and validation
(V&V) and new ways for conducting T&E to keep
pace with the changing environment. In response to
this change, the T&E community needs to pay more
attention to gaining insight from test data to provide
the basis for making informed acquisition decisions.
However, collecting and managing relevant data are
aspects of T&E that poses serious challenges to test
program managers who may not have established
processes. Using lessons learned from previous oper-
ational test and evaluation (OT&E) program data,

this article seeks to determine the extent to which
integration of project management with technical
processes contributes to making T&E execution
easier.

The authors focused on exploring the program
management (PM) practices used to execute T&E
within a government T&E organization as a sustain-
able means for collecting and managing data. As a
result, the study examined the project and program
management practices that are commonly applied to
test programs along with engineering and technical
practices. We adopted a case study approach to conduct
a systemic analysis of some programs within the
Federal Aviation Administration (FAA). The pro-
grams selected had either applied documented (sys-
tematic) PM processes or partially applied (unsystem-
atic) PM processes. The objective was to identify the
critical dimensions of project and program manage-
ment practices that affect the success of OT&E using
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the lessons learned from these programs as empirical
data. The focus on project management is to enable us
to take advantage of the tools it provides for planning
and control to recommend ways to collect and manage
appropriate T&E data.

Most studies in the extant literature have focused on
engineering and technical strategies as a means for
achieving customer satisfaction on T&E programs.
Some studies that have proposed strategies with PM
content have continued to emphasize technical
recommendations with little attention to the holistic
approach to T&E execution practices that incorpo-
rate PM practices. For example, Burnstein, Suwa-
nassart, and Carlson (1996) proposed the establish-
ment of a test maturity model; GAO (2000)
proposed testing early; and Branch (1976) proposed
a systems approach to T&E management. While
acknowledging the value of these studies, the focus
of this article is on identifying the dimensions of
PM practices that contribute to achieving T&E
execution success. The information captured will
provide insight on how and why T&E managers
tailor PM processes to test programs where institu-
tionalized processes are available and how managers
decided on the appropriate approach to adopt where
established organizational PM processes are not
available.

A pattern-matching logic was adopted in the data
analysis of all the cases. The data collection started
with a survey to capture preliminary information from
the system under observation. The data capture was
followed by structured interviews, and a review of
documentation, historical information, and archival
records to validate the data collected. The data analysis
shows that project management practices contribute to
achieving test program success and customer satisfac-
tion. A T&E program is considered successful if the
system delivered is deployed for operational use with
no critical defects found in the field, which are
traceable to the T&E organization’s inadequacies.
Critical defects are those defects that affect operational
suitability and effectiveness of a system. Customer
satisfaction, which is based on the number of critical
defects found, is determined through user feedback on
the system.

The critical dimensions of PM are those aspects that
managers apply and consider most valuable to their
ability to achieve customer satisfaction. In addition,
the elements that were not applied but are considered
critical to achieving success by the study participants
were also considered key elements. The cross-case
analysis result provides the basis for creating a new
T&E-PM model that integrates the identified PM
dimensions and relationships with T&E processes.

The proposed model is a refinement of the existing
theoretical T&E–PM model (Eigbe and Sauser
2009).

The authors therefore propose that adopting a
holistic T&E–PM approach to executing test programs
can help T&E organizations collect and manage
appropriate technical and program performance data
to achieve customer satisfaction. This article contrib-
utes to the field by providing deeper insight that helps
to understand the dimensions of T&E–PM. It also
provides a practical approach to implementation with
empirical grounding to integrate PM with the overall
OT&E strategy as a holistic system. The proposed
model could be applied to similar T&E organizations
within the U.S. government after additional studies to
validate and refine the model. Future research will
focus on the impact of adopting the unified T&E–PM
model on T&E data collection, management, and use
for acquisition decision making.

Background
A review of relevant literature shows that most

studies relating to T&E and verification and validation
(V&V) typically focus on engineering and technical
strategies as a means for achieving customer satisfac-
tion. Even in situations where PM is discussed as part
of the solution, the emphasis remains technical with
little attention to the holistic approach to T&E
execution practices. For example, Burnstein, Suwanas-
sart, and Carlson (1996) proposed the establishment of
a test maturity model to assess the maturity of a T&E
process. The model, like capability maturity model
integration, describes elements of best practices but
does not describe an implementation model.

Similarly, the GAO (2008) leveraged the systems
engineering experience of private companies that
focused on requirements, design maturity, and over-
sight in recommending ways to improve the quality of
government’s acquisition products. Also, the GAO
(2000) proposed testing early with the recognition that
testing is a critical source of information on the
progress being made when a concept is being translated
into a real world system. Test results must be credible
and properly evaluated to be usable and valuable
throughout the system life cycle process. The study also
draws on the success experience of private industries,
including Boeing and Intel, by focusing on the
maturity of technologies, maturity levels of products,
and relationship between program managers and
testers.

NRC (2006) proposed an evolutionary acquisition
approach based on the fundamental premise that some
costs and development delays that are attributable to
the single-stage development process could be reduced by
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focusing on early V&V from concept through
development. Bell (2008), discussing ways to improve
T&E results, proposed early T&E involvement with
requirements definition to enhance performance re-
sults.

Branch (1976) in a research study on innovative
ways to manage T&E execution proposed a systems
approach to T&E management that will provide
greater insight into resource management. While this
approach initiated valuable discussion on the concepts
and methodology of the systems approach to manage-
ment in the literature, it does not provide an
implementation approach. The author proposed fur-
ther research to create a strategy to implement the
systems approach to managing T&E. Castellano
(2006, 2007), discussing the results of T&E programs,
argued that programs fail because they are neither
planned right nor managed right. The author noted
that acquisition strategies are typically based on poor
technical assumptions, competing budget priorities,
and unrealistic expectations. The author proposed
information sharing and open communications to gain
insight into system acquisition for improved decision
making.

Fox et al. (2004) proposed the integration of
developmental test (DT) and operational test (OT)
activities while focusing on the integration of engi-
neering-related methodologies and testing tools such
as cross-platform integration, modeling and simula-
tion, facilities, as well as contractor and government
DT and OT personnel. Stem, Boito, and Younossi
(2006) opined that T&E processes have become more
integrated in an effort to eliminate unnecessary
duplication between DT and OT activities. Voetsch
and Whitehead (2008) proposed an integrated enter-
prise approach. Hoppe, Engel, and Shachar (2007)
developed an automated model, SysTest, intended to
predict cost, calculate risk, and optimize VVT strategy.
The authors noted that the model did not lead to
improved quality, and no conclusions could be drawn
on cost performance with confidence.

Research approach
A combination of case study designs and multiple-

case study methodologies recommended in the litera-
ture were adopted (Eisenhardt 1989; Fink and Kosec-
off 1998; Stake 1995; Yin 1994, 2003a, 2003b). A
single-case study is conducted, and multiple-case
replication logic type 3 and 4 is applied to corroborate
the model derived from the single-case study with the
result of subsequent cases (Eisenhardt 1989; Yin
2003a, 2003b). To establish a feasible boundary around
the research, granularity dimensions (pitch, length, and
width) of process-oriented holonic modeling (Clegg

2007) were applied to define the research output
(model) scope and the elements (input, output, and
relationships) that are necessary to describe the
behavior of a unified T&E–PM model. The Boardman
Soft Systems Methodology (BSSM) Systemigrams
(Boardman and Sauser 2008) were used to create and
analyze the T&E–PM execution model.

An iterative data collection and analysis approach
was adopted. Data were collected, analyzed, and used
to create a baseline, enterprise level model. Four
additional case studies of programs within the same
organization were conducted to provide deeper insight
and more information to corroborate and refine the
enterprise model. Pattern-matching logic was applied
to identify the key elements of PM that are considered
most valuable to T&E execution from the data
analysis. The critical elements identified from the data
collected were standardized and tabulated using the
terminologies in A Guide to the Project Management
Body of Knowledge (PMI 2004).

Surveys were conducted to obtain preliminary data
and relevant documentation. The survey analysis and
documentation review was followed by structured
interviews to obtain clarifications or additional infor-
mation. Interviews were conducted using structured
questionnaires, which were distributed prior to per-
sonal interviews with the respondents. After each
interview, the data were compared against documen-
tation, archival information, and survey data to
determine the pattern logic.

Documentation and archival information reviewed
include relevant literature, organizational procedures,
policies, plans, records, and charts. The information
derived from the pattern-matching logic was used to
create the enterprise baseline Systemigram model. The
enterprise case study identified the key elements of
T&E–PM execution and a conceptual model was
created using Systemigrams. The Systemigrams were
used to elicit additional information and requirements
from respondents within the system under observation
and to create the T&E–PM model. The data
collection, analysis, and refinement were replicated in
four additional cases.

After completing the data collection process, a case
summary was written for each case. A cross-case
analysis was then performed, and a comprehensive
table of the key unification elements identified
including the PM dimensions was created. Once the
case study was complete, a unified T&E–PM model
was developed from the key unification elements
identified and analyzed using Systemigrams.

The consolidated Systemigram model is used to
validate and augment the theoretical enterprise T&E–
PM model (Eigbe and Sauser 2009). By using pattern-
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matching logic and Systemigrams, the enterprise level
model was refined with the key elements identified
from the cross-case analysis. The results of the cross-
case analysis was compared with a review of relevant
literature to verify and validate the value of institu-
tionalized program or project management processes to
managing T&E program data leading to customer
satisfaction.

Case study analysis and result
An initial study of an FAA’s enterprise T&E

organization identified key elements of T&E and
PM unification. The identified elements were used to
create a unified T&E–PM model that incorporates
PM practices with T&E processes. To extend the
applicability of the case study result, four additional
case studies within the same organization were
conducted to corroborate and augment the existing
theoretical model. The analysis of all four additional
case studies shows that the application of project and
program management practices along with T&E
processes contribute to achieving customer satisfac-
tion. While two of the four case study programs
applied documented (systematic) PM processes, the
other two applied some aspects of PM processes
(unsystematic). Therefore, the main differences be-
tween the four cases in executing T&E programs from
this analysis is the systematic or partial application of
PM practices.

Following the outcome of this analysis, the four case
studies were categorized into two according to
common theme. The key elements of PM identified
in both categories, though expressed differently, were
found to be similar when standardized PM termi-
nologies found in the A Guide to the Project

Management Body of Knowledge (PMI 2004) were
used to tabulate the results. There were no
differences in the information elicited from all four
case studies regarding the objectives of T&E
organizations; the primary causes of critical defects
found in systems at initial operational deployment;
and their relationships to achieving customer satis-
faction. The data are consistent with the reviewed
literature.

Using the expressive abilities of Systemigrams, the
key elements identified were found to corroborate
and augment the existing theoretical T&E–PM
model. The proposed model derived from the key
elements and relationships identified were presented
to the case study participants through Systemigram
storyboarding for further validation. The two cate-
gories of programs are discussed in the next two
sections.

Documented PM processes applied
The data analysis shows that the two programs in this

category were relatively easy to manage because
documented PM processes were systematically applied
along with T&E processes to execute the programs.
Also, the two programs received PM support, which the
study participants believe helped them to plan and
effectively control their programs. Although no estab-
lished management support infrastructure was available,
the programs documented and applied PM processes to
facilitate the application of T&E technical processes
tailored from the institutionalized T&E process.

The coordinated application of both T&E and PM
processes enabled the programs to achieve success,
according to the data provided. One of the two
programs delivered a system that met the required
operational needs (quality), on time and within budget.
The data analysis shows that executive management
support through a sanctioned management support
infrastructure that provides technical oversight and PM
support services using institutionalized T&E and PM
processes will facilitate achieving customer satisfaction.

Further analysis of the conceptual view of this
category of programs using Systemigram modeling
shows lack of unification between some key elements.
For example, the conceptual T&E execution support
infrastructure is not linked to any other element
because no dedicated entity existed with technical
and PM experts within it to provide relevant oversight
and support. Similarly, technical oversight was not
available but considered important to maintaining the
application of institutionalized processes to achieve
quality delivery of systems.

Also, no dedicated entity existed to coordinate PM
processes, but independent experts developed docu-
mented processes for project management, quality
assurance, and configuration management. Project
management experts provided support services as
internal consultants to T&E program managers and
engineers. These services include PM training, men-
toring, planning and control, PM software tools and
schedule support, and configuration management.
Training coordination was considered a critical part
of PM that could facilitate the implementation of
institutionalized processes. No dedicated entity existed
in the system under observation as-is to perform this
role prior to the theoretical model.

No documented PM processes applied
The data analysis shows that the two programs in

this category were relatively hard to manage because
documented PM processes were not available to aid
planning and control. Also, there were no PM support
services received, which the study participants believe
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could have been helpful to them in planning and
effectively controlling the programs. The programs
mostly relied on the institutionalized T&E process and
a project planning and control order to execute the
programs. The institutionalized T&E process, which is
mainly technical, was tailored to the needs of each
program. Although the programs did not develop
documented PM processes and plans, schedules were
maintained and tracked in a project management
software tool.

According to the data captured, the lack of a
coordinated application of both T&E and PM
processes made common understanding of the holistic
picture of T&E execution strategy a challenge to

achieving success. Coordination, collaboration, and
buy-in were frequently used by the case study
participants as critical elements necessary to achieving
success but hardly acknowledged within the system
under observation. In addition to the gaps discussed in
the preceding category, the model analysis shows that
project management support services, which were
considered critical to achieving success by the study
participants, were not provided or received by pro-
grams in this category. The participants suggested
executive management support through a sanctioned
management support infrastructure that provides
technical oversight and PM support services using
institutionalized T&E and PM processes.

Table 1. Summary of key entities from cross-case analysis (SuO 5 system under observation).

SuO1_Theoretical Enterprise Model SuO2_ATOP SuO3_VSCS

Customer satisfaction Customer satisfaction Customer satisfaction

T&E management supportive infrastructure

T&E technical experts T&E technical experts T&E technical experts

Credible TSB

Program management experts Program management experts Program management experts

Credible PMEC

Program sponsor’s expectation Program sponsor’s expectation Program sponsor’s expectation

Program management integrity

Quality ATC system deployment Quality ATC system deployment Quality ATC system deployment

Efficient NAS

Program accountability Program performance Program performance

Safe and efficient air transportation services

Foundational processes

Project management Project management Project management

Configuration management Configuration management Configuration management

Training

Quality management Quality management Quality management

Institutionalized PM processes

Effective org. project management practices Effective org. project management processes Effective org. project management processes

Core technical processes Core T&E processes Core T&E processes

Institutionalized T&E processes Institutionalized T&E processes (AMS) Institutionalized T&E processes (AMS)

Test engineers & managers Test engineers & managers Test engineers & managers

Test program performance metrics

Time Time Time

Budget Budget Budget

Quality Quality Quality

PM support services

PM training PM training PM training

Project management mentoring Project management mentoring Project management mentoring

Program integration & control Program planning & control Program planning & control

Integrated project management system Integrated project management system PM software tool

PM administration

Quality assurance Quality assurance

Configuration management Configuration management

Critical defects in deployed systems

Inadequate T&E Inadequate T&E Inadequate T&E

Inadequately defined requirements Inadequately defined requirements

Program management constraints

Inadequate planning Inadequate planning

Imposed delivery schedule Imposed delivery schedule
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Cross-case analysis and modeling
The unstructured and expressed T&E–PM execu-

tion problem situation for the cross-case analysis was
defined using a combination of the information
obtained from relevant literature review and the five
case studies of FAA’s T&E organization. There was no
as-is T&E–PM model for executing test programs
within the system under observation. However, the
existing theoretical model was used as the baseline for
comparing each of the two models derived from the
four case studies discussed in the preceding paragraphs.
By analyzing the data from multiple sources in all four
cases, a real world perspective of the enterprise problem
situation was established. The dimensions of PM
identified with the key elements (entities) of T&E–
PM unification are presented in Table 1. The concep-

tual links and relationships between the elements in the
table are shown in a Systemigram model (Figure 1).
The conceptual model corroborates and augments the
existing T&E–PM theoretical model.

