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I
n a previous Journal issue, I discussed the
ITEA Board of Directors initiation of the
process to revise our Strategic Plan and its
implementation components to ensure that
the future of ITEA is also aligned to meet

the needs of the T&E profession and its technology
advancements in the years to come. The step-by-step
process began with a kick-off session in December
followed by an intensive two-day strategic planning
session in February. Board Members revisited the
current mission and vision of the organization and are
taking measures to ensure that ITEA’s Strategic Plan
includes measurable goals that tie back to the
established strategic vision. After reviewing related
documents and discussing the Strengths, Weaknesses,
Opportunities and Threats (SWOT) analysis, the
group collaborated on the following re-write of the
ITEA Mission and Vision Statements:

ITEA’s Vision: To be recognized as the premier
professional association for the international test and
evaluation community

ITEA’s Mission: To advance the field of test and
evaluation worldwide in government, industry and
academia

The vision defines a long-term focus for the
Association, its programs and services, and its resource
allocations and more importantly our purpose, reason
for being, who we are and what we do. It is the image
of the future we seek to create. The mission defines the
Association’s scope, direction, and emphasis as the
vision is pursued. It is a positioning statement for
members, potential members, and related organiza-
tions in the short-term.

Taking the next step, the ITEA Directors developed
six key goals that will define areas of critical emphasis
for the association in a three-year Strategic Plan for
2009–2012. Strategic goals support both the organi-
zation’s mission and vision statement and provide
fundamental long-range direction. The revised mis-
sion, vision, and goals were approved during the March
Board of Directors meeting. The final step is to
develop a detailed Action Plan for implementing the
Strategic Plan. The Action Plan will include more
specifics, such as 3-year timelines and objectives,
accountability measures and budget recommendations.
It is within this detailed plan that specific issues will be
addressed and aligned with ITEA’s mission.

This issue of the journal is focusing on The Future of
Test Facilities. To that end I want to lift one example
of how the OSD Test Resource Management Center

(TRMC) fo-
cuses on de-
veloping test
technologies
for transition
into future
test capabili-
ties to verify
the perfor-
mance of our
most advanc-
ed warfight-
ing systems.
They align
their Test
and Evalua-
tion/Science
and Technol-
ogy (T&E/S&T) program with the TRMC Strategic
Plan for DoD T&E Resources to provide the techno-
logical pipeline necessary to close test capability gaps.
One focus area of T&E/S&T is Directed Energy (DE).
As advancements in High Power Microwave (HPM) and
High Energy Laser (HEL) technologies continue, DE
weapon systems are making significant progress world-
wide. Current DE T&E capabilities are not sufficient to
support the full spectrum (developmental, operational,
and live-fire) of testing required for acquiring DE
weapons systems, including testing of our own DE and
non-DE systems when subjected to a DE threat. The
capabilities are fragmented, fixed, and not functionally
integrated. Through an established Tri-Service Study
process tightly linked with the TRMC Directed Energy
Test S&T focus area and the Directed Energy Test and
Evaluation Capability (DETEC), a project within the
Central Test and Evaluation Investment Program,
TRMC is systematically ensuring that the DE T&E
infrastructure will be sufficient to support current and
next generation DE weapon systems. A significant recent
success in DE T&E was the Opening Ceremony of the
White Sands Test Center and Department of Defense’s
HPM Assets and Complex Facility on March 12th.
According to the DETEC Project Director, Mr. Minh
Vuong, ‘‘the facility is now home to three of DETEC’s
capabilities – the HPM Sensor Suite, the HPM
Narrowband Threat Systems, and the HPM Wideband
Threat System. The capabilities will support testing
through data acquisition and provide wideband and
narrowband sources that mimic known and potential DE
threats’’. (Read the article by Mr. Vuong in this issue on
page 288.) These HPM systems are also transportable to

John Smith
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accommodate testing of DE weapon systems that are not
easily transportable. In addition to the development of
systems to protect against microwave threats, DETEC
plans to support other missions, such as the development
of counter-IED systems and protective systems for other
branches of the military and government. The DETEC
capabilities will also facilitate compliance with Military
Standard 464, which sets the requirements for electro-
magnetic environmental effects systems.

I am excited about the direction we are taking to
ensure that ITEA meets the future needs of our

colleagues. I welcome any input from our members and
will provide more information as we continue to
engage in this important strategic planning process.
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Improving AFOTEC’s Contribution to the
Acquisition Process: Moving Integrated

Developmental and Operational Test to the
Next Level

Maj. Gen. Stephen T. Sargeant

Air Force Operational Test and Evaluation Center Commander,

Kirtland Air Force Base, New Mexico

T
he Air Force Operational Test and
Evaluation Center (AFOTEC) has
aggressively moved forward over the
last 12 months, institu-
tionalizing early influ-

ence and is now influencing concepts,
projects, and programs earlier than ever
before. In addition, AFOTEC’s Space
Test Initiative (STI) has taken hold in
space acquisition and is proving to better
support the acquisition and operational
decision makers for space systems. The
STI is now the prescribed method for
space operational test and evaluation
(OT&E) and has transformed space test
policy through collaboration between
AFOTEC and the space community.

Most recently, we are working to
address the processes to successfully
execute integrated developmental and operational
testing (IDT/OT) across all programs to take advan-
tage of available efficiencies by sharing operationally
relevant data and ‘‘buying down’’ dedicated OT&E
time and asset costs when able. Finally, we have
launched a new effort aimed at improving how we
conduct OT&E for heavily software dependent
capabilities. We have called our newest effort the
Cyberspace Initiative.

Early influence: 1 year later
AFOTEC defines ‘‘early influence’’ OT&E activi-

ties as those occurring prior to milestone A or key
decision point A, beginning with high performance
teams (HPT). At these points in the acquisition
timeline, there is a great opportunity to substantially
influence capability requirements and acquisition
strategies before they are approved by the Air Force

Requirements for Operational Capabilities Council

(AFROCC).
Within AFOTEC, we moved leadership of early

influence from an exclusively headquar-
ters function to shared execution with the
detachments. Program expertise and test
execution reside in AFOTEC’s detach-
ments, and they now lead OT&E early
influence in their respective focus areas
with support from the headquarters. We
also placed liaison officers (LNOs) in the
Air Force Materiel Command product
centers and the Pentagon to help identify
early influence opportunities. The LNOs
identify program managers for emerging
programs as they are initiated and
connect them with the appropriate test
director in our detachments. We will
complete our LNO manning by placing

personnel at the Air Armament Center at Eglin Air
Force Base (AFB), Florida, and the Space and Missile
Systems Center at Los Angeles AFB, California, in
July 2009.

AFOTEC has an early and active role in the Air
Force Requirements Policy and Process Division
HPTs that develop the capability requirements docu-
ments used throughout the life of a program. In fact,
we recently helped Air Force Materiel Command
make HPT involvement by their developmental testers
mandatory to better identify test capability challenges
early in a program. AFOTEC also advocated for all
Major Commands (MAJCOMs) to invite Air Educa-
tion and Training Command personnel to all HPTs to
facilitate consideration of training issues and capabil-
ities as part of the requirements for all programs.

From Initial Capability Documents (ICD) forward,
AFOTEC participates in requirements refinement.

Major General Stephen T.

Sargeant, Commander

Guest Editorial
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Using the Space Command and Control ICD review
by the Integrated Test Team (ITT) as an example,
AFOTEC identified 25 substantive comments during
ICD preparation. As part of the ITT, our review
helped refine requirements, ensuring they were test-
able, measureable, and operationally relevant. Several
of the comments addressed parameters that limited
design latitude with little operational foundation.
Getting requirements documentation correct early
improves the chances of successfully integrating
developmental and operational testing to favorably
affect the cost, schedule, and performance of a program
by ensuring that realistic requirements are established
and IDT/OT opportunities are identified. Addition-
ally, early collaboration provides program office and
developmental testers a look at the major factors
affecting the ‘‘open book’’ test that operational testers
will ultimately plan and execute.

In just the last 12 months, AFOTEC formally
coordinated over 55 capability requirements docu-
ments. Of these documents, 38 were Joint Capabilities
Documents (JCDs), ICDs, and capability development
documents. JCDs are the earliest of these documents,
developed prior to the functional solution analysis.
JCDs are also written before experimentation or the
selection of a material approach, before an acquisition
category is assigned, and before Office of the Secretary
of Defense, Director of Operational Test and Evalu-
ation (DOT&E) oversight decisions are made. AFO-
TEC reviews these early capability documents for
operational relevance, measurability, and testability.

We recently worked to ensure early OT&E
influence is institutionalized in the Air Force and the
Department of Defense (DoD) instructions and
guidance. Specifically, we codified early influence
concepts in DoD Instruction 5000.02, Operation of
the Defense Acquisition System, and Air Force Instruc-
tion (AFI) 99-103, Capabilities Based Test and
Evaluation. We are also ensuring that the guidance is
contained in the Defense Acquisition Guidebook.

In the last year, AFOTEC executed 20 initial test
design efforts using core teams with both internal and
external participation. Core team representation in-
cludes users, program offices, developers, responsible
test organizations, and DOT&E.

AFOTEC also exerts significant early influence in
the form of early operational assessments (EOAs) of
programs because they are planned and executed prior
to milestone B or key decision point B. EOAs address
capability and programmatic progress in terms of likely
performance shortfalls, programmatic and documenta-
tion voids, and readiness for initial operational test and
evaluation (IOT&E). EOAs provide invaluable in-
sights to the using MAJCOM and the program office

to use in their trade-off decision process when changes
are often less costly and more timely.

The Space Test Initiative
The AFOTEC-led STI is now space test policy. In

July 2008, AFOTEC hosted the first Air Force Space
Operational Test and Evaluation Summit at Kirtland
AFB, New Mexico. Senior leaders from AFOTEC,
Under Secretary of the Air Force Directorate of Space
Acquisition, National Geospatial and Intelligence
Agency, Air Force Space Command (AFSPC), Space
and Missile Systems Center, and the Air Force
Research Laboratory gathered to discuss STI and
focused on creating a new space testing model for
OT&E. The summit participants moved away from a
process that resembled ‘‘standardization and evalua-
tion’’ after launch or fielding, to a process of early and
continuous involvement throughout the development
and fielding of a new space-enabled capability. The
three key elements of STI are early and continuous
involvement and integrated testing, agile analysis and
reporting, and system-of-systems evaluation.

Our new space OT&E model is endorsed well
beyond the Air Force and provides a space system
testing process tailored to the space acquisition model.
Importantly, our space OT&E model now provides
decision quality data to the space acquisition and
operational decision-makers in a timely and accurate
manner.

When AFOTEC’s Detachment 4 at Peterson AFB,
Colorado, tested the Space-Based Infrared System
(SBIRS) Highly Elliptical Orbit payload (HEO-1)
and operations center, they combined IDT/OT with
agile reporting to accelerate HEO-1 operations by 6
weeks. The key enabler reducing time and cost for the
Operational Utility Evaluation (OUE) was Detach-
ment 4’s leveraging of Lockheed Martin’s planned
developmental testing period to also achieve opera-
tional testing objectives. Detachment 4 also leveraged
system trial period operations to further execute and
report on the OT&E. Using agile reporting, AFO-
TEC informed the AFSPC HEO-1 operational
acceptance decision and further enabled a U.S.
Strategic Command system certification 8 weeks early
(Figure 1). AFOTEC is preparing to test a second
HEO payload simply known as HEO-2. Although the
HEO-2 program had not originally planned to conduct
operational testing early in the program, AFSPC is
capitalizing on the HEO-1 momentum created by
AFOTEC’s new space OT&E model and is accelerating
HEO-2 transition into the SBIRS constellation. Sub-
sequent operational testing and reporting will further
accelerate HEO architecture operational acceptance and
employment of warfighting capabilities.

Sargeant
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AFOTEC drafted the new Chapter 8 for AFI 99-103,
Capabilities Based Test and Evaluation, to reflect the new
space OT&E model. Furthermore, AFOTEC hosted a
meeting in December 2008 to draft an annex to National
Security Space Acquisition Policy 03-01 (NSS 03-01),
incorporating the space OT&E model and aligning NSS
03-01 with AFI 99-103. With the cancellation of NSS
03-01, the information in the draft annex will be
proposed as an appendix to DoD Instruction 5000.02.

Overall, the new space OT&E model enables better
space warfighting capability acquisition through early
and continuous integrated testing to ensure that
systems address mission capability gaps, and enables
early user and program office trade-off decisions when
changes are less costly and more timely.

Integrating DT and OT
The test community can often positively affect a

program’s cost–schedule–performance problems by mak-
ing better use of limited resources to eliminate
unnecessary duplication of test events, better assure
systems are ready for operational testing, and reduce the

overall time required for dedicated operational testing.
Integration of developmental testing and operational
testing improves efficiency and, in many cases, allows us
to reduce the cost of dedicated OT&E. Early influence is
essential to successful IDT/OT for all programs.

The Air Force is leading the way in IDT/OT
planning through participation in HPTs and ITTs.
Working with the DT community provides early access
to data critical to our operational assessments. Our
participation in the HPTs and ITTs is the key to
setting the conditions for the most effective IDT/OT.
The AFOTEC and program office leaders cochair the
ITT and therefore, can ensure the access to data.

At AFOTEC, we are making IDT/OT a require-
ment for all programs. Successful IDT/OT needs three
things: early and continuous collaboration between the
warfighter (user), acquisition, and T&E communities;
OT&E plans informed by DT execution; and ac-
knowledgment by the Program Element Officer
(PEO) and appropriate DT wing commander of the
dependency of the OT&E plan on planned DT
execution.

Figure 1. SBIRS space test initiative example.
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Integration is where we are going in acquisition and
test. It makes sense to use operationally relevant data
generated by the developer and the developmental
tester to ‘‘buy down’’ OT&E where able. Successful
integration requires identifying data requirements for
OT&E and providing access to the data in program
contracts. Operational testers are now involved in the
request for proposal (RFP) development process to
help developers understand data sharing requirements
early on.

By employing IDT/OT, the operational testers
assume greater risk than in the past. Rather than
waiting for the PEO to certify a program’s readiness
for IOT&E, we now build our plans earlier and work
to define the point at which DT systems are
‘‘production representative.’’ We also help identify
when to put the system into more operationally
realistic scenarios so we can gather operationally
relevant data early, allowing us to ‘‘buy down’’
dedicated OT&E in terms of cost and time.

After we have scoured the DT plans to find areas of
overlap and duplication, we will build an OT&E plan

that accounts for the operationally relevant DT data.
We then send our OT&E plan to the PEO and DT
wing commander for acknowledgment that our plan
depends on DT execution as planned and the resultant
data.

IDT/OT was one of the focus areas of the February
2009 Air Force Test and Evaluation Days we hosted in
Albuquerque, New Mexico. The conference panels
generated a great deal of discussion on the subject, and
the conference working groups further developed their
ideas to produce a draft white paper entitled: Prescribed

Process for Integrated DT/OT. The processes developed
in the white paper will also support our work with the
entire test community to amend the range of DoD and
U.S. Air Force instructions that will enable better
integrated test and evaluation.

Early integrated DT/OT success stories
Though work remains to be done to further refine

the processes enabling more effective IDT/OT, we
demonstrated notable successes in our application of
IDT/OT. The following examples illustrate some of

Figure 2. Joint air-to-surface standoff missile integrated DT/OT example.

Sargeant
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the efficiencies gained by working closely with the user,
developer, and developmental testers. Early efforts
ultimately reduce acquisition risk and accelerate
warfighting capabilities to the warfighters.

The first example involves AFOTEC’s Detachment
2 at Eglin AFB, Florida. AFOTEC testers worked
with the system program office and developer on the
Joint Air to Surface Stand-Off Missile reliability
characterization operational assessment (OA) (Fig-

ure 2). The Undersecretary of Defense (Acquisition,
Technology and Logistics) directed the Air Force to
conduct a reliability characterization program prior to
Nunn–McCurdy certification hearings as a result of
several weapon failures during the April 2007 Weapon
System Evaluation Program.

The original plan was not based on scientific design
of experiments (DOE) methods and called for 21
missiles at a cost of more than $28 million and required
11 months to complete. We then applied DOE and
used the data from several DT delivered weapons
under our IDT/OT approach and reduced the number
of dedicated OT&E weapons to 16. The IDT/OT

plan reduced the OA costs to approximately $21.5
million and took less than 9 months to complete. IDT/
OT and the use of DOE allowed us to save more than
$7 million and informed the Nunn–McCurdy certifi-
cation hearing 60 days earlier than originally planned.

Another successful IDT/OT event also involved
AFOTEC Detachment 2 testers working with the DT
community in a successful Laser Joint Direct Attack
Munition (JDAM) Operational Utility Evaluation
(OUE) (Figure 3).

The Air Combat Command (ACC) asked AFO-
TEC to conduct an OUE on the Laser JDAM, an
urgent operational need program addressing the
capability to engage moving targets with JDAM. The
initial test plan was based on DOE and required 31
days and 10 weapons to execute an adequate evalua-
tion. We then applied an IDT/OT approach and
leveraged 12 production representative DT weapons
employment events. AFOTEC testers were able to
augment and complement data from the DT drops
using only five dedicated OT&E weapons. The impact
of the approach resulted in a savings of five Laser

Figure 3. Laser JDAM example.
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JDAMs valued at nearly $300,000 each or $1.43 million,
as well as completing the OUE 14 days ahead of
schedule. The accelerated reporting provided early,
relevant information to the ACC decision maker and
enabled an April 18, 2008, fielding decision. By May
2008, the weapons were being loaded on 332nd Air
Expeditionary Wing aircraft at Joint Base Balad, Iraq.
Airmen from the 77th Expeditionary Fighter Squadron,
flying F-16 Fighting Falcons, successfully employed the
first Laser JDAM August 12, 2008, against a moving
enemy vehicle in the Diyala province in support of a
Combined Iraqi army and U.S. Marine Corps operation.

‘‘This first employment represents a great step in our
Air Force’s ability to deliver precise effects across the
spectrum of combat,’’ said Lt. Gen. Gary L. North, the
U.S. Air Forces Central commander and U.S. Central
Commands Combined Force Air Component command-
er in an August 2008 interview with Deagel.com. ‘‘The
first combat employment of this weapon is the validation
of the exacting hard work of an entire team of professionals
who developed, tested and fielded this weapon on an
extremely short timeline, based on an urgent needs request

we established in the combat zone.’’ The total time from
concept to employment was only 17 months.

Another successful IDT/OT event was the A/OA-
10C OUE conducted by AFOTEC’s Detachment 6 at
Nellis AFB, Nevada. The original plan was to
complete the OUE in March 2007 using jets from
Davis-Monthan AFB, Arizona, and the Goldwater
Range. However, during DT/OT, AFOTEC, ACC,
and the System Program Office determined that, with
six Category 1 Deficiency Reports, the Operational
Flight Program was not ready for the OUE.

