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I
find it humbling that this is my last article as

your current President. In looking back
during my term, I wish to point out our
successes as we maneuvered through some
difficult challenges. Our events have been

overwhelmingly successful. The new End-to-End test
event in San Diego, the LVC event in El Paso, and the
Aircraft Stores event in Fort Walton Beach were very
well attended and supported by the local Commands.
The Test Instrumentation Workshop, held for the first
time in Las Vegas and supported by three local
chapters, broke its own attendance record! ITEA
incorporated an unprecedented three new chapters this
year. The Technology Review and the Annual
Symposium look like they will also be success stories.
Our organization has also faced some significant
challenges this past year, but through due diligence, I
believe we have overcome them by a combination of
actions and input from our Board, Chapter leadership,
committee volunteers, and an overwhelming number of
ITEA members.

As I have discussed over the last six months, our
most significant challenge was to seek out and hire our
next Executive Director. The search committee, led by
Stephanie Clewer, scoured through an inordinate
number of resumes, but also spent time seeking out
what our membership needed in terms of Executive
Director duties and desired capabilities. ITEA is
unique and requires its Executive Director to possess
organizational experience coupled with excellent lead-
ership skills. After much debate, the Search committee
and the Executive Committee successfully identified an
excellent candidate who fits these criteria.

I am pleased to announce our next ITEA Executive
Director, Mr. James Gaidry. James brings to ITEA an
engineering, military, and technology industry back-
ground, combined with a solid track record in
association management for increasing revenues,
membership, and retention rates. He has proven
experience in developing, implementing, and managing
vibrant product, programs, and services that provide
true value, developing annual work plans with
measurable objectives that advance achievements
aligned with an organization’s strategic plan, and
providing effective management of day-to-day opera-
tions to ensure that projects and programs are
successful, timely, and within budget. Most recently,
James served as the Executive Director of the Institute
of Hazardous Materials Management (IHMM)—a
not-for-profit organization based in Rockville, Mary-
land, which he brought back to profitability after

several years of losses. Previously, James had served as
Vice President of marketing and sales for the National
Concrete Masonry Association (NCMA), with re-
sponsibility for the association’s communications,
publications, membership, trade shows, and education
and professional development programs. James earned
the Certified Association Executive (CAE) credential
from the American Society of Association Executives
(ASAE), and received a bachelor’s degree in electrical
engineering as well as a MBA in marketing from the
University of Texas. James served in the United States
Air Force, and has two daughters in the United States
Navy—Lauren (USNA ’10) who is an Ensign currently
assigned as a Surface Warfare Officer aboard the USS
Anzio (CG-68) based in Norfolk, Virginia, and Alicia
who is currently a junior at the United States Naval
Academy in Annapolis, Maryland. Welcome aboard
James!

ITEA was also aggressively proactive in facing
challenges associated with scrutiny from the Inspector
General and several Command Judge Advocate
Generals regarding the perception of Joint Ethics
Regulations non-compliance. In every instance, ITEA
responded to suggestions from the Government to
ensure that our Government members are in full
compliance as members and active participants of
ITEA. We changed the by-laws to remove board
categories. We are now giving Government Board
members two options for participation: as an individual
not representing the Government in an official
capacity, or as a Government Liaison, who is able to
portray his Government affiliation in an advisory role.

Russell L. (Rusty) Roberts

President’s Corner
ITEA Journal 2010; 31: 305–306

Copyright ’ 2010 by the International Test and Evaluation Association

31(3) N September 2010 305



We repeatedly addressed the Government’s concerns
regarding Government participation in ITEA and will
continue to provide a professional environment which
is fully compliant with the Joint Ethics Regulations.

ITEA also welcomed Dr. James Welshans as our
new Chair of the ITEA History Committee and ITEA
Historian. Dr. Welshans is a former active-duty U.S.
Air Force fighter pilot, instructor, and war planner.
Currently an independent scholar, he is employed as a
senior requirements engineer with Teledyne Colla-
borX, advising the U.S. Air Force Research Laboratory
on military C2 projects and technology transition. A
founding member of the U.S. Air Force Operational
Command Training Program, Dr. Welshans taught
strategy and operational assessment to military officers
worldwide during major command and control exer-
cises. Dr. Welshans received a B.S. in International
Affairs and History from the U.S. Air Force Academy
(1977), a M.S. in Management (1985), and Ed.D. in
Curriculum and Instruction and Educational Leader-
ship (2008). He serves on the executive board of the
Society for Phenomenology in the Human Sciences.
Welcome to ITEA, Dr. Welshans!

In closing, I wish to thank the Board for its support
over my tenure. I thank all of you, the members of
ITEA, for your friendship and professional counsel. As
we turn to a new chapter for ITEA, I also thank Lori
Freeman for her continued support of our organization
while we transition to a new Executive Director. Lori
continued to provide accounting advice and support to
ITEA over the past six months. Thank you Lori, and I
wish you the best in your new position. Finally, I wish
to thank our Interim Executive Director, Gary Bridge-
water, for leading the day-to-day ITEA operations for
the past six months. Gary’s leadership was instrumental
in maintaining our forward momentum during this
period of transition. Thanks Gary and I know you will
continue to serve ITEA as the Elections committee
chairman and Past President.

So for now I will sign off, but I hope to keep in
touch with you all!

306 ITEA Journal



S
imulation – Where is T&E Today? Simu-
lation is not new and is known by labels
such as modeling and simulation and live-
virtual-constructive (LVC) simulation. In
one form or another it has been around for

more than 40 years and spawned simulation-based
acquisition in the Department of Defense, simulation-
based design in industry, and a host of other initiatives
and hopes. Yet the predictions and expectations have
not been fully realized and the capabilities are often
oversold. This issue addresses where simulation is
today in the business of test and evaluation (T&E).

The Honorable Mr. Edward R. Greer, Director of
Developmental Test and Evaluation, opens the issue
with an explanation of the new organization and his
vision for it in the Guest Editorial. Mr. David Duma,
Principal Deputy in the Office of the Director,
Operational Test and Evaluation, writes from Inside
the Beltway about the ubiquity of modeling and
simulation, and the attendant requirement for a
disciplined approach for establishing the level of
verification and validation needed for credible use of
modeling and simulation in support of T&E. In
TechNotes Scott Frame describes the Eglin Air Force
Base capability for providing weapon directives to a
network enabled weapon while it is in flight. G.L.
Hammock describes an upgraded arc heater facility at
the Air Force’s Arnold Engineering Development
Center for simulating a non-oxidizing reentry envi-
ronment in his Featured Capability article. We
inaugurate a new feature, Return to Basics, with an
article by John Diem et al. The idea behind Return to
Basics is that given the aging workforce, the adminis-
tration’s initiative to increase the size of the workforce
via insourcing, and the continual need to train new
professionals, it makes sense to add a feature that
addresses fundamentals of T&E. Diem et al. discuss
moving verification, validation, and accreditation to a
more systematic and rigorous foundation for T&E.

The contributed articles begin with Dr. Edward
Kraft recounting the history and status of the
‘‘competition’’ between wind tunnels and computers.
Chip Ferguson describes the challenges of distributed
testing and the role of live-virtual-constructive simu-
lation. Dr. Gary Allen et al. present the LVC roadmap

implementation, whose objective is to reduce overhead
and improve the ability to construct and conduct timely
LVC events. Dr. B. J. Evans et al. illustrate the use of
physics-based modeling in the design of a vehicle
capable of achieving 1000 miles per hour on land. MAJ
Cornelius Allen, Jr. relates his experience as an Army
aviator using simulation to significantly reduce risk,
cost and increase innovative benefits when supple-
menting field testing.

Randy Coonts and Dr. Thomas Fitzgerald introduce
the Joint Forces Command process for conducting
tests and assessments in a joint mission environment
based on joint mission threads. Ronald Crevecoeur,
fresh from the Army War College, highlights the
organizational evolution of Army T&E, reviews how it
is adjusting its culture, and recommends a path ahead
for successful inclusion of specific norms in the
community’s business practices. Dr. Kofi Nyamekye
offers a technical and scientific foundation for
designing, testing, and evaluating complex systems of
systems. Dr. Zeid Kootbally and colleagues demon-
strate a framework for predicting the future location of
moving objects for autonomous ground vehicle path
planning. The issue closes with a recommendation for
a new unit of measure for T&E of both point and
standoff aerosol biodetectors by Dr. James Valdes and
coauthors.

In a final note Mr. G. Gordon Tillery, Jr., ITEA
Publications Committee member and Journal author
since 1997, retired effective the end of July 2010. He
helped create Inside the Beltway and Return to Basics
and has singlehandedly recruited authors for those
features. Gordon took personal ownership of the
September 2008 issue on Improving Suitability
Through Test and the September 2009 issue on
Integrating Test and Evaluation, identifying the
themes, the authors, Guest Editorialists, and most of
the other special features; the issues were excellent. He
provided corporate memory amidst turnover in lead-
ership of the Committee as well as of ITEA itself, and
served as a voice of reason when overly dramatic
changes were suggested. The quality of our Journal
today owes a great debt to Gordon and he leaves a large
void behind. We are challenged to maintain the legacy
he helped create.

Issue at a Glance
ITEA Journal 2010; 31: 307
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Developmental Test and Evaluation Is Back

Edward R. Greer

Director, Developmental Test and Evaluation, Washington, D.C.

W
ith the Weapon
Systems Acquisi-
tion Reform Act
of 2009 (Public
Law 111-23, Title

10, U.S.C., Section 139d), Congress
directed the Department of Defense
(DoD) to place long-overdue and re-
newed emphasis on Developmental Test
and Evaluation (DT&E). The Govern-
ment Accountability Office (GAO) has
published many findings with their
Defense Acquisition Major Weapon
System Program assessments of 2006,
2008, and 2010 pointing to issues that could have been
mitigated with more and/or better DT&E. The Office
of the Secretary of Defense (OSD) recently took a
major step in this direction and has established the
Office of the Director for Developmental Test and
Evaluation (DDT&E). DDT&E is the focal point for
all policy, practice, procedures, and workforce issues
relating to DT&E within the DoD. I am honored to
serve as the new Director, DT&E and principal advisor
to the Secretary of Defense and Under Secretary of
Defense for Acquisition, Technology and Logistics
(USD[AT&L]) on DT&E.

In short, my role is to inform the Secretary of Defense
and the USD(AT&L) on DT&E progress and results
for Major Defense Acquisition Programs (MDAPs) and
special interest programs. My office also focuses on the
adequacy of organizations, capabilities, and workforce of
the DoD Components to perform DT&E across the life
cycle of these programs. Additionally, I annually report
on this mission to Congress. In support of this
overarching mission, I have three main focus areas:

Execution of DT&E Title 10 directed responsibilities,

Enhancing the capacity to rapidly and efficiently
respond to battlefield needs, and

Improving the practice of test and evaluation.

My first focus area is the execution of my Title 10
directed responsibilities. These include development
and refinement of DT&E policy and guidance; DT&E
involvement in program requirements, formulation,

planning, and contracting; monitoring and
reviewing progress of DT&E in MDAPs
and special interest programs; and assess-
ing the adequacy of the DoD technical
test workforce, capabilities, and facilities.

DoD acquisition reform in the early
1990’s included restructuring some OSD
functions which ultimately deemphasized
the Government role in DT&E by
transferring some of the responsibility to
contractors. In some cases, this left the
developmental testing to the same con-
tractor that was developing the system.
My organization brings renewed high

level emphasis on DT&E, and I will make sure that
is reflected in refinements, updates, and additions to
applicable policy and guidance. I realize that contrac-
tors will still conduct significant DT&E, but the
Government (i.e., Program Management Organiza-
tions (PMOs), Responsible Test Organizations
(RTOs), professional testers and evaluators) must be
very much ‘‘in the business,’’ engaged, involved, and
‘‘driving the train’’ throughout the entire development
and acquisition life cycle. This involvement includes
the earliest stages of the life cycle such as contributing
to the Analyses of Alternatives (AoAs) during program
development, ensuring that requirements are realistic
and testable, and testing and assessing technology
readiness. Renewed Government oversight of DT&E
is absolutely essential to insure that the Government’s
requirements, as the customer, are being met, and that
any issues or problems with this are being identified as
early as possible. Such issues or problems can then be
corrected in a timely, efficient, and cost effective
manner instead of waiting to be discovered too late
during the traditional customer testing, Initial Oper-
ational Test and Evaluation (IOT&E). In their 2008
assessment of defense acquisition, the GAO cited
unrealistic and changing requirements and technology
immaturity as two major reasons for program cost and
schedule overruns and program failures. Early involve-
ment of professional testers and evaluators can help
mitigate both. My organization, along with the
Director of Operational Test and Evaluation
(DOT&E), will approve Test and Evaluation Strate-

Edward R. Greer

Guest Editorial
ITEA Journal 2010; 31: 309–312
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gies (TES) and Test and Evaluation Master Plans
(TEMPs) for MDAPS and other programs on the
OSD T&E Oversight List. It is through these key
documents that I will ensure that planned DT&E
meets all of the above criteria for good and efficient
T&E that supports knowledge based development and
acquisition.

As part of my Title 10 directed responsibilities, I play a
key role as advisor to the Defense Acquisition Executive at
key technical program reviews and milestone decision
reviews such as Defense Acquisition Boards (DABs) and
the Defense Acquisition Executive Summary (DAES). In
this role, I provide an independent assessment of program
technical progress and risks. Therefore, data access is a
major initiative for my organization. We must be able to
obtain ‘‘unfiltered’’ technical test data from test organiza-
tions and services in order to complete our assessments. I
am already working to update DoD acquisition policy to
ensure the overarching access to developmental test data.
My Title 10 responsibility calls for fair and unbiased
reporting to the Secretary of Defense, AT&L, and
Congress. It is not my intent to create an adversarial
relationship with the services or test organizations. To the
contrary, I want to help programs in any way possible to be
legitimately successful in terms of all three major criteria;
performance, cost, and schedule. I and the professionals in
my organization are more than ‘‘watchdogs’’; we are team
players who must assess and report independently.

It is also my responsibility to ensure that the test
capabilities of the military development and acquisition
community are adequate and efficient to accomplish the
required testing. I will work with the RTOs and test
centers to ensure that all members supporting this vital
capability understand their roles and requirements. Our
organizations in the Major Ranges and Test Facility
Base (MRTFB) must become true centers of excellence
for the testing of military systems. The era of ‘‘rent-a-
range’’ must come to an end. I will say more about this
later when I discuss my initiatives to improve the
professional practice of test and evaluation.

My second focus area is enhancing the capacity to
rapidly and efficiently respond to battlefield needs. I
realize that rapid fielding requires different, but not
necessarily less, developmental testing. Testing of
rapidly acquired weapons systems requires unique
technical test methodologies and capabilities. I will
continue to expand and enhance the capability to
support rapid system prototyping, testing, and response
to the ever evolving technical test needs of the
Combatant Commands. As part of my Title 10
responsibilities described above, I will place special
emphasis on establishing good working relationships,
integrated planning, and data flow among all involved
organizations. The goal is the most efficient and

effective developmental test and evaluation possible to
get the best and right equipment in the hands of our
warfighters in the shortest possible time.

My third focus area is improving the practice of test
and evaluation. Institutionalizing integrated testing is a
priority for my office. By integrated testing, I do not
simply mean combining DT&E and OT&E. Inte-
grated testing is a continuum of testing that seamlessly
delivers information required to efficiently execute
programs and manage risk during every stage of the
acquisition and development of a system. I will work
with all of the test and evaluation stakeholders within
each program to ensure that we design adequate tests
which produce sufficient data to support our assess-
ments. I believe that bringing integration, discipline,
and standardized methodology to developmental
testing and evaluation across the services will greatly
improve system of systems testing. As most modern
military systems function in a joint operational
environment, a system of systems approach is essential
to properly assess achievement of KPPs and readiness
to enter IOT&E. Testing is often resource and time
intensive, so any efficiencies to be gained in this area
will result in high payoffs.

One of my top initiatives to improve the practice of
T&E is the rejuvenation and development of the
Government technical T&E workforce. Test and
evaluation is a technical discipline that requires unique
knowledge, breadth and depth of experience across the
workforce. In addition to the usual scientific and
engineering principles, these professionals must know
design of experiments, statistics, test design principles,
test limitations, instrumentation characteristics, legal
and environmental considerations. These professionals
also need to understand the elements of systems
engineering, both the integral role that T&E plays in
systems engineering and the discipline that a systems
engineering approach can bring to a T&E program.
Through apprenticeship and mentoring programs, the
workforce must gain extensive field experience to know
what can, cannot, should, and should not be expected
during testing. Most importantly, these individuals
must bring an inquisitive attitude to a developmental
program. By questioning, I don’t mean obstructionist.
T&E professionals need to be the voice of reason and
ensure that programs are planned and executed with
realistic expectations and well understood risks. This
attitude is one of the most important contributions the
T&E professional can contribute to ensure successful
development programs. A major emphasis will be to
significantly influence the planning and execution of
the NDAA Section 852 Defense Acquisition Work-
force Development Fund (DAWDF) such that
stronger focus is placed on recruiting and hiring,

Greer
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training and developing, and retention within the test
and evaluation disciplines. Dr. Ashton Carter, Under
Secretary of Defense for Acquisition, Technology and
Logistics, has stated that ‘‘no changes to the acquisition
system itself can substitute for good people performing
the acquisition function.’’ I subscribe to his statement
fully, and for my part, replace ‘‘acquisition function’’
with ‘‘test and evaluation functions.’’ I also believe that
development of our professional T&E workforce
begins long before recruiting and hiring. Our future
workforce is the future scientists and engineers in high
school who must have opportunities and quality
programs to develop interest, excitement, appreciation,
and early skills in these vital areas. I, therefore, fully
support and will actively participate in programs that
advance Science, Technology, Engineering, and Math-
ematics (STEM) education. As for college science and
engineering curricula, test and evaluation are areas that
deserve and must have greater emphasis through
specific courses, areas of concentration, and even
degrees. I will seek every opportunity to try to make
these happen as well. Within DoD and USD(AT&L),
I plan to work with the Defense Acquisition University
to develop better, more up to date, and more
comprehensive courses and acquisition certifications
in the T&E area.

I also take this opportunity to charge the Interna-
tional Test and Evaluation Association (ITEA), as the
professional organization for testers and evaluators, to
join with me in my third focus area. ITEA’s mission
should be improving the practice of test and evaluation
through all means. These should include education;
sharing of information; developing and expanding a
community of practitioners; developing and docu-
menting practices and procedures; developing stan-
dards; increased public awareness, understanding, and
appreciation; and working towards professional certi-
fication. I believe that, in the past, ITEA has put much
more emphasis on T&E capabilities and facilities, and
has not emphasized enough the practice of T&E and
its improvement. I believe that ITEA should be
developing descriptions and standards for testing and
evaluation as specific professional technical disciplines.
ITEA should be working with our colleges and
universities on developing curricula, certification, and
even degrees in testing and evaluation. Finally, I
believe that ITEA should work toward a formal
professional certification for testers and evaluators
similar to that for professional engineers. I will work
with ITEA in all of the above areas.

I thank ITEA for this opportunity to introduce
myself and my organization, and to share some of my
early thoughts with the T&E community through this
editorial. I am honored to have been chosen to lead the

DoD developmental test and evaluation mission area.
I fully understand and accept my very important
responsibility to the U.S. taxpayer to ensure that our
acquisition funds are spent properly with the most
complete technical knowledge to support the best
decisions. I also fully accept my significant responsi-
bility to all U.S. warfighters, who ultimately employ
the weapons systems and equipment that our acquisi-
tion community delivers. C

EDWARD GREER was sworn in as the Director of

Developmental Test and Evaluation (DDT&E) on

March 15, 2010. He serves as the principal advisor on

Developmental Test and Evaluation (DT&E) to the

Director of Defense Research and Engineering and the

Under Secretary of Defense for Acquisition, Technology

and Logistics. Mr. Greer is responsible for developing and

revising DT&E policy in support of the acquisition of

major Department of Defense (DoD) weapon systems.

Other significant duties include reviewing and improving

the organization and capabilities of the military depart-

ments with respect to DT&E and providing advocacy,

oversight, and guidance to elements of the acquisition

workforce responsible for DT&E.

Prior to this political appointment, and since 2002, Mr.

Greer served as the Deputy Assistant Commander for Test

and Evaluation (AIR 5.0A), Naval Air Systems Command,

and Executive Director, Naval Air Warfare Center Aircraft

Division (NAWCAD), Patuxent River, Maryland. As the

senior civilian for naval aviation T&E, Mr. Greer was

responsible for planning, executing, analyzing, and reporting

of all naval aviation T&E, spanning a workforce of 6,600

and an operating budget of almost $1 billion. As executive

director, NAWCAD, his responsibilities included ensuring

that NAWCAD technical, business, and financial objectives

were met across a workforce of 14,400 and a total operating

budget of over $4 billion.

Mr. Greer joined the senior executive service (SES) in 1998

as director of the Atlantic Ranges and Facilities, NAWCAD,

responsible for all facets relating to the development, mainte-

nance, and operation of the range and test facility components

of the U.S. Navy’s principal air combat systems test activity.

From 1995 to 1998, Mr. Greer served as principal deputy

program manager of Airborne Strategic Command, Control,

Communications; Program Executive Office for Air, Anti-

submarine Warfare, Assault & Special Mission Programs.
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Intelligent Use of M&S Is Good T&E Business
David W. Duma

Office of the Secretary of Defense, Principal Deputy Director, Operational Test and Evaluation, Washington, DC

O
perational test and evaluation
‘‘…does not include an operational
assessment based exclusively on— (1)
computer modeling;
(2) simulation; or (3)

an analysis of … program documents.’’
(U.S. Code Title 10, section 2399). Yet
we use not only realistic tests but also
models, simulations, and the discipline of
modeling and simulation (M&S) to
inform our evaluations. We could easily
assume a lot about M&S, but intelligent
use of M&S in T&E requires a disci-
plined approach in both planning and
confidence building.

Evaluators often rely on M&S results
to garner the significance of test results.
Complexity of tests, limited test articles
and test range assets, and safety considerations often
drive this. In a systems-of-systems test, all systems or
targets need to be present or represented. Properly
executed tests provide the data upon which rest the
operational assessment of the system and the validation
of its models. M&S provides a measure of confidence
that sufficient and appropriate tests will be executed,
supports detailed test planning and rehearsals, and
facilitates post-test analyses.

The Department of Defense (DoD) Instruction
5000.61 on DoD M&S Verification, Validation, and
Accreditation (VV&A) was signed in December 2009
(and is considered in depth in another article in this
journal). It states as policy that ‘‘Models, simulations,
and associated data used to support DoD processes,
products, and decisions shall…’’ (a) ‘‘… undergo
verification and validation (V&V) throughout their
lifecycles’’ and (b) ‘‘… be accredited for an intended
use.’’ Note that unlike the prior version of the
Instruction, it is not just some DoD processes,
products, and decisions that require VV&A for their
intended M&S use.

Proper application of the V&V processes, to clearly
show model assumptions, limitations, and constraints,
provides confidence that we can accredit their use for
specific purposes in T&E. The level of V&V must be
appropriate to the proposed use, and to the maturity of
the system and the models. In general terms, less V&V

is required for accreditation of uses that are intended to
give insight into trends than for applications intended
to support decisions upon which the lives of those in

the field will depend. Some intended
uses that might require less VV&A are
for data to indicate testability of require-
ments, or adequacy of the infrastructure,
or early test planning. Some that require
more V&V include use of M&S to
supplement live data and post-test anal-
ysis of results.

Complex systems require rigorous
VV&A planning. The Missile Defense
Agency recently (spring 2010) updated
the Integrated Master Test Plan
(IMTP) for the Ballistic Missile Defense
System (BMDS). The IMTP is a 5-year
plan with a 6-month update cycle. This

allows it to identify test events across the Future Years
Defense Plan, yet be responsive to results of test events
or changes in executive guidance.

The IMTP is data driven to identify the critical test
factors—the sensitive data elements and specific
‘‘critical engagement conditions’’—needed to provide
confidence that the BMDS and its system-level
elements are accurately represented. It also identifies
‘‘empirical measurement events’’—those events needed
to provide confidence in system performance but not
necessarily critical to M&S verification and validation.
To date, over 100 conditions or events have been
identified for the nine system-level elements that make
up the BMDS.

The Honorable Dr. J. Michael Gilmore, Director of
Operational Test and Evaluation (DOT&E), approved
this IMTP. He stated in testimony before the House
Armed Services Committee, on April 15, 2010, ‘‘If the
MDA can execute the revised IMTP, the data needed
to validate models and perform quantitative assess-
ments of BMDS performance will become available.’’

Naval ships and submarines are among the most
expensive and largest procurements in the DoD. The
first unit produced is an operational unit rather than a
prototype. Yet we must subject them to ‘‘realistic
survivability testing’’—‘‘testing for vulnerability of the
system in combat by firing munitions likely to be
encountered in combat (or munitions with a capability

David W. Duma

Inside the Beltway
ITEA Journal 2010; 31: 313–314

31(3) N September 2010 313



similar to such munitions) at the system configured for
combat…’’ (U.S. Title 10, section 2366). Waivers for
firing munitions at the first units have been granted in
all cases to date, but alternative test plans must be
approved by DOT&E.

Since 1987, live fire T&E of shock-hardened (e.g.,
combat) vessels has required Full Ship Shock Trials
(FSST). These tests help evaluators and the programs
learn lessons that can improve the survivability of the
vessels subjected to the shock of underwater explosions.
Lessons learned include design flaws, fabrication
deficiencies, and capabilities of systems and crews to
recover mission capability after such an event.

A FSST detonates several charges at standoff
distances and depths to create shock loadings at
fractions of the design criteria. The FSST vessel is
fully manned and underway with all critical systems
operational. The vessel is first ‘‘groomed’’—for exam-
ple, some noncritical less-rugged systems are removed
as part of careful preparation and inspections.

State-of-the-art simulations (using finite element
models) offer the potential to augment FSST vulner-
ability and survivability data with data that cannot be
safely obtained from a FSST. However, real questions
remain regarding the credible use of M&S to
determine when equipment failure occurs as a result
of shock loading.

The Virginia submarine class FSST cancellation was
approved by DOT&E. The decision was based on its
highly shock-hardened design, VV&A of the trans-
ient shock analysis method, and tests at the Aberdeen
Test Center Underwater Explosive Test Facility.
These tests included a full-scale model of approxi-
mately one third of the weapons handling module at
shock levels higher than those normally achieved in
FSSTs. This testing revealed things that a FSST could
not have done.

The CVN 78 program is developing an advanced
modeling and simulation capability to augment
reduced scope shock testing of CVN 78. The Navy
has developed a memorandum of agreement on the
elements of the process. DOT&E intends to withhold
its decision to concur with the implementation of the
memorandum of agreement until the feasibility of the
M&S is demonstrated. This is anticipated in FY13.

An alternative approach to FSSTs under investiga-
tion is use of compressed air guns to replace the

explosives as the elements that mechanically excite the
vessel. Unlike explosives, compressed air guns can be
reused. However, there are differences. Shock waves
from air gun arrays are currently less abrupt and
energetic than the explosives. The mechanical respons-
es are initially more localized and then propagate
through the length of the vessel. It may be appropriate
to conduct some side-by-side full ship testing using
explosives and the air guns, with parallel analyses to
investigate differences in the resulting data. This, of
course, would need to be followed with analyses to
assess the significance to live fire testing and evaluation
and to inform future decisions on intelligent use of the
simulated explosive test.

Limitations on the use of full ship shock trials
coupled with the lessons learned from the mining of
the USS Princeton during the First Gulf War have
spurred the Navy to develop detailed models of shock
propagation in the ship’s structure and for the
prediction of damage propagation as a consequence
of weapon effects. These support the assessment of
ship survivability for live fire testing and evaluation.

T&E practices involve the intelligent use of M&S
in the planning, conduct, and analyses of test events
as well as to augment these test data. Credible use of
M&S in support of T&E requires a disciplined ap-
proach to establish the level of V&V needed for
confident accreditations for the variety of intended
M&S uses.

C

MR. DAVID W. DUMA was appointed as the principal

deputy director, Operational Test and Evaluation, on

January 14, 2002. In this capacity he is the principal staff

assistant for all functional areas assigned to the office. He

participates in the formulation, development, advocacy,

and oversight of policies of the Secretary of Defense and in

the development and implementation of test and test

resource programs. He supports the director in the

planning, conduct, evaluation, and reporting of opera-

tional and live fire testing. He serves as the appropriation

director and comptroller for the Operational Test and

Evaluation, Defense Appropriation, and the principal

advisor to the director on all planning, programming, and

budgeting system matters.

Duma

314 ITEA Journal



Real-Time Targeting for Network Enabled Weapons

Scott R. Frame

46th Test Wing, Eglin Air Force Base, Florida

The continual movement within the Department of Defense to advance net-centric warfare

capabilities in operational environments has presented new challenges for test and evaluation of

network enabled weapons. The Network Enabled Weapon Real-Time Targeting Tool

(NEWRTTT), developed by the 46th Test Wing at Eglin Air Force Base, was created to

combine real-time time-space-position information (TSPI) with user-specified test parameters

into a targeting message that can be relayed to a network enabled weapon. NEWRTTT

receives TSPI data sent from an instrumented dynamic target and uses it along with user-

specified test parameters to build an In-Flight Target Update (IFTU). IFTUs are constructed

as Link 16 messages, which are packaged using the Joint Range Extension Application Protocol

(JREAP) and injected into the net-centric environment using a Link 16 gateway. Latency

errors can be injected by the test engineer to evaluate the tolerance of the network enabled

weapon under test. Extensibility of TSPI formats is achieved with a well-defined software

interface for adding new TSPI sources. Adherence to Department of Defense standard protocols

(Link 16, JREAP-C) makes NEWRTTT capable of supporting test and evaluation activities

for any Link 16–capable network enabled weapon.

Key words: Dynamic targets, targetting system accuracy; developmental test; operational

test; live, virtual, constructive environments; real-time test capability; uncertainty.

A
s weapon systems advance in sophis-
tication and complexity, the tools and
infrastructure of the test and evalu-
ation (T&E) community must also
evolve. Operational and test systems

can often be adapted to the needs of the changing
landscape, but this can lead to monolithic systems with
spiraling scope and ever-increasing maintenance re-
quirements. In addition, when operational concepts
change dramatically, adaptation of existing systems is
no longer feasible, and new approaches must be
considered. The advent of network enabled weapons
and recent advances in weapon capability have
established a need for new test methods and capabil-
ities commensurate with burgeoning netcentric weapon
systems (Caravello, Pearce, and Estep 2007).

The operational concept of engaging dynamic
targets (moving, mobile, or fixed) by providing weapon
directives to a network enabled weapon while it is in
flight is depicted in Figure 1. A typical scenario for a
network enabled weapon engagement involves a
targeting source, a launch aircraft, and the network
enabled weapon itself. Operationally, the targeting
source would likely be sent from a Joint Terminal

Attack Controller (JTAC), on the ground, identifying
a nearby target. In the corresponding test scenario, this
is not a preferred solution; not only would there be
concerns with safety, but there would be distinct limits
to the levels of variance and error injection that could
be applied to the test.

A more desirable test solution involves remote
operation and instrumentation of ground targets,
which allows operators to remain at safe distances well
outside the weapon footprint and eliminates the need
for JTAC support (Figure 2). This solution also allows
the test engineer to inject more engineering rigor into
the test scenario by varying latencies and other test
parameters. Target vehicles are instrumented with
positioning equipment that renders ground truth time-
space-position information (TSPI) and reports it to a
test facility over existing T&E infrastructure. This
TSPI data must be decoded and then used to build
targeting messages for the weapon; once the targeting
messages are built, they are submitted for entry onto
the network and forwarded to the weapon. Ideally the
fields and specifications for sending the targeting
messages can be manipulated as the messages are being
sent to vary test parameters in accordance with
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threshold and objective goals for the system under test.
Another benefit to this type of configuration is that the
ground truth TSPI data can be used for comparison
with an operational targeting source. This accommo-
dates another test scenario in which it is possible to
evaluate the accuracy of a targeting system rather than
the accuracy of a weapon.

Considerations for real-time targeting
Effective T&E of network enabled weapons requires

a test solution for the real-time targeting of these
weapons. For developmental testing in particular, it is
essential to find a safe way to relay precise target
information from a dynamic test target. Any imple-
mentation of such a solution should be able to accept
precision TSPI from instrumented targets over existing
T&E infrastructure and to produce the necessary

targeting message for submission into the net-centric
environment. Test parameters for error injection and
track/target management should be configurable by the
test engineer. The operational environment contains
inherent uncertainties and latencies; the test environ-
ment should be able to operate with or without these
variables, and the level of variability should be
selectable by the test engineer. The ability to eliminate
and control uncertainty is essential for effective testing.
For posttest analysis, the ability to capture and either
log or playback processed data would give the test
solution increased capability.

Because of increasing focus on live, virtual, and
constructive (LVC) methods in recent years, applica-
bility of a real-time targeting solution for network
enabled weapons to LVC environments is an impor-
tant capability. The LVC environment provides testers

Figure 1. Network enabled weapon concept of operations.

Figure 2. Network enabled weapon test scenario.
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with the opportunity to test a system of systems in ways
that are not possible during a strictly live test; precise
environmental control, low-cost iterated test runs, and
load-testing of systems make LVC testing an invaluable
supplement to more traditional forms of testing. A
suitable network enabled weapon test solution should be
able to participate in the reception of TSPI input tracks
from LVC domains and inject targeting messages into
the LVC domain. Record and playback features have
particular importance in the LVC environment, since a
simulated event can be recorded or fabricated and then
used as desired for subsequent events.

Network Enabled Weapon Real-Time
Targeting Tool (NEWRTTT)

The NEWRTTT was created to provide a real-time
test capability for network enabled weapons. It is a pure
software solution to network enabled weapon testing
requirements for real-time systems that works in
coordination with the existing T&E infrastructure to
achieve net-centric warfare test objectives. A screen
capture of the NEWRTTT application is displayed in
Figure 3. TSPI data received from instrumented dy-
namic targets on a test range are injected into the tool;
these data are decoded, converted, and supplemented
with operator-supplied test parameters, and a targeting
message is constructed for dispatch to a network enabled
weapon. Targeting updates are constructed as Link 16
messages that are packaged using the Joint Range
Extension Application Protocol (JREAP). These mes-
sages are output to a Link 16 gateway, which injects
them onto a Link 16 network.

Because NEWRTTT was created to work within
the existing T&E network infrastructure, the input
interface was designed to be modular and flexible.
NEWRTTT accepts TSPI input using standard User
Datagram Protocol (UDP) network sockets. TSPI
input settings are configured on the user interface. The
format of the TSPI data is selectable and allows for
extensibility of TSPI formats. This is an important
feature with regards to the portability of NEWRTTT,
since many T&E labs and facilities exist and often they
deal with a variety of TSPI formats.

The output interface requires adherence to specific
Department of Defense (DoD) standards that imple-
ment the targeting message for network enabled
weapons. The targeting message is referred to as an
in-flight target update (IFTU) and is part of a new
series of messages that allow coordination and control
of network enabled weapons using the Link 16 data
link to implement the communication. Though the
specification is not finalized and still subject to change,
some C2 and weapons systems are already implement-
ing the new messages.

Crafted Link 16 IFTU messages, by themselves, are
not suitable for transmission over an Internet Protocol
(IP)-based network; they must be wrapped inside
another transmission protocol that provides additional
information about the message originator, destination,
size, time, etc. NEWRTTT currently implements the
JREAP-C standard for transmitting output messages
to a Link 16 gateway. The JREAP-C packets are
constructed and sent to a Joint Range Extension—a
gateway that hosts a Link 16 terminal and has the
ability to inject messages onto a Link 16 network. In
addition to the JREAP-C capability, another transport
protocol, Multi-TADIL capability, will be added to
NEWRTTT in a future increment.

Extensibility of TSPI formats
One initial and key goal for NEWRTTT was

portability. Portability allows the tool to be used on a
variety of systems in diverse environments and to
provide a useful test capability to any major range and
test facility base. Test platforms may consist of large-
scale test facilities with extensive T&E infrastructure,
distributed LVC environments, training facilities or
even a laptop connected to C2 equipment in a van out
on a test range. The difficulty in achieving portability
in all of these settings lies in creating a solution that is
flexible enough to accommodate the extensive variety
of test systems and TSPI data formats. The Java
programming language was chosen to achieve platform
independence, allowing the application to run on any
machine with a current Java Virtual Machine. This
made the variety of TSPI inputs the constraining factor

Figure 3. Network enabled weapon real-time targeting tool

application screen capture.
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for achieving portability. Some test facilities may use
systems that adhere to known TSPI standards, while
others may use proprietary protocols that are only
useful at a single site. Even if only standard TSPI
formats were used, there is such an abundance of these
formats that accounting for all of them is not feasible.
To overcome this hurdle, NEWRTTT was equipped
with a well-defined, thoroughly documented interface
for incorporating new TSPI decoders into the tool.
Figure 4 depicts the standard TSPI processing data
flow through the application.

The processing of incoming TSPI data in the
NEWRTTT consists of three steps:

1. Read TSPI data from a network.
2. Decode the received TSPI data using an

appropriate data decoder.
3. Store the decoded TSPI data into a collection of

TSPI tracks.

To add a new TSPI decoding capability, a single Java
class file can be written that decodes the fields of the
TSPI data and reports them to the main program. The
interface involves steps 2 and 3 of the NEWRTTT Data

Flow, as depicted in Figure 5. It allows a decoder
developer to create a single Java class that implements the
decoding routine to (a) decode the data into a standard
format, and (b) store the data into a collection. When
creating the decoder, the developer must implement a
specific interface for the decoding class.

Message management
NEWRTTT allows the tester precise control over

messages to be output. In addition to the IFTU
message, NEWRTTT also allows the tester to output
surveillance and precise participant location and
information messages. NEWRTTT incorporates fea-
tures to manage these messages in three ways:

1. message field configuration,
2. transmission control,
3. simulated/controlled error injection.

Message field configuration allows non-TSPI fields
of the output messages to be manipulated by the
operator. Though much of the data used to populate
the output messages come from the input TSPI, many
fields of the output are not TSPI specific. Some of

Figure 4. Standard time-space-position information processing data flow.

Figure 5. Insertion of time-space-position information decoder.
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these fields can be set permanently for the tool because
of the nature of the application, but others may need to
be set by the test engineer to allow for flexibility.
NEWRTTT provides the test engineer the ability to
configure these fields.

Transmission control of messages is managed on a
type level and a track level. Each message type is
controlled independently, so that messages can be
enabled or disabled, or the output rate can be adjusted
as necessary. For IFTU messages and surveillance
messages, output message designations are selected on
a per-track basis. Multiple surveillance tracks can be sent
out simultaneously, but only a single track can be
selected for IFTUs at a given time. When TSPI data are
processed, the track IDs for any successfully decoded
TSPI tracks are used to populate a table of available
tracks. Link 16 track number reference assignments are
selected from a pool of available track numbers and
given to each decoded TSPI track. These track number
assignments can be reassigned manually by the tester,
providing additional control of track management.

One important goal of NEWRTTT is to provide
the capability to inject simulated or controlled errors.
Time delay errors can be injected into IFTU messages
as specified by the tester. The tool provides an option
to inject a fixed time delay or a randomized time delay.
IFTU messages are prepared at the normal output rate,
but when the time to send them arrives, transmission is
deferred until the assigned delay has expired. Future
enhancements will incorporate target location error as
another source of injected error, which will allow for
more controlled variation of the test environment.

Conclusions
A number of network enabled weapon systems are

quickly approaching phases of extensive T&E. Because
of DoD direction to standardize technologies and
communication protocols, many of these tools will
conform to common interfaces and have similar
applications. The capabilities of network enabled
weapons and the supporting infrastructure have only
recently begun to take form, and the testing of these
systems of systems will involve a combination of new

open air methods and innovative LVC approaches. The
NEWRTTT provides a means to tackle some of the
challenges of this new and complex test environment. It
is applicable to both developmental and operational test
and will evolve with the needs of the net-centric warfare
community to support T&E for a variety of network
enabled weapons. Future development increments are
already in discussion to extend the IFTU capability,
incorporate more input formats (including TENA—the
Test and Training Enabling Architecture), add the
multi-TADIL capability as an alternative to JREAP-C,
and support other types of error injection. As the
operational concepts of net-centric warfare evolve, the
weapon systems and technologies will also change
rapidly. NEWRTTT provides a solution to a gap in
existing T&E infrastructure that has recently developed
as a result of these changes. C
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Arc Heater Capability Upgrade at AEDC

G. L. Hammock

Arnold Engineering Development Center,

Arnold Air Force Base, Tennessee

Arnold Engineering Development Center’s (AEDC) arc heater facility upgrade allows for

materials testing in nonoxidizing flows. The H2 Huels arc heater facility has undergone recent

upgrades to allow bottled gases to be used as a test medium. This upgrade allows testing heat

shield materials in test gases other than air.

Key words: AEDC; Huels arc jet heater; H2 facility; simulation; thermal protection

systems.

T
he U.S. Air Force’s Arnold Engineer-
ing Development Center (AEDC)
High Temperature Laboratory (HTL)
has recently altered the gas supply
system of the H2 arc heater facility

(Figure 1). The H2 facility can provide up to a 24 inch
diameter hypersonic flow with simulated pressure
altitude ranging from 20 to 50 km (70 to 160 kft).
This facility is used for ground simulation testing of
thermal protection systems, antenna transmission
windows, hypersonic leading edges, and missile fore-
bodies and nose tips. Usually, the H2 facility is
configured to use air as the test gas for the simulation
of atmospheric ascent, maneuvering, and reentry.
Recent modifications to the H2 facility allow the use
of test gases other than air for simulation of oxygen-
deficient environments, where combustion effects and
atomic oxygen effects are minimized.

Arc heaters are ground-test facilities that are capable
of reproducing the thermal environments of hypersonic
flight for times long enough to validate thermostruc-

tural performance of shielding materials and compo-
nents. Because of the complexity and cost associated
with hypersonic vehicle components, structures, and
propulsion systems, arc heater facilities are critical in
the design, development, and qualification of those
elements before flight testing.

The H2 arc-heated wind tunnel uses an N-4 Huels-
type arc heater to generate high-temperature high-
pressure flow for expansion through a hypersonic
nozzle into a subatmospheric test cell to provide flows
at Mach numbers ranging from 3.4 to 7.0. The facility
uses a high-voltage, direct current power supply to
generate an electric arc discharge, heating the test gas
to a total temperature of up to 5,300K (9,600uR).
Table 1 lists the H2 arc-heated wind tunnel specifica-
tions.

The Huels-type arc heater is a relatively simple arc
heater configuration consisting of two coaxial elec-
trodes separated by a swirl chamber (Figure 2). The arc
is vortex stabilized, meaning that the test gas is injected
tangentially into the swirl chamber at the electrode
interface. This generates a helical vortex as the fluid is
heated by the arc discharge before being expanded
through the nozzle. The arc is further stabilized by the
use of two coaxial electromagnetic spin coils located at
each electrode.

Table 1. H2 arc-heated wind tunnel specifications.

Facility type Subatmospheric free-jet exhaust

Max. run time Up to 30 min

Nozzle Mach number 3.4–7.0

Nozzle exit diameter 5–24 in

Stagnation pressure Up to 50 psia

Stagnation enthalpy 1,200–4,200 Btu/lbm

Mass flow rate 2–10 lbm/s

Facility power Up to 42 MW
Figure 1. H2 arc heater facility.
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Test samples, coupons, and probes are inserted by
means of a five-strut water-cooled model positioning
system (MPS) featuring rotary model injection and
axial drive. This allows the testing of multiple samples,
collecting parametric data during a single test run.