Discussion
The objective this case study was to identify critical

dimensions of PM that enhance the ability of T&E
programs to collect and manage appropriate data
leading to customer satisfaction. The dimensions
identified were integrated with the key elements of
T&E and PM unification to create an innovative
T&E–PM model (Figure 1). The model can be
generalized for managing programs within the system
under observation. By using the expressive abilities of
Systemigrams, we provided new insight into T&E

SuO4_STARS SuO5_WAAS Key elements identified_ Refined Enterprise Model

Customer satisfaction Customer satisfaction Customer satisfaction

T&E management supportive infrastructure

T&E technical experts T&E technical experts T&E technical experts

Credible TSB

Program management experts

Credible PMEC

Program sponsor’s expectation Program sponsor’s expectation Program sponsor’s expectation

Quality ATC system deployment Quality ATC system deployment Quality ATC system deployment

Efficient NAS

Program performance Program performance Program performance

Safe and efficient air transportation system

Foundational processes

Project management Project management

Configuration management Configuration management Configuration management

Training

Quality management Quality management Quality management

Institutionalized PM processes

Effective org. project management processes

Core T&E processes Core T&E processes Core T&E processes

Institutionalized T&E processes (AMS) Institutionalized T&E processes (AMS) Institutionalized T&E processes

Test engineers & managers Test engineers & managers Test engineers & managers

Test program performance metrics

Time Time Time

Budget Budget Budget

Quality Quality Quality

PM support services

PM training

Project management mentoring

Program planning & control

PM software tool Integrated project management system

Quality assurance

Configuration management Configuration management Configuration management

Critical defects at initial deployment

Technical issues

Inadequate T&E Inadequate T&E Inadequate T&E

Inadequately defined requirements Inadequately defined requirements Inadequately defined requirements

Program management constraints

Inadequate planning Inadequate planning Inadequate planning

Imposed delivery schedule Imposed delivery schedule Political target delivery schedule

Table 1.—Extended.
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program execution from the views, ideas, and opinions
elicited from the community of practice in the case
studies (Julian 2008). The existing theoretical model
provided the basis for comparison and model refine-
ment using the key elements (i.e., entities, activities,
and relationships) identified in the four additional case
studies. The existing theoretical model is similar to a
control in experimental research (Eisenhardt 1989; Yin
2003a, 2003b).

The cross-case analysis revealed additional key
elements that were not visible or considered critical
from the enterprise-level view. However, no program
within the case study considered ‘‘program integrity’’
as a key element that is significant enough to be
included in the model. Also, the analysis validated
and augmented the proposed theoretical model
initially presented in the literature (Eigbe and Sauser
2009).

It was evident from the data that T&E program
managers that had access to documented PM
processes and support for their T&E programs found
it relatively easier to execute programs than the
managers that did not fully apply the processes. The
proposed approach incorporates the two key elements
of the T&E process (technical and PM) into a unified
system coordinated by a supportive infrastructure. The
supportive infrastructure will provide managers and
T&E technical practitioners with institutionalized
(standard) T&E and PM tools needed to make
conscious and proactive decisions that affect customer
satisfaction (Kerzner 2003; Milosevic and Patanakul
2005; PMI 2004).

The PM support element of the model will be
established to perform specific roles and responsibili-
ties as a PM support office (Burnstein, Suwanassart,
and Carlson 1996; Branch 1976; Castellano 2006,
2007; Kerzner 1999; Knutson 1999; PMI 2004;
Riemer 2007). The proposed T&E–PM model is not
a reality but rather the authors’ conceptual perspective
of the current FAA’s T&E program execution strategy
with some added value. It also provides an insightful
commentary that serves the purpose of shaping future
reality with greater effect (Boardman and Sauser 2008).
Therefore, a successful application of the proposed
model as future reality needs the support of executive
and senior management who will provide the skilled
resources and moral support for achieving effective
coordination and credibility required for success
(Hobbs and Aubry 2007; Knutson 1999).

Managerial implications
One of the primary objectives of applying institu-

tionalized PM practices is to improve financial
management while delivering quality customer service

by making decisions based on reliable data. It is also
intended to improve the overall organizational perfor-
mance to achieve customer satisfaction. Unifying PM
practices with T&E technical (core) processes while
adopting institutionalized processes is intended pro-
duce a synergistic effect in an effort to achieve T&E
objectives.

The data analysis shows that two types of data are
critical to managing T&E programs and assessing
customer satisfaction. The first is technical perfor-
mance data (quality of the system), which are measured
by the number of critical defects found at initial system
deployment. The other is the program performance
data, which are measured by schedule and cost
variances. It also includes the qualitative performance
measure of product quality.

The data analysis further shows that unifying and
institutionalizing T&E and PM processes can enhance
the ability of T&E organizations to achieve customer
satisfaction by collecting and managing appropriate
program data. While all participants in this study did
not completely adopt project management principles,
there was a consensus of opinion that comprehensive
planning and control that allows for amendments and
replanning throughout the T&E execution process is
critical to success. Therefore, T&E managers need to
view planning as a critical and continuous process in
executing T&E programs with attention to the triple
constraints of PM: scope, cost, and schedule. Adopting
institutionalized and repeatable processes as suggested
by the study participants can enhance efficiency both
through process reuse and consistency of data across
the organization.

Conclusions
By using a combination of the case studies approach

and Systemigrams analyses, the key elements of T&E
and PM were identified. The objective of a T&E
organization and the factors affecting its ability to
achieve customer satisfaction were established. The
next step was to apply a systems approach to integrate
the identified elements into a unified system leading to
customer satisfaction. Therefore, a Systemigram tool
was used to create and simulate a T&E–PM execution
model, which is the authors’ conceptual perspective of
the current FAA’s T&E program execution strategy
with some added value.

Also, by providing an insightful commentary
through storyboarding to the T&E community of
practice, the proposed model was validated as having
the potential to achieve success in practical applica-
tion. In addition, by conducting multiple case
studies, the authors were able to corroborate and
augment the existing theoretical model. It also
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improves the external validity of the model and
increased the applicability to similar T&E organiza-
tions. However, additional studies will be necessary
prior to its applicability to organizations external to
the FAA.

The empirical data analysis validated the propo-
sition in the literature that unifying technical and
management processes, and adopting institutional-
ized processes could enhance program success
(Milosevic and Patanakul 2005). Future research
will replicate the case studies in T&E organizations
external to the FAA for wider applicability of the
proposed model. C
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Capability Test Design and Analysis at the Naval
Postgraduate School

David A. Dryer, Ph.D. and Timothy D. Beach

Joint Test and Evaluation Methodology, Suffolk, Virginia
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Naval Postgraduate School, Monterey, California

The Joint Test and Evaluation Methodology project developed in collaboration with the Naval

Postgraduate School’s Simulation Experiments and Efficient Designs Center for Data Farming

and Training and Doctrine Command Analysis Center—Monterey to enhance the design of

experiment modeling and analysis approaches for testing in a joint environment. This article

discusses the applied research conducted in this area over the past 3 years as well as its

application to joint test and evaluation methodology test events. Discoveries involving enhanced

data farming techniques and technology applications have proven to be catalysts for the test and

evaluation of complex adaptive systems. Hybrid design of experimental models for large factor

test designs, e.g., fractional factorial controlled sequential bifurcation, resolution five fractional

factorial, nearly orthogonal Latin hypercube, have demonstrated success in refining robust joint

test spaces. Innovative application of analytical models and methodologies, e.g., advanced

response surface methodology and classification and regression tree, have improved our ability to

analyze critical operational issues with joint impact involving multiple responses. Agent-based

model simulation prototypes, e.g., Tester, Map Aware Non-uniform Automata, Pythagoras,

have been modified and/or developed by our academic and government partners to enable

enhanced test design and evaluation of capabilities in a joint environment. Proof of concept

efforts in this collaboration have included international data farming workshop events, where

various techniques and tools have been explored for use in testing in a joint environment. Key

research techniques and selected results are presented in the context of a use case that is based

upon joint test and evaluation methodology test events.

Key words: Agent-based simulation, capability analysis, efficient design of experiments,

test design.

T
he use of design of experiments (DOE)
and data farming techniques is critical
to effectively planning, and subse-
quently evaluating, tests of complex
adaptive systems in a joint mission

environment. The Joint Test and Evaluation Method-
ology (JTEM) program, in collaboration with the
Simulation Experiments and Efficient Designs
(SEED) Center at the Naval Postgraduate School
(NPS), and Training and Doctrine Command Analysis
Center—Monterey (TRAC-MTRY), are developing
methods and processes that incorporate these tech-
niques into the development of the ‘‘test and evaluation
strategy’’ phase of the Capability Test Methodology

(CTM). Enhancing test and evaluation techniques
aligns with the mission of the SEED Center, which is
to ‘‘advance the collaborative development and use of
simulation experiments and efficient designs to provide
decision makers with timely insights on complex
systems and operations.’’ This mission involves con-
ducting large-scale simulation studies as well as
developing and disseminating experimental designs
that facilitate the exploration of complex simulation
models. The exploration of enhanced DOE modeling
and analysis approaches for testing in a joint environ-
ment (TIJE) is occurring at various SEED Center–
sponsored International Data Farming Workshop
(IDFW) events, where data farming researchers and

ITEA Journal 2010; 31: 99–102

Copyright ’ 2010 by the International Test and Evaluation Association

31(1) N March 2010 99



practitioners share innovative DOE and large-scale
simulation techniques and results. In addition to
IDFW events, JTEM, TRAC-MTRY, and NPS have
collaborated on a joint mission effectiveness analysis
handbook to further expand analysis techniques
relevant to TIJE.

Capability test design and
analysis collaborations
IDFW 13: System of systems test planning
in a joint mission environment

JTEM, NPS, and TRAC-MTRY team efforts at
IDFW 13 initiated a continuing process to assist in the
overall development of a joint test and evaluation
methodology (Maheu et al. 2007). The goal was to
refine a capability test space through modeling and
data farming of a joint close air support scenario. In the
joint close air support scenario, mobile and static
targets are detected by airborne- and ground-based
sensors. Target information is transmitted via data link
to a Command and Control (C2) node for processing.
The C2 element uses this target information to direct
aircraft to a launch position and release a network
enabled weapon. The network enabled weapon receives
updated target information (or a different target) from
a joint terminal attack controller while guiding it to the
assigned target. The scenario implementations were
explored using NetLogo, Map Aware Non-uniform
Automata, and Pythagoras Agent-Based Simulations
(ABS) in a data farming methodology to understand
the possibility space for important variables in the
systems under test. IDFW 13 showed the potential of
system of system modeling and test space refinement
using ABS.

IDFW 14: Joint capability metamodel–test–
metamodel integration with data farming

To structure the underlying business rules and
concepts in the CTM’s evaluation thread, JTEM is
developing a Capability Evaluation Metamodel
(CEM). IDFW 14 activities involved an initial
characterization of an integrated fires capability area
using the CEM for further use in the data farming for
test planning (Beach et al. 2007). Workshop partici-
pants further refined the front-end systems engineer-
ing of the CTM test design analysis environment
incorporating an integrated fires capability use case and
candidate data farming solutions. Data farming
solutions include an integrated set of visualization,
modeling, analysis, and simulation catalysts required to
evolve CEM test design structures during the CTM’s
develop test and evaluation strategy phase. Potential
visualization, modeling, analysis, and simulation cata-

lysts include test design visualization, statistical design
of experiments, simulation model classes and hybrids,
as well simulation analysis and visualization techniques
that can fill capability evaluation gaps in the front-end
part of the CTM evaluation thread.

IDFW 15: Application of design of experiments
and data farming techniques for planning
tests in a joint mission environment

During IDFW 15, CTM SoS test scoping and
design techniques were further refined by Beach et al.
(2008a). A four-part approach to address this data
farming goal was used:

N Characterize past and hypothetical capability
design use cases, including the refinement of a
hypothetical capability test designs.

N Apply DOE techniques to initial multifactor
CEM capability designs. The DOE focus was on
nearly orthogonal Latin hypercube and fractional
factorial controlled sequential bifurcation DOE
techniques, which are being enhanced at NPS.

N Conduct data farming on selected factors of this
efficient DOE using Tester and Pythagoras ABS
models.

N Conduct initial analysis of ABS results.

Results from IDFW 15 included the need to further
expand DOE parameters for capability testing and that
the importance of nonmateriel C2 factors was
underestimated in the team’s ABS results. Takeaways
for the CTM included the benefits of applying hybrid
DOE approaches, successful demonstrations of an
iterative design, model, simulate, and analysis ap-
proach, and the need for supporting tools to enable
data farming as part of CTM capability test design
refinement and evaluation.

IDFW 16: Enhanced design of experiment for
testing in a joint environment

IDFW 16 further explored enhanced DOE tech-
niques and models relevant to developing evaluation
strategies for TIJE (Beach 2008b). This goal was met
through the use of the MANA model to trace a ‘‘call
for fire’’ from the originator to the final weapon
system, at the detailed level of an individual task
thread. A capability-level evaluation strategy for battle
space deconfliction tasks was used as the scenario
driver for the data farming runs.

Analysis of the data and use of analytic best practices
such as sensitivity analysis, CART, and visualization
and analytical tools were applied to turn test data into
insights, including an evaluation of the overall joint
mission effectiveness and the contribution a C2 system
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of systems makes to the accomplishment of that joint
mission. IDFW 16 allowed JTEM, NPS, and TRAC-
MTRY team members to apply a use-case focused on
battle space deconfliction to see how joint mission
effectiveness test space refinement is accomplished.

Joint Mission Effectiveness
Analysis Handbook

To formalize the techniques discussed earlier, JTEM
is creating a joint mission effectiveness analysis
handbook, which provides analysts step-by-step in-
structions and resources for evaluating joint mission
effectiveness of a system of systems in a joint mission
environment. NPS is contributing an appendix to this
handbook, called ‘‘Simulation Experiments and Effi-
cient Designs in Support of Testing in a Joint
Environment’’ to provide a concise overview of the
effective use of simulation experiments and efficient
designs to support testing in joint environments.
JTEM, TRAC-MTRY, and NPS anticipate that test
agency analysts and program managers who are
participating in joint level testing will find this
handbook particularly useful.

The handbook concentrates on the tasks and
objectives of those analysts who will participate in
planning for and analysis of joint testing and
evaluation. Thus, the handbook has a holistic focus
on the end-to-end experimental planning lifecycle
from an analysis perspective. By referring to this
handbook, the analyst should be able to plan, design,
execute, and evaluate the performance of a joint system
of systems in a way that provides traceability
throughout the test and evaluation lifecycle.

Conclusion
Over the past 3 years, JTEM, NPS, and TRAC-

MTRY have demonstrated a successful partnership,
which has developed enhanced DOE modeling and
analysis approaches for testing in a joint environment.
NPS SEED Center–sponsored International Data
Farming Workshop events have proven to be partic-
ularly valuable for sharing innovative DOE and large-
scale simulation techniques and results. As a capstone
effort, a joint mission effectiveness analysis handbook
is being developed to formally describe an expanded set
of analysis techniques relevant to testing in a joint
environment. C
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Recognizing the Test Development Life Cycle

Jack K. Thompson

Lockheed Martin Space Systems Company, Littleton, Colorado

To better understand how test activities can and should be integrated earlier in the product or

system development life cycle, it can be instructive to view the test activities within their own

life cycle context. From a risk-driven test strategy developed during the preproposal and proposal

phases through test requirements and test architectural definition, the test development life cycle

links to the product or system development sequencing. The concomitant test environment

designs drive the development and certification of test facilities, test equipment, test procedures,

and even criteria for qualifying test personnel. Capturing these test activities and their

interdependencies with the product or system development life cycle results in a test development

life cycle that helps to ensure that the resultant test environments meet the needs of a program’s

integration and verification by test activities. Further, following a risk-driven approach to the

test development life cycle leads to ‘‘early and often’’ informal integration and testing within

and between product component development activities by integrated product teams and

development integration activities between and across integrated product teams—using product

integration teams/integration and test teams—that enhances the probability of program success.

Key words: Development test and evaluation; DoD acquisition process; integrated risk

management; integration and test; program performance management; simulation.

I
n recent years, the Department of Defense
(DoD) acquisition community has initiated a
trend toward more emphasis on such topics
as simulation-based acquisition (Johnson et
al. 1998), risk-reduction, or technology

readiness assessment approaches using prototypes,1

evolutionary acquisition,2 and in the past 2 years
specifically addressed more focus on integration and
testing (I&T) as well as test and evaluation (T&E)
earlier in the life cycle.3,4 These initiatives and more
are reflected in the recent acquisition policy changes.5,6

These changes reflect acquisition policy targeted to
more time-certain cost-certain objectives. The early
involvement of an integrated testing approach clearly
supports those objectives. One concept that could help
achieve more effective early deployment of I&T/T&E
participation, insight, and functional contribution is
recognition of a test development life cycle (TDL).