AFOTEC stayed engaged and committed to
making the original August 1, 2007, fielding decision
and subsequent September 2007 Air Expeditionary
Force deployment by using a variety of IDT/OT data
sharing techniques. AFOTEC’s Detachment 6 testers
replanned the OUE to use Nellis active duty and
Maryland Air National Guard crews and jets on the
Nevada Test and Training Range during the June to
July 2007 timeframe. The Maryland ANG also used
the spin up for the OUE to train and prepare for their
September 2007 deployment (Figure 4).

Figure 4. A/OA-10C example.
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AFOTEC executed an extremely aggressive test
schedule and report process. On August 1, 2007, the
ACC commander decided to field the A/OA-10C, and
the stage was set for the Maryland ANG to deploy on
schedule. The Maryland ANG was the first unit to
deploy with the A-10C and engage in combat operations.
The first JDAM employed from the A-10C resulted in a
direct hit on an insurgent safe house in Iraq.

Way ahead
As we developed the STI, we saw many similarities

in the test and evaluation of cyberspace systems where
we often conducted OT&E after fielding, providing
limited value to acquisition decision makers for
software intensive systems. To improve test and
evaluation for cyberspace systems, we will stand down
our Kirtland-based Detachment 3 and combine our
cyberspace system expertise with Detachment 4 (space)
and Detachment 2 (command, control, and commu-
nications systems).

AFOTEC will lead a cyberspace test working group
and a summit to apply the same level of rigor to
cyberspace OT&E as we did to space. Our goal is to
produce a cyberspace OT&E model that better aligns
with the acquisition strategies for these systems. Our
cyberspace efforts are directly in line with the Air
Force’s current integration of cyber and space.

Summary
AFOTEC demonstrated the value of the new space

OT&E model, early influence, and IDT/OT over the
past year. Most importantly, we successfully codified
and institutionalized early influence and IDT/OT as
well as our new space OT&E model across the U.S.
Air Force and DoD.

New levels of communication and coordination are
enabling IDT/OT and resulting in significant cost and
time savings for programs. Early and continuous
communication between all players on the acquisition
team, including the program office, the developer, the
user, and the OT&E organization is the key to
success. %

MAJOR GENERAL STEPHEN T. SARGEANT is the
commander of Air Force Operational Test and Evaluation
Center at Kirtland AFB, New Mexico. Major General
Sargeant reports to the Air Force Chief of Staff regarding
the OT&E of more than 76 acquisition programs being
assessed at 12 different locations. He directs the activities of
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Secretary of Defense and Headquarters U.S. Air Force,
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Baghdad, Iraq, as the Deputy Chief of Staff, Strategy,
Plans & Assessments for Combined Joint Task Force-7
and Multi-National Force-Iraq, as well as the Deputy
Chief of Staff for United Nations Command and United
States Forces, Korea. He is a command pilot with more
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Realizing ‘‘Jointness’’ Through Early Testing of Systems in a
Distributed Live-Virtual-Constructive Environment

John B. Foulkes, Ph.D.
Test Resource Management Center,

Office of the Under Secretary of Defense (Acquisition, Technology, and Logistics), Arlington, Virginia

I
n the mid-1990s, the U.S. Department of
Defense (DoD) recognized the potential to
streamline acquisition by more extensively
using modeling and simulation
in system development to get a

better understanding of the system design.
A number of initiatives were started,
placing a greater emphasis on models,
simulations, and virtual prototypes of
specific systems running in a synthetic
representation of the battlefield tailored
to that system. The test community,
likewise, recognized the potential oppor-
tunities to test weapon systems ‘‘before
metal was bent,’’ gaining early insight to
system performance. To explore the
feasibility of distributed testing, the Joint
Test and Evaluation Joint Advanced
Distributed Simulation (JADS) Program
was chartered. The core conclusion of the JADS
Program was that integrating distributed test capabil-
ities with simulations does provide test utility;
however, many infrastructure challenges must be
overcome to make distributed testing timely and cost
effective while still providing meaningful results to
program managers and system evaluators. The funda-
mental infrastructure issues were twofold. First,
installing a network for each test event took a
significant amount of time, and second, the technical
solutions used at each test center varied drastically,
requiring time and money to develop gateways to
bridge across different protocols.

In November 2004, the need for a corporate
enterprise-wide solution to distributed testing was
reaffirmed in the ‘‘Testing in a Joint Environment
Roadmap,’’ which called for the establishment of a
persistent integration capability for test laboratories
and open-air ranges. Department decision-makers
acted on that Roadmap and created the Joint Mission
Environment Test Capability (JMETC) beginning in
fiscal year 2007. JMETC provides a DoD-wide
capability for the test and evaluation of a weapons
system in a joint context for developmental and
operational testing, interoperability certification, net-

ready key performance parameter compliance testing,
and joint mission capability portfolio testing.

The JMETC program has proven to be a cost
effective, time saving, DoD-wide infra-
structure capability for linking distribut-
ed facilities and enabling customers to
test and evaluate warfighting capabilities
in a joint context. In the first two years,
the JMETC program has established
persistent network nodes at 33 test sites
and has demonstrated in five distributed
test events how it expeditiously and
efficiently provides the test community
with an infrastructure capability that
supports testing across the acquisition
process. JMETC provides readily-avail-
able, persistent connectivity between
testing facilities with standing network
security agreements, common integra-

tion software for linking sites, and accredited test tools
for distributed testing. The key achievement of
JMETC is a structured corporate approach to the
multitude of technical solutions, enabling test manag-
ers to put their focus on the systems under test rather
than the distributed test infrastructure.

Collaborating across initiatives and converging
where appropriate, the corporate approach used by
JMETC first started under the Joint Infrastructure
Enterprise Initiative. When the Department decided
to invest in an enterprise solution to distributed testing,
the DoD Test Resource Management Center
(TRMC) recognized the need to foster coordination
with all of the DoD stakeholders who have an interest
in distributed live, virtual, and constructive (LVC)
concepts as an integral part to the DoD Acquisition,
Test and Evaluation, and Training Community
operations and business practices. The TRMC led a
series of nine meetings (1) to provide an understanding
of ongoing LVC activities, (2) to discuss key issues
affecting a more robust use of LVC environments, and
(3) to identify possible solutions to those issues along
with possible courses of action. The findings and
recommendations from the Joint Infrastructure Enter-
prise Initiative meetings, as presented to the Testing in
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a Joint Environment Senior Steering Group (TSSG) for
action, identified the top challenges of distributed
testing as clearly defining joint requirements for
warfighting systems, enabling cross-domain solutions,
certifying information assurance, and leveraging the
investments across the test and training communities.
Each of these identified challenges is related to the
distributed infrastructure, with the exception of
defining joint requirements for warfighting systems,
which is beyond the mission of the TRMC.

To improve the corporate distributed test enterprise,
the TRMC has taken action addressing each of the
Joint Infrastructure Enterprise Initiative–identified
challenges related to test infrastructure. Coordinating
with the Office of the Secretary of Defense (OSD)
Networks and Information Integration (NII), a Tiger
Team has recently been formed to identify issues and
recommend solutions regarding the implementation of
the DoD Information Assurance Certification and
Accreditation Process (DIACAP) at test facilities. To
enhance coalition testing and to satisfy multilevel
security needs, collaboration has begun with the newly-
formed Unified Cross Domain Management Office to
satisfy test community requirements for National
Security Agency–approved solutions to bridge net-
works of different classifications.

Similar to the collaboration and convergence of
different technical solutions, test methods must be
aligned to coherently test multiple systems executing
common joint mission threads in order for the
Department to cost effectively realize the benefits of
joint testing on a large scale. The Joint Test and
Evaluation Methodology (JTEM) Program has devel-
oped a capability test methodology to define, plan,
conduct, and analyze a warfighting capability in a Joint
context. The capability test methodology consists of six
major steps—going from the initial test strategy to the
evaluation of the joint mission effectiveness. By
looking at the various interactions among weapon

systems, the goal of this methodology is to enable all
the systems executing a joint mission thread to leverage
the same process to create a consistent joint test
environment.

Shifting focus from infrastructure to
test realism

With the corporate enterprise tackling the infra-
structure challenges of the distributed infrastructure,
we can shift our focus from detailed technical solutions
to the true realism of the LVC environment—that is,
the verification and validation of the distributed LVC
environment. Now that we can look beyond how the
‘‘bits’’ are sent between sites, we can concentrate on the
real test issues of ensuring the ‘‘fair fight’’ in the test
environment, e.g., correlating terrain dynamically
between the virtual world and the open-air range.
For semi-automated forces to meaningfully be includ-
ed in a test event, advancements must be made in more
sensible semi-automated force behaviors, both reacting
to threats and properly interpreting live C4I messages.
Furthermore, with the greater emergence of informa-
tion operations, cyber-warfare, and other nonkinetic,
nontraditional warfare, our simulated environments
must be enhanced to incorporate the full spectrum of
the battlespace. In summary, the higher the degree we
can verify and validate a distributed LVC environment
to replicate combat to include all the interactions
between systems when the warfighter executes a joint
mission, the earlier we can gain insight to the
‘‘jointness’’ of a warfighting system and, ultimately,
the utility it will provide the warfighter. %
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Operational Testers Use Net-Centric Tools to Test
Net-Centric Systems

Dewain C. Smith and MAJ Garth Winterle

Joint Interoperability Test Command, Fort Huachuca, Arizona

T
he U.S. Department of Defense (DoD)
is attempting to field warfighter capa-
bilities faster, within a tighter budget,
and with less impact on the operational
users. Concurrently, the DoD is also

moving to a net-centric environment enabling infor-
mation and service collaboration across the global
information grid, requiring new and innovative ways to
conduct operational tests (OT). Joint Interoperability
Test Command (JITC) testers are utilizing some of
these new collaboration capabilities provided by the
Defense Information Systems Agency to reduce costs,
increase flexibility, reduce warfighter support require-
ments, and improve quality during OTs for net-centric
systems.

Net-centric systems and services typically consist of
strategically located applications and/or authoritative
data sources, which provide capabilities to users via the
unclassified and classified DoD networks. These
systems may or may not include client-side applica-
tions, but many require nothing more than access
permissions and a traditional web browser to use. Users
access the capabilities from their duty locations or from
wherever they have connectivity. One example of such
a system is the Global Combat Support Systems–
Combatant Command/Joint Task Force (GCSS-CC/
JTF), which provides logistics situational awareness,
decision support, and visualization tools to combatant
commands and Joint Task Force commanders.

A net-centric system OT requires genuine opera-
tional users to exercise the system under test in a
manner consistent with its intended use to support a
variety of user missions. This is normally achieved by
users accessing the system and executing a series of
operationally realistic scenarios while data collectors
observe and record the activities of the users. This
requires extensive data collector travel to operational
user locations and a very structured and rigid schedule
for warfighter participation. The flexibility to accom-
modate unanticipated users at new locations or to make
last-minute schedule changes is significantly hindered
by having to physically colocate data collectors at each
user location, mainly because of travel arrangements,

visit requests, and resource allocations and reservations.
Time and resources are also wasted when users are not
available as scheduled, and data collection opportuni-
ties are lost when unanticipated users became available
at the last minute.

Net-Centric Enterprise Services offers collaboration
technologies through Button One (E-Collab Center)
and Button Two, Defense Connect Online (DCO)
tools. Either tool provides the ability to conduct
collaboration events such as meetings or document
reviews and offers voice over-internet protocol (VOIP)
services, video (webcam), and the ability to share
documents and a computer screen over the global
information grid. Both tools enable varying degrees of
control by the meeting organizers and are customizable
to maximize collaborative efforts. The ability to record
these meetings and the VOIP and screen-sharing
capabilities is the keystone attribute that enabled JITC
to utilize these tools for OT.

JITC incorporated DCO as part of their test
strategy in conducting the GCSS-CC/JTF v7.0 OT.
JITC orchestrated activities, collected data, and
observed operational users remotely using DCO-
provided capabilities over the classified network. The
testers were located at the JITC Headquarters in
Arizona while the various users participated from their
desktops at the following locations:

N Defense Information Systems Agency Sky 7,
Virginia;

N Joint Forces Command, Virginia;
N Central Command, Florida;
N Pacific Command, Hawaii;
N Special Operations Command, Florida;
N Transportation Command, Illinois; and
N The Pentagon, Virginia.

The major shift in test conduct enabled users to
participate from their actual classified workstation,
which minimized the impact on the users and
increased the scope of operational environment avail-
able for testing.

Another benefit allowed stakeholders such as the
Director, Operational Test & Evaluation, and the

TechNotes
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Program Management Office representatives to observe
the testing via DCO from their classified desktop at their
respective locations. In one case, a conference room was
set up to show the DCO session on a wall screen to
facilitate group discussion and participation.

Testers organized and created the DCO sessions for
each user to enable easy and consistent identification
using the DCO web interface. Users were then able to
share their screens when given the ‘‘presenter’’ role by
the meeting hosts. Observers were limited to moni-
toring and chat functions to help prevent them from
unintentionally interrupting the test process. Testers
scheduled sessions with users as they were available,
then distributed the session schedules and the DCO
universal resource locator to all stakeholders for each
event. The same user sessions were used for the
duration of the test to consolidate all user recordings
under the same universal resource locator for later
reference. The testers posted downloadable operational
scenarios, surveys, test incident report forms, and other
test documents through the DCO file share pod. This
made all test documentation instantly available to all
users when needed and ensured a common tool set
among users and testers.

Users shared their desktops while using GCSS-CC/
JTF to perform test scenarios, which enabled everyone
monitoring the session to observe as the users
performed various activities with the GCSS-CC/JTF

system. Figure 1 is an example of the test administra-
tor’s screen. Using the session record function of
DCO, testers eliminated the need for external screen
capture tools or instrumentation.

Figure 2 is an example of the data collectors’ screens
while monitoring and capturing the actions of multiple
users. The data collector can monitor one or more users
at a time. The data collector starts a separate session/
test event as users become available. While monitoring,
the data collector can follow along as the user steps
through the scenarios.

The Test Administrator can

N monitor or report scenario completion by a user,
N field questions by users,
N run a test log,
N gather timeliness data from users in real time, and
N monitor test incident problem reports (TIPRs)

and log calls to help desk.

In a separate DCO session, the Test Administrator
can

N conduct daily hotwashes and
N run a data authentication group.

Testers controlled the test events using the VOIP
and text chat functions. Testers used these functions to
provide the user with instructions and to answer
questions. The tester used the recording feature to

Figure 1. Defense Connect Online Test Administrator Screen. The test administrator opens individual meetings for each participant/

user. The user shares his/her screen while using the Global Combat Support Systems–Combat Command/Joint Task Force. Using the
record function, we eliminate the need for screen capture instrumentation.
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capture video and VOIP data for each test event,
allowing later replay of results and the capturing of
error messages, user errors, or any significant event for
further analysis or troubleshooting by the test team
during data reduction or by the developer in identify-
ing potential problems.

There were obvious benefits using the DCO
collaboration tool in the execution of the GCSS-CC/
JTF test, with cost reduction benefits being the most
measurable. By executing the test remotely, JITC saved
approximately $60,000 in labor and travel costs of the
$140,000 estimated for test execution. Employing
centralized data collection increased test flexibility for
accommodating unanticipated users/locations and last-
minute schedule changes by eliminating the need to
physically colocate data collectors with each user. The
ability to reschedule enabled unanticipated users to be
easily accommodated into the test event or enabled
planned users to reschedule as needed because of test
schedule changes or user availability. The ease and
speed of rescheduling and adaptability to last-minute
changes resulted in the conservation of resources and
overall timesaving, with no loss of data collection.

Test cost, time, and resources were reduced by
employing multiple, simultaneous DCO sessions,
which enabled one data collector to monitor multiple
users/test events at the same time from his/her desktop
at a centralized location. Users no longer had to spend
time taking and saving screenshots to support data
collection needs. The DCO session recordings cap-
tured the user actions and the system responses
throughout the test, resulting in a visual record of all
activities and all anomalies. The ability to review the
recordings assisted with authenticating test data by

verifying user inputs at the time of recorded system
errors. The Program Management Office, having
access to the recording, could assist in determining
the possible root causes of any system errors found and
in developing the necessary fixes.

To ensure success when using collaboration tools for
testing, the following preparations should be in place.

N Ensure maximum network connectivity during
the test window:

q ensure system administrator support is avail-
able outside of normal duty hours, and

q rehearse actions on disconnection from the
network.

N Ensure users have headsets and can use them on
their classified network:

q allow hands-free communication with the
data collector, preventing the need to switch
applications to use a chat tool.

N Minimize the number of simultaneous users with
each data collector:

q data collectors can better focus on user
questions and actions, and

q multiple or larger monitors can assist in
maximizing data collection if multiple users
must be monitored by a single data collector.

Utilizing the Net-Centric Enterprise Services
collaboration tools in executing the GCSS-CC/JTF
OT reduced cost by approximately $60,000, increased
the ability to incorporate schedule or other changes,
and maximized data collection opportunities. The
biggest advantage was the improvement of test data,
in quality and quantity, by using the recording
function and facilitating the warfighter’s ability to
participate.

Operational test community strategies must explore
new and existing technologies, such as the Net-Centric
Enterprise Services collaboration tools, to keep pace
with accelerated acquisition programs that are trying to
field improved capabilities to the warfighter commu-
nity. %

DEWAIN C. SMITH is a joint testing officer at the
Operational Testing Division, Joint Interoperability Test
Command (JITC), Fort Huachuca, Arizona. Mr. Smith
has more than 13 years testing experience and is currently
the operational test action officer for the Net-Centric
Enterprise Services program. His experience includes
6 years at JITC directing operational tests on major
acquisition information systems and more than 7 years

Figure 2. Test administrator screen monitoring multiple users.
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Flying Unmanned Aircraft:
A Pilot’s Perspective1

Mark Pestana

NASA Dryden Flight Research Center, Edwards AFB, California

Editor’s Note: This article is the second of two essays in Historical Perspectives about

Unmanned Aircraft Systems (UASs). In the last issue of the ITEA Journal, Albion Bowers

offered engineering and historical observations about UASs. Here, research pilot Mark

Pestana relates the practicalities of flying UAS missions, which contrast sharply from

standard cockpit practice.

T
his article describes one pilot’s experi-
ences and observations flying an MQ-9
Unmanned Aircraft System (UAS),
built by General Atomics Aeronautical
Systems, Inc. NASA Dryden Flight

Research Center acquired an MQ-9 in 2006 and called
it Ikhana (Figure 1), the Native American Choctaw
term for ‘‘intelligence,’’ ‘‘awareness,’’ and ‘‘learning.’’
NASA flies this aircraft in support of UAS technology
development, earth science research, sensor develop-
ment, and satellite sensor validation. UASs possess
unique capabilities of high altitude and long endur-
ance, especially attractive to scientists desiring contin-
uous data collection during a complete day–night cycle
of the Earth (Figure 2).

The MQ-9 Reaper—Predator-B during develop-
ment—incorporates remarkable capabilities and features
such as automation, stall protection, lost-link predict-
ability, as well as hundreds of thousands of hours of
sustained operational reliability and efficiency. Indeed,
accidents and mishaps associated with UAS operations
are, to a large extent, related to human error. But a closer
examination reveals that many of these human errors
are, in turn, the result of design shortfalls in the human–
machine interfaces. These, and other issues related to
automated flight are illuminated by the author’s
extensive experience with UAS operations.