The purpose of the upgrade was to allow the
comparative testing of thermal protection systems with
and without the presence of oxygen. This modification
now allows the use of any stored gas as a potential test
medium.

A validation run was completed for comparison of
facility performance using both air and nitrogen. For
each type of run, facility startup began with initializa-
tion of the arc heater current and stabilization of the
arc, allowing the facility to reach predefined condi-
tions. Once the heater reached a steady-state condi-
tion, flow-field instrumentation was swept through the
flow to gather benchmark data for the comparison. All
instrumentation was swept at 0.225 inch axially from
the nozzle exit plane. Table 2 presents a summary of
the collected results.

The results of testing show that the H2 facility is
indeed capable of operating using nitrogen as the test
gas; however, the facility is slightly less stable because
of voltage fluctuations caused by the use of nitrogen
instead of air.

As seen in Table 2, the average heater efficiency (at
these conditions) is 65% when using air as the test
medium. Using nitrogen as the test gas shows an
average efficiency of 55%, giving an average loss of 10%
efficiency by switching the test gas from air to
nitrogen.

This efficiency reduction is primarily due to the
fluctuation of voltage in the Huels heater with the

change in test gas. With air, the voltage trace is fairly
stable; however, with nitrogen, the voltage trace has
significantly more fluctuation relative to a nominal
value as seen in Figure 3. These voltage fluctuations
may be due to the lack of oxygen reacting with the
copper cathode to create a higher resistance copper-
oxide band within the electrode. In air, this copper-
oxide band would mitigate shortening of the arc
beyond the lower-resistance nonoxidized region of the
electrode.

Because voltage is directly related to the physical arc
length, the fluctuations seen in Figure 3 correspond to
a chaotically expanding and contracting arc.

Another key facility parameter is bulk enthalpy.
Bulk enthalpy is the enthalpy of the working fluid as
defined by an energy balance between the input energy
and the temperature rise of the facility cooling water.
This is also the same energy balance used in the
calculation of heater efficiency, thus a 10% reduction in
efficiency corresponds to a 10% reduction in the
nominal level of the bulk enthalpy.

Though the facility has a reduced bulk enthalpy
when using nitrogen as the test gas, the average flow-
field stagnation heat flux profile does not significantly
differ from operation with air. This could be due to
catalycity effects, which would become significant—
regardless of test gas—for highly dissociated flows.
Figure 4 shows a comparison of the radial stagnation
heat flux between the two test gases.

Figure 2. Huels arc heater configuration.

Table 2. H2-030 run summary.

Run number
H2-030 Test gas

Chamber
pressure (atm)

Arc current
(amp)

Arc voltage
(kV)

Power
(MW)

Efficiency
(%)

Mass-flow
rate (lbm/s)

Bulk enthalpy
(Btu/lbm)

2001 Nitrogen 19.1 3,130 4.2 13.1 52 2.7 2,750

2002 Nitrogen 20.4 3,100 4.4 13.3 57 2.8 2,750

2003 Air 20.4 3,140 4.2 13.4 65 2.8 3,020

2005 Air 20.0 3,120 4.2 13.2 64 2.8 2,980

Figure 3. Average voltage comparison.
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Because the stagnation heat flux profiles do not
significantly differ between the two test gases, wedge
heat flux profiles would be expected to display similarity
for both test gases at these facility operating conditions.
For this test series, a 20u wedge plate with Gardon
calorimeters was used to measure the incident heat flux.
Figure 5 shows that for both test gases the incident heat
flux on a 20u wedge is nominally the same magnitude.

In conclusion, AEDC’s arc-heated wind tunnel
facility is traditionally configured to use high-enthalpy

air to simulate reentry environments for thermal
ground testing; however, it is sometimes preferable to
simulate a nonoxidizing reentry environment to reduce
combustion and reactivity effects of user hardware. To
offer this additional simulation capability, the H2
facility was reconfigured to use nitrogen as a test gas.
The facility operating parameters are slightly less stable
using nitrogen as a working fluid, as seen by
fluctuations in the voltage trace, but the facility is able
to produce comparable flow-field parameters using
nitrogen as opposed to air. Conversion of the facility
supply system is a relatively quick operation that allows
increased simulation capability at no detriment to
facility operation. C

GARY HAMMOCK is an engineering analyst and project
engineer for the Arnold Engineering Development Center’s
(AEDC) High Temperature Laboratory. He obtained his
undergraduate degree in mechanical engineering from
Tennessee Technological University in 2005 and is
progressing toward a graduate degree. He is also
a licensed professional engineer in the state of Tennessee.

Figure 5. 20u Gardon wedge incident heat flux comparison.

Figure 6. 20u Gardon wedge in nitrogen flow.

Figure 4. Average stagnation heat flux profiles.
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M
any a statistician or serious stu-
dent of statistics will recall his or
her introduction to the great
George Box quote: ‘‘All models
are wrong; some are useful.’’ Some

of us first saw it in the response surfaces text written
by Box and Draper (1987), but the quote is actually
attributed to Box in one of his much earlier texts (Box
1979; Box and Draper 1987).

We know from Dr. Box’s good teachings that to
improve the credibility of using a regression model the
modeler should prove a number of assumptions (e.g.,
independence in observations, distribution of residuals
is normal around 0) and should test that the model
does not significantly overfit or underfit the data (i.e.,
lack-of-fit tests). While the exact tests used for these
measures do not precisely port to the validation of
modeling and simulation (M&S), the goal of reporting
the observation is a healthy one: Treat the validation of
Department of Defense (DoD) M&S more as a science
and less as an art.

This article reports on a number of efforts intended
to provide the policy infrastructure and some initial
tools to help move the DoD in that direction.
Specifically, we report on recent changes to verifica-
tion, validation, and accreditation (VV&A) policy
(DODI 5000.61); recent and ongoing activities to
advance VV&A (e.g., reporting standards, methodol-
ogies in light of risk, VV&A planning and reporting
tools); and a series of practical application efforts
being conducted with the test and evaluation (T&E)
community to fully assess the viability of these evolu-
tions in policy, methodology, standards, and tools.
This ‘‘VV&A Campaign Plan’’ is being managed by
the Office of Secretary of Defense’s Modeling &
Simulation Coordination Office (M&S CO) and its
technical lead, the Applied Physics Lab at the Johns
Hopkins University; however, at conclusion, it will
have involved managers and practitioners from across
the acquisition and T&E communities.

Department of Defense Instruction
5000.61 (DoDI 5000.61)

In 2007, the DoD M&S Steering Committee
embarked on a rewrite of the policy guiding VV&A in
the Department, DoDI 5000.61, entitled ‘‘DoD Mod-
eling and Simulation Verification, Validation, and
Accreditation (VV&A)’’ (DoD 2009). That revision
was completed and vetted in late 2009. The policy overall
has been in existence for over 13 years. This document
defines policy, assigns responsibilities, prescribes proce-
dures, and establishes common terminology relative to
VV&A across the Department. Initially issued in April
1996, the instruction was reissued in May 2003 and,
most recently, in December 2009. The most significant
changes to the current version of the instruction were:

N modifying the document format to align with
updated format requirements for DoD issuances;

N streamlining the document by:
# pulling the responsibilities section to an

enclosure,
# focusing the procedure section on documen-

tation requirements only,
# synthesizing documentation procedures by

eliminating duplication of information re-
quirements,

# retaining only essential definitions;
N modifying the document to reference MIL-

STD-3022 (DoD 2008), the DoD Standard
Practice for the Documentation of VV&A for
Models and Simulation.

DoDI 5000.61 provides high-level or ‘‘umbrella’’
policy to which component-based (e.g., the Services; the
Director, Operational Test and Evaluation) and orga-
nizational (e.g., the Navy’s Commander Operational
Test and Evaluation Force) policies align. As defined in
DoDI 5000.61, it is DoD policy that:

N M&S used to support DoD processes, products,
and decisions shall undergo V&V throughout
their lifecycles and shall be accredited for an
intended use;
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N VV&A results shall be documented and made
accessible;

N each DoD component will be the final authority
for validating representations of its own forces
and capabilities;

N each DoD is authorized to provide VV&A
procedures and guidance based on the intended
use and risk of use of the M&S.

In addition to the implementation of the policy
statements listed above, DoD components have the
responsibility to ensure that V&V resources are
provided throughout M&S development, modifica-
tion, or use.

Activities to advance VV&A methodology
The DoD M&S Steering Committee has sponsored

several VV&A-focused tasks with the objective of
advancing the state of the practice. These tasks include
the development of a risk-driven VV&A methodology
as well as automated, consistent documentation
formats. These tasks are defined below.

Risk-based VV&A (RBA)
The objective of the risk-based VV&A (RBA)

methodology task is to optimize VV&A resource use
while minimizing the risks of using a model or
simulation. Use risk arises from error and uncertainties
in the representations of the model or simulation as
well as the consequences that arise from a decision
predicated on M&S results. While VV&A seeks to
provide evidence relative to M&S error and uncertain-
ty, most efforts operate in a resource-constrained
environment. As a consequence, VV&A processes
must be tailored to optimize resource use within those
constraints, to accommodate the alignment of VV&A
with the simulation life cycle, and to address the
specific priorities of an intended use.

During the initial (planning) phase of the process,
the RBA methodology provides a way to tailor while
focusing on those aspects of the M&S that carry the
greatest risk relative to the intended use. At the back
end of the process, the RBA methodology provides a
framework in which to articulate risk in terms of the
uncertainties and limitations associated with the M&S
capabilities.

The RBA task is in the second year of a two-year
effort. A report titled ‘‘An Approach for Realizing a
Risk-Based VV&A (RBA) Methodology’’ was com-
pleted in March 2010.

MIL-STD-3022 and the VV&A
Documentation Tool

MIL-STD-3022, ‘‘Department of Defense Standard
Practice Documentation of Verification, Validation,

and Accreditation (VV&A) for Models and Simula-
tions,’’ was developed by the Modeling and Simulation
Coordination Office in coordination with the military
departments. It establishes templates for the four core
products (Accreditation Plan, V&V Plan, V&V Report,
and Accreditation Report) of the M&S verification,
validation, and accreditation processes. The intent of this
standard is to provide consistent documentation that
minimizes redundancy and maximizes reuse of informa-
tion. This promotes a common framework and interfacing
capability that can be shared across all M&S programs
within the Department of Defense, other government
agencies, and allied nations. MIL-STD-3022 was
approved as a Military Standard on June 28, 2008.

In addition to the template standard, the U.S. Navy
has led the production of a tool (the DoD VV&A
Documentation Tool) that automates the MIL-STD-
3022 templates. At this time, access to the tool requires
a Common Access Card or External Certification
Authority.

While these tasks seek to improve the efficiency and
effectiveness of VV&A implementation, technical gaps
still exist that impact that efficiency and effectiveness.
In an attempt to identify and address these gaps, the
M&S Steering Committee has implemented a multi-
prong approach. The first prong addresses known
VV&A gaps that impact successful implementation of
the RBA methodology such as the development of a
V&V techniques catalog and guidance on the devel-
opment of acceptability criteria. The second prong
focuses on the identification of additional gap areas
through a Systems Engineering Research Center–led
study focused on VV&A practitioners in the field. The
third tier focuses on the establishment of an expert
subcommittee that can monitor, review, and mature
proposed technical advancements.

Gauging the way forward in support of
the test and evaluation community

Fiscal year 2010 and 2011 VV&A within M&S CO
were originally planned to focus on the evolution of a
tiered validation methodology—not dissimilar to the
establishment of Technical Readiness Levels for M&S
and distributed M&S capabilities. During initial
program reviews for this effort and its linkages to the
broader set of DoD VV&A activities, it was deter-
mined that the current VV&A investments should first
be assessed against the needs of the community—
before any additional policies or standards or method-
ologies were crafted. In particular, DoD leadership
wanted to assess the viability of VV&A efforts from
the perspective of VV&A practitioners—the organiza-
tions and individuals who ‘‘do’’ VV&A as opposed to
just managing its policy.
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The M&S CO and the Johns Hopkins University
team guiding these VV&A efforts fully understand
that the best policy, tools, methodologies, templates,
and standards do not provide a panacea or ‘‘magic fix.’’
VV&A activities in support of the T&E community
will always, by definition, be challenging because the
T&E team is faced with several inherent—and
frequently conflicting—facts:

N Test activities involve new or enhanced systems
and systems of systems, which typically do not
have a rich body of information or data about
their performance, design, or employment.

N T&E in the era of ‘‘build and field it faster’’ will
put even greater pressure on the team of
evaluators, testers, and technologists performing
the VV&A activities. The increasing complexity
of systems being fielded—and the need to use
distributed M&S capabilities fully integrated
with the systems/systems of systems under test
realistically replicate operational environments or
to make up for shortfalls in available personnel
and equipment—make failures during VV&A
even more visible and expensive.

N The VV&A team for a given T&E activity is
typically drawn from several organizations, may
be required to use a broad variety of M&S
tools—familiar and unfamiliar—to conduct the
test events, and is frequently scattered across the
country and only converges on the test site during
pretest integration and test event.

Over the next 18 months, a series of practical
application proofs of principle activities will be con-
ducted with acquisition and testing organizations
within all four military departments. The first proof-
of-principle event will focus on the application of
VV&A early in the systems life cycle—as a key part of
the systems engineering process—and will examine
verification methodologies and impacts primarily on
early developmental and technical testing. The second
proof of principle will focus on the application of the
VV&A policies, standards, templates, etc. described
above to a series of live-virtual-constructive experimen-
tation events led by the Air Force, with the goal
of examining the application of VV&A to technically
and geographically distributed test environments. The
third proof-of-principle activity being sponsored as part
of the VV&A Campaign Plan will be the application of
the evolved VV&A capabilities to an ongoing series of
vehicle survivability tests being conducted primarily by
U.S. land forces (Army and Marines).

Use case 1—Systems engineering overview
The first VV&A proof-of-principle activity will

involve the Systems Engineering Research Center, a

consortium of 18 universities led by the Stevens
Institute of Technology. Systems Engineering Re-
search Center researchers have been tasked to look at
tools and process that will facilitate the verification of
M&S capabilities (stand-alone and federated).

Use case 2—AGILE Fires overview
The second proof-of-principle activity will be led by

the Air Forces’ Simulation and Analysis Facility and
will focus on the development of a use case based on
the AGILE Fires project. This use case will specifically
address the unique challenges encountered in perform-
ing VV&A of a live, virtual, and constructive
distributed simulation environment. The use case will
emphasize the development of test scenarios and will
also examine the integration of a new component into
an established distributed environment that has already
undergone VV&A. The objective will be to use
existing methodologies and strict configuration control
to conduct a reverification, revalidation, and reaccred-
itation of the scenario by assessing only what changed.

The use case would ultimately define a consistent
method for performing and documenting the VV&A
effort of a system of systems represented in a
distributed simulation environment in order to estab-
lish confidence in using live, virtual, and constructive
representations.

Use case 3—Vehicle survivability
testing overview

This effort is very much in its infancy as this article is
being written. It is also, by far, the most challenging—
in terms of classification, timeliness, and impacts—of
the three proofs of principle. Members of the M&S
CO VV&A team will gain insights into its evolved
VV&A capabilities while also providing direct support
to the teams doing survivability analysis.

Closing remarks
We have addressed a number of initiatives intended

to assist VV&A practitioners department-wide with a
special focus on the T&E community. Clearly, we are
on the verge of a paradigm shift as the community
moves toward more complex, next-generation testing
procedures. And, while the initiatives in this article are
designed to help, we understand that they are but
a small step forward in a journey of continuous
improvements. Future improvements must focus on
the use of advanced statistics (experimental design
principles) to make the most of every test and machine
learning methods to work toward automating some of
the VV&A process. Only by moving VV&A from art
to science will we be better positioned to serve our
warfighters. The T&E community has long been on
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the leading edge of tackling this challenge, and we look
forward to your continued innovation and commit-
ment in meeting that goal. C
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After 40 Years Why Hasn’t the Computer Replaced the
Wind Tunnel?

Edward M. Kraft, Ph.D.
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The debate between wind tunnels and computers to develop aeronautical systems has persisted

for over 40 years. On the one hand, the majority of wind tunnels used today in aeronautical

research, development, test, and evaluation were designed and commissioned in the 1950s and

’60s. These facilities remain the backbone of the aeronautical development process, although they

are becoming more challenging to maintain. On the other hand, rapid advances in computer

hardware and software offer the potential to dramatically alter the design and development

process for flight systems through the application of computational science and engineering.

However, after 40 years of promises to eliminate the need for test facilities, advanced

computational science and engineering have still not diminished significantly the need for test

facilities or reduced the overall cycle time for development of flight systems. As many wind

tunnel test hours are used today to develop a flight system as were used 20 years ago.

Key words: Aeronautical development; computational science and engineering;

experience; high-fidelity modeling and simulation; performance prediction; physics

modeling reliability; test facilities; validation & verification.

N
ow that I have your attention, the
title of this article is actually the
wrong question! The proper debate
needs to be centered on how Com-
putational Science and Engineering

(CSE) and wind tunnel testing can be integrated to
reduce the overall cycle time for development of an
aeronautical system. If CSE could actually eliminate
the use of wind tunnels in system development, the net
gain to the acquisition program would be fractions of a
percentage in cost savings. On the other hand reducing
the overall cycle time by merging CSE and wind
tunnel testing could reduce total development cycle
time by months to years, resulting in billions of dollars
of savings. This article is focused on understanding the
challenges to using computational methods; delineat-
ing changes required in people, processes, and tools to
make CSE more effective; and creating a vision for an
integrated CSE/testing approach to reduce develop-
ment cycle time.

First, for clarity, we need to define what we mean by
CSE relative to the ubiquitous phrase ‘‘Modeling and
Simulation (M&S).’’ For this article, we will focus our
attention on high-fidelity, physics-based modeling and
simulation as opposed to engagement or theater
wargaming models. The former, which we will refer

to as CSE, is more directly reflective of the
aeronautical design process and the way test facilities
are used to develop systems. The latter, which we will
refer to as M&S, is more associated with doctrine,
tactics and techniques, and training for the Depart-
ment of Defense (DoD). Also, we will use the
terminology CSE to connote that we are talking about
the entire spectrum of physics-based modeling such as
Computational Fluid Dynamics (CFD), Computa-
tional Structural Mechanics/Computational Structural
Dynamics (CSM/CSD), computational electromag-
netics, or computer-aided engineering. Embodied in
these modeling activities are also computational heat
transfer and chemical kinetics.

It is important for our discussion to maintain the
distinction between M&S and CSE. M&S and CSE
are both computational simulations, but within the
upper levels of the DoD, M&S is ascribed to any and
all computational simulations. In reality, the DoD
focuses its management structure and funding on
wargaming and training M&S. Aside from the
activities of the Office of the Secretary of Defense
(OSD) High Performance Computing Modernization
Office (HPCMO), CSE has largely been left in the
hands of Science and Technology (S&T), test and
evaluation, and engineering function within the
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government as well as academia and industry. Conse-
quently it has evolved in an ad hoc fashion, albeit with
great success in select areas.

It is also important to understand the difference in
the use of CSE in support of S&T and engineering. In
the former, great strides are being made in the use of
peta-flop (1015 floating point operations per second)
computing in research approaching the molecular level.
‘‘Designer’’ materials are being developed by using
computer simulations to manipulate molecules to
achieve desired properties. While the S&T community
has been the principal driver for advances in CSE, it
has only been recently that the engineering community
has become a key component of the CSE cognoscenti.
In the past, the engineering design function has relied
on legacy capabilities and relatively small computer
systems. What has become clear in recent years is that a
major justification for developing even larger scale
computer systems is tied more to the engineering
process than to the S&T community (i.e., the
economic justification is based on the output of the
product development process for commercial and
military systems). The integration of multidisciplinary
simulations and design optimization of aerospace
vehicles throughout their mission profile is primarily
an engineering function that can be enhanced by next
generation CSE capabilities. It is also the engineering
application of CSE that directly competes with
engineering use of wind tunnels in the development
process. In this article we will focus on engineering
applications of CSE.

A celebration of success
Before we launch into a detailed discussion of why

advanced modeling cannot replace testing in the near
future, we need to understand that CSE has indeed
had a profound impact on aeronautical system
development. CSE is aggressively used by the aero-
nautical system design community to apply simpler
engineering models to reduce the design space to a
limited set of design variables that meet requirements.
These select configurations are modeled with much
higher fidelity physics-based models to develop
prototype designs. Although these designs are not
robust enough to eliminate the need for wind tunnel
testing, they do reduce the need for multiple
experimental configuration studies in the wind tunnel.
Ironically, advanced computer-based control systems in
modern military aircraft actually drive a need for even
more wind tunnel data per configuration to ensure
accurate control variables over the entire flight
envelope. CSE is not currently capable of providing
the control system inputs accurately enough to reduce
the overall wind tunnel testing requirements.

Once the development phase starts into the wind
tunnel phase, CSE is heavily used as a complementary
tool with testing. Highlights from the application of
CSE at the U.S. Air Force’s Arnold Engineering
Development Center (AEDC) in support of wind
tunnel testing are summarized in Kraft and Matty
(2005). Typical applications include pretest planning to
ensure optimization of the test facility and instrumen-
tation; support to real-time data analysis and decision
making; analysis of potential wind tunnel effects such as
support or wall interference; extrapolation of wind
tunnel data to flight conditions; support to flight testing,
particularly weapon separation; and support to opera-
tional flight issues that occur after a system has been
developed. Also, CSE is an excellent tool late in the
development cycle for evaluating incremental effects as
well as anomalies that show up during flight testing.

To appreciate the impact of CSE on the aeronautical
development process, a history of applications of CSE
in support of wind tunnel testing at AEDC is
illustrated in Figure 1. In the late ’80s and early ’90s
serious engineering calculations were being performed
even though the state of the art in computer capability
was barely at the giga-flop (109 floating point
operations per second) level. An inviscid, Euler
solution for an F-15E aircraft complete with stores,
pylons, pods, etc., using about 1 million grid points
could be computed in less than 8 Central Processor
Unit (CPU) hours, making it a useful engineering tool.
The simulation, augmented and validated by wind
tunnel data, was sufficiently accurate to predict the
release of weapons from the conformal fuel tanks on
the F-1 5E well enough to safely guide flight testing
(Kraft 1994).

Using the 1988 calculation of the F-15E as a
baseline, subsequent advances in CSE enabled more
physics (unsteadiness and viscous effects) as well as
refined grids to produce more accurate engineering
solutions in less time. In Figure 1, complexity is
defined as the product of the number of processors
used times the number of grid points times the output
in number of solutions per week. Most of the advances
in capability demonstrated in Figure 1 are attributable
to rapid advances in hardware. Today, it is not
uncommon to use 30–50 million grid points for a
time-accurate, unsteady, viscous simulation of a
complete aircraft and produce a solution in less than
8 CPU hours. These advances were made at AEDC,
which has aggressively applied CSE to engineering
problems for over 20 years but has relatively modest
computing horsepower (Kraft and Matty 2005). Many
of the solutions illustrated in Figure 1 used only 32
processors, but today several hundred processors are
available.

Kraft
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Some of the anecdotal success stories demonstrated
with the CSE applications at AEDC represented in
Figure 1 include the following:

N F-15E—first demonstrated use of CFD to modify
wind tunnel and flight testing resulting in safe
carriage and release as well as improved operations
for the F-15E. Post-integration of CSE with testing
resulted in no flight incidents during certification of
numerous weapons for carriage and release from the
F-15E. The CSE tools developed for the F-15E
have been persistently updated and applied to every
DoD platform since, with immeasurable reductions
in cost and improvements in safety.

N F-22—an integrated CFD/wind tunnel testing
approach reduced the cost of models by over $8
million and provided insight to support an
aggressive flight-test program for weapon sepa-
ration clearance over the entire flight envelope
with minimum sorties.

N B-1B (not illustrated)—CFD simulations of flare
ejections eliminated a major part of a flight-test
program at a cost savings of $500,000 to solve an
operational problem.

N Minature Air-Launched Decoy (MALD)—CFD
design of fins for use in the wind tunnel enabled
high-quality data to be obtained in a smaller, more
cost-effective wind tunnel.

N Joint Strike Fighter—CFD analyses enabled
refinement of the inlet for the vertical or short
take off and landing configuration during devel-
opment, eliminated a wind tunnel entry for store
separation simulation resulting in approximately

$1 million savings, and augmented stability and
control analyses.

There are numerous additional anecdotal accounts
of how CSE has improved wind tunnel testing, but the
real challenge is to develop an improved overall
methodology for the use of CSE with testing to
dramatically reduce the cycle time for development as
well as improve performance of the systems. This
article formulates the issues keeping CSE from having
a larger impact on development and creates a vision for
innovative ways to integrate CSE and testing.

Why hasn’t CSE already replaced testing?
The ‘‘tastes great, less-filling’’ debate between CSE

and wind tunnels has been ongoing for over 30 years).
The classic American Institute of Aeronautics and
Astronautics (AIAA) Dryden Lecture delivered by
Dean Chapman in 1979 was the first serious salvo in
the debate (Chapman 1979). Chapman’s visionary
article clearly identified the rapid growth in CFD
hardware, software, and modeling capabilities that
could transform the aerodynamic design process. Many
of his CFD projections have been exceeded over the
last 30 years. (He was forecasting breakthroughs only
through the ’90s and did not extend his vision to the
scale of CSE today.) On the other hand, the average
number of wind tunnel hours used in development
of commercial and military aircraft continued to grow
(Melanson 2008) over that same 30-year period despite
wind tunnel efficiency increasing by at least a factor of
four (Kraft and Huber 2009). At the same time, more
and more DoD programs (and some commercial

Figure 1. Increasingly complex computational fluid dynamics simulations enabled by computer hardware and software advances.
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programs) overrun their original cost and schedule
estimates. So what gives? Obviously CSE has not
effectively changed the aeronautical development
process to the degree envisioned by Chapman.

Very simply, advances in computers even to peta-
flop (1015 floating point operations per second)
performance and beyond are necessary but not sufficient
to transform the aeronautical development process. It
takes a holistic advance in the integration of people,
processes, and tools to enable the kind of revolution
people have envisioned for the last 3 decades. Even
more than the tools, the people and processes need to
be better understood and integrated with the advanced
computer hardware and software to increase the
effectiveness of CSE in the aeronautical development
process. In the next section, we will explore challenges
to the technologies, intellectual capital, and processes
that will have to be overcome to achieve the full
promise of CSE in the development process.

Technological impediments
Indeed, large-scale computing power is at our

doorsteps. Although access to peta-flop computers is
necessary for a revolution in applying CSE to aeronau-
tical system development, it is definitely not sufficient.
Having software that can efficiently and effectively use
massive parallel computing power, having robust
algorithms for complex and multidisciplined applica-
tions, improving modeling of essential physical phe-
nomena, and systematically verifying and validating that
the tools will work robustly in the engineering
environment are equally important. In this section we
will highlight some of these technical challenges.

Software scalability
The trend in high-performance computing archi-

tecture is toward massive parallel processing to
upwards of 100,000 CPUs or cores. These trends are
being driven by the rapidly growing cost of further
increases in processor clock speed and the emergence of
power density and cooling requirements as dominant
considerations. High-performance computing centers
are now requiring megawatts of power for operation.
Although peta-flop computers are already available in
select federal computing centers and exa-flop (1018

flops) machines are on the horizon, the legacy CSE
software tools routinely applied to design and devel-
opment problems have not been scaled to maximize the
use and gain the efficiencies afforded by clusters with
tens of thousands of processors. Most codes have been
optimized to run on fewer than 100 processors. CFD
solution algorithms tend to scale reasonably well, but
many algorithms have topped out around 512 CPUs
and only a few have operated with a few thousand

cores. The very best CFD codes scale linearly to 5,000
cores, which is three orders of magnitude smaller than
the potential million-core machines envisioned for the
future. Even the highest performing CFD algorithms
quickly lose ground when significant Input/Output
(I/O) is required to grab and store solutions every few
time steps for a graphical representation of an unsteady
flow solution. Other CSE algorithms do not scale as
well as CFD codes. Hence, even though peta-flop
machines are becoming available, current software
scalability limitations do not enable the solvers to use
all of the hardware capability. One of the strategies to
offset this near-term lack of scalability is to use a large
number of available cores to simultaneously solve a
number of parallel cases. This strategy will be useful in
either rapidly reducing the design space in the early
phases of concept development or in building a
significant CSE data base in later stages of development.

Complexity
As computer systems have advanced, so has the

complexity of aeronautical systems. Over the last
30 years, expanded flight envelopes, super-maneuver-
ability, super-cruise, low observables, and advances in
materials technology have made it more challenging to
model the physics of military flight systems. As
suggested in Figure 1, all of the advances in computer
hardware and software have been absorbed in increas-
ing the fidelity of more complex systems.

A significant challenge to developing a full flight
system is the integration of the major subsystems (i.e.,
airframe/propulsion integration, airframe/structure in-
tegration, electromagnetic interference, control sys-
tems, and airframe/weapon systems). The major
defects frequently found late in the development cycle
for a flight system usually occur at the interface of
major subsystems (e.g., aerodynamically induced struc-
tural failures). For example, on average for military
aircraft, 10 structural flaws are found in the flight-test
phase even after a comprehensive ground-test cam-
paign and massive application of CSE. The fixes for
these structural flaws can range from simple to
significant, costing as much as $1 billion and delaying
a program by a year or more.

Although significant advances in multidiscipline
dynamic simulations for maneuvering vehicles have
been made, the fidelity of current capabilities in terms
of grid resolution, model complexity, and interdisci-
plinary coupling is still only a fraction of what is
needed in the long run.

Performance predictions versus reliability
What is frequently overlooked by the CSE commu-

nity desiring to replace testing is that test facilities are
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used to predict not only the performance, but also the
operability, reliability, and maintainability of an
aeronautical system. The majority of the ad hoc success
stories in applications of CSE have to do with
performance predictions only. CSE is not capable, for
example, of simulating the aeromechanical perfor-
mance of a turbine engine over its mission life to
ensure that it will be reliable enough to field. It is also
not capable of simulating the dynamic stressing of its
structure to assure its reliability to stay ‘‘on wing’’ for
hundreds of hours. Similarly, CSE is not robust
enough to decide if an engine can be restarted at
altitude or survive a bird strike or debris ingestion.
Comparable limitations exist for modeling dynamic
fatigue cycles for the aircraft structure. Historical data
demonstrate that, on average, ten structural failures are
discovered in flight even after numerous computer
simulations have been performed. Consequently, in
spite of advances in computer horsepower and
applications of CSE, test facilities will be essential to
assure a system is operable, reliable, and maintainable.

Physics modeling
The list of physics modeling challenges that inhibit

the robust application of CSE is legend. The classical
problems in applying CFD include turbulence model-
ing, boundary layer transition, and flow separation. For
relatively benign attached or mildly separated flow, the
use of Reynolds Averaged Navier Stokes (RANS)
codes with the addition of large eddy simulations has
advanced to a very good engineering capability but still
has enough inaccuracy to preclude total reliance on the
computed results. For vortex dominated or massively
separated flows typical of advanced tactical aircraft at
the corners of the flight envelope, the CSE tools are
not nearly as capable. The dynamics of separated flow
have a large impact on structural dynamics, stability
and control, as well as control surface response.

Turbulence modeling may be one of those intrac-
table engineering problems that cannot be solved with
higher performance computing. Turbulence modeling
in today’s CFD codes is a semi-empirical approxima-
tion of the physics of turbulence to support practical
calculations. To enhance predictions using turbulence
modeling requires decreasing the size of the numerical
grids. To double the resolution of a three-dimensional
flow problem requires a factor of 16 increase in
computer horsepower.

Although the promise of the revolution in computer
hardware will enable this, the scalability of the software
will make it challenging to fully utilize for realistic
geometries. The step beyond turbulence modeling
enabled by high-performance computing is Direct
Navier Stokes (DNS) simulations. DNS does not make

approximations to the equations of motion but does
require a billion plus mesh point grids. Although
research in this area is progressing for relatively benign
geometries, it will be decades before DNS will be
useful for relevant geometries of flight systems.

High-speed, hypersonic flight bring in another
range of physics modeling challenges. At hypersonic
conditions, additional physical phenomena such as real
gas chemistry, conjugate heat transfer, wall catalicity,
shock/shock interactions, etc., create significant prob-
lems for CSE. Compounding the physical modeling
issue is the dearth of qualified experiments and test
facilities to explore the physics and provide sufficient
high quality data to validate and verify the models. For
example, to fully benchmark hypersonic boundary layer
transition phenomena would require experiments that
encompass a wide range of Reynolds numbers, Mach
numbers, angles of attack, bluntness, favorable and
adverse pressure gradients, roughness, waviness, wall
temperatures, cross-flow phenomena, surface catalicity,
and a range of gas chemistries. Not to be overlooked is
the requirement for advanced flow diagnostic tools that
can be applied in the high-temperature, high-pressure
hypersonic flight regime. A critical review of CSE and
testing for hypersonics, presented in Kraft and
Chapman (1993), suggests an incremental approach
to CSE and testing to overcome the challenges to each.

Validation & Verification (V&V)
The aeronautics community has given itself one

huge ‘‘head fake.’’ There are numerous (and growing)
conference articles showing ‘‘good’’ comparisons be-
tween CSE solutions and select experiments. These
comparisons have been the basis for many marketing
efforts to try to make the argument that CSE can
duplicate test facilities. However, an accumulation of
anecdotal comparisons does not result in a robust tool.
Tinoco (2008) probably expressed it best:

‘‘CFD validation cannot consist of the compar-
ison of the results of one code to those of one
experiment. Rather, it is the agglomeration of
comparisons at multiple conditions, code-to-code
comparisons, an understanding of the wind
tunnel corrections, etc., that leads to the
understanding of the CFD uncertainty and
validation of its use as an engineering tool.
Examples include comparisons of predictive CFD
to subsequently acquired test data. The question is
not can CFD give a great answer for one or two
test cases, but can the CFD ‘‘processes’’ give good
answers for a range of cases when run by a
competent engineer? This is what validation for
an intended purpose is all about.’’
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The recent AIAA drag prediction workshop com-
pared results from a number of state-of-the-art codes
applied by experienced CSE practitioners to the
prediction of drag on transonic transport aircraft
configurations (Vassberg et al. 2008). The workshop
provided a very broad view of the state of the art of
CFD applications within the industry, much more so
than that which can be garnered by an isolated study.
In fact, by reviewing in isolation any one of the
individual data blocks, one may arrive at different
conclusions from those determined from the complete
data set comparison. For example, a typical publication
may show how successful a CFD solution matches test
data. By combining a large set of solutions from many
sources around the world, this workshop clearly
showed that there remains much room for improve-
ment.

The need for robust V&V also underscores the
requirements to put error bars on the computational
results as well as the experimental results. However,
one must exercise caution in doing so. A CSE solution,
since it is deterministic for a given computation, will
have zero precision errors but could have excessive bias
errors driven by grid resolution, time steps, numerical
dissipation, boundary conditions, and physics model-
ing. On the other hand, experimental data can have
both precision and bias errors. Precision errors at the
95% confidence level are usually well documented in
the experiment, but attention needs to be paid to bias
errors driven by geometric modifications of a scaled
model, Reynolds number scaling, wall interference,
support interference, etc. Experimental validation data
for CSE V&V needs to be well documented for
precision and bias errors. Furthermore, comprehensive
V&V of CSE needs clear identification of all boundary
conditions, which will require off-body flow measure-
ments for completeness of the experimental data base.

Experience and intellectual capital
Increasing the use of CSE versus testing is a two-

edged sword relative to the technical talent involved in
aeronautical system development. On the one hand,
visual output from high-fidelity models provides
unprecedented insight into flow features that cannot
be obtained in any other way. Being able to ‘‘see’’
streamlines and vortex patterns on flow over a vehicle
brings new understanding in the causative relations
between aerodynamic shapes and vehicle performance.
The tools also allow relatively rapid evaluation of
changes to the design, which in its own way introduces
more insight. On the other hand, having a generation
of engineers experienced only in the ‘‘zeros and ones’’
of advanced modeling has the downside of limiting real
understanding of the physics of the problem, especially
when extending into realms beyond the physical
fidelity of the model. The experiential insight gained
from physically measuring phenomena is important in
two ways—it provides more depth in understanding
and is absolutely essential to guide development of
models to capture the physics. There seems to be a
circular argument that we can better model the physics
than the experiments when the models are only as good
as our physical understanding gained from experi-
ments. If we no longer have experimental facilities,
how do we advance the physical representation in the
models?

It is painfully apparent in the aerospace industry that
there has been a significant decline in the experience
base of aeronautical designers and developers. As
shown in a RAND study, the experience base for
post–World War II engineers was approximately 6–12
new design aircraft per career (Drezner 1992). The
number of new military aircraft program starts per
decade is shown in Figure 2. In the 1950s there were
60 aircraft programs in various stages of development.

Figure 2. Experience trends in aerospace systems development—reduced opportunity for development of intellectual capital.
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In contrast, aerospace engineers starting their careers
today may experience only one, maybe two new system
designs during their careers. The decadal decline of
career opportunities in other aerospace technical areas
is also shown in Figure 2. For most aerospace systems
such as rocket engines, turbine engines, high-speed X-
vehicles, and ground-test facilities, engineers today
have far fewer opportunities to hone their skills than
their predecessors. Anecdotal evidence has linked this
trend to problems experienced in many recent
aerospace development programs. Counterarguments
point out that rapid advances in design, manufacturing,
and information technologies used in the design and
development process of today’s new design aircraft
have compensated for some or all of the declining
experience base.

A study was performed at the Massachusetts
Institute of Technology (MIT) to understand whether
the application of large-scale computer simulation to
the design process would offset the inexperience of
aircraft designers (Andrew 2001). The study explored
results from multiple aircraft programs covering 4
decades from the ’60s through the ’90s. Aircraft weight
management through the development cycle is a
critical and well-documented parameter that can be
compared from program to program and decade to
decade. In the study, there was clear evidence that
weight management degraded from decade to decade
and was clearly linked to the level of experience of the
designers. Key findings from the study included the
following:

N Strong linkage exists between experience and
performance.

N Seventies-era design efforts outperformed ’90s era
in weight management.

N Test phase is an important downstream indicator
of design performance—test personnel under-
stood design flaws through exposure to recurring
problems

N Modern design tools are graphically compelling,
but reduced experimental experience led to
deficiencies.

While simulation and automation of the design
process certainly helped, it did not substitute for the
intuition and inspiration that contributed to successful
new and innovative designs. Also, such automation was
only marginally effective when dealing with new and
untried technologies because the basic information
needed for the computational algorithms was missing
or of low fidelity. Furthermore, it should be clear that
one cannot really assess a design only on the computer.
One has to build the prototype and test it, otherwise
design flaws will flow downstream into manufacturing

and operations. The earlier that design flaws are
discovered through prototype testing the better.

In the MIT study, some negative effect was found to
be associated with today’s computational tools. Not so
much the tools themselves, but with regard to the tacit
knowledge derived when interacting with them.
Today’s tools are much less effective at developing
the tacit knowledge of the users. Sophisticated
simulation models of all types, some with realistic
graphic presentations, seem to command a greater level
of creditability than they deserve in many cases. In
digging for a root cause to some design issues, it was
clear that there were significant shortcuts taken with
respect to supporting wind tunnel testing and model-
ing efforts needed to develop a model worthy of the
level of confidence with which it was being applied.

It is hard to envision that the late Richard T.
Whitcomb of the National Aeronautics and Space
Administration (NASA) Langley Research Center
would have made his breakthrough contributions to
aerodynamics if the only tool he had was a computer.
His insights into transonic area ruling, supercritical
airfoil sections, and winglets came about by persistent
experimental research and sound physical understand-
ing of the flow phenomena (Hansen 1986). The three-
legged stool of theory, experiments, and computations
is necessary to make real advances in the aeronautical
sciences.

Processes
CSE is just a single tool in the systems engineering

process required to design, develop, and field an
aeronautical system. Consequently, if the CSE com-
munity and its practitioners are not equally fluent in
understanding the overall processes, CSE will generally
not have the desired effect on overall development.
Ensuring the process environment is conducive to
integration of CSE may be the single most important
consideration for advancing CSE!

Cultural acceptance
The application of CFD to aeronautics over the past

40 years has seen some interesting dynamics in
acceptance by the community. In the early ’70s when
CFD was just emerging as a viable tool for augmenting
aeronautical development, the ‘‘young Turks’’ engaged
in its development were enthusiastic about its poten-
tial. However, the managers making decisions at that
time had not grown up in an environment of CSE and
were not prone to support a large scale application of
CSE. In reality the tools were not quite mature enough
to have a major effect.

After a generation of CSE fledgling applications,
the original ‘‘young Turks’’ became the mid-level
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decision makers in the ’90s and were influential in
increasing the applications of CSE. They were the
zealous advocates for CSE being able to replace or
reduce the need for traditional development tools such
as testing. However, by the early 2000s, it was painfully
obvious their predictions were not coming true, leading
to a backlash in credibility for M&S.

Why didn’t they succeed? Simply, they oversold the
capabilities of CSE. In their enthusiasm for its technical
potential, they underestimated the people and process
issues discussed in this article. Also, in the ’90s the DoD,
recognizing the potential ascendance of M&S, decided to
organize their efforts. The DoD, however, largely
organized and funded M&S for wargaming and training,
which left CSE (as we use the terminology in this article)
to ad hoc development by the research and engineering
communities. Although highly successful in support of
wargaming and training, M&S is not appropriate for
modelling physical characteristics of material systems and
hence has been unsuccessful in eliminating tests or
reducing cycle time. Unfortunately, the limitations of
M&S in supplanting the need for testing have produced
a negative inference on CSE as well.

Another cultural dynamic that impedes the successful
application of CSE to major programs is the lack of
understanding that one needs to invest in a capability
before taking the promised gains. It is not uncommon in
the DoD to take the forecasted savings from M&S up
front usually by diminishing the resources for testing.
The need to invest in and implement the CSE tools to
support the projected savings is usually not budgeted. As
a consequence, the modeling and the testing efforts in
support of system development both come up short,
leading to further skepticism about M&S in general.

Finally, it needs to be recognized that the aeronautical
development community is very conservative. Their
design and development processes have been refined
over generations of applications and are intended to
reduce risks. Coupled with the forecast for fewer major
aeronautical system developments, it will be challenging
to have the industry perform a significant overhaul to
their processes, no matter how attractive CSE appears.
To further advance CSE into the development process
will require a clear advantage to the program manager
relative to better quality of data, lower costs, reduced
risk, or reduced cycle time. Currently, shifting from
testing to CSE is viewed as a risk without clear changes
in quality, costs, or cycle time.

Concept of Operations (CONOPS)
Application of CSE in an S&T environment to a

few predictions of the performance of a vehicle is
woefully short of the operational needs required for the
development of a system. The current operational

model for large scale computers in the DoD and
Department of Energy are suited best for S&T. To
obtain access to the large number of processors needed
to supply peta-flop computing for S&T, it is acceptable
to queue up a number of very large batch problems and
take days, weeks, or even months of ‘‘wall clock time.’’
The engineering design and development process will
require a significantly different CONOPS to succeed.
In the early phases of design, literally thousands of
configurations need to be evaluated quickly, albeit with
simpler engineering models. As the design matures, a
handful of parametric factors need to be evaluated with
higher fidelity. As the design matures further, the data
requirements rise exponentially. More data are re-
quired with very high accuracy on shorter cycles, and
large databases need to be obtained for loads, stability
and control, subsystem integration, flight simulation,
etc. Quick turnaround computing to support interac-
tive design is essential. This intensity of schedule,
accuracy, and volume cannot be supported by compet-
ing in a queue with S&T projects (i.e., a dedicated
facility will be required).