Test development life cycle
Starting with the answer sometimes leads to the

right questions. In this case, the identification of
the TDL (see Figure 1 for one model of a TDL)
resulted from an analysis of development program
successes. One significant contributor proved to be the

incremental development and integration of avionics
and associated sensor–effector interfaces, controllers,
ground test systems, hardware-in-the-loop simulation
labs, and the software associated with each of them
(Thompson 2006). That recognition led to examina-
tion of how the TDL concept could be used to improve
program performance of future programs. Effective
integration throughout the life cycle of the modeling
and simulation activities with the development inte-
gration, i.e., ‘‘make-it-work’’ in an engineering sand-
box, of components and assemblies as they are
prototyped or qualified through first production article
provides closed-loop feedback to product developers,
test environment developers, system integrators, tes-
ters, and multiple levels of management. Products and
product testability improve at all levels of assembly.
Test environments improve similarly. Management
sees more discrete product-oriented performance early
in the life cycle, replacing progress measures that tend
to be paper-oriented measures and indicators (M&I)
and measurement and analysis (M&A) information.
While still looking to the past, the M&I of product
performance, product integration, and risk exposure
become tangible. Combining management tools like
closed-loop controls and risk management with life
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cycle models for both the product or system develop-
ment and the test development activities yields more
effective insight into program performance. With
better information and risk-oriented response plans,
management decision-making improves with better
information, thus improving the probability of pro-
gram success, Ps. The TDL offers a different view of
the program performance issues, and the more views
one can get, the higher the likelihood of effective
resolution. Government reports note that for develop-
mental space programs the aggregate contribution of
development I&T activities costs typically account for
<40% of total program costs through the R&D phase.
These costs include associated test facilities and
equipment (including those deployed at launch sites)
and the engineering and management. With patho-
logical extremes, historical I&T/T&E costs have
reached <70% (extensive new technology leading to
developmental rework for a single article). Obviously,
when one functional discipline involves such a large
fraction of the research and development costs, even
small relative differences in that discipline can affect
the total research and development program perfor-
mance significantly.

Establishing the TDL model in the context of
program performance drives understanding of the value
of this new perspective. The key elements critical to
TDL effectiveness are simple:

1. Establish a risk-driven I&T/T&E strategy.
2. Work through test requirements, test design, and

test environment implementation early enough to

provide a developmental integration framework
for the developmental testing and assembly and
integration of product or system components and
assemblies, especially those that carry the most
significant risks.

3. Provide feedback into the development of test
facilities, equipment, and environments and
development of the product and system, building
on many small successes and correcting small
problems, or making minor enhancements to
ensure future testing successes.

The TDL is nothing more than an identification of
the tasking associated with the functional discipline of
I&T/T&E, derived by extracting them from the
product or system life cycle activities, demonstrating
the interrelationships of the TDL and product or
system development tasks more clearly, and exposing
the event-based timelines, which drives the necessity of
earlier emphasis of test engineering, system integra-
tion, and test activities.

Having established a basis for defining a TDL, we
next have to describe how recognition of the TDL can
enhance the likelihood of program success by linking the
TDL to typical management control structures—risk
management and program performance management.

Integrated risk management and
measure indicators from measurement
and analysis

A typical framework for integrated risk management
(IRM) in the context of program performance (see

Figure 1. Test development life cycle model.
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Figure 2) demonstrates how simply IRM benefits fit
into a typical program performance model (PPM). The
IRM model is a self-consistent five-step abstraction
(Plan–Identify–Assess–Handle–Monitor and Report with
recurrent feedback-status loops) that is compatible

with a wide variety of risk management models in the
literature.

The PPM is a simple, cyclical closed-loop
management process (Figure 3)—Plan–Act–Measure–

Control—essentially the classic model from She-

Figure 2. Integrated risk management process.

Figure 3. Establish integrated risk management in a typical program performance model.

Test Development Life Cycle
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whart (1939) and Deming (1986). The period of
the cycle lengthens as the level of management
decision-making is raised, e.g., IPT/daily, … VP/
quarterly. IRM activities support each of the
management tasks, so embedding the IRM activi-
ties within the PPM is straightforward: IRM has a
planning phase and a continual monitor and report
activity that ties in with what we normally think of
as management reporting. Further, IRM defines
response plans based on event and criteria triggers,
maintaining a forward-looking view of actions to
minimize impacts of uncertainty on the program
performance. Such preplanned actions simplify
decision-making downstream because the criteria
and timelines for action are predefined, being
periodically updated as circumstances change through
program performance.

The second element critical to effective program
performance management is the measurement and
analysis activity defining and tracking M&I that
summarizes the PPM status for multiple levels of
management. Within the same PPM model, integra-
tion of M&A and M&I abstracts the specialized
tasking of IRM integration monitoring and reporting
as shown in Figure 4 (or look at the converse: how
IRM is nothing more than a specialization of the
M&A integration into the PPM).

Demonstrate how ‘‘risk driven’’
integrates the test development life cycle
in a typical program performance model

Given the framework of risk management embedded
in a PPM, the further integration of the test
development activities into the overall performance
structure simply follows the risk-driven strategy of the
TDL. Figure 5 is an idealistic view of how the separate
but codependent product or system and test develop-
ment life cycles interweave throughout the develop-
ment activity, working from a common risk-driven
strategy.

As the system architecture matures into a better-
defined product structure with order of assembly
considerations to overlay the risk priorities, the
component and subsystem developers can identify
relevant developmental integration and test activities
that in turn drive the attention of the test facilities and
equipment developers to support an early informal
integration framework. Low-level informal interac-
tions drive the engineering teams’ make-it-work
mindset. Continual positive reinforcement of small
successes and overcoming minor obstacles enhances
overall teamwork as well as providing continual morale
boosts in the face of the anonymity of large programs.

Continuing incremental integration and test activ-
ities—using the engineers’ sandboxes—within and

Figure 4. Measures and analysis/measures and indicators in a typical program performance model.
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between product component teams retires risk early in
the development integration cycle, not only for the
product or system development but for the test
facilities and equipment as well. The test community
provides feedback on test information they need to be
able to access for verification and production testing.
The product community responds with better test
points and built-in test capability, and highlights what
they feel they need for life cycle management
information. Better communication flow improves
products—it really is that simple. Where people were
concerned about ‘‘functional silos’’ of no cross-talk,
today’s response is siloed IPTs. Using early informal
integration helps to break down today’s barriers.

‘‘Risk-driven’’ improves the overall
probability of program success [Ps]

Successful programs require more than good engi-
neers and solid engineering, more than good managers
and effective management—they require a team of
teams with a focus on making things work across the
board. The best way to build strong teams is to build
on success, to invite constructive dialogue across
artificial boundaries that tend to get set by manage-
ment structures, intentionally or unintentionally.

Boundaries can arise from organization or policy or
cost and schedule performance or risk attitude or
artificial process constraints or … —the list is long.
Using risk to drive success offers a new perspective on
how to focus both the development activities and the
decision processes of the multilevel program manage-
ment hierarchy.

Developmental integration and test is risk reduction.
Bringing integration and test discipline into program
performance earlier, whether acknowledging the con-
cept of a TDL or not, will reduce risk and improve the
probability of program success. C
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Figure 5. Establish integrated risk management in a typical program performance model.
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Test and Evaluation Support Tool and Example
Repository (TESTER)

Jamie L. Pilar

U.S. Army Evaluation Center, Aberdeen Proving Ground, Maryland

The last several years have brought about changes regarding how test and evaluation will be

done, moving the focus from the individual system level up to mission impacts and the value

added to current capabilities. As a result, the Army Evaluation Center is making changes to

include the implementation of a mission-based test and evaluation methodology that focuses on a

system’s contribution to the overall mission. This new methodology has been documented and is

currently being executed but has proven to be rather cumbersome and difficult to implement. To

overcome the challenges and move evaluators from Word documents and Excel sheets into the

technology age of user forms and online accessibility, we have developed a system concept called

the Test and Evaluation Support Tool and Example Repository (TESTER).

Key words: Cross Command Collaboration Effort (3CE), Mission-Based Test and

Evaluation (MBT&E), Test & Evaluation Support Tool and Example Repository

(TESTER).

I
n the Army Evaluation Center (AEC), a
subordinate command of U.S. Army Test
and Evaluation Command (ATEC), the
mission is to provide independent evaluation
of systems through the use of Test and

Evaluation (T&E) to provide decision makers with
information on system performance and the ability of
the system to meet customer needs. It only makes sense
then, that AEC should use systems engineering, the
processes beginning with the identification of customer
needs and continues throughout the acquisition life
cycle in every facet of daily business.

In reality, however, evaluations often play a game of
catch-up and start later in the system development life
cycle than ideal. The result includes minimal evaluation
and understanding of how a system will affect higher-
level missions and limited ability to show improved
functionality and value of deployed units with the
additional systems. Current limitations of testing and
evaluating systems resulted in policy changes for T&E
recorded in the Department of Defense Instruction
5000.02 dated December 8, 2008 (DoD, 2008).
Changes included using T&E to ‘‘assess improvements
to mission capability… based on user needs and should
be reported in terms of operational significance to the
user’’ and requiring evaluations to ‘‘include a comparison
with current mission capabilities.’’

Evaluation transformation
To meet the changes laid out in the DoDI 5000.02,

AEC has begun implementing some changes in how
T&E is approached and executed. One of the key
changes has been the implementation of a Mission-Based
Test and Evaluation (MBT&E) process, which takes the
evaluator through a step-by-step process, ensuring the
system is evaluated based on its contribution to the
mission as a whole and value added to current capabi-
lities. An article addressing these policy changes and the
MBT&E initiative was published in the September 2009
ITEA Journal, which provides an outline of the process
and purpose of MBT&E (Apicella, 2009).

MBT&E is still in its infancy for use within AEC,
having just been initiated in January 2009 and, as a
result, lessons are currently being learned and recorded
to improve the process. One of the key lessons that has
been captured thus far is the realization that the
process is rather cumbersome and the spreadsheet
designed to capture evaluation measures and data can
become overwhelming in size. To try and overcome
these challenges and bring evaluations into the new
technology age, we are developing a new system named
the Test & Evaluation Support Tool and Example
Repository (TESTER). The TESTER system will be a
Web-based program offering many benefits to evalu-
ations including:
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N provide an online electronic system for evaluators
and system stakeholders to work collaboratively
on system evaluations;

N guide users through the MBT&E steps using
interactive interfaces (such as drop-down menus)
to facilitate an easier-to-use process;

N develop standardized formats for evaluation
products while still allowing content flexibility
to meet varying system evaluation needs;

N link Cross Command Collaboration Effort
(3CE) products into system evaluations;

N ensure standardized system names and schedules
by direct connections with the ATEC decision
support system; and

N facilitate storage of documents on a digital library
enabling a common document repository.

The
TESTER
concept

As trial
mission-
based eval-
uations were
being exe-
cuted, an
MBT&E
working
group was
formed to
assess the
needs of evaluators using this new methodology. It was
determined that an online system would provide needed
assistance to users to facilitate the new evaluation process.
While existing systems could be used to support various
aspects of MBT&E, some new development would still
need to occur to meet the implementation methods
outlined by the MBT&E process and guide. Based on
this, the TESTER concept was designed to use existing
programming and build new interfaces following the
MBT&E implementation guide. The concept was further
refined with lessons learned from AEC evaluators using
MBT&E in their evaluations and future needs of large
system-of-system programs like the U.S. Army Brigade
Combat Team Modernization program.

MBT&E interface
TESTER will consist of three main components:

MBT&E user forms, 3CE metric catalog, and an
example repository. The first component, MBT&E user
forms, will walk the user through each step in the
MBT&E process beginning with the collection of
information. This first step will be a collaborative effort

between TESTER and the digital library. The digital
library will facilitate the storage of documents according
to their existing file structure organized by system.
ATEC system team members and other stakeholders
will be provided links and guided to information used for
the system evaluation, all maintained on one common
site. The user is then led through steps to capture which
missions the system will address and which tasks will be
performed. Throughout the MBT&E process, users will
be steered toward an evaluation that considers the wider
scope of how the system will add value to current
capabilities and increase the potential for a unit to
accomplish its mission.

During these steps, TESTER will provide time-
saving features like drop-down menus for standardized
information and the selection of information previously

entered into
the system.
Other fea-
tures will in-
clude one-
click selec-
tions to link
information
between
steps, auto-
numbering
when enter-
ing infor-
mation, the
ability to re-
arrange the

order of information, and autocorrecting of numbering
when rearranging the order of information. These
features will help reduce duplicative entry of information
and provide a vast improvement from current methods
being used, including Microsoft Word and Excel.
Additionally the user interface will be intuitive, allowing
users to interface with the system without the need for
specialized training. Finally TESTER will produce
standardized documents for evaluations and, using links
to the digital library, allow for easy storage of finalized
evaluation products.

3CE metric catalog
The second component of TESTER is the 3CE

effort metric catalog. 3CE was initiated in 2004
following the 2003 Army Modeling and Simulation
Executive Council meeting, where a memorandum of
understanding was signed between the Training and
Doctrine Command, ATEC, and Research, Develop-
ment and Engineering Command to work toward
distributed Modeling and Simulation (M&S). 3CE
has a mission to develop a cross command Army M&S
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and data environment for design, development, inte-
gration, and testing of capabilities, systems, and
prototypes. To accomplish this, 3CE has been obtaining
requirements from the three commands, program
managers, and other stakeholders (like the lead system
integrator) since 2004 and building a database of
requirements. The database has been further enhanced
by decomposing the requirements for data elements,
which are the data and information that will need to be
collected from a test or M&S to answer the require-
ment. This information is used in the development of
system engineering architecture that shows the M&S
environment and data requirements. Additional efforts
are currently underway to compare the requirements to
current M&S tools to identify gaps and possible
solutions to meet requirement needs.

Currently, 3CE products reside on the knowledge
repository located on the Army Knowledge Online
system; however, there is no ability to view and search
the database of requirements online. TESTER will
provide online access to the 3CE database, called the
metrics catalog, which includes all requirements
collected by 3CE, data elements, calculations to answer
requirements, and potential data sources. 3CE is also
developing Department of Defense architecture frame-
work views, which support one of the final steps in the
MBT&E process. The information and products being
developed by 3CE will also be linked into the
MBT&E user forms component, providing users with
a wealth of information to draw from while developing
their system evaluations.

Example repository
The final component of TESTER will provide users

with examples of historical reference material such as
system evaluation plans, verification, validation, and
accreditation documents, and model informational
reports. These materials will be searchable and export-
able for ease of use and provide users with references for
future projects. The example repository will also provide
additional references for MBT&E products and the use
and implementation of 3CE products.

The future outlook
The need for TESTER to facilitate MBT&E

processes is a current and pressing issue, so work has
been swiftly executed to develop a technical capabilities
requirement document. Concurrently meetings have
been held with collaborative systems proponents and
with individuals who have participated in the trial
MBT&E evaluations and assessments. Information
and experiences have been gathered to ensure user
needs are met and that TESTER will provide an
essential tool to facilitate system evaluation. TESTER
is expected to be fully developed and utilized by the
spring of 2011 with efforts underway to reduce the
development time to meet pressing needs. C
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Applying the System Component and Operationally
Relevant Evaluation (SCORE) Framework to Evaluate

Advanced Military Technologies
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The System, Component and Operationally Relevant Evaluation (SCORE) Framework has

been developed at the National Institute of Standards and Technology over the past 3 years to

provide formative evaluations of advanced military technologies. SCORE is a unified set of

criteria and software tools for defining a performance evaluation approach for complex

intelligent systems. To date, SCORE has been used to evaluate a wide range of advanced

technologies, including soldier-worn sensor systems, technologies allowing real-time multimedia

information sharing among soldiers in the field, two-way speech translation systems, and

autonomous robotic platforms.
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D
esigning and implementing a perfor-
mance evaluation of an emerging
technology to present a broad picture
of technology performance in its
typical operating environment is a

very challenging goal. Intelligent systems tend to be
complex and non-deterministic, involving numerous
components that are jointly working together to
accomplish an overall goal. As intelligent systems
emerge and take shape, it is important to understand
their capabilities and limitations. Evaluations are a
means to assess both quantitative technical perfor-
mance and qualitative end-user utility.

The System, Component and Operationally Rele-
vant Evaluation (SCORE) Framework has been
developed at the National Institute of Standards and
Technology (NIST) over the past 3 years to provide
formative evaluations of advanced military technologies
that are still under development. SCORE is built
around the premise that, in order to get a true picture
of how a system performs in the field, it must be
evaluated at the component level, the system level, the
capability level, and within operationally relevant
environments.

SCORE is a unified set of criteria and software tools
for defining a performance evaluation approach for
complex intelligent systems. It provides a comprehen-
sive evaluation blueprint that assesses the technical
performance of a system and its components through

isolating and changing variables as well as capturing
end-user utility of the system in realistic use-case
environments.

SCORE is unique in that it is applicable to a wide
range of technologies, from manufacturing to defense
systems; elements of SCORE can be decoupled and
customized based upon evaluation goals; it has the
capability for evaluating a technology at various stages
of development, from conceptual to full maturation;
and it combines the results of targeted evaluations to
produce an extensive picture of a system’s capabilities
and utility.

To date, SCORE has been used to evaluate a wide
range of advanced technologies, including soldier-worn
sensor systems, technologies allowing real-time multi-
media information sharing among soldiers in the field,
two-way speech translation systems, and autonomous
robotic platforms. It has been the foundation for 10
technology evaluations involving soldiers and Marines
from around the country. SCORE has been used as the
basis of two Defense Advanced Research Projects
Agency (DARPA) programs to evaluate advanced
technologies.