A room with a view: The pilot in
the cockpit

Imagine a pilot entering the cockpit of his airplane.
There are various controls through which inputs are
transferred to flight control surfaces, engine throttle, etc.
There are also displays that present the condition of his

1 The viewpoints expressed in this article are the author’s and do not necessarily

reflect those of NASA.

Figure 1. NASA Research Pilot Mark Pestana and the MQ-9

Ikhana UAV. The aircraft is 36 feet long, the wingspan is 66 feet,
and weighs about 10,000 pounds. Note the two small camera

windows in the nose.

Figure 2. Ikhana equipped with a wing-mounted pod, carrying
an infrared sensor for a wildfire research mission. The UAS is

capable of transmitting imagery and locations of hot spots and

fire lines directly to fire incident commanders via a satellite link.
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airplane to the pilot—its flight parameters of speed and
altitude, and data relative to its systems, such as engine
rpm and temperature. There are also navigation displays
and communication devices that allow the pilot to fly
among other air traffic and coordinate his flight plan
with air traffic controllers. Pilots typically develop habit
patterns of scanning instruments for information,
devoting attention to specific displays during different
phases of flight. And there are windows that offer views
ahead, to the sides, and sometimes above.

Although many airplanes are equipped to fly in
weather conditions where visibility is very restricted
(known as instrument flight), visual contact with the
runway and airfield environment is always required for
taxi, takeoff, and landing. During flight at altitude, a
wide field of view aids in maintaining safe separation
from other aircraft. During approach and landing, the
most critical and demanding phase of a flight, even
peripheral vision is important because wide visibility
offers the pilot a sense of motion and rate of descent as
he attempts to land as smoothly as possible.

Through a glass, darkly: The UAS
ground station

In contrast to a true cockpit, consider the prospect of
flying an unmanned aircraft from a ground control
station (Figure 3). The two are very different, espe-
cially regarding the pilot’s place in the system, and how
that system accommodates the pilot’s requirements for
obtaining accurate, complete, and timely information,
as well as his ability to react. Ideally, the ground
control station should enable safe, efficient control and
decision making.

I’m often asked what it’s like to fly a UAS, or what it
‘‘feels’’ like. For the nonflier, I can best describe the
overall ‘‘feeling’’ as somewhat removed, or more
accurately, I cannot ‘‘feel’’ anything—except for
apprehension at the prospect of flying an aircraft with
only ONE of my five senses. That’s right; four of the
senses don’t count. The pilot can’t hear the engine,
can’t smell fuel vapors from a leak, can’t taste the acrid
smoke from an electrical fire, and can’t feel the
sensations of motion, vibration, and accelerations (or
decelerations). In contrast, a pilot in a standard cockpit
uses all five senses, in varying degrees, to determine
aircraft performance and systems status. When flying
an unmanned aerial vehicle (UAV), the one remaining
sense—vision—must accommodate all needs, and
information normally obtained with the help of other
senses is now obtained by one sense alone. Moreover,
the remaining sense of sight is relayed through just
one, narrow-field forward camera, very different from
binocular human vision. As a consequence, the view
lacks three dimensions, depth perception, and periph-

eral vision. In essence, the pilot has ONE eye, looking
down a pipe, allowing just a 30u field of view!

The challenge of flying a UAS can be aggravated
further by the functioning of the controls and displays,
especially if they were designed without accommodat-
ing shortfalls in feedback methods. The art of
designing the cockpit to enhance pilot perception and
comfort, commonly referred to as human factors
engineering, is a specialty that emerged after World
War II, when many accidents were associated with
poor human interface design features. Since then, a
landing gear handle looks like a small wheel, and a flap
handle looks like a small flap, and the pilot can feel
their unique shapes. This practice resulted from cases
where identically shaped toggles were easily mistaken
as task saturation peaked during critical flight phases.
Uniquely shaped actuators enable a pilot to multitask,
to maintain visual attention to an instrument, or to
look out the window, while simultaneously activating a
switch. After all, humans are visual, tactile, and
analogue beings, continuously stimulated by the sense
of touch, as well as by sound, pressure, temperature,
motion, and vision. Humans inserted into the digital
world of UASs must be accommodated somehow.

Finally, flying from a ground control station brings
with it some unique people problems. In the cockpit, I

Figure 3. NASA Research Pilot Mark Pestana in the Ikhana

Ground Control Station. The Ground Control Station is
equipped with two pilot positions for redundancy.

Nontraditional digital systems displays are above the keyboard.

The center screen displays a Head Up Display (HUD) overlay on

the camera view, and the upper screen is a moving
map display.
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have a ‘‘private office’’ in the sky. But in the UAS
control station, people come and go, resulting in casual
conversations when the flight crew’s attention is not
saturated, and demands for silence when things get
busy (Figure 4). Moreover, hushed approaches and
landings can be interrupted by ringing telephones, and
there are times when whispered remarks behind the
pilot’s console—‘‘Monday Morning Quarterback-
ing’’—can undercut concentration. Some onlookers
also liken UAS flying to a video game. They are not
wrong—with a big exception. Flying is much more
than moving a stick and throttle. Pilots possess
knowledge sometimes called ‘‘airmanship,’’ a complex
of skills involving FAA regulations, air traffic control
and communications protocols, weather forecasting
and aircraft performance, navigating in the National
Air Space, and very important aircraft systems
knowledge and emergency procedures.

More is less
Any teacher knows that the digital clock is no way to

teach a classroom to tell time. Children barely know
the relationships between the numerical symbols, much
less their values. In contrast, the traditional analogue
display offers all the numbers at once, in order of their
relationship, and the hands point to current time.
Moreover, the ‘‘trend’’ of time is indicated by the
movement of the second hand. In analogue, the child
learns situationally.

Similarly, traditional cockpit displays (Figure 5 and
6)—mostly analogue gauges—have needles that point
at numerical values. Many gauges are labeled with
‘‘green arcs’’ and ‘‘red lines,’’ indicating the normal
range of values, or limits, respectively. During typical
flight the pilot routinely devotes time and attention to
the assessment of information. A quick glance across

analogue gauges affords the pilot a ‘‘normal’’ assess-
ment if gauges are pointing in normal directions,
without needing to read the actual numbers. In the
same glance, the pilot can detect a needle pointed in
‘‘abnormal’’ or ‘‘unsafe’’ directions, and assess the
condition by noting the value. In digital presentations,
precise numbers are displayed, but the pilot must take
precious moments to determine whether a number is in
the normal range or is trending toward abnormal.

In the case of the MQ-9 control station (Figure 3),
contained in a mobile trailer or a building, almost all
‘‘switches’’ are activated by a keyboard or trackball. The
switches are menu-driven commands, embedded in
software, and displayed on various screens. The pilot
faces four screens. One displays a forward-facing
camera’s view, another displays maps with a moving
aircraft icon, and two other screens display systems
information, cautions and warnings, and operations
menus that are selectable through a keyboard and
mouse or trackball (Figure 3). On these informational-
cautionary screens, one ‘‘page’’ of information is shown
at any time, but more than 60 additional pages are
available. Each page contains different types of
information about systems performance (e.g., servo
amperages, fuel tank quantity, rudder deflection, and
planned route of flight). The control station is also
equipped with traditional stick (Figure 3), throttle or
prop levers, and rudder pedals required to fly the
aircraft from taxi, through takeoff, cruise, descent, and
landing. Also provided are flap and landing gear
handles. An autopilot is typically used for cruise flight,
especially during long range, long endurance missions.
The autopilot can be commanded to alter aircraft flight
parameters in much the same way as manned aircraft.

Figure 4. In the Ikhana Ground Control Station, engineers and

technicians monitor aircraft systems and science instruments,

while pilots fly the aircraft at the far end.

Figure 5. Manned aircraft, with multiple windows, provide a

wide field of view to pilots. Digital information can be displayed

in human-friendly analogue format on the multifunction screens.
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The MQ-9 can also fly preprogrammed flight routes,
which can be reprogrammed in flight. In response to
the loss of the command uplink, the aircraft will
automatically revert to a ‘‘lost link’’ flight plan.

Obviously, to generations trained on flying practices
that date, in many cases, to the Wright Brothers,
piloting the UAS is a challenging experience. Often,
my attention is diverted from primary flight displays
(the forward screen camera view is overlaid with ‘‘head
up’’ flight information) because I’m ‘‘head down’’ using
a keyboard to access the information screen displays
and activities ‘‘switches.’’ Or I’m moving the trackball
cursor on the upper map screen to access menus for

changing radio frequencies. This nontraditional ar-
rangement and display format can cause formidable
challenges. It becomes absolutely imperative that the
software feedback be timely and that the display be
user friendly.

Terminology used in the displays is also vitally
important. In these software-intensive systems, devel-
opment engineers refer to interface control documents
to develop the menu-driven commands and displays.
When pilots are not part of the development process,
the resulting terminology can be baffling. Words such
as ‘‘enable’’ or ‘‘inhibit,’’ probably derived from the
software coding, supplant standard ‘‘on’’ or ‘‘off’’
commands. Sometimes, clicking the cursor on a
command results in the familiar, ‘‘Are you sure?’’
dialogue box common to certain PC-based operating
systems. Sometimes, the results are less benign. An
infamous case involved a fuel heater switch labeled,
‘‘FUEL HEAT INHIBIT.’’ The pilot was given two
choices for the fuel heater command: ‘‘ENABLE’’ or
‘‘DISABLE.’’ My reaction: Come on! Do I really have
to think about this? Until recently, the answer has been
‘‘yes.’’ To turn on the fuel heater required the pilot to
‘‘disable’’ the ‘‘inhibit’’ … a double negative! Thankful-
ly, this protocol has been changed to, ‘‘FUEL
HEATER,’’ ‘‘ON’’ or ‘‘OFF.’’

To boldly go…where no UAS is
normally allowed

As the capabilities and performance of UASs have
improved, the user community has been transitioning
from strictly military operations in restricted airspace,
to other government, academic, and commercial
operators in the National Airspace, or NAS. UASs
now compete with traditional aircraft flown by on-
board pilots—airliners, military planes, and general
aviation—for a place in the NAS. Whether the
purpose is border surveillance, wildfire location,
university research, or other nonmilitary objectives,
the unique capabilities of UAS are attracting many
potential users.

The Federal Aviation Administration (FAA) has
established an office to explore and resolve regulatory
issues regarding UAS, and to approve specific flight
plans in the NAS. The FAA’s signature motto, ‘‘do no
harm,’’ reflects the agency’s obligation to protect the
public from unsafe conditions. It establishes regula-
tions and directives that govern the design standards of
aircraft, airports, and the allocation of air space. The
FAA also sets standards for pilot training, qualifica-
tion, currency, and proficiency.

In governing UAS flight, the FAA must consider a
vast range of aircraft, from ‘‘hobby’’ rated radio controls
to fully autonomous aircraft, which are as different

Figure 6. Typical cockpit displays and controls include

analogue gauges marked with normal (green arc) and red-line
ranges of values (upper left). Distinctively shaped flap handle,

landing gear handle (below the three green lights), and

switches (lower center) enable multitasking without diverting

attention to look at them.
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from each other as an ultralight is from a jumbo jet.
Therefore, government policies that regulate UAS
operations must be mindful of the broad range of
capabilities; otherwise ‘‘blanket’’ UAS regulations could
inhibit the effective exploitation of these versatile
aircraft. One example, cited during a meeting attended
by NASA UAS operators, involved a volcanologist.
During increased volcanic activity, the FAA typically
establishes a no-fly zone that prohibits flight in
hazardous areas, a logical measure to ensure safety.
The rule, however, frustrated attempts by this scientist
to operate a small UAS designed to transmit vital data.
Although the researcher in this case was willing to
accept the loss of the small UAS given the importance
of the data, current FAA regulations lack the flexibility
to accommodate unique cases, a typical frustration
among many potential UAS operators. Nonetheless,
the FAA has a sense of urgency about establishing
guidelines that enable the expansion of UAS flight in
the NAS, while still preserving public safety.

Probably the single greatest hindrance to the FAA
allowing unrestricted UAS flight in the NAS is the
inability to satisfy the FAA requirement to ‘‘see and
avoid,’’ or, with UAS, ‘‘sense and avoid’’ other aircraft.
The major problem is not in UAS flight in Class A
airspace, where all participants’ transponders reveal
position on radar, and all are communicating with air
traffic controllers. But the airspace below Class A can
be populated by airplanes without such features, and
pilots must be able to see and avoid. Unfortunately,
this is difficult to measure and quantify. Depending on
the situation, aircraft can be virtually invisible.
Characteristics such as lighting conditions, visibility,
contrast, color, distance, motion, size, texture, atmo-
spheric filtering, contrails, reflectivity, visual acuity,
weather, and external lights affect our ability to see
other planes. Indeed, on the same day that I saw a
contrail over 80 miles away, Air Traffic Control told
me that a light aircraft was spotted less than 2 miles
away from me, 1,000 feet below my altitude. I searched
desperately for it against the background of a densely
populated city, but never did see it.

What lies ahead?
The utility of UAS is growing, along with the

number of potential users. UASs offer the ability to
serve in niches where manned systems are limited, or
are not safe. Whether the mission is boring, mundane,

routine, long-duration, or in a hostile, high-risk
environment, the UAS is here to stay. The FAA
continues to try to accommodate the UAS community,
but much remains to be done. Sense and avoid
technology, and frequency allocation are the hardest
challenges. In addition, the systems themselves must
account for the human element. Boredom, fatigue, and
minimal sensory stimulation during long duration,
automated flight continue to be impediments. If UAS
is to join the ranks of passenger jets, military aircraft,
and general aviation that share the NAS, human
factors engineering will need to give pilots something
like the appearance of a complete cockpit, as opposed
to a static and detached ground station.
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Research at the United States Naval Academy:
More Than Meets the Eye
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Well known as the primary source of commissioned officers for both the Navy and Marine

Corps, the United States Naval Academy (USNA) is an undergraduate educational institution

with emphasis on technical education. This technical education is supplemented with design-

and-build projects, hands-on demonstrations, and laboratory exercises using a wide variety of

state-of-the-art test equipment. These laboratory facilities are leveraged by the civilian and

military faculty to perform test and evaluation in support of cutting-edge research as well as

answering operational questions from the Fleet. Of particular note are the modest costs

associated with funded research at the Academy, the proximity of many other government

agencies and laboratories in the Greater Washington, D.C., area, and the prior or current

military experience of a significant fraction of the faculty. Described herein are several typical

project efforts performed at the Naval Academy that were funded either by the Office of Naval

Research, the Air Force Research Laboratory, or the Naval Research Laboratory. These

examples are provided as a means to showcase the research and test capabilities that can be found

at the Naval Academy.

Key words: Armor; coating; education; facilities; material properties, physics and

engineering analysis; Naval Academy; collaborative; research; test and evaluation; training.

T
he Naval Academy was founded in
1845 in what is now historic Annapo-
lis, Maryland. As the United States
Navy has moved from a fleet of sail and
steam-powered ships to a globe-span-

ning fleet of nuclear-powered submarines, surface
ships, and supersonic aircraft, the Academy has
changed also. The Naval Academy gives young men
and women the up-to-date academic and professional
training needed to be effective naval and marine
officers in their assignments after graduation. Every
day, as the undergraduate college of the naval service,
the United States Naval Academy strives to accomplish
its mission to develop midshipmen ‘‘morally, mentally,
and physically.’’

Every midshipman’s academic program includes a
core curriculum that includes courses in engineering,
science, mathematics, humanities, and social science,
regardless of major. This is designed to provide a
broad-based education that will qualify the midship-
men for practically any career field in the Navy or

Marine Corps. For those students who elect to major in
engineering, the Division of Engineering and Weapons
at the U.S. Naval Academy is composed of five
departments, encompassing six academic majors. These
majors are aerospace engineering, electrical and com-
puter engineering, mechanical engineering, naval archi-
tecture, ocean engineering, and systems engineering.
Midshipmen are immersed in a hands-on, project-based
environment geared toward teaching real world engi-
neering problem-solving skills by combining practical
knowledge and a thorough understanding of mathe-
matical and scientific fundamentals.

Naval Academy faculty, test facilities, and
laboratory equipment

The Naval Academy’s engineering program is
certified by the Accreditation Board for Engineering
and Technology (ABET), with the most recent
accreditation being granted in 2005. The faculty is
nominally a 55% civilian/45% military mix, with the
overwhelming majority of civilian professors holding
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the Ph.D. degree and on a tenure track. The military
instructors are further divided into two categories, with
approximately 85% of the military members on a short
duration tour of approximately 2 to 3 years, typically
following an operational period with the Fleet or
Marine Corps. The remaining 15% of military faculty
are senior officers (O-5/O-6 pay grade) possessing
Ph.D. degrees and assigned on a permanent basis.
These officers have been selected for both their
academic skills and their operational experience.
Termed permanent military professors (PMP), this
group of military professors tends to have extensive
networks of contacts within the Navy’s technical
departments such as the Office of Naval Research,
the various Warfare Centers, the Naval Research
Laboratory, and the Naval Sea Systems Command.
Additionally, many of the civilian professors tend to
have developed strong ties to the Department of
Defense (DoD) research community found in the
Greater Washington, D.C., area. Between the civilian
professors and the PMP cohort, significant amounts of
research, test, and evaluation occurs at the Naval
Academy, with strong support from the Academy
administration. Funding is expected to be obtained by
the participants, with only limited support available
from Academy operational accounts. For fiscal year
2008, the total amount of externally supported research
funding was approximately $5.2 million distributed
among 75 faculty members of the engineering and
weapons division. The Naval Academy administration
strongly encourages active faculty research, test, and
evaluation for multiple reasons. An academic faculty
that is performing cutting-edge research is viewed as
improving the baseline knowledge necessary for
successful classroom instruction. Research involving
DoD-related topics is particularly encouraged as both
the faculty member and indirectly the students taught
by the research professor will be exposed to current
technology issues facing the DoD establishment.
Midshipmen are also encouraged to perform research
projects as a method to allow students to gain a deeper
understanding of specific facets of their chosen field of
study. Since the Naval Academy is strictly an
undergraduate facility, research projects tend to be
tightly focused and constrained efforts that can be
accomplished during the course of an academic year.
Without graduate students to carry significant levels of
research effort, the nature of research at the Academy
also tends to be cyclic, with major portions of non-
student–performed research occurring during the
summer season, when the midshipmen are tasked with
training evolutions out in the Fleet.

The Naval Academy engineering research, test and
evaluation facility is state-of-the-art. On a departmen-

tal basis, specific instrumentation or equipment will be
presented in the following section with the goal of
providing an overview of the specific test and
evaluation equipment and capabilities that currently
exist at the Naval Academy.