The dedicated use of engineering models in the very
early phases of the design process will almost certainly
be performed on proprietary systems within the
aerospace industry. However, it is not envisioned that
industry will invest in peta-scale computing resources
even though the unit cost of computing is dropping
dramatically. Industry chose to stay at modest levels of
computing capability in the ’90s and to rely on
government investments to have access to larger
systems (Mavriplis et al. 2007). Consequently, high
fidelity peta-flop computer systems will be limited to a
few federal sights for the foreseeable future. This could
limit their application to developmental engineering
without a better CONOPS. National capabilities may
need to be scheduled for dedicated applications to
major systems in development, much as government
national wind tunnels are scheduled. There may not be
enough peta-scale computing capacity at the national
level to simultaneously support the S&T and aeronau-
tical engineering community during a major DoD
development. Also, these same large-scale computers
will need to support other government acquisition
programs such as naval ship design. Clearly, a strategy
for providing sufficient capacity as well as a CONOPS
to support design and development of systems will be
required to enable any potential success for large-scale
application of CSE to the development process.

Managing the process requires a monopsony
When trying to understand the reasons why high

fidelity CSE hasn’t had a larger impact on aeronautical
system development, it is worthwhile to identify the
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common attributes of those areas where significant
inroads have been made. It is the author’s observation
that CSE has had a significant impact on aeronautical
system development in the following instances:

N The process is controlled by a single organization
that can ensure the use of CSE in design and
development.

N The organization has a substantial and sustained
organic capability dedicated to building and
applying CSE tools in a rigorous development
process.

N The organization has at least de facto V&V of
their tools as well as a sustained knowledge base
of the lessons learned from the application of
CSE across multiple systems.

Two pockets of success that meet these criteria stand
out—design/development of commercial aircraft and
the certification of air armament on military aircraft.
The first case is obvious—a commercial aircraft
company owns the entire design and development
process, maintains its own data bases and tools as a
competitive edge, and sustains a critical mass of
experienced practitioners. Since the CSE tools are
used consistently from program to program internally,
there exists within the aircraft company a knowledge
base on their use and their validity.

In the second case, the Air Force Seek Eagle process
for certifying the safe carriage and release of air
armament is the primary example. The AF Seek Eagle
Office (AFSEO) owns the process for air armament
certification recommendations. Consequently, AFSEO
has complete control of the use of modeling, ground
testing, and flight testing in the certification process.
In conjunction with AEDC, AFSEO has aggressively
developed and applied advanced CFD modeling to
simulate the carriage and release of weapons from
aircraft for over 20 years (Kraft 1994; Carlson, King,
and Patterson 1995; Benek and Kraft 1996; Dean et al.
2007). The advanced CFD tools have been fully
integrated with ground and flight testing to provide an
effective approach to weapon separation (Keen et al.
2009). The community, now including the U.S. Navy
(Cenko 2009), has developed a common set of tools, a
library of grid models for important DoD aircraft and
air armament, and a body of knowledge of CSE
applications including validation and verification. This
has culminated in the HPCMO-funded Institute for
High Performance Computing to Air Armament
Applications (IHAAA), which has built the tools,
refined the applications process, documented a com-
mon models library, and created a critical mass of
experts.

In the general development of military aircraft, there
is not a single process owner. Although the Original
Equipment Manufacturers (OEMs) have their own
internal design capabilities used to support develop-
ment, the development community at large does not
have an integrated set of CSE tools. The OEM tools
and databases are considered proprietary; hence they
cannot be used by the broader community, particularly
on different programs. In addition, the OEM tools
have a wide range of levels of fidelity, different
providers with different interface standards, a lack of
rigor of recognized V&V, and an unwillingness to
compromise. DoD acquisition policies introduced in
the 1990s relinquishing total system performance
responsibility to the OEM has been a major detriment
to fully integrating CSE into the design and
development processes for military systems.

Hence, to fully implement CSE into the design and
development of military flight systems will require the
government to create a monopsony (a single customer
vice a single supplier as in a monopoly). The
monopsony for design and development of flight
systems will require

N government guidance on the systems engineering
approach to design and development fully
integrating testing and CSE;

N a common architecture for applied CSE enabling
optimization for large-scale computing, multidis-
ciplinary dynamic simulations, standard libraries
and data bases for DoD systems;

N a modular ‘‘plug-and-play’’ environment permit-
ting OEMs to use their own proprietary CSE
tools, but in the common development process;
and

N a critical mass of government CSE applications
experts to ensure development and sustainment of
the common architecture as well as provide the
government the ability to perform independent
assessment of OEM designs during the acquisi-
tion process.

Reengineering the aeronautical system
development process to increase
effectiveness

So we now come full circle. The proper national
debate that needs to be held is not CSE versus test
facilities. The aeronautics community would be better
served putting their energy into creating a vision for
how CSE can be integrated with physical testing
processes to increase the effectiveness of both during
the development of systems. Effectiveness in the
context of this article means the ability to reduce the
overall cycle time for development while minimizing
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the need for rework of late defect discoveries. The
elements that need to be advanced to reengineer the
aeronautical development process include CSE as well
as test facilities. In addition, a vision needs to be
created for innovative ways to bring CSE and testing
together to have the maximum impact on the
effectiveness of the development process.

The CSE tools that will enable a monopsony for
aeronautical development are being developed under
the OSD HPCMO Computational Research &
Engineering Acquisition Tools and Environment
(CREATE) program. CREATE is developing ad-
vanced modeling capabilities to support aeronautical,
naval, and radio frequency design. CREATE-AV (air
vehicle) is the aeronautical program under CREATE
and is focused on the use of CSE tools across the entire
spectrum of development and sustainment of aeronau-
tical systems (Morton et al. 2009). By analyzing
common computational needs for more than 20
acquisition program engineering activities from con-
cept evaluation, system development, through imple-
mentation and sustainment, the CREATE-AV team
has been able to determine a compact set of advances
required in CSE. The CREATE-AV team determined
there are four key software products needed by the
acquisition engineering workforce that fit within the
available budget and are accomplishable in the
CREATE program timeline. The four software
products are Helios, a virtual helicopter simulation
tool; Kestrel, a virtual fixed-wing aircraft simulation
tool; Firebolt, an airframe-propulsion integration
simulation tool; and Da Vinci, a conceptual design
tool. All four tools are currently under development.

An important CREATE software design philosophy
that will support use by the community is modularity.
A common architecture in CREATE-AV is a Python-
based infrastructure and executive and either C or
Fortran 90/95 components. This allows a build-up
approach to adding capability and multidisciplinary
physics. It also allows a factored approach to the
software, aiding in code maintenance and supportabil-
ity. This approach also allows all of CREATE to share
components among software products to reduce the
cost of development. Particularly noteworthy is an
additional executables interface that would permit any
proprietary computational module used by the OEMs
to stay proprietary within their application, but make
the output available to the government evaluation of
the system performance.

Implementing new technologies to maximize effec-
tiveness will require changes to test facilities as well.
Furthermore, older facilities will eventually reach a
point where they become too costly to sustain and
upgrade, and building new is more cost-effective.

However, when such thresholds are reached, these
moments become opportunities to design from the
outset facilities whose functionality reflects compre-
hensively our vision for how to conduct aeronautical
ground testing. Kraft and Huber (2009) have created a
vision for what future aeronautical ground test facilities
need to look like to support better integration of CSE
and to increase their effectiveness. Some of the
attributes required for upgrades to current facilities or
for future test facilities include:

N ability to install and de-install test articles in
minutes to support high-frequency, short-dura-
tion tests focused in areas where primary
uncertainties exist and to optimize use of Design
Of Experiments (DOE);

N ability to rapidly prototype and manufacture
models reflecting design changes that are in-
stantly transmitted by customers of ground test
facilities to their test partners using the latest in
compatible CAD/CAM and model shop tools
and materials;

N ability to efficiently modify test conditions or
proceed through a test point matrix to minimize
energy usage while reflecting to a maximum
extent DOE considerations;

N convenient and thorough optical accessibility for
flow diagnostics tools;

N connectivity to high-performance computing
capabilities to integrate and merge CSE simula-
tions and test data;

N advances in data mining and data merging
software as an integral part of the facility data
systems to enable rapid analyses of the variances
along response surfaces; and

N virtual presence, networking, and connectivity to
achieve a fully integrated Developmental and
Operational Test (DT/OT) approach in an
interoperable environment.

To bring CSE and test facilities into a unified
toolset for streamlining the aeronautical development
process requires a focus on effectiveness of the process,
not just the efficiency of the tools. CSE has to be fully
integrated with ground and flight testing to reduce the
overall cycle time for development. Kraft (1995)
introduced a holistic approach to integrating CSE
with testing using a systems approach. Concepts
evolved from the application of CSE to weapons
integration led to a broader approach for acquisition
programs by recognizing CSE as the potential unifying
backbone for system knowledge management across
the development cycle. The integrated approach
described by Kraft (1995) reinforces the need to have
a monopsony for managing the tools and knowledge
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across the entire development process to impact
acquisition programs.

A primary objective measure for determining the
effectiveness of the aeronautical development process is
acquisition cycle time. Using CSE to reduce cycle time
will have a greater overall influence on decreasing
program costs and justifying CSE applications than
any other cost-cutting strategy. Trying to justify CSE
only as an offset to testing misses the best business
case, since testing is only a small fraction of
development costs. Reducing cycle time for major
programs that can expend $1–3 million per day is much
more cost-effective than reducing testing. Continued
emphasis on the efficiency of producing data has
marginal return on investment. For example, the cost
of a wind tunnel campaign for development of a twin
engine fighter is about 5 percent of the overall cost of
T&E. In turn, the total cost of T&E for a development
program is generally just a few percent of the total
development cost. Hence, a 50% reduction in the unit
cost of a wind tunnel campaign equates to just a few
tenths of a percent reduction in program costs.
Reducing cycle time by months can easily save a major
development program on the order of $1 billion.

Cycle time can be estimated by the following
relationship:

Cycle Time~
Workload

q:Capacity

In this expression, Cycle Time is the total time required
for system development. Workload is the total amount
of work to be accomplished (e.g., man-hours, test unit
occupancy hours, data points, computed cases); q is a
quality measure that indicates the fraction of the total
work that is done right the first time (i.e., the inverse
of late defects and rework); and Capacity is the amount
of work per unit of time, which depends on the
availability of the development infrastructure (testing
and CSE), the staffing to use the capabilities, and the
throughput. The three primary levers to decrease cycle
time are reducing the workload required, minimizing
rework, and increasing capacity.

The total workload involved in aeronautical system
development is primarily process driven. For example,
if a wind tunnel campaign for a major fixed-wing
aircraft requires about 22,000 hours of wind tunnel
testing, then given today’s national capacity of about
6,000 h/y, such a campaign requires 3 to 4 years to
conduct. Surprisingly, wind tunnel campaigns are
traditionally designed around test hours, not test
points. That is why a fourfold increase in productivity
generated by the wind tunnel community in the 1990s
had essentially no impact on reducing the number of
wind tunnel hours for the F-35 program as compared

with the F-22 program performed a decade earlier
(Kraft and Huber 2009). Given more efficient
throughput, the users of wind tunnels take more data,
rather than reduce test hours. Anecdotal discussions
with several aircraft companies over the years strongly
suggest that a large fraction of the data acquired in the
wind tunnel is not used but is retained as a ‘‘security
blanket’’ in case an anomaly arises. Reengineering the
way wind tunnel data are obtained and used has the
potential to be a major driver for increasing the
effectiveness of ground testing. Although CSE has
perennially offered the ability to reduce overall
workload, it has been offered as a replacement for
testing. Currently, CSE as a direct replacement for
testing cannot come anywhere near efficiently replac-
ing the total wind tunnel and flight test hours.

Similarly, the inverse of q, the amount of rework
normally performed, is also process driven. For most
aerospace systems in development, q is approximately
0.25, resulting in four to 10 rework cycles. The
incremental increase in program costs is proportional
to 1

�
q

� �
{1, indicating the potential to easily double

development costs through late defects and rework.
The best way to minimize the impact of rework on
cycle time is early discovery of defects. This will entail
improvements in design methodologies employed by
aircraft companies coupled with improvements in wind
tunnel testing and modeling techniques. These latter
improvements minimize any defects in design being
passed downstream to flight testing, where the cost of
fixing the defect increases an order of magnitude. Also,
feedback loops from discrepancies found in flight
testing back to ground testing and back to design
methodology need to be institutionalized to make
further improvements. A primary target for decreasing
rework is improving the early determination of the
impact of steady and unsteady flow effects on the
vehicle structure. Historically, most aircraft develop-
ment programs have discovered 10 structural flaws in
flight with varying degrees of cost and schedule
impacts that can reach a billion dollars and a year to
overcome. As can be seen from this example, increasing
q (decreasing late discoveries) will have a profound
effect on development cycle time and cost. The early
reduction of defects may be the single most important
area for the use of CSE. However, multidisciplined
approaches will have to be improved to realize the
potential gains in defect reduction.

In contrast to process-driven parameters, capacity is
primarily budget driven. Capacity equals the availabil-
ity of the capability times the staffing available to use
the capability times the throughput. For testing, the
availability of the equipment depends on investments
in maintenance and reliability. Also, the budget
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determines whether a facility is staffed for one, two, or
three shifts. Staffing is the most dynamic variable for
increasing or decreasing capacity. Throughput (e.g.,
test points per hour, solutions per day) is also budget
driven. The capacity of CSE is also budget driven. The
availability of large-scale computers, the critical mass
of intellectual capital to use the capability, and the
throughput of the computations will similarly drive
cycle time. Developing and funding integrated test
facilities and CSE with capability and capacity
optimized to maximize throughput using the reduced
workload and defect avoidance and discovery ap-
proaches will be a powerful adjunct to process
reengineering.

The discussion on cycle time focuses on the cycle
time for testing. To aggressively attack the cycle time
for development of a new flight system, one also needs
to address the contributions to cycle time from design,
prototyping, analysis of results, and other development
and manufacturing maturation activities. There is
potential interplay between these processes and those
from testing that can further help reduce overall cycle
time. In this article we are focused on reducing the
equivalent cycle time for testing through better
integration of CSE.

CSE does, however, offer significant potential to
impact the overall wind tunnel campaign in three
significant areas. First, and most importantly, CSE can
be used to reduce the overall workload. Second, CSE,
if applied appropriately, can reduce downstream effects
of late defect discovery on total development cycle
time. Third, CSE can be used to integrate major
subsystems earlier in the development cycle avoiding
late integration issues.

Minimizing workload
The primary target for reengineering aeronautical

development to increase effectiveness is to reduce the
overall workload without increasing risk. A major
contributor to the number of wind tunnel test hours
used is the need to generate about 2.5 million data
points to determine the stability and control (S&C) of
the vehicle. This is traditionally done in the one factor
at a time (OFAT) mode where data are obtained for
each model configuration, orientation, speed, and
simulated altitude over the entire operating envelope.
This ponderous number of data points also has been
the primary reason that CFD has not made greater
inroads into developmental wind tunnel testing.
Estimates to compute the equivalent 2.5 million
OFAT points range from approximately 100 to
1,200 years using existing computer tools.

Recently, the CFD community introduced an
innovative and efficient computational method for

accurately determining the static and dynamic S&C
characteristics of high-performance aircraft (Dean et
al. 2008). In contrast to the ‘‘brute force’’ approach to
filling an entire S&C database for an aircraft, an
alternate approach is to reduce the number of
simulations required to generate a complete aerody-
namic model of a particular vehicle configuration at
selected flight conditions by using one or a few
complex dynamic motions (e.g., varying frequency
and amplitude over a dynamic trajectory) and nonlinear
system identification techniques. This approach now
makes CFD a reasonable source of S&C data for an
aircraft.

Of interest, there is a comparable experimental
technique using the pre-filtered dynamic output from
the force/moment balance used in the wind tunnel,
system identification techniques, and a ‘‘fly the
mission’’ profile in the wind tunnel. Recent advances
have been made in demonstrating control systems that
permit a wind tunnel to respond in real time to
changing Mach number and pressure altitude while
maneuvering the test article to fly the mission versus
building the massive data base using OFAT methods
(Sheeley, Sells, and Felderman 2010).

As indicated in Figure 3, using these advanced ‘‘fly
the mission’’ modeling and testing methodologies
combined with design of experiments offers an
innovative, aggressive approach to reducing the overall
test workload. Attempts to apply DOE to streamline a
traditional individual wind tunnel test have been only
marginally successful because current wind tunnels are
not conducive to rapidly changing parameters to
optimize randomness of the data set. However, if one
shifts to thinking about DOE at the ‘‘campaign’’ level
there may be a more productive approach to using
DOE.

Instead of the OFAT approach to building the
colossal data base characteristic of today’s aeronautical
development processes, an approach using DOE
response surface techniques could be more effective.
A response surface is a mathematical construct that
represents the parameter space along which the
characteristics of the vehicle are captured. An example
of the use of response surface modeling for aerody-
namic configurations is given in Landman et al. 2007.

In contrast to traditional OFAT approaches that
basically fill up the entire parameter space and try to
interpolate to determine the characteristics of the
vehicle, an initial response surface could be built using
simple engineering models. Of course the uncertainty
over the response surface would be high, but more
refined high-fidelity physics modeling could then be
efficiently applied to reduce the uncertainties over the
response surface using the fly the mission approach
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mentioned above. Those areas on the response surface
that still exhibit a high degree of uncertainty then
become the primary focus for the wind tunnel test
campaign (i.e., the focus is put on key areas for risk
reduction versus defining the entire parameter space).
DOE coupled with estimation theory could help
determine the minimum number of computations or
test points to reduce uncertainties in areas of interest on
the response surface. Finally, the areas of residual
uncertainty become the primary interest for focused
flight testing, which serves to reduce the overall
workload for that phase of testing. In this manner, the
overall amount of testing could be dramatically reduced
with a commensurate effect on total cycle time.

The integration of multidisciplinary data is key to
developing this aggressive approach to minimizing data
requirements. Multidimensional meta-models can be
automatically constructed using limited experimental
or numerical data, including data from heterogeneous
sources such as CSE, ground test, and flight test.
Recent progress in multidimensional response surface
technology provides the ability to interpolate between
sparse data points in a multidimensional parameter
space. These analytical representations act as surrogates
that are based on and complement higher fidelity
models and/or experiments, and can include technical
data from multiple fidelity levels and multiple
disciplines (Riesenthaal et al. 2006).

The mathematics of the DOE methodology helps
ensure the optimum data set is taken. The alpha and
beta (or power coefficients) of the DOE process can be
used to address how much further variance can be
reduced on the response surface by an additional

calculation, wind tunnel test, or flight test. There is a
point at which doing another CFD solution will not
reduce uncertainty further; hence, one needs to move
on to wind tunnel testing. Likewise, there is a point of
diminishing returns for doing another wind tunnel test,
and the program needs to move on to flight testing.
Thus, unnecessary modeling and/or testing can be
minimized. Estimation theory (Deyst 2002) can be
used to estimate the unit cost of further reductions in
uncertainty leading to an optimum strategy for
combining testing and modeling. The DOE beta
coefficient also provides some insight into the
probability that a defect is being passed downstream
to the next development step.

The response surface method also provides an
invaluable approach to supporting integrated develop-
mental testing (DT) and operational testing (OT) as
well as addressing networking and interoperability
issues. The characteristics of the vehicle captured in the
response surface can be translated directly into the
performance math engine for a manned flight simu-
lator as suggested in Figure 3. Even at the earliest
phases of development, a manned flight simulator can
start to address some of the operational integration
issues, thereby allowing integrated DT/OT earlier in
the program. If early brass-board or digital models of
the avionics and communications packages are brought
into the manned flight simulator, the evolving
performance of the system can be evaluated as a node
in a distributed mission simulation. Feedback from this
integrated approach can be used in the very early stages
to improve the design for maximum performance as an
interoperable system. Today, most of the OT interface

Figure 3. Streamlining the aeronautical development process by merging modeling and testing using design of experiments.
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issues as well as interoperability are not addressed until
very late in the development process. The overall
impact on reducing development cycle time using such
an innovative approach could be immense.

Decreasing late defects
Defects discovered late during the development

process not only increase cycle time but also can impact
manufacturing costs if significant tooling and produc-
tion have already occurred. Since concurrent engineer-
ing is routinely used to reduce procurement cycle time,
almost always tooling and initial production are in
progress by the time flight testing occurs.

The challenge to reducing late defect discovery is to
determine the root cause for reoccurring late defects. A
prime example for the need to better understand the
root cause for late defects is the frequency of structural
failures discovered during flight testing, even after
numerous hours of analysis and wind tunnel testing
were used to design the aircraft structure. On average,
10 structural failures are uncovered during flight
testing irrespective of the type of aircraft. In addition,
many flight systems resize control surfaces after
discovering inadequate control authority during flight
testing. Working control surface sizing and structural
issues this late in development can lead to significant
delays in completion and considerable cost increases.
Frequently, the late defects in structure or control
surface size are looked upon as unique circumstances
for the current vehicle in testing. However, by
evaluating multiple systems, it is clear that there may
be more systemic causes for these late defects.

A suggested approach to combining modeling and
testing to reduce systemic late defects is illustrated in
Figure 4. Using Bayesian statistics, the probability of
finding a structural flaw in flight is an accumulation of
the probabilities of a flaw being overlooked either in
design, analysis, ground testing, or assembly of the
prototype flight article. Since the flight test occurs
several years after the design and ground testing
phases, a root cause analysis of structural failures
traceable back to the design, analysis, or wind tunnel
testing phase is essentially never done. Consequently,
these systemic issues show up in program after
program.

The first step in reducing the discovery of late
structural defects is to identify the reoccurring
structural problems across multiple programs. (This
reinforces the need for a monopsony approach by the
government to establish a knowledge base of late
defects and root causes.) Second, the systemic issues
need to be traced back to the source of the defect (i.e.,
the design, the analysis, or ground testing). CSE can
be a major enabler for helping to assess the potential
root causes.

Multidiscipline, high-fidelity CFD/CSD can be
used earlier in the design cycle to examine interactions
between the airframe and structure Traditionally,
pressure loads data were obtained on a very early
(and expensive) wind tunnel model specifically de-
signed with hundreds to a few thousand pressure taps
on the surface of the model. These pressure loads were
provided to the structural engineers to perform a
structural analysis and design of the vehicle. While the

Figure 4. Root cause analysis to avoid late defect discovery.
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structural engineers are doing their analyses, the
aerodynamicists are usually continuing to refine the
outer mold lines of the vehicle to improve perfor-
mance. Because of the cost and complexity of wind
tunnel pressure models, effects on pressure loads due to
changes in outer mold lines were usually not updated.
When the airframe and underlying structure were
integrated into the first set of flight vehicles, it was not
uncommon to find structural flaws. Contributing to
these late discoveries are inadequate characterization of
the dynamic interactions between fluids and structures
as well as a lack of integration of aerodynamic and
structural analysis tools.

Modern wind tunnel testing implements the use of
Pressure-Sensitive Paint (PSP) instead of physical
pressure taps (Sellers 2005). PSP offers the opportunity
to provide cost-effective updated structural load
information as the aerodynamic shape of the vehicle
changes. Coupled with an integrated CFD/CSD
modeling of the airframe/structure, it will be possible
to better define the static and dynamic structural loads
prior to the first flight. This dynamic interaction
between modeling and wind tunnel testing can be
incorporated into Bayes’ equation as an iterative
learning tool to reduce uncertainties in the results
from the analysis or wind tunnel test as suggested in
Figure 4. Using Bayes’ equation in an iterative fashion
between CSE and wind tunnel testing should mini-
mize the probability of uncertainties being passed
downstream in the development process. In addition,
DOE power coefficients, if properly applied, should be
able to quantify the probability of a defect being passed
downstream to flight.

Bayesian statistics can also be used to help a program
manager better assess the risk to the program of
permitting known design issues to be unresolved until
later in the development cycle. The trade space
between cost, schedule, and the potential impact of a
late defect can be assessed using Bayesian statistics to
define a value proposition relative to the design cycle.

Finally, CSE can be an invaluable tool to ensure
better use of ground test facilities to preclude design
defects from finding their way into the flight test
program. Use of CSE to account for Reynolds number
scaling effects and potential bias errors such as wind
tunnel wall interference is well understood and
effectively applied. An area where scaling effects are
not well understood and CSE may have the potential
for producing new insights is simulation of military
tactical aircraft at high-angle maneuvering conditions.
In these conditions, the flow is dominated by vortex
structures and flow separation. Surprisingly, a large
number of tactical military aircraft have required
significant modification to control surface size or

structure even after a comprehensive wind tunnel
campaign. Changes of this magnitude during the flight
test program can have a profound effect on program
cost and schedule. Coupled effects on manufacturing
costs can also become significant during this phase.

There exists a strong potential that a root cause for
these late defect discoveries may be the lack of
understanding of scaling principles for vortex-domi-
nated or separated-flow phenomena. The general
Reynolds number scaling principles used today were
developed in the mid ’70s from attached flow data
taken on commercial transport aircraft configurations.
At the time, computational tools as well as flow
diagnostics were not capable of supporting more in-
depth understanding of separated-flow phenomena.

At high angles of attack, flow separation from the
leading edge can create vortex structures that impinge
on vertical tails. The appearance and interaction of
these vortices with the vehicle can strongly influence
control authority or cause structural failures. The
classical wing-drop roll-control problem for the F-18
was caused by vortex-shock interactions. Vertical tail
structural flaws caused by vortex impingement and
breakdown have been discovered on a number of twin-
tail flight vehicles, including the F-22.

In the wind tunnel, the model is generally
geometrically scaled. If one examines the leading edge
vortex formation and separation for a typical tactical
fighter at high angle of attack there are at least five
characteristic lengths involved in the problem: chord
length, leading edge radius, boundary layer displace-
ment thickness, vortex core diameter, and vortex
breakdown length. It is not clear whether these are
dependent- or independent-length scales, which begs
the question of whether geometric scaling is sufficient
to model vortex-dominated or massively separated–
flow phenomena. Current CSE tools, including large
eddy simulations, have been used to model vortex
effects on aircraft at high angles of attack (Morton
2009). Coupled with advanced off-body flow laser
diagnostic tools like Planar Laser-Induced Fluores-
cence (PLIV) (Ruyten 1994) CSE could provide an
integrated computational/experimental approach to
understanding better the causative effects of the various
length scales and better predict flight conditions from
wind tunnel data.

Early subsystem integration
Another key to increasing the quality, q, or

decreasing the amount of rework, is earlier and better
integration of major subsystems such as the airframe/
structure, the airframe/propulsion systems, or the
airframe/weapon systems. Most defects occur at the
interface of major subsystems. Current practices
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generally address system integration issues later in the
development process, which maximizes the amount of
rework required (and increases associated costs) if a
defect is discovered. Key enablers required to get earlier
insights into integration issues include high-fidelity,
multidisciplined modeling capabilities. These multi-
discipline tools are being developed in the CREATE-
AV program described earlier.

Integration of CSE with testing for airframe/
weapon integration is already a mature capability. As
mentioned earlier the AFSEO has a monopsony on the
air armament certification process. As a consequence,
CSE, wind tunnel testing, and flight testing have been
highly integrated since 1988 (Kraft 1994; Carlson,
King, and Patterson 1995; Dean et al. 2007; Keen et al.
2009; Cenko 2009; and Kraft 1995). However, the
Seek Eagle certification process occurs after an air
vehicle is developed, so the tools are used to identify
issues and avoid parts of the flight envelope where the
weapon and the airframe may not be optimally
integrated.

The tools and capabilities developed with the
government to support airframe/weapon integration
have migrated to use by industry as well. However,
these advanced modeling tools are not used as an
integral part of the early design cycle for a new flight
system. This is partially driven by the fact that the
entire inventory of air armament to be carried by a new
platform is not necessarily defined during the system
development phase. However, basic inventory weapons
should be integrated into the earliest design phases to
ensure compatibility downstream. This would decrease
the probability of finding interface issues between the
airframe and weapon systems much later in the
development cycle.

Airframe/structure integration is arguably the most
important of the integration issues that need to be
resolved early in the design cycle. The static and
dynamic interactions between aerodynamic flow
around the vehicle and structural integrity of the
system are a major driver in weight management for
the vehicle as well as sizing of control surfaces. Weight
management over the development cycle is a major
causative factor for rework and cost escalation. Many of
the key performance parameters guiding development
of the system are affected by vehicle weight. Resolving
weight issues late in the development cycle also can
impact determination of the Reliability, Availability,
and Maintainability (RAM) of the system prior to
fielding. RAM is one of major causes for a system to be
determined to be unsuitable for fielding.

The application of peta-scale computing in the near
future will enable integrated modeling of aerodynamics
and structures during the design process. The tools to

do this are being developed under the OSD CRE-
ATE-AV program. The ability to integrate these
multiple disciplines will address many of the subsystem
issues early on (i.e., the subsystems will be designed for
an integrated environment). Having advanced diag-
nostic tools such as PSP in ground-test facilities will
not only enable model validation but will also better
help characterize the dynamic flow field effects on
flight vehicle structures. PSP will also permit rapid
updating of flow field loads as part of structural
analyses without having to build or update pressure
models. As discussed earlier, better connectivity
between advanced modeling and wind tunnel test-
ing needs to occur early and often prior to first flight
to avoid discovery of structural issues late in the
program.

Minimizing potential weight growth of the airframe
structure to account for defects discovered in flight can
also have an important effect on the development of
the propulsion system. Frequently, when weight
growth occurs late in the development cycle because
of structural changes, the propulsion system developers
are tasked to produce more thrust to ensure meeting
vehicle performance parameters. It is not uncommon
for the engine developer to have to significantly
improve the performance of the engine fairly late in
the development cycle. All of these interactive weight
issues also impact control surface effectiveness and
control system gains. This vicious interplay between
the various subsystems is a contributor to late cycle
churn and program delays.

There is also the potential for sharing some of the
same modeling methodologies between the structural
analysts and the propulsion system designers. The
fluid-structure interactions that drive structural design
exhibit the same fundamental physics as the fluid-
structure interactions on the aeromechanics of fan and
compressor blades. Advances in integrated CFD/CSD
tools will help better understand and avoid potential
high-cycle fatigue issues earlier in the design cycle.

Detailed modeling of a turbine engine is the more
challenging of the CSE capabilities under develop-
ment. With hardware and software advances to peta-
flop scales, it is becoming feasible to model detailed
rotating machinery such as the first stages of a fan on a
turbine engine. Coupled with a detailed model of the
flow field around the aircraft and inlet, it will be
possible to model the integration of the turbine engine
with the airframe and inlet configuration. Current
capabilities and practices design and develop the engine
independent of the airframe and try to account for
integration issues discovered during testing. Frequently
these issues are not fully discovered until after first
flight.
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The discussions in this section present an aggressive
use and integration of modeling and testing simulation
methodologies to change the future effectiveness of
aeronautical development. It is clear that various test
capabilities cannot be addressed and judged in isolation
but have to be treated as an integral combination with
technical expertise, improved processes, and better test
methods to achieve the desired state of effectiveness. In
addition, they will have to be applied in a common
environment to ensure gains in effectiveness can be
replicated from program to program.

Conclusions
High-performance computing has advanced to a

state that should support more applications of CSE in
the aeronautical system development process. With
such advances, a national debate has reemerged on
using CSE to replace testing. The author argues that a
national discussion of replacing testing with CSE is
misguided. The nation would be better served by
putting our energy into determining approaches to
fully integrate CSE with testing to reduce the cycle
time for aeronautical system development. To success-
fully integrate CSE and testing will require advances
not only in high-performance computing but in
intellectual capital and process management as well.
Key recommendations for advancing the use of CSE
are as follows:

N Most important, the government has to adopt a
monopsony for the application of CSE to the
development process for military flight systems.

N A common architecture for the application of
multidisciplinary computational tools in a high-
performance computing environment needs to be
adopted by the industry. This architecture should
not preclude use of proprietary physical models
from industry but should enable CSE and testing
to be optimized for use across any aeronautical
development process.

N In spite of the computer hardware systems
advances, there is still much work to be done in
building the software tools to best use the
advanced computer systems; notably, better
physics modeling, scalability of solvers to tens of
thousands of processors, and better multidisci-
plinary modeling to enable dynamic simulation of
complete maneuvering aircraft.

N CSE alone will not provide maximum impact to
cycle time reduction but must be integrated with
other tools such as design of experiments,
streamlined test methodologies, advanced diag-
nostic tools, networking, and knowledge man-
agement.

N In addition, a concept of operations and the
necessary computing capacity need to be devel-
oped to support the aeronautical systems engi-
neering process. C
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Distributed testing is the method of linking various Live, Virtual, and Constructive (LVC)

sites and capabilities together to conduct the Test and Evaluation (T&E) of a system or system-

of-systems in a distributed environment. This is normally done in lieu of a large-scale ‘‘open air’’

test using actual live operational hardware for all systems involved. Conducting distributed

testing complements live-only testing and provides the means for rapid integration of systems

early in their developmental life cycle. It also provides an efficient means of adding realism to

T&E by providing system representations not otherwise available, and/or enabling interrelated

systems not otherwise available, in realistic numbers. Distributed testing enhances the cross-

flow of test data between T&E agencies and allows for the early integration of Operational

Test (OT) influence into Development Test (DT). Conducting distributed test events will save

acquisition and T&E programs time and money, as well as reduce risk. It can be used to develop

the operationally representative Joint Mission Environment (JME) that can be used to

evaluate the interoperability capabilities of a system or system-of-systems in preparation for

‘‘Net-Readiness’’ certification. This distributed JME can be developed at a fraction of the cost of

live open air scenarios and provides the capability to evaluate technical and operational

performance for individual systems and systems-of-systems in realistic environments. Even

with the obvious benefits, the concept of distributed testing is only very slowly gaining

recognition and acceptance from acquisition program managers and the T&E community. This

article examines the challenges of conducting distributed testing and provides an update on what

is being done to mitigate those challenges and to ensure success for programs electing to take

advantage of the potential of distributed testing methodologies.

Key words: Constructive T&E; data repository; distributed live; joint mission

environment; joint system effectiveness; net-readiness; operation effectiveness; system-

of-systems; virtual.

‘‘Distributed LVC T&E is here, but it’s not
being used.’’1 (Rear Admiral Bill McCarthy,
USN—retired)

D
efined policies and guidance for
conducting distributed test have been
in place for quite some time. The
2004 Department of Defense (DoD)
Strategic Planning Guidance (SPG)

for Joint Testing in Force Transformation (DoD
2004a) highlighted the development and fielding of

joint force capabilities requiring adequate and realistic
T&E in a joint operational context. To do this, the
SPG recommended that the DoD provide new testing
capabilities and institutionalize the evaluation of joint
system effectiveness as part of new capabilities-based
processes. As a result of this SPG, the Director,
Operational Test and Evaluation (DOT&E), was
tasked to develop the DoD Testing in a Joint
Environment Roadmap (DoD 2004b). This document,
approved by the Deputy Secretary of Defense in
November 2004, states that current test planning
processes must be updated and expanded to ‘‘clearly
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indentify needs for adequate testing of joint warfight-
ing systems-of-systems in their mission environment.’’
The roadmap also states that ‘‘today’s limited avail-
ability of forces to support T&E will be compounded
when joint mission capabilities are tested in assigned
mission environments.’’ Further, ‘‘a persistent, robust
modern networking infrastructure for systems-of-
systems engineering, Developmental T&E (DT&E),
and Operational T&E (OT&E) must be developed
that connects distributed LVC resources, enables real-
time data sharing and archiving, and augments realistic
OT&E/Initial OT&E (IOT&E) of joint systems and
systems-of-systems’’ (DoD 2004b).

A Chairman of the Joint Chiefs of Staff Instruction
released in 2008 defines the net-ready Key Perfor-
mance Parameter (KPP) as a mandatory element in the
complete life cycle of DoD systems to include the
developmental phase and testing process (CJCSI
2008). CJCSI 6212.01E states that it is Joint Staff
policy to ensure that ‘‘DoD components develop
acquire, deploy, and maintain systems that (1) meet
the essential operational needs of U.S. forces; (2) are
interoperable with existing and proposed standards,
defined interfaces, modular design; (3) are supportable
over the existing and planned global information grid
(GIG); and (4) are interoperable with allies, coalition
partners and other U.S. and local agencies as
appropriate.’’ CJCSI 6212.0E further states that
‘‘…testing will verify the operational effectiveness of
the information exchanges of the system under test
with all its enabling systems.’’ (CJCSI 2008).

An argument in support of distributed test can also
be found in a recent memorandum by DOT&E to the
commanders of the Service Operational Test Agencies.
The memorandum says, in part,

‘‘Thus, operational effectiveness and suitability
must be evaluated and reported on the basis of
whether a system can be used by soldiers, sailors,
airmen, and Marines to accomplish a combat
mission. The appropriate environment for that
evaluation includes the system under test and all
interrelated systems (that is, its planned or
expected environment in terms of weapons,
sensors, command and control, and platforms, as
appropriate) needed to accomplish an end-to-end
mission in combat. The data used for evaluation
are appropriately called measures of effectiveness,
because they measure the military effect (mission
accomplishment) that comes from the use of the
system in its expected environment. This state-
ment of policy precludes measuring operational
effectiveness and suitability solely on the basis of
system-particular performance parameters.’’ 2

The DoD policies outlined above require that joint
interoperability and net-readiness testing be conducted
during the acquisition and fielding process for new
systems. Satisfying the interoperability and measures of
effectiveness requirements stated above as well as net-
ready KPP compliance will require the testing of the
interactions of multiple systems at the same time. This
will then present a program manager with three
options:

1. Use conventional, live, open air–only, T&E
methodologies to provide a representative and
realistic joint operational environment. This usu-
ally requires building a large and expensive T&E
event that is subject to limiting factors such as
low density/high demand, real-world operational
priorities and are generally not co-located at the
desired T&E venue. Relying solely on live
systems is often impractical, usually too expen-
sive, and sometimes simply impossible.

2. Use a Modeling and Simulation (M&S)–only
methodology with no live systems. In this case,
regardless of how well a model or constructive
simulation is developed, it will be very difficult to
garner credibility on how the System Under Test
(SUT) will function in the real world. An M&S-
only T&E strategy, without at least some influence
of the expected operating environment will simply
not be acceptable by the approvers of the program’s
Test Evaluation Master Plan or the operational
forces that will be required to use the system. For
credible T&E, there must be some level of
influence from a real system and/or a real operator.

3. Use a mixture of live, Hardware-In-the-Loop
(HWIL), virtual simulations, and constructive
capabilities in a distributed environment. That is,
connect the various testing components to form a
distributive operating environment for the SUT,
linking all its enabling systems. In this distributed
environment, the testing components and sys-
tems need not be co-located. This distributed test
approach will allow the program manager to
customize the T&E methodology to capitalize on
the particular advantages of each capability as it is
needed. Capitalizing on a distributed test infra-
structure, testing components, and systems not
previously available can now be fully integrated
early and continuously in the developmental and
T&E process. Each test event need not be solely
large scenario–driven events or incorporate the
available LVC assets all at once. One event may
include live and virtual capabilities, another may
include virtual and constructive, while a third
may link multiple HWIL facilities with a live
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operator. Smaller-scale testing can be done using
a distributed infrastructure to provide technical
risk reduction prior to linking the environment of
all interrelated systems in a larger test. Using
distributed test capabilities may prove to be the
simplest, quickest, and cheapest way to avoid the
pitfall of ‘‘measuring operational effectiveness and
suitability solely on the basis of system-particular
performance parameters.’’3

The complexity and expense of today’s military
systems clearly demonstrate the need to test early and
often throughout the development and fielding process.
Early testing of a system’s capability to operate in its
intended environment will allow designers and system
engineers to identify and correct fundamental issues
with performance and interoperability before they
become operational specifications. As the transition to
realize net-centric warfare is accelerated, the require-
ment to successfully demonstrate systems interoperabil-
ity will increase. Thus, the need to use distributed test in
a joint mission environment will increase.

That being said, how can program managers and the
rest of the T&E community be convinced to make use
of the advantages of distributed test? What is the
process? What are the challenges of distributed test?
What’s being done to mitigate those challenges? How
does a range or facility begin to transition to
distributed test? While the concept of distributed test
has not yet fully caught on, it is my belief that the
T&E community is in the walking phase just prior to
beginning a run. It is my intent to address each of these
questions in an effort to quicken our pace a bit.

What is the process for conducting
distributed test?

In December 2005, the DoD directed the develop-
ment of the Joint Mission Environment Test Capa-
bility (JMETC) Program to provide the test infra-
structure necessary for conducting joint distributed test
events by cost-effectively integrating LVC test re-
sources configured to support the users’ specific needs
for each event. JMETC was placed under the Office of
the Under Secretary of Defense for Acquisition,
Technology, and Logistics (OUSD [AT&L]), with
responsibility for execution assigned to the Director,
Test Resource Management Center (TRMC). In
October 2006, the JMETC Program Management
Office was established under the TRMC. Conducted
during the summer of 2007, Integral Fire 07
represented the inaugural use of the JMETC infra-
structure to formally support a distributed test. Ten
months after JMETC’s inception, the JMETC net-
work was established at five locations, and JMETC

assisted in successfully linking 19 sites across three
network enclaves using the United States Joint Forces
Command (USJFCOM) Joint National Training
Capability (JNTC)-sponsored Network Aggregator at
Patuxent River. JMETC was a major contributor to
Integral Fire 07 providing technical capabilities,
infrastructure management, and technical assistance
in test event planning, preparation, and execution (Test
and Training Enabling Architecture [TENA] 2008).
In their After Action Report, the Integral Fire 07 staff
reported that they were 100% effective in data
collection and all test objectives were met.

The Testing in a Joint Environment Roadmap (DoD
2004b) recognized the need to expand beyond the single
system T&E environment to the distributed joint
mission environment, so the TRMC assigned JMETC
the mission of providing a persistent capability for
linking distributed facilities, therefore enabling DoD
customers to develop and test warfighting capabilities in
a joint context. As such, JMETC provides the DoD
T&E community with the persistent network infrastruc-
ture (network, integration software, tools), as well as the
resident distributed test expertise needed for the
connection and use of distributed LVC resources to
support the DT&E and OT&E of joint systems and
systems-of-systems. JMETC now provides a DoD-
wide capability for the T&E of a weapon system in a
joint context to include DT, OT, interoperability
certification, net-ready KPP compliance testing, and
joint mission capability portfolio testing. This corporate,
persistent, and reusable capability avoids the recurring
cost, time, and effort that individual programs must
endure to develop an expensive and temporary LVC
infrastructure for each distributed event.

To accomplish its mission, the JMETC Program

N maintains a core reconfigurable infrastructure
that enables the rapid integration of LVC
resources;

N has integrated existing products that provide
readily available connectivity over existing DoD
networks; standard data transport solutions, tools,
and utilities for planning and conducting distrib-
uted integrations; and a reuse repository; and

N provides customer support, both on-site and help
desk, facilitating the use of JMETC to integrate
LVC resources.

The JMETC Program relies heavily on the collab-
oration of the Services, USJFCOM, and other T&E
agencies to build an infrastructure relevant to current
and future requirements. In order to facilitate and
formalize this exchange process, the JMETC Program
Office instituted the JMETC Users Group. The
JMETC Users Group is composed of technical and
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management representatives from acquisition program
offices, T&E organizations and programs, HWIL
facilities, virtual simulation facilities, and other labo-
ratories and ranges. These are the JMETC customers,
potential customers, network providers, and tool
developers of the JMETC infrastructure and products.
The Users Group focuses on technical requirements
and solutions and makes recommendations to resolve
technical issues associated with distributed test. This
focus includes improving integration capabilities,
connectivity and modernization issues, middleware
and objects model requirements, and change coordi-
nation. The JMETC Users Group also provides a
forum for customers to outline their customer support
requirements. In addition, the JMETC Users Group
performs the important function of consolidating the
requirements of the distributed test community and
making recommendations to improve JMETC pro-
cesses and procedures.