This article describes the details of the SCORE
Framework (including showing how it is different than
other evaluation approaches), chronicles how it has
evolved over the past 3 years, and explains how it is has
been applied to evaluate disparate advanced technol-
ogies.
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Overview of SCORE
Intelligent systems tend to be complex and non-

deterministic, involving numerous components that are
jointly working together to accomplish an overall goal.
Existing approaches to measuring such systems often
focus on evaluating the system as a whole or on
individually evaluating some of the components under
very controlled, but limited, conditions. These ap-
proaches do not comprehensively and quantitatively
assess the impact of variables such as environmental
variables (e.g., lighting, external distances) and system
variables (e.g., processing power, memory size) on the
system’s overall performance. The SCORE Framework,
with its comprehensive evaluation criteria and software
tools, was developed to enhance the ability to quanti-
tatively and qualitatively evaluate intelligent systems at
the component level—and the system level—in both
controlled and operationally relevant environments.

SCORE is built around the premise that, in order to
get a comprehensive picture of how a system performs
in its actual use-case environment, technical perfor-
mance should be evaluated at the component and
system levels (Schlenoff et al. 2006). SCORE defines
three evaluation goal types, as shown in Figure 1:

N Component Level Testing—Technical Performance.
This type of evaluation involves decomposing a
system into components to isolate those subsys-
tems that are critical to system operation.

N Capability Level Testing—Technical Performance.
This type of evaluation involves decomposing a
system into capabilities (where the complete system
is made up of multiple capabilities). A capability can
be thought of as an individual functionality, such as
the ability for a sensor system to send and receive
pictures or the ability for a translation to identify
and translate names (discussed below).

N Capability Level Testing—Utility Assessments. This
type of evaluation assesses the utility of an individual
capability. The benefit of this evaluation type is that
specific capability utility and usability to the end-
user can still be addressed even when the system and
user-interface are still under development.

N System Level Testing—Technical Performance. This
evaluation type is intended to assess the system as a
whole in an ideal environment where test variables
can be isolated and controlled. The benefit is that
tests can be performed using a combination of test
variables and parameters, where relationships can
be determined between system behavior and these
variables and parameters based upon the technical
performance analysis.

N System Level Testing—Utility Assessments. This
class of evaluation assesses a system’s utility,

where utility is defined as the value the
application provides to the system’s end user. In
addition, usability is assessed, which includes
effectiveness, learnability, flexibility, and user
attitude towards the system.

Considering each of these evaluation elements,
SCORE takes a tiered approach to measuring the
performance of intelligent systems. At the lowest level,
SCORE uses elemental tests to isolate specific compo-
nents and then systematically modifies variables that
could affect the performance of that component to
determine the impact of those variables. Typically, this is
performed for each relevant component with the system.
At the next level, the overall system is tested in a highly
structured environment to understand the performance of
individual variables on the system as a whole. Then,
individual capabilities of the system are isolated and
tested for both their technical performance and their
utility using task tests. Last, the technology is immersed
in a longer scenario that evokes typical situations and
surroundings in which the end user is asked to perform an
overall mission or procedure in a highly relevant
environment that stresses the overall system’s capabilities.
Formal surveys and semistructured interviews are used to
assess the usefulness of the technology to the end user.

SCORE applied to Advanced Soldier
Sensor Information Systems and
Technology (ASSIST)
Overview of ASSIST

The ASSIST program is a DARPA advanced
technology research and development program. The

Figure 1. System, Component, and Operationally Relevant

Evaluation (SCORE) Framework architecture.
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objective of the ASSIST program is to exploit soldier-
worn sensors to augment a soldier’s recall and reporting
capability to enhance situational understanding in
military operations in urban terrain environments.
The National Institute of Standards and Technology
Intelligent Systems Division is serving as the indepen-
dent evaluation team for this program.

Technologies under test
The ASSIST program is developing a variety of

soldier-worn sensors, data capture, data analysis, and
information presentation technologies (Figure 2).
Below is a listing of five of the general data types
being captured and analyzed by ASSIST technologies.

Image/video data analysis capabilities

N Object Detection/Image Classification—the abil-
ity to recognize and identify objects (e.g., identify
vehicles, people, license plates) through analysis
of video, imagery, and/or related data sources;

N Arabic Text Translation—the ability to detect,
recognize, and translate written Arabic text (e.g.,
in imagery data);

N Change Detection—the ability to identify chang-
es over time in related data sources (e.g., identify
differences in imagery of the same location at
different times).

Audio data analysis capabilities

N Sound Recognition/Speech Recognition—the
ability to identify sound events (e.g., explosions,
gunshots, vehicles) and recognize speech (e.g.,
keyword spotting, foreign language identification);

N Shooter Localization/Shooter Classification—
the ability to identify gunshots in the environ-
ment (e.g., through analysis of audio data),
including the type of weapon producing those
shots, and the location of the shooter for those
gunshots.

Figure 2. A soldier interacting with one of the ASSIST technologies.
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Soldier activity data analysis capabilities

N Soldier State Identification/Soldier Localiza-
tion—the ability to identify a soldier’s path of
movement around an environment and charac-
terize the actions taken by the soldier (e.g.,
running, walking, climbing stairs).

Real-time image capture and exchange

N The ability of a soldier to take a picture and send
it to other soldiers in the field in real time.

Face recognition

N The ability for a soldier using a face recognition
system to match the face in the picture with
preloaded faces of people in a database.

Testing methodology
Elemental tests

Figure 3 shows how the SCORE Framework was
applied to ASSIST. The technical performance of the
ASSIST systems (both at the system and component
level) were evaluated via elemental tests. In short,
elemental tests were designed to measure the progres-
sive development of ASSIST system technical capa-
bilities. In specifying the detailed procedures for each
elemental test, the independent evaluation team
attempted to define evaluation strategies that would
provide a reasonable level of difficulty for system and
soldier performance.

Elemental tests were developed to test ASSIST
technologies in an ‘‘ideal’’ environment and allowed

focused examination of specific system components.
While these tests did not immerse the technologies in
realistic military scenarios, they afforded the ability to
modify certain variables in a controlled fashion to
assess the impact of those variables on technology
performance in a military operations in urban terrain
environment. Examples of elemental tests developed
for ASSIST include the following:

N A shooter localization test that determined the
ability for a system to identify gunshots, the type
of weapon producing those shots, and the source
of those gunshots in an environment with some
obstructions and minimal background noise. A
‘‘zero line’’ and four firing lines (<50 m, <100 m,
<200 m, <300 m) were marked on the firing
range. Simple wooden-walled structures (single
story and two story) with windows were con-
structed at the firing lines and in the sensor
region to simulate the buildings and obstructions
that would be found in a military operations in
urban terrain environment. Variables included

# shooter positioning relative to walls at the
firing line (within a window, next to a wall,
from a clearing), and

# obstructions between the firing line and sensor
field (positions obstructed by walls that could
occlude a bullet’s muzzle blast and/or shock-
wave from a subset of the sensors).

N A soldier state/localization test that determined
the ASSIST systems’ ability to localize a soldier
in indoor and outdoor environments, and to
characterize the motion of the soldier (e.g.,
running, walking, going inside a building, going
up stairs, lying down). Different tests exposed the
system to different levels of difficulty, including
inside versus outside, open versus global posi-
tioning system (GPS)-hampered locations,
changes in elevation, etc. One hundred one
waypoints were marked with 2-cm accuracy using
differential GPS and surveying equipment. There
were 42 indoor points across two different levels
of buildings. There were 59 outdoor points, about
20 of which were placed next to walls and
buildings, thus making it difficult to pick up a
GPS signal.

N An object classification test evaluated the capa-
bilities of the ASSIST systems to classify imagery
based on the presence of various objects (e.g.,
people, vehicles, weapons) and states (outdoors
and indoors). Approximately 50 waypoints were
marked with 2-cm accuracy using differential
GPS and surveying equipment. The waypoints

Figure 3. SCORE applied to ASSIST.
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included a range of indoor, outdoor, ground-
level, and upper-story locations (including posi-
tions in front of doorways, windows, and other
building features). These waypoints were used to
mark the locations from which imagery would be
captured by the ASSIST-wearer, and the loca-
tions of additional objects to be placed in the
environment. Imagery was collected from 25
viewpoints, each of which had multiple view-
points to capture data from different orientations.

N A sound recognition test evaluated the ASSIST
system’s ability to detect certain sounds in the
environment. Scripted sounds included the fol-
lowing:

# firing of blank rounds from one of three
weapons: M240, M4, M107;

# a person standing next to the ASSIST wearer
speaking one of ten text phrases that incorpo-
rated some combination of the keywords;

# a person in the environment speaking foreign
languages; and

# vehicles either accelerating or decelerating past
the ASSIST wearer.

N There were seven runs, each of increasing
complexity. During the early runs, there was
little or no ambient noise, the ASSIST wearer
was stationary, there were no overlapping sounds,
and most of the sounds in the environment
occurred fairly close to the ASSIST wearer.
During the later runs, there was a lot of ambient
noise, the ASSIST wearer was moving, there
were overlapping sounds, and the sounds in the
environment were moving to and from distances
further from the ASSIST wearer. The last two
runs in the evaluation incorporated the ASSIST
wearer being in confined and indoor locations.
Ground truth locations of the ASSIST wearer
and the sounds in the environment were
measured based upon known points in the
environment.

N An Arabic text elemental test evaluated the
ASSIST system’s ability to detect, recognize,
and translate Arabic signs. Three signs were
placed in the environment at marked positions, so
that sets of images could be taken at known
angles and distances from the signs. The first sign
contained hand-printed characters, while the
other two had machine-printed characters. The
elemental test had the following three parts:

1. Sign Detection. The signs were used to evaluate
the ability of the system to extract text regions
from signs.

2. Text Extraction. The regions extracted from
the signs were processed and the results evalu-
ated. In addition, pictures of text were submit-
ted to the optical character recognition pro-
gram. The output Arabic characters and words
were compared with those on the signs. The
fonts and point sizes of the text were controlled
and were limited to those that the optical
character recognition system could handle.

3. Text Translation. A set of Arabic words and
sentences was input to the translation system
in its preferred format and the resulting
translations evaluated.

Utility tests
The utility of the system was assessed via vignette

tests. Vignettes tests were designed and have previously
been used to assess the value of ASSIST systems in (a)
infantry squad reporting of critical information, events,
and intelligence encountered during a mission, and (b)
intelligence officer/intelligence operations. These tests
engaged soldiers in realistic, albeit short, missions,
where the ASSIST technologies were used as they
conducted the missions.

One example of a vignette scenario mimicked a
presence patrol. The presence patrol included leaving a
forward operating base to patrol a local village, make
the military presence known, and collect intelligence
on the village and/or villagers before returning to the
forward operating base. In this vignette, the soldiers
were instructed to conduct a presence patrol in the
market area of the village, and then conduct a
deliberate search of the factory area.

Another vignette focused on collecting intelligence
about an improvised explosive device explosion that
had occurred overnight. The soldiers were instructed to
gather detailed information about the improvised
explosive device event. Upon completion of that
mission, they were to conduct a presence patrol in
the market and factory areas of the village, while
attempting to identify and/or detain several ‘‘gray list’’
and ‘‘black list’’ individuals.

After these vignettes were completed, the intelli-
gence officer was tasked with gathering data he would
use to produce an intelligence report on the state of the
village with respect to the upcoming election, including
any related violence or unrest.

Task tests
The utility of specific capabilities of the system were

evaluated using task tests. Task tests were short (10–
15 minute) missions that focused on evaluating very
specific capabilities of a system (e.g., the ability to take
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a picture and send it in real time, the ability to mark an
area on a map while in the field). The missions were
designed to allow the user to make heavy use of those
capabilities. Specific task tests included the following:

N Street Observation and Interaction—This task
was developed to specifically test real-time image
sharing across multiple ASSIST systems.

N Presence Patrol—This task was designed to
evaluate personnel tracking, GPS positioning,
and map annotation capabilities.

N Insurgent Surveillance—This test was created to
assess the capability of image and map transfer
between the laptop-based systems and ground-
based wearable ASSIST technologies.

N Insurgent Surveillance and Ambush—This task
was created to test the ASSIST technology’s
ability to automatically generate significant ac-
tions based on activities in the environment.

N Base/Entry Checkpoint—This task was devel-
oped to test the face recognition/matching
system’s ability to capture images in the field
and present matches in real time on the system-
wearers personnel interface (Figure 4).

Addressing each one of the SCORE Framework
elements with respect to the task tests greatly enhanced
the effectiveness of this series of evaluations at the most
recent ASSIST events. Comprehensive utility assess-
ments were collected from the task tests, which enabled
the evaluation team to produce an extensive picture of
the current state of the ASSIST technologies when
combined with the elemental and vignette test data.

SCORE applied to the spoken language
communication and translation system
for tactical use (TRANSTAC)
Overview of TRANSTAC

TRANSTAC is another DARPA advanced tech-
nology and research program whose goal is to

demonstrate capabilities to rapidly develop and field
free-form, two-way speech-to-speech translation sys-
tems enabling English and Arabic speakers to com-
municate with one another in real-world tactical
situations where an interpreter is unavailable (Weiss
et al. 2008). Several prototype systems have been
developed under this program for numerous military
applications including force protection and medical
screening. The technology has been demonstrated on
personal digital assistant and laptop platforms. NIST
was asked to assess the usability of the overall
translation system and to individually assess each
component of the system (the speech recognition, the
machine translation, and the text-to-speech).

All of the TRANSTAC systems work fundamen-
tally the same. Either English speech or an audio file
was fed into the system. Automatic speech recognition
was run over the speech to recognize what was said and
generate a text file of the speech. That text file was
then translated to another language using machine
translation technology. The resulting text file was then
spoken to the Arabic speaker using text-to-speech
technology. This same process was then reversed when
the Arabic speaker spoke (Figure 5).

Testing methodology
Technical performance of the individual compo-

nents of the TRANSTAC system was performed using
offline tests (represented by the red arrow in Figure 6).
Both technical and utility performance of the entire
system was performed using lab-based evaluations of a
laptop-based system (represented by the gray arrows in
Figure 6) and more field-friendly utility systems
(represented by the green arrows in Figure 6). Utility
evaluations were also performed out in the field with
the field-friendly systems (represented by the blue
arrow in Figure 6). Last, the specific capabilities of the
TRANSTAC systems (such as their ability to

Figure 4. An example of a task test for a checkpoint.
Figure 5. Example TRANSTAC system.
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recognize proper names) were tested both for their
technical capability and their utility (represented by the
purple arrows in Figure 6). Each of these tests is
discussed in detail below.

Offline evaluation
The offline evaluation was designed to test the

TRANSTAC systems with exactly the same set of
data, so comparison among the systems would truly be
‘‘apples-to-apples.’’ Identical speech utterances, both
English and Arabic, were fed into each research team’s
system. These utterances were collected from audio
recordings from data gathering events. First, an audio
file was fed into each system to test the systems’
speech-to-text (S to T) capabilities. Then a text format
was fed in to test their systems’ text-to-text (T to T)
capabilities. Since the system outputs include translat-
ed text and speech, metrics were extracted through
comparison of the system outputs to ground truth. A
range of metrics including low-level concept transfer
and automated metrics were able to be extracted from
the offline outputs (Sanders et al. 2008).

The use-case scenarios under which the utterances
(both speech and text) were generated stem from the
supporting data collections (and their respective
scenarios) that take place months in advance of the
evaluation. Appropriate scenarios were chosen based
on interviews with relevant military personnel and
Arabic speakers to determine the representative use-
cases in which this type of technology would be most
beneficial. The data collections brought together
English and Arabic speakers to role-play through the
numerous data collection scenarios that produced 10-
to 20-minute data collection dialogues. Each of the

audio dialogues were transcribed and translated where
a majority of the data was provided to the research
team to train their systems while the remainder was
held back to create the evaluation scenarios.

Approximately 3,200 of these held-back utterances
were used for the offline evaluation set. Analysis of the
offline evaluation focused on component level analysis
of the TRANSTAC systems using automated metrics
and human judgments. The following metrics were
used to analyze the offline data:

N Automatic Speech Recognition

# Word Error Rate (automated metric)
N Automatic Speech Recognition and Machine

Translation together

# METEOR, BLEU (automated metrics)
# Fine-grained concept transfer, performed by

bilingual human judges (counting how many
content words were translated properly)

# Likert judgment at utterance level, performed
by bilingual human judges

N Text-to-Speech Evaluation

# Word Error Rate (automated metric)
# Likert judgment performed by bilingual hu-

man judges

Live lab-based evaluation
Twenty-one structured 10-minute scenarios were

created for the live lab evaluation at three stations.
Structured scenarios provided a set of questions to the
English speaker that they needed to find answers to.
The Arabic speaker was given the answers to those

Figure 6. SCORE applied to TRANSTAC.
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questions in paragraph format. A dialogue occurred
between the two speakers and the number of answers
that the English speaker was able to obtain was noted.
In addition, questionnaires were provided to the
English and Arabic speakers to gauge their perception
of the TRANSTAC systems.

The lab evaluations were designed to test the
TRANSTAC systems in an idealistic environment, with
no background noise and with the participants being
stationary. The TRANSTAC systems were placed on a
table as opposed to being worn by the speakers. This
idealistic environment gave the evaluation team and the
developers an idea of the best performance of the systems
at this stage in their development.