The Aerospace Engineering department has one of
the best equipped wind tunnel laboratories in the
nation for an undergraduate-only institution. The
department currently maintains and operates four
subsonic wind tunnels. The largest of these has a test
section of 38 inches 3 54 inches and can reach speeds
of up to 200 mph. These wind tunnels are used by
faculty and students in both research and classroom
instruction. The department also has a supersonic wind
tunnel capable of velocities with an upper range of
Mach 3. With a test section area of 6 inches 3

6 inches, small models representing spacecraft re-entry
vehicles or supersonic aircraft can be subjected to these
high-speed airflows under a variety of conditions.
Automated data collection systems allow for pressure,
temperature, and force measurement from the various
tunnels. Additionally, the largest facility in the
Aerospace Department is the rotor lab. With this
facility, full-size helicopter rotors or aircraft engine
propellers can be tested at speed using various strobe
camera, computer, and smoke visualization techniques.
This facility provides invaluable research data for those
interested in understanding the complex dynamics of
helicopter flight.

The Electrical and Computer Engineering (ECE)
department has developed strong capabilities in the
area of biometric signal processing education and
research. A continual effort is made by the Naval
Academy to upgrade test and evaluation equipment to
the most advanced biometric devices on the market.
The ECE department’s Electromagnetics and Wireless
Lab (EWL) is an interdisciplinary research center
focusing on all aspects of wireless communications,
with applications that include data networks, sensor
networks, robust and/or covert communications, net-
worked communications, position location, software-
defined radio, and antennas. The EWL combines
theoretical and computational modeling with experi-
mental testing.

The Mechanical Engineering department has de-
veloped strong capabilities in multiple research focus
areas, predominantly in the areas of materials sciences,
thermal/fluid mechanics, and mechanics of materials.
Additionally, the department operates a subcritical
nuclear reactor, an extensive fluid mechanics laborato-
ry, and a material properties characterization facility. A
combustion laboratory facility has been recently
upgraded, permitting test and evaluation of a wide
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range of internal combustion engines and is an
extremely popular undergraduate research facility.

The Naval Architecture and Ocean Engineering
(NAOE) department uses two towing tanks—one of
380 feet length, the other 120 feet length—for both
educational and research purposes. Housed in the Naval
Academy Hydromechanics Laboratory, faculty use the
facilities for research of ship resistance and propulsion,
ship motions in wind and waves, basic ocean wave
mechanics, and wave-structure interaction. The Labo-
ratory staff also performs testing under contract to
various Navy, governmental, and private organizations.

The Weapons Systems Engineering Department
Systems Engineering faculty supports the instruction
of an interdisciplinary major whose primary objective is
to provide an overall understanding of the analysis and
design of complete engineering systems. Emphasis is
on mathematical modeling, analysis, synthesis, control,
and simulation. Typical systems are electromechanical
devices containing embedded computer controllers.
Current work is being conducted in autonomous
unmanned vehicle control, improvised explosive device
(IED) defeat systems, and improved control systems
for robotic devices.

Specific examples of research, test, and
evaluation at the U.S. Naval Academy

In the Composites Manufacturing lab, material
processing capabilities range from autoclave processing
(4-foot diameter, 6 feet long, aerospace grade, capable
of 850uF and 250 psi with personal computer [PC]
monitoring and control) to a wide variety of out-of-
autoclave processes, including resin infusion, resin
transfer molding, compression molding, filament wind-
ing, and wet layup. The composite materials facility also
has state-of-the-art equipment for evaluation of com-
posite materials repairs. Figure 1 provides a view of the
composites manufacturing laboratory equipment.

In the Composites Test and Characterization lab,
extensive physical characterization of advanced com-
posites for material modeling can be performed,
coupled with composites processing quality assurance
evaluation. The Academy has extensive facilities for
optical and electron microscopy of composites meso-
structures, which, when coupled with the extensive
mechanical testing capabilities, present the ability to
perform studies of process/property relationships for a
wide array of advanced materials and applications.

Recent work has focused on processing optimization
for the lamination of transparent ceramic armor
(supported by U.S. Army Research Laboratory),
damage tolerance evaluation of honeycomb sandwich
structures (supported by the Office of Naval Research),
and material characterization and modeling of pitch

fiber reinforced laminate composites (supported by
Northrop Grumman Oceanic Systems.) The Academy
also has extensive nondestructive test and inspection
capabilities located in the Nondestructive Evaluation
lab.

The Naval Academy Mechanical Test lab has a full
spectrum of testing capabilities: a 200 kip universal
tester, a tension/torsion machine, a spring-assisted
drop weight impact tester, hydraulic load testers for
cyclic fatigue testing, and several electromechanical
load frames for general purpose materials testing.

Recent work has included a Navy project to evaluate
the strength and impact resistance of hybrid steel to
composite joints. The Naval Academy performed static
tension tests as well as dynamic impact tests of two
candidate hybrid joint configurations (manufactured as
part of an Office of Naval Research Small Business
Technology Transfer [ONR STTR] program). This
testing was performed in collaboration with an
investigator in the United Kingdom who was funded
in part through the Defense Science and Technology
Laboratory (DSTL) as well as ONR-Europe. The
testing involved both midshipmen and an ensign.

Another recent example of collaborative research at
the Academy consists of a recent Air Force Office of
Sponsored Research Multi-University Research Initia-
tive (AFOSR MURI) initiative to develop an integrated
multi-functional coating system for military applications;
various cold spray and thermal spray methods were
pursued to deposit metallic coatings and evaluate their
performance (Cadney et al., in press). It was required
that the resulting coatings be easily field applied and have
a range of functions to improve corrosion performance
and coating adhesion, and to provide active corrosion
protection through the use of nano-crystalline or
amorphous matrix metallic glasses such as the Al-
transition metal (TM)–rare earth (RE) glasses.

Figure 1. Four-foot diameter autoclave in the Composites

Manufacturing lab.
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Aluminum and aluminum alloy coatings were depos-
ited in air from powder stock using several thermal spray
techniques to evaluate the corrosion/fatigue performance
as a function of thermal spray. Some preliminary cold
spray coatings were evaluated for comparison and the
results deemed promising. Initial experimentation on the
application of amorphous cladding onto AA2024-T3
employed pure aluminum and demonstrated that a
coated material with improved corrosion and fatigue
properties was achievable. Comparison of the micro-
structures, mechanical properties, fatigue, and pre-
corroded fatigue properties of samples with numerous
types of thermal spray coatings, as well as samples of bare
AA2024-T3 and AlcladTM AA2024-T3, revealed that
HVOF is the most promising thermal spray process for
the deposition of aluminum coatings from traditional
feedstock powders. In particular, high velocity oxygen
fueled (HVOF) coatings greatly increase the fatigue and
pre-corroded fatigue lifetimes of the AA2024-T3
substrate. Additionally, coatings of Al-Co-Ce alloys
were deposited from powders by thermal spray and cold
spray processes.

X-ray diffraction for the HVOF process indicated
that feedstock powders were nano-crystalline, and the
deposited coatings demonstrated reduced crystallinity
as shown in Figure 2. A modified form of HVOF,
pulsed thermal spray (PTS) has been used to deposit

amorphous or nano-crystalline coatings using tradi-
tional crystalline feedstock. PTS coatings tend to
demonstrate a higher degree of amorphousity, while
coating hardness values were higher and fatigue
lifetimes were lower than expected. The variance in
values from that expected for amorphousity, hardness,
and fatigue lifetimes were most likely due to high
content of cobalt (Co) and cerium (Ce) and processing
effects. Because the mechanical properties, especially
fatigue properties, are essential for the use of these
coatings in aircraft applications, processing conditions as
well as substrate preparation must be optimized, or the
composition altered, to satisfy the requirements for
mechanical and corrosion properties. As a result of
transition funding from ONR, a parametric study is now
underway to define the processing parameters for HVOF
and PTS to lower hardness and enhance fatigue life.
Additional chemistries have been produced in ingot form
and atomized into powders having a range of sizes.

The Academy has recently upgraded its capability to
perform strain-rate dependency testing of engineering
materials with the provision of a Split-Hopkinson
Pressure Bar (SHPB) by the Naval Surface Warfare
Center, Dahlgren Division. A SHPB is used to
measure the change in mechanical properties such as
yield strength, work hardening, and ductility, all of
which can vary with strain rate. A SHPB is capable of

Figure 2. X-ray diffraction patterns of Al-18Co-9Ce feedstock powders, high velocity oxygen fueled (HVOF) coating, and pulsed
thermal spray (PTS) coating (a, b, c) and Scanning Electron Microscopy (SEM) images for the powders versus the resulting HVOF

coating (d, e).
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achieving the highest uniform uniaxial stress loading of
a specimen at strain rates on the order of 103/s. Stress
waves are generated in an impact bar using a gas-driven
striker mechanism. The dynamic stress–strain response
of the material is captured via instrumentation and
then evaluated using embedded software. The SHPB
was provided by the Naval Surface Warfare Center,
Dahlgren Division, and has been extensively upgraded
with new data collection systems and specimen
mounting mechanisms.

Preliminary testing of copper has been conducted in
support of the Navy’s Electromagnetic Launcher
(EML) program (Rice et al., 2008), and efforts are
underway to test prototype ceramic armor specimens in
cooperation with the Naval Surface Warfare Center,
Indian Head Division. Figure 3 shows a midshipman
conducting preliminary material testing in support of
the SHPB test of copper, and Figure 4 provides a close

view of the gas gun used to drive the striker mechanism
used in the bar. As with nearly all research efforts at
the Academy, midshipmen are intimately involved
with the process, as shown in Figure 5.

Another effort to analyze material properties is a
collaborative effort to perform spectrum load crack
growth testing of 7050-T7451 plate. Testing was
performed for Transverse-Longitudinal (T-L) and
Longitudinal-Short Transverse (L-S) specimen orien-
tations to determine the influence of spectrum
truncation on fatigue crack growth rates and overall
life. This effort was funded through the Joint Strike
Fighter Program Office, Naval Air Systems, and the
Air Force Research Laboratory.

This highly oriented aluminum plate material is
used in several existing military fighter aircraft as well
as both military and commercial transport aircraft with
continuing evaluation as a candidate material for future
designs. This testing was performed on center-hole
(double crack), flat, rectangular tensile specimens
machined from material blanks cut from 4-inch plate,
using the test device shown in Figure 6. Additional
comparison T-L tests were also accomplished using
blanks from available 7050-T7451 0.5-inch plate.
Spectrum loading used for the testing was based on a
nominal fighter wing bending moment spectra, and
levels of testing were composed of baseline (5 percent),
plus 20 percent and 30 percent range truncation levels.
The target, ordered stress levels were based on legacy
and predicted use of U.S. fighter aircraft. Stress levels
were calculated using results of numerical analysis
combined with past use and should not be assumed to
be, nor the direct result of, flight test data.

Figure 3. Midshipman conducting tensile testing of copper

specimens in support of Electromagnetic Launcher
(EML) program.

Figure 4. Split Hopkinson Pressure Bar (SHPB), with gas gun

and gas source in right foreground and impact bar on left-hand

side of the image.

Figure 5. Midshipmen conducting research using Split
Hopkinson Pressure Bar (SHPB).
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Results produced representative trends in life
increases for truncation levels relative to 5 percent
truncated levels for the L-S and T-L orientation
specimens. Crack growth rate data was recorded and
comparisons were shown for varied orientation and
crack length. Findings show that although relatively
small changes in life are experienced due to orientation,
L-S–oriented plate material life is affected by the
greatest extension. Crack growth rates for shorter
cracks in the L-S material greatly exceed growth rates
in the T-L–oriented material. Characteristics of
splitting, crack wandering, branching, and shielding
were observed in the L-S specimen tests and are shown
in Figure 7. These potentially undesirable characteris-
tics resulted in temporary crack arrest or retardation in
the direction perpendicular to loading and resulted in

overall specimen rupture well beyond predicted critical
crack lengths (Schubbe, 2009).

A final example of cooperative test and evaluation
between the Academy and a government lab is
described as follows. An attempt to develop modeling
and simulation methodologies for the assessment of
structural survivability in aerospace structures was
conducted under the sponsorship of the Naval Surface
Warfare Center, Dahlgren Division. Such an under-
taking is considerable because of the inherent com-
plexity of the structures and loads involved. Addition-
ally, confident deployment of any methods will require
an extensive and rigorous program of model verifica-
tion and physical testing.

With these larger goals in mind, a coordinated effort
was made to model, test, and verify the structural
response of real aerospace rib-skin structures in both
undamaged and damaged configurations. The struc-
tures considered were approximately 9 feet long,
aluminum-skinned cylinders 30 inches in diameter.
The structural skin was riveted to z-shaped aluminum
ribs and longerons. Additional internal structural
components, including bulkheads and complex stiff-
eners, were present. All structures were instrumented
with strain gauges and string potentiometers along the
ventral axis of the cylinder and tested until failure in
cantilever bending, as shown in Figure 8. Testing of
the structures required the development of a special
cantilever bend rig. In addition, high-fidelity finite
element models of the test structures were constructed
and solved for pure cantilever bending. The finite
element models were used in both the design of the
experiment and construction of the test rig as well as to

Figure 6. Fatigue testing equipment consisting of 22,000-lb

load frame, hydraulic wedge grips, and a traveling

telemicroscope for in-situ crack detection.

Figure 7. Crack progression and splitting in Longitudinal-Short (L-S)–oriented specimens.
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predict the structural response of both the damaged and
undamaged structures (Burkhardt and Joyce, 2007).

Conclusion
As discussed previously, the amount of research, test,

and evaluation that is conducted at the U.S. Naval
Academy is surprisingly varied in scope, supported by
cutting-edge test equipment housed in well-equipped
and staffed facilities; and, given the limitations of time
and staffing placed on faculty members, surprisingly
sophisticated. The research efforts that are ongoing at
the Academy are truly more than initially meets the
eye. %
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DOT&E Leaders Speak Out About Past and Future
Challenges and Priorities

Ernest Seglie, Ph.D.

Science Advisor, Operational Test and Evaluation

Office of the Secretary of Defense, Washington, DC

On February 18, 2009, ITEA sponsored a workshop on ‘‘Future Defense Spending and the

Implications for Test & Evaluation,’’ to focus on the impact of the economic downturn and the

change of administration on Defense system acquisitions and test and evaluation (T&E). The

final panel of the day featured the Department of Defense’s senior T&E leadership, past and

present (Phil Coyle, Jack Krings, Tom Christie, and Chuck McQueary). The four Directors of

Operational Test and Evaluation answered 13 questions. Their answers offer insight into

defense leadership processes and T&E considerations that we rarely have the opportunity to see

in such a comprehensive manner, offer important insights into challenges the defense T&E

community has faced, and may portend the nature of challenges that lay ahead.

Key words: Bridges to the Warfighter; defense leadership; defense spending; early involv-

ement; fly before buy; information technology and assurance; joint testing; T&E workforce.

O
n February 18, 2009, ITEA spon-
sored a workshop on ‘‘Future De-
fense Spending and the Implications
for Test & Evaluation’’ to focus on
the impact of the economic down-

turn and the change of administration on Defense
system acquisitions and test and evaluation (T&E).

The final panel of the day featured the Department
of Defense’s (DoD’s) senior test and T&E leadership,
past and present (Figure 1):

N The Honorable John E. (Jack) Krings, Former
Director, Operational Test and Evaluation;

N The Honorable Philip E. Coyle, III, Former
Director, Operational Test and Evaluation;

N The Honorable Thomas P. Christie, Former
Director, Operational Test and Evaluation; and

N The Honorable Charles E. McQueary, Current
Director, Operational Test and Evaluation.

As most readers know, the Director, Operational
Test and Evaluation (DOT&E), is appointed from
civilian life by the President, by and with the advice
and consent of the Senate—as all the panelists were for
their tenure. By law, the Director is appointed without
regard to political affiliation and solely on the basis of
fitness to perform the duties of the office of Director.
The Director is the principal adviser to the Secretary of
Defense and the Under Secretary of Defense for

Acquisition, Technology, and Logistics on operational
T&E in the DoD, and the principal operational T&E
official within the senior management of the DoD.

Defined in Title 10, US code, section 139, the
Director’s duties are to:

N set policies and procedures for the conduct of
operational T&E in the DoD; provide guidance
to and consult with the Secretary of Defense and
the Under Secretary of Defense for Acquisition,
Technology, and Logistics and the Secretaries of
the military departments;

N monitor and review all operational T&E;
N coordinate operational testing conducted jointly

by more than one military department or defense
agency;

N review and make recommendations to the Secretary
of Defense on all budgetary and financial matters
relating to operational T&E, including operational
test facilities and equipment; and

N monitor and review the live fire testing activities.

The Director may communicate views on matters
within his/her responsibility directly to the Secretary of
Defense and the Deputy Secretary of Defense—
without obtaining the approval or concurrence of any
other official within the DoD.

Clearly, individuals qualified to be Director are
accomplished persons with substantial credentials and
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capabilities. Each former Director brought to the job a
unique perspective and experienced a different envi-
ronment. Jack Krings was an experimental test pilot
and the first DOT&E. Phil Coyle was a Director of
the Lawrence Livermore National Laboratory, served
the longest and under the most Secretaries of Defense.
Tom Christie was a defense analyst and had served
within the government the longest before assuming the
DOT&E job. Chuck McQueary in the private sector
was president of an advanced technology company; just
prior to becoming DOT&E he was Under Secretary
for Science and Technology in the Department of
Homeland Security. The panel provided us a rare
opportunity to glimpse a bit of the history of T&E and
also to gain insight into what the future might hold.
This panel was, indeed, a special event.

A panel moderator on February 18 prompted these
Directors with a series of questions. Their answers are
reported here. For this article, I do not include
traceability of response to individual. It is fair to say, in
most cases, all the Directors were in agreement with each
other’s responses. But you will note a few differences.

1. The Department faces hard choices in
acquisition. Some have said DOT&E
results are erratic and ignored. Are
DOT&E reports given the right weight in
acquisition decision-making?

There was considerable agreement that DOT&E
reports are not as influential as they might be.

Evidence offered for this position included: (1) many
programs are in trouble; (2) DOT&E reports such as
the Annual Report repeat the same recommendations
year after year; (3) some programs use great inventive-
ness to avoid testing; and (4) so many programs go to
full rate production despite failure to be declared
effective and suitable.

On the other hand, there is evidence that the
situation may change. The new administration appears
to have a ‘‘fly before buy’’ approach, and the White
House website includes a statement on missile defense
that supports the approach: ‘‘The Obama-Biden
Administration will support missile defense, but ensure
that it is developed in a way that is pragmatic and cost-
effective; and, most importantly, does not divert
resources from other national security priorities until
we are positive the technology will protect the
American public.’’ The phrase ‘‘we are positive the
technology will protect’’ is a high standard, consistent
with fly before buy, and one that could require
considerable testing evidence. Another positive note
is that the Department has instituted new policy that
emphasizes testing and particularly testing to improve
reliability.