JMETC customers have discovered that a standout
benefit of this capability is the cost and time savings.
An example of the benefit of using JMETC’s
capabilities comes from the U.S. Air Force (USAF)
Joint Expeditionary Force Experiment (JEFX). JEFX
is a Chief of Staff of the Air Force–directed series of
experiments that combine LVC forces to create a near-
seamless warfighting environment in order to assess
the ability of selected initiatives to provide needed
capabilities to warfighters. JEFX initiatives are new
operational concepts and technologies designed to
close capability gaps and provide means to satisfy
warfighter requirements. JMETC has been a support-
ing partner for JEFX since early 2008. The assessment
of multiple initiatives using the distributed methodol-
ogies employed by JEFX is one of the major successes
of the program and contributes to the overall success of
JEFX (TENA 2010). The After Action Report for
JEFX 2009 reported that

‘‘The JMETC network was successfully used and
promises to become an effective, persistent
network for tests and experimentation. Overall
communications, networks and data links were
very stable, ‘reach back’ to Langley and technical
support was successful.’’

The cost savings to JEFX by using the JMETC
Infrastructure and support was reported at $4.0
million, and the recommendation was made to
integrate other USAF T&E capabilities ‘‘unto the
JMETC Network.’’4

Also, as part of JEFX 2010, the Spirit Integrated
Collaborative Environment (ICE) test event provided
an assessment of the Link 16 interoperability for the

Air Force B-2 and Airborne Warning and Control
System (AWACS). Using a distributed network
provided by JMETC, the assessment included a
mission-ready B-2 aircraft parked on the ramp,
manned by a mission-ready crew (not test pilots) and
was conducted at a fraction of the cost of a live open air
range event. The distributed nature of Spirit ICE
allowed the assessors to investigate digital target
transfer capability and situational awareness in a
realistic, time-sensitive targeting scenario using tactical
command and control.

While cost and time savings are certainly significant
factors in adopting JMETC as a joint distributed test
solution, a third key benefit is risk reduction. JMETC’s
unique total package capability allows the T&E
customer to minimize the technical risk associated
with planning for and providing the distributed test
infrastructure in order for the focus to truly remain on
test requirements. JMETC support includes experi-
enced and highly skilled distributed test experts who
are forward deployed for distributed planning and
operations; a modern, tested, and reliable network
already in place; and data exchange solutions that have
already been tested, proven, and put into practice.
JMETC is also the T&E community’s enterprise-level
focal point for collecting and maintaining ‘‘lessons
learned’’ and implementing resource ‘‘reuse’’ repository
for improving the DoD distributed test capability.
Distributed test lessons learned and other important
support information are available free of charge online
at the JMETC Reuse Repository (www.jmetc.org).5

JMETC actively captures customers’ needs and
requirements on a continuous basis from program
planning through distributed event execution and
provides the full support needed for successful
distributed test events (Figure 1). For this reason,
program managers should consider contacting JMETC
to investigate if distributed test is a valid solution for
their testing requirements.

What are the challenges for
implementing distributed test?

Historically, acquisition program managers and the
T&E community at large have been doubtful of the
value distributed test brings to their test programs.
This doubt or lack of acceptance is because they see
distributed test as bringing risk to their program rather
than reducing risk. There is also an underlying
perception that they will ‘‘lose control’’ of their test
and their data. Some may believe distributed test, using
LVC assets, increases the risk to their system’s
performance as well as their overall program schedule
and budget. Therefore, some program managers are
hesitant to take advantage of the benefits of distributed
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test or to incorporate distributed test in their test
planning process.

However, the reality is that the proper use of
distributed test will require less hardware, less time,
and less money to conduct T&E of a system earlier in
its acquisition timeline and in its appropriate operating
environment. This will allow program managers to fix
problems earlier and with less cost. As noted before,
not all distributed test events will need to be large-scale
and expensive events. JMETC has supported a variety
of large and smaller scale distributed test events. A
sampling of significant events includes:

N Future Combat Systems (FCS, the precursor to
the Army’s Brigade Combat Team Moderniza-
tion Program) Joint Battlespace Dynamic Decon-
fliction (JBD2) in 2008. The event was a
significant effort designed to assess the readiness
of FCS test technologies in preparation for its
Milestone C test activities. JMETC provided the
persistent network connectivity, software inter-
faces, and software tools needed to support the
test. For the event, JMETC connected 16
laboratories with over 60 applications from U.S.
Army, Air Force, Navy, and Marine sites. Other
network enclaves integrated into the JMTEC

network via the Aggregation Router included the
Air Force–ICE (AF-ICE) and the Joint Training
and Experimentation Network (JTEN). During
JBD2, JMETC demonstrated the ability to
support a customer’s design, integration, devel-
opment, and execution of a large and complex
joint distributed test.

N F/A-18 Interoperability Check. When personnel
from Naval Air Station (NAS) China Lake
attended a JMETC Users Group in May of
2008, they were introduced to the program and
learned which sites were available. Following the
users group, the data link testers called the
JMETC Program Manager and requested sup-
port linking the F/A-18 lab at China Lake,
California, with the F-16 lab at Eglin Air Force
Base (AFB), Florida. Within 2 days, after
verifying ports and protocols were open at site
firewalls, JMETC announced the infrastructure
was ready, and 2 days later the first interopera-
bility test between the systems was completed.
The initial test identified problems, so the F/A-
18 lab completed software modifications that day,
and a successful re-test was accomplished the
following day. One week from initial coordina-
tion to a completed distributed test and solution!

Figure 1. Support given by Joint Mission Environment Test Capacity (JMETC) to the Department of Defense distributed test

community. JMETC provides infrastructure support based on the requirements provided by the program office. As a fundamental part

of its support, JMETC assists in distributed test planning, provides the necessary test support tools, manages the network, and

provides the middleware and technical support necessary for customers to conduct distributed test events.
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N The Joint Surface Warfare (JSuW) Joint Capa-
bility Technology Demonstration (JCTD) spon-
sored by USN NAV/AIR PMA-201 on behalf of
U.S. Pacific Command (USPACOM) evaluated
Joint Surface Warfare Net-Enabled Weapons
(NEW) and the third-party targeting process.
The JSuW JCTD integrated Link 16 J11
message set into existing software for the
JSTARS and Littoral Surveillance Radar System
(LSRS) to ensure interoperability with the Joint
Stand-Off Weapon (JSOW-C-1) and the F/A-
18 E/F, as well as other weapons delivery
platforms and command and control assets. This
event executed a full week of high fidelity man-
in-the-loop tests on time and with all test
objectives met and is a prime example of early risk
reduction. The JMETC infrastructure was able to
peer a virtual F/A-18E/F Low Cost Trainer at St.
Louis (Boeing) with a virtual P-3 LSRS at
McLean (MITRE) and a virtual joint surveillance
and target attack radar system (JSTARS) at
Melbourne (Northrop Grumman). For the 2009
JSuW events, DoD and industry sites on disparate
networks were connected to support the event
requirements with an ‘‘idea-to-execution’’ schedule
of only 3 months.

The Secretary of the Air Force Modeling and
Simulation Policy Division (SAF/XCDM) has signed
a support agreement that incorporates JMETC into
the event planning process as an integration solution
for Air Force Distributed LVC event requirements.
As of October 1, 2009, JMETC has assumed
infrastructure support responsibility for distributed
LVC tests and events sponsored by the Air Force. Air
Force partners using AF-ICE will depend on
JMETC to provide a persistent and dependable
distributed infrastructure. The Army Cross Com-
mand Collaboration Effort (3CE) is developing a
plan to move to the JMETC Infrastructure over a 3-
year period and the Navy Distributed Engineering
Plant (DEP) is developing a plan to partner with
JMETC.

The message to program managers is that JMETC
is operational now and provides the infrastructure
necessary for distributed test available today. In
supporting these and others programs and events,
JMETC has established a track record of responsive
support using a reliable infrastructure. In the three and
one-half years since Integral Fire 07, the JMETC
infrastructure has grown to over 50 sites and is being
used every week. JMETC has demonstrated the
capability to support multiple T&E customers during
a single distributed test event, as well as the ability to

move large amounts of data in support of T&E
requirements. The bottom line is that JMETC saves
T&E programs time and money.

Program managers and test directors can use
distributed test through the JMETC infrastructure to
take advantage of more frequent, smaller events, and
even one-on-one systems interoperability tests as well
as large-scale scenario-based testing. Distributed test
can be a mix of various combinations of LVC assets
and capabilities. Having the persistent infrastructure
capability that JMETC provides will allow program
managers to find problems early in the system’s
developmental cycle—when they are cheaper and easier
to fix. The use of smaller scale and frequent distributed
test events will allow T&E programs to test earlier and
test more often in a program’s life cycle. Operational
testers will be able to leverage appropriate develop-
mental test data and provide an early operational
influence to a systems development. As stated by the
Director, Operational Test & Evaluation, Deputy
Director for Net-Centric and Space Systems, ‘‘There
is not enough time to wait until the end of a program
to find out what’s wrong.’’6 All this, in turn, will have a
transformational affect on the ability of program
managers to field systems that are truly interoperable
and net-ready for operational users—quicker, cheaper,
and at less risk!

It is true that there are technical challenges to
employing distributed test. Various technical issues
have been identified and resolved through the JMETC
Users Group. Other issues continue to be worked.
Some of those challenges include difficulties in
satisfying the DoD Information Assurance Certifica-
tion and Accreditation Process (DIACAP); ensuring
that infrastructure is capable of transporting large
amounts of data and within acceptable latency limits;
and addressing the requirements for Multi-Level
Security (MLS) and cross-domain solutions (i.e., how
different classification levels are to be integrated into a
common infrastructure, or how to pass data between
domains without compromising security).

However, significant progress has been made in
resolving these and other technical issues. By far the
most critical challenge for distributed test is misper-
ception. The perceived risk of the distributed test
process and infrastructure is the determining factor
that must be overcome in order to convince program
managers and other T&E agencies to embrace the
concept of distributed test. ‘‘We are working the
engineering element to make distributed test
work…The hard part is solving the human ele-
ment.’’7 If we can solve the issue of hesitancy with
distributed test, we can solve the rest of the technical
issues as well.
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What is being done to mitigate the
implementation challenges?

The JMETC Program is actively engaged in
changing the paradigm of distributed test. The prime
targets are the acquisition program managers and the
T&E community. JMETC has an aggressive outreach
program used to cause testers to think about distrib-
uted test. Participating in conferences, briefings to
project managers and DoD Senior Leaders, and articles
(such as this one) help to advocate the advantages of
distributed test to the acquisition test community.
However, JMETC is also involved in solving the
technical problems associated with distributed test.
JMETC recently completed an effort leading a tiger
team to streamline DIACAP procedures in cooperation
with the Services. The tiger team recently completed its
work and presented a list of actionable recommenda-
tions to the DoD Information Assurance community.
The Services are already in the process of implementing
some of the recommendations. For more details on the
progress of the DIACAP tiger team, go to the JMETC
Web site at www.jmetc.org. JMETC is also actively
working to mitigate multi-level security challenges by
participating in a Central Test and Evaluation Invest-
ment Program (CTEIP) project that is designed to
mitigate three categories of MLS issues (classification,
proprietary, and coalition). JMETC is providing data on
distributed infrastructure performance that will be used
to establish verification, validation, and accreditation
guidelines and policy. In a recent test event supported by
JMETC, the U.S. Navy Program Executive Office,
Integrated Weapons Systems, Integrated Combat
Systems (PEO IWS 1.0), in conjunction with Wallops
Island Surface Combat Systems Center (SCSC) and the
Naval Surface Warfare Center (NSWC) at Dahlgren,
Virginia, ran a successful 30-hour stress test to baseline
Aegis systems capability. This test included measuring
the sites’ capacity to harvest massive amounts of data
over the JMETC infrastructure. The PEO IWS
requirement was to be able to transmit 200 GB of data
in 8 hours. With the JMETC infrastructure, they were
able to transfer 313 GB in 8 hours 21 minutes. Before
JMETC connectivity, PEO IWS would physically
transport by car the data on hard drives between the
two sites. Due to the success of JMETC’s support, PEO
IWS has recently signed a formal support agreement
with JMETC that will allow them to expand their use of
the JMETC infrastructure to include other sites to
further streamline post-mission analysis of Aegis test
data. In accordance with the support agreement,
JMETC will provide a secure network for connectivity
of PEO IWS test resources and project development
efforts. Also, JMETC-sponsored products will be used
in building, sustaining, and connecting the architecture

to test resources required for PEO IWS test events. In
short, PEO IWS will now be able to concentrate fully
on their test events, and JMETC will concentrate on
their distributed infrastructure.

JMETC employs a dedicated customer support team
with extensive expertise in the JMETC infrastructure
and distributed testing in general and will provide
guidance and assistance in the use of the JMETC
infrastructure. To ensure a successful test, the JMETC
Program Office will assign dedicated personnel to each
customer to assist with planning, preparation, integra-
tion, and execution of the customer’s infrastructure
requirements for the distributed LVC test event. The
JMETC team is available to support and advise a
customer beginning in the early phase of test planning
development and to assist in developing distributed test
requirements, alternatives to meet test requirements and
planning for network characterization, network config-
uration, and connectivity testing. The key to success for
any program in the use of distributed test will be
including distributed requirements into early test
planning documentation. JMETC is available to assist
the program in incorporating distributed test require-
ments into test planning documents such as Test
Evaluation Master Plans (TEMPs). Program managers
need only contact JMETC to coordinate for support in
evaluating potential distributed test strategies and then
documenting distributed requirements into the TEMP.

During test execution, the JMETC team will be
available for on-site support. Test execution support
includes the development of test support tools and
training as well as ‘‘on-call’’ or online technical support
and network troubleshooting. JMETC will assist with
data logging and data analysis tools after the test event,
and network performance analysis before, during, and/
or after event execution. An important aspect of the
JMETC Program is the sharing of infrastructure and
distributed testing lessons learned. The JMETC Reuse
Repository is structured to give the user community
easy access to general program information, questions
and answers, lessons learned, opportunities for distrib-
uted test event collaboration, and insight into the
capabilities of JMETC and other JMETC users.
However, the test program retains complete control
of the data and full control of authority to release to
individuals and outside agencies. In addition, JMETC
provides each of its sites and customers the capability
of hosting their own space on the reuse repository to
facilitate collaboration for specific events, tools, or
sites. The JMETC Reuse Repository can be found at
www.jmetc.org. Also available on the Web site is the
JMETC Users Handbook, which provides current and
potential customers a working knowledge of the
JMETC program as well as how to utilize JMETC.
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Conclusion
While we recognize that integrating a distributed

requirement into test planning and execution can
sometimes be a technical and cultural challenge, the
T&E community is beginning to realize the real
benefits of distributed test. It is a fact that the use of
the JMETC persistent infrastructure lowers the cost to
integrate systems together, decreases the time to
integrate systems, and so lowers the cost to develop
new systems. As the credibility of distributed test
matures throughout the T&E community, more and
more program managers will incorporate distributed
test into their test strategies and documentation. Early
testing in the intended operational environment will
become commonplace. Compliance with interopera-
bility, net-ready KPPs, and measures of operational
effectiveness will increase the acquisition pipeline’s
effectiveness, as well as increase warfighting systems’
overall combat capability; this means warfighters get a
better product—cheaper and quicker! The joint
infrastructure needed for distributed test is now in
place, is operational, and is available to all JMETC’s
customers. I invite the T&E community, and program
managers specifically, to contact the JMETC team for
more information on how to use distributed test to
support your program and T&E events. That is why
JMETC exists. You can contact us directly or go to the
JMETC Web site at www.jmetc.org. C
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In 2008 the DOD Modeling and Simulation Coordination Office (M&SCO) published the

Live, Virtual, Constructive, Architecture Roadmap (LVCAR) study. LVCAR focused on four

important dimensions of simulation interoperability: technical architecture, business models, the

standards evolution, and management processes. A key product from the LVCAR study was

nineteen recommendations for future efforts. The purpose of this article is to describe how those

recommendations are being implemented under the M&SCO High Level Task SC2. The

article includes a description of each task area, how the task is being addressed, and current

results. The article also describes efforts to look at potential advanced technologies like service

oriented architectures (SOA) and their application to the DOD modeling and simulation

(M&S) environment.
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C
urrent simulation event engineers have
a range of architectural capabilities
open to them. They can select a
‘‘minimalist’’ intercommunication ar-
chitecture, providing little more than a

communications service, or they can utilize a more
complex architecture featuring multiple advanced
services such as time and data management. They
can also choose to rely on multiple architectures, as
occasionally necessitated by the mix of simulation
systems that will be combined in the event. However,
mixing architectures is not easily achieved: bridges
must be installed, gateways developed, and data
exchange models (i.e., object models) rationalized and
composed. The additional effort required to employ
mixed architectures is ‘‘over and above’’ that necessary
to join the simulations systems, which use a common
architecture, and is frequently viewed as a baseless
requirement that would be unnecessary except for the
multiple architectures involved. As a result, the Office
of the Secretary of Defense (OSD) Modeling and
Simulation (M&S) Steering Committee commissioned
a study to examine various aspects of M&S develop-

ment and make recommendations that could improve
architecture interoperability.

The Live, Virtual, Constructive, Architecture Road-
map (LVCAR) study began in April 2007. The M&S
Steering Committee recognized that M&S capability
had greatly advanced, routinely enabling the linkage of
critical resources through distributed architectures. In
part, the success was predicated on an iterative and
evolutionary development of the intercommunication
architectures, including progressive capabilities en-
hancements supporting more varied application of the
technologies across expanding user domains. While the
architectures displayed impressive capability to meet
needs as designed, they were not implemented with a
focus on ensuring architectural compatibility. Thus,
each requirement to connect systems using different
architectures within a single simulation event was
accompanied by substantial design and engineering
effort to achieve cross-architecture interoperability.
Given this environment, the LVCAR study was
chartered to ‘‘… methodically and objectively develop
a recommended roadmap (way forward) regarding
LVC interoperability across three broad areas of
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concern: notional definition of the desired future
architecture standard, the desired business model(s),
and the manner in which standards should be evolved
and compliance evaluated.’’ (Henninger et al. 2008)

Study emphasis was placed on analysis of the
technical options that could achieve or make transpar-
ent architecture interoperability. The analyses were
influenced by several characteristics of the operating
environment. A fundamental observation was that the
user communities expressed little, if any, complaint
that architectural capabilities were lacking; the multi-
architecture state not only provided a high level of
support across a diverse user community but also
allowed a degree of user choice in selecting the
architecture that best balanced cost and capability
within the context of a specific application. Moreover,
connecting the different architectures together was a
tractable problem with which the community had
developed a base of expertise and resources, albeit
nonoptimal. The study also concluded that the cost of
switching applications to use of different architectures
was high, often prohibitive at the level where costs
would be borne. Thus, any unfunded mandate
directing users to change architectures would likely
be ignored. Further, no existing business or manage-
ment tools could enforce such mandates. In this
context, the study concluded that fundamental change
either to the number of available architectures or to the
architectures themselves was not warranted or desir-
able. Finally, the implementation of a new, ‘‘improved
replacement’’ architecture would only introduce yet
another architecture requiring integration, effectively
degrading interoperability.

Based on these characterizations of the problem, the
study recommendations emphasized a two-front phi-
losophy. First, near-term actions were necessary to ease
the problem of architecture integration. Integration
should be made transparent, so that users would
interact with a seamless ‘‘architecture of architectures.’’
Second, a longer-term goal emphasized an evolution-
ary process of Common Training Instrumentation
Architecture (CTIA), High-Level Architecture
(HLA), and Test-Training Enabling Architecture
(TENA) architectural convergence. Individual actions
supporting both strategies are now ongoing.

The current LVCAR Implementation (LVCAR-I)
program is the follow-on effort, concentrating on five
tasks designed to address specific recommendations
identified in the original LVCAR report. These five
tasks include LVC Common Capabilities, LVC
Architecture Convergence, Common Gateways and
Bridges, Joint Composable Object Model (JCOM)
Development, and Managing the LVC Environment.

LVCAR-I project overview
The project’s aim is to explore organizational and

structural (e.g., use of standards) options to better (a)
manage LVC architecture interoperability; (b) create
reference models to focus data and service reuse efforts;
(c) reduce LVC architecture divergence and tool
proliferation; and (d) explore emerging technology
issues related to future LVC architecture performance
and requirements. The planning, development, and
execution of LVC events are universally recognized to
be expensive by any measure. Also, the M&S
community lacks the agility to support unforeseen
events without great difficulty. Given this situation,
the objective of LVCAR-I is to reduce overhead and
thus improve the ability to construct and conduct
timely LVC events. Described another way, the goal
for LVCAR-I is to get M&S support inside the
military operations decision cycle.

The project leads have taken a holistic approach to
organization and definition of an acquisition strategy.
Fundamentally, LVCAR-I is designed to work in an
environment where there are many different factors
and incentives that influence decisions, including
willingness to change and the adoption of technical
solutions. Understanding these factors and their effects
are as important to the success of the project as the
technology advances themselves. As a result, the
LVCAR-I team distilled the 19 recommendations
found in the LVCAR study to the grouping of core,
affiliated, and supporting efforts as described in
Table 1.

Core task organization and grouping
Beginning in Fiscal Year 2009 (FY09), a team led by

the Johns Hopkins University/Applied Physics Labo-
ratory ( JHU/APL) initiated efforts to implement the
LVC Architecture Roadmap. The overall organization
of the effort is shown in Figure 1.

This particular organization was designed to reflect
the blended, two-front strategy defined in the Road-
map. ‘‘LVC Common Capabilities’’ and ‘‘Common
Gateways and Bridges’’ focus on improvements in the
processes, tools, and supporting resources used to
develop LVC environments in the near-to-mid term.
‘‘LVC Architecture Convergence’’ focuses on mid-to-
long–term actions to prevent further divergence (and
facilitate convergence) among the major simulation
architectures in wide use across the Department of
Defense (DoD) today. In addition, the ‘‘Managing the
LVC Environment’’ task is designed to identify
existing business models and management structures
for each of the major simulation architectures, assess
the relative strengths and weaknesses of each, and
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recommend some potential realignments to improve
efficiency and reduce maintenance costs in the future.

The following sections describe the rationale and
objectives associated with these three main technical
areas of LVCAR-I tasking, and delineates the specific
activities being performed within each area.

Core task: LVC common capabilities. During
LVCAR development, it was recognized that the
absence of supporting products was creating an
unnecessarily heavy burden on developers of multi-
architecture LVC simulation environments. This
increased the technical and cost risks inherent to the
LVC development process and adversely affected LVC
interoperability. LVCAR workshops were held with
users and developers of multi-architecture environ-
ments to assist in the identification of necessary
products and to estimate the return on investment
associated with implementing these products. Based on

the assessment of workshop feedback, four categories
of products were identified as having the highest value
to the LVC community, as summarized below.

Systems engineering process. When user communi-
ties of different simulation architectures must develop a
unified multi-architecture distributed simulation envi-
ronment, the different development processes native to
each user community can create barriers to effective
collaboration. For multi-architecture LVC develop-
ment to be successful, the communities aligned with
the different simulation architectures need to work
together toward common goals; differences in the
practices and procedures inherent to these communi-
ties can lead to misunderstandings, misinterpretations,
and general confusion among team members. The key
product identified to address this problem was a
common systems engineering process for the develop-
ment and execution of multi-architecture simulation
environments.

Rather than develop a whole new process, this task
leverages an emerging Institute of Electrical and
Electronic Engineers (IEEE) process standard (IEEE
1730) as a framework onto which multi-architecture
issues and solutions can be overlaid. This framework, the
Distributed Simulation Engineering and Execution
Process (DSEEP), tailors best practices in the systems
and software engineering communities to the domain of
distributed simulation. The DSEEP defines the se-
quence of activities to develop and execute distributed
simulation environments in an architecturally neutral
manner (Figure 2). Using this framework, the key
technical issues associated with multi-architecture de-
velopment are aligned with the activities within the
process, and user guidance is provided on how to address
each issue based on existing community practices.

Upon completion of the Systems Engineering
Process task, IEEE standardization is expected to
commence. Given the close ties to the DSEEP, the

Figure 1. Organization for live, virtual, constructive,

architecture roadmap implementation.

Table 1. Overview of live, virtual, constructive, architecture roadmap—implementation efforts.

Core task Affiliated task Supporting task

Standards

development

Systems engineering process

Federation agreement templates

Reusable development tools

Asset reuse mechanisms

Software

development

Common gateways and bridges Joint composable object model

Architecture convergence

Studies Management—product transition

strategy

Management organizations and

processes

SOA concepts

LVC futures

Outreach Core task workshops Management workshops M&S forums/presentations

Working group presentations

Web-based information

SOA, service-oriented architecture; LVC, live, virtual, constructive; M&S, modeling and simulation.
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Systems Engineering Process is expected to become the
first officially recognized DSEEP overlay (i.e., IEEE
1730.1). Other supporting overlays are expected in the
near future (e.g., verification, validation and accredi-
tation, test and evaluation) to provide additional LVC
community support.

Federation agreement templates. Many agreements
must be established for an LVC simulation environ-
ment to function properly. Examples include reference
frames, shared databases, entity enumerations, and
supporting tools such as loggers and viewers. In multi-
architecture LVC environments, there is an even
broader list of agreements that must be negotiated,
including execution management mechanisms, gate-
ways, and supporting middleware. Unfortunately, there
is no cross-architecture standard for the content or
format of federation agreements; these agreements are
usually local conventions or are completely ad hoc.
This implies that multi-architecture LVC initiatives
must continuously recreate the types of information or
products requiring cross-architecture agreements, in-
creasing development time, and introducing the
possibility of missed agreements. The lack of a
standard template for federation agreements also
adversely affects the reusability of the agreements
between programs.

The purpose of the Federation Agreements Tem-
plate task is to develop an architecture-independent
template for establishing federation agreements, along
with potential architecture-specific extensions. The
content and format of the emerging template is based
on examples of federation agreements documents
developed to support programs across the DoD and
represents a reconciliation of the varying interests of
the different architecture communities. The template is
expressed in an Extensible Markup Language (XML)
schema, enabling machine-readable interchange of
federation agreement data. In the future, a tool will
be developed that implements the schema and provides
some degree of automation for all users of this product.

Reusable development tools. Every step in the
process of distributed simulation development includes

many opportunities for automation. These include
utilities such as requirements development tools,
scenario development tools, conceptual and object
modeling tools, testing tools, and after action review
tools. While these tools satisfy most functional needs, a
wide range of business models are used across the tool
spectrum, including government off the shelf, com-
mercial off the shelf, and proprietary solutions
(Figure 3). This is a significant impediment to sharing
of tools, especially for multi-architecture development.
The varying formats used by these tools to store and
exchange data are yet another impediment to reuse of
tools across architectural boundaries.

The purpose of this task is to examine the various
business model options associated with efficient
sharing of tool resources for LVC simulation applica-
tions, identify the most beneficial approach, and
implement that approach in a phased, controlled
fashion driven by the areas of greatest need. The main
product of this activity is an identified set of LVC
development tools that are reusable across different
architectures along with supporting business models
for tool distribution and maintenance. The other
product of this activity is a set of architecture-
independent formats for data storage and exchange
across architectures.

Asset reuse mechanisms. There are currently several
repositories and registries in use across the DoD. The
main clearinghouse for M&S information is the
Modeling and Simulation Information Analysis Center
(MSIAC). The Services’ Modeling and Simulation
Resource Repository is accessible through the MSIAC,
thus allowing a wide range of search capabilities relevant
to developing or employing M&S applications. How-
ever, estimates of utilization indicate that there are
relatively few users, and the level of M&S asset reuse
appears to be much lower than desired.

The purpose of this task is to examine existing DoD
repository and registry capabilities for M&S reuse.
This includes sponsored reuse initiatives such as M&S
catalogs and metadata discovery specifications. The
product of this task is a plan of actions and activities to

Figure 2. Distributed simulation engineering and execution process top-level process flow.
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better support the reuse of LVC assets across the
Department. This plan not only identifies basic
infrastructure improvements but also provides recom-
mendations on supporting processes and business
incentives based on an analysis of the causes behind
programs ‘‘building new’’ rather than reusing existing
capabilities.

Core task: common gateways and bridges. The
second major category of LVCAR-I core tasks
examines common gateways and bridges. These are
essential elements that link disparate LVC assets and
translate across multiple protocols in multi-architecture
environments. However, there are several persistent
problems that result in barriers to cross-architecture
interoperability. Many of these issues stem from the
lack of standard mechanisms supporting gateway
capability discovery, configuration, and employment.
Thus, many project managers find it much easier to
simply build their own gateways, specifically tailored to
their specific application, rather than attempt to reuse
existing gateway assets. This has resulted in a large
number of program-specific gateways that are not
reusable outside of their design context. This is grossly
inefficient from a corporate perspective, as not only
does the government pay over and over again to build
the same basic gateway capabilities, but it also pays for
the maintenance of a large number of redundant
gateways.

The purpose of this task is to develop supporting
products that improve efficiency and effectiveness related
to gateway use. The task involved an early outreach
activity to characterize existing gateways according to a
defined set of features. This provided an early glimpse of
the requirements that could be met through existing
gateways. While this identified a small number of
capability gaps, it also brought out the high degree of
redundancy among current gateways. Next, a strategy was
developed to discourage new gateway development while
making existing gateways more accessible and easier to
use. The fundamental, enabling tasks that collectively
define this strategy can be summarized as follows:

N A common Gateways Description Language,
which allows for the description of gateway
capabilities in a machine-readable form. This
allows gateway users to discover needed capabil-
ities via automated means rather than manual
searches of gateway documentation.

N A set of Gateway Performance Benchmarks, which
provides a common way of assessing the relative
ability of competing gateways to provide needed
capabilities.

N A common Gateway Configuration Model, which
provides a standard means of initializing, tailor-
ing, and configuring gateways.

Efforts to begin all three of these products have been
initiated. Tools to implement these specifications are
expected to be developed in the FY12 timeframe.

Core task: LVC architecture convergence. There is a
general consensus within the LVC community that
some degree of convergence among the major simu-
lation architectures would be beneficial. Adjudication
of architectural differences, even if it can only be
achieved for some service categories and only between
certain architectures, would reduce efforts to imple-
ment potentially ad hoc cross-architecture solutions
during LVC developments and generally improve
LVC interoperability. However, there are many
barriers to achieving architecture convergence. While
there are certainly technical challenges, the business
model and management challenges are even more
formidable. The full range of these challenges must be
addressed for any viable architecture convergence
strategy to succeed.

The purpose of this task is to examine the issues and
risks related to architecture convergence and to develop
an evolutionary strategy to achieve convergence. The
task required an analysis of existing simulation
architectures to identify candidates for convergence,
followed by an assessment of the implementations of
the various architecture services to determine exactly
how and where to target convergence activities. Finally,
convergence options were identified and evaluated

Figure 3. Live, virtual, constructive development tool business models.
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from the technical, business, and management per-
spectives. Recommendations on subsequent conver-
gence activities are made as part of this assessment.

A key aspect of the convergence task is to categorize
simulation architecture services into those that are
architecture specific (i.e., do not need to be interop-
erable between architectures for multi-architecture
events to operate properly) and those that are
‘‘functionally similar’’ across the architectures. The
functionally similar services are candidates for becom-
ing ‘‘converged’’ services, which must be aligned for the
architectures to work together without loss of func-
tionality. Three alternatives for implementing the
converged services have been considered:

N Establish a wire standard defining how all
simulation architectures communicate data;

N Establish a static application programmer’s inter-
face and implementation of the converged
services; and

N Build a shared implementation of the converged
services, referred to as the Common Simulation
Infrastructure (CSI).

Figure 4 illustrates how the CSI concept would
work. All architecture-specific communication would
take place via the same middleware services that the
simulations currently use. However, the middleware
would communicate through the CSI for all ‘‘con-
verged functionality’’ communication with other sim-
ulations. The CSI would automate the alignment
across the converged services so that effective and
direct interaction among simulations employing inter-
faces from different architectures is possible. Note that
gateways are still required to integrate Distributed
Interactive Simulation (DIS) simulations into multi-
architecture LVC environments, due to the difficulty
of achieving meaningful convergence between DIS and
other architectures.

Follow-on efforts in the architecture convergence
area are expected to focus initially on socialization of
convergence options with affected communities, and
potentially some early experimentation with a CSI
prototype. Discussion of business model and manage-
ment concerns will be part of this socialization process
to ensure community support before progressing down
any particular convergence path.

Affiliated task: the Joint Composable Object
Model (JCOM) program

The JCOM effort is being jointly sponsored by the
Joint Forces Command and the Modeling and
Simulation Coordination Office. The effort will result
in a repository of commonly used components of object
models, an Architecture Neutral Data Exchange
Model (ANDEM) format to represent those compo-
nents, and a set of tools to facilitate the assembly of
those components. The JCOM effort relies on an
information-based approach in that much of the
disparate information necessary to create an object
model is both represented in the system and linked to
related information. That is, run-time data exchange
between simulation systems occurs to support a specific
purpose (e.g., training for chemical, biological, radio-
logical, nuclear, and high-yield explosives operations;
acquisition related to Joint close air support; planning
for time sensitive targets missions). Several mission
areas have been decomposed and represented in the
JCOM repository, including links to related compo-
nents of object models. Users can exploit these linkages
by identifying components that support specific
mission areas or by finding the degree of mission
support offered by a specific object model. JCOM is
the only utility that exploits these types of relationships
between mission areas and object model components
and thus offers a unique capability supporting widely
ranging users including acquisition executives, trainers,

Figure 4. Common simulation infrastructure concept.
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experimenters, and event designers. JCOM also
provides unique capabilities for event engineers who
make the related simulation event a reality.

Typically, event engineers start their work by
adapting solutions to similar problems. In the JCOM
context, event engineers start with the object models
from a set of previously completed simulation events
that collectively solve the problem at hand. The
problem then becomes one of composing a new object
model from the existing set of object models. This is a
familiar problem usually solved at a ‘‘FOMorama,’’ a
meeting of engineers well versed in the contents of
each object model. Collectively, they are able to
compose the different models into a single object
model that meets the needs of all systems. This task is a
laborious manual analysis completed by a group of very
experienced engineers. JCOM addresses this part of
the problem by automatically comparing data exchange
models (including cross-architecture comparisons of
models from HLA, TENA, CTIA, or DIS) to identify
both similarities and differences. This permits the
engineers to focus their attention on only those parts of
the object models that JCOM could not automatically
equate, greatly reducing the time and effort to prepare
a composition that supports the needs of all systems.

Supporting task: M&S service-oriented
architecture concept pilot—educate, inform,
and present.
Educate and inform. Service-Oriented Architecture
(SOA) technology holds great promise for addressing
many of the technical challenges documented in the
Live Virtual Constructive Architecture Roadmap Study.
Where existing architectures use different protocols and
interfaces, SOA offers services that enable composa-
bility of systems via a layer of abstraction. Where cur-
rent M&S data repositories, such as terrain databases,
are duplicative, SOA offers the possibility of services that
promote reusability. The philosophy of SOA is con-
structed on the guiding principles of ‘‘reuse, granularity,
modularity, composability, componentization, and in-
teroperability’’ (IBM 2004).

However, SOA is not a panacea. In particular, using
an SOA to provide the interfaces to an LVC
distributed simulation, in and of itself, will not cause
all fundamental problems to disappear. SOA use can
provide the scaffolding to address these issues at the
time of design and initial implementation, easing
future burdens of functional and communication
compatibility.

There have been studies and demonstrations that the
SOA framework can support LVC multi-architectural
distributed simulations. However, SOA has not been
embraced by the M&S community or by LVC multi-

architecture developers. There are both real and
perceived up-front costs of employing a new technol-
ogy to address compatibility issues that have tradition-
ally been addressed with ad hoc gateways and bridges,
one-of-a-kind database connectors, and other single-
point design solutions. Therefore, the objective of this
effort is to educate and inform the DoD M&S
community of the benefits and barriers related to
employing SOA technology.

SOA concept prototype. The DoD led the way in
SOA-like architectures such as HLA, TENA, and
CTIA—all of which built on the then-emerging
Common Object Request Broker Architecture defined
by the Object Management Group. These architec-
tures were designed to integrate enclaves of individual
systems and are not optimized to bridge enclaves across
an enterprise. In contrast, industry has developed
robust SOA-based software technologies and standards
that clearly have the potential to provide for architec-
ture interoperability to interconnect between stand-
alone enclaves at the enterprise level and to serve as the
primary infrastructure for common services, such as
interfaces to battle command systems or models of the
synthetic natural environment.

The concept of using the SOA-based software and
standards in this mode, as shown in Figure 5, is not
new and is being eyed with keen interest by many in
the simulation industry. However, no extant program
of record can afford to put their program at risk
(especially in the current high ops tempo environment)
on an unproven approach, no matter how promising.
As an early step towards realizing the concept shown in
Figure 5 the ‘‘Present’’ portion of the M&S SOA
Concept Pilot implements an integrated set of
supporting simulation services and creates a prototype
linking two disparate enclaves using real federations
and real simulations along with a surrogate service
(Figure 6).

This effort will bridge the Joint Conflict and
Tactical Simulation (JCATS) federate in the Army’s
Entity Resolution Federation (ERF) with the WAR-
SIM Intelligence Model (WIM) federate in the
WARSIM federation and a surrogate service to
emulate the Order of Battle System (OBS) to initialize
both federations.

The prototype will provide information to assess the
ability of SOA to address the following LVC
requirements:

N a common data interchange;
N enclave policy translation;
N use of a common service to replace equivalent

application (federate) functionality; and
N run-time performance and scalability.
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Supporting task: beyond SOA—a look to the future
for U.S. DoD M&S. The purpose of this task is to look
at emerging technologies and processes that the DoD
M&S community should consider in future develop-
ment projects. This is not intended to be an exhaustive

study but rather an overview with rationale that
explains why each technology/process is significant.

Since the DoD is a consumer, not a driver of the
Information Technology (IT) market place, it must
make best use of the commercial IT standards,

Figure 6. Proposed prototype for an interoperable architecture implementation between two disparate architectures.

Figure 5. A hypothetical interoperable architecture linking legacy enclaves and common services.
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practices, and technologies available to meet their
needs. Given the long lead times that are typical for
DoD project initiation (3–10 years), the Department
must have a long view, informed by knowledge of
coming capability, as a precondition to relying on best
practices. A set of military operational scenarios
covering the spectrum from high tempo kinetic
operations to natural disaster relief are used to guide
the identification and application of these future
technologies. The technology areas under consider-
ation are divided into two areas: (a) Development
Components (technical areas including Mobile Com-
puting and Augmented Reality, Ubiquitous Surveil-
lance and Automated Reasoning, Event Model Driven
Architectures, and Self-Healing and Self-Managing
Systems), and (b) Use Components (considerations
that affect adoption of technology including M&S
Social Graphs, The Paradox of ‘‘Choice and Budge,’’
Mashup Software, and fast, inexpensive, simple, and
tiny (FIST), Cloud Encapsulation, and ‘‘Everything is
a Game’’).

Supporting task: public outreach. Implied missions of
the LVCAR-I project are to inform the M&S
community of project activities and where possible
get the community involved, and at the earliest
opportunity provide access to the project’s products.
The project team examined the realm of possibilities to
meet the various aspects of this mission and decided
that it was best to take a three-pronged approach and
engage the M&S community through (a) M&S
forums, (b) working groups, and (c) electronic and
print media.

The M&S forums include presentations at the
National Defense Industrial Association (NDIA) Sys-
tems Engineering Conference, NDIA M&S Congress,
Simulations Interoperability Standards Organization
events, and National Training and Simulation Associ-
ation’s Interservice/Industry Training, Simulation and
Education Conference (I/ITSEC). These opportunities
have provided access to a variety of special use groups
within the M&S community, and there are plans to
continue using these opportunities as they arise.

Because of the growing emphasis on LVC simula-
tion constructs within the DoD, there are numerous
programs and projects addressing training, analysis,
testing, and acquisition requirements. Having related
activities opens the possibility for these parallel
programs to provide mutual support but also assumes
the M&S community is cognizant of emerging
developments. To improve community situational
awareness, the program manager for LVCAR-I
initiated an LVC Interservice Working Group
(LVC-IWG) to provide a forum where the leaders of

these various programs could share information about
what is being undertaken and look for opportunities to
leverage each other’s work. In addition, the LVCAR-I
project has sponsored numerous special interest
workshops to solicit input to the various project
subtasks.

Finally, this project is providing information
through articles and a Web site. This article is an
example of print media use, and through the
sponsorship of Joint Forces Command HarmonieWeb
there is a repository for publically released material
from the LVCAR-I project (harmonieweb.org) under
the work group ‘‘MSCO HLT SC2 LVCAR-I.’’

Next steps
The initial commitment of funds for the LVCAR-I

project covered a 24-month period of performance.
Since inception, a great deal of information has been
gathered and analyzed. As with many efforts, we
rapidly discovered the more we learned led to logical
steps for future work that needs attention. Without
losing sight that the goal is to improve LVC
interoperability by providing practical tools and
pragmatic approaches to the problem, the project will
have follow-on efforts. Planning for FY11 and FY12
includes the use of test beds, design of software,
initiation of standards, and continued sharing of
lessons learned.

Conclusion
From the previous material, it is easy to see that the

LVCAR-I is an ambitious project from both a
technical and managerial standpoint. While having
interoperability as the focus of the project provides a
unifying goal and eases some management aspects,
there are a number of ways to approach that problem
set that add numerous levels of complexity. The
functional area approach that underlies the project
management is recognition that decisions and adoption
of technical solutions are not based solely on logic or
cost analysis. Understanding the other factors that
relate to the adoption of technology will improve the
use of the tools developed through LVCAR-I. In the
end, interoperability and ultimately support to the
warfighter will improve. C
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BLOODHOUND SSC
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The BLOODHOUND SSC project was publicly announced in October 2008, with a primary

engineering objective of designing, constructing, and running a vehicle capable of achieving a

speed of 1,000 miles per hour on land. The aerodynamic design of this vehicle is to be

accomplished using computational simulation only, and this article describes the development

and application of the approach adopted. The computational model employs a cell vertex finite

volume algorithm for the solution of compressible viscous flow problems on unstructured hybrid

meshes. A one-equation turbulence model is adopted, and the solution of the steady flow

equations is obtained by explicit relaxation. For the combination of high Mach number, complex

geometry, and complex boundary conditions involving rotating surfaces and a rolling ground, a

consistent Harten, Lax van Leer Contact (HLLC) wave numerical flux function is adopted to

ensure a stable procedure. To illustrate the impact of the approach upon the final configuration,

a number of simulations undertaken to aid the aerodynamic design are described.

Key words: BLOODHOUND SSC; finite volume method; HLLC numerical flux

function; hybrid unstructured mesh; parallelization; Spalart-Allmaras turbulence model;

steady three-dimensional compressible aerodynamic flow.

T
he world land speed record was first set
at a modest 39 miles per hour (mph) at
Acheres in France in 1898. The record
has been broken around 60 times, and
the current (supersonic) record of

763.035 mph was set by Andy Green in THRUST
SSC at the Black Rock Desert, Nevada, in 1997. A
significant feature of the THRUST SSC project was
the manner in which computational fluid dynamics
was applied to guide the aerodynamic design process
(Noble 1998).