For the structured scenarios, the following metrics
were used to analyze the data:

N A count of high-level concepts found out by the
English speaker in response to the questions they
were given. Also counted were the number of
times the English question came across, number
of times the answer came across, and the number
of times the English speaker reported that they
got the answer.

N Analysis of the questionnaire performed by
English and the Arabic speakers after each
scenario they participated.

Live field-based evaluation
The purpose of the field evaluations was to test the

TRANSTAC systems in a more realistic environment.
These tests focused on how well the systems could be
carried, how easy they were to use, how well they
handled wind and background noise, etc. The English-
speakers carried the TRANSTAC system, and the
speakers were mobile during the evaluation. Dialogues
were open-ended but had to stay in the topic area of
the scenarios. Each scenario lasted approximately
15 minutes. Two field scenarios were developed to
gauge the utility of the TRANSTAC systems. The
scenarios were performed outdoors with the English
speakers wearing combat gear (body armor, helmet,
gloves, etc.). They carried a ‘‘utility version’’ of the
TRANSTAC systems while performing the scenarios.

Various props were provided in the environment to
make the scenario more realistic (Figure 7).

Following the scenarios, the English speakers filled
out questionnaires and participated in interview
sessions with the evaluation team. This field exercise
only looked at the utility of the system, not its technical
capability. Because the utility version of the systems
were on different hardware platforms than the systems
used in the rest of the evaluation, the evaluation team
conducted a small ‘‘utility technical evaluation’’ in the
lab environment, which evaluated these utility versions
to the laptop version by running three of the same
scenarios used in the main evaluation again on the
utility platforms.

Capability evaluation
The goal of the capability evaluation was to isolate

specific functionalities of a system and test its
performance with scenarios that were tailored to stress
that functionality. For TRANSTAC, the evaluation
team focused on the ability for the TRANSTAC
system to identify and convey proper names in a
dialogue. Three unique, names-laden scenarios were
created as scripted dialogues and recorded by unique
speaker-pairs. These dialogues were created such that
there was at least one proper name in each Arabic
utterance. These recorded data were used to create the
offline names evaluation.

The offline names evaluation was run similar to that
of the other offline evaluations. Specific utterances
were selected and fed directly into the TRANSTAC
systems. However, the measures and metrics from this
test focused on how the systems specifically handled
the translations of the proper names.

The live names evaluation was run in a different
manner than that of the live lab evaluation. The
speakers were provided with the scripted names
scenarios and instructed to read them verbatim. After
hearing the English utterance, the Arabic speaker
responded with their scripted utterance, which was
spoken into the TRANSTAC system. If the English
speaker was able to understand the name that was
communicated, they noted that and moved on to the
next utterance. If the English speaker was unable to

Figure 7. Environment for the Field Evaluations.
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ascertain a name from the TRANSTAC output, then
they were able to rephrase their utterance in any
manner they saw fit. Likewise, the Arabic speaker,
upon hearing the English speaker rephrase their
utterance, could rephrase theirs accordingly to convey
the desired name. The output of this evaluation
produced both technical performance and utility
assessment data. This took the form of measuring
the number of names successfully transferred per unit
time and collecting survey responses from the end users
regarding their specific names interactions.

Conclusion/future work
SCORE has proven to be an invaluable evaluation

design tool of the NIST Evaluation Team and was the
backbone of 10 (six for ASSIST and four for
TRANSTAC) successful evaluations. It is expected
to play a critical role in the remaining ASSIST and
TRANSTAC evaluations.

The SCORE Framework is applicable to domains
beyond emerging military technologies and those solely
dealing with intelligent systems. Personnel at NIST are
applying the SCORE Framework to the virtual
manufacturing automation competition and the virtual
RoboRescue competition (within the domain of urban
search and rescue). Their intent is to develop elemental
tests and vignette scenarios to test complex system
capabilities and their component functions. The
framework has proven to be highly adaptable and
capable of meeting most any evaluation requirement.1
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Endnotes
1Disclaimer: Certain commercial products and software are identified

in this article in order to explain our research. Such identification does
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that the products and software identified are necessarily the best available

for the purpose.
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Testing and Evaluation of Profiling Sensors for
Perimeter Security

David J. Russomanno, Ph.D., Srikant Chari, Ph.D., Kenny Emmanuel, MS.,

Eddie L. Jacobs, D.Sc., and Carl Halford, Ph.D.
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The Center for Advanced Sensors at the University of Memphis is leading the design, testing,

and evaluation of novel, unattended ground sensors for the monitoring of borders and other

perimeters of interest. To minimize the cost and complexity of the designs, the prototype sensors

have been constructed with a small, sparse array of detectors to sense a minimal set of features

from a moving object. The design lies somewhere between the approaches used for motion

detectors and traditional imaging sensors. This article focuses on the collection of data to form a

diverse library of signatures that are needed to test and evaluate algorithms that can reliably

classify the data acquired from the sensors into the categories of human, animal, and vehicle.

Signatures have been collected of humans of various height, weight, and gait and wearing

small-, medium-, and large-sized backpacks, as well as carrying small arms. Animal signatures

include horses, cows, ponies, goats, llamas, dogs, and a variety of other small animals carrying

loads, such as packs and riders. Vehicle signatures include cars, vans, trucks, and SUVs. Testing

and evaluation of algorithms using the library of signatures have yielded classification rates over

95%.

Key words: Classification; object detection; sparse imaging sensors; unattended ground

sensors.

T
he ability to reliably classify moving
objects as human, animal, or vehicle is
critically needed in electronic fence and
other perimeter and border monitoring
applications that require the deploy-

ment of numerous inexpensive sensors. Research and
development in sparse detector imaging sensors is
focused on providing a low-cost alternative to tradi-
tional imaging sensors with the goal of reliably
distinguishing among moving objects at a low false-
alarm rate. For example, one particular application of
interest is developing sparse detector sensors, also
referred to as profiling sensors, capable of detecting
smugglers along the U.S. and Mexico border. Drug
smugglers carrying large backpacks of contraband
weighing up to 100 lbs often move in large groups
along known trails; however, it is difficult for border
patrol agents to accurately assess the size and exact
location of a group at any given time. Furthermore,
these routes often have other travelers, including other
humans and animals that do not fit the profile of a
smuggler. Conditions such as these require an accurate

means to differentiate among objects of interest and
false alarms, so that resources can be directed at the
smugglers. There are several military applications that
have analogous requirements.

Algorithms must reliably classify the data acquired
from profiling sensors into the classes of interest, such
as human or non-human, or more challenging
classification tasks, such as identifying a human who
is wearing a large backpack or carrying a rifle. The
robust development of algorithms requires large and
diverse training and testing datasets. Moreover, a wide
variety of samples in a library facilitates the develop-
ment of broad and specific classifiers for data acquired
from sparse detector arrays.

In this article, an ongoing signature collection effort
using two prototype systems is described. System 1 is
composed of near-infrared (near-IR) sparse retro-
reflective sensing elements, and system 2 is a single
column of infrared (IR) detectors. The remainder of
the article describes the following: (a) past work related
to the current signature collection effort; (b) system
hardware and software used for data collection and

ITEA Journal 2010; 31: 121–130

Copyright ’ 2010 by the International Test and Evaluation Association

31(1) N March 2010 121



library generation; and (c) an overview of the data in
the library generated by the two profiling sensor
systems. Emmanuel et al. (2009) described work-in-
progress for the signature collection effort, but that
publication had limited circulation and did not include
all of the details described here.

Profiling sensor–related work
Ronnie Sartain of the U.S. Army Research Labo-

ratory identified the need for a sensor to discriminate
among humans, animals, and vehicles and outlined the
basic concept of a profiling sensor, using a sparse
detector array, for intelligence, surveillance, and
reconnaissance applications (Sartain 2008). A profiling
sensor must be inexpensive, lightweight, and have low
power consumption as it will need to be deployed in
unattended ground applications over vast regions.
Robinson et al. (2008) described a sparse detector
system model configuration, and Klett et al. (2008)
described optical and radiometric analysis for a passive
infrared sparse sensor detection system.

Russomanno et al. (2008) prototyped the first
version of a near-IR profiling sensor at the University
of Memphis as conceived by Sartain and reported some
initial results when using a variety of standard
algorithms to classify data acquired from the sensor.
Yeasin et al. (2008) surveyed a variety of machine-
learning algorithms that may have utility in the
classification process and reported some additional
classification results using initial data obtained from
the prototype sensor. The most complete presentation
of the near-IR profiling sensor prototype to date is
reported in Russomanno, Chari, and Halford (2008)
along with results from applying standard algorithms
to the two-class image classification problem: human
versus non-human.

Additional research, development, testing, and
evaluation related to the near-IR profiling sensor
prototype has been done in providing a Web services
interface for initializing and tasking the sensor in
network-centric environments (Russomanno, Tri-
tenko, and Qiu 2009). Also, the development of a
software framework, using a geographical information
system, that shows how a service-oriented architecture
can be used to locate, task, and retrieve information
from sensors, including the near-IR prototype profiling
sensor, has been reported in Russomanno, Tritenko,
and Qiu 2009.

Jacobs et al. (2009) described two configurations of
pyroelectric infrared detectors (PIRDs) for use in a
profiling sensor, a linear array, and a circular array. For
visualization, the linear array can produce crude images
representing the shape of objects moving through the

field of view. The circular array produces a temporal
motion vector.

Although the initial results for classifying objects
from data obtained from the prototype profiling
sensors show promise, the results are only as good as
the diversity inherent in the training and testing
datasets. The datasets that comprised the signature
library in the work reported to date lacked the size and
diversity of samples needed to tune robust algorithms
that would have an acceptable false-alarm rate when
deployed in applications, such as trail monitoring for
smugglers. Therefore, this article summarizes the work
that continues to expand, test, and evaluate the library
of datasets using both data acquired directly from the
prototype profiling sensors, as well as other efforts that
extract data using conventional imagers. Note that the
algorithms do not utilize the ‘‘images’’ but rather use
the detector outputs as features. If a traditional imager
is used, features extracted from the images serve as
input to the algorithms.

Data acquisition methods
Two approaches are being used to build the

signature library: (a) acquiring the data directly from
the prototype sensors, and (b) extracting the relevant
signature data using traditional imagers. The prototype
near-IR profiling sensor (system 1) consists of 16 off-
the-shelf, retro-reflexive, near-IR sensing elements
placed approximately 5 inches apart aligned in a
vertical configuration on a transmitting/receiving
platform opposed by a reflecting platform as shown
on the left of Figure 1 (Russomanno, Chari, and
Halford 2008). The transmitting/receiving platform
and the reflecting platform are typically placed between
3 and 15 feet apart in the signature collection process.
The signature is acquired from the sensor via a USB
interface, the raw data file is visualized as a silhouette,
and the raw data is stored in the near-IR signature
library. Figure 2 shows the near-IR sensor at a farm to
acquire animal signatures.

System 2, which is the infrared version of the
profiling sensor, is also being designed at the
University of Memphis. One version of this system
consists of a vertical array of PIRDs in a configuration
similar to the near-IR prototype sensor. Simulation is
being used to assess multiple configurations of
detectors, such as various horizontally staggered
configurations of the detectors. Initially, while the
sensor was in development, simulation was used to
acquire signature data. The simulation uses captured
infrared video, which is then processed to produce a
profile of the object of interest. These infrared-
generated silhouettes are then used to train and test
classification algorithms.
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The simulation of the PIR detector array is achieved
by capturing infrared video, as shown in Figure 3. A
FLIR A40 long-wave infrared camera is positioned
typically 20–30 meters from the object of interest. The
object of interest traverses the scene, so that it enters
from one side and exits the other side. Temperature is
simultaneously recorded from a four-panel blackbody
within the scene and is used to calibrate the video. By
knowing the temperature of the blackbody panels
within the scene, the temperature of every pixel in the
video can be calculated. By knowing the temperature,
an approximate target emittance can be calculated due
to the irradiance impinging on the camera (Driggers,
Cox, and Edwards 1999). The response of a single
PIRD is then convolved with the calibrated scene. A
line of detectors is then extracted from every frame of
the video and thresholded to produce a profile. Both
single- and dual-element PIR detectors have been
simulated.

Testing and evaluation of a prototype IR sensor
constructed by the U.S. Army Night Vision and
Electronics Sensors Directorate is being used to gather
additional data for the profiling sensor library. This
approach to a profiling sensor consists of a linear array
of PIR detectors, a lens, and a microcontroller, as
shown in Figure 4. Figure 5 shows sample output from
the device.

Near-IR prototype data collection software
The software used for data collection from the near-

IR profiling sensor (system 1) was designed to require
the user to enter several parameters that enable the
collected signature to be archived in the library by
means of a naming convention that will enable quick
retrieval for subsequent algorithm training, testing, and
evaluation.

As detailed in Russomanno et al. (2008), a C/C++
program is executed to retrieve data from each of the
sensing elements that comprise the profiling sensor and
output the data to an ASCII file. Several simplifying
assumptions were made in the current version of the

Figure 1. Near-infrared profiling sensor signature collection process.

Figure 2. Near-infrared sensor in the field to collect
animal signatures.

Figure 3. Silhouette extraction process based on

infrared signatures.
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data acquisition software. The software waits for an
initial break-beam event to occur before collecting the
data for a signature. The program continues to acquire
and output data until all the sensing elements register a
no break-beam event. This configuration assumes that
once a break-beam event occurs, an object will
continue to break at least one beam until it clears the
field of view of the profiling sensor. This assumption
has required that some signatures be discarded during
the collection process. For example, if a human’s toe
trips a detector, and then the human moves away
before any other detect of is tripped, the program will
register that movement as a complete event. Enhance-
ments are being made to the data acquisition software,
such as requiring a minimum interval of time between
the initial break-bream event and the end of the
signature collection process, to eliminate irregularities
in data collection.

Figure 6 displays the interface for the prototype
profiling sensor data acquisition software and shows
some of the fields and pull-down menus available to

the user. The ‘‘Detection Preferences’’ menu allows the
user to specify the sampling rate and the minimum
break/no-break beam interval for a valid signature
collection. The ‘‘Algorithms’’ menu allows the user to
select a specific algorithm for object discrimination, as
there are several algorithms under test and evaluation.
This menu also provides the hook for inserting new
algorithms into the testing process. The ‘‘Visualiza-
tion’’ menu controls various parameters of the silhou-
ette viewer. There is also a Comments box for
recording the user’s annotations about a given
signature collection event. The comments are included
in the header section of the raw ASCII file
corresponding to a specific collection event.

The crude image shown in Figure 6 is generated by
the silhouette viewer for a specific data collection
event. The viewer can automatically generate a
silhouette after the data collection event. The viewer
provides an option to scale images relative to one
another; that is, the silhouette can be scaled to fit the
entire viewing area of the display panel.

The software used for collecting the infrared video is
FLIR Systems’ proprietary FSCAP Version 1.2, and it
serves as the user interface to the camera.1 FSCAP
allows for visualizing and recording the 30 frame-per-
second video to an Audio Video Interleave (AVI)
format. The software also enables the user to adjust
minimum and maximum cut-off temperatures. This
adjustment is used to vary the contrast of the scene
within an acceptable range defined by object temper-
atures within the scene; otherwise, objects of interest
might not be extracted from the scene. The files are
stored with a naming convention similar to the
convention used by the near-IR profiling sensor data
collection software. The naming convention supports
quick retrieval of signatures to support future algo-
rithm development.Figure 5. Output from prototype infrared profiling sensor.

Figure 6. Prototype near-infrared profiling sensor data
collection software.

Figure 4. Prototype infrared profiling sensor.
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Visualization software
In the case of system 1, the raw data acquired from

the C/C++ program can be visualized using two
different software tools developed at the University of
Memphis. The first tool generates a break-beam pattern
from the strings of 1’s and 0’s in the ASCII file
corresponding to the break and no-break patterns for

each sensing element as shown in Figure 7 (left panel).
This tool is particularly useful when setting up and
debugging the prototype sensor system. An ASCII file
is created for each signature collection. It contains a ‘‘16

3 I’’ matrix of 1’s and 0’s, corresponding to no-break
and break events, respectively, for each of the 16
detectors. The variable I is the number of samples taken

Figure 7. Visualization of the break-beam pattern acquired from the near-infrared profiling sensor (left panel). Pixilated image

producing a silhouette from the break-beam pattern (right panel).

Figure 8. Silhouettes of humans acquired from near-infrared prototype sensor: (a) human running, (b) average-height male, (c) tall
male, (d) average-height female, (e) average-height female with purse, (f) average-height male with medium backpack, (g) tall male

with medium backpack, (h) tall male with large backpack, (i) and (j) human with raised weapon, (k) and (l) human, with weapon,

carrying military pack.
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for a given signature collection. For same-sized objects,
the variable I is a good indicator of the relative speed of
the object, as slower objects will be in the sensor’s field
of view for a longer time, resulting in more collected
samples, as compared with a faster object. Variable I can
also be used to infer the width of an object.