A final point that was made several times by all the
panel members: reports are the formal means of
communication, but often are not the most effective.
The most effective means are often informal, in smaller
meetings or in discussions with decision-makers.
Different panel members had different relations with

Figure 1. The Directors of Operational Test and Evaluation past and present are (left to right) Phil Coyle, Jack Krings, Tom Christie,
and Chuck McQueary.
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the Secretary, the Deputy Secretary, or the Under
Secretary of Defense for Acquisition, Technology, and
Logistics but each found a reliable and consistent
audience with one of them who was willing to listen.
The Director must bring a track record of candor and
expertise and achieve senior level relationships needed
to influence properly the acquisition decisions. This
situation brought up the following question.

2. Should DOT&E have a more formal
role in the choices made to implement
the slowdown coming in defense dollars?

None of the panelists felt that a formal role was a
clear way ahead. DOT&E can offer information to
those who need to make the decisions, and there is
hope that those decisions would include more
information on performance from developmental
testing and operational testing rather than just cost
and schedule. But if its role were more formal, the
value DOT&E can bring by early involvement might
be countered by increased difficulty getting into the
program.

The importance of early involvement was empha-
sized by each panelist as a way of realizing several
important goals, such as to develop the formal policy of
integrated testing, to hopefully generate greater use of
performance information in early decisions, to facilitate
greater involvement of DOT&E early in a program
when they often get into trouble, and to promote
greater understanding of whether the system is ready
for its initial operational T&E.

3. Will budget cuts be directed at T&E?
The panel members all believed that budget pressure

is likely to be big and real. Their views reflected various
aspects of the situation. The actual experience of the
last decade and a half is indicative. When budgets went
down, testing was cut; when budgets went up, testing
was cut. In addition, workforce personnel have been
decimated to the point where, in particular, develop-
mental test has critical shortfalls. The pressure may be
particularly intense in the Service budgets. So it might
not be unreasonable to expect budget cuts to be
directed at T&E. On the other hand, without T&E
information how can leadership make the decisions
they need to make? Independent, experienced, objec-
tive reporting of real program progress and potential
should be among the last things to cut.

The protection of T&E may well rest with the
Congress, where there has been continuing support.
Congress has always been protective of the information
that testing provides and therefore protective of the
testing organizations when they know about the
problem.

4. Secretary Gates has worried about a
risk adverse culture and adversarial
relationships within the DoD. Is that a
problem in T&E?

Everyone agreed that whenever you have individuals
working together there will be friction, possibly no
more in DoD than in other organizations. Building
strategic relationships is essential to successful opera-
tions. It is important to maintain good relationships at
the top levels—with, for example, the Under Secretary
of Defense for Acquisition, Technology, and Logis-
tics—and simultaneously preclude adverse action from
being taken against DOT&E action officers.
DOT&E action officers can tell amazing stories about
how difficult the job can be.

Most panel members believed that DOT&E, and
T&E in general, have a public relations problem. This
can arise merely because many people say there is a
problem! To counter the public relations problem
DOT&E needs to be aware of what flexibility there is
in the system, articulate that flexibility, show some
flexibility, and thus work to change conventional
wisdom.

On the issue of risk, it was pointed out that Defense
is not like the private sector because there is not an
alternative if the project fails. It is not the entrepreneur
who is at risk if the system fails, it is the combatant.

5. How should operational T&E adjust to
account for threat changes?

Opinion across the panel was unanimous that
DOT&E’s responsibility is to assure systems are tested
against the threat when the system is fielded regardless
of whether that is the threat in the requirements.
Further, the Beyond-Low-Rate-Initial-Production re-
port must indicate whether the system is operationally
effective and suitable in the environment in which it
will be used. Some systems take 20 years to develop,
and for those systems it is not unusual for the threat to
change. But it is unusual for the threat to change in the
year before the initial operational T&E, and that is a
reason to be involved in the developmental testing. It is
possible to respond to threat changes during develop-
ment.

6. What does it mean to be involved early
enough to enable integrated T&E?

Integrated can have two meanings, and there was a
discussion of both. On one hand, it can mean joint.
The testing must be joint, or integrated, in order to test
acquisition systems as they will be used in the state-to-
state and highly asymmetric warfare environments. In
missile defense, integration is so important—it is
mandated from within the Missile Defense Agency
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(MDA) organization. That kind of integration does
not come naturally.

The second meaning of integrated is that develop-
mental and operational testers collaborate in the
planning and execution of the test. An industrial
software best practice does development very differently
than the DoD. They start testing with a small group of
very sophisticated users and find many problems that
they fix. They then expand to a larger group of less
sophisticated users, working their way down to users
who are ‘‘all thumbs’’ with computers. Throughout that
process they collect large amounts of data on the user
response. In contrast to this situation, software develop-
ers in government often do not know who the user is,
much less collect data on what the user is doing or if the
user is happy. When considering that situation it is clear
that the DoD has a long way to go and DOT&E should
be part of that journey.

7. The Defense Science Board
recommended developmental T&E
should be strengthened. Do you agree?

The information available at milestone B is often
critical. Testing has to be built-in from the very
beginning. It is Developmental Test (DT) that has
information about technical risk. DT has to be
strengthened to report the critical information when
it is most meaningful. Equally important is that DT
have an independent voice, a seat at the table, and an
audience willing to listen. DT is rooted in system
engineering. But also expressed was the view that we
will be no better off unless an effective linkage between
developmental T&E, systems engineering, and reli-
ability is created.

8. What is the meaning of early
operational test (OT) involvement, with
competitive prototypes?

Prototyping in aircraft may be different from
trucks or tanks or radios. Operational assessment is
very important, but for large complex systems
prototyping to do more than demonstrate a concept
or fundamental technology is nearly impossible. The
information at milestone B is often critical—OT
must be involved to cure the problem of underes-
timating technology maturity. But in the past there
has been resistance. Recent experience has been
somewhat different, and the Operational Test
Agencies are changing the roles and engaging early.
One example of early involvement was the program
during Secretary Perry’s tenure of doing Advanced
Concept and Technology Demonstrator assess-
ments.

9. Should there be an increase in the
T&E workforce to strengthen DT?

The panel talked about many aspects of the problem
and solution. They unanimously thought it was
appalling what has happened to the DT workforce in
the field, where we find the government depending
upon contractor data. We need enough knowledgeable
people at least to know if you have a competent
contractor. DoD often does not even have that. The
funding to reverse this situation will be difficult.

The leadership role is with the Office of the
Secretary of Defense (OSD) to create a viable plan to
start reconstituting the workforce. The Services have
plans, but they will not get the people unless pressure
comes from the top—in OSD. Without addressing
workforce issues, do we have the talent needed, for
example, to fulfill the important reliability initiative?

10. What about the DoD Test Resource
Management Center (TRMC)?

Two of the panelists, Jack Krings and Tom Christie,
had significant roles in the establishment of the
TRMC. Both felt that the original plan, which
involved giving budget authority to the TRMC, was
essential to enable the TRMC to carry out its very
difficult mission. They recalled that originally the DT
office also had authority over the Major Range and
Test Facility Bases and agreed that it is difficult even to
get a comprehensive report about Service needs. It is
also true that DOT&E still has a role (mentioned
earlier) with respect to resources for operational T&E.
One of the difficulties for the TRMC is the layers of
approval they must go through. The organizational
solution should consider an enterprise approach.

11. Are OTs too hard, too easy, or
about right?

There is no ready-made answer. It depends on the
system and the mission. For example, the F-35 is a very
complex system and will require many sorties to have
the data necessary to evaluate system effectiveness and
suitability, including the electronic warfare environ-
ment.

Early in the history of DOT&E there was talk of
having a Milestone IV to have a feedback to see if
DOT&E got it right. We found many fielded systems
with actual mission operations that were different then
what we tested. The Bradley Fighting Vehicle fording
capability comes to mind. We focused on Bradley
effectiveness in fording operations, but never tested a
tube-launched, optically tracked, wire-guided missile
configuration because the role of the system changed
after fielding. Maybe we need more time with the end
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user before we commit to OT plans. And, we need a
continuous feedback loop.

We saw many examples where we learned much in
OT. Good OT ought to be really easy; if DT is done
well there are no surprises. We should try everything.
The F 18-E/F OT was straightforward because of
robust DT.

What do we do when we do not get it right, like not
recognizing the threat of explosively formed projec-
tiles? We have a critical job and must reduce the risk in
such situations. We need classic sequential processes
and concurrent DT/OT.

12. Should the director, OT&E have a
statutory 5-year term?

Phil Coyle, who served 8 years as DOT&E, said
that 5 years would have deprived him of many years he
served in that position, and the legislation should say at
least 5 years.

Others reiterated an earlier point that the right
relationship with the senior leadership is critical and
fixing a term does not ensure that relationship.

13. The last question: What is the next
action DOT&E should initiate—the most
important thing DOT&E should
pursue now?

A number of areas were identified as important for
the future. The answers were:

N Bridges to the warfighter. Working under Secre-
tary Gates, there is an opportunity that stems from
instances of lack of support in certain military
departments for the warfighter. DOT&E should
build new bridges to the warfighter; Secretary
Gates would find that appealing.

N Joint testing. There are no real requirements for
joint testing. Nevertheless, system interdepen-
dencies are now more important than ever. It is
absolutely necessary to do interdependency test-
ing and it will not happen naturally, but must be
leadership-driven. This testing would be similar
to interoperability testing.

N A better model for the acquisition and testing of
defense equipment and services. Systems are
acquired by some very new acquisition means—
some call it slogan-based acquisition, spiral based
acquisition, for example—you need a compatible
flow of Operational Testing to match the
acquisition flow. The high value of testing comes
not from verification but from discovery. The cost
of discovery goes up an order of magnitude with
each successive phase. The process of testing
should be built around the value of testing.

N Early involvement. The OT community must
focus on early involvement, especially in the
requirements process. There is a manpower issue
to resolve: OT agency staff levels were not
predicated on such early engagement.

N Information technology and information assur-
ance. Information systems—and especially infor-
mation assurance of complex software systems—
constitute a pressing area where DOT&E must
focus.

The answers of the four Directors of Operational
Test and Evaluation reported above offer an insight
into defense leadership processes and T&E consider-
ations that we rarely have the opportunity to see in
such a comprehensive manner. Their answers offer
important insights into challenges the defense T&E
community has faced, and they may portend the nature
of challenges that lay ahead. It is indeed rewarding that
ITEA convened this special event. %
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The Future of DoD Test and Evaluation Resources

Fred Myers

Test Resource Management Center, Arlington, Virginia

This issue, the theme for the ITEA Journal is The Future of Test Facilities. This is certainly a

worthwhile topic for consideration and discussion. However, test facilities alone do not fully

embrace the full scope of the capabilities and resources needed to meet future demands for weapon

system test and evaluation (T&E). This article is intended to provide a broader perspective on

T&E resources—one that encompasses not only the future of T&E facilities, but also addresses

the other essential elements of test and evaluation, the T&E workforce, and T&E funding

needed for both operations and investment. This article presents the perspective of the

Department of Defense (DoD) Test Resource Management Center, the origins, mission, and

goals of which are outlined in the article.

Key words: Strategic planning; infrastructure; workforce shaping; T&E processes; T&E

funding; critical capabilities; capacity; divesture; downsizing; focused testing.

I
n response to title 10, United States Code,
section 196, Department of Defense (DoD)
Directive 5105.71 established the Test Re-
source Management Center (TRMC) as a
DoD field activity under the authority,

direction, and control of the Under Secretary of
Defense for Acquisition, Technology and Logistics
(USD [AT&L]) to:

N Plan for and assess the adequacy of the Major Range
and Test Facility Base (MRTFB) to provide
adequate testing in support of development, acqui-
sition, fielding, and sustainment of defense systems.

N Maintain awareness of other test and evaluation
(T&E) facilities and resources, within and
outside the department, and their impacts on
DoD requirements.

The Test Resource Management
Center’s vision and goal

In performing this mission, the Director, TRMC, is
responsible to (1) review and provide oversight of
proposed DoD budgets and expenditures for T&E
facilities and resources; (2) develop a biennial Strategic
Plan reflecting the needs of the DoD with respect to
T&E facilities and resources; (3) review the proposed
T&E budgets of Military Departments and Defense
Agencies with T&E responsibilities for adequacy, and
certify that they are in compliance with the Strategic
Plan; and (4) administer the Central Test and
Evaluation Investment Program, and the Test and

Evaluation/Science and Technology program. Addi-
tionally, the TRMC ‘‘plans for and assesses the
adequacy of the Major Range and Test Facility Base
(MRTFB); to provide adequate testing in support of
development, acquisition, fielding, and sustainment of
defense systems; maintains awareness of other T&E
facilities and resources, within and outside the
department, and their impacts on DoD requirements.’’

From the TRMC’s missions, the Director estab-
lished the following vision and goal:

N Vision: The Department of Defense T&E
workforce, infrastructure, and funding will be
fully capable of supporting the Department with
quality products and services in a responsive and
affordable manner.

N Goal: Robust and flexible T&E capabilities to
support the warfighter.

The Major Range and Test Facility Base
The DoD directive that establishes MRTFB policy

and responsibilities, defines it as:

‘‘The designated core set of DoD Test and
Evaluation (T&E) infrastructure and associ-
ated workforce that must be preserved as a
national asset to provide T&E capabilities to
support the DoD acquisition system.’’

Included in the MRTFB aggregation are the T&E
personnel that operate the DoD test facilities and open
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air ranges. Oversight of the MRTFB is assigned to the
Test Resource Management Center, albeit the indi-
vidual Services and Agencies have primary responsi-
bility for funding, staffing, and management of the
facilities. Figure 1 portrays the current DoD activities
that manage MRTFB facilities and ranges in accor-
dance with DoD Directive 3200.11, dated December
27, 2007.

The TRMC considers T&E Resources from a
holistic view of T&E, not just T&E facilities and
ranges. In that context, TRMC identifies shortfalls for
each of the T&E resource components necessary to
provide T&E capabilities. Figure 2 depicts the key

components of these T&E resources and how they are
used to produce T&E capabilities.

The key T&E resource components are:

1. T&E workforce: military, civilian, and contractor
personnel who provide the expertise and skills
necessary to operate, maintain, sustain, and
improve the T&E infrastructure. The personnel
also execute and expend funding, and implement
processes for providing T&E capabilities.

2. T&E infrastructure: the facilities, ranges, and all
other physical assets such as buildings, instru-
mentation, networks, range space, and frequency
spectrum used to conduct DoD T&E.

3. T&E funding: the combination of investment
and operating funding required to support and
execute the DoD T&E mission.

4. T&E processes: the methods and procedures
used by the T&E workforce to provide T&E
capabilities and associated data products.

5. T&E capabilities: an ability to conduct test and
evaluation using T&E resources and processes to
achieve T&E objectives. ‘‘T&E capabilities’’
represents the aggregate of people (workforce),
infrastructure (facilities and ranges), and fund-
ing—enabled by T&E processes (Figure 2).

DoD T&E workforce composition
TRMC is also responsible to provide ‘‘an assessment

of the current state of the test and evaluation facilities

Figure 1. MRTFB activities.

Figure 2. T&E resources.
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and resources of the Department.’’ The focus of this
section is the workforce component of the Depart-
ment’s test resources.

In the broadest context, the aggregation known as
the T&E workforce encompasses several distinct
components, as reflected in Figure 3.

TRMC’s primary T&E workforce focus has thus far
been on the MRTFB component. During the past
decade, there has been a steady decline in the number
of military, civilian, and contractor personnel in the
workforce expressed in work years. However, as
evidenced by the demographic analysis of the govern-
ment workforce that TRMC has conducted over the
past several years (FY 2005–FY 2007), it appears that
the downward trend has been arrested. Figure 4 depicts
the MRTFB military and civilian workforce totals for
those years. As seen in this figure, the total government
MRTFB workforce is essentially unchanged over this
period. Contractor personnel are not tracked separately
by organization, rather only by work years.

These annual demographic analyses have also
provided a wealth of information about the age,
occupational composition, education, and experience

levels of the MRTFB workforce. The one question
that the demographic analysis does not adequately
address is the competency of the workforce. Do we
have the right people with the right skill sets to meet
both the current and future testing challenges? Later in
the article, we address an approach to this important
area. TRMC will continue to undertake these analyses
to add to the personnel database and in so doing
provide the data needed to support long-term work-
force trend analysis.

Operational Test Agencies (OTAs)
The OTA component of the T&E workforce is

represented by personnel assigned to the Service or
Agency units that are responsible for operational
T&E—including Live Fire T&E—of the DoD
weapon systems in development. The Director,
Operational Test & Evaluation (DOT&E) has
oversight responsibility for this component of the
T&E workforce. Demographic analyses extending
back to FY 1990 have provided DOT&E and the
Services with considerable insight into workforce
trends over that period. As is the case with the
MRTFB, the OTA military and civilian workforce has
also stabilized in recent years.

Acquisition, Technology and Logistics
(AT&L) workforce

The composition of the AT&L workforce is
specified by legislation. Within the AT&L workforce
aggregation, which currently numbers about 110,000
individuals, personnel are designated into various
‘‘career fields’’ per assignment of the Service or Agency
Defense Acquisition Career Management (DACM)
offices. As noted in Figure 3, approximately 7,100
personnel are assigned to this career field and staff
billets that have been designated by DACM as T&E.
The majority of T&E career field personnel in this

Figure 4. MRTFB workforce trend (FY 2005–FY 2007).

Figure 3. Composition of the DoD T&E workforce.
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workforce aggregation is assigned to Program Offices
and Acquisition Command headquarters organiza-
tions, and is primarily responsible for T&E planning,
including developing test plans, coordination with
OTAs, and allocation of program funding to the T&E
mission. There are, however, some AT&L workforce
personnel resident in both MRTFB and OTA units, as
can be noted from the overlapping circles in Figure 3.
Oversight of this element of the T&E workforce is the
responsibility of USD (AT&L).

‘‘Other’’ T&E workforce personnel
In addition to the T&E personnel comprising the

well-defined aggregations summarized previously,
there are possibly hundreds of DoD locations where
T&E functions are being performed either as a
primary or collateral mission. The extent and
demographic composition of the T&E personnel at
these locations remain to be accurately determined,
albeit the TRMC has initiated an effort to identify
and characterize those activities where the T&E
mission is substantive enough to warrant additional
effort to quantify and profile the resident T&E
workforce.

Test infrastructure
There has been much debate, dating back more than

20 years, about test infrastructure. The debate has
focused largely on trying to answer two questions. One,
do we have the right facilities and ranges to meet
current and future testing needs, and two, do we have
the right amount of capacity? The efforts on the part of
the Office of the Secretary of Defense and the Services
to answer these questions have met with varying
degrees of success. To date, there are still no definitive
answers. The mandate given to the TRMC in DoD
Directive 5105.71 has brought these two questions into
focus once again. There is further evidence of the need
to address these questions given the recent pressures on
the budgets of the Military departments and motiva-
tions to either downsize or divest existing capabilities
to meet these budget demands.

I will attempt to outline an approach for addressing
these questions. While there will be continuing debate
over ‘‘how much is enough,’’ there can be no debate on
the need to address these questions. I would offer the
following way forward as one approach as to how we
may finally make some progress in answering these
important questions.