The BLOODHOUND SSC project was publicly
announced in October 2008 and involves the develop-
ment of a vehicle that will attempt to take the world
land speed record to 1,000 mph. Again, it has been
decided that computational fluid dynamics will be used
to guide the aerodynamic design of the vehicle. The
computational approach that has been adopted is
outlined in this article and consists of a finite volume
method (Peraire, Peiro, and Morgan 1993; Mavriplis
and Venkatakrishnan 1996) for simulating turbulent
high-speed compressible flows on hybrid unstructured

meshes. Boundary layer regions are discretized using
stretched prisms and pyramids formed from merging
tetrahedra generated by an advancing layers method
(Hassan et al. 1996).

Outside the boundary layers, isotropic tetrahedral
elements are generated (Weatherill and Hassan 1994).
The result is a hybrid mesh approach that enables the
efficient meshing of complex configurations. Stabili-
zation of the equation system (Morgan and Peraire
1998) is achieved by using a consistent Harten Lax van
Leer–Contact wave (HLLC) flux function (Batten et
al. 1997; Harten, Lax, and Van Leer 1983) to enable
the simulation of the moving vehicle, and methods for
modeling high-speed rotating wheels and rolling
surfaces are implemented. The stabilized equation
system is solved by explicit iteration, with the
computational performance enhanced by means of
effective parallelization (Sorensen 2002).

The initial concept for the BLOODHOUND
vehicle is shown in Figure 1. The vehicle body is long
and slender with two widely spaced rear wheels
outboard of the main body providing roll stability.
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The vehicle thrust is provided by a turbofan jet engine,
shown in green, and a hybrid rocket, shown in red, which
are capable of delivering 90 kN and 120 kN of thrust,
respectively. The impact of the use of the computational
techniques during the design evolution of the BLOOD-
HOUND SSC is illustrated by considering the aerody-
namic behavior of the front wheels of the vehicle and
their configuration relative to the nose.

Problem formulation
Relative to a Cartesian Ox1x2x3 coordinate system,

the steady state compressible Favre-averaged Navier-
Stokes equations (Wilcox 1998) governing airflow over
a moving vehicle are expressed in the integral form

ð

C

F
j
(U )nj dC~

ð

C

G
j
(U )nj dC j~1, 2, 3, ð1Þ

where C denotes the closed surface bounding a three-
dimensional domain V and the summation convention

has been adopted. The unknown vector U is defined by

U~

r

ru1

ru2

ru3

re

2

6666664

3

7777775
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and the inviscid and viscous flux vectors are given as
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respectively. The unit outward normal vector to C is n̄

5 (n1, n2, n3) and dkj denotes the Kronecker delta. In
these equations, r is the averaged fluid density, ui is the
component of the averaged fluid velocity in the
direction xi, p is the averaged fluid pressure, and e is
the averaged specific total energy of the fluid. The
averaged deviatoric stress tensor is defined by

tij~{
2

3
m

Luk

Lxk
dijzm

Lui

Lxj
z

Luj

Lxi

� 	
ð4Þ

and the averaged heat flux is

qj~{k
LT

Lxj
ð5Þ

Here, m denotes the sum of the laminar and turbulent
viscosities, k is the sum of the laminar and turbulent
thermal conductivities, and T is the averaged absolute
temperature. The air is assumed to be calorically
perfect, and the averaged state equations

Figure 1. Drawing illustrating the initial concept layout of BLOODHOUND SSC.
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p~rRT e~cvTz
1

2
ukuk ð6Þ

are employed, where R is the gas constant, cv 5 cP 2 R
is the specific heat at constant volume, cP is the specific
heat at constant pressure, and cP /cv 5 1.4. The laminar
and turbulent Prandtl numbers are assumed to be
constant. The laminar viscosity varies with tempera-
ture according to Sutherland’s law (White 2006). The
variation of the kinematic turbulent viscosity is
obtained from the one-equation turbulence model of
Spalart and Allmaras (1992).

Domain discretization
For any practical aerodynamic simulation, a CAD

(computer-aided design) system is normally employed
to provide the definition of the boundary geometry.
The definition obtained in this way frequently requires
treatment in order to produce a watertight surface
description that is suitable for the processes of surface
and volume mesh generation. This treatment process
will involve the merging of surfaces and intersection
points and the smoothing of underlying surface
definitions. In our work, this process is accomplished
by using the CADfix (Cadfix Inc., Tempe, Arizona;
www.cadfix.com) commercial software package.

Before the start of the discretization process, the
desired element size distribution is defined by the user
in terms of a mesh control function (Peraire, et al.
1987; Peiro, Peraire, and Morgan 1994). The first step
in the discretization process is the triangulation of the
computational boundaries, and this is accomplished
using an advancing front approach (Peira, Peraire,
Morgan 1989). The advancing layers method (Hassan
et al. 1996) is used next to generate stretched
tetrahedral elements adjacent to the boundary surface
components that represent solid walls. The height of
each layer, and the number of layers, is specified by the
user in an attempt to ensure that the expected
boundary layer profile can be adequately represented.
Following the use of the advancing layers method, the
remainder of the computational domain is discretized
using a standard Delaunay isotropic tetrahedral mesh
generation procedure (Weatherhill and Hassan 1994).
As a final step, appropriate elements of the tetrahedral
mesh generated by the advancing layers method are
merged to produce a consistent hybrid mesh of
tetrahedra, pyramids, and prisms (Sorensen 2002).

Equation discretization
Nodes are located at the vertices of the generated

mesh, and the spatial discretization of Equation 1 is
accomplished using a cell-centered finite volume
procedure. This requires the construction of a dual

mesh, in which each cell of the dual is associated with a
single node of the hybrid mesh.

Dual mesh construction
The median dual is employed within that portion of

the mesh consisting of isotropic tetrahedral elements.
This dual is constructed by connecting edge midpoints,
element centroids, and face centroids in the domain
mesh in such a way that only one node is present in
each dual mesh element. With this strategy, each node
I of the domain mesh is associated with a volume VI of
the dual mesh. The boundary surface of the volume VI

is denoted by dVI. Each edge of the domain mesh is
associated with a segment of the dual mesh interface
between the nodes connected to the edge. This
segment is a surface constructed from triangular facets,
where each facet is connected to the midpoint of the
edge, a neighboring element centroid, and the centroid
of an element face connected to the edge, as illustrated
in Figure 2. The midpoint of the edge between
nodes I and J is denoted by xIJ

m , the centroid of the
face with vertices I, J and J is denoted by xIJK

s and the
element centroid is designated by xc. The bold lines on
the dual mesh in this figure illustrate the boundaries
between the edges with which the dual mesh segment
is associated. With this dual mesh definition, the
volume VI can be viewed as being constructed in terms
of a set of tetrahedra, as illustrated for a typical interior
node I in Figure 3.

Figure 2. Illustration of the portion of the element VI of the dual

mesh, associated with node I, that is contained inside a
tetrahedral element.
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The surface of the dual mesh cell surrounding node I

is defined in terms of the closed set of planar triangular
facets CK

I , where each facet only touches a single edge
of the domain mesh. The set of facets touching the
edge between nodes I and K is denoted by CIJ.

In general, the median dual approach cannot be used
for the hybrid elements generated by the procedure
described above, as the elements produced by merging
tetrahedra in this way may be warped so severely that a
vertex can lie outside the corresponding median dual
cell. This may occur in regions of high geometry
curvature or at the interface between the hybrid and
isotropic meshes. To overcome this problem, the infor-
mation contained in the original tetrahedral mesh is
used to ensure that the topology of the control volume
cells is valid (Sorensen et al. 2003).

Treatment of the inviscid fluxes
In the cell vertex finite volume method, Equation 1

is applied to each cell of the dual mesh in turn. To
enable the numerical integration of the inviscid fluxes,
a set of coefficients is calculated for each edge by using
the surface segments of the dual mesh cell that are
associated with the edge.

For an internal edge connecting nodes I and J, these
coefficients are written as

C
j
IJ ~

X

K[CIJ

ACK
I

n
j

CK
I

ð7Þ

For j 5 1, 2, 3, where ACK
I

is the area of the facet CK
I

and n
j

CK
I

is the component, in direction xj, of the unit

outward normal vector to the facet from the viewpoint
of node I, as illustrated in Figure 3. Additional
coefficients need to be introduced to enable integrals
over the computational boundary to be approximated
(Sorensen 2002).

The integral of the inviscid fluxes over the surface of
the dual mesh cell associated with an edge is approxi-
mated by assuming the flux to be constant over the
surface and equal to its computed value at the midpoint
of the edge. The surface integral of the inviscid flux
(i.e., the left-hand side of Equation 1) over the
complete dual mesh surface for a typical internal node
I is then approximated as

ð

CI

F j nj dC&
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j
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j
J ), ð8Þ

where CI denotes the set of nodes connected to node I
by an edge in the domain mesh.

Treatment of the viscous fluxes
The integral on the right-hand side of Equation 1

containing the viscous fluxes is approximated in a
similar manner as

ð

CI

Gj nj dC&
X

J[LI
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j
IJ

2
(G

j
I zG

j
J ): ð9Þ

However, gradients of the flow variables need to be
determined before this formula can be employed. The
evaluation of the gradient of a function may be
performed in several ways within the finite volume
framework. For edge-based implementations, a com-
mon approach is to calculate the nodal values of the
derivatives of the flow variables by using a finite
volume method and then to use these values directly in
Equation 9. While this is convenient computationally,
the result is a five-point discretization stencil, as
compared to the traditional three-point stencil of many
finite element and finite difference schemes. The five-
point stencil effectively doubles the mesh spacing for
the evaluation of the viscous terms and may allow
checkerboarding of the solution and a consequent
destabilization (Crumpton, Moinier, and Giles 1997).

A different edge-based approach can be developed
that results in a more compact stencil (Usab and
Murman 1985). To achieve this, the derivative of a
flow variable at an edge midpoint is represented in
terms of its components parallel and perpendicular to
the edge. The component perpendicular to the edge is
calculated in the normal manner, while the component
parallel to the edge is approximated by using a two-

Figure 3. The volume VI of the dual mesh surrounding an

interior node I.

Evan, Hassan, & Morgan

368 ITEA Journal



point finite difference scheme (Crumpton, Moinier,
and Giles 1997). The viscous terms contribute mainly
in the boundary layers, which are characterized by high
gradients normal to solid surfaces and, except for
localized regions such as around shocks, relatively
small gradients tangential to the surface. The intro-
duction of the quasi-regular meshes, with grid lines
parallel and normal to the wall, ensures that the high
gradients are captured by the compact stencil and
that the five-point stencil terms are marginalized. It
follows that, with the form of meshes that are
employed in the boundary layer regions, this treatment
of the viscous terms reduces to the familiar three-point
scheme used for structured meshes.

Stabilization
This discretization procedure results in a stencil for

the convective terms that is central difference in
character, which means that the addition of stabilizing
dissipation is necessary before the solution of practical
flows may be attempted. This is achieved by replacing
the physical inviscid flux function on the right-hand
side of Equation 8 by a consistent numerical flux.
Here, the HLLC numerical flux function (Batten
et al. 1997) is adopted, which is a modification of the
original HLL scheme (Harten, Lax, and Van Leer
1983). The function is constructed by assuming that
the solution to the Riemann problem, between states
U I and U J , is represented by a contact wave and two
acoustic waves separating four constant states. The
acoustic waves may be either shocks or expansion
fans. The method employs an exact resolution of the
Riemann problem while averaging the wave speeds in
an appropriate manner. The implementation employed
involves an approximation to the acoustic waves that
improves the transition from subsonic to supersonic
speeds (Batten et al. 1997).

Boundary conditions
A detailed description of boundary condition imple-

mentation is beyond the scope of this article. The
different boundary condition types may be summarized
as follows: outer boundary inflows and outflows;
viscous no-slip walls for the car body and rolling
ground surface; engine inflows; jet engine and rocket
exhausts.

At outer boundary inflow and outflows, a charac-
teristic treatment is employed (Usab and Murman
1985) to determine the number, and type, of
conditions that require specification at any point.

At viscous walls the no-slip velocity condition is
applied, strongly taking into account moving surface
velocities on the rolling ground and rotating wheels.

When modeling the jet engine intake, the internal
portion of the engine is considered to lie outside of
the computational domain. This requires a boundary
condition to be applied at the engine compressor face.
This is achieved by enforcing a nondimensional mass
flow function, which itself is a function of engine
throttle setting and vehicle Mach number.

Fully described supersonic flow conditions, provided
by the engine and rocket manufacturers, are applied at
the engine rocket and exhausts.

Discrete equation
Following the discretization of the inviscid and

viscous fluxes, the discrete form of the governing
Equation 1 can be written as

R(U )~0 ð10Þ

The discrete equation for the Spalart-Allmaras model
(Spalart and Allmaras 1992) is constructed in a similar
fashion, with the convective term discretized using a
first-order upwind method (Morgan and Peraire
1998). The complete equation system is solved by
explicit relaxation using a three-stage Runge Kutta
approach with local time stepping (Sorensen 2002).

Improving computational performance
To ensure a reasonable turnaround time for each

simulation, the computational performance of the
solution algorithm is improved by the use of parallel
processing. The parallel implementation involves the
subdivision of the original domain into a number of
subdomains, such that each subdomain comprises a
distinct set of mesh edges, along with the correspond-
ing nodes that form the ends of each edge. This has
the effect that nodes at the interface between two
subdomains are duplicated. The solver is executed, in
parallel, utilizing one process per subdomain. At the
start of a time step, the interface nodes obtain
contributions from the interface edges. These partially
updated contributions are transmitted to the corre-
sponding interface nodes in the neighboring subdo-
mains. A loop over the interior edges is followed by the
receiving of the interface node contributions and the
subsequent updating of all interior nodal values. This
procedure is implemented in such a way as to allow
computation and communication to be performed
concurrently, where permitted by the parallel comput-
er’s hardware.

In order to optimize performance and achieve
scalability on a large number of processors, the chosen
domain decomposition strategy must produce subdo-
mains of a balanced size and with a minimum number
of cut edges. This ensures that each processor has to
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perform an equal amount of work and that the amount
of communication between processors is minimized.
This has been achieved by utilizing the METIS family
of partitioning algorithms (Karypis and Kumar 1998).
In order to further improve computational perfor-
mance, each subdomain node list is renumbered to
maximize the use of cache memory. All computations
were performed on the School of Engineering PC
cluster of AMD Opteron processors at Swansea
University.

Application to BLOODHOUND SSC
The design of a manned land-based vehicle that

will travel at speeds significantly exceeding the speed
of sound for a sustained period of time is extremely
challenging. Unsurprisingly, this design objective poses
some serious aerodynamic problems. Of primary
importance in understanding the aerodynamic charac-
teristics of such a vehicle is the accurate prediction of
shock wave positions, including shock reflections,
within the flow domain. For example, the 900-mm
diameter wheels on BLOODHOUND SSC are
designed to rotate at 10,000 rpm at the vehicle’s top
speed of 1,050 mph. This implies that the top of the
wheel will be moving forward relative to a stationary
observer at 2,100 mph, which is equivalent to a Mach
number of around 2.8 depending on the ambient
temperature. In addition, the rules of the land speed

record imply that the vehicle must be steered using its
wheels alone, which highlights the importance of
understanding the aerodynamic characteristics of the
wheels across their range of steering angle.

Wheel design
BLOODHOUND SSC will have solid metal

wheels (aluminium or titanium), as radial accelerations
of the order 50,000 g will be experienced at the wheel
rim at top speed. It is anticipated that improved
traction, between these solid wheels and the compliant
alkali playa desert surface across which the vehicle is
expected to run, can be achieved by using circumfer-
ential keels on the wheel surface. Such keels should
help generate the lateral loads essential for stability and
steering control. The aerodynamic implications of the
number of keels used, and their location, was analyzed
using computational modeling.

Three wheel designs with different keel configura-
tions were considered. The first design employed a
single keel running around the centerline of the wheel;
the second design used two keels running around the
wheel profile; the third design had a single keel
running around the wheel centerline together with a
keel on each wheel edge. These three geometric wheel
design options are illustrated in Figure 4.

The interaction between the aerodynamic flow and
the ground surface in the vicinity of the wheel contact

Figure 4. Possible wheel design options, showing (a) the single keel, (b) the double keel, (c) the triple keel.
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patch is deemed to be of critical importance. This is
due to the fact that the rear wheels will have to run
across a surface that has been disturbed by the front
wheels. Therefore, it is important for the wheel design
to be such that the pressure field generated in the
vicinity of the contact patch is as benign as possible.
Analysis of the aerodynamic effects of the wheel design
were carried out using local models, consisting of the
wheel and rolling ground alone. The hybrid meshes
employed were typically of the order of 1.8-M ele-
ments, 320-K nodes and 2.5-M edges. The simulations
were performed using 8 CPUs of the Swansea C2EC
cluster, with convergence requiring 6-K cycles for
supersonic problems and 20-K cycles for subsonic
problems. At a typical computation rate of 13.8 cycles
per minute, this equates to wall clock run times of
around 7 hours and 24 hours for supersonic and
subsonic problems, respectively. Both lift and drag
coefficients were converged to an accuracy of three
significant figures. Figure 5 shows a detail of the
computed Mach number distribution close to the
ground surface for two different keel configurations at

a free stream Mach number M‘ 5 0.5. Figure 6(a)
shows a detail of the predicted pressure distribution,
for the double keel wheel, on the vertical plane running
through the wheel center when M‘ 5 1.0. The
pressure coefficient distribution on the top (red) and
bottom (green) of the wheel rim is shown, in
Figure 6(b), demonstrating that at these high speeds
the wheel is generating significant lift.

Figure 7 indicates the impact of the wheel keel
configuration on the variation of the lift and drag
with Mach number for the wheel. It is apparent that
the number of keels adopted has a significant influ-
ence on the aerodynamic properties of the wheel. For
example, at M‘ 5 1.1, there is a difference of half
a ton per wheel in the lift forces generated by the
single and triple keel options, while the difference in
the drag forces being generated is of the order 2 kN
per wheel. These differences are primarily due to the
compression levels achieved just upstream of the wheel,
at the contact patch, because of the different keel
configurations.

It was decided that, from a purely aerodynamic point
of view, the single keel behaved more favorably than
the double keel wheel, and the double keel wheel more

Figure 5. Mach number contours on a plane 0.01 m above the
surface around the wheel contact patch, for two different wheel

profiles at M‘ 5 0.5: (a) a single keel wheel, (b) a triple

keel wheel.

Figure 6. A typical pressure coefficient distribution at a free
stream Mach number M‘ 5 1.0 (a) on the wheel surface and

vertical plane through the wheel center; (b) on the wheel rim,

with top in red and bottom in green.
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favourably than the triple keel wheel. At the time of
this writing, the wheel design choice had been
narrowed down to the use of either a single or a
double keel with a final decision still to be made.

Front wheel configuration
Sketches indicating the initial concept for the

external shape and packaging of BLOODHOUND
SSC are shown in Figure 1. From these sketches it can
be observed that two front wheel configuration options
were under consideration. One option has the wheels
located in a staggered asymmetric configuration, while
the other option displays a parallel symmetric config-
uration. The advantage of the staggered configuration
is that, in this case, the packaging of the suspension
allows for a more slender nose and, hence, lower
aerodynamic drag, particularly at supersonic speeds,
when wave drag can be expected to dominate. How-
ever, it is desirable that the vehicle should respond
symmetrically both to yaw and steering input. Initially,
the response of the staggered configuration was
considered, with the wheel fairing options detailed in

Figure 8, to investigate if symmetric behavior was
achievable. The simulations were carried out using a
local model consisting of the vehicle nose and cockpit
and the front wheel pair rotating within their wheel
wells. The hybrid meshes typically were of the order of
11.3-M elements, 1.9-M, nodes and 14.8-M edges.
The simulations were performed using 10 CPUs of the
Swansea C2EC cluster, with convergence requiring
5-K cycles for supersonic problems and 15-K cycles for
subsonic problems. Typically, 2.4 cycles were comput-
ed per minute, which equates to a wall clock run time
of around 24 hours and 100 hours for supersonic and
subsonic problems, respectively. Both lift and drag
coefficients were converged to an accuracy of three
significant figures.

Figure 9 shows a detail of a typical subsonic flow
pattern on the ground surface in the vicinity of the
contact patch for the staggered wheel layout, and
Figure 10 presents the computed yaw and steer lateral
force response for the various staggered wheel fairing
options with both the single and triple keel wheel
geometries. It is apparent that a symmetric aerody-

Figure 7. Variation in the lift and drag, normalized by dynamic pressure, q, with free stream Mach number M‘, for each wheel
design considered.

Figure 8. Staggered wheel geometry options: (a) no fairings, (b) fairing option 1, (c) fairing option 2.
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namic response between 22u and +2u has not been
achieved. It is believed that this is largely due to the
interaction between the trailing wheel and the wake of
the leading wheel. Based upon these simulations, the
parallel wheel configuration, depicted in Figure 11, was
adopted for continued design development. Figure 12
indicates the streamline pattern and local Mach
number distribution, created with the parallel config-
uration, on a plane 0.01 m above the ground, close to
the contact patch for a single keel at M‘ 5 1.4.

Figure 13 indicates the lateral force response to steer
and yaw angle for a single keel parallel configuration,

with and without fairings, at M‘ 5 1.1. It is evident
that an aerodynamic response to yaw and steer angle
that is much closer to symmetric has been achieved.
The parallel wheel configuration was, therefore,
adopted in preference to the staggered wheel option,
at the expense of a small drag penalty.

A final consideration, when studying the flow
pattern over the BLOODHOUND nose and front
wheel configuration, is the predicted particle move-
ment in the vicinity of the wheels. BLOODHOUND
SSC will be running across an alkali playa desert
surface, and the wheels will have significant interaction
with the surface. This wheel/surface interaction,
combined with the influence of the vehicle’s pressure
field on the surface, will lead to dust and particle
entrainment into the flow field. Comparisons of
particle traces, such as those shown in Figure 14, give
an indication of the extent to which this particle
entrainment will affect the wheel well surfaces and
surfaces downstream of the front wheels. This, of
course, assumes that the entrained particles behave as
though they are massless.

Further detailed local modeling
Other local model simulations have also been

undertaken and have influenced the design of the full
vehicle geometry. These include a local analysis of the
winglet and tail designs to ensure the optimum size is
selected to satisfy vertical load control in the case of the
winglets, and satisfactory static margin and, hence, yaw
stability across the Mach number range in the case of

Figure 10. Yaw and steer characteristic with staggered wheel configuration at M‘ 5 1.1.

Figure 9. Subsonic simulation with a staggered front wheel
configuration, showing streamlines and Mach contours.
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the tail. Extensive jet engine intake duct modeling was
undertaken to ensure that satisfactory flow is delivered
to the engine compressor face across the Mach number
range. This modeling guided the decision to convert
from a twin intake design (Figure 1) to the current
single intake design, which will be seen later in
Figure 16. Details such as the duct throat area and
area distribution were also designed in this fashion.
Finally, a parametric optimization study was under-
taken focusing on the rear of the vehicle, including the
rear body shape, suspension, and wheel fairing. The
aim of this study was to find a rear geometry
configuration that satisfied both lift and drag targets
for the vehicle rear across the Mach number range.

Full vehicle simulations
The understanding gained from the local computa-

tional fluid dynamics simulations was used to guide the

construction of geometries for full vehicle simulations.
These simulations enable the aerodynamic behavior of
the complete vehicle to be predicted.

Full vehicle simulations were typically undertaken
using meshes of the order of 35-M elements, 10-M
nodes, and 46-M edges. A section through a typical
hybrid mesh used for these simulations is shown in
Figure 15, where the transition from the quasi-
structured boundary layer mesh to the isotropic
Delaunay mesh is clearly apparent. The simulations
were performed using 120 CPUs of the Swansea
C2EC cluster, with convergence requiring 8-K cycles
for supersonic problems and 20-K cycles for subsonic
problems. With 6.5 cycles being computed each
minute, this equates to wall clock run times of around
21 hours and 50 hours for supersonic and subsonic
problems, respectively. Lift and drag coefficients were
converged to an accuracy of two significant figures for

Figure 11. Parallel wheel geometry with fairings.

Figure 12. Simulation with a parallel front wheel configuration showing streamlines and Mach contours at M‘ 5 1.4.
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these simulations, as this level of accuracy was deemed
to be sufficient for identifying trends to guide the
vehicle design.

Figure 16 shows the computed pressure coefficient
distribution over the surface of BLOODHOUND
configuration 10, from April 2010, at a free stream
Mach number of 1.3. Also displayed in this figure are a

number of velocity-colored stream ribbons. Note the
high pressure field above the driver’s canopy as a result
of the twin-shock system formed upstream of the
intake duct, the significant compression as the flow is
decelerated within the intake duct, and the shock
system formed by the rear wheels causing a high
pressure field on the top of the lower suspension strut.

Figure 13. Yaw and steer characteristic for a parallel single keel wheel configuration at M‘ 5 1.1.

Figure 14. Simulation with a parallel front wheel configuration showing velocity-colored particle traces at M‘ 5 1.1.
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It is the presence of this large platform strut that
generates the significant down force at the rear of the
vehicle that is necessary to stop the vehicle from lifting
off the desert surface at high speed.

Conclusions
A fully viscous finite volume procedure using the

HLLC convective flux function and the Spalart-
Allmaras turbulence model on unstructured hybrid
meshes has been employed to study the aerodynamic
behavior of a supersonic land speed record vehicle with
rotating wheels and rolling ground. Local flow
simulations, focusing on such aspects as the front
wheel configuration, combined with full vehicle
simulations have guided the aerodynamic design
process of the BLOODHOUND supersonic car. At
the time of this writing (May 2010), the design phase
of the vehicle is reaching its conclusion and the project
is moving into the vehicle build phase. C
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Figure 15. Details of a cut through a typical hybrid mesh used

for the simulation of flow over the complete BLOODHOUND

SSC vehicle: (a) cut through a large portion of the domain, (b)
zoom on the transition from quasi-structured boundary layer

mesh to isotropic Delaunay mesh.

Figure 16. Pressure coefficient distribution and velocity-colored stream ribbons for a simulation of flow over the complete
BLOODHOUND final geometry vehicle at M‘ 5 1.3.
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The Role of Simulation in Test and Evaluation

Major Cornelius L. Allen, Jr.

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

Simulation has an essential role in test and evaluation. It provides efficiencies in U.S. Army

acquisition strategies of mission-based test and evaluation and integrated testing and training,

as evident with the Boeing Engineering Development Simulator during the Apache Block III

force development test and experimentation testing. Simulators provide a representative

environment where testers can safely test a product’s or system’s mission effectiveness. Ideal for

integrated testing, simulators combine developmental and operational testing as they enable safe

simultaneous testing of multiple elements. Additional benefits of cost and risk reduction were

realized as well as aviation doctrine development.

Key words: Acquisition strategies; aviation combined arms tactical trainer (AVCATT);

Boeing Engineering Development Simulator; hardware development; realistic environ-

ment; risk reduction; safety; software code development; test and training.

A
s a new U.S. Army aviator, I immedi-
ately learned the importance of simula-
tors in both initial and proficiency flight
training. Their significance became
readily apparent recently when, as an

acquisitions test and evaluation officer, I conducted two
simulation-centric tests. The first test focused on the
fidelity of the aviation combined arms tactical trainer
(AVCATT) training simulator, and the second dealt
with the utilization of the simulator to validate tactical
employment methods of new functionalities of the AH-
64D Apache Block III (AB3). This article identifies the
test and evaluation (T&E) and training benefits of
simulators using the Boeing Engineering Development
Simulator (EDS) as a case study.

The AVCATT customer test’s purpose was to
measure the fidelity of a software lot upgrade. The
test focused on the system’s ability to replicate the
Army’s current fleet. AVCATT is a high-fidelity, full-
mission simulator with reconfigurable cockpits that
represent any of the five Army attack, reconnaissance,
and utility helicopters; specifically, for this test it
represents the AH-64D Apache Longbow and OH-
58D Kiowa. For the user, the AVCATT is an air
mission commander’s tool to exercise command and
control operations to conduct company/troop-level
battle drills. Developers utilize customer tests to assess
a product- or system-readiness state and its effective-
ness by placing it in the hands of the user (soldiers).

Simulation’s role in T&E was most significant in the
AB3 Force Development Test and Experimentation

(FDT&E) in October 2009 at the Boeing facility, Mesa,
Arizona, utilizing the EDS. The AB3 is the upgraded
version of the currently fielded AH-64D Apache
Longbow. The primary purpose was to validate aircrew
and teaming, reconnaissance and attack techniques,
tactics and procedures (TTPs) that incorporate the
Unmanned Aircraft System (UAS) level of interopera-
bility (LOI) II–IV, instrument flight rule, and other
functionalities. The objective was achieved along with a
windfall of other benefits to AB3 program, reconnais-
sance/attack aviation, and Army aviation doctrine. The
most pertinent was refinement of the TTPs in manned-
unmanned teaming operations.

UAS levels of interoperability (Dunbar
2010)

N LOI I: indirect receipt of secondary imagery or
data,

N LOI II: receipt of imagery or data directly from
the UAS,

N LOI III: LOI II plus control of the UAS sensor,
N LOI IV: LOI III plus navigational control of the

UAS.

Mission-based test and evaluation
(MBT&E): Focusing the data collection
effort on mission effectiveness

For the unfamiliar, MBT&E is the Department of
the Army/Office of Secretary of Defense standard for
testing to ensure a system of systems or family of
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systems meets the user’s needs (mission task capabil-
ities) as opposed to just ‘‘checking the blocks’’ on a
requirement list. When done correctly, the end result is
an increase in the warfighter’s ability to accomplish his/
her mission. The testers and evaluators must ask
themselves, ‘‘Is the desired effect achieved’’? To answer
this question the test article must be examined in a
representative operational environment; this is where
the EDS enters into the equation. The consensus of
the test team and test players supported that the EDS
not only met but exceeded test expectations.

The EDS is a high-fidelity dome simulator with two
independent but networked cockpits. From the pilot’s
perspective, the cockpits are to-scale functional dupli-
cates of the actual article. They look, feel, sound, and
interact with the crew member just as the aircraft does
to provide representative human-machine interface
data. Limited-motion cueing and vibration are pro-
duced under the crew member seats. Typical aircraft
noise is provided from the appropriate direction and
intensity level by a surround sound audio system.
Recording capability of the crew station multipurpose
displays is available as well as from over-the-shoulder
cameras. Visually, the cockpit is encompassed by large,
high-resolution screens that represent the Apache
tandem cockpit field of view. Inclement weather or
environmental cues such as shadow, sun, and moon
position are present. Additionally, battlefield effects
such as smoke, explosion, and fire are used to enhance
realism. The EDS is supported by an auditorium that
can display the crew member’s multipurpose displays
and a tactical map (Figures 1 and 2).

The instrument of execution, the EDS was more
than capable of providing the virtual mission vignettes
that replicate past, present, and potential threat
scenarios as identified in the operational mission
statement/mission profile document. Vignette devel-
opment incorporated input from various Department
of Defense agencies to ensure all known and forecasted

variables were addressed. First, the mission vignettes
were crafted to test AB3’s enhanced capabilities in the
traditional fight. The traditional fight is defined as a
contiguous force-on-force scenario against a developed
nation’s army. The second objective was to determine
the effectiveness of the aircraft capabilities in today’s
contemporary operating environment. The contempo-
rary operating environment was representative of the
insurgent fight in Afghanistan and Iraq theaters of
operations. A hybrid fight was incorporated in between
for a transitional phase, characterized as a simultaneous
fight against both a defeated standing force and a
constituting insurgent force.

The most apparent advantage of the simulator is that
it provides a substantial amount of data compared to an
aircraft-based event and a realistic combat theater
battle rhythm. A mission set was assigned to each of
three aircrews throughout an eight-day record test. A
total of 23 operational missions were conducted, with
the 24th mission reserved as a test/verification (prove-
out) mission to resolve any tactical steering committee
changes. Mission preparation, including operation
orders, intelligence briefs, rules of engagement, air
mission briefs, rehearsals, and mission debriefs, were
conducted in accordance with a daily combat battle
rhythm. A total of 75.6 simulator flight hours were
flown during the 24 missions. Compared to using
actual aircraft, the EDS obviously facilitated a more
robust schedule (Figure 3). The EDS overlapping
mission cycles were more representative than a typical
single-mission-per-day aircraft event. The operational
tempo generated an optimum data collecting effort

Figure 1. EDS cockpit (photo by Mike Goettings).

Figure 2. Auditorium (from Ferguson 2009).
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while maximizing resources in a significantly safer
environment.

FDT&E and limited user test
(LUT) comparison

N Test team personnel: 15 versus 103,
N FDT&E test cost: 5 percent of LUT cost,
N risk assessment level: low versus high,
N record test days: eight versus nine,
N record data collection events (missions): 24 versus

nine.

High fidelity was achieved by seamless integration of
individual player entities into a multifacet battlefield by
the operations officer from the simulator control room.
The key to a dynamic battle simulation was having the
right personnel (role players) in the room (see control
room personnel list below). Through the operations
officer, control room personnel had vetted interactions
with the battle simulation and aircrew. To establish
tactical realism, the operations officer was centrally
located during the vignettes to orchestrate the event
while reducing game-ism as much as possible. After
sequencing of role player actions, filtering simulation
distractions and nuances from the aircrew was the
operations officer’s next most important task. Con-
versely, other distractions such as sketchy radio
communications and incorrect intelligence information
were incorporated for imperfect conditions—fog and
friction of war. A threat analyst ensured simulated
enemy tactics and systems were employed in accor-
dance with their doctrine and recent Afghanistan and
Iraq battlefield reports. Ranges for probability of hit

and kill were in line with demonstrated enemy
capability. A training and doctrine capabilities manager
recon/attack subject matter expert served as an honest
broker to adjudicate weapon engagements. Video
record capability of the EDS was instrumental in
mission after-action review, continuous TTP refine-
ment, and test team after-action review to ensure the
test team was synchronized.

EDS control room personnel

N Operations officer;
N test officer;
N subject matter expert;
N UAS ground control station operators;
N friendly element controller:

# infantry, armor, artillery, and joint services;
N AH-64D Apache wingman (laptop networked);
N aviation tactical operation control;
N Enemy force commander:

# infantry, armor, artillery, and insurgents;
N Threat analyst;
N EDS operator;
N EDS support personnel:

# simulator operations, environment conditions,
and noncombatants.

Integrated testing: Fusing developmental
and operational testing in one event

Integrating developmental and operational testing
captures test efficiencies by making use of all data
available throughout testing as opposed to two distinct
test phases. Integrated testing is commonly achieved by
increasing operational realism in developmental test-

Figure 3. FDT&E daily schedule.
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ing, therefore, improving the likelihood of success in
subsequent operational tests and ultimately in combat.
Direct user feedback early in developmental testing
greatly reduces the cost of modification. Simulators are
ideal vehicles for integrated testing, as they enable
parallel testing of multiple elements without adding
risk. Simultaneous testing of a developing system and
its application not only reduces resource consumption
but also optimizes its employment once fielded. This
was an operational event with a substantial amount of
developmental testing incorporated.

The ability to temporarily bypass an immature key
component during developmental testing is a time and
cost benefit that simulation provides to complex
programs. In the AB3 program, the EDS allowed
the testing of capability that has yet to reach fruition.
With the Extended Range/Multi-Purpose UAS still in
development, it was advantageous to conduct the
FDT&E in virtual simulation. The LUT utilized an
experimental aircraft, a modified Boeing AH-6 known
as the Unmanned Little Bird (Figure 4). The EDS
allowed the program to proceed on schedule while a
surrogate for the UAS, which was required for the
LUT, was under development.

Operationally, the effects of the AB3 functions on
workload and situational awareness were analyzed in
addition to airspace management and engagement
geometry. Multiple functions of air weapon system
employment were examined simultaneously in the
safety of a virtual environment. The currently fielded
Apache is a complex weapon system with a high
workload. Introduction of the additional task of
controlling a UAS in teaming operations was a critical
concern of the aviation community. The EDS provided
a means of direct comparison of legacy Apache to AB3
crew member workload, situational awareness, and
mission effectiveness. The Army Research Laboratory–
Human Research & Engineering Directorate repre-

sentative was able to isolate when or if a crew member
became task saturated or lost situational awareness.
The tactical steering committee used these observa-
tions to change intracockpit delegation, task division,
and realignment of crew duties.

The greatest risk to dissimilar aircraft operating in
teaming is other aircraft. Therefore, AB3s airspace
management was a critical element of TTP develop-
ment, reducing the risk of placing mixed aircraft teams
in close proximity of each other. At this point, the
TTPs moved from concept to a tangible employment
method. Tactically in cooperative engagements, the
geometry of the (designating) UAS in relation to the
(firing) AB3 was honed to definitive envelope to be
field tested. Equally important, the most efficient
(quickest) method to achieve the correct geometry was
refined. Appropriate engagement geometry requires
both aircraft to have the correct combination of several
factors, such as slant range; engagement fan (azimuth);
air speed; timing; and loitering patterns to acquire,
designate, and process targets.

The AB3 FDT&E leveraged developmental testing
of both software and hardware. The EDS serves as a
continuous test bed for the software code development,
since it uses exact production representative compo-
nents and processors (black boxes) as the AB3.
Engineers routinely use the EDS as a code prove-out
vehicle to answer ‘‘what-ifs’’ and bring anomalies and
glitches to light. In hardware development, the pilots
were fitted with modified HGU-56/P as opposed to
the currently fielded Integrated Helmet and Display
Sight System. The modified HGU-56/P helmet offers
the same mounted monocular helmet display unit with
flight and targeting symbology overlays. A new helmet
system, range of motion, sensor location, cord
restrictions, field of view, and fitting are critical issues
of pilot-vehicle interaction that were examined in
depth. Other than the aircraft, the EDS is the only
environment where the pilots perform normal opera-
tional head movements. Two pilots stated the HGU-
56/P helmets compared to the current Integrated
Helmet and Display Sight System helmet as the best
fit in 20 years of aviation flying service.

Training: Test benefits and more
Beyond the FDT&E test, the EDS contribution to

the Apache Block III limited-user test was invaluable.
LUT pilots underwent a two-week training phase
consisting of academics, EDS sessions, and training
flights in the developmental AB3 aircraft. The LUT
aircrews reinforced their academics with 60 cumulative
flight hours of EDS practical (operational) application,
all of whom stated that using the EDS as a training aid
was advantageous. Both FDT&E and LUT test team

Figure 4. Unmanned Little Bird (photo by Mike Goettings).
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and players recommended the use of the EDS as a
training aid in future testing as well as unit fielding.
Mission segments from the FDT&E missions were
recorded and incorporated into the LUT refresher
training. At the conclusion of the FDT&E, a training
program was finalized for LUT and first-unit-
equipped pilots. Also, training of the test players
identified gaps to be incorporated into the Apache
Longbow Crew Trainer and the new equipment
training package. Training was not limited to the test
players; the LUT test officer, analyst, data collectors,
and data authentication group monitored training and
missions to learn firsthand the AB3’s capabilities.
FDT&E video was used for orientation and training
material, which was especially beneficial for video data
reducers who were not familiar with recon/attack
operations.

Simulator benefits

N Minimal risk to crew members,
N a ‘‘low’’ overall test risk assessment,
N significantly lower test cost,
N larger data collection availability,
N reduced test team, player, and equipment re-

quirement,
N less restrictive:

# existing human use committee approval,
# aircraft airworthiness certification not re-

quired.

Conclusion
As evident in the AB3, simulation’s role in test and

evaluation is that of a key facilitator in the acquisition
strategies of MBT&E and integrated testing. Though
simulation cannot (and should not) be used exclusively
as a testing application, it offers significant reductions
to risk and cost and increased innovative benefits when
supplementing field testing, especially when the system
is not mature. The EDS met and exceeded the test
objective of TTP refinement by providing several other
MUM products and valuable training material. Critical
pilot workload and situation awareness differentials
were identified that were essential in developing
efficient and safe employment of the AB3. Most
notably, the EDS eased the paradigm shift of
reconnaissance and attack aviation operations from
autonomous weapons team to MUM teaming.

Test products

N Level 3 database
N Abbreviated operational test report

N Revised TTP manual
N MUM platform (handshake) checklist
N Operational test agency milestone C assessment

report input
N Recorded mission vignettes (LUT training re-

fresher)

Residual benefits

N MUM airspace management and engagement
geometry

N Vetted AB3 training program
N Identification of tactical suitability and practica-

bility of LOIs
N Standardization of MUM terminology C
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Testing and Assessment in a Joint Distributed Environment

Randy Coonts and Thomas M. Fitzgerald, Ph.D.

United States Joint Forces Command, Norfolk, Virginia

This article presents an overview of the process adopted by the United States Joint Forces

Command (USJFCOM) and its partners to meet requirements to conduct testing and

assessments in a joint mission environment. The process is based on a distributed joint systems

integration/interoperability laboratory concept. The methodology describes the terms of the

governance to ensure joint testing and assessments meet the requirements of the warfighter. The

process is defined in terms of joint mission threads (JMTs), associated metrics, and the selection

and prioritization of JMTs. This is followed by a mapping of JMTs into available exercises

with their embedded systems and a risk mitigation analysis to ensure feasibility. Examples of

this process are discussed in terms of exercise data collected during USJFCOM-supported

exercises.

Key words: Assessments; command and control; integrated architectures, reusability;

joint capability development; joint distributed testing; joint mission environment; joint

mission threads.

T
oday, Joint operational systems are
allowed to ‘‘grow’’ in an environment
composed of agency and Service devel-
opment and testing activities. It should
come as no surprise that many of these

efforts result in a perfectly adequate Service system that
does not perform well in a Joint environment where
integration and interoperability between Services,
agencies, and coalition forces are important. To address
this shortfall, for command and control systems, the
United States Joint Forces Command (USJFCOM) is
developing a joint systems integration and interoper-
ability laboratory (JSIIL) concept. The laboratory is
‘‘virtual’’ and composed of joint, Service, and agency
partners and their accompanying facilities and capa-
bilities. It will use existing venues, networks, and
ranges to perform joint command and control (C2)
program support. The title of the laboratory was
chosen to reflect the goal of changing the way C2
information technology–intensive systems are devel-
oped and fielded and to make the whole process more
agile and rapid.

The idea (or ideal) of testing joint programs in a
joint operational environment is not new. In fact it was
influential in the creation of the Test and Resource
Management Center in 2003 and the Testing in a Joint
Environment Roadmap1 in 2004. The Director,
Operational Test and Evaluation (DOT&E), devel-

oped the Testing in a Joint Environment Roadmap,
which led to the creation of the Joint Mission
Environment Test Capability (JMETC) and the Joint
Test and Evaluation Methodology (JTEM), a joint test
and evaluation (T&E) project. JMETC provides the
infrastructure for joint testing, and JTEM provided an
initial methodology for conducting the joint tests. Both
of these are critical parts of the capability to conduct
joint tests, but there remained at least one missing
piece: the joint requirements along with the joint
mission threads (JMTs) to provide the operational
context and the criteria used to measure effective
performance.

Background
USJFCOM began evaluation of testing in a joint

environment process with the advent of responsibility
for joint battle management for C2 followed by joint
capability development for C2. A major factor in
expanding this evaluation was the coincidence of
USJFCOM joint capability development (USJFCOM
J8) providing command oversight of the Coalition
Warrior Interoperability Demonstration (CWID) pro-
gram and the evolution of test threads into the Empire
Challenge (EC) and Bold Quest events. These field
demonstrations and assessments have been annual
events, and they rely on support from a number of
activities including USJFCOM organizations, specifi-
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cally the Joint Systems Integration Center (JSIC) in
Suffolk, Virginia, and the Joint Fires Integration and
Interoperability Team (JFIIT) at Eglin Air Force Base,
Florida. Annually these organizations identify prom-
ising technologies that are intended to address current
operational concerns in the command and control and
intelligence processing, interpretation, and dissemina-
tion areas. However, once these technologies are
identified, the long process leading to operational
fielding only begins. The hypothesis behind the JSIIL
is that it is possible to accelerate this fielding process by
making more effective use of existing venues that
support not only demonstration and assessment but
also development testing, operational testing, joint
interoperability testing and certification, and informa-
tion assurance certification and accreditation.