The second tool used for data visualization is
software that converts the break-beam pattern of 1’s
and 0’s into a silhouette as shown in Figure 7 (right
panel). The y-axis of the silhouette corresponds to the
sensing element number, and the x-axis represents the
number of samples taken from the time of the initial
break-beam event until no detectors have a broken
beam. The second method of visualization provides
more intuitive information to a human than the break-
beam patterns alone.

Signature collections
Figures 8–10 are representative of the various

signatures currently in the library generated by system
1. The library has over 800 signatures that include
animals, humans, and vehicles. Figure 8 shows repre-
sentative silhouettes acquired from the near-IR
prototype sensor. The silhouettes include the follow-
ing: (a) human running, (b) average-height male, (c)
tall male, (d) average-height female, (e) average-height
female with purse, (f) average-height male with
medium backpack, (g) tall male with medium back-
pack, (h) tall male with large backpack, (i) and (j)
human with raised weapon, (k) and (l) human with
weapon carrying military pack.

Figure 8 has several interesting images. For example,
Figure 8 (d) illustrates a female human that has a

Figure 9. Silhouettes of animals acquired from the near-infrared prototype sensor: (a) donkey, (b) calf leaping, (c) llama, (d) miniature

horse, (e) pony, (f) small horse, (g) medium horse, (h) large horse.

Figure 10. Silhouettes of vehicles acquired from the near-infrared prototype sensor: (a) midsized car (Subaru Legacy), (b) midsized
car (Mitsubishi Gallant), (c) midsized car (Plymouth Neon), (d) midsized car (Plymouth Neon with windows down), (e) midsized SUV

(Chevy Trail Blazer), (f) large SUV (Toyota Sequoia), (g) van (Nissan Quest), (h) truck (Dodge RAM).

Russomanno et al.

126 ITEA Journal



ponytail outlined in red. The silhouettes in panes (i)
through (l) are humans with M-16’s, and the latter two
are also carrying military equipment packs. Pane (k) of
Figure 8 is a human on patrol with an M-16 held at
modified port arms.

Figure 9 shows representative animals acquired from
the near-IR prototype sensor, including silhouettes of
the following: (a) donkey, (b) calf leaping, (c) llama, (d)
miniature horse, (e) pony, (f) small horse, (g) medium
horse, and (h) large horse. Additional planned collec-
tions include various other types of animals commonly
found in an open range of interest, such as cows and deer.

Figure 10 shows representative silhouettes of vehi-
cles acquired from the near-IR prototype sensor,
including the following: (a) midsized car (Subaru
Legacy), (b) midsized car (Mitsubishi Gallant), (c)
midsized car (Plymouth Neon), (d) midsized car
(Plymouth Neon with windows down), (e) midsized
SUV (Chevy Trail Blazer), (f) large SUV (Toyota
Sequoia), (g) van (Nissan Quest), and (h) truck (Dodge
RAM). The vehicle window impacted the reflectance
of the near-IR beams as shown in Figure 10 (d).
Figure 10 (c) and (d) are of the same object types
except that (d) has its windows down.

Figure 11 shows representative silhouettes acquired
from the near-IR prototype sensor containing multiple

objects in a single image including the following: (a) two
tall males, (b) one average height and one tall male, (c)
two average-height males with large backpacks, (d) two
llamas, (e) human leading medium horse, (f) human
leading medium horse with pack, (g) medium horse
with human rider, and (h) human leading pony.

Figures 12–15 show sample silhouettes derived from
IR video. Figure 12 shows silhouettes of humans with
and without loads; Figure 13 shows silhouettes of
animals, such as horses and donkeys. Figure 14

shows silhouettes of various types of vehicles; and
Figure 15 shows silhouettes of multiple objects in
the same image. It should be noted that for IR
signature-based silhouettes, the silhouette of a single
object may show discontinuities. This is because the
silhouettes are generated by differentiating the
output of a single column of detectors with respect
to time. When the IR signature variation is small,
the output of the differentiator may fall below the
threshold (used to binarize the image) resulting in
disjoint profiles.

Classification of profiles
The data that formed the silhouettes were processed

using standard classification algorithms, such as the
Naı̈ve Bayesian classifier, to demonstrate that the data

Figure 11. Silhouettes of multiple objects acquired from the near-infrared prototype sensor: (a) two tall males, (b) one average-height

and one tall male, (c) two average height males with large backpacks. (d) two llamas, (e) human leading medium horse, (f) human

leading medium horse with pack, (g) medium horse with human rider, (h) human leading pony.

Figure 12. Silhouettes of humans based on infrared signatures: (a) human carrying large backpack, (b) human pointing a gun and

carrying a small backpack, (c) human with no load.
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acquired from the near-IR and IR sensors provided
adequate resolution for identification of humans,
animals, and vehicles (Russomanno et al. 2008; Chari,
Halford, and Jacobs 2008). However, data acquired for
multiple objects within the field of view of the sensors,
such as the silhouettes shown in Figure 11, were not
included in the dataset used for testing classification
rates. The challenge of classifying individual objects in
circumstances in which multiple objects appear in the
frame of view of the sensor is currently being
investigated; however, initial results indicate that good
classification is possible. Results using single object
datasets indicate that low-level features based on
height and width or ‘‘on’’ pixel count enable algorithms
to achieve classification rates over 95%. For the near-
IR sensor, it was observed that data from as few as five
out of the 16 detectors can be used to achieve a
classification accuracy of over 95% for the human
versus non-human classification task.

Conclusions
The notion of a profiling sensor to be used to

differentiate among objects of interest has been shown
to be feasible. Prototype sensors have been designed,
tested, and evaluated at the University of Memphis,
and these sensors may be a low-cost alternative to
high-resolution imaging sensors and may be better
suited for unattended ground deployments in vast

geographic regions in which the sensors must be
regarded as disposable. The focus of this article has
been on the building of a library of signatures to
develop, test, and evaluate classification algorithms.
Currently, the library generated from using the near-
IR prototype sensor has 814 signatures, including 136
animal signatures, 149 vehicle signatures, and 529
human signatures. The IR profile sensor library
consists of 88 animal, 116 human, and 32 vehicle
signatures. Single-object profiles constitute most of the
library at this time, and data collection is ongoing. The
library has been used to test and evaluate classification
algorithms with some of the algorithms achieving over
95% accuracy for the human versus non-human
discrimination task.

Future directions for expansion of the library will
include additional humans. Vehicle data will include
additional makes and models of domestic and military
vehicles. Deer and a variety of other small animals will
be added to the library. In addition, the design of a
stand-alone silhouette viewer with enhanced flexibility
in the display parameters is desired to support human
perception and classification experiments. Additional
signatures are imperative for accurate and robust
classifiers designed to reduce false alarms. An extensive
library will advance the opportunities for testing,
evaluation, and deployment of profiling sensors for
many applications. C

Figure 13. Silhouettes of animals based on infrared signatures: (a) horse carrying a small load. (b) horse with no load, (c) donkey, (d)

pony grazing.

Figure 14. Silhouettes of vehicles based on infrared signatures: (a) SUV, (b) pick-up truck, (c) midsize car, (d) compact car.
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Endnotes
1FLIR SYSTEMS. 2009. http://www.flirthermography.com/cameras/

camera/1041 (accessed January 26, 2009).
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The maturation of several technologies (e.g., computational power, information storage and

transfer, physics-based modeling and simulation (M&S), automation sciences, optical-based

instrumentation, micro-electromechanical devices, signal processing, telecommunications)

applicable to wind tunnel testing offers the possibility of acquiring test information of quality

and quantity that is impossible today. A confluence of this mature technological capability, new

wind tunnel features designed to support this technological capability, personnel skills, and a test

process to match can make the future possibility a reality. The real challenge as we see it is

defining the development needs in ground test, M&S, and flight test and merging these results

into a managed database and repository system of maturation requirements. A view of this

future possibility being a reality in 2025+ is developed and discussed. This article captures

considerations and recommendations gleaned from several efforts external to the Arnold

Engineering Development Center that look at the future for requirements.1

Key words: Computational capability; future projected workload; investment; personnel

development; wind tunnel infrastructure; workforce stability.

A
s recent assessments (Melanson 2008;
Kraft and Huber 2009) show to those
of us associated with wind tunnel
testing, the use of wind tunnels is
not seen as being replaced by compu-

tational capability. However, the rise of computational
capability has had an impact on wind tunnel utilization
and is expected to do so in the future. Based on some
approximate physics-based models, flow field and
surface conditions are computed for a specified shape
at an ideal set of conditions, generally assuming an
unconstrained outer boundary. At the present time, a
few test points (full aircraft-viscous-time averaged) can
be computed in a few days, with a few polars in a
couple of weeks. In comparison, a typical wind tunnel
test can be thought of as an analog computer that has
all of the physics of aerothermodynamics and
structural response embodied in the computation
and produces more than 11,000 accurate time-
averaged computations for the existing boundary
conditions in a matter of days to weeks (not counting
the time to fabricate the test model and prepare the

test systems). Neither is perfect. However, both have
their uses (Figure 1), and when applied together they
provide the best information, which is the direction
needed for the future.

Admittedly, growth in computational power and
physics-based modeling will have a dramatic effect on
the design of the test program and test article,
productivity, the cost of the test, and the information
value derived. This growth, combined with advances in
instrumentation and data processing, will have an
impact on the design of a wind tunnel, principally the
test section geometry (size, wall-boundary features)
and sensor suite. The benefit potential from incorpo-
rating existing or emerging technology into the art of
wind tunnel testing is seen as tremendous in terms of
value-addition to the process of transforming a concept
into a fielded system. The Testing and Evaluation
(T&E) activities associated with acquisition, process-
ing, and sharing of data as well as computation
modeling have a much higher potential for change in
the next 20 years. To maximize the benefits of future
technologies to wind tunnel testing, it is critical that
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the wind T&E process be managed (guided) to take
full advantage of the rapidly advancing changes in
information technology, communication, and remote
operations previously mentioned. And, if only the wind
tunnel test portion is optimized, there will be
unrealized benefit. Therefore, improving the entire
test process, from first contact to final transmittal of
information, should provide maximum cost-effective
benefit to the product development purpose.

The 2025+ horizon selected for this presentation is
predicated on the notion that starting a program today to
either develop a new facility or make a major modification
to an existing facility and associated systems and processes
to revolutionize the contribution of wind tunnel testing
would take from now to 2025 for concept and
requirements definition, advocacy, securing of funds,
detailed design, construction, and operational readiness
for the facility and a similar parallel effort for personnel
expertise development and process maturation. The need
for growth in personnel skills and experience is seen as a
critical element. The suggested goals for 2025 wind
tunnel total capability to provide maximum cost-effective
benefit and maintain preeminence are as follows.

Develop expertise and tools
Collectively, the wind tunnel facility staff should

have key personnel that are knowledgeable in the
aeronautical sciences, in how the test-derived infor-
mation is to be used in the product development, and
in its impact on product program risk. They should
know how to safely and efficiently get the most out of
the test facility to meet program objectives. They
should have state-of-the-art knowledge of the use of
computational capability and modeling and simulation
(M&S) as it applies throughout the test process to

plan, design, correct for non-ideal conditions, and
analyze test results. The ability to track and understand
new features in wind tunnel test facilities and
techniques on the part of others is critical to being in
the forefront of test ability. Personnel with this acumen
must be developed over time and a sustained
investment in their skill development is vital.

Develop wind tunnel infrastructure
Ensure suitable wind tunnels (existing and/or new)

with test section size, performance range, support
systems, productivity, test methodology, instrumentation,
M&S tools, and operational readiness needed for product
development testing with required information quality
without adding to cost, performance, and schedule risk. A
sustained investment for each tunnel is required for
maintenance and appropriate improvement in capability,
reliability, and technology to support future T&E needs.

The 2025+ view developed herein of the art of wind
tunnel testing starts with discussion of the test process.
Then, in succession, projected workload, test types and
the classes of expected vehicles to be developed, the
2025 wind tunnel suite, the role of M&S, and a
concept of operations is introduced and discussed. The
bottom line is that a national strategy is needed, and
the time to start investing is now.

2025 Test process
It is appropriate for this discussion to define some

terms before proceeding:

N Benefit (improved performance, utility, produc-
tivity, information quality and quantity);

N Risk (likelihood of added cost, delay in schedule,
insufficient performance or capability, etc.);

Figure 1. Wind tunnel and computation. The right-hand picture was accessed September 2009 at http://www.pointwise.com/

images/app_f-15e_256px.png.
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N Facility (wind tunnel, support systems, instrumen-
tation, computational power, M&S capability,
personnel expertise, secure high-speed communi-
cations, customer interface, information archival);

N Modeling and Simulation (M&S) Capability
(M&S effect of flow nonuniformity, wall inter-
ference, test article deformation and distortion,
boundary-layer state, Reynolds number, exhaust
plume, etc.);

N MDOE (application of M&S termed Modern
Design of Experiments used to optimize the test
points in a wind tunnel program consistent with
test objectives);

N Wind Tunnel Capacity (number of tunnels and
occupancy hours provided annually);

N Productivity (quantity of data air-on, e.g., polars,
or sweeps, or runs, etc., acquired in a given
amount of time, such as polars per hour);

N Throughput (time, hours or days, required to
complete installation and de-installation of a
single test program);

N Test Condition (simulated or duplicated flight
condition such as Mach number, Reynolds
number, altitude, temperature, etc.);

N Test Simulation Fidelity (degree to which a test
article simulates the flight vehicle including the
test conditions, test section/model size, external
and internal detail features, structural character-
istics, and information quality);

N Information Content (test conditions, body and
component forces and moments, pressures, tem-
peratures, test article shape/distortion, test article
attitude, flow vectors, etc.);

N Information Quality (relationship to flight vehi-
cle at flight conditions including wind tunnel
measurement or computational simulation un-
certainties);

N Test Type Capabilities (capability of a wind
tunnel to perform selected types of tests such
as aero-performance, jet exhaust effects, inlet-
performance, inlet-airframe integration, powered
simulators, half model, weapon/store/stage sepa-
ration, trajectory simulation, mission simulation,
etc.);

N Harvesting (identification and capture of tech-
nology to enable advances in wind tunnel testing
and M&S);

N One-stop shopping (aerodynamics center as a
single source for the multitude of tasks associated
with producing the required data, analysis, and
information, including its relationship to flight
duplication);

N LVC (Distributed Live, Virtual, and Construc-
tive);

N UAV (Unmanned Aerial Vehicle); and
N SOS (System of Systems).

Figure 2, which is Version 1.1 of the Capability Test
Methodology process for Joint Test and Evaluation
Methodology (Bjorkman and Gray 2009), is useful for
discussion because the sequence depicted in Blocks 0
through 5, including the 14 processes, applies to how
wind tunnel test capability in support of product
development (manned aircraft, UAVs, missiles, space
access vehicles, weapons launch, etc.) and of integrated
test and evaluation activities ought to exist and
function. Table 1 shows a brief comparison.

For the product development effort, the central focus
of the joint mission environment becomes the integrat-
ed product development environment. Here, it seems
appropriate that the wind tunnel test portion should be
integrated into the development process at the earliest
point that a positive contribution could be made.
Suppose, for the sake of clarity, in a general application
without regard to a specific test that the title of Block 0
is changed to read ‘‘Select Optimum Development and
T&E Strategy.’’ Then, from a national perspective, with
due consideration for cost, benefit, and risk, a concept of
the facility and how it should function in an integrated
environment is defined and enabled in time to support a
specific test need. The premise here is that today wind
tunnel facilities are underutilized compared with the
role that they could play. A view is presented herein of
what the art of wind tunnel testing could be like in 2025
and beyond, after the objective of Block 0 is achieved in
general, but with modification for wind tunnel
application.

If at first energy is spent on looking at product
development for air vehicles from initial concept to
fielded product with the idea of identifying the best
approach to take in the future, then out of that
thinking can evolve a vision for the best use of the wind
tunnel as part of that process. The first process for a
wind tunnel application, Develop Capability/SOS
Description, implies a definition of needed wind
tunnel facility capability. Constraining thinking to
existing facilities with some investment will lead to one
answer. Removing that constraint will lead to a
different mix of wind tunnels and functions for future
programs. The capability thus defined would encom-
pass the following:

N test performance for a suite of wind tunnels
including test conditions, test simulation fidelity,
and information quality;

N test type capability;
N wind tunnel capacity, productivity, and through-

put;
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N test operations concept (local and remote inter-
face, full automation for operations and safety,
security, monitoring, conferencing, maintenance
and repair, sustained funding);

N test information (instrumentation and metrology,
data acquisition and processing, data storage and
handling, integration of M&S, real-time analysis,
high-speed information transfer, continuity); and

N test personnel and expertise.