Understand what we have
Each of the Services and Defense Agencies that own

test infrastructure has an understanding of their
facilities and ranges to include the associated test

capabilities. What is less well known is a cross Service
or Agency understanding of what is available to
support testing. One mandate for the TRMC is to
identify the range and facility capabilities that exist
within not only the MRTFB and the DoD, but to
have cognizance of all the test resources ‘‘within and
outside of the DoD.’’ To that end, the TRMC has
initiated the development of a Range Capabilities
Directory that will initially focus on capturing
technical and financial information for MRTFB
facilities and ranges that are governed by DoD
Directive 3200.11. Later phases of this effort will
include: DoD facilities and ranges outside of the
MRTFB, other government test activities, prime
contractor assets, laboratories, academic institutions,
and international facilities available to the DoD.

Group similar capabilities into domains
The traditional method of examining test infra-

structure has been to group physical assets into test
resource categories. These were generally grouped (see
Figure 2) as digital models and simulations; measure-
ment facilities; system integration labs; hardware-in-
the loop facilities; installed system test facilities; and
open-air ranges. Another way to group infrastructure is
from an acquisition perspective. For example, if the
requirement were to build and deploy the next
generation of fighter aircraft, identify what test assets
the program would need from start to finish to
determine how well that aircraft would perform. The
fighter program would need wind tunnels; anechoic
chambers; and an open-air range. From that perspec-
tive, it would be helpful to know what assets within
each of those domains were available to execute the test
program. This is a different way of viewing test assets,
as functional areas or domains.

Assess domain adequacy
Budget pressures are forcing the Services and

Agencies to review test infrastructure and make
decisions regarding downsizing or divesture. Often
these decisions are Service-owner centric and based on
a ‘‘return on budget’’ concept to the owning entity.
While these types of decisions may serve the owning
Services’ parochial interests, they are often shortsighted
when considering other important factors such as the
overall DoD customer base and the uniqueness of the
test facilities.

Over the past 2 years, the TRMC has led several
studies to assess proposed reductions in test infrastruc-
ture at various sites. A significant consideration in
assessing these reductions is the availability of other,
similar facilities, and whether those facilities can meet
the displaced customers’ demands. The corollary to
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reducing test infrastructure is also being able to assess
capacity. In its simplest terms, capacity is the ability to
deliver a product in a specified time. The TRMC
initiated a working group led by the Air Force to
examine performance metrics to facilitate assessing the
test infrastructure. This is an on-going effort that
attempts to provide a select few measures that are
useful at the range, headquarters, and enterprise levels.

Reengineer as needed
The composition of the test infrastructure is

dynamic in nature. As stated in DoD Directive
3200.11, ‘‘As a national asset, the MRTFB shall be
sized, operated, and maintained to provide T&E
information to DoD Component T&E users in
support of the DoD Research, Development, Test
and Evaluation and acquisition process set out in DoD
Directive 5000.1.’’ Many factors drive composition
decisions: insufficient or excess capacity or capability;
customer base; workload; available investment and
operating funds, etc. From a Departmental perspective,
it is imperative that we understand the current
infrastructure baseline and make informed decisions
about changes to that baseline in cooperation with the
components that require, or may require in the future,
MRTFB T&E capabilities. TRMC looks forward to
continuing our work with the Services and Agencies to
improve and sustain test infrastructure to meet both
current and future test and evaluation requirements.

T&E funding
With the exception of a slight increase in user

funding correlating to the post-9/11 era initiation, the
overall MRTFB investment funding has changed little
over the course of the past several years (Figure 5). The
most notable event, the shift in the source of MRTFB
funding from users’ accounts to institutional T&E
operations accounts because of NDAA 2003 (which
the Department implemented in FY2006), is clearly
evident. Even though T&E funding has increased
slightly, it has not experienced an increase, which
corresponds with the overall increase in DoD research,
development, & acquisition funding. In addition, given
the significant increase in emerging, expedited require-
ments due to U.S. participation in two simultaneous
wars, and the resultant increase in T&E workload, the
MRTFB buying power has lost ground.

The future of test resources
The DoD is at a critical crossroad with respect to

planning for its future T&E resources. Competing
national priorities, and the current economic situation,
will put additional strain on DoD RDT&E and
procurement budgets. We should also expect to see

reductions in support budgets that will affect infra-
structure. Yet the Department is faced with the need to
invest in and modernize our current T&E infrastruc-
ture to support the upcoming generation of weapon
systems that will introduce new and complex technol-
ogy areas that our current infrastructure cannot
support.

With respect to the MRTFB workforce, we have
seen a leveling out of manpower across the MRTFB
over the last 3 years after more than 10 years of steady
decline. While it appears that we continue to meet our
test requirements with our current workforce (military,
civilian, and contractor), we need to shape the future
workforce to meet new technology challenges such as
directed energy, hypersonics, unmanned systems, and
information operations. In addition to continuing
issues with recruitment and retention, we will need
to make a concerted effort to provide the workforce
with new skill sets and abilities to meet these new
technology challenges. The Department should exam-
ine new and innovative ways to improve recruitment,
hiring, and retention of the T&E workforce. TRMC is
exploring workforce-shaping initiatives to meet these
future needs.

T&E processes will also need to change significant-
ly. Many systems operating in Iraq and Afghanistan
today did not go through any formal testing process.
Rather, they were assessed ‘‘on the fly’’ or evaluated
from real field data. We need to streamline the way we
test and focus our test processes so that we can see the
biggest payback. I view that as ‘‘focused testing,’’ where
we identify extremes of the envelope or the highest risk
areas and test those rather than testing ‘‘center of the
envelope’’ scenarios.

One particular test process example where the
Department has made significant progress is the
development of distributed live–virtual–constructive
(LVC) capabilities and exploiting information tech-
nology solutions that have allowed the community to
utilize our T&E infrastructure in a more efficient and
flexible networked family of capabilities.

While we have made significant progress in
developing and sustaining LVC capabilities, we must
also ensure that the nodes of our T&E network, the
individual ranges and facilities that comprise our T&E
infrastructure, reflect the critical T&E capabilities
required by the programs and customers that we expect
in the next 5 to 10 years. I believe that the best
approach to maintain the viability of these assets is to
continue to support the MRTFB philosophy; that is, to
sustain a core set of T&E capabilities of such
importance to the Department and the nation that
we fund them irrespective of the frequency of customer
demand. The TRMC’s long-term goal continues to be
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to guide the development of the T&E infrastructure,
not just the facilities and property, but also the
processes, workforce, and needed skills to fulfill both
our current and future missions.

TRMC views the MRTFB as a critical set of T&E
assets for the weapon systems’ customers. That is, the
MRFTB should provide critical T&E capabilities
sustained by the T&E institution, thus giving custom-
ers the confidence that they will be ready and available
for use to support customer-testing needs. However, it
may not be prudent for the each of the MRTFB
activities to keep these facilities fully operational at
significant cost when they do not have a viable
customer base. The MRTFB reengineering process
must examine options for the facility or range owner to

reduce the operational status of the facility if reduced
workload projections warrant it. It is important that we
implement such a process in a uniform and disciplined
manner.

As we continue to reevaluate and reengineer the
MRTFB, it is more important than ever to take a hard
look at our capabilities. We need to examine the lesser-
capable assets that we could consider for downsizing or
even divesture, freeing up funding for the new,
required, critical capabilities. In years past, we could
argue for sustainment of all existing capabilities while
asking for, and getting, funding for the new capabil-
ities. However, current budget realities are driving us
to a position of self-financing our institutions.
Therefore, we must take a harder look at options for

Figure 5. Total DoD research, development, and acquisition versus T&E funding.
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balancing the existing assets with future customer
needs.

As part of the ongoing effort to reengineer the
MRTFB, the TRMC continues to work with the
Services to develop metrics to assess the overall ‘‘health’’
of the MRTFB and help determine which T&E
capabilities should be included in the MRTFB. Addi-
tionally, it will also be necessary to look at the MRTFB
resources that provide the least critical capabilities to
identify opportunities for downsizing or divestiture, and
offer those up as funding sources for the new critical
capabilities identified by the components and reflected in
the DoD Strategic Plan for T&E Resources.

The SecDef, commanders of all the combatant
commands, as well as the Congress have consistently
called for increasing the priority given to maintaining a
robust T&E program, which requires healthy and
vibrant test centers and ranges across the entire DoD
enterprise. During FY2009, TRMC will continue to
meet these challenges, championing the need for T&E
resources, as well as developing initiatives to increase

T&E capabilities for DoD’s acquisition programs.
Adequate investments in the T&E infrastructure will
greatly enhance the ability of the acquisition process to
deliver satisfactorily tested weapon systems to assure
their effectiveness and suitability for our joint forces
fighting in an increasingly complex environment. %
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At the close of the first decade of the 21st century, the capability of the aerospace and defense test

and evaluation (T&E) infrastructure is relatively robust for the system development needs faced

by our nation. The acquisition process seems to take considerably longer than in prior decades;

large acquisition programs are increasingly risk averse; and system complexity and cost are

reducing our national appetite for new programs. Even so, the nation’s T&E infrastructure

possesses the capability and capacity to support development, especially when coupled with

current and evolving modeling and simulation capabilities. However, this assertion of the

current state merits some challenge as new systems technologies associated with space, directed

energy, cyberspace, and hypersonics are expanding the desired test environments. Likewise,

retiring personnel, loss of expertise, aging infrastructure, and inadequate budgets place

increasing demands on the way both government and industry must operate and maintain their

resource-intensive core aerospace test infrastructure. Additionally, accepted T&E demands are

being challenged by some new high-profile systems under development that are, in part,

bypassing current T&E methods in an attempt to circumvent cost, despite the introduction of

measurable risk to the programs. Throughout this article, there are some intriguing private

sector analogies to these challenges facing the aerospace and defense T&E enterprise.

Key words: Capability and capacity; deterioration; infrastructure; infrastructure

investment; new system development; collaboration and cooperation; simulation;

specialty personnel expertise; utilities/support infrastructure; wind tunnels.

I
n a review of the challenges faced by
government test and evaluation (T&E)
infrastructure in 2002, T&E was character-
ized through several measures of merit, e.g.,
capabilities and capacity, data quality, oper-

ation efficiency, reliance on computational fluid
dynamics, and personnel expertise (Starr 2002). Seven
years later, through selective technology investments
and process improvements, along with extensive
collaboration, the conclusion can be drawn that the
requisite U.S. aerospace and defense (A&D) T&E
capability remains adequate to meet both ongoing and
near-term system development requirements. Howev-
er, tremendous challenges remain to retain this
indispensable capability. The greatest challenges facing
developmental T&E still remain: (a) defining and
ensuring adequate funding to maintain and upgrade
the ‘‘right’’ set of core aerospace test capabilities

(including the decades-old supporting infrastructure
crucial to T&E facility operations); (b) preserving
specialty test capabilities through investment in a
technically excellent T&E workforce; (c) ensuring
effective delivery of test services through enhanced
collaboration/cooperation across the test enterprise;
and (d) capitalizing on simulation and technology in
support of evolving integrated test processes.

Maintaining and improving essential core
test capabilities

Core government T&E infrastructure has been
systematically rationalized but, at the same time,
sustained with some critical but limited enhancements
intended to ensure an evolving capability to test the
specialized requirements of increasingly complex sys-
tems. These observations support the assertion that the
capability and capacity of the A&D T&E is relatively
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robust for our nation’s current and near-term system
development needs. This claim of relative robustness is
further exemplified by the following representative
sample:

N Subsonics/transonics—The size, performance
range, and sophistication of test apparatus
available in existing facilities meet core develop-
ment needs. Whereas the shortfall in Reynolds
Number is a persistent issue, it is primarily a
problem for large transport configurations.

N Supersonics—Even though these facilities have
been relatively ignored, a few sufficiently capable
facilities in the 4 to 10-foot size range have been
retained and meet basic supersonic development
needs, including test apparatus sophistication,
Mach range, Mach control, and flowfield unifor-
mity over a reasonably large test rhombus.

N Turbine engine facilities—A stable complement
of sea level and altitude turbine engine cells,
which are fully capable for testing high-perfor-
mance jet engines over the full operating range,
exists in capacity.

N Rocket engine cells/stands—Sea level rocket
engine test stands exist with required capability.
Altitude engine cells exist for smaller liquid
engines and larger solid propellant engines. The
capability gap for larger liquid altitude engine
development is currently being closed with the
construction of a new test system and, if
necessary, could be met with a substantial
refurbishment of J4 at Arnold Engineering
Development Center (AEDC).

N Hypersonics—Whereas current facilities are in-
adequate for ideal development of potential
hypersonic systems, from a pragmatic standpoint,
current facilities do provide the necessary core
capability up to Mach 5 for propulsion and Mach
8 for aerodynamics. Questions of real gas
constituent simulation errors (frozen chemistry
and vitiated heater combustion products) have
proven not to be a significant problem up to
Mach 7. In addition, the practical limitations of
enthalpy duplication at higher speeds (e.g., Mach
8+) cannot be solved in ground-based facilities,
except for extremely short duration flows, since
the combination of stagnation pressure and
stagnation temperature cannot be reliably gener-
ated with current technology.

N Space chambers—Large and relatively versatile
space chambers are available for development of
space systems, hardware, and seekers, including
human rated chambers.

N Test ranges—The assessment of A&D T&E
infrastructure may not be quite as favorable for
test ranges. Certainly, range encroachment issues
and boundary limits (overall range footprint) do
not match the requirements of the longer-range
and increasingly capable flight systems under
development. Even interconnection of existing
ranges into range complexes does not adequately
address these issues. In addition, the sophistica-
tion of target drones, radars, tracking, and range
threat simulators relative to adversary capabilities
requires aggressive and constant upgrade.

Two areas in which systems are undergoing
relatively rapid development through multiple and
parallel programs are unmanned aerial vehicles
adapted to diverse missions and increasingly capable
precision weapons. Fortunately, neither of these
systems stresses the limits of T&E capability because
of the relatively limited speed, size, and system
performance envelopes or the adequacy of modeling
and simulation (M&S).

Although the core aerospace T&E capabilities
remain generally effective, investment in sustainment
and upgrades is, and has been, marginal at best for
three decades. Recent NASA Aeronautical Test
Program and Shared Capability Asset Program facility
assessment studies highlighted several areas of aero-
nautical test infrastructure needing the greatest invest-
ment: data acquisition systems, test support systems,
utility infrastructure (including electrical power, gas,
cooling water, and vacuum systems), and test facility
structures.1 There are obvious returns on investment
for such sustainment and upgrade projects. For
example, investments in data acquisition systems would
improve the reliability, capability, and quality of data
from established test cells, chambers, and ranges,
thereby enhancing today’s philosophy of ‘‘getting more
done with less.’’ Meanwhile, it is clear that the current
level of investment each year (less than 1 percent of
current Capital Replacement Value [CRV]) for
sustainment of these assets will not satisfy the
reliability requirements that are placed on this critical
infrastructure. The prospect for required funding at the
3 percent level each year appears gloomy at best. One
could characterize the current state of T&E facility
sustainment funding as a ‘‘normalization of deviance.’’
The community has deviated from the prudent level of
sustainment for so long that the current less than 1
percent per year CRV allocation has become the norm.
The implication of this continued deviance is not truly
recognized until the inevitable associated decrease in
systems reliability impacts test performance on visible
development programs.
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Whereas government investment in core and
support T&E infrastructure maintenance and sustain-
ment stands at less than 1 percent of current
replacement value, maintenance and re-investment
expenditures in commercial production and processing
infrastructure range up to 3 to 4 percent per year of
current CRV. [Note that CRV is difficult to assess for
aerospace T&E assets because such facilities are so
infrequently built, historical data are compromised by
escalation over decades, and an original cost basis is
often not fully accounted. Even more recent improve-
ment and modernization projects involve such a small
proportion of the overall facility capital value as to not
materially reduce this uncertainty. It is generally
recognized that the CRV carried ‘‘on the books’’ is
well below the true CRV.]

Unfortunately, the government’s less than 1 percent
investment is disproportionately represented across the
T&E enterprise, with a lion’s share of the investment
applied to the core T&E facilities, test apparatus, and
test techniques. However, with the aging T&E
infrastructure, there is increased evidence of deterio-
rating support infrastructure that has been insuffi-
ciently recapitalized. This includes the decades-old
base operating systems, such as cooling water, electrical
and fuel distribution systems, pumping systems,
vacuum plants, gas plants, steam plants, and high-
pressure air systems that are routinely operated but
with decreasing efficiency and reliability. There is
another category of deteriorating core test support
infrastructure, inclusive of auxiliary compressors, re-
frigeration, and heating plants and steam accumulators,
that serves as an enabling infrastructure for the critical
test capabilities, but is used less routinely to produce
the extremes of the test envelopes, some of which can
no longer be reliably achieved. Despite a mounting
degree of deterioration, these utilities and specialty
support infrastructure remain relegated to a lower
priority for sustaining investment dollars. Aeronautical
Test Program and Shared Capability Asset Program
analyses revealed that basic utility infrastructure at
most locations is well over 40 years old, and a long
overdue commitment to upgrades and modernization
would obviously ensure longer-term viability of these
facilities, reduce operating costs, and improve reliabil-
ity of operation. Table 1 includes a representative
listing of government A&D test infrastructure that
might be deemed ‘‘core,’’ with dates of original
construction. Note that the average age of this
collection of essential core infrastructure is 40 years;
the facilities were designed for 20 to 30-year life and
have been critically undersustained.

This is not a new observation. In the late 1980s, the
excessive age of aerospace assets was lamented; that was

20 years ago with only two newer facilities added to the
list since. While it might be argued that another 10 or
so facilities should be added to this ‘‘core’’ list, it is
striking that several on this constrained list are already
at minimum sustaining operation (MSO) and one is on
standby (see later discussion). In addition, a few others
have struggled through sustained periods of MSO/
standby over the past two decades. The private sector
offers a contrasting model.

The automotive industry is a profit-driven business
and legitimizes/rationalizes investment based on rate
of return calculations. Commercial investment in state-
of-the-art test facilities is directly linked to competitive
advantage and is underscored by the fact that end-user
expectations/requirements and new technology are
actually validating the increased number of test hours
per vehicle or vehicle type. With the improved quality
and repeatability of data, as well as fidelity of
simulation, more testing is being driven to the lab
from the road. As a result, automotive original
equipment manufacturers (OEMs) regularly replace
aged technical centers and test capabilities to stay on
the leading edge of product development and reduced
lead time. These incentives for opting for new
investments, rather than continuing to sustain older
production infrastructure, are based on numerous
factors not necessarily transferable to the government
sector:

Table 1. The representative essential core of government

aerospace test facilities averages 40 years of age.