The leadership of USJFCOM J8 investigated
requirements for testing and assessments in a joint
environment and determined that they actively partic-
ipate in programs to be tested and assessed, potential
venues (e.g., CWID and EC), ‘‘testing and assessment’’
activities through JFIIT and JSIC, and the evolution of
test threads into the development of JMTs (scenarios)
in support of command and control requirements.
What was still needed was a further definition of the
criteria for meeting the C2 requirements. In February
2009 the JSIIL idea was proposed to the Joint Staff J6,
the Joint Interoperability Test Command (JITC), and
the Defense Information Systems Agency (DISA) at a
session to determine how JITC and USJFCOM could
further enhance their cooperative efforts. It was
unanimously endorsed, and USJFCOM set out to
refine and develop the concept. Eventually the effort
resulted in a Joint C2 Network Partnership (JC2NP)
Steering Group.

As criteria were developed (initially called net-
enabled Universal Joint Task List criteria for estab-
lishing better key performance parameters for measur-
ing and testing C2) it became evident that this
approach would need to engage other partners to
include the joint testing and the DOT&E and Service
operational test communities. So the dialogue with the
DOT&E and Service test activities was initiated.
Again there was widespread, albeit qualified, accep-
tance of the concept provided it did not increase cost
and resulted in more rapid fielding. The focus was on
the development of a Strategic National (SN) Univer-
sal Joint Task (UJT) for interoperability called SN 7.8
UJT.

In March 2009, USJFCOM began the development
of the JSIIL concept with parallel actions to:

N develop an agreed upon set of JMTs that would
provide operational context for measuring im-

provements for C2 capabilities in a full range of
Joint operational requirements;

N create a set of SN 7.8 UJTs–based criteria that
would provide a means of measuring the
attainment of the mission thread capabilities;

N begin the process of matching C2 programs (both
legacy and new) to a mission thread and a set of
SN 7.8 UJT criteria;

N align the evaluation of programs, by mission
thread and SN 7.8 UJT, to an existing venue, e.g.,
CWID and EC, to begin investigating the
concept; and

N define, coordinate, and establish a governance
forum for the testing and certification process to
provide support and oversight of the effort.

Since March 2009, USJFCOM has concentrated on
the development of JMTs and an SN 7.8 UJT. In a
novel approach the team built and applied the SN 7.8
UJT in an existing venue, the Joint Expeditionary
Force Experiment. This first addition of a Service
assessment venue, in this case Air Force, helped define
other venues that would be needed to make the process
persistent throughout the year rather than just
episodic. Two lessons were learned in this first effort:
additional definition of the SN 7.8 UJTs was needed,
and data to support a rigorous objective measurement
process were not routinely captured in the demonstra-
tion and assessment events. Both of these areas are
being further developed in preparation for future
events.

Process
USJFCOM, in cooperation with DISA/JITC, the

joint staff, the DOT&E community, and the Service
operational test agencies (OTAs), has just started on a
journey to significantly enable the joint testing and
assessment process. There has been widespread en-
dorsement of the need for improvement and the
deliberate approach that is being followed by USJF-
COM. The goal is to provide an environment that will
support joint testing, assessments, and certification
through a ‘‘one team, one time, one set of conditions’’
approach. A lot of hard and tedious work lies ahead,
but with continued focus on the goal to rapidly field
needed operational capability, the effort will succeed.
The joint testing/assessment process up to the
development of JMTs is summarized in Figure 1.

From a USJFCOM perspective, the governance for
joint testing comes from USJFCOM’s Unified Com-
mand Plan,2 which includes the following:

a. Providing recommendations to ensure integration
of Service, defense agency, interagency, and
multinational capabilities development;
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b. in coordination with the chairman, leading the
development of joint concepts, requirements, and
integrated architectures for joint C2 to ensure
integration and interoperability from the tactical
level through the interface with the global level;

c. in coordination with the chairman, supporting
the development of fully interoperable joint
warfighting capabilities and concepts.

In addition USJFCOM is a full partner with
DOT&E, which leads the development and execution
of the Testing in a Joint Environment Roadmap. The
Roadmap establishes the policy that developing and
fielding joint force capabilities require adequate,
realistic T&E in a joint operational context.

DOT&E also leads the Testing in a Joint Environ-
ment Roadmap Senior Steering Group (TSSG)3 and
has chartered a TSSG Advisory Group (TSSG-AG) to
investigate the ramifications of the Roadmap. USJF-
COM is a member of each group. The TSSG-AG uses
the following working definitions for the elements
shown in Figure 1:

N joint operational environment: The environment
of land, sea, and/or airspace within which a joint
force commander employs capabilities to execute
assigned missions;
N Joint Publication (JP) 1-02: 4 A composite of

the conditions, circumstances, and influences
that affect the employment of capabilities and
bear on the decisions of the commander;

N JP 3-05expands on the JP 1-02 definition: it
encompasses physical areas and factors (of the
air, land, maritime, and space domains) and

the information environment, which include
the adversary, friendly, and neutral systems
that are relevant to a specific joint operation;

N joint mission environment: ‘‘A subset of the joint
operational environment composed of force and
non-force entities; conditions, circumstances and
influences within which forces employ capabili-
ties to execute joint tasks to meet a specific
mission objective’’;

N joint test environment (TSSG-endorsed defini-
tion): The appropriate combination of represen-
tative systems, forces, threats, and environmental
conditions assembled for test in a joint mission
environment to support evaluations. These rep-
resentations can be live, virtual, and constructive,
or distributed combinations thereof. The joint
test environment should also include certified
models and simulations, test and evaluation
master plans from the program managers and
Program Executive Offices;

N joint mission thread: An operational and technical
description of the end-to-end set of activities and
systems that accomplish the execution of a joint
mission (Ref. Chairman Joint Chiefs of Staff
Instruction [CJCSI 6212.01E, Dec 08]). This
definition is currently being revised by the joint staff.

For the past few years USJFCOM has been using an
expanded view of the joint mission environment as a
multiservice operation described in the context of a
joint integrated architecture. Also under consideration
is including the role of a joint task force commander
and coalition forces in the definition.

Figure 1. Joint testing/assessment process.
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Over the past several years there has been consid-
erable interest in understanding and executing joint
military operations. One approach to this understand-
ing has been the development and use of Department
of Defense (DoD) Architecture Framework6 products.
Combatant commands (COCOMs), Services, and
agencies have spent considerable time and energy
developing these products to understand and manage
the complexity associated with military operations.
USJFCOM in particular has worked closely with the
services and agencies to develop architecture templates
describing major combat operations, homeland securi-
ty, and disaster relief, among other areas. These
products have been used to support joint task force
(JTF) organizational planning for the COCOMs,
demonstrations, exercises, and test planning. They
have also been coordinated with the Master Training
Guide for the training of JTFs.

One of the major mission areas of USJFCOM as
assigned through the under secretary of Defense is as
co-lead of the Command and Control Capability
Portfolio manager, whose task is to identify opportu-
nities to improve joint interoperability, eliminate
redundancies, identify gaps, and streamline the acqui-
sition and budget processes to support the C2 needs of
the Joint force commander. Explicit to this responsi-
bility is the mandate to support integrated architectures
for the portfolio.

During this time frame there has also developed a
need to provide a joint environment to support testing

and assessment of the increasing numbers of joint
systems being introduced into the acquisition process.
DOT&E has recognized this requirement and has
published the DOT&E Roadmap, established JTEM,
and created JMETC, which focuses on the required
persistent infrastructure to conduct joint tests. The
joint mission environment, however, remains to be
defined from the operational perspective for a Joint
program manager who has to test systems or systems of
systems in the joint mission environment.

Architectures and joint mission threads
The architectural efforts at USJFCOM, coordinated

with the services, extend from the operational JTF
headquarters to the force component commanders
down to the tactical level and at least one level up to
the strategic level. It includes everything from mapping
of joint capability areas to Universal Joint Task Lists to
organizational activities to Joint Common System
Function Lists to systems. It is within this architectural
context that the joint mission thread can be developed
with associated metrics and measures that support
testing and training, which can be used to identify
gaps, redundancies, and potential solutions.

The approach currently used at USJFCOM is
similar to the approach used in the earlier joint battle
management for C2 effort at USJFCOM, where a
JMT, e.g., Joint Close Air Support, was assessed
analytically and assessed/tested in the context of a joint
integrated architecture. That approach can be de-

Figure 2. JMT development products.
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scribed as architecture-driven analysis; the approach
recommended here for the T&E community is
architecture-driven testing and assessment. The com-
mon theme of an integrated architecture provides
continuity and unity of effort across the DoD. Some
may prefer to call this a JMT approach to testing and
assessment vice an architecture approach. That is
acceptable because JMTs are to a large part made up
of architectural products. This is a natural evolution of
the communities of interest to understand and deal
with the complexity of testing and assessing joint C2
capabilities. Figure 2 illustrates the JMT development
products.

As can be seen in Figure 2, many of the JMT
products are DoD Architecture Framework products
composed of operational views, system views, and all
views and may include tactics, techniques, and
procedures for particular JMTs. Tool suites can also
be included, e.g., Joint C2 Architecture and Capability
Assessment Enterprise, a USJFCOM architecture
development and data base tool augmented by the
Joint Doctrine Education and Training Information
System and the Joint Common System Function List
(JCSFL). The JMTs are broken down into higher

resolution levels called tier levels. Through efforts of
the Joint Mission Thread Architecture for Testing
Working Group (JMTAT WG),7 composed of several
hundred participants from COCOM, Services, and
agencies, this community of interest is converging on a
workable (if not yet common) definition of a JMT.
From the acquisition and tester perspectives, JMTs can
provide the common solution to the needs of both
communities and are being widely recognized as such.

The proposed JMT initial list under consideration
for investigation by USJFCOM in the future is shown
in Figure 3. Also depicted is a high-level nodal
diagram for a Joint Close Air Support mission. If
USJFCOM and the testing community are to speed up
the delivery of capability to the warfighter, there needs
to be multiple partnerships in a parallel development
and assessment of these JMTs. Currently a JMT
Concept of Operations document is in the Joint Staff
Action Processing review external to USJFCOM.

Up to this point the process has been one of analysis,
sometime referred to as a desktop analysis phase,
requiring constructing JMTs at different levels of
fidelity, developing the associated metrics, developing
executable architecture, and running appropriate mod-

Figure 3. Proposed JMT initial list.
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els and simulations to provide guidance on the possible
way ahead to a more formal testing and assessment
process.

The selection process to move toward a testing and
assessment approach of C2 capabilities through JMTs
is shown in Figure 4, where, along with the JMT of
interest, suitable venues and necessary systems that are
available need to be considered. Venues can include
training exercises, CWID, joint capability technology
demonstrations (JCTDs), multiservice events, etc.
Systems can include Service, joint, and coalition
systems in various stages of development from concept
to development to programs of record to postdeploy-
ment. The intersection of the three Venn diagrams in
Figure 4 represents a synchronized compilation of
threads, systems, and venues to be tested/assessed.
Once developed and tested, these JMTs are reusable
and provide an efficiency in follow-on tests that may
need pieces of these JMTs to investigate and test
related JMTs.

There is still a requirement for a set of selection
criteria in choosing an appropriate subset of threads,
systems, and venues.

USJFCOM has partnered with DOT&E to partic-
ipate in its Interoperability and Information Assurance
program. Under a congressional mandate administered
by DOT&E, an Interoperability and Information
Assurance assessment must be conducted in at least
one COCOM exercise per year per COCOM.
USJFCOM has been working with DOT&E in
developing JMTs to support several COCOM exer-

cises. DOT&E provides data collectors primarily
through the OTAs for these exercises. Because of
mutual support, these exercises are of high interest to
USJFCOM as likely venues to pursue.

The Training Directorate of USJFCOM, J7,
conducts several major training exercises per year
including mission rehearsal exercises. While training
exercise objectives are of primary concern, there is a
formal mechanism for introducing technology ele-
ments, including operational test events, into a training
exercise without compromising the training objectives.
The mechanism is a slightly outdated acronym, JETA,
standing for Joint Experimentation, Joint Test &
Evaluations, and Advanced Concept & Technology
Demonstrations. It is considered slightly outdated
because Advanced Concept & Technology Demon-
strations have been replaced with JCTDs. With the
shortage of troops available for many venues, it is a
matter of necessity and efficiency that the common
goals of the testing and training communities be
aligned wherever possible. Within USJFCOM and
with DOT&E there is an extensive effort to take
advantage of the widely perceived efficiencies to be
gained by both the testing and training communities
through closer cooperation. A simple example is the
certification by the training community of a particular
tool used to collect data during a test. Following
certification by the training community, there was no
problem using that tool to collect valuable test data in a
training exercise. Examples like this are important so
that extensive test tools being developed by InterTEC8

Figure 4. Selective process.
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can be used in training exercises without fear of
jeopardizing training objectives. A more complicated
example relates to the gains to be had when taking
simultaneous advantage of test and training ranges,
another area of interest to both USJFCOM and
DOT&E.

USJFCOM is also responsible for conducting the
CWID program, which provides numerous opportu-
nities for the United States to investigate, assess, and
test new technologies with coalition partners. USJF-
COM is also a major participant in the JCTD
program, which is another opportunity to provide
demonstrated, operationally assessed, and tested tech-
nologies for meeting warfighter requirements. There
are also numerous multiservice events that provide
additional opportunities for testing and assessment.

In selecting from various events, a simple risk
mitigation approach is used that considers time,
funding, program synchronization, measurable metrics,
certified tools, verified models and simulations, and
suitable facilities. At this point a recommendation of
where and how to conduct the test/assessment is made.

Distributed testing/assessment
Figure 5, compiled by the JMETC office, shows

integration of test and training networks/sites that
could be used to conduct a specific test/assessment.

Approximately 40 of these sites are linked together via
the efforts of JMETC with several more sites to be
added over time, providing a sustainable base infra-
structure to support testing/assessment and training.
Based on the analysis to identify an appropriate set of
threads, systems, and venues under the JSIIL concept,
a suitable set of facilities can be selected for the test/
assessment process. The Joint Systems Integration
Center and the JFIIT are part of the USJFCOM J8
Directorate and would be considered like any other
organization as a possible candidate to participate in
the test/assessment process. Neither JSIC nor JFIIT is
a formal test agency, although both have worked with
the OTAs and JITC by providing supporting assess-
ments. The ultimate selection is a consensus provided
by the JC2NP Steering Group. An early example of
this selection approach for a distributed event was
evaluated with the Simulation and Analysis Facility
(Menke and March 2009) at Wright-Patterson Air
Force Base, Ohio, in support of the Air Ground
Integrated Layer Exploration project, which provided
valuable lessons learned. As additional sites are needed
they become part of the configuration.

A draft JSIIL organization chart is shown in
Figure 6. JSIIL would serve as a focal point for joint
integration/interoperability assessments. It would pro-
vide a coordinating and facilitation service; harness the

Figure 5. Integration of test and training networks.
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conditions present in operationally realistic joint,
coalition, and combined arms environments; provide
alignment of JMT development and supporting
systems engineering efforts; and provide objective
feedback and recommendations to the Under Secretary
of Defense for Acquisition, Technology, and Logistics;
DOT&E; Services; and the TSSG for determining
annual priorities and establishing a longer term plan of
action and milestones for JSIIL.

The JSIIL director is provided by USJFCOM J8 and
coordinates findings of the 0–6 Working Group. The
director briefs those findings to the JC2NP Steering
Group. The JC2NP Steering Group is the senior
governance body with a tri-chair under consideration
that approves a JSIIL priority list and the JSIIL annual
project plan. The JSIIL Coordination Cell is chaired
by USJFCOM’s Joint Capability T&E division head.
JSIC and JFIIT from USJFCOM J8, the USJFCOM
J7 Joint Training/Joint Warfighting Center Director-
ate, and the J9 Joint Concept Development and
Experimentation Directorate support the JSIIL Work-
ing Group.

In summary, the JSIIL joint assessment process is
shown in Figure 7. It is a virtual concept of a
consortium/partnership of organizations brought to-
gether to satisfy the requirement to assess/test in a joint
environment. It is made up of a variety of organiza-
tions, e.g., DDR&E; DOT&E; the Under Secretary of
Defense for Acquisition, Technology, and Logistics;
the chairman; the Joint Chiefs of Staff; the Under

Secretary of Defense for Personnel and Readiness; the
Assistant Secretary of Defense for Networks and
Information Integration/Department of Defense chief
information officer; the Under Secretary for Intelli-
gence; OTAs; Test and Resource Management Center
ranges; JMETC; training ranges; DISA; JITC; Service
Warfare Centers; academia; industry; agencies; and
COCOMs. It is in effect an effort to marshal this
nation’s technological expertise to speed capabilities
into the hands of the warfighter through more efficient
testing in the joint environment. This is not a task that
can be done by any one organization.

In 2007, an article appeared in ITEA Journal entitled
‘‘‘Born-Joint’—Is the T&E Community Ready?’’
(Hutchison 2007). The answer then was no, not
without additional efforts in the areas of policy,
funding for JMETC, completion of JTEM, and
creation of joint environments for training and T&E
and leadership. With advances in all these areas and
the subsequent development of more refined joint
architectures and JMTs, creation of a JC2NP, support
of a JSIIL concept, and a more open dialogue among
the communities of interest, considerable progress has
been made. A JSIIL endorsement letter by flag officers,
general officers, and Senior Executive Service members
from the testing community; acquisition community
joint staff; and USJFCOM has recently been signed.
This endorsement, coupled with an expansion of the
existing partnerships, strengthens the foundation for
continued progress in joint distributed testing and
assessment. C
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Endnotes
1DoD Testing in a Joint Environment Roadmap signed by the Deputy

Secretary of Defense, November 12, 2004.
2Unified Command Plan, Secretary of Defense, October 3, 2008.
3TSSG. A senior DOT&E advisory group of flag officers, general

officers, and Senior Executive Service members.
4DoD Dictionary of Military and Associated Terms, Joint Publication 1-

02, April 12, 2001.

5Doctrine for Joint Operations, Joint Publication 3-0, September 10,

2001.
6DoD Architecture Framework version 2.0, May 28, 2009.
7The JMTAT WG was formed as a sub–working group to the JSIIL

concept. The JMTAT WG represents a convergence of internal

USJFCOM JMT groups with stakeholders from other communities

across DoD including testing and architecture.
8InterTEC. An Office of the Secretary of Defense–sponsored program

under the Central T&E Investment Program to develop and field a

distributed test capability to conduct end-to-end joint mission interop-

erability and net ready testing in coordination with JMETC.
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Changing Norms: Keeping Army Test and Evaluation
Flexible and Adaptable

Ronald Crevecoeur

Army Evaluation Center (AEC), Arlington, Virginia

As the U.S. Army leadership continues to shape the Army force generation concept to generate

continuous readiness that supports strategic flexibility and depth to the Army warfighters, the U.S.

Army Test and Evaluation Command (ATEC) leadership continues to embrace and implement

strategic changes to facilitate the fielding of equipment to the warfighters.1 ATEC has demonstrated

adaptability and flexibility in meeting the challenges associated with the traditional acquisition

process and the necessities that resulted from the deployment of troops to Iraq and Afghanistan. This

article highlights the organizational evolution of the Army test and evaluation community, examines

the scope of three of the latest test and evaluation policies, and reviews how ATEC is adjusting its

culture throughout the command to achieve these policies. Finally, this article recommends a path

ahead for successful inclusion of specific norms in the community’s business practices.

Key words: Acquisition; Army Test and Evaluation Command (ATEC); culture;

fielding; Forward Operational Assessment Team; military systems.

We will continue to examine and challenge our most basic institutional assumptions,
organizational structure paradigms, policies, and procedures to better serve the Army.

—Commanding General, Army Test and Evaluation Command,
Commander’s Priorities for FY 10–15

A
s the Office of the Secretary of
Defense (OSD) establishes new ac-
quisition and test and evaluation
(T&E) policies, the fundamental pur-
pose of T&E remains to provide

unbiased and relevant information to the decision
makers to manage risks. Between 1999 and 2006, four
different studies, conducted by different groups,
consistently revealed similar concerns on the nature
of the needed change in T&E practices.2 In December
2007, OSD published a series of T&E policies, which
include the following three:

N Evaluations shall include a comparison with
current mission capabilities using existing data, so
that measurable improvements can be determined.

N T&E should assess improvements to mission
capability and operational support based on user
needs and should be reported in terms of
operational significance to the user.

N To maximize the efficiency of the T&E process
and more effectively integrate developmental and
operational T&E, evaluations shall take into

account all available and relevant data and
information from contractor and government
sources.3

Were the previous policies inefficient, or is it the
workforce’s interpretation of the policies that justifies
change? One can argue that the answer is a combina-
tion of the two. The lenses through which the work-
force interprets and implements these policies play a
significant role. Edgar H. Schein, a founder of the field
of organizational psychology, summarizes the essence
of culture as ‘‘the learned, shared, tacit assumptions on
which people base their daily behavior.’’4 An expert on
business leadership and a professor at the Harvard
Business School, John P. Kotter wrote, ‘‘Culture
refers to norms of behavior and shared values among
a group of people.’’5 It is reasonable to say that
the cultures within the Department of Defense
organizations are shaped by statutory requirements,
policies, and regulations. However, the norms reflect
persistent ways and beliefs adopted by employees and
vary from differing agencies and sectors of these
organizations.
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Strategic communication, strategic and creative
thinking, and consensus building are essential norms
to be embraced by the T&E workforce. Embracing
these norms adds efficiency to the acquisition com-
munity to provide the needed weapon systems to the
Service members. This article does not advocate for
Army Test and Evaluation Command (ATEC), as an
Operational Test Agency (OTA), to relinquish its
statutory obligations. On the contrary, the article
recommends a series of considerations that will lead to a
more robust T&E strategy and facilitate the successful
implementation of not only ATEC’s statutory obliga-
tions but also the three policies outlined above.

Historical roots of T&E in acquisition of
military systems

The genesis of the current T&E policies resides in
the Blue Ribbon Commission on Defense Manage-
ment report. Waste and lack of trust that pervaded the
acquisition process in the 1980s generated the need for
this report. President Ronald Reagan established the
Commission in 1986 ‘‘in part because public confi-
dence in the effectiveness of the defense acquisition
system has been shaken by a spate of ‘horror stories’—
overpriced spare parts, test deficiencies, and cost and
schedule overruns.’’6 Describing how the successful
commercial programs go about identifying and man-
aging risks, the Commission reported, ‘‘Prototyping,
early operational testing, and red teaming are used in
concert for the timely identification and correction of
problems unforeseen at a program’s start.’’7 However,
T&E policies have not been implemented consistently
throughout the T&E community. The professionals in
the operational T&E community had always been
reluctant to accept data generated in differing events
and environments or with immature prototypes. This
reluctance is based on interpretation of their mandate
articulated in the Title 10 USC Section 139, which
states ‘‘Operational test and evaluation means the
field test, under realistic combat conditions, of any
item of (or key component of) weapons, equipment, or
munitions for use in combat by typical military users;
and the evaluation of the results of such test.’’8

History of change and adaptability
in ATEC

The Army T&E community went through a major
reorganization starting with the Vice Chief of Staff’s
approval on November 18, 1998, to consolidate
developmental and operational testing.9 This resulted
in the redesignation of the agency known as Opera-
tional Test and Evaluation Command to ATEC on
October 1, 1999.10 This new command was chartered
to be the Army’s T&E integrator by combining

developmental testing (DT) and operational testing
(OT) as well as the evaluation functions under one
umbrella.11 ATEC uses an integrated multidisciplinary
team, designated ATEC System Team (AST), which
consists of representatives from each subordinate
command activity to perform the T&E functions for
each system.12

ATEC leadership sensed the need for deeper adjust-
ment in their command’s business practices at all
levels. Major General John Marcello, Commanding
General ATEC, referring to the transformation
undertaken by the Army to meet the challenges of
the twenty-first century and the T&E community’s
role in system procurement, wrote ‘‘To do its part,
T&E, ‘the conscience of acquisition,’ must adjust the
way it does business, or risk denying the Army’s grand
initiative its needed momentum.’’13 Mr. Brian M.
Simmons, then Deputy to the Commander and
Technical Director at the U.S. Army Developmental
Test Command (DTC), wrote in an editorial, ‘‘The
Office of the Secretary of Defense (OSD) will provide
the necessary policy framework, budget numbers and
requisite support; but the onus is on the leaders in the
field to transform now to a more flexible, responsive
and efficient T&E capability to support the warfight-
er—today’s and tomorrow’s.’’14 This tradition con-
tinued when ATEC adapted its business practices to
better serve the nation after the September 11, 2001,
attacks.

To respond to the urgent and rapid demand for
weapons to support the deployment in Iraq and
Afghanistan, ATEC institutionalized a new reporting
process that stressed the identification and documen-
tation of the equipment capabilities and limitations
for the decision makers and the users prior to fielding
to theater. Since November 2003, ATEC has been
deploying the Forward Operational Assessment (FOA)
team, on six-month rotations, to Iraq, Kuwait, and
Afghanistan ‘‘to collect information on the systems, to
identify shortfalls and fix issues dealing with everything
from filling gaps in communication to conveying what
Soldiers are actually requesting in new equipment and
capabilities.’’15 However, the most profound change
in ATEC’s culture has been in a significant campaign
to embrace and implement guidance published in a
December 2007 memorandum and later incorporated
in the revised Department of Defense Instruction
5000.02, Operation of the Defense Acquisition System,
December 8, 2008.16

ATEC’s posture
Aware of the acquisition challenges, which include

procurement timeline, development of software-
intensive systems, and lack of adequate time to conduct
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comprehensive T&E, the ATEC leadership fully
embraced the OSD policies. They espoused aspects
of a philosophy pursued in Army T&E since 1999 with
the establishment of ATEC, which integrated DT and
OT and championed the methodology of continuous
evaluation. Early in January 2008, the leadership
started an aggressive campaign and enacted various
business practices and meaningful strategic initiatives
to posture the ASTs to successfully implement these
policies. These included a strong and renewed early
focus on suitability assessment, application of experi-
mental design in T&E planning, coordination on all
T&E documents and products with the program
manager (PM) to avoid any surprises and mitigate
high T&E costs, and most importantly implementa-
tion of the mission-based T&E (MBT&E).

MBT&E provides the foundation for the imple-
mentation of the policies throughout the command.
‘‘Mission-based T&E focuses on the identification
and alignment of system components and functions
with the tactical missions and warfighting functions/
tasks that the system supports.’’17 The practice of
MBT&E shifts the focus of the T&E effort from the
materiel attributes expressed in the capabilities docu-
ments and the critical operational issues and criteria
to the operational capabilities necessary for the
warfighters to perform their mission. It requires
coordination and buy-in from all key stakeholders.
The success of this process depends on the AST
members’ knowledge and understanding of the tactics
and procedures as well as a general operational
understanding of the units’ generic mission. However,
MBT&E does not preclude the AST to pursue a
strategy that includes verification of demonstrated
system performance. What additional norms can the
command and its workforce adopt to continue its
contributions to the acquisition process?

T&E policies scope and applicability
in ATEC

Evaluations Shall Include a Comparison With Cur-
rent Mission Capabilities Using Existing Data, So
That Measurable Improvements Can Be Determined.
This policy is about comparing evaluations, not the test
events, to discern measurable improvements. It does
not advocate the need for additional test events if the
relevant data are available. As a matter of fact, it
embraces the use of existing data and requires the
AST to look for opportunities outside the traditional
T&E framework to support evaluation activities. The
continuous evaluation method professed by AEC and
the practice of MBT&E provide the infrastructure to
fully implement this policy.

It is the AST’s obligation to use creative and
strategic thinking to identify venues that facilitate
comparison of mission capabilities. As practiced in
the Air and Missile Defense community, the T&E
Working-Level Integrated Product Team (WIPT)
leverages various Air and Missile Defense systems’
tests and joint exercises as long as the objectives can
be integrated on a noninterfering basis. ASTs need
to start considering the Army Force Generation
(ARFORGEN) training cycle as a venue to conduct
the initial operational test and evaluation. In describing
the ARFORGEN as the ‘‘drive train,’’ ‘‘The Army
focuses units against future missions early and task
organizes modular expeditionary forces tailored to
mission requirements. …[O]perational requirements
drive the ARFORGEN training and readiness pro-
cess.’’18 This leverage of the ARFORGEN can also
alleviate the challenge to test execution in the lack of
availability of military units due to real-world obliga-
tions. However, particular coordination and planning
must take place prior to ATEC’s participation in these
activities.19 Approval will require Army senior leader
involvement to include ATEC and participating
operating forces.

In the meantime, the deployment of the Army units
to Iraq and Afghanistan provide an opportunity to
evaluate mission capabilities in the most realistic
environment for systems deployed in these theaters.
ATEC has been at the forefront to support and
leverage possible data within this operational environ-
ment through the FOA team. This new paradigm
differs greatly from the operational testing traditionally
performed at the test ranges in support of the
acquisition efforts. The FOA team is embedded with
various selected units in theater to observe and collect
real-time information, in a nonintrusive fashion, as the
conflict takes place. Ultimately the AEC personnel can
use these data to perform the evaluation and document
the systems’ existing capabilities demonstrated in an
operational environment. This evaluation will consti-
tute the mission capabilities baseline against which
future system improvements or systems with similar
capabilities procured for units with similar missions can
be compared. Having established this baseline, the
AST must remain aware that the tactics and proce-
dures used in Iraq and Afghanistan are tailored for this
specific environment to fight the specific enemy.
Therefore, as the user adjusts the tactics and the
concept of operations, the AST must adapt its strategy
and take these changes into consideration to properly
conduct the comparable evaluation.

T&E Should Assess Improvements to Mission
Capability and Operational Support Based on User
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Needs and Should Be Reported in Terms of
Operational Significance to the User—Evaluation
Conducted in the Mission Context. The first obser-
vation is that this policy statement focuses on ‘‘mission
capabilities.’’ This focus represents a key shift from
previous policies where the T&E emphasis was on
verification of equipment performance against the user
requirements. This policy statement is long overdue,
and ‘‘units equipped with the systems perform the
missions. Systems just sit there.’’20 This entails
evaluation, as the equipment matures and the various
support packages become available, that is to be based
on data generated from events where the equipment is
manned with trained military personnel, to include
operators and maintainers, performing a representative
mission in accordance with approved tactics, tech-
niques, and procedures. Second, this policy mandates
assessment of ‘‘operational support based on user
needs.’’ This requires an assessment of operational
suitability to include the entire logistics trail, wartime
usage rates, reliability, and maintainability. The
community has to question how realistic is this second
frame of the policy, and it has to be willing to exercise
common sense to ensure that the associated cost and
necessary schedule allotment do not outweigh the
benefits.

There are some significant challenges and limita-
tions for any Service OTA to fully implement this
policy. The United States usually prosecutes wars as a
joint fighting team or part of a multinational force.21 It
is unrealistic to develop a T&E strategy to capture
comprehensive missions to be performed by a single
military unit. Test events are experiments that can
never replicate the fog and friction of war as postulated
by Clausewitz.22 The AST and the T&E WIPT must
establish realistic expectations. The senior leaders must
recognize these challenges and limitations and be
willing to live with them.

To Maximize the Efficiency of the T&E Process
and More Effectively Integrate Developmental
and Operational T&E, Evaluations Shall Take Into
Account All Available and Relevant Data and
Information From Contractor and Government
Sources. The policy states the approval to use available
and relevant contractor data with such clarity. It
represents the biggest departure from previous T&E
policies. The operating word is ‘‘relevant.’’ The
Defense Science Board reported in 1999 that ‘‘the vast
majority of test objectives (80%) provide developmen-
tal insights as well as operationally relevant informa-
tion.’’23 However, the questions are: how reliable are
they, were they generated in the right context, and
were they properly collected and reduced? This policy

provides tremendous flexibility for the Service OTA to
work early with the PMs to shape the contractor tests
by documenting their needs and requests for the
contractor data. The AST early involvement required
by ATEC leadership is essential in implementing this
policy.

A catalyst in this process is a Test and Evaluation
Master Plan (TEMP) coordinated, vetted, and ap-
proved by a T&E WIPT to document all stakeholders’
requirements.24 However, in a September 2, 2008,
memorandum, Department of Army representatives
wrote ‘‘Our 30-day standard for a HQDA [Headquar-
ters, Department of the Army] approved TEMP is
still not always being achieved.’’25 They recommend
empowerment of the T&E WIPT members, involve-
ment of management from all levels, open and honest
working relationships, and early initiation of the
formal approval process to improve the TEMP
approval timeline.26 As the proponent of the TEMP,
the Materiel Developer is responsible to ensure this
overarching strategic plan is approved early and should
be incentivized to use military subject matter experts,
to include operators and maintainers, during their DT
to provide feedback regarding the design’s potential
military usefulness.

Additionally, the current instruction states, ‘‘The
lead OTA shall brief the DOT&E on concepts for an
OT&E 120 days prior to start. They shall submit the
OT&E plan 60 days prior, and shall report major
revisions as they occur.’’27 To successfully create an
environment to generate data that are relevant to dif-
fering stakeholders, there must be a prerequisite step
much earlier than these timelines. A path ahead should
be to require the T&E WIPT, not just the Lead OTA,
to brief key stakeholders, to include OSD for oversight
programs, 180 days after a system becomes a program
of record on its T&E strategy. This briefing should
focus mainly on the test events to be conducted
through initial operational test and evaluation to
include contractor tests, government DT, and OT.
This approach will force the T&E WIPT members to
get involved early in identifying their requirements
and therefore highlight the contentious issues and
challenges early for resolution.

Path ahead
Although the nature of the working relationship in

the T&E WIPT can be one of collaboration, there is
need for improvement in removing parochialism and
cultural barriers. The ATEC leadership has been
fostering a more cooperative environment. The AEC
Director mandated that the AST invite the PM to
attend and participate in T&E strategy briefing
presented to ATEC. ATEC’s policy requires the
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AST to coordinate all T&E documents and products
with the PM to avoid any surprises and mitigate high
T&E costs.

A consistent message from speakers to the Army
War College Academic Year 2010 class is to think
‘‘Army Enterprise and Army goals.’’28 The Army
Enterprise ‘‘encourages Civilian and Military leaders
to take a holistic view of Army objectives and
resources, and empowers them to integrate related
functions to effectively and efficiently generate trained
and ready forces for Combatant Commanders and
sustain the All-Volunteer Force.’’29 The path ahead
for ATEC leadership throughout the command is to
continue to train and demand that the AST members
think strategically. Parochialism can be a handicap, not
a facilitator. The infusion of new employees presents
an excellent opportunity to plant this seed in the
workforce. However, it will take more than willingness
from ATEC to lead and petition for the need for
consensus.

All the other stakeholders must be willing to join
ATEC in reaching consensus toward the best possible
ways and means to implement these policies. The
purpose is to target unity of effort to become more
efficient in delivering the most effective, suitable, and
survivable capabilities to the units to conduct their
mission. The Materiel Developer community has to
face the reality that the systems are mostly complex and
software intensive. These systems require adequate and
possibly extensive testing to identify and mitigate the
inherent risks associated with pursuing these develop-
ments. The community has to embrace the concept
that ‘‘test ‘failures,’ especially in the early phases of
system development, should be received as important
learning opportunities and chances to solve problems as
they are uncovered.’’30 Therefore, a path ahead should
be for the Combat Developer to: (a) establish realistic
requirements with clear rationale and (b) be willing to
accept less than the 100 percent solution mainly at the
first fielding. Dr. James J. Streilein, Technical Director
for ATEC, concluded ‘‘success in fielding equipment
to our warfighters will continue to require total
commitment, coordination, and cooperation of all
members of the acquisition communities. I have seen
the T&E community continually improve over the
years since 1974, and I look forward to our efforts and
innovations to handle the increases in complexity of
systems to be tested and evaluated in the future.’’31

This is the mind-set that is influencing positively the
posture of the ATEC organization.

Conclusion
The fundamental purpose of T&E in the Depart-

ment of Defense and the Military Services remains the

same as acquisition policies change. Anticipating the
need for integrated T&E, the Army approved the
consolidation of DT and OT in 1998. ATEC con-
tinued to innovate and adapt to support and leverage
the Iraq and Afghanistan theaters. The leadership
quickly embraced the principles espoused in the T&E
policies published by OSD and has established various
initiatives to facilitate their full implementation.
MBT&E is the key strategic initiative.

Success in fulfilling these policies is a factor of trust
and the community’s will to build consensus. Consen-
sus among all stakeholders, in accepting the limitations
associated with the development and testing of
complex systems, is a necessity of the time. The
T&E WIPT members must be bold and show the
desire to break their agencies’ cultural barriers. These
members must challenge their leadership and adopt
norms such as critical and creative thinking and
collaboration for unity of effort. The first critical step
is for all stakeholders to embrace the thought that
although their agency has a specific mission and
functions that contribute in the overall acquisition
process, the objective is not about them. The agencies
are facilitators and contributors; the objective is to
equip the warfighters. C
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The Department of Defense net-centric systems-of-systems is a complex ecosystem. While much

literature exists about the generic description and architecture of such complex systems of systems,

very few publications appear on the technical and scientific methodology for designing and

evaluating the reliability of such a complex ecosystem. Using axiomatic design, Power to the

Edge concepts, and multiagent simulation tests, the article presents the technical and scientific

framework for designing and testing the net-centric enterprise for reliability. The article also

emphasizes that such work should include testing the distributed collaborative planning to

enhance the new command and control agility.

Key words: Axiomatic design; C2 agility; net-centric enterprise; net-centric operations;

net-centric warfare; Power to the Edge.

R
ecent findings suggest that there is a lack
of any established technical and scientific
foundation for designing and evaluating
the reliability of net-centric enterprise
ecosystems. The significance of establish-

ing the scientific framework for evaluating the reliability
of futuristic net-centric Systems of Systems (SoS) cannot
be overemphasized. A recent report, by the National
Research Council (NRC 2005) to the U.S. Army on net-
centric operations (NCO), states:

‘‘(t)he development of the Army’s Future Combat

Systems (FCS) is experiencing cost and schedule

overruns because of the immense complexity of the

effort (Weiner, 2005). Given the committee’s

findings about the immaturity of Network Science,

this is hardly surprising. Designing and testing the

FCS communications network alone is like trying

to design and test a modern jet aircraft without the

benefit of the science of aerodynamics or like

designing and testing a radio or TV without the

benefit of the fundamental knowledge of electro-

magnetic waves…

The engineering of complex physical networks,

like that of the FCS, is not predictable because the

scientific basis for constructing and evaluating

such designs is immature.’’

The implication of the NRC’s findings is that
without the scientific base for designing and evaluating

the reliability of such a complex system, there is no
scientific proof that such SoSs would work when
deployed on the battlefield.

Despite that, the Department of Defense (DoD)
has adopted the Service-Oriented Architecture
(SOA)-based DoD Architecture Framework as the
key architecture for designing the Global Informa-
tion Grid (GIG), and many difficulties still exist in
using the SOA concepts for such an endeavor. The
goal of this article is to provide the technical and
scientific framework for designing the DoD Service-
based large-scale SoSs and evaluating their reliabil-
ity. Drawing on the recent work of Nyamekye
(2009) on axiomatic design, Service-based Com-
mand, Control, Communications, Computers, Intel-
ligence, Surveillance, and Reconnaissance (C4ISR)
SoS design and performance evaluation, and the
principles of Power to the Edge, we will discuss the
design of net-centric SoSs, followed by a discussion
of evaluating the reliability of a net-centric ecosys-
tem. Furthermore, we will emphasize multiagent
modeling and simulation as an emerging scientific
method for creating an experimental test bed for an
adaptive complex system before full-scale design.
The concept of distributed collaborative planning for
complex civil–military endeavors—an emerging Com-

mand and Control (C2) in a net-centric environ-
ment—will also be noted. A literature review of
NCO and axiomatic design is essential before
further discussions.

ITEA Journal 2010; 31: 399–409
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Literature review
Though much literature exists on net-centric

warfare (NCW) and NCO, much confusion still exists
in the literature about the use of the terms NCW/
NCO (Alberts and Hayes 2003). These authors
emphasize that the terms NCO, network-enabled
capabilities, and network-enabled defense are incon-
sistently and incorrectly used in the literature. Thus, a
brief overview of NCW and NCO is essential before
subsequent discussions. The tenets of NCW are

N ‘‘A robustly networked force improves information
sharing.

N Information sharing and collaboration enhance quality
of information and shared situational awareness.

N Shared situational awareness enables collaboration
and self-synchronization.

N These, in turn, dramatically increase mission
effectiveness.’’

Following Garstka and Alberts (2004), the NCO
expands on the tenets of NCW and hypothesizes that
robust networking, information sharing, and collabo-
ration will enhance the performance of organizations
across the range of military and nonmilitary operations;
thus, NCO is the military embodiment of transforma-
tion. It is not about new weapons, new technologies, or
new systems, although all of these need to be
developed. Rather, it is about people, organizations,
and processes. Transformation is actually about changing
values, attitudes, beliefs, and ultimately, behaviors. More
importantly, the NCO is about learning and adapting
to new and uncertain circumstances.

Consequently, the NCO involves actions and their
effects in four domains, namely, physical, information,
cognitive, and social. The fundamental capabilities,
which characterize a net-centric enterprise, are (Alberts
and Hayes 2007):

N ‘‘(p)hysical Domain: All enterprise entities are
robustly networked, achieving secure and seamless
connectivity.

N Information Domain: All participants have the
capability to share, access, and protect information,
not only within their organizations but also with
other enterprise entities as appropriate. Participants
are able to collaborate in the information domain
and individually or collectively conduct information
operations.

N Cognitive Domain: Each participant has the
capability to develop high quality awareness.

N Social Domain: The enterprise has the capability to
develop shared awareness and understanding, in-
cluding an understanding of command intent. The
participants are capable of self-synchronization.’’

To design and test the net-centric enterprise (NCE)
to support NCO, we need the value chain of a NCE.
The value chain consists of the processes in the
physical domain, the information domain, the cogni-
tive domain, and the social domain, respectively.

Figure 1 depicts the value chain of the NCE. More
importantly, again following Garstka and Alberts
(2003), we can use it to identify the key concepts
important in most workflow processes. It also shows
the attributes for measuring the characteristics
(through experimental test or simulation) of the
NCO concepts. For instance, the ‘‘degree of network-
ing’’ consists of net-ready nodes and the network. The
attributes of net-ready nodes are capacity, connectivity,
post and retrieve capability support, collaboration
support, and node assurance. The attributes of the
network are reach, quality of service, network assur-
ance, and network agility.

In recognition of the scientific gap and the technical
challenges of the NCO and the FCS, the Army
requested NRC to conduct a thorough study to
determine whether a critical need exists for a new
fundamental research program for designing and testing
the NCO and large-scale complex SoSs. The NRC
concluded that network science, which includes network
design, design of complex large-scale SoSs, performance
modeling, and simulation of such SoSs, is an emerging
scientific field. More importantly, the definition of the
technical terms for the network science is still unclear,
and in fact, the fundamental knowledge of networks is
still primitive (NRC 2005). Thus, we need the scientific
base established before we can design the net-centric
enterprise to achieve the goals of NCO.