2025 Block 0 test process – needed
wind tunnel facility capability

The product development cycle should utilize wind
tunnel staffing capability starting with the inception of
a product concept and following through the life cycle
of the product to ensure planning and information
quality and to promote optimum investment in test

capability, M&S application, and personnel expertise.
The Block 0 test process objective pertaining to testing
is to forecast the test program—timing, facility,
objective, test features, pretest M&S, test support
systems, distributed control/monitoring, data acquisi-
tion and handling, analysis required, etc. From this
early involvement, cost and schedule, required facility
modifications, and operational readiness are coordi-
nated; investments in hardware, software, and personnel
are identified; and the process of implementation is
initiated. The goal is for the required test and analysis to
be executed as efficiently as possible to support
confirmation of flight vehicle performance or reduce
the risk prior to flight testing. Both objective and
subjective measurement of performance, assessment,
and appropriate investment budget to ensure continuous
improvement of the Block 0 process is essential and can
be included as part of the Block 5 test process.

Figure 2. Capability test methodology version 1.1 for joint test and evaluation methodology.

Table 1. Block 0 joint test and evaluation methodology and wind tunnel comparison.

Capability test methodology, Block 0 Select optimum development and T&E strategy, Block 0

Develop capability/SOS description Develop wind tunnel facility capability description

Develop joint operational context for test Develop optimum joint operation concept

Develop evaluation strategy outline Develop evaluation support concept

Develop/refine capability crosswalk Develop/refine overlap capability protocol

T&E, test and evaluation; SOS, system of systems.
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Other test process blocks in Figure 2 relate as
follows:

N Block 1, Characterize Test, is identical for an
application to wind tunnel testing.

N Block 2, Plan Test, which contains the abbrevi-
ation LVC joint test environment to evaluate
system performance and joint mission effective-
ness, is a parallel to integration of the product
developer and the wind tunnel test and M&S
communities. The parallel is in an activity to run
a simulation of the test program and expected
analysis of results methodology to ensure that the
test design and planned analysis protocol (who,
what, when, where, and how) is optimum.

N Block 3, Implement LVC distributed environ-
ment, is interpreted as setting up and verifying
the communications links, information transfer,
and analysis prior to test execution.

N Block 4, Execute Test, is identical for a wind
tunnel test application.

N Block 5, Evaluate Test, lists the two processes,
Analyze Data and Evaluate SOS Performance &
Joint Mission Effectiveness. It is assumed that
some action planning for continuous improve-
ment opportunity is part of that evaluation.
These processes are essentially the same for the
wind tunnel process of the future. A renaming
could be Process Effectiveness Evaluation &
Improvement. This is a link, which today in the
lean environment is very weak as there is no
affordable impetus for continuous improvement
instead of just identifying and fixing something
that did not work as well as it should. A
particular weakness that would still exist, even
with funding for continuous improvement, is
lack of a working link from flight test back
through the predicted flight results to the wind
tunnel test information base to identify what
needs to be improved.

2025 Projected workload
A strategy for reshaping the national wind tunnel

infrastructure should include an analysis of historical
wind tunnel usage to provide a basis for estimating
future requirements. Combining current testing re-
quirements with anticipated technology advances and
vehicle development scenarios can shape this vision for
the ‘‘future’’ portfolio of U.S. wind tunnels in terms of
workload capacity, test condition simulation, and test
technologies, i.e., testing or data types, sensors, etc.
Strategists should consider the suitability of the future
wind tunnel portfolio in relation to the development
process for major/complex flight vehicles (aircraft,

missiles, armament, space access vehicles) since these
programs typically drive the demand for the midsized
and large U.S. wind tunnels. Midsized tunnels are
defined as having test sections from 3 to 6 feet (linear
cross-section dimension), and large tunnels are those
having test sections of more than 6 feet. High
productivity continuous-flow and intermittent tunnels
such as blow down currently fulfill this role and are
expected to remain as primary sources into the future.
Research activities, although important, are typically
conducted in a variety of smaller, more cost-effective
facilities and are not considered as primary national
capabilities.

The amount of wind tunnel testing required to
develop an aircraft has been constantly increasing
(AIAA 2009) since the 1950s, although it is possible
that this trend may have reached a maximum (Kraft
and Huber 2009) for some flight vehicle types and
missions, i.e., subsonic/transonic transports. Until now,
flight vehicle complexity and the need for more
exacting determination of flight performance have
driven developers to require increasing quantities of
aerodynamic data, and these data have been historically
provided by wind tunnels. Several factors may be
contributing to a perceived leveling off of testing hours
for some vehicle types: the maturity of the aeronautical
development processes, the increase in wind tunnel
productivity, development of small subsonic UAVs,
and the rise of M&S capabilities. However, because
future flight vehicles may continue the trend towards
increasing complexity, operating speed, and mission
capabilities, there could be a corresponding need for
more information (data) to be supplied by wind tunnels
and M&S. The time frame for M&S significantly
impacting wind tunnel utilization is not clear, although
flight vehicle developers are seeking ways to use M&S
to reduce the amount of wind tunnel testing prior to
flight (and improve data quality). According to data
from AIAA, 2009, approximately 35,000 to
45,000 hours would be required in the future to
develop a typical modern transonic/low supersonic
military aircraft (the F-35 required 63,000 hours for
three variants) (AIAA 2009). The current estimate for
a modern subsonic transport wind tunnel test program,
using data from AIAA 2009, is somewhat less and on
the order of 15,000 to 20,000 hours. The average ratio
of high-speed testing to low-speed wind tunnel testing
for Lockheed Martin aircraft development programs
was 30 percent (low-speed) to 70 percent (high-speed)
(AIAA 2009). (The Lockheed-Martin data are biased
in the direction of military aircraft testing.) These
trends emphasize the importance of high-speed wind
tunnels to the future of flight vehicle development in
the U.S.

Future Wind Tunnel Testing

31(1) N March 2010 135



Furthermore, because the U.S. sustains a high level
of aerospace activity, wind tunnels support multiple
concurrent development programs. A 5-year average
annualized estimate of this test demand was produced
in 2007 by the AIAA Ground Test Technical
Committee (GTTC) (AIAA 2009) and is shown in
Table 2. This estimate was considered a near-term
baseline and was not all-inclusive (did not include the
testing directly conducted by the Department of
Defense [DoD] or National Aeronautics and Space
Administration [NASA]). The GTTC considered
wind tunnel testing a foundational activity for
aeronautical vehicle development, and wind tunnels
will continue to fulfill this role for the near term and
beyond the 2020 horizon.

The bulk of the 38,600 estimated average annual
wind tunnel hours in Table 2 supports subsonic and
transonic vehicle development since both the military
and commercial industry produce vehicles that operate
through this speed range (e.g., F-22, F/A-18E/F, and
F-35 military fighters, military unmanned aerial
vehicles, and commercial subsonic transports, such as
777, 787, and business jets). Supersonic airliners,
business jets, and military aircraft and hypersonic
aircraft have been proposed, although none have
reached full-scale development (i.e., the DoD Black-
swift program was cancelled in 2008). The demand for
supersonic tunnel hours is less and typically is in
support of missiles and space vehicles, and the
hypersonic wind tunnel infrastructure supports the
smallest workload. The total annual workload is
currently satisfied by a range of tunnels owned by
industry, commercial companies, government, and
academic institutions. The AIAA GTTC also indi-
cated that there is a potential for a change in the mix of
required tunnels and test types as new flight vehicle
development programs explore higher speeds and
different missions. Their near-term (5-year) prediction
was for increased propulsion systems aerodynamic and
high-speed testing and decreased aircraft and recon-
naissance platform testing.

Although there is a substantial annual requirement
for wind tunnel hours, this workload is highly variable
because of the cycles of major national programs.
NASA recently reported in the Newport News (New-
port News Daily Press 2009) that their wind tunnel
workload dropped from 10,000 hours in 2003 to
2,500 hours in 2008. And even though need for test
hours per vehicle has increased, the number of vehicle
development programs has decreased over the last few
decades, resulting in an overall reduction in wind
tunnel testing hours (compared with the 1960s–1980s).
This decreasing and variable demand has resulted in
the loss (or inactivity) of several major tunnels since

that peak period, including the Commercial North
American Rockwell Trisonic Wind Tunnel (demol-
ished); the DoD Supersonic Tunnel 16S (inactive); the
NASA Langley 8-Foot Transonic Pressure (closed and
probably to be demolished), Low Turbulence Pressure
(closed), 30 3 60 Full Scale (closed and scheduled for
demolition), and 16-Foot Transonic (closed) tunnels;
the NASA Glenn Altitude Wind Tunnel (demolished)
and Hypersonic Tunnel Facility (on standby); and the
NASA Ames 8 3 7 Supersonic (non-operable), 14-
Foot Transonic (demolished), 6-Foot Supersonic
(closed and abandoned), 12-Foot Pressure (closed)
and 3.5-Foot Hypersonic (non-operable and aban-
doned) tunnels.

Wind tunnel usage in 2020 and beyond will be
shaped by the previously noted trends. Although wind
tunnels will continue to be required for flight vehicle
development, it is expected that there will be
significant variability in tunnel usage, and a real
probability exists that the national annual wind tunnel
workload may decline as M&S capabilities increase.
Therefore, the future portfolio of U.S. wind tunnels
will need to be optimized for this expected (potentially
lower) utilization while retaining the competency
(during minimal utilization periods) to provide ade-
quate response times. While a definitive estimate of
U.S. wind tunnel usage past 2015 is beyond the scope
of this report, a conservative estimate would be to plan
for a similar level of national wind tunnel workload in
the midterm, 5 to 10 years, and for a somewhat
reduced workload for 2025 and beyond. Significant
variations in this workload can be expected, and if the
U.S. embarks on the development of a large transonic,
supersonic, or hypersonic aircraft, these estimates could
grow substantially. In addition, if supersonic and
hypersonic airbreathing flight vehicles are to be
developed, considerable testing in tunnels with aero-
propulsion capabilities will be required.

The expected reduction of the number of test
programs runs counter to the expected need of those
programs for higher data quality, productivity, and
availability of wind tunnel testing. Under the current
wind tunnel operational scenario, the decrease in
programs will force wind tunnel managers to reduce
workforce, reduce available wind tunnels, and curtail
maintenance. The skill level of the remaining workforce
will be diminished because of reduced test experience. It
will also be difficult to attract the ‘‘best and brightest’’ to
a career of this highly variable (layoff-prone) type. This
dichotomy demonstrates the need for a national strategy
to fund retention of key facilities and expertise within
the required wind tunnel portfolio.

As M&S results are increasingly inserted into the
development process, it is expected that some of the
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wind tunnel workload will be displaced by computa-
tional hours. It is also expected that there will be
increased use of wind tunnels to verify and investigate
M&S results as well as provide data where M&S tools
are not well suited. To meet this challenge, wind
tunnels must become a place for verification of M&S
results and merging of these two data sources through
use of current tools and those developed in the future.
An example of this combination is depicted in
Figure 3. The differencing scheme between computa-
tion and experiment shown can be used as a check for
the wind tunnel results by computing a case that
simulates a wind tunnel test condition and model
configuration. The combined (differenced) wind tun-
nel and computational results can be used for
verification of the expectations for vehicle features that
were predetermined. In the latter case, wind tunnel test
results corrected by the use of M&S for differences
between the wind tunnel test and the computational
model are compared. The developer’s emotions could
vary anywhere between comfort and panic, depending
on the severity of the difference. Actions to modify the
test plans are a natural result of seeing something that
is troubling. Everyone benefits from this process. In
addition to providing the requisite air-on time, e.g.,
workload, a primary set of testing types critical to flight
vehicle development will comprise a substantial portion
of the wind tunnel workload. These wind tunnel

testing types, developed to meet the data needs of
flight vehicle designers, have been refined over the last
50 years of testing and require specialized support
equipment, i.e., pressure sensors, force and moment
balances, data acquisition systems, optical systems,
model support systems, etc. Some test types require
wind tunnel models specifically configured to meet the
needs of the flight vehicle developer’s force accounting
system (Skelley, Langham, and Peters 2004). Many
U.S. wind tunnels have current expertise in multiple
testing types, but because of specialization and/or
reductions in the wind tunnel infrastructure, some
techniques are available in only a few U.S. facilities,
i.e., large model store separation testing in Arnold
Engineering Development Center (AEDC) 16T,
Calspan 8-Foot Transonic Wind Tunnel (Calspan
2009). An example of a primary set typically used for
subsonic, transonic, and supersonic flight vehicle
development is shown in Figure 4 (Skelley, Langham,
and Peters 2004).

Future wind tunnel programs are expected to
continue to require the services of multiple wind
tunnels with various capabilities based on program
goals and budget (potentially with less frequency and
duration). Multiple entries into these wind tunnels will
be required to acquire the various types of data (test
types) for configuration refinement and validation. As
an example, a portion of the F-35 development

Table 2. 2007 Estimated 5-year annualized near-term workload4(user occupancy hours).

Class
Low speed

(M,.4)
Transonic
(M,1.6)

Supersonic
(M,5)

Hypersonic
(M.=5) Notes

General aviation 200 0 0 0

Business jets (5–20 pass) 1,250 1,250 150 0

Regional jets 500 550 0 0

Commercial aviation 2,850 4500 0 0 Includes large business jets

Tactical aircraft fighters 2,400 2,900 900 450 Includes UAVs

Military transports and tankers 2,050 1,400 0 0

Bombers, strategic 1,250 1,100 350 0 Includes UAVs

Suborbital aircraft 0 0 0 0 No forecast available

Orbital access/reentry 200 600 950 350 Industry requirements only (prime), no

NASA- or DoD-conducted testing;

includes launch vehicles

Conventional helicopters 2,050 150 0 0

High-speed rotorcraft (TiltE) 1,200 0 0 0

Air-breathing weapons 350 850 150 0 Includes targets

Rocket or unpowered weapons 400 1000 900 700 Includes targets

Propulsion systems 750 1400 750 200 Includes internal aerodynamic testing/

integration

Technology development/other 300 350 150 0 Test technology, etc., not tied to a

program

Recon platforms 900 850 50 0

Totals 16,650 16,900 4,350 1,700

UAVs, unmanned aerial vehicle; NASA, National Aeronautics and Space Administration; DoD, Department of Defense.

*Author-date
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program was conducted in two AEDC wind tunnels
over a 6-year period as documented in Skelley et al.
(2007). Over 8,000 wind tunnel hours were conducted
and more than 30 individual tests were accomplished.
The workload was distributed between the various test
types as follows: 28 percent High Speed Aerodynam-
ics, 12 percent Aerodynamic Loads, 29 percent
Weapons Separation, 18 percent (exhaust) Jet Effects,
5 percent Inlet, 5 percent Acoustic, 2 percent Store
Loads, and 1 percent Air Data. The test types listed in
Figure 4 are not all-inclusive as there are additional
testing types needed to support the data requirements
of vehicle designers, i.e., dynamic stability, aerody-
namic loads, engine testing, etc., as well as for the
various types of flight vehicles and missions, i.e., heat
transfer and materials response test types for high-
speed vehicles. It is expected that advances in sensor
technology, computing power, and testing methodol-
ogies will enhance this set of test type capabilities and
should be supported; however, it is essential that these
capabilities are sustained for future flight vehicle
programs across the full spectrum of the national wind
tunnels (where appropriate) or flight vehicle developers
will face increasing risks.

While the aggregate future wind tunnel test hours
and test types needed to support ‘‘general’’ vehicle
development can be estimated, we believe that the
long-term outlook for the mix of tunnels and test type
capabilities is much less certain. Development of

supersonic and hypersonic airbreathing vehicles will
also place emphasis on the need for aerodynamic
propulsion integration test types.

As part of the evolving process of utilizing
computational data in a larger degree for the air
vehicle performance database, the detailed plan for the
force and moment accounting systems will be altered.
As part of the development of any vehicle performance
database, the integrated force and moment accounting
system will have to be transitioned to include
computational pieces of data to replace or represent
the results from both the wind tunnel and also the
engine test facilities. Currently, AEDC wind tunnels
16T, 4T, and 16S and AEDC’s analysis and compu-
tational fluid dynamics (CFD) tools have been
extensively employed for developing large portions of
the ground test and evaluation database used for recent
U.S. Air Force and Navy aircraft such as the F-22, the
F-18E/F, and the B-1. A comprehensive force
accounting system was developed for each of these
aircraft by the airframe prime developer to assist in
defining and building a total air vehicle performance
database prior to flight testing. A depiction of such a
force accounting system for a transonic fighter
aircraft is shown in Figure 5 (Skelley, Langham,
Peters, and Frantz, 2007). An example of the
diversity of candidate flight vehicles is provided in
Table 3. This list was gleaned from several sources
by the AEDC staff and represents typical programs

Figure 3. Notional concept* of merging wind tunnel and computational results.
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that could require the use of mid- to large-sized
U.S. wind tunnels (government, industry, commer-
cial, and academic) in the 2025 time frame.