Test facility Built

AEDC National Full-Scale Aerodynamics Complex

(NFAC)

1944

Glenn Research Center Icing Research Tunnel 1944

Ames Research Center (ARC) 11-foot Transonic 1955

AEDC 16T 1956

Langley Research Center (LaRC) National Transonic

Facility

1983

AEDC 4T 1970

LaRC Transonic Dynamics Tunnel 1960

AEDC Tunnel A 1958

GRC 109 Supersonic Tunnel 1956

AEDC Tunnel 9 1975

LaRC 8-foot High Temperature Tunnel 1966

JSC Arc Jet Facility 1967

ARC Arc Jet Facility 1965

AEDC Arc Jet Facility 1968

AEDC C1/2 1984

AEDC J1/2 1957

AEDC SL2/3 1998

Stennis A2/B2 1966

White Sands Test Facility (WSTF) 401/403 1964

AEDC J6 1994

Johnson Space Center (JSC) Chamber A/B 1965

AEDC 10V Space Chamber 1988
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N Reductions in product liability claims add to the
bottom line.

N Proven discriminators, including acoustic perfor-
mance, reliability, and ride quality, ensure more
sales.

N Changes in regulations and standards require
validation. For example, new environmental,
emission, and crashworthiness standards require
revalidation of product lines and drive continuous
product improvement. New measurements, higher
accuracies, and new test processes mandate
investment in facilities and equipment.

N Changing/expanding global markets require and/
or mandate local research and development/T&E
investment to international standards.

N More electronics, software, and electronic sys-
tems mandate resolution of complex integration
issues.

N New platform launch cycles promote both
increased absolute T&E capacity and fidelity of
simulation for every facet of the operating
environment in the test cell.

N Lower passenger compartment noise levels have
mandated audit testing of assembled cars; assem-
bly tolerances greatly impact interior sound levels.

Private sector industrial companies, in general,
consolidate facilities more readily than the government
does and are less likely to maintain outdated capabil-
ities and protect ‘‘stovepipes.’’ If commercial enterprises
are not able to sustain best of class capability with a 3
percent investment in production infrastructure
sustainment, they walk away from aging infrastruc-
ture at the slightest dip or downturn in product
demand. Then they replace that capacity with new
infrastructure early in the next upturn. The political
resistance, union opposition, and permitting hurdles
involved in this ‘‘age reset’’ process are not insignif-
icant. There is simply little tolerance for aging,

underperforming, or difficult to sustain infrastructure
in the private sector.

Preserving specialty test capabilities
through investment in a technically
excellent T&E workforce

Numerous specialized test capabilities are losing
historical operability robustness due to an ever-
lengthening acquisition cycle, decreasing program
new starts, limited operations and maintenance re-
sources, and retiring test expertise. The T&E com-
munity has acknowledged the challenges associated
with preserving specialized test capabilities and devel-
oping/sustaining a technically excellent workforce and
is committed to deliberate investments that will ensure
a continuous pipeline with the requisite T&E knowl-
edge base. However, training-specific investments are
not sufficient and supplemental funding to conduct
actual practice test runs on less-frequently-used-facility
operations, such as jet effects on supersonic perfor-
mance, are needed to preserve unique test infrastruc-
ture as well as specialty expertise. Today, facility
capacity is typically limited by staffing and sometimes
by competence. Testers, inclusive of operators, main-
tainers, and test engineers, have to test to sustain skills.
They have to test even more to develop replacement
skills. That requires investment in providing a
minimum amount of testing in critical facilities or
critical test protocols to keep skills current. The
minimum level of testing needed to ensure credible
capability and skills retention must be consistent with
the operational status levels of aerospace test facilities,
as shown in Table 2. The relevant status of a facility
drives both the hardware and system sustainment, as
well as the personnel expertise sustainment challenge.

People are as much a part of the capability and test
time capacity of a facility as the facility itself and the
technology and test protocols available at the facility. It

Table 2. Test and evaluation facility status.

Status Description Recovery time to full operation*

Full operation (FO) Ongoing operation at sufficient pace to sustain

core capability and expertise

0

Minimum sustaining operation (MSO) Ongoing operation at minimum pace, which

sustains basic facility capability and core

testing expertise, not sufficient to improve

expertise

0–6 mo

Standby (SB) Minimum periodic maintenance and key

subsystem run-ups

1 y

Mothball (M) Environmental stewardship compliance only 2–3 y

Abandoned in place (A) Zero operations and maintenance support,

awaiting demolition funds

2–5 y

* Depending on system complexity and extent of capability being returned to full service. Involves both hardware/system refurbishment and

operator, maintainer, and tester skills, and expertise recovery.
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is not news that the entire technical test community is
aging and in need of sustaining investment. Facility
operators need to have a greater ability to understand
the technical reasons for a test and the data that are
being collected. The skills of the operators need to go
beyond knowing how to set test conditions and collect
data. Just as investments are made in test technology
and recapitalizing facility systems, investment needs to
be made in people skills. The aerospace test community
is investing in numerous initiatives focused on
nurturing technical excellence in the test workforce:

N establishing centers of technical excellence,
N institutionalizing and enhancing test-related

technical reviews,
N creating new technical opportunities,
N establishing in-house pilot programs to reconsti-

tute capabilities,
N instituting post-test analysis as an integral part of

test deliverables,
N expanding the role of M&S to include facility

modeling and computational support to test
preparation,

N jointly developing a ‘‘standard check model’’ to
establish test facility baselines, and

N specializing process-related training including
design of experiments.

Of course, organizational leadership involvement and
commitment are critical to the creative training,
mentoring, career path succession planning, and
substantial investment associated with the sustain-
ment of technical excellence. Likewise, leadership
intervention will be required for securing cooperative
research and development program opportunities to
the mutual support of both the research and test
analysis communities. Finally, it is incumbent on
leadership to expand current investments in technical
excellence to ensure the preservation of skills
necessary to deliver the defined level of MSO.

Ensuring effective delivery of test
services through enhanced
collaboration/cooperation across the
test enterprise

Broadly redundant capacity is no longer feasible nor
sustainable across all environmental ground test
regimes. Prior notions of preserving redundant capacity
in selective T&E assets for the sake of accommodating
multiple program schedule requirements or protecting
against facility breakdowns have lost much of their
viability. More pragmatic scheduling across a con-
strained enterprise capacity in an enterprise-wide asset
brokerage approach can leverage limited sustainment
resources across a carefully selected core. Of course, the

effectiveness of that core test infrastructure is gauged
by its readiness to support programs on demand.

There is a healthy demand for low-speed and
transonic wind tunnel testing relative to the current
facility capacity. Meanwhile, test requirements for
supersonic and hypersonic testing remain low.
Although all of the desired hypersonic facility
infrastructure capability may not exist, many desired
test envelope attributes remain bounded by state-of-
the-art constraints (e.g., enthalpy mismatches). With
the number of development programs in decline and
with extensive insight into current facility workloads,
wind tunnel time consumed is declining. Wind
tunnel time used by an aircraft development program
has departed the straight-line upward trend and
leveled out to a fairly consistent number of test hours
per development program, albeit with dramatic
increases in data per test hour (Melanson 2008).
Yet a decline in total test hours has occurred that can
be traced to the large increase in wind tunnel
efficiencies, progress in test techniques and instru-
mentation (such as pressure sensitive paint [PSP]),
the larger role assumed by real or near-real-time
computations, and a reduction in number and pace of
programs (see Figure 1).

Recent studies have been performed to determine
the criticality of the various U.S. government facilities.
NASA has commissioned studies by Rand; the
Department of Defense (DOD) has issued a report
on the criticality of NASA facilities to the defense
mission; the DOD is performing studies on the
criticality of facilities in various speed regimes; the
U.S. Industry’s Wind Tunnel Users Working Group is
determining the need for facilities in the various speed
regimes; and the Institute of Defense Analysis has
studied and reported on the impact of computational
tools. A coordinated and integrated assessment of these
independent studies between NASA, DOD, and
industry could be further narrowed to the critical
facilities and frame a truly cooperative enterprise. As

Figure 1. Decreased use of test infrastructure resulting from

decreased program new-starts, stretch-outs, use of modeling

and simulation, and data automation.
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the test community works to reach consensus regarding
the determination of what facilities to sustain, the
question arises—at what cost? The test community
recognizes that the composition of the critical A&D
facility base can no longer be determined by simply
considering a facility’s schedule density. A facility may
be critical to development programs even though it is
less frequently used. That means an investment may be
required in sustaining a few special facility systems and
the expertise of the testers that operate them.

The challenge remains, however: How does the
T&E enterprise remain viable at 50 to 60 percent of
the workload that existed 15 years ago? Clearly, the
aerospace T&E enterprise must be linked, facility
capability and capacity rationalized, and specialty
expertise leveraged between sites.

Collaboration and cooperation across the commu-
nity of government and commercial testers are helping
to stretch the value of critical infrastructure resources,
as well as to ensure the right capabilities remain in
place to validate advanced systems requirements. As
collaboration evolves, resource sharing (especially for
specialty expertise) and process/system standardization
offer significant benefits and efficiencies to the U.S.
aerospace industry, just as it has benefited the
automotive industry. For example, White Sands has
robust and routinely utilized hypergol test and
handling expertise. Other enterprise sites requiring
less routine hypergol use in testing would leverage
expertise from White Sands under the assumption that
an otherwise proficient test crew could assimilate such
expertise fairly readily. In fact, the focus would be on
leveraging specialty expertise, not production capacity
to handle workload surges. The receiving site would
pay for the expertise; the enterprise would manage the
priorities.

In the automotive asset management business, it has
been proven that OEMs and suppliers can share test
resources (e.g., facilities, processes, and test expertise),
even extending to facility/resource sharing among
competing OEMs. More than 20 active clients use
Ford and General Motors unique test capabilities.
Cross-training has enabled gains in labor efficiencies
and keeps people fresh and engaged. Sharing of major
automotive test assets has reduced overall costs and
produced cost avoidances of at least 20 percent where
synergies have been exploited. Yet, whether it is the
aerospace or automotive environment, a lack of
consistency tends to exist in approach, experiment
design, and systems within the same site, company,
government entity, and the industry. Clearly, chal-
lenges remain in the areas of process efficiencies and
standardized methodologies.

Capitalizing on simulation and technology
in support of evolving integrated
test processes

An enhanced program focused on systems engineer-
ing and life cycle costs has led to increased reliance on
physics-based models and operational simulations that
promote the effective integration of powerful con-
structive and virtual models and live test knowledge
bases for more effective program risk reduction.
According to DOD Instruction 5000.02 (DOD
2008), T&E expertise must be brought to bear at the
beginning of the system life cycle to provide earlier
learning about the strengths and weaknesses of the
system under development. The goal is early identifi-
cation of technical, operational, and system deficiencies
so that appropriate and timely corrective actions can be
developed before fielding the system. The recently
revised DOD policy correctly conveys the direction
that the program manager, in concert with the user and
the T&E community, will coordinate developmental
T&E, operational T&E, live fire T&E, family-of-
systems interoperability testing, information assurance
testing, and M&S activities into an efficient contin-
uum closely integrated with requirements definition
and systems design and development. The T&E
strategy is evolving to provide corroborating informa-
tion about risk and risk mitigation; provide empirical
data to validate models and simulations; evaluate
technical performance and system maturity; and
determine whether systems are operationally effective,
suitable, and survivable against the threat. However,
only by deliberately evolving toward the creation of this
continuum through effective planning can project
managers and the test community reap the benefits
of lower risk and lower cost program acquisition.
Although much progress has been made in integrated
T&E, better correlation of wind tunnel testing,
computation, and flight testing data sources can be
optimized so that the whole cycle produces data more
efficiently, faster, and of higher quality.

The type and use of data now needed from the test
cells, chambers, and ranges have evolved to effectively
integrate with computational developments that have
changed the design and development process and taken
on a larger role. Much of aerospace ground testing is
now accomplished to validate the computational
models. Computation has displaced some core facility
testing in the transonic and supersonic regimes, but has
done so to a lesser extent in low-speed and propulsion.
Much of the low-speed testing involves complex
configurations with separated flow that is not handled
well by computation. Some types of testing are, as yet,
little influenced by computations. Stability and control
database development from which to build aircraft
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control algorithms will remain in the wind tunnel for
the foreseeable future because they involve configura-
tion changes that are more easily and cheaply done
using a physical model. The consensus is that the
volume of aerospace ground testing that will be
required will continue to decline but will not disappear.
A more strategic approach to integrated testing and
computation with intensive planning for aerospace core
test facility data collection could further cut the cost of
testing. Current consensus is that further decline in test
time per development program will not be significant
in the next 10 years, even as computations become
more productive.

The increasing complexity of systems under devel-
opment and changes in the way that wind tunnel data
are used are steering the direction that should be taken
with test technology investment. With a shift toward
validating computations, there is increased interest in
being able to measure the off-body flow field
(nonintrusively) in conjunction with surface and body
force measurements. The technique that seems to be
the largest target for investment in off-body measure-
ment is particle image velocimetry. Particle image
velocimetry capabilities exist but are currently only
marginally productive. The test community went
through similar development pains with PSP, where
measurements were made using PSP long before they
became sufficiently robust and productive. PSP is now
accepted as an efficient data acquisition tool. Another
area for possible technology investment includes
balance miniaturization, accuracy, and capacity (i.e.,
require balances to become smaller while they also
become more accurate and able to measure a higher
range of forces).

By way of validation, the automotive industry is
likewise moving more tests off the road and into
controlled facilities concurrent with enhanced use of
M&S. This has driven improvement in the process
through more repeatable test conditions, disciplined
processes, and focus on end results. All automotive
OEMs have developed software that defines test
conditions and objective test success through qualita-
tive measurements. Use of this software helps focus on
design of experiment and reduces variability associated
with each test program/product test engineer. This
software even enables the performance of tests without
OEM engineers being present. Overall, facility pro-
ductivity improvements have been realized through a
focus on pretest activities. Previously, facility usage
(operating equipment efficiency) was greatly impacted
by poorly prepared test vehicles, ill-defined test
conditions, and limited objective test measures.
Recognizing these limiting factors has helped leading
OEMs improve in these areas and has significantly

improved facility throughput. Shifts required for in-
house testing have been reduced, thereby enabling
OEMs to open test facilities for use by others,
including competitors.

Recommended next steps
The basic challenges discussed in the previous

sections suggest several pragmatic recommendations
to focus the attention and efforts of the T&E
community.

1. Link the enterprise—Embark on a concerted
migration to leverage the collective government
aerospace ground test expertise. Although a physical
consolidation is not a reasonable goal due to massive
cost, the integration of government aerospace expertise
through more effective and collaborative management
across a virtual T&E community will set the vision
going forward. There is still much stove piping within
NASA, DOD, and the commercial aerospace test
entities, which will likely become more problematic as
program numbers and budgets are further reduced.
The future of the U.S. aerospace industry requires a
common vision that mandates improved core govern-
ment facility utilization, reduced redundancy, and a
long-term integrated plan for facility upgrades and
modernization. This vision—derived through inclusive
collaboration—should ensure proper investment with a
long-term goal of superior aerospace test capabilities
with the potential to strengthen the U.S. economy by
increasing aerospace exports.

2. Fund sustainment—Institute a test facility fund-
ing model that accounts for 100 percent of test and
operations labor, test consumables, support infrastruc-
ture, and sustainment (both test and support infra-
structure) costs at 3 percent of CRV per year. Then
consider both the cost underwritten by the government
and the cost paid by users. The delta between these
accrued costs and the actual total funding needed to
sustain operations reflects the increment to reduce the
level of decaying and undermaintained T&E infra-
structure that must eventually be reckoned (see
Figure 2). Securing the needed sustainment funding
will depend on the effectiveness of linking develop-
ment risk to the anticipated return on investment for
the fielded program. The required sustainment fund-
ing—an additional 2 percent of CRV per year—can
be sourced in three ways (or a combination of these):
(a) more sustainment funding through the U.S.
government, (b) increased charges to the users, or
(c) more infrastructure rationalization to a constrained
core. Distributing the costs of sustaining core T&E
infrastructure at the commercially recognized levels
(the unfunded 70 percent of infrastructure sustainment)
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would effectively double the total cost to the user and
double the current institutional investment levels in
the sustainment area or some combination that
produces the same net increase in funding. An
optimum that does not undermine the nation’s
T&E enterprise must be found. Although this
suggests a sizable, almost amazing, increase in the
cost of test, it reflects the reality that drove the
aerospace industry out of the test facility business to a
substantial degree. Of course, government facilities,
with substantial costs underwritten, provided the
alternative.

3. Rationalize assets through rigorous focus on
MSO—Define MSO for each core test capability
and secure the funding to ensure that maintenance
and operations associated with sustaining the entire
range of test facility operations are encompassed
within the defined MSO. As an example, a ballistic
test range can support numerous categories of
testing—ablation, impact, hypervelocity aerodynamics,
and flight dynamics. However, current usage focuses
on impact testing with lesser requirements for other
test applications. The cost to fund MSO should
be calculated based on conducting 10 impact tests,
five ablation tests, and possibly zero aerodynamics
tests, providing the community is willing to accept
mothballing the aerodynamic ballistic test capability.
Any facility or capability that is considered for
mothballing or abandonment in place would be
assumed to add no cost to sustaining the MSO—with
the implication that if it were ever identified for
revival to test ready, there would be an inherent
delay of 1 to 5 years and associated investment, in
returning to test operations (see Table 2). Even
facilities designated as ‘‘core’’ might move to standby
status as long as programs requiring that capability
could accommodate the 1-year delay required to
recover full operations.

Conclusion
If the assertions stated in this article are valid, the

problem is not core capability, and it is increasingly
not an issue of capacity. Our nation’s core T&E
infrastructure has been substantially rationalized over
the past decade, and certain critical niche capabilities
have been added to the various remaining T&E
systems. What this means is that the number,
duplications, and overlaps in the T&E suite of
assets have been reduced, though not yet enough,
and the age and deterioration of the core test
infrastructure is excessive. In addition, and directly
analogous, supporting facility systems such as cooling
water pumping/distribution systems, supporting air

plants, and power distribution systems, among others,
have been undermaintained. Lastly, the T&E com-
munity is living on ‘‘borrowed time’’ regarding the
personnel expertise required to reliably operate and
maintain some of these facilities; to properly conduct
essential test programs; and to correctly analyze, assess,
and interpret the data and information generated. Even
in light of an uncertain future, the nation’s T&E
capabilities continue to provide the necessary risk
reduction knowledge to sustain advanced aerospace
systems development, but the time for action to
preserve this capability at acceptable levels (and
acceptable operating risk and reliability) is now.
Relentless challenges lead to a call for action by the
T&E community to adjust traditional paradigms
relating to the operations and sustainment of an
infrastructure essential to the mitigation of both
performance and life cycle cost risks associated with
new systems development. Normalization of deviance
is not the long-term answer. %
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WSU’s National Institute for Aviation Research Provides
Services Based on Needs of Wichita Aviation Industry

Tom Aldag

National Institute for Aviation Research,

Wichita State University, Wichita, Kansas

The National Institute for Aviation Research (NIAR) at Wichita State University is a unique

state-of-the-art facility that provides research, design, testing, certification and educational

services to the aviation industry, non-aviation clients, government agencies and educational

entities. It is the largest academic aviation R&D institution in the United States. With

135,000 square feet of laboratory space, NIAR is home to more than a dozen laboratories that

specialize in advanced joining and processing; aerodynamics, aging aircraft, composites and

advanced materials, crash dynamics, environmental testing, fatigue & fracture, full-scale

structural testing, human factors, structures, virtual reality, CAD/CAM and computational

mechanics. Despite the current economic downturn, research at NIAR is thriving and expected

to continue to do so.