Moffat (2003) discussed experimental mathematics
as a way to analyze the coevolution of complex adaptive
systems, such as the DoD net-centric enterprise and its
supporting infostructure—GIG. He considered an
ecosystem consisting of a large number of interacting
species (such as the force elements at the grid points in
GIG), each evolving in response to the environment
created by the rest of the ecosystem (that is, each
species is coevolving). Such a system consists of many
components that interact through some kind of
exchange of forces or information. In addition to the
internal interactions, some external force—natural
selection—may drive the system in this case. The
system will now evolve over time under the influence of
the external driving forces and the internal interactions.
The questions Moffat was trying to answer are as
follows. What happens when we observe such a system? Is
there some simplifying mechanism that produces a typical
behavior shared by large classes of such systems? He
established that clustering was the mechanism. He
found that as the species interact, they coevolve into
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clusters and when the cluster size reaches a critical
value or natural fitness value, the system would have
optimal flexibility. That is, clusters of all sizes can be
created. The physical implication is that the ecosystem
can achieve infinite agility, which is one of the major
requirements of the force structure for NCW and more
importantly futuristic net-centric platforms for coun-
terinsurgency operations. Furthermore, at the critical
fitness value, the species interact to achieve the global
behavior of the entire ecosystem. Despite his visionary
work, he did not explain how we could adapt it to
design and test the net-centric enterprise, for example,
how the GIG network adapts itself to uncertainties
such as cyber attack on the battlefield. Axiomatic
design fulfills the deficiencies of Moffat’s work.

Suh (1990) and his coworkers at the Massachusetts
Institute of Technology conducted a major research
program that led to the establishment of axiomatic
design. According to Suh (1990), ‘‘design involves a
continuous interplay between what we want to achieve
and how we want to achieve it.’’ What we want to
achieve is the goal of our design, and how we want to
achieve it is our physical solution (Figure 2). Suh
further explains that we must state the goals of a design
in the functional domain or functional space, and
generate the physical solution in the physical domain
or physical space (Figure 2). The design procedure
then involves interlinking these two domains at every
hierarchical level of the design process. The two
domains are independent of each other.

What relates these two domains is the design. To
begin any design, we must determine the design
objectives by defining it in terms of specific require-
ments, called the functional requirements. Then, to
satisfy these functional requirements, we must create
the design solution in terms of design parameters. The
design process involves relating the requirements of the
functional domain to the parameters of the physical
domain (Figure 2). Suh (1990) established two funda-
mental axioms that form the scientific basis of
axiomatic design:

Figure 1. The value chain of net-centric enterprise (Garstka and Alberts 2004).

Figure 2. Mapping from the functional space (or domain) to the
physical space (or domain) based on functional requirements

(FRs) and design parameters (DPs) (Suh 1990; Nyamekye 2007).
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Axiom 1: In a good design, the independence of
functional requirements is maintained.
Axiom 2: The design that has the minimum
information content is the optimal design.

Axiom 1 simply states that in designing any system,
we must meet the goals (operational or tactical
requirements) of the system independently. For
example, suppose the goals of designing an information
visualization system are: (a) maximize the information
benefits per unit cost and (b) minimize the total
operational cost. According to Axiom 1, the final
design must satisfy both goals independently, that is,
meeting the first goal should not affect the second goal.
Axiom 2 says that among the different designs that will
meet both goals, the design that will require the least
amount of information to describe it or will achieve the
highest reliability of the system will be the best design.
Axiom 2 establishes the theoretical foundation for an
optimum design of a product, process, or system, for
example, software, organization, and so on. We should
note that classical optimization methods from opera-
tions research do not generally yield optimum results
when more than one criterion for which the system
must be optimized exists. For example, when the goals
of designing logistics system are both maximizing
customer service and minimizing the distribution costs,
classical optimization methods do not achieve opti-
mum results. Consequently, axiomatic design is
superior to the traditional optimization when the
design must meet more than one goal concurrently.
Furthermore, we can use axiomatic design to evaluate
an existing design for improvements.

In addition to the functional requirements, a set of
constraints may also exist. Constraints are factors that
establish the boundary on acceptable design solutions,
for example, some designers treat cost as a constraint.
On the battlefield the extent of collateral damage and
acceptable number of casualties in a theater of
operation could represent the constraints (Alberts and
Hayes 2003). Constraints are very similar to functional
requirements in character and attributes except that the
independence of constraints is not required in a good
design.

Axiom 2 evaluates the reliability of any large-scale
SoS design. It is equivalent to the Shannon Informa-
tion Entropy equation (Shannon 1948). Equation 1
shows the basic relationship for information content
per Axiom 2 (Suh 1990).

I~log
system range

common range

� �
ð1Þ

where

I 5 information content,

system range 5 capability of activity or Service given
in terms of tolerances,
common range 5 the amount of overlap between
the design range and the system range.

Equation 2 shows the total information content of
NCE.

INCE~
X

I ð2Þ

Figure 3 provides the details for Equation 1. The
functional requirement represents the performance
measure of a system, activity, or service. ‘‘Engage an
insurgent,’’ is an example of an activity. The design
parameter, not shown in Figure 3, specifies the
operating condition of a system, activity, or service.
The design parameter must be set to achieve the
performance measure or functional requirement of a
system, activity, or service. ‘‘Engagement distance of
warfighter,’’ is an example of a design parameter. The
design range is the tolerance of the performance
measure or functional requirement associated with a
design parameter specified by the designer, and the
system range is the capability of a system, activity, or
service given in terms of tolerances. The designer
specifies the design range. An example of the design
range is ‘‘100 to 200 insurgents are defeated in any
engagement.’’ When the system range overlaps the
design range, and the constraints are not violated, the
system, activity, or Service will achieve the desired
performance. Otherwise, the reliability of the system,
activity, or Service is not acceptable.

The total minimum information content is not the
same as the minimization theories in operations
research, where a single value must be achieved. In
axiomatic design we are interested in the range of
performance values of the system that fall within the
enterprise or the designer’s specifications under some

Figure 3. The relationship between design range, system

range, and common range (Nyamekye 2006). Legend: LSL 5

lower specification limit; USL 5 upper specification limit; k 5 a
safety factor; m 5 mean value of process or service

performance; s 5 unbiased standard deviation of process or

service performance.
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given constraints or policies established by the
enterprise or the designer. Alberts and Hayes (2003)
have proposed that such a measure of performance on
the battlefield is far superior to the traditional
optimization methods where the maximum or mini-
mum value involves one point rather than a range of
values.

In addition to Axioms 1 and 2, Suh (1990) has
established corollaries and theorems for design.
Among the corollaries and theorems derived from
Axiom 1 and Axiom 2, the following four corollaries
and two theorems are essential for designing any large-
scale SoS (Nyamekye 2008; Nyamekye, Sierhuis, and
van Hoof 2009; Suh 1990, 2001):

Table 1. Cartesian product (cross product) of databases and processes (Martin 1990a; Nyamekye 2008). Legend: C 5 create,

R 5 read, U 5 update, D 5 delete.
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Corollary 1. Decoupling of Coupled Design.
Decouple or separate parts or aspects of a solution
if functional requirements are coupled or become
interdependent in the proposed designs.
Corollary 2. Minimization of Functional Require-
ments. Minimize the number of functional require-
ments and constraints. Strive for maximum simplic-

ity in overall design or the utmost simplicity in
physical and functional characteristics.
Corollary 3. Integration of Physical Parts. Inte-
grate design features into a single physical process,
device, or system when functional requirements
can be independently satisfied in the proposed
solution.

Table 2. Partition of databases and processes set into logical functional groupings or natural business areas, from Table 1 (Martin

1990a; Nyamekye 2008). Legend: C 5 create, R 5 read, U 5 update, D 5 delete.
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Corollary 4. Use of Standardization. Use stan-
dardized or interchangeable parts, architecture,
process, device, scientific concept, or system if the
use of these parts, architecture, process, device,
scientific concept, or system is consistent with the
functional requirements and constraints.
Theorem M2. Large System With Several Sub-
units. When a large system (e.g., organization)
consists of several subunits, each unit must satisfy
independent subsets of functional requirements so as
to eliminate the possibility of creating a resource-
intensive system or a coupled design for the entire
system.
Theorem S7. Infinite Adaptability Versus Com-
pleteness. A large flexible system with infinite
(adaptability) may not represent the best design

when the large system is used in a situation in which
the complete set of functional requirements that the
system must satisfy is known a priori.

We should emphasize that Theorem S7 establishes
the scientific basis for designing a SoS with infinite
agility, as espoused by Moffat (2003).

Design, testing, and reliability of net-
centric enterprise

Alberts and Hayes (2003) have emphasized that we
can apply the principles of the Power to the Edge in
two ways:

N Design and architecture of SoS,
N New C2 (or organization and management of

work).

Table 3. Partition of subsets (last two natural business areas in Table 2) into mutually exclusive subsets of leaf activity-entity types

using the Cartesian cross product of row and column (Martin 1990a; Nyamekye 2008). Legend: C 5 create, R 5 read, U 5 update, D
5 delete.
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Following Alberts and Hayes (2003), when Power to
the Edge is fully applied to the design and manage-
ment of a mission capability package (MCP), the result
will be an instantiation of the tenets of NCW. When

the Power to the Edge is applied to an organization
and its processes, the result will be an Edge organiza-
tion. When Power to the Edge is fully applied to
systems architectures, the result will be an Edge
infostructure, which has the characteristics of GIG.
Despite the significant contribution of the Power to
the Edge concepts to understanding the importance of
integrated agile SoS, the authors did not discuss how
to design an agile infostructure for supporting
distributed collaborative tactical planning in a net-
centric environment. Using the principles of Power to
the Edge, Nyamekye (2006, 2007) has previously
addressed the design of the infostructure. This article
borrows from the most recent work of Nyamekye,
Sierhuis, and Hoof (2009) for distributed collaborative
tactical planning, which consists of the infostructure—
communications and computers (network and information
domain) integrated with the new Command and Control
(organization and management of work) Intelligence,

Surveillance, and Reconnaissance (C2ISR) (Alberts and
Hayes 2003)—for C4ISR SoS (the NCE ecosystem

Figure 4. (a) Creating leaf services and (b) composition of leaf
services to create composite services (Nyamekye 2008).

Legend: OV-5 5 operational activity model.

Figure 5. Service-oriented architecture (SOA) model for net-centric enterprise ecosystem—C4ISR SoS—an updated version of

Nyamekye’s previous work (2008). Legend: MABPEL 5 Multi-Agent Business Execution Language; UDDI 5 Universal Description,
Discovery and Integration the Universal Description, Discovery, and Integration; ESB 5 an enterprise service bus (e.g., FCS Systems-

of-Systems Common Operating Environment [SoSCOE])—Corollaries 3 and 1.
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depicted in Figure 1). Note that in Figure 1, the
‘‘Quality of Networking—Degree of Networking and
Net Readiness of Nodes’’ and information domain
pertain to communications and computers network and

information domain. The others in Figure 1 pertain to
C2ISR (Alberts and Hayes 2003, 2006).

The concept of electronic commerce in the DoD,
including relevant business areas and warfighter
operations, is an ideal blueprint for the DoD value
chain; however, insufficient data exist in DoD’s
electronic commerce for illustrating the generic
concept for designing the NCE (DEB 2000). Thus,
we will borrow from recent work of Nyamekye
(2007), Table 1, as a representation of the DoD

business operations to create the DoD’s NCE
business value chain. Martin (1990b) has noted a
similar approach for creating an information-based
enterprise for the DoD. The design model could be
easily adapted to the full-scale DoD operations,
including both the warfighter operations and business
operations. Using an algorithm proposed by Martin
(1990a) and Table 1, we partition the business
processes and subject databases into mutually exclu-
sive clusters of processes and leaf activities or leaf
services and entity types, respectively. Tables 2 and 3

show the logical groupings of processes and leaf
activities, respectively. As noted before, we can use
Figure 1 to identify the key DoD business processes.

Figure 6. Distributed collaborative tactical planning architecture as a test bed for C2 agility (Figure 1) in net-centric enterprise

environment, based on Nyamekye’s recent work (Nyamekye, Sierhuis, and van Hoof 2009).

Table 4. L9 orthogonal table for experimental or simulation design and test of net-centric ecosystem (Nakazawa 2001;

Nyamekye 2008).

No.

Design parameters (DPs)
Experimental or simulation results for

functional requirements (FRs)

A B C D E F G

1 A1 B1 C1 D1 E1 F1 G1

2 A1 B2 C2 D2 E2 F2 G2

3 A1 B3 C3 D3 E3 F3 G3

4 A2 B1 C1 D1 E1 F1 G1

5 A2 B2 C2 D2 E2 F2 G2

6 A2 B3 C3 D3 E3 F3 G3

7 A3 B1 C1 D1 E1 F1 G1

8 A3 B2 C2 D2 E2 F2 G2

9 A3 B3 C3 D3 E3 F3 G3
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Thus, it is fitting to assume that Table 1 represents
the business processes for the DoD net-centric
enterprise. Using the composition theory of leaf
services to create composite services (Figure 4),
Figure 5 then establishes the service-based model of
the net-centric enterprise ecosystem.

Using the infostructure (Figure 5), we can use a
multiagent simulation model such as NASA’s Brahms
(Sierhuis 2001) to run simulation tests to evaluate the
performance of different distributed collaborative plans
for C2 in the NCE (Figure 6). Brahms can use Axiom
2 to select the best plan, with the total minimum
information content, to achieve the overall mission
(Functional Requirements [FR]) within the range of
the battlefield operating conditions (Design Parame-
ters [DP]).

Table 4 shows the experimental design for testing
the distributed collaborative planning for C2 in the
net-centric enterprise. The simulation test will also
include the network reliability evaluation, such as the
ability of the network to heal itself (FR) against cyber
attack (DP). Please refer to the previous work of
Nyamekye (2008) for the details of the network design
and testing.

Notice in Figure 5 that the cloud computing model
(Armbrust et al. 2009), an emerging scientific model,
has been employed for designing the infostructure to
achieve infinite agility (Theorem S7) of the NCE
ecosystem, as espoused by Moffat (2003). Nyamekye
(2008) has previously used Corollary 1 to discuss the
design of intelligent adaptive decouplers, similar in
concept to the cloud-computing model, for dynamically
reconfiguring the GIG against information overload.
Using the cloud-computing model, the metrics for the
‘‘Degree of Networking’’ attributes in the NCE value
chain model (Figure 1) can be evaluated.

Figure 6 uses NASA’s Brahms multiagent oriented
language for testing the distributed collaborative
planning in compendium—a virtual collaborative
environment for the Edge ecosystem (Alberts and Hayes
2003)—for C2 agility (Figure 1). Please note that in
Table 4, the FRs can represent the measures of merit,
for example, plan quality to evaluate the different
plans. For further details, please refer to the recent
work of Nyamekye, Sierhuis, and van Hoof (2009).
The architecture in Figure 6 can be integrated with
commercial-off-the-shelf planning systems such as the
Joint Mission Planning Systems to provide the
experimental simulation test bed for the NCE
ecosystem.

Conclusions
The DoD NCE is a complex SoS. Few publications

exist in the literature to provide the technical and

scientific framework for the reliability of the NCE.
Also, there is a lack of any scientific design and testing
methodology to integrate the distributed collaborative
planning such as in complex civil–military endeavors
for counterinsurgency operations. The article borrows
from axiomatic design, Power to the Edge concepts,
and multiagent simulation to establish the technical
and scientific foundation for designing, testing, and
evaluating the reliability of NCE. The article notes
that such an approach can integrate with commercial-
off-the-shelf planning systems such as joint mission
planning systems for counterinsurgency operations in
an NCE environment. C
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This article describes Prediction In Dynamic Environments (PRIDE), a multi-resolution and

hierarchical framework. PRIDE was developed as a test bed to assess the performance of

autonomous vehicles in the presence of moving objects in a simulated environment. By

simulating scenarios in which moving objects are prevalent, a designer of an autonomous vehicle

can test the performance of their path planning and collision avoidance algorithms without

having to immerse the vehicle in the physical world. This framework supports the prediction of

the future location of moving objects at various levels of resolution, thus providing prediction

information at the frequency and level of abstraction necessary for planners at different levels

within the hierarchy. Previous works have demonstrated the reliability of PRIDE to simulate

on-road traffic situations with multiple vehicles. To provide realistic scenarios, PRIDE

integrates a level of situation awareness of how other vehicles in the environment are expected

to behave considering the situation in which the vehicles find themselves. In recent efforts, the

PRIDE framework has been extended to consider production logistics in dynamic

manufacturing environment while focusing on the scheduling of material transportation

system. To demonstrate the characteristics of the PRIDE framework, this article illustrates real-

time navigation of Automated Guided Vehicles at different locations in a dynamic

manufacturing environment. Moreover, using the high-fidelity physics-based framework for

the Unified System for Automation and Robot Simulation, this article analyzes the performance

of the PRIDE framework on a set of realistic scenarios.

Key words: Automatic guided vehicles; dynamic environments; Manufacturing Moving

Object Ontology (M2O2); simulation.

F
rom traditional and well-established ap-
plications in the automotive industry to
emerging applications such as material
handling, palletizing, and logistics in
warehouses, the use of mobile robots

can increase productivity while ensuring personnel
safety. Automated Guided Vehicles (AGVs) represent
an integral component of today’s manufacturing
processes. They are widely used on factory floors for
intrafactory transport of goods among conveyors and

assembly sections, parts and frame movements, and
truck-trailer loading and unloading.

According to Bishop Consulting’s report on AGV
industry next-generation technology priorities (Bishop
Consulting 2006),

‘‘In the eyes of the system vendors, the most

prominent technology development area is in
moving from today’s AGVs, which require highly

structured environments and reference markers

ITEA Journal 2010; 31: 410–416
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installed throughout the plant, to operating in less
structured or unstructured environments. In fact,
the site preparation required to install these reference
markers is a significant portion of the system cost.’’

To offset prohibitively expensive maintenance and
installation costs and thus expand the AGV’s markets
and utility beyond what is possible today, it is evident
that the dependency on infrastructure must be
minimized (if not eliminated). To achieve this goal
and to be able to cope with unstructured, dynamic
environments, predicting future positions of moving
objects in factory environments are critical enablers for
widespread use of AGVs.

The research interest of this article deals with path
planning of AGVs using the Prediction In Dynamic
Environments (PRIDE) framework. PRIDE is a
multi-resolution, hierarchical framework that provides
an autonomous vehicle planning system with informa-
tion required to perform path planning in the presence
of moving objects. PRIDE incorporates multiple
prediction algorithms into a single, unifying frame-
work. To date, we have applied this framework to
simulate the prediction of the future location of
autonomous vehicles during on-road driving.

The PRIDE algorithms are not limited to on-road
driving and can be ported to other domains. As such,
this article illustrates how PRIDE has been extended
to path planning of AGVs in manufacturing environ-
ments.

This article provides an overview of the PRIDE
framework; a description of the different features
added and modified in PRIDE to port this framework
to manufacturing; details of a Manufacturing Moving
Object Ontology (M2O2), an ontology used to plan
the paths of the other AGVs; a discussion of the
performance of the PRIDE framework through three
scenarios involving two AGVs; and a concluding
overview of the future work to be done.

The PRIDE framework
The PRIDE framework supports the prediction of

the future location of moving objects at various levels
of resolution. PRIDE is based on the 4 dimensional/
real-time control system (4D/RCS) architecture
(Albus 2002), which provides a reference model for
unmanned vehicles on how their software components
should be identified and organized.

The PRIDE framework provides moving object
predictions to planners running at any level of the 4D/
RCS hierarchy at an appropriate scale and resolution.
The underlying concept of PRIDE lies in the
incorporation of multiple prediction algorithms into a
single, unifying framework.

At the higher levels of the framework, the prediction
of moving objects needs to occur at a much lower
frequency, and a greater level of inaccuracy is tolerable.
At these levels, moving objects are identified as far as
the sensors can detect and a Long-Term (LT)
prediction algorithm predicts where those objects will
be at various time steps into the future. Higher-level
reasoning processes need a global representation of the
environment to compute the future location of an
AGV. PRIDE uses the Road Network Database
(RND) (Kootbally, Schlenoff, and Madhavan 2007)
to access different information about the road net-
works, including individual lanes, lane markings,
intersections, legal intersection traversability, etc. The
lower levels of the framework use estimation theoretic
Short-Term (ST) predictions based on an Extended
Kalman Filter to predict the future location of moving
objects with an associated confidence measure. Com-
plete details on the LT and ST prediction algorithms
can be found in previous work (Schlenoff et al. 2004).

PRIDE currently integrates the Mobility Open
Architecture Simulation and Tools (MOAST) frame-
work along with the Unified System for Automation
and Robot Simulation (USARSim) (Schlenoff, Koot-
bally, and Madhavan 2007). This integration provides
predictions incorporating the physics, kinematics,
and dynamics of AGVs involved in traffic scenarios.
MOAST is a framework that provides a baseline
infrastructure for the development, testing, and
analysis of autonomous systems.1 MOAST imple-
ments a hierarchical control technique, which decom-
poses the control problem into a hierarchy of
controllers with each echelon (or level) of control
adding additional capabilities to the system. USARSim
is a high-fidelity physics-based simulation system that
provides the embodiment and environment for the
development and testing of autonomous systems.
USARSim utilizes high-quality three-dimensional
(3D) rendering facilities to create a realistic simulation
environment that provides the embodiment of a
robotic system. The system architecture on the
integration of PRIDE with the MOAST and USAR-
Sim frameworks is described in previous work (Schlen-
off, Madhavan, and Kootbally 2006).

PRIDE also handles drivers’ aggressivity. In this
context, the aggressivity represents the style and
driving preferences of a driver. For example, one
would likely assume that a conservative driver will
remain in his lane whenever possible and will keep a
gap between his vehicle and the leading vehicle.
Conversely, one would assume that an aggressive
driver would have a higher probability of changing
lanes and would be more apt to tailgate the leading
vehicle. One may also find that the aggressivity of the
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driver may change over time, e.g., the driver may be
very aggressive when trying to get to a certain lane but
become more passive when he gets there. The PRIDE
framework addresses all the driver types and situations
mentioned above. Experiments and corresponding
results performed on aggressivity can be found in
previous work (Scrapper, Balakirsky, and Messina
2006).

From on-road to
manufacturing environments

The PRIDE algorithms have previously been used
for on-road driving. To port PRIDE to manufacturing,
it was necessary to modify some features of the current
framework.

The RND structures must comply with factory
settings and safety. New maps are built to accommo-
date industrial robots requirements. For instance,
hazardous areas are specified and loading/unloading
stations are set up for goods deliveries around the
factory.

To be able to handle new missions in manufacturing
environments, the LT prediction algorithm is modified
as well. During on-road driving, the autonomous
vehicles are not asked to reach a specific target. Instead,
the PRIDE algorithms focus on the actions the
autonomous vehicles would take based on the situa-
tions in which they find themselves. In manufacturing
settings, AGVs have to reach different targets to load
and unload supplies for delivery. For better productiv-
ity, AGVs have to move along collision-free paths with

minimum time. To reduce the time during missions,
PRIDE uses Dijkstra’s algorithm (Wolfram Math-
world, 2009) to compute the shortest path from the
start position to the target position for each AGV.
Figure 1 depicts the process overflow of the PRIDE
prediction algorithm.

As illustrated in Figure 1, the PRIDE algorithms
check if the current vehicle has to reach a target (1),
which is specified in an xml file. If a target is not
specified, the vehicle chooses random paths (2), and
the PRIDE algorithms send waypoints to control
the AGV (7). If the AGV has to reach a target,
Dijkstra’s algorithm is used to compute the shortest
path from the current position of the AGV to the
target (3). If another vehicle is within the computed
shortest path (5), its category and its employment
role in the factory are retrieved from a manufacturing
moving object ontology. According to the category
and the role of the vehicle, the decision of whether
to recompute another path or not is made. Another
path is recomputed when a vehicle of interest2 is met
(6). For instance, if the AGV meets a forklift moving
some supplies, the PRIDE algorithms will recompute
another path minus the lane (lane of interest) in which
the vehicle of interest is situated (4). The lane of
interest is removed from the RND only for the current
AGV at this time. During the next loop, the PRIDE
algorithms check again if there is a vehicle of interest
within the path of the AGV. The next section details
the Manufacturing Moving Object Ontology (M2O2)
used by PRIDE.

Figure 1. Process overflow of the long-term prediction algorithm.
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An M2O2
The goal of this M2O2 is to provide a neutral

knowledge representation (the data structures) captur-
ing relevant information about moving objects on the
shop floor and their capabilities. This information is
fed into the moving object prediction algorithms to
give them relevant information about moving objects
they will encounter on the shop floor to allow them to
make better predictions as to where those objects will
be at points in the future. This knowledge represen-
tation must be complete, unambiguous, and flexible
enough to adapt as the moving object requirements
evolve. As such, we have chosen to use an ontological
approach to representing these requirements.

In the context of this article, an ontology can be
thought of as a knowledge representation approach
that represents key concepts, their properties, their
relationships, and their rules and constraints. Whereas
taxonomies usually provide only a set of vocabulary and
a single type of relationship between terms (usually a
parent/child type of relationship), an ontology provides
a much richer set of relationships and also allows for
constraints and rules to govern those relationships. In
general, ontologies make all pertinent knowledge about
a domain explicit and are represented in a computer-
interpretable fashion that allows software to reason
over that knowledge to infer additional information.

By taking an ontological approach, we provide for

N less ambiguity in term usage and understanding;
N explicit representation of all knowledge, without

hidden assumptions;
N conformance to commonly used standards;
N availability of the knowledge source to other

arenas outside of the moving object prediction
domain; and

N availability of a wide variety of tools (reasoning
engines, consistency checkers, etc.).

To date, very little work has been performed in
developing the M2O2, apart from initial planning and
preliminary surveys. It is expected that the M2O2 will
be based on a number of existing technologies,
including the following:

N OWL (Web Ontology Language)—OWL is
a World Wide Web Consortium (W3C) rec-
ommendation (as of February 10, 2004). It
defines terms commonly used in creating a
model of an object or process, including classes/
subclasses, properties/subproperties, property re-
strictions, and instances (Harmelen and McGui-
ness 2004).

N OWL-S (Web Ontology Language-Services)—
OWL-S is an OWL-based Web service ontol-

ogy, which describes the properties and capabil-
ities of services in an unambiguous, computer-
interpretable form. It was developed by the
Defense Advanced Research Projects Agency
(DARPA) Agent Markup Language (DAML)
program. OWL-S is an upper ontology intended
to be extended to meet specific applications
(Protégé 2005).

N Protégé—Protégé is an open source ontology
editor developed at Stanford University. It
supports class and property definitions and
relationships, property restrictions, instance gen-
eration, and queries. Protégé accommodates
plug-ins, which are actively being developed for
areas such as visualization and reasoning (OWL
Services Coalition 2003).

Though not yet developed, it is expected that the
M2O2 will contain the following types of information:

N relevant dimensions of the moving object;
N mobility characteristics of the object (e.g., how

fast it can go, its turn radius);
N specific moving restrictions expected to be placed

on the moving object (e.g., staying on the right
side of the travel lanes, staying in pedestrian
walkways); and

N typical movement patterns (e.g., a forklift might
first align itself with a pallet, drive towards the
pallet until it is directly next to it, lift the load,
and then drive backwards).

A more detailed article will be published on this
topic as more progress is made.

Performance of PRIDE
In this section we analyze the performance of the

PRIDE framework using two AGVs on a factory floor.
The first AGV, a unit loader (Figure 2 left), is asked to
reach a target while the second AGV, a forklift
(Figure 2 right), performs various actions in each
scenario. For each scenario we vary only the role of
the forklift. Figure 3 represents the layout (map) of the
factory used to run the scenarios presented in this
article. The start positions are the same for the unit
loader and the forklift in each scenario. The start and
the target positions (denoted by *) are depicted in
Figure 3.

Scenario 1
In the first scenario, the unit loader has to reach the

unload station (target on Figure 3). The forklift is
placed in the way of the path the unit loader is
supposed to follow. In this scenario, the role of the
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forklift is to simply drive in the factory; no lifting is
required.

Figure 4 depicts the current positions of the unit
loader while driving toward the target. The unit loader
takes the shortest path even though the forklift is in
the way. As seen in the description of the algorithm
depicted in Figure 1, a vehicle of interest is defined by
its category and its role. In this scenario, the forklift is
asked to drive in its current lane. The unit loader does
not recognize the forklift as a vehicle of interest from
the M2O2, and thus the unit loader follows the
shortest path. To better situate the path of the unit
loader in the factory, a map and the path of the unit
loader is represented in Figure 5.

Scenario 2
In the second scenario, the role of the forklift has

changed from the first scenario. Instead of only driving
in the factory, the forklift has new assignments, lifting

and transporting supplies from a specific position to a
target location. Figure 6 depicts the current positions
of the unit loader from its start position to the target
position.

In this scenario, the path taken by the unit loader is
different from the path generated in scenario 1. The
forklift is placed at the same position as in scenario 1;
however, the role of the forklift is different from the
previous scenario. The forklift has to lift and transport
supplies, which classifies the forklift as vehicle of
interest according to the M2O2. Since a vehicle of
interest is in the path planned for the unit loader, the
PRIDE algorithms recompute the shortest path after
removing lanes of interest (steps 6R4R3 in Figure 1).
To better situate the path of the unit loader in the

Figure 2. Unit loader (left) and forklift (right) simulated in Unified

System for Automation and Robot Simulation.

Figure 3. Start positions of the Automated Guided Vehicles

and target position. The arrows depicted in each lane represent

the direction of travel in the corresponding lane.

Figure 4. Current positions for the unit loader.

Figure 5. Shortest path followed by the unit loader.
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factory, a map and the path of the unit loader is
represented in Figure 7.

Conclusion and future work
This article describes the PRIDE framework, which

predicts the future location of moving objects in
environments for the purpose of path planning for
AGVs. To date, PRIDE has been involved for on-road
driving. The work presented in this article discusses the
performance of PRIDE for manufacturing. AGVs
represent an integral component of today’s manufac-
turing processes. They are widely used on factory floors
for intrafactory efforts. Different features of PRIDE
have been modified to comply with manufacturing
environments, such as reaching a target using the
shortest path. A new feature of PRIDE is its ability to
use a manufacturing moving object ontology to identify
vehicles of interest. Through different scenarios using
MOAST and USARSim, preliminary results have
demonstrated reasonable performance of the PRIDE
algorithms for path planning in factory settings.

Although substantial progress has been made in
designing and porting the PRIDE framework to
manufacturing, there is still much to be done. More
complicated situations must be considered in PRIDE.
Different robots should be modeled in MOAST and
USARSim, security areas should be set up in virtual
environments, and the interaction between humans
and AGVs should be taken into account. In order to
phase the PRIDE algorithms from a simulation
environment to a functioning autonomous vehicle,
previously gathered data must be studied to see how
well the system performs in predicting the future
location and behavior of other AGVs in manufacturing
areas. Once the algorithms are validated in simulation
through this experiment, they will begin to be

transitioned to an autonomous vehicle for intrafactory
driving. C
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Endnotes
1Autonomous systems in this context refer to embodied intelligent

systems that can operate fairly independently from human supervision.
2A vehicle of interest is a moving or stationary vehicle in the

environment that has a reasonable probability of intersecting the path of

the AGV within a predetermined time frame.
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A key component in the test and evaluation of bioaerosol detectors is the unit of measure used to

describe the distributed bioaerosol. We examine two existing units of measure, Agent

Containing Particles per Liter of Air (ACPLA), and Biologically Active Units per Liter of Air

(BAULA). We conclude that ACPLA is an insufficient unit of measure that provides little

useful information about the bioaerosol. While BAULA corrects many of the issues present in

ACPLA, calculation of BAULA is extremely difficult as it requires knowledge of a number of

variables that are currently unavailable. Therefore, we propose a new unit of measure, Total

Agent per Liter of Air with particle size distribution (TALAp). TALAp contains the two most

important variables for evaluating biodetectors: the amount of agent present and the particle

size distribution. Thus, TALAp allows for more accurate and reproducible testing of

biodetectors. Furthermore, TALAp can be implemented in sealed test chambers using existing

referee equipment and is directly comparable to legacy ACPLA data. While some testing

procedures may need to be augmented to measure TALAp in breeze tunnel and field testing,

these new procedures are relatively simple to implement and will pay additional dividends to

the test and evaluation community.1

Key words: Biodetectors; biological agents; health hazards; particle size; TALAp; units of

measure.

D
etection of biological agents is a
complex endeavor that represents
the intersection of the particular
detection technology (e.g., Polymer-
ase Chain Reaction [PCR], light

scatter, immunoassays), the nature of the biological
agent (e.g., viral, bacterial, toxin), and the ambient
environmental conditions. Testing and evaluation
(T&E) of prototype biodetectors is therefore compli-
cated by the need to consider these variables and to
carefully control testing conditions. These consider-
ations can be further complicated depending on the
question of application of the data; that is, whether one
is conducting a straightforward T&E assessment of
competing biodetection technologies in order to

determine their relative capabilities, or using the data
to assess health effects and guide subsequent opera-
tional decisions. Ideally, a standard unit of measure for
a bioaerosol challenge should be applicable to both
point and standoff detectors and should be able to be
translated into operational decisions.

Agent containing particles per liter of air:
an imperfect unit of measure

One historical unit of measure is Agent Containing
Particles per Liter of Air (ACPLA). ACPLA can be
easily measured for such biological agents as bacterial
spores, which are robust enough to survive environ-
mental and collection conditions, and can be cultured
using standard laboratory methods. One can calculate
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the number of particles that contain agent (i.e.,
organism or toxin), but it is impossible to know how
much agent is present since one particle could contain
one or thousands of agents. For this reason, two
aerosols that both have an ACPLA measure of 1 may
pose vastly different threats (Figure 1).

The ambiguity in a unit of measure such as ACPLA
clearly poses a problem for operational decision making
since it provides very little useful information about the
total amount of agent present in the environment.
From a T&E perspective, ACPLA provides a false
sense of accuracy and prevents accurate comparisons
between detector technologies. For example, suppose
there are two competing technologies, Alpha, which
can detect as few as 10 units of agent, and Beta, which
can detect a single unit. In this theoretical example, it
is clear that Beta has 10 times the sensitivity of Alpha.
However, using a unit of measure such as ACPLA, it is
absolutely possible that Alpha and Beta could test
identically, or that Alpha could actually test as the
better technology. Using Aerosol B in Figure 1, both
Alpha and Beta would register as capable of detecting 1
ACPLA and test with equivalent sensitivity. It is
important to note that this inaccuracy is not just a
theoretical concern; these types of inaccuracies do
occur to some extent during actual detector testing.

Problems with ACPLA are further complicated by
the fact that the size of the ‘‘agent containing particles’’
is not captured by the unit of measure. A bioaerosol
with particles the size of peas poses a relatively low
threat since the particles will settle to the ground
quickly and can not be readily inhaled. While this
example is obviously extreme, particle size is important
since particles beyond 10 microns in diameter tend to
settle rather quickly and are not efficiently retained in

the respiratory tract. This problem is additionally
complicated because even in the ,10 micron range
particle size has a potential effect on infectivity and
presentation of the disease by determining where in the
airway—sinuses, throat or deep bronchi, for example—
the agent is likely to be deposited. Furthermore, many
standoff detection systems are very sensitive to particle
size. Even if the total number of particles is the same, a
detector will react differently if those particles are 1
micron or 5 microns in diameter. Thus, if a Particle
Size Distribution (PSD) is not specified within the
unit of measure, standoff detector technologies cannot
be properly assessed, compared, or evaluated. In
summary, ACPLA contains very little useful informa-
tion that describes the bioaerosol, no information
about the total amount of agent or whether it is alive or
dead, and can be very difficult to measure for agents
other than bacterial spores.

Biologically active units per liter of air: an
informative but currently unworkable unit
of measure

To address the flaws associated with ACPLA, a new
unit of measure, Biologically Active Units per Liter of
Air (BAULA), was recommended by a recent National
Research Council (NRC) study (NRC 2008). This
study also recommended that an additional unit, Dae,
representing the aerodynamic size of bioaerosol
particles, be added to the calculation. In theory,
BAULA and Dae together provide a single unit of
measure that is normalized to health effects and is thus
a useful unit with which to make operational decisions.
For example, an arbitrary score of ‘‘10’’ for tularemia
would indicate the same health hazard as a score of
‘‘10’’ for anthrax even though the number of pathogens
(by orders of magnitude) and the PSD differed. Such a
metric would address the deficiencies of ACPLA by
taking into account the amount of biologically active
agent, the agent’s PSD, and the infectivity of any given
biological agent.

In practice, however, BAULA is virtually impossible
to calculate for several reasons. First, the specific health
hazard of most List A biological agents is not known,
nor is it likely to be known without enormous
investments in developing new animal models for
these diseases. Second, there is no legitimate way to
calculate the viability of the biological agent once it has
been distributed as an aerosol. Most agents other than
anthrax spores are very labile in the environment and
prone to inactivation as a result of temperature,
humidity, ultraviolet radiation, dissemination tech-
nique, collection technique, and other environmental
factors. Moreover, biodetectors based on immunolog-
ical, nucleic acid (i.e., PCR), or light scattering

Figure 1. Bioaerosols with the same Agent Containing

Particles per Liter of Air (ACPLA) value can be vastly different.
Both aerosol particles depicted above share an ACPLA value of

1; there is one agent-containing particle in the surrounding liter

of air. However, the threat posed by the aerosol on the right (B)

is substantially greater, as it contains 10 times as many
biological agents as the aerosol on the left (A). ACPLA contains

no measurement of the total number of agents present and,

hence, provides very little information about the aerosols

being detected.
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detection cannot discriminate active from inactive
agent and would thus be incapable of outputting a
measurement in BAULA. Third, the effects of PSD,
represented by Dae, on disposition of biological agents
within the human target cannot be reliably estimated.
Indeed, calculating health effects based on different
particle sizes, as BAULA requires, is arguably
impossible as sites of deposition, immune response,
and breathing rates will vary greatly between human
and animal models. As difficulties in the pharmaceu-
tical industry indicate, tests on animal models may not
be indicative of the results found in humans. While
animal models are likely to provide the best achievable
estimates of health effects, the additional uncertainty
in translating those effects to humans provides further
justification for leaving health hazard out of a standard
unit of measure. The standard unit of measure could
then be translated into best estimates of health effects
as the situation requires. In addition, particle size
calculations are readily achievable in a pristine
laboratory environment but are extremely difficult in
the field, where background particulates can make up
the majority of the sample. In summary, BAULA is a
theoretically sound, but currently incalculable, unit of
measure. As bioaerosol detectors/referee equipment
improve and reliable health hazard information is
collected, BAULA may become a more feasible unit of
measure and could be considered a ‘‘long-term goal’’ for
the biodetector community.

Rationale for a new unit of measure, total
agent per liter of air with particle
size distribution

With ACPLA insufficient and BAULA/Dae im-
practical, a new unit of measure is clearly needed for
T&E protocols. From a T&E perspective, viability of
the biological agent in an aerosol is not a concern
because the systems being tested detect only presence
of an agent and cannot discriminate dead from live
agent. From the operational perspective, viability of a
biological agent could be useful information; however,
given that detection systems cannot determine viabil-
ity, all commanders will put their troops into a
protective posture if any biological agent, living or
dead, is detected. The new measure should therefore
not take into account the viability of the biological
agent. It is important to note that some measure of
viability may be required in the referee equipment in
order to connect test trials to operational needs and
capabilities. Unlike detector technologies, referee
equipment can take substantial amounts of time to
determine viability, opening the door to a host of
viability techniques that are not feasible on a detector
platform. However, the most important factor in a unit

of measure for T&E of detectors is an accurate
representation of the total amount of the biological
agent present, followed by information on PSD. From
a practical and economic point of view, the new unit of
measure should be able to be derived with current
technology used in test chambers, ambient breeze
tunnels, and field testing.

Key components of a unit of measure for
bioaerosol testing and evaluation

N Live versus dead agent is irrelevant since most
detector technologies cannot discriminate be-
tween the two states, and Commanders will
decide to implement protection assuming viabil-
ity is possible.

N The total number of agents present in a given
volume of air is the most important measure of a
bioaerosol.

N The PSD of a bioaerosol can have a substantial
impact on testing results and must be included in
a unit of measure.

N The unit must be ‘‘measurable’’ in test chambers,
ambient breeze tunnels, and in the field, using
readily available technologies.

We here propose a new unit of measure that
combines Total Agent per Liter of Air (TALA) with
PSD, to be represented as TALAp. For example, for an
aerosol with 100 organisms per liter of air in a normal
PSD centered at 5 microns with a 2-micron standard
deviation, the aerosol could be reported as 100 TALA
(normal, 5, 2). If a more concise reporting mechanism
is required, the volume-weighted average particle
radius could be used to describe the PSD instead,
since this single value describes the particle size that
will contain the largest amount of agent. In this case,
TALAp would be reported as 100 TALA (5 microns).
The logic for this unit of measure is straightforward.
TALAp contains the most important measure of a
bioaerosol, the total amount of agent present, and
describes the dissemination of that aerosol via the
PSD. For T&E purposes, TALAp can be calculated as
long as one knows two things: (a) the composition of
what is being disseminated (e.g., the amount of agent,
fluidizer, media), and (b) the dynamics of the
distribution including PSD, flow rate through the
detector, and collection time. Crucially, these factors
are within the control of the tester.

The first requirement is to know how much agent
(using PCR, immunoassays, cell sorters, culture
techniques, etc.) and how much inert material (e.g.,
fluidizer, media) are in the sample that will be
disseminated. Given a well-designed sample prepara-
tion protocol, this information is readily available. The
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second requirement is to know the PSD. For a solid
powder, the PSD is largely dependent on the degree to
which the sample has been milled and is readily
available. From this point, the dissemination technique
may have little effect on the PSD, though some
facilities have indicated an effect can occur. In this
case, direct measurement of the resulting PSD via a
particle sizer (i.e., TSI Aerodynamic Particle Sizer)
may be required. For liquid slurries, the calculation is
more complex. Most liquid dissemination techniques
are well characterized and generate a fairly consistent
PSD. However, since the liquid component of a slurry
will rapidly evaporate upon dissemination (leaving only
solid components behind), the resulting PSD that is
actually presented to a detector will be different. The
PSD of this resulting aerosol can still be readily
predicted or, in a well-designed test chamber, mea-
sured directly assuming the composition of the starting
material is well characterized. In fact, some T&E
facilities have already created models that can make
these particle size predictions. From an experimental
point of view, it is preferable to measure PSDs directly
via a particle sizer, as this method will account for any
agglomeration or de-agglomeration of particles after
dissemination.

From here it is relatively easy to conceptualize how
TALA would be calculated. Knowing the number of
particles being distributed (preferably from direct mea-
surement), the size of these particles (again, preferably
from direct measurement), and their composition (from
the sample preparation protocol), one can calculate the
TALA (see Figure 2 for a simplified example).

For the test paradigm to be relevant, the PSD must
be controlled and applicable to real life biological
warfare scenarios. For the purpose of testing, the PSD
could be standardized within the respirable range,
generally 1–10 microns. Ideally, the PSD will match
what is most likely to be experienced during a
biological attack. Lacking this important piece of
information, detectors could be tested at a variety of
PSDs (i.e., tests could be conducted with 1- to 5-
micron particles and separately with 5- to 10-micron
particles). Beyond stating the range of the PSD,
additional information should be recorded about the
‘‘shape’’ of the distribution. Again, the PSD ‘‘shape’’
stated in T&E requirements will ideally match that
likely to be seen in a biological attack. Assuming this
information is not forthcoming from the intelligence
community, a reasonable assumption can be made that
most aerosols will not be monodisperse particulates. As
such, some arbitrary distribution shape may be
necessary (i.e., a normal distribution centered at x

with a standard deviation of y). Multiple, well-
specified PSDs will be extremely important for testing
standoff detectors, which may have vastly different
responses depending on the size of the particles
(Figure 3).