Development of both civilian and military transport
aircraft is expected to continue well into the future
with new subsonic types being developed. There is
also a continued potential for commercial supersonic
aircraft such as supersonic business jets or airliners.
The need for rapid mobility using high-speed
transports (supersonic) has been considered, although
their future is less certain. Initiation of several large
(transport, bomber) vehicle programs could drive the
demand for large test section wind tunnels that
provide subsonic through transonic speeds. If the
nation pursues hypersonic weapons delivered from
supersonic platforms and delays replacing transonic
fighters, the demand for supersonic and hypersonic
tunnels could increase dramatically, and the transonic
workload could be reduced. The U.S. has several
hypersonic technology demonstration programs on-
going including hypersonic airbreathing propulsion
concepts that will require access to large supersonic
and midsized tunnels with propulsion simulation
capability. The NASA Ares and the DoD interest in
the Military Space Plane could also increase demand
for supersonic and hypersonic wind tunnel testing
over current levels. It is expected that these future
vehicle concepts will continue to drive the demand for
mid- to large-size subsonic, supersonic, and hyper-
sonic wind tunnels. However, the resultant mix of
tunnels, i.e., speed ranges or Mach capabilities,
needed to satisfy the future needs of specific flight

vehicles, e.g., subsonic transports versus the hyper-
sonic Military Space Plane, within this diverse set of
flight vehicles is less certain and makes strategic
planning of the U.S. wind tunnel infrastructure based
on vehicle programs difficult.

Therefore, even allowing for gains in wind tunnel
productivity and computational effectiveness by 2025,
the nation will continue to need access to a diverse set
of wind tunnels that can provide up to thousands of
hours of testing necessary across a wide range of
expected velocities needed for a diverse set of flight
vehicle programs. These tunnels must maintain the
capability to provide high-quality data through com-
petent application of key testing type methodologies
when needed, e.g., timely response with validated
methods. The strategy to maintain and improve the
key testing types needed by flight vehicle developers
should be somewhat straightforward since a radical
departure from current tools is not anticipated.
However, since a clear picture of the mid- to far-
term requirements for wind tunnels is uncertain and
the current viability of the wind tunnel portfolio
seems to be based on tactical response to current
programs, a national strategy is needed to ensure the
viability of the wind tunnel infrastructure to meet the
needs of future programs in the same manner
proposed by Dr. Theodore Von Kármán for the Army
Air Forces (HQ Air Force Systems Command
Historians Office, 1992). In this document, Von
Kármán stated that ‘‘the Air Forces must be
authorized to expand existing AAF research facilities
and create new ones to do their own research and also

Figure 4. Typical test types providing workload for subsonic, transonic, and supersonic wind tunnels.
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to make such facilities available to scientists and
industrial concerns working on problems for the Air
Forces’’ and that ‘‘scientific planning must be years
ahead of the actual research and development work.’’
(Von Kármán 1992). Because most of the national
aeronautical ground-test infrastructure is over 50 years
old and faces a critical strategic decision, (Kraft and
Huber 2009), it seems logical that long-term strategic
planning should be initiated to reformulate the wind
tunnel infrastructure that can efficiently meet the
future demands of a combined ground-test and M&S
environment.

The 2025 wind tunnel suite
Given that future programs will require substantial

wind tunnel testing comprising a variety of principal
test types, and the velocity range of interest may not be
fully known, a primary policy question will be how to
ensure a U.S. tunnel facility portfolio (government,
industry, commercial, and academic) that can meet the
future workload demand. The AIAA GTTC made
several recommendations for strategic planning of the

U.S. wind tunnel infrastructure that are pertinent to
this discussion (AIAA Ground Test Technical Com-
mittee, 2009).

1. ‘‘Development of a knowledgeable test workforce
is critical for the national infrastructure.’’

2. ‘‘Improved test technology is crucial to enabling
future system development.’’

3. ‘‘Maintenance and improvement of key test assets
is a vital component of enabling future test
capabilities.’’

4. ‘‘Divestment of redundant and nonessential test
infrastructure is required to focus limited re-
sources on critical capabilities and new infra-
structure requirements.’’

5. ‘‘New high-speed test infrastructure is required to
meet anticipated requirements for future systems.’’

In addition, several guiding principles suggested by the
authors of this report are as follows.

1. A ‘‘core’’ national asset wind tunnel set should be
identified such that capability sustainment and

Figure 5. Typical aircraft force and moment accounting system.
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improvement resources can be directed, even if
there are no near-term flight vehicle programs
dependent on these capabilities.

2. A basic set of wind tunnel capabilities (infra
structure, test-type support, techniques, person-
nel skills, distribution or sharing of capabilities)

should be identified for each core facility and
maintained at a national level.

3. A process to develop, retain, and transfer
validated wind tunnel testing capabilities should
be implemented, e.g., a center of excellence for a
given test technology.

Table 3. Expected future classes of flight vehicles.

Vehicle class Range Mach Development term{

Large aircraft

1. Space access vehicle Low Earth Orbit 7–15 Far

(Source: Fetterhoff, et al. 2006)

2. High-speed aircraft 9,000 to 12,000 nm 4–7 Far

(Source: Fetterhoff, et al. 2006 and DARPA Program Web site:

http://www.darpa.mil/tto/programs/falcon/index.htm)

3. Military cargo, example: unmanned large military aircraft for air

mobility, airlift, air-refueling (MQ-Lc in USAF Unmanned Aircraft

Systems Flight Plan 2009–2047) and speed agile

N/A Transonic Mid–Far

(Sources: USAF Unmanned Aircraft Systems Flight Plan 2009–2047

and Federal Business Opportunities Web site, Solicitation Number:

BAA-07-07-PKV, respectively)

4. Transport aircraft, example: blended wing body N/A ,1 Mid–Far

(Source: Aviation Week, Jan 13, 2009 Article ‘‘NASA Pushes Blended

Wing/Body’’)

5. Disk rotor craft N/A ,1 (,400 knots) Far

(Source: DARPA, http://www.darpa.mil/tto/programs/discrotor/

index.htm

6. Supersonic airliner N/A 2+ Far

(Source: Flight Global Article Aug 10, 2008, ‘‘NASA to spend

millions on future supersonic airliner technology’’ http://www.

flightglobal.com/articles/2008/10/08/317118/nasa-to-spend-

millions-on-future-supersonic-airliner.html)

7. Subsonic commercial transport (2030–2035 Concepts) N/A ,1 Far

(Source: NASA Aeronautics Research Mission Directorate Web site

article ‘‘Aircraft and Technology Concepts for an N+3 Subsonic

Transport (Awardee Abstract)’’ http://www.aeronautics.nasa.gov/

nra_awardees_10_06_08_c.htm

8. USAF next generation long range strike N/A ,1 (,2018 bomber), also

potential for M.1

bomber after 2018 is

fielded

Near–Mid

(Sources: Armed Forces Journal 26 Feb 2009 Article: Strike Now Next

Generation Long Range Strike System Provides Strategic Options: web

address: http://www.northropgrumman.com/analysis-center/images/pdf/

Strike-Now-02-26-2009-Armed-Forces-comb.pdf and Aviation Week

article: ‘‘Supersonics Remain Long-Range Strike Option’’ 12 January

2009, from http://www.aviationweek.com)

Medium aircraft

1. High-speed aircraft 2,300 nm 2–4 Near–Mid

(Source: Fetterhoff, et al. 2006)

2. Strike/attack 5,000 nm 3–6 Near–Mid

(Source Fetterhoff, et al. 2006)

3. Strike/attack, prompt global reach aircraft ,5,000 nm 3–6 Mid

(Sources: USAF Unmanned Aircraft Systems Flight Plan 2009–2047

& Fetterhoff, et al. 2006)

4. Strike/attack/surveillance, unmanned aircraft N/A N/A Mid–Far

(Source: USAF Unmanned Aircraft Systems Flight Plan 2009–2047)

5. Navy UCAS N/A ,1 Mid–Far

(Source: Northrop Grumman News, http://www.northropgrumman.

com/review/005-us-navy-ucas-d-program.html#requirements)

N/A, not applicable.

{Near term indicates 0–5 years; Mid term, 5–15 years; Far term, 15+ years.
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4. A process linking the wind tunnel personnel and
test capabilities from the inception of a product
through operational test and evaluation should be
developed to ensure that continuous improve-
ment is achieved.

5. It should be noted that if the suite of U.S. wind
tunnels is selected and optimized in relation to a
single scenario of projected future flight vehicle
programs, a different future scenario may not be
satisfied by these tunnels, resulting in a national
strategic failure. Alternately, the development of
future flight vehicles could be constrained to
some extent by the available suite of wind tunnels
and thus be limited. To guard against this event,
a statistical analysis of reasonably probable
scenarios is recommended followed by the
approach recommended in the Unitary Plan Act
(U.S. Code, Title 50,511), which focused on
having a suite of national facilities that could be
employed to develop flight vehicles across the
speed range expected. It also seems logical that
the need for the various types of tests (or types of
data) developed for the last 50 years will remain,
though modified through technological advances.
An example is the emergence of pressure-
sensitive paint technology within the last decade,
which has the potential to reduce the complexity
of wind tunnel models while providing increased
data content. Other emerging nonintrusive
diagnostic technologies will provide more phys-
ics-based understanding and validation for com-
putational M&S.

Wind tunnels of the future must deliver the
workload ‘‘on-demand,’’ which places constraints on
the reaction time of individual facilities to provide
robust and quality testing services and usually flexible
scheduling practices. This means the infrastructure must
be preplanned to be ready for envisioned operating
‘‘space’’ (speed, vehicle size, and mission) of future
vehicle programs. The event horizon for individual
vehicle programs is typically too short to drive major
investment in facility capability, but it is long enough to
be a factor in any decision for activation of currently
non-operating facilities such as the NASA Ames 8 3 7
Supersonic (Mach 2.5–3.5) and the AEDC 16S
Propulsion (Mach 1.6–4.75) tunnels, provided they are
maintained in a sufficient condition to allow this.

Assuming that AIAA GTTC recommendation
No. 5 above is to be given serious consideration, the
forecasted programs, coupled with a defined optimum
development methodology and associate trade study
involving new and existing facilities, is needed to
support a decision to acquire a new 2025 wind tunnel

facility. To perform this study, the attributes of a new
2025 wind tunnel facility (capability, performance,
tools, etc.) should first be defined. The following is an
attempt at a first-order definition of the attributes of a
new 2025 wind tunnel facility that would support
optimum development of high-speed flight vehicles.

A new 2025 wind tunnel facility
For a new high-speed facility, the two major issues are

cost and capability. Recent events have shown that if the
national need is truly there, the investment cost of
several hundred million dollars is virtually a nonissue.
What creates a problem is an initial proposed cost that
later turns out to be inadequate. Thus, it is important to
have as mature a concept of a wind tunnel facility as
practical for costing purpose before advocacy begins.
Key factors in a wind tunnel facility concept are size,
performance, propulsion capability, test types, produc-
tivity, instrumentation, operating capability (continuous
versus intermittent), and cost of operations. Table 4 lists
key features of one such concept being considered by
AEDC that will cover a broad range of required
conditions. The major consideration is reducing the size
of the test section to where it is the best compromise for
a trade between information risk and cost of operation.
Information risk drives the test section size to
something larger than 4 3 4 feet and cost drives the
test section size to significantly less than 16 3 16 feet
because, all other parameters being equal, power cost is
proportional to test section area. Moreover, the smaller
the test section, the lower the capital cost investment for
the basic tunnel circuit and drive system. However, from
a program point of view, smaller test sections mean
smaller test articles, which compromise the fidelity of
small features and the ability to automate the test article
for a gain in productivity.

The use of M&S for correcting test results (wall
interference, inertial forces, test article distortion, flow
quality, thermal effects for test article and instrumenta-
tion, scale effects, etc.) reduces the risk of a smaller test
section. Consideration for transonic development and
semi-span testing leads to a test section that is taller than
it is wide for high subsonic testing and for high angle of
attack. Full automation means that a test program can be
conducted quicker and at less total power than for
conventional pitch-pause testing; hence, throughput is
increased and cost of testing is reduced. With increased
air-on productivity, installation and de-installation time
becomes a larger factor in the throughput of a facility.
This then leads to the need for an interchangeable test
section cart system. Test section instrumentation must
support use of flow diagnostics technology (e.g., optical
access, wake imaging, pressure-sensitive paint). Climate-
controlled access to the test section for model inspection
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or change must be rapid to reduce time for test article
change and avoid lost test time to dry the test
environment. A test-article injection system does have
certain advantages that are worthy of consideration.
Propulsion testing capability has a major impact on the
size, acquisition cost, and cost of operations for a tunnel.
The facility attributes shown in Table 4 are assumed to be
for an aerodynamic facility without propulsion capability
since adequate propulsion test capability exists today.

M&S
The wind tunnel facility product is information,

which supports the integrated T&E development
process. Figure 6 makes the point that the information
features required must be relevant to answering the
need for the test, have the requisite quality, and be of
sufficient quantity to meet the required program value.
The dominant issues for each of these three interre-
lated features all benefit from the use of modeling.
Table 5 shows where the use of M&S tools can
contribute to achieving all three desired features and
result in acceptable cost and risk to meet the product
development need.

Numerous codes can produce a useful result
applicable to wind tunnel testing, and the ability to
do so is growing because computational power is
continuing to grow at a rapid rate. Physics-based
modeling is not growing as quickly, and it seems that
codes are not structured so that the relatively
uninitiated can quickly become adept at obtaining a
reliable solution. The ability to easily generate a
computational grid for a particular code is somewhat
lacking as well. It is also believed that there will be an
increasing need for validation of the growing number
of computational (M&S) results and tools. Focused
effort on institutionalizing a suite of useful codes for
wind tunnel testing and on their ease of use and
gridding by the relatively uninitiated would be highly
beneficial to moving the use of a suite of selected M&S

tools for the various purposes shown in Table 5 to an
efficient and low-cost routine state.

Concept of operations
The technology today makes it possible to reliably

and safely operate anything from a remote location.
The wind tunnel of 2025 (if not sooner) should have
the capability to be operated from where it adds the
most value to the test purpose. Likewise, the handling
of test data should take place where the information
can be delivered in finished state to where it is needed
soonest. These two needs lead to the following list of
operations concepts:

N product development schedule visibility that
shows critical path schedule and wind tunnel test
process status and expected period;

N trained staff that bridges gap (test program design
through data/analysis delivery) between developer
and test engineer;

N ‘‘One-stop shopping with distributed resources,’’

# test article validation and management,
# plug and play model hardware, onboard model

data acquisition,

Table 4. 2025 Trisonic facility considerations.

Wind tunnel characteristic Option/goal Additional options/goals

Test section size 9-ft-wide 3 12-ft-high

Continuous mach range 0.01–2.4+
Intermittent mach range 2.4–4.5

Propulsion simulation Cold and heated air

Stagnation pressure 0.1 atm to 2 atm

Test section walls Ventilated and adaptive Optical access

Control capability Full automation Remote monitoring/control

Test section access Cart system (2) Model injection consideration

Model support systems Conventional and semi-span Secondary for CTS

M&S integration State of the art

Communications Secure satellite, high speed Video conferencing

CTS, captive trajectory system; M&S, modeling and simulation.

Figure 6. Features affecting desired wind tunnel test

information quality.
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# hardware-in-the-loop, and
# M&S integration;

N design of instrumentation suite and experiment;
N corrections for tunnel effects, non-flight repre-

sentative model configuration, deformations,
scale, inertial and thermal effects, instrumenta-
tion installation;

N enhanced visualization to merge and compare
wind tunnel and/or flight data and computational
results,

# enhanced visualization tools;

N use of graphical tools for test setup, data
reduction, data visualization, data mining and
presentation, etc.;

N data reduction visualization and comparison,

# automated operations;

N virtual operations center at any location via
satellite;

N full-spectrum automation sciences and adaptive
learning,

# real-time data management, including acqui-
sition, storage, processing, and transfer;

N satellite technology for data transmission;
N security, encryption;
N virtual customer presence at tunnel operations

center;
N standardized test process tools; and
N uncertainty model for final data output.

Summary
This article has attempted to cover major issues in

arriving at a 2025+ view of the art of wind tunnel

testing. The term ‘‘art,’’ overshadowing the term
‘‘science,’’ was used on purpose. To acquire and
integrate the applicable science and technology and
to properly apply it to the wind tunnel testing process
is viewed as an art that has both training and
experience at its base. The notional main ideas put
forth are as follows:

N Wind tunnels are here to stay, but they must
change for the future to meet national needs.

N Wind tunnel personnel as a whole should possess
a wide range of skills that ought to contribute to
the entire vehicle development process from
initial concept through operational (flight) test
and evaluation.

N Full use must be made of M&S and automation
sciences in the testing process for optimum
results.

N A national strategy is needed to optimize the
wind tunnel facility capability, its use, its
sustainment, and its continuing improvement.

N Time restrictions are such that investment in
facilities, people, and techniques to meet the
challenges of product development programs in
2025+ must start now. C
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