One can readily see that, within the limits of
experimental error, the data required to compute the
value for TALAp are available using equipment and
procedures already in place in a sealed test chamber.
More important, in many cases, one could go back into
archival databases and perform these calculations on
data from previous tests. Notably, all of the informa-

Figure 2. A simplified conceptualization of the calculation of Total Agent per Liter of Air (TALA). The number of particles of differing

sizes (1 or 5 microns in this example) can be determined either through direct measurement using a particle sizer or from knowledge
of the dissemination technique. From this value, the number of particles per liter of air can be computed using the sampling rate of the

particle sizer (chosen as 1 liter per second for simplicity). Knowing the composition of these particles (from the sample preparation

protocol or experimental measurement), one can determine the number of agents per particle. By combining these values, the TALA

can be calculated.
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tion contained in ACPLA is recorded when measuring
and calculating TALAp. Therefore, TALAp can be co-
reported with ACPLA in order to make direct
comparisons with legacy ACPLA data, if so desired.
For example, 100 TALA (15, 5 microns) would
indicate that there are 100 total units of agent per
liter of air, distributed amongst 15 ACPLA, with a
volume-weighted average particle radius of 5 microns.
Granted, PSDs were not specified or standardized in
earlier tests, making direct comparisons of TALAp

with some legacy data potentially problematic. How-
ever, even imperfect TALAp comparisons will be more
useful than their ACPLA-based counterparts, because
the differences in total amount of agent and PSD are
known and can be incorporated into the comparisons.
As mentioned earlier, ‘‘identical’’ ACPLA aerosols
used in actual testing have been substantially different

(in terms of the amount of agent present), adversely
affecting accurate detector evaluations.

The progression from chambers to ambient breeze
tunnels to large-scale open air testing introduces
additional variability and experimental error. While
particle sizing and binning is relatively straightforward
in a chamber under well-controlled conditions, out-
door testing introduces a considerable increase in
background particulates (i.e., ‘‘noise’’). The cleanest
air in the desert around Dugway Proving Ground had
background particulates of ,100 particles per liter
(ppl) but can vary up to 5,000 ppl even on a clear day.
Some of the background will fall within the 1- to 10-
micron size range, emphasizing the need for strict
monitoring of the background at all times during the
test. In breeze tunnel and field testing, the background
particulates may far outnumber those of the bioaerosol

Figure 3. Particle size range and distribution ‘‘shape’’ vastly affect detector testing. Standoff detectors have different detection

thresholds at different particle sizes (dotted line). Due to this variable sensitivity, different particle size distributions that contain an
identical number of particles (solid lines) may or may not be detected (A, B). Beyond the size range, the shape of this distribution can

also affect detector performance, as differently shaped distributions that contain an identical range and number of particles may or

may not cross the detection threshold (C, D).
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such that simple background subtraction may not be
possible. One potential technological fix would be to
develop simple taggants for test aerosols that would allow
particle sizers to discriminate between bioaerosol and
background particles. Something as simple as Green
Fluorescent Protein (GFP) could act as a signal to a
fluorescently gated particle sizer, indicating that a
particular particle should be counted as part of the
bioaerosol. GFP is a standard taggant in biological
experiments and industrial scale fermentation processes
and could readily be used in the environment without
restriction. Fluorescently enabled particle sizers are
already commercially available. While such a tagging
system would need to be tested and verified before wide-
scale use, it could substantially increase T&E capabilities.

Measurement of TALAp
Knowledge of the PSD is required to determine the

TALA, thus TALAp is readily generated while
determining the TALA. The following calculation
assumes a particle counter that provides the number of
particles in a given size range (bin) as a function of
particle size, taken here as the radius. This type of
particle sizer is readily available and already in use in
bioaerosol testing facilities. While different particle
sizers may operate on different principles (light
scattering intensity, aerodynamics, etc.), they all
provide the number of particles as a function of size
(equivalent radius). If the particles are assumed to be
spherical, then the TALA calculation is the same for
data from any particle sizer, and the amount of agent in
each particle can be calculated in a similar manner.
While disseminated biological aerosols (organisms,
filler, surfactants, and/or other extraneous materials)
are not always strictly spherical, this source of error
should fall within an acceptable range for T&E (which
is an inherently variable process). While many agents
themselves are not spherical at all, their aggregates in
the 1- to 10-micron size range aerosol can be. Even
when the particles are not spherical, particle sizers
generally return data as the radius of an equivalent
spherical particle. For the purpose of calculating the
volume of a particle, and from there TALAp, an
assumption of spherical particles is reasonable.

Two parameters from the particle counter are
needed: sampling flow rate (F, l/min) and the sampling
time (t, min) used to obtain a given data set.
Depending upon the instrument, F may or may not
be under the experimenter’s control but will be known.
The time, t, is usually under experimenter control, with
larger sampling times leading to more precise PSDs.
Depending on the sampling time of the detector itself,
as well as the time course of the entire test, it is likely
that a number of separate measurements will be taken

during the course of the run. Clearly, multiple data sets
can be suitably averaged, so only a single calculation
will be used here. The data are normally collected
numerically and are displayed as a histogram as in
Figure 4. Here, Ni is the number of particles per liter of
air in a bin of size delta R centered at Ri.

The actual data from the counter is the number of
particles in the size bin Ni9 (the number of particles
collected by the detector in a given sampling period),
which can be converted to Ni by dividing N 0 by Ft;
Ni~N 0= Ftð Þ. Since Ft is a constant, one could
alternatively use N 0 in the calculation and then divide
by Ft at the end.

Now, the total volume of particles contained in 1 liter
of air (V) is given by 4=3p

P
NiR

3
i . (This sum is

derived from the equation for the volume of a sphere:
4=3pr3). If v is the equivalent volume of one agent in
the particle (volume of the agent itself, plus any
surrounding filler and/or other material), then

TALA~V =v:

The parameter v may be obtained from the
composition of the disseminated aerosol, plus knowl-
edge of the average volume of the agent itself (Va). For
a dry powder, where w is the weight fraction of the
agent in the powder, D is the bulk density of the
powder, and Da is the density of the agent, then
v~ DaVað Þ= Dwð Þ. The values of w and D are known
from the powder formulation and are under the control
of the experimenter or tester. The values of Da and Va

should be available for each agent (Va could be
calculated via microscopy, for example) and can
generally be treated as constants. The values of Da

Figure 4. Hypothetical output from a particle size counter.
Particle sizers ‘‘count’’ the number of particles of various

hypothetical radii in various size bins (boxes). The various bins

can be fit to a distribution curve (dotted line), if necessary.
Particle size data should be corrected for background (see

main body of report).
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are expected to be near 1 g/mL, and it may be that this
value can be used for all agents without introducing
significant error. If an aqueous slurry is disseminated
instead of a dry powder, the value of w to be used in
the above expression must be corrected for the weight
of water since it will evaporate after dissemination
leaving the dry aerosol. The value is corrected by
dividing the weight fraction of agent (organisms) in
the slurry by 1 minus the weight fraction of water in
the slurry. Clearly, this calculation assumes all of the
water has evaporated; however, the calculation can be
modified to allow some water to remain if test data
indicate that the remaining water is a significant source
of error. To summarize then, in terms of the
experimental (measured) parameters;

TALA~ 4pwDð Þ= 3VaDað Þ
X

NiR
3
i :

If the data from the particle counter can be
approximated by an analytical function (e.g., normal,
log normal, Poisson) as represented by the dotted line
in Figure 4, then the summation can be replaced by an
integral:

TALA~ 4pwDð Þ= VaDað Þ
ð

N Rð ÞR2dR:

A note on the ‘‘p’’ in TALAp; clearly, the PSD has
been measured, and as stated in the body of this report,
can be characterized in a number of ways. If a single
parameter is desired, perhaps the best one to use is the
volume-weighted average radius since it reflects the
average size containing the most particles. Finally, it
may be noted that with the data collected, it is also
possible to weight the distribution for inhalation
effectiveness as a function of size if so desired, either
now or at some future time.

It should be noted that the equation above allows for
one extremely simple way to calculate the total amount
of agent in a liter of air. Alternatively, one could use
experimental measurements of the amount of agent in
a given particle size (i.e., based on electron micrographs
of actual particles) rather than relying on w, Da, and Va

to make a numerical estimate of the amount of agent.
In this case, TALAp would be calculated by multiply-
ing the number of particles of each size by the number
of agents per particle and then summing results, similar
to the example in Figure 2.

Potential limitations of TALAp as a
standard unit of measure

We strongly support the proposition that TALAp
provides a substantial improvement over ACPLA as a
standard unit of measure, without requiring the
massive investments necessary to implement a more

complex unit of measure such as BAULA. However,
there are some limitations involved with implementing
TALAp. As mentioned above, TALAp does not
contain any information on the amount of live versus
dead agent present in the aerosol. While this is not
necessarily a concern for the comparative T&E of
detectors, it is difficult to translate TALAp into a
health risk without this information. Thus, without
some sort of conversion, health risk will not be
captured by a unit such as TALAp.

Unfortunately, for agents other than spores, it can be
extremely difficult to determine the amount of live
agent after it has been dispersed as an aerosol. Simply
collecting the agent (via impactors or impingers) can
reduce viability since vegetative bacteria and viruses are
quite labile and are apt to be destroyed by the
collection process itself. Indeed, obtaining accurate
measures of viability even in T&E referee equipment is a
problem that will likely take substantial investments of
time and money to properly address.

While a theoretical calculation for health risk would
be possible (and a proposed method was presented in
the NRC report), in our opinion many of the measures
necessary to make this calculation are currently
unknown or highly variable, and any final calculation
may not be precise enough to accurately represent the
health risk. The variables of interest would include
breathing rates, amount of live agent, exposure time,
agent identity (including subtype), LD50 at the given
PSD, environmental conditions at time of release, and
additional components of the bioaerosol. Some of
these variables could be reasonably estimated (i.e.,
breathing rates), while others will have a large range of
possible values (published LD50’s for some agents can
vary by orders of magnitude). This topic clearly
deserves an in depth study to determine if health
hazard can be calculated with any reasonable degree of
accuracy.

TALAp requires an accurate measurement of the
amount of total agent present. This calculation requires
knowledge of the volume and density of each agent.
Volume measurements are likely available in research
literature, though they could be readily obtained (i.e.,
via microscopy) if past efforts are deemed insufficient.
The density of the agent can likely be estimated as
1 g/mL, although more accurate values could be
determined through experimental measurements.
Thus, it appears that these limitations could be readily
overcome with relatively minor research investments.

Finally, TALAp relies upon an accurate determina-
tion of the number and size of particles. While this
count is easily obtained in a well-controlled test
chamber, background particles can become problematic
in breeze tunnel and field testing. Thus, to obtain an
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accurate particle count, it may be necessary to develop
testing methodologies that can discriminate between
bioaerosol and background particles. Simple tagging
methodologies (or other methods), as discussed above,
may be able to address this limitation.

In all, TALAp has some limitations. It should be
noted, however, that these limitations are not specific
to TALAp and for the most part have plagued other
aspects of bioaerosol T&E efforts for years. We believe
that the main limitations can be overcome with
relatively limited investments, and that these invest-
ments will continue to pay dividends to the T&E
community beyond the implementation of TALAp.

Recommendations
We recommend that a new unit of measure be

introduced T&E of both point and standoff aerosol
biodetectors. This unit of measure, TALAp, contains
all of the key components necessary to accurately test
and evaluate both bioaerosol point and standoff
detectors. Conveniently, TALAp applies to all types
of agents including spores, vegetative bacteria, and
viruses. Thus, TALAp can be used as a unit of measure
for all agent classes. We recommend that challenge
level requirements for biodetectors be stated in
TALAp with a given PSD (or several different PSDs)
and sampling time. TALAp is measurable in test
chambers with current referee equipment and legacy
data should be readily convertible to TALAp. In order
to accurately measure TALAp in breeze tunnels and in
the field, additional particle sizing techniques may
need to be developed. Thus, we recommend that
TALAp be implemented along side of ACPLA in the
short term for chamber tests and then in breeze tunnels
and field tests as protocols allow. In fact, since TALAp

contains all of the information in ACPLA, TALAp

can be reported as follows: 100 TALA (15, 5 microns),
where there are 100 units of agent per liter of air,
distributed amongst 15 agent containing particles
(ACPLA), with a volume-weighted average radius (a
concise way to describe the PSD) of 5 microns. Such a
reporting mechanism would allow immediate compar-
ison of TALAp values to existing legacy ACPLA data.
Furthermore, this ‘‘pilot program’’ for TALAp in test
chambers will allow the T&E community time to
familiarize themselves with TALAp measurements
before full implementation. C
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News

Chapters News

George Washington Chapter

At its monthly luncheon on 
November 19th at the Army Navy 
Country Club in Arlington, VA, 
the ITEA George Washington 
Chapter heard Dr. David Brown 
address: “Software – PM’s Nirvana 
and Nemesis and Why the Heck 
Should T&E’rs Care.” He is a 
consulting engineer for the MITRE 
Corporation, Institute for Defense 
Analyses, and Johns Hopkins 
University, and former Executive 
Director for Test, and Director of 
the Combined Test Organization for 
the Army Future Combat System 
Program. Dr. Brown’s solution is to 
apply Software Systems Engineering 
(S/W SE) practices, which applies 
to all phases of development and 
integrates/incorporates T&E and 
is the way to realistically test and 
verify the requirements. The PM’s 
Nirvana and Nemesis are that 
software makes anything possible 
but software T&E keeps the possible 
doable.

At its monthly luncheon on 
January 21st at the Army Navy 

Country Club in Arlington, the 
George Washington Chapter heard 
Dr. Suzanne Barber, President of 
Aware Software Inc and University 
of Texas professor, discuss 
“Architectures, Requirements and 
Tests – The Hidden Gems.” She said 
the executive needs to know “what”; 
the engineer needs to know “how”, 
and the program manager needs 
to know “when, who, and where.” 
The evaluator needs to know “what 
if.” The tester needs all of this in a 
central data structure that allows 
direct input by data producers and 
keeps records accessible without 
additional work. Dr. Barber 
concluded that current digital 
capability enables this capability.

At its luncheon on February 18th 
at the Army Navy Country Club in 
Arlington the George Washington 
Chapter heard Dr. J. Michael 
Gilmore discuss his position as the 
new Director of Operational Test 
and Evaluation in the Office of the 
Secretary of Defense.  Gilmore 
discussed four initiatives intended 
to build on the successes of his 
predecessors. He said his highest 
priority is to support the warfighter 
by rapid fielding. Another important 
goal is earlier T&E involvement than 
previously in the acquisition processs 
to prevent untestable, infeasible, 
or irrelevant requirements before 
locking in a test program. A third 
initiative is to encourage integrated 
testing to plan both developmental 
and operational testing together, 
using Design of Experiments 
principles to keep the later OT&E 
from being the time of discovery. 
He said he also intends to continue 
emphasis on suitability to reverse 
a trend in recent years of finding 
too many failures in reliability and 
supportability in late operational 
testing. 

At its luncheon on March 25th 
at the Army Navy Country Club 

in Arlington, VA, the George 
Washington Chapter heard Mr. Jack 
Manclark discuss and show slides 
of his experience as commander 
of the 4477th TES “Red Eagles” 
squadron, and pilot of 321 sorties. 
Established by the Air Force in 
1979 at Tonapah, NV, as a high 
budget, secretive program, it flew 
MiG -17’s and -21’s, and later MiG 
-23’s for nearly a decade to learn 
about possible threat capabilities 
and to support training and testing.  

Dr. David Brown addresses 
December luncheon

Dr. J. Michael Gilmore addresses 
February luncheon

Dr. Suzanne Barber receives 
memento from chapter president 
Chas McKee
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Manclark said flying was difficult 
because our aviators did not know 
what all of the controls did and 
very few modifications to the 
original (such as changing airspeed 
from kilometers to nautical miles) 
were made. Maintenance was also 
difficult in the absence of technical 
manuals and most spares, while 
the need for them was constant. 
He said replacements often had 
to be made on the basis of reverse 
engineering. During the life of 
the squadron, much was learned 
of the characteristics of these 
USSR-designed aircraft, including 
exploitable weaknesses.

At its monthly luncheon on April 
15th at the Army Navy Country 
Club in Arlington, VA, the George 
Washington Chapter heard Mr. 
Richard G. Sayre, “Rick”, Deputy 
Director of Operational Test and 
Evaluation in the Office of the 
Secretary of Defense discuss “Live 
Fire Test and Evaluation Current 
Efforts.” He said his office is 
developing advanced methodology 
for measuring the effectiveness of 
measuring protection and firepower, 
including a statistics-based protocol, 
based on a database of the effects 
of weapons on hundreds of armor 
plates, modification of crash 
dummies used in civilian vehicle 
testing to encompass the effects 
of combat damage and injury, 
and development of modeling for 
survivability testing of naval ships 
because of the great complexity of a 
ship system, requiring development 
of modeling to extrapolate sea shock 
testing. His closing point was that 
survivability testing is always costly, 
but always needed.

At its monthly luncheon on May 
18th at the Army Navy Country Club 
in Arlington, Virginia, the George 
Washington chapter recognized its 
corporate sponsors. Representatives 
from eight companies that donate 
sponsorship dollars attended the 

luncheon as guests of the chapter. 
Each company presented Mr. Chas 
McKee, President of the Chapter, 
a symbolic check for their annual 
contribution, and each was presented 
a certificate in recognition of their 
support by Corporate Committee 
Chair, Mr. Todd Stevenson. 

Corporate sponsorships are the most 
significant support for the chapter’s 
scholarship program and in keeping 
with long standing tradition of the 
GW Chapter, the scholarship grants 
were presented to representatives 
from the local universities at the 
luncheon. The chapter awarded four 

Mr. Jack Manclark addresses 
March luncheon

Mr. Rick Sayre addresses April 
luncheon

Corporate sponsor representatives (left to right) are Patrick Xantus of 
General Infomatics, Ron Skotka of SAIC, Jeff Morgan of EWA Government 
Systems, Inc., Kevin Lees of Alion Science and Technology, Linda Van 
Landuyt of Advanced Systems Development, Todd Stevenson of Cobham 
Analytic Solutions, Lou Husser of Scientific Research Corporation, Alan 
Dunkerley of Applied Resources, Inc., John Rose of Advanced Systems 
Development, with Charles McKee Chapter President.
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scholarship grants of $1,500 each to 
students studying subjects leading to 
a career in T&E from VirginiaTech, 
George Mason University, Morgan 

State University, and George 
Washington University. In addition, 
the chapter continued its annual Bell 
Scholarship award in the amount 

of $1,000 to a student in honor of 
the late Dr. Robert S. Bell, former 
Technical Director of the US Marine 
Corps OT&E Activity and a long 
time member of the chapter. 

� � �

Emerald Coast Chapter

The Emerald Coast Chapter is 
pleased to announce that the 1st 
quarter winner of “Tester of the 
Quarter” was “Team Robin Shelby” 
of the ACC’s 53rd Wing Electronic 
Warfare Group, 36 EWS. The team 
crafted a 5-week Foreign Military 
Exploitation (FME) test plan, and 
established key test measures to 
enable A-10, F-16, F-15, B-1, and 
B-52 jammer evaluations. The team 
also orchestrated a 6-week test 
effort to evaluate 6 systems and 
5 aircraft types, which bolstered 
Combat Air Force Electronic 
Warfare (EW) capabilities. In 
addition, the team conducted 
lab tests, analyzed test runs, 

Scholarship awards participants (left to right): Ken Harmon faculty and 
Manoj Maskara, student, of Virginia Tech; Tony Garces, Chapter Education 
Committee Chair; Jerrit Askvig, student of George Mason; Mike Bell, Morgan 
State alumnus who accepted for student Robin Bratcher; Jennifer Lamb, 
administration; and Ira Hunt, engineering student at George Mason and 
former Army medic who served two tours in Iraq, received the Bell Scholarship 
Award and are pictured with Chas McKee, Chapter President, student Kenan 
Cole and faculty, Dr Charles Garris of George Washington University. 

Team Robin Shelby.
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characterized jammer performance, 
and programmed new techniques 
to defeat new threats and provide 
enhanced system capabilities on 
multiple platforms. 

In other news, the Emerald 
Coast ITEA Chapter co-
sponsored the 15th Aircraft-Stores 
Compatibility Symposium, held 
April 19-22 2010 at the Emerald 
Coast Conference Center in Fort 
Walton Beach. The Symposium 
provided the international test 
and evaluation community the 
opportunity to share information 
of mutual interest regarding 
the challenges associated with 
aircraft-stores compatibility 
issues. For four decades these 
forums have provided for the 
exchange of ideas on the core 
engineering disciplines with a focus 
on improving the compatibility 
process and expediting support to 
the war fighters. The theme for this 
year’s symposium was Embracing 
Compatibility Challenges of the 
Next Decade. Co-sponsored by 

ITEA and the 46th Test Wing, 
this year’s symposium featured 
presentations on current F-35 
T&E activities, UAV combat 
operations, the expanding role of 
light attack aircraft, and the hazards 
of electromagnetic radiation 
to ordnance. A highlight of the 
event was a special presentation 
honoring the 40th anniversary of 
aircraft-store compatibility. This 
briefing showcased the history 
of compatibility, highlighted the 
development and role of modeling 
and simulation in compatibility, 
and recognized several aircraft-
store compatibility pioneers. 
The symposium also included 
three outstanding tutorials: 
(1) “Design of Experiments” 
comprised a two-part series that 
provided a broad overview of 
developing smart test strategies 
using a statistical approach, (2) 
“Generational Diversity” offered 
a unique perspective on dealing 
with diversity in the workplace, and 
(3) “The Conventional Munitions 

Orientation Seminar” identified 
the primary building blocks used 
to produce conventional munitions 
and covered methods of Munitions 
Development, System Test and 
Verification, Post Production, 
Weapons Employment, and Future 
Air Armament.

The Emerald Coast ITEA 
Chapter also completed its 2010 
Scholarship Program and awarded 
five $1,000 scholarships to local 
high school graduates. Certificates 
were given to the winners at 
their schools awards recognition 
ceremonies. The following is a 
list of the five winners and the 
educational institutions they 
have elected to attend: Cody PK 
Heitman (University of Florida), 
Ben Johnson (University of 
Florida), Elizabeth Gallagher 
(Auburn University), Eric Nieves 
(University of Florida), and Jessica 
P. Maney (Troy University).

 � � �

Francis Scott Key Chapter

The Francis Scott Key Chapter is 
excited to announce its new slate of 
officers: John Schab (Georgia Tech 
Research Institute) will serve as the 
Chapter President, Stephen Conley 
(Army Evaluation Center) will 
serve as the Chapter Vice President, 
Fred Merchant (SURVICE 
Engineering) will serve as Chapter 
Secretary, and James Fielder 
(Aberdeen Test Center) will serve 
as Chapter Treasurer. We appreciate 
the time these individuals have 
committed to strengthening the 
local ITEA chapter and additionally 
thank their organizations for 
supporting these individuals’ 
participation in ITEA.

Special recognition needs to go 
out to Cathy Pritts (Developmental 

From left to right: Mr. Charlie Matthews, Mr. Ralph Johnson, Mr. Jim 
Robinson, Dr. Ed Kraft, Mr. Bob Arnold, and Dr. Bill Dyess. Photo taken 
at the 15th Aircraft-Stores Compatibility Symposium.
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Test Command) for her service as 
Chapter President over the past two 
years. Under her leadership, the 
chapter continued to be consistently 
recognized as a superior chapter. 
Ms. Pritts helped organized local 
workshops, ran tutorials at the 
Annual Symposium, scheduled 
top notch speakers for monthly 
luncheons, which maintained strong 
attendance, and supported both the 
chapter’s professional awards and 
scholarship efforts.

In addition, Ms. Pritts 
continued to grow a strong 
relationship between the chapter 
and the local Science and Math 
Academy, which offers high 
school students the opportunity 
to experience challenging 
coursework in science, 
mathematics, and technology with 
an emphasis on research and real 
world applications through regular 
contact with practicing scientists, 
engineers, and mathematicians. 
She has agreed to stay active with 
the chapter and serve on the local 
Chapter’s Board of Directors. 
Please congratulate and thank Ms. 
Pritts for her past and continued 
service to the Francis Scott Key 
Chapter the next time you see her.

At its March 10th luncheon at 
the Clarion Hotel in Aberdeen, 
MD, the Francis Scott Key Chapter 
invited Mr. Carl Eissner to be the 
key-note speaker. Mr. Eissner is 
the Chair for the Test & Evaluation 
Capabilities and Methodologies 
IPT, Chemical Biological Defense 
Program (CBDP). The committee 
is responsible for strengthening 
CBDP T&E by identifying 
capability gaps, verifying new 
capabilities, and creating T&E 
standards. Mr. Eissner presented 
an excellent brief which discussed 
the program and the initiatives 
that are underway that could 
become the model for other 
joint communities to follow. The 

chapter would like to once again 
thank Mr. Eissner for his time and 
presentation.

Finally, the 2010 ITEA Francis 
Scott Key Chapter Awards were 
presented at the March luncheon. 
A special thank you goes to Stacy 
Cabrera (AAI Corporation). Ms. 
Cabrera led the chapter award effort 
this year and did a fantastic job 
in a short timeframe with limited 
resources. The 2010 award winners 
are:

General Powers Award:
Mr. William Hughes
This award recognizes a lifetime 
of outstanding achievements 
by government and industry 
professionals working in the field of 
T&E within the geographical area 
of the Francis Scott Key Chapter.

T&E Professional Award: 
Mrs. Diane Eberly, U.S. Army 
Evaluation Center
This award recognizes the 
outstanding achievements 
by government and industry 
professionals working in the field of 
T&E within the geographical area 
of the Francis Scott Key Chapter.

Young T&E Professional Award: 
Ms. Lisa Gremminger,  
U.S. Army Evaluation Center
This award recognizes the 
outstanding achievements by 
government and industry young 
(defined as younger than 35) 
professionals working in the field 
of T&E within the geographical 
area of the Francis Scott Key 
Chapter.

Congratulations once again to 
the award winners and thanks to all 
the nominators who took their time 
to complete the nomination forms. 
The award program’s strength relies 
on you.

� � �

Valley of the Sun

The Valley of the Sun Chapter 
was chartered on 19 March 2010. 
This new ITEA Chapter, located 
in the Phoenix, AZ metropolitan 
area, was formed to provide 
a local community of interest 
and educational forum for T&E 
professionals from industry, 
academia, and federal and state 
organizations to collaborate 
on new technologies, methods, 
and procedures for T&E in high 
tech industries.  According to 
TechAmerica Foundation’s 
recently released 13th Annual 
2010 Cyber States report, Arizona 
ranks 4th in semiconductor 
manufacturing employment with 
21,000 jobs, 5th in space and 
defense systems manufacturing 
employment with 8,700 jobs and 
6th in photonics manufacturing 
employment with 1,200 jobs. 
Arizona’s Department of 
Commerce Office of Innovation 
and Technology is tracking the 
state’s high tech trends in existing 
and emerging industries such as 
bio research, alternative energies 
and medical devices that will 
certainly require new advances in 
T&E. This budding community 
of interest will provide new 
and exciting opportunities to 
promote challenging careers in 
T&E for Arizona’s emerging high 
tech industries, academia, and 
government organizations. 

The Valley of the Sun Chapter 
already has approximately 40 
members! Some existing members 
of ITEA who reside in the Phoenix 
area were transferred from the 
Huachuca Chapter to the Valley of 
the Sun Chapter to make it easier 
to participate in Chapter activities. 
The Chapter elected its inaugural 
slate of Officers to a one-year term 
on March 19, 2010
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President – Rob Olson (General 
Dynamics C4S)

Vice President – Dave Hornstein 
(General Dynamics C4S)

Secretary – Greg Williamitis 
(Inter-coastal Electronics)

Treasurer – Toni Farley (Arizona 
State University)

The Chapter already has 
membership from a variety of local 
organizations including AFRL 
Mesa, Exodyne, General Dynamics 
C4S, Arizona State University 
(ASU), Inter-coastal Electronics 
(ICE), Boeing, Honeywell, and 
Orbital Sciences. Our first several 

meetings have been focused on 
preparing to support the ITEA 
Annual Symposium to be held in 
Glendale, AZ on September 13–16, 
2010. As the local host chapter, 
we have been busy working in 
the background to setup the golf 
tournament, line up tours, and 
provide the ground logistics support 
to the symposium committee. We 
have established a contract with 
the Arrowhead Country Club 
for the ITEA Symposium Golf 
Tournament. This exclusive country 
club boasts one of the finest and 
challenging courses in the Phoenix 
area. We hope many of you will 
participate in this fun activity. 
Proceeds from the golf tournament 

will be applied to our chapter 
scholarship fund. Hole sponsorship 
opportunities also are available. 

Near-term objectives for our 
new chapter include establishing 
committees for membership and 
scholarship fund development, 
providing support for the ITEA 
Annual Symposium in September, 
identifying chapter activities 
and speakers for meetings, and 
developing a strategic plan for 
growing our ITEA chapter.

We look forward to seeing all 
ITEA members in Glendale AZ on 
13–16 September at the ITEA 2010 
Annual Symposium!

� � �
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Association News

The ITEA leadership would 
like to recognize and extend 
their gratitude to Mr. Gary 
Bridgewater for his enthusiasm 
and willingness to lead this 
association during the transition 
period of January through July, 
2010 from Ms. Lori Tremmel 
Freeman to the new Executive 
Director, Mr. James Gaidry. 
Ms. Freeman remained on board 
in a consulting capacity and 
provided the stability required 
to have the organization remain 
fiscally steadfast; her professional 
courtesy was appreciated by all of 
us. Gary was then able to spend 
his time focusing on the continued 
strength and growth of the 
organization while managing the 
staff at ITEA Headquarters. Gary’s 
impressive, dedicated service 
to ITEA extends throughout the 
years; he served as past president 
and vice president, and also 
held chairmanships of both the 
Corporate Development and 
Elections Committees, the latter of 
which he still holds today.  Gary 
has been, and continues to be, a 
strong influential ITEA member 
and vital leader in all aspects of 
ITEA operations, whether assisting 
in addressing International or local 
chapter needs, or providing wise 
counsel on demanding issues and 
important strategic directions.  He 
was awarded the ITEA Board of 
Directors Award in 2007 and was 
the obvious choice to take on the 
role of Interim Executive Director.  

ITEA is pleased to welcome its 
new corporate members: 

Astro-Med, Inc., Test & 
Measurement Product Group, 

founded in 1969, is a world 
leader in the high-speed data 
acquisition market, offering high-
performance test and analysis 
solutions to the test disciplines 
of ITEA. Astro-Med’s line of 
recorders are used throughout 
the world in the most demanding 
applications, including telemetry 
and aerospace, power generation, 
automotive, transportation, primary 
metal mills, pulp and paper mills, 
telecommunications, heavy 
industry, and more. Astro-Med is 
a growth-oriented company that 
believes in vigorous new product 
development, high quality products, 
and total customer satisfaction. For 
more information visit www.astro-
med.com.

Dynamic Science, Inc. has 
provided engineering and technical 
services to government and private 
organizations since 1942. From 
pioneering crashworthiness research 
to support of current Army ballistics 
and electronics testing, DSI’s record 
of reliability and innovation is long 
and accomplished. DSI saves lives. 
Join with us and make the world a 
safer place. For more information 
visit www.exodyne.com

Fabreeka International is a 
manufacturer of vibration isolation 
solutions.  Fabreeka has a leading 
role in providing vibration isolation 
systems and design techniques 
to meet the increasing demands 
of automotive and aerospace 
testing in simulated environments. 
Solutions for auto testing include 
the design of test equipment support 
foundations (reaction masses) 
including structural and dynamic 
analysis. Applications include 
dynamometers, rolling roads, 
road simulators, multi-axis shaker 
tables, and other test equipment. 
When performing testing of large 
spacecraft or hardware that will be 
launched into orbit, it is necessary 
to conduct the tests in a space-

simulated environment. To achieve 
this, a vacuum chamber or thermal 
vacuum chamber is used, which 
creates an environment to simulate 
the pressure and thermal effects of 
space travel in orbit. It is necessary 
to decouple the spacecraft/payload 
from the chamber using vibration 
isolators to attenuate environmental 
vibration from the testing. In 
some cases where feasible, the 
entire chamber with payload is 
decoupled from the test facility. 
Additionally, Fabreeka provides 
isolation solutions for material 
testing machines including tensile, 
compression, and fatigue testing 
equipment that can create vibration 
and shock. For more information 
visit www.fabreeka.com.

For more than 30 years, Life 
Cycle Engineering has provided 
engineering solutions that deliver 
lasting results for private industry, 
public entities, government 
organizations, and the military. 
LCE’s Applied Technology Group 
(ATG) specializes in net-centric 
solutions and developing web-
enabled services by providing 
rapid delivery of products through 
spiral development. ATG’s test 
and evaluation services provide 
complete SDLC coverage 
including requirements mapping, 
architecture verification, test 
development, execution and 
analysis, and performance and 
load testing. For more information 
visitwww.ice.com. 

� � �

Welcome James Gaidry
ITEA Executive Director
July 2010
Please feel free to contact 
James at  703-631-6222 
or jgaidry@itea.org

New Corporate Members
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Government News

Academy cadets wrap up 
summer mentoring program 

at AFOTEC

U.S. Air Force Academy cadets 
traveled to four Air Force 
Operational Test and Evaluation 
Center locations to work as full-
fledged members of operational 
test and evaluation teams and gain 
hands-on exposure to operational 
testing processes, products, and 
experiences for periods of three 
to five weeks from June through 
July.

AFOTEC hosted the USAFA 
Cadet Summer Research Program 
(CSRP) for a third year at locations 
in California, Florida, Nevada, and 
Texas.  Eleven cadets participated 
in CSRP and worked on a variety 
of real-world Air Force projects 
ranging from the F-35 Joint Strike 
Fighter to the RQ-4 Global Hawk. 

“The USAFA CSRP is part of 
the AFOTEC Mentoring Program 
with USAFA designed to expose 
cadets to the type of opportunities 
and responsibilities they can expect 
to have when they are commissioned 
as second lieutenants,” said Maj. 
Gen. Stephen T. Sargeant, 
AFOTEC Commander. “The 
program leverages AFOTEC’s 
experience in operational test and 
evaluation to create a comprehensive 
mentoring program for USAFA 
cadets during their academic and 
professional development.” 

At AFOTEC’s Detachment 1 at 
Edwards AFB, Calif., Cadets First 
Class Roderick Mills, Carson 
Slater, and Jonathan Swift became 
members of the Joint Strike Fighter 
Operational Test Team. Cadets 
Swift and Mills spent their time 
at Edwards developing a data 

management tool that consolidated 
developmental test pilot reports into 
a single database for trend analysis. 
Cadet Slater worked at AFOTEC 
Detachment 1’s operating location 
in Fort Worth, Texas developing 
a tool for collecting data on F-35 
health reporting codes. These tools 
were given to the detachment’s 
suitability and test support sections 
to incorporate into daily operations.  

“The cadets’ projects provided 
us with data collection tools that 
we will continue to use throughout 
the current operational assessment 
of the F-35” said Col. Gary 
Cooper, AFOTEC Detachment 1 
Commander. “We also provided 
them an opportunity to observe both 
developmental and operational test 
operations across the wide range of 
activity going on at Edwards so they 
now have an idea of the scope of 
test across the Air Force.”

AFOTEC’s Detachment 2 at 
Eglin AFB, Fla., had Cadets First 
Class Clay Adair, David Cooke, 
and Kyle Yohe engaged in building 
data analysis tools for the Miniature 
Air-Launched Decoy Jammer and 
Defense Enterprise Accounting and 
Management System test programs 
to support initial operational test 
and evaluation. All three cadets 
will attend pilot training after 
graduation and each received an 
orientation ride in the F-16.

“Cadets Adair, Cooke, and Yohe 
made tremendous contributions 
to our operational test mission” 
said Col. Chuck Corley, AFOTEC 
Detachment 2 Commander. “They 
developed a data comparison 
tool that allows the test team to 
calculate the three dimensional 
MALD-J route deviation, 
displaying results graphically 
for comparison to ensure system 
requirements are met. Then the 
cadets created a data organizational 
tool for the DEAMS test program. 

This tool quickly integrates the 
large amounts of data and quickly 
determines traceability and 
accuracy. Finally they developed 
detailed documentation for both 
tools, allowing the training of new 
analysts and tool modification.”

AFOTEC’s Detachment 5 at 
Edwards integrated Cadets First 
Class Jeremy Granow, Austin 
Kootz, Christopher Leung, and 
Alex Volesky into test programs 
within the detachment’s Bomber 
Test Operations and Command and 
Control, Intelligence, Surveillance 
and Reconnaissance Divisions. The 
cadets were also exposed to Air 
Force Flight Test Center activities 
through the U.S. Air Force Test 
Pilot School that included F-16 
familiarization flights with TPS 
instructors. 

“Cadets Leung and Volesky 
provided crucial support in the 
analysis of ground and flight test 
data from the B-1B Fully Integrated 
Data Link program,” said Col. 
Paul Daly, AFOTEC Detachment 5 
Commander. “Cadet Leung wrote 
numerous, necessary MATLab

Cadet gets familiarization 
with flight environment. Cadet 
First Class Carson Slater gets 
familiarized with the cockpit. Cadet 
Slater worked at the Air Force 
Operational Test and Evaluation 
Center’s Detachment 1 operating 
location in Fort Worth, Texas 
developing a tool for collecting 
data on F-35 Joint Strike Fighter 
health reporting codes. (U.S. Air 
Force photo).
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routines to help translate data 
link information into formats that 
could be compared with data from 
different sources. Cadet Volesky 
collected deficiency information 
and developed important post-
processing tools for the tactical 
message formats. Their dedication 
and tireless efforts have greatly 
helped progress the reporting of 
the results from the B-1 FIDL 
operational assessment.

“Cadets Granow and Kootz 
designed a user-friendly Air Force 
contracted personnel deliveries 
database for the programs Global 
Hawk, Predator, Battlefield 
Airborne Common Node, Multi-
Platform-Radar Technology 
Insertion Program, and Advance 
Signals Intelligence Platform,” 
said Colonel Daly. “The product 
and effort was quick and easy to 
understand.” 

“Additionally, Cadet Kootz 
used tools available to minimize 
time of selecting by hand Essential 
Element of Intelligence and 
scenarios for each range and 
sortie to be flown by Global Hawk 
during initial operational test and 
evaluation,” said Colonel Daly. “He 
used some selective and adaptive 
programming to increase the 
productivity of the combinations 
and developed several visual basic 
macro command programs to speed 
up the repetitive portions of the 
task and reduce the work from days 
to only three hours.” 

AFOTEC’s Detachment 6 at 
Nellis AFB, Nev., had Cadet First 
Class Joseph Boben build an 
assessment of Circular Error Point 
calculation methods for bomb 
drop data. Cadet Boben also spent 
time on the Nellis flightline with 
maintainers and operators and had 
an F-16 flight.

“Cadet Boben also spent a few 
days on the range assisting the 
U.S. Air Force Weapons School 

 Cadet tours research center. Cadet First Class Alex Volesky tours the NASA 
Dryden Flight Research Center at Edwards AFB, Calif., during his during 
his five-week U.S. Air Force Academy Cadet Summer Research Program tour 
with the Air Force Operational Test and Evaluation Center’s Detachment 5 
at Edwards. Cadet Volesky collected deficiency information and developed 
important post-processing tools for the tactical message formats for the 
B-1B Fully Integrated Data Link program. (U.S. Air Force photo).

 Cadets support Global Hawk program. (Left) Cadets First Class Jeremy 
Granow and Austin Kootz pose in front of a Global Hawk during their 
three-week U.S. Air Force Academy Cadet Summer Research Program tour 
with the Air Force Operational Test and Evaluation Center’s Detachment 5 
at Edwards AFB, Calif. Both cadets designed a user-friendly database for 
the programs Global Hawk, Predator, Battlefield Airborne Common Node, 
Multi-Platform-Radar Technology Insertion Program, and Advance Signals 
Intelligence Platform. (U.S. Air Force photo).
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Mission Employment phase by 
acting as a dynamic target for pilots 
to find and ‘kill’,” said Col. Greg 
Neubeck, AFOTEC Detachment 
6 Commander. “Cadets are a 
welcome injection of high energy 
and youth to the unit. Joe fit right 
in and focused in on his task. 
We appreciate the opportunity to 
host cadets, especially those with 
engineering backgrounds, because 
most of what we do relates well to 
the cadet’s academic background 
and gives them the opportunity to 
apply what they’ve learned in an 
operational test environment.”

“AFOTEC continues to 
have great success in providing 
meaningful research projects for 
the Academy cadets,” said Lt. 
Col. Scott Hunt, Headquarters 
AFOTEC point of contact for the 
program. “The various Academy 
departments sent us high-quality 

cadets, and we seamlessly 
integrated them into our test teams. 
We are compiling lessons learned 
from this year to apply to our 
program for 2011.”

“These kinds of programs enable 
our future U.S. Air Force leaders 
to enter active duty with a better 
understanding and awareness of 
how the knowledge and skill they 
gain at the Academy will allow 
them to make a positive impact on 
delivering capabilities to warfighters 
expeditiously, to more effectively 
conduct their operations with less 
risk to our Airmen, and often our 
Joint and Coalition partners,” 
said General Sargeant. “We look 
forward to continuing our mutually 
beneficial mentoring partnership 
with USAFA well into the future.” 

� � �

Cadet analyzes data. 1st Lt. 
Cara Dennis from the Air Force 
Operational Test and Evaluation 
Center’s Detachment 6 at Nellis 
AFB, Nev., works with Cadet First 
Class Joseph Boben as he builds 
an assessment of Circular Error 
Point calculation methods for 
bomb drop data. During the U.S. 
Air Force Academy Cadet Summer 
Research Program cadets gain 
hands-on exposure to operational 
testing processes, products, and 
experiences. (U.S. Air Force photo)

Cadet gets F-16 incentive flight. 
Cadet First Class Joseph Boben 
receives an incentive flight in the 
back seat of an F-16 at Nellis 
AFB, Nev. Cadet Boben spent five 
weeks at the Air Force Operational 
Test and Evaluation Center’s 
Detachment 6 at Nellis as part 
of a mentoring program between 
AFOTEC and the U.S. Air Force 
Academy. The program leverages 
AFOTEC experience in operations, 
acquisitions, and test to create a 
comprehensive mentoring program 
to assist USAFA cadets during 
their academic and professional 
development. (U.S. Air Force photo)
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Herley Industries, Inc.
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InDyne, Inc.
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Jacobs Technology Inc.
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Life Cycle Engineering

MacAulay-Brown, Inc.

ManTech Systems Engineering  
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MEI Technologies, Inc.

MIL Corporation

NewTec

NewTec, LLC
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Northrop Grumman Corporation
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QUADELTA, Inc.
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Scientific Research Corporation
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SPARTA, Inc.

Spiral Technology, Inc.

SRA International

Summit Instruments, Inc.

Summit Technical Solutions, LLC

SURVICE Engineering Company

SYMVIONICS, Inc.

System Development Center—CSIST

Syzygy Technologies, Inc.

Tactical Information Exchange  
Integration Office

TASC, Inc.

Trideum Corporation

U.S. Army Developmental Test  
Command

Weibel Scientific A/S

Westech International, Inc.

Windmill International, Inc.

Wyle

ITEA Corporate Members
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