Key words: Advanced materials; aerodynamics; aerospace; aging aircraft; Beech Wind

Tunnel; certification; development; testing; structural and mechanical performance;

research; simulation.

W
ichita State University (WSU)
has been intimately linked with
the Wichita aviation industry for
more than 60 years. Early part-
nerships with local aircraft man-

ufacturers led to the development of a successful
business model now utilized by WSU’s National
Institute for Aviation Research.

In the late 1940s, WSU partnered with Walter H.
Beech, former president of Beech Aircraft Compa-
ny, and Dwane L. Wallace, former president of
Cessna Aircraft Company, to develop and construct
a low-speed wind tunnel for mutual use. The Walter
H. Beech Memorial Wind Tunnel still exists
(Figure 1) and is now a part of WSU’s National
Institute for Aviation Research (NIAR) (Figure 2).
The tunnel has undergone modernizations through-
out history; most recently, a $7 million overhaul
transformed it into a state-of-the-art research
facility.

Based on the wind tunnel’s early success in
partnering with local industry, NIAR was founded
in 1985 to provide research, transfer technology, and

enhance education for the purpose of advancing the

nation’s aviation industries, and this mission is at the

heart of its success as a research institution. NIAR
bases its operations on suggestions from an Industry
Advisory Council comprised of the engineering vice
presidents of local manufacturers including Boeing,
Bombardier Learjet, Cessna, Hawker Beechcraft, and
Spirit AeroSystems. Suggestions from this council
allow NIAR to determine in which types of
technologies, equipment, research, and laboratories
the institute should invest. The council also works

Figure 1. Model on new sting mount system.
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closely with NIAR at the state level to help secure
funding for selected investments.

NIAR is home to the following laboratories that
offer services to the aviation industry, nonaviation
companies, government agencies, and other education-
al entities. These laboratories operate on a contractual
basis with defined rates for commercially and federally
funded projects. Most of these contracts include
nondisclosure agreements in order to protect proprie-
tary information. The focus of the Wichita aviation
industry is mostly airframe design, manufacturing, and
systems integration. Thus, most of NIAR’s laboratories
focus on airframe advancements rather than engine
technology or avionics.

Advanced Joining & Processing
Laboratory outlook

The Advanced Joining & Processing Laboratory
identifies and addresses needs in friction stir welding,
friction stir processing, and friction stir spot welding.
The team provides knowledge, expertise, and experi-
ence to handle challenges from concept through
production implementation. The lab’s future looks
promising as additional opportunities emerge to
incorporate the technology on aircraft components
and other structures by joining high-strength alumi-
nums that previously had to be riveted or bonded.

Aerodynamics Laboratory
The Aerodynamics Laboratory consists of a flow

visualization water tunnel and the premier 7-foot and
10-foot Walter H. Beech Memorial Wind Tunnel.
The lab also has access to WSU’s 3-foot 3 4-foot
subsonic wind tunnel and two small supersonic wind
tunnels. The lab continues to diversify its client base to
include not only aircraft manufacturers, but other
industries such as all-terrain vehicle and wind turbine

blade manufacturers. In the future, we expect more
research on efficiency improvements through better
aerodynamic designs. This is especially relevant given
the need to conserve fuel in air and ground vehicles.
Wind energy research and development is also
expected to expand and benefit from wind tunnel
technology.

Aging Aircraft Laboratory
The Aging Aircraft Laboratory supports the federal

government and the aviation industry with investiga-
tions into the effects of age on commercial and military
aircraft. The demand for aging investigations continues
to rise as the fleets age, getting pushed to their life
limits and beyond. Safely extending airframe lives and
identifying critical structures is a way to optimize
resources. In this economy, as budgets tighten, more
research in this area is expected.

CAD/CAM Laboratory
The CAD/CAM Laboratory provides training and

course manuals for CATIA V5 computer-aided design
software, the design standard in aerospace. Design and
analysis capabilities continue to expand, and integration
is becoming more important in the design process. For
example, engineers can now draft and perform structural
analysis on the same model. The software capabilities
continue to expand; therefore continued training is
necessary for engineers to utilize the software to its full
potential.

Composites & Advanced Materials Laboratory
Researchers and technicians in the Composites and

Advanced Materials Laboratory perform lay-up and
bonding operations to understand the effects of heat,
moisture, contamination, and repairs on advanced
materials. The lab also provides regularly scheduled
hands-on training workshops in composites topics and
supports the academic programs of the WSU College
of Engineering. The use of composites has become
widely accepted since the introduction of the Boeing
787 and the Airbus A350. As more composites are
used, it is crucial to understand the effects of process
variables during manufacture as well as their effects
during field repair. Composite research, especially in
the areas of new material development and repair, will
be robust for many years.

Computational Mechanics Laboratory
In the Computational Mechanics Laboratory, re-

search is focused on the development and application
of numerical methods in the areas of crashworthiness,
injury biomechanics, aircraft structures, numerical
optimization techniques, and virtual product develop-

Figure 2. National Institute for Aviation Research building.
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ment. This technology is expanding as the analysis
software becomes more capable. The ability to perform
simulations increases the number of scenarios that can
be investigated without destroying hardware. Increas-
ing scenario simulation, along with test validation of
the models, increases confidence and decreases liability
in designs.

Crash Dynamics Laboratory
The Crash Dynamics Laboratory provides research,

testing, and certification of aircraft and nonaviation
components under dynamic impact (simulated crash)
conditions. The driving force of the lab is an
accelerator sled system manufactured by MTS, one of
only two in North America. This state-of-the-art
system provides a repeatable test platform with easy
acceleration profile changes based on customer need.
Seat safety is an active area of research and certification
and will continue to be important in all areas of
transportation. Research in other areas, such as blast
response and mass transit safety, is expected to increase
in the future.

Environmental Testing Laboratory
The Environmental Testing Laboratory provides the

aviation testing capabilities needed to meet environ-
mental standards requested by Federal Aviation Ad-
ministration technical standard orders using RTCA/
DO-160 as a reference. As more electronics are used in
aircraft and as critical systems become more integrated,
the need for this type of testing will increase.

Full-Scale Structural Testing Laboratory
The Full-Scale Structural Testing Laboratory pro-

vides assessments of structural performance and
durability of commercial and military aircraft by
performing full-scale structural testing and research
activities. This necessary step in the research and
development process will continue as new aircraft are
designed and certified. This lab can also support
research and development for wind turbine and related
projects, which is a quickly growing industry.

Mechanical Test Laboratory
The Mechanical Test Laboratory conducts static and

fatigue experiments to generate material strength
allowables and evaluates the endurance of materials
subjected to cyclic loading. The laboratory supports
both metal and composite testing and research. As new
materials are introduced in airframe structures, full
characterization of their properties is necessary. The
continued development of new materials will ensure a
full test schedule for this lab.

The NIAR Model
The NIAR model works because of the cyclic nature

of the aircraft manufacturing industry (Figure 3). The
typical aircraft development cycle ranges from one to
five years, and sometimes longer (Figure 4). During
gaps in development cycles, it is common for these
companies to lose skilled workers to other projects. At
the same time, investment in new lab equipment is
low, often resulting in outdated equipment. With four
original equipment manufacturers (OEMs) and nearly
200 Tier 2 suppliers in the Wichita area that need
similar research, NIAR is able to maintain state-of-
the-art equipment, technology, and skilled workers by
combining these diverse development cycles (Figure 5).

NIAR also keeps these laboratories busy with
research for government agencies such as the Federal
Aviation Administration, the U.S. Air Force, and the
National Transportation Safety Board. Furthermore,
several of the laboratories are able to provide nonavia-
tion companies with necessary services. For example,
the wind tunnel has hosted a downhill skier, Olympic
cyclist, curbside dumpster, snowmobiles, motorcycles,
and car toppers; just to name a few. And the Crash
Dynamics Lab has performed research and testing for
mass transit bus crashworthiness and child safety seats.

Figure 3. Typical aircraft manufacturer laboratory utilization

usage.

Figure 4. Aircraft development cycle lengths (single company).

Aviation Research and Testing at WSU

30(2) N June 2009 235



NIAR’s strategy to fulfill industry need has proven
successful through ups and downs in the aviation
industry. In fact, NIAR’s operating budget has steadily
increased from $11.2 million in 1998 to $35.8 million
in 2008. Even during downturns in the economy,
research and development (R&D) tends to thrive.
Most companies realize that they have to be poised for
turnarounds, so they continue to invest in R&D and
new product development. Many of our laboratory

schedules are currently full and we are optimistic that
this trend will continue. %
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Figure 5. Aircraft development cycle (multi-company).
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A Vision for the Future of Aeronautical Ground Testing

Edward M. Kraft, Ph.D., and Colonel Arthur F. Huber, II

Ground-based infrastructure consisting of wind tunnels and propulsion system test cells has been

the predominant tool for the development of aeronautical systems since the Wright Brothers.

With advances in modeling and simulation, as well as a reduced tempo for developing new

major flight systems, it is reasonable to ask whether these aeronautical ground-test facilities will

be needed in the future. The authors project that for the foreseeable future aeronautical systems,

although more advanced than today, will still be the major mode for domestic and global

transportation as well as for the transport of materiel and delivery of kinetic and nonkinetic

effects for the military. Ground- and flight-test facilities will remain the primary sources of

information on performance, operability, and durability for the development and sustainment of

aeronautical systems.

A transformation in the design and use of aeronautical ground-test facilities will be required

to maintain their viability as tools in the development of future applications. Through a

confluence of design of experiments application, as well as advances in modeling and simulation,

data systems, test techniques, flow diagnostics, and networking, there are emerging concepts that

can dramatically reduce the overall cycle time for development of aeronautical systems. This

article highlights these emerging technologies and creates a vision of how ground-test facilities

can be used in the future to dramatically reduce development cycle time. The considerations that

need to be addressed in the design of a future wind tunnel to optimize development cycle time

are also explored.

Key words: Aeronautical ground-based test facilities; infrastructure; wind tunnels;

propulsion test cells; workforce expertise; aircraft; modeling and simulation; future vision.

T
he Arnold Engineering Development
Center (AEDC) is the Department of
Defense’s (DoD) premier center for
ground-based research, development,
test, and evaluation (RDT&E) of

aeronautical and space systems. AEDC’s infrastructure
encompasses 58 test units, including subsonic, tran-
sonic, supersonic, and hypersonic wind tunnels; turbine
engine altitude and sea-level test cells; rocket engine
altitude test cells; space system vacuum chambers; arc-
heated high-enthalpy materials test facilities; and
aeroballistic impact ranges. Of these facilities, 28 are
unique in the United States and 14 are considered
unique in the world. Not all are now in service because
several have been put into mothball status.

Today, fewer (but more complex and expensive)
weapon systems rely on these test facilities for
development. With this reduced demand come several
perennial questions: What is the future for these
facilities? Will they be replaced by modeling and

simulation (M&S)? What existing or new test facilities
will be needed in the future? How do we justify
maintenance and operating budgets for lightly used,
but critical facilities? Can we or should we offset costs
by finding alternative uses and customer bases for these
facilities?

In this article, we summarize the evolution of the
ground-test capabilities we have today, the immediate
challenges facing the national infrastructure, and the
changes necessary to meet the future needs of the
aeronautical community. In the process we will shift the

question from how do we justify the costs of sustaining

these facilities to how do we transform them to reduce the

cost and time required to field future weapon systems?

When viewed from the enterprise perspective of the
overall weapon system development process, the
effectiveness of test capabilities to increase the tempo
of the acquisition process is more important than the
cost efficiency of the test capabilities themselves.
Focusing on tempo provides more value to the
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acquisition enterprise than concentrating on operating
costs. Such a perspective makes clearer the rationale for
advancing the state of the art of ground-test facilities.

A brief history of ground-test facilities
Aeronautical ground-test facilities such as wind

tunnels and propulsion test cells have been an integral
part of the development of flight systems since the
Wright Brothers. Although advances in test facilities
paralleled early advances in the flight sciences leading
up to World War II (Hansen, 1992), the modern era of
ground-test facilities in the United States was initiated
with the Unitary Wind Tunnel Act of 1949. This Act
declared that the NASA Administrator and the
Secretary of Defense should jointly develop a plan for
construction ‘‘of wind tunnel facilities for the solution
of research, development and evaluation problems in
aeronautics,’’ and to ‘‘revise the uncompleted portion of
the unitary plan from time to time to accord with
changes in national defense and scientific and technical
advances.’’ The Unitary Wind Tunnel Act provided the
legislative drive to build the major wind tunnels at
AEDC and NASA in the 1950s. Unfortunately, the
Unitary Wind Tunnel Act has not been upgraded ‘‘to
accord with changes’’ since 1958. A history of the early
impact of the Unitary Wind Tunnel Act is given in
Launias, Irvine, and Arrington (2002).

The technical vision for post-World War II
aerospace test facilities was derived from the profound
work of Theodore von Kármán and his colleagues
(1945). Their thoughts were captured in the seminal
work Towards New Horizons, which set the visionary
path for the U.S. Air Force for the past 50 years. This
study was chartered by Gen H. H. ‘‘Hap’’ Arnold who
recognized that the United States was technologically
far behind the Germans and the Japanese. After
studying the advances made by our WWII adversaries,
Von Kármán proposed in 1945 a far-reaching range of
warfighting systems and the facilities required to
achieve them. Promoting future concepts, Von Kár-
mán said that ‘‘supersonic wind tunnels of large test
sections are necessary so that not only the components,
such as wing and fuselage, but whole airplanes as well
can be studied for optimum design.’’ This vision for
advanced supersonic test facilities was documented 2
years before Chuck Yeager broke the sound barrier.

Authorization for the U.S. Air Force Secretary to
develop an Air Engineering Development Center to
support implementation of the Unitary Wind Tunnel
Act was provided by U.S. Code Title 50, Section 521.
The Air Engineering Development Center was
dedicated by President Harry Truman as the Arnold
Engineering Development Center on June 25, 1951, in
honor of General Arnold. That a vision of such far-

reaching scope and ramifications went from studies to
reality in less than six short years is truly remarkable.
That it occurred after the major drawdown following
World War II and in the midst of the Korean War
makes it even more noteworthy.

Vision push versus market pull for
test facilities

Fortunately for the U.S. aeronautics community, the
majority of ground-test facilities in use today were
developed, erected, and commissioned to support the
vision of General Arnold and Dr. von Kármán for
technologically superior systems. ‘‘Further, faster,
higher’’ was the mantra of the day. Without the drive
and clairvoyance of that vision, many of the facilities
we rely on today would never have been built.
Capabilities were being developed to push the envelope
and assure that the Air Force was technologically
superior to all adversaries, not as a response to satisfy
specific program requirements.

The history of the development of the major test
facilities at AEDC, shown in Figure 1, demonstrates
the significance of the early vision-driven approach to
test facilities. Development of complementary wind
tunnels within NASA follows a similar timeline.
Although it was not always clear exactly what future
systems would require of these test capabilities, 47
facilities were commissioned at AEDC in the 1950s
and 1960s. A number of these were research facilities
that have not survived until today. It is remarkable that
designs for facilities like the world’s largest supersonic
propulsion wind tunnel following Von Kármán’s vision
were initiated in 1947.

After the 1970s, only a few facilities have been
developed and generally had to be justified in support
of specific programs. The timelines in Figure 1
illustrate the lead times required to design, develop,
and commission major test facilities. The timelines
from concept to commissioning have become longer
than in the 1950s and 1960s and are now of the same
order as the timeline for developing new flight systems.
In today’s environment, unless major facilities are
developed in anticipation of new requirements, they
will generally be late to address needs and consequently
are unlikely to be built.

State of current ground-test facilities
As is the case for AEDC, most wind tunnels in the

rest of the United States used to develop flight systems
were commissioned prior to 1970. The timelines for a
number of major wind tunnels in the United States and
Europe are shown in Figure 2. A number of U.S. wind
tunnels, particularly in the commercial sector, have
been decommissioned over time. A new U.S. National
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Wind Tunnel Complex was proposed in the mid-
1990s but was never funded (Davis, Stamper, and
Wiggum 1996). One can also see from Figure 3 that
European governments have been much more forward
thinking in the recent era with respect to funding wind
tunnel facilities. The trend over the last 20 years of
increased European capture of aircraft market share is
attributable at least in part to their investments in
newer test capabilities.

Generally, U.S. wind tunnels that have survived
until today range from 30 to 60 years in age. Over the
next 25 years some of these tunnels will be approaching
50 to 80 years old. Also a number of the facilities built

in the 1950s and 1960s were not designed for energy
efficiency but for technical performance. Although
service life extension programs and persistent upgrades
to controls, instrumentation, and data systems will
keep these tunnels viable for years to come, their
inherent designs make them less efficient and effective
in meeting future needs.

Turbine engine test cells are in a similar state. Over
the past 20 years, through industry reductions and base
realignments and closures, most ground testing of
turbine engines in the United States is now done at
AEDC. The Aerospace Systems Test Facility, which
was commissioned in 1985, is the last major new

Figure 1. Historical development of test facilities at AEDC.

Figure 2. Timelines for major wind tunnels in the United States and Europe.
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turbine altitude test capability built in this country, and
it remains the premier facility of its type in the world.
Following the 1995 base realignments and closure of
the Navy’s test facilities at Trenton, New Jersey, sea-
level test cells with ram-air capability were also added
to the complex at AEDC.

Until recently, some of the older AEDC turbine
engine test facilities still used compressors transferred
from Germany after World War II. Over the past few
years, AEDC has made a very large investment in
modernizing the plant infrastructure for the turbine
engine test cells to improve the efficiency and reliability
of the facilities. Similar to the wind tunnels, service life
extension program initiatives will keep these facilities
viable for some time to come, but in 25 years the primary
infrastructure for turbine engine testing at AEDC, as
well as the nation, will be at least 50 years old.

State of the technical workforce
The skills, expertise, and experience of the T&E

workforce are as critical as the test facilities. Over a
period of years, reductions in budget, changes in
funding policies, and acquisition reforms have had an
unintended consequence of restricting the engineers
and scientists at ground-test facilities from develop-
ing and applying their analytical skills. In addition,
the accumulation of well-meaning policy dictates and
process controls has further stifled development of
ground-testing technical expertise. More emphasis
has been placed on having test engineers manage cost
and schedule of test projects, eroding the time
available to evaluate the test environments and
systems under test. In assessing these trends, we
argue that the DoD has put too much emphasis on
improving the efficiency of testing (reduced test
scope, fewer facilities, fewer personnel) and not
enough emphasis on good systems engineering and
enhancing the effectiveness of testing (catching
system defects early and supporting remedial actions).
This misplaced emphasis fails to address the root
causes for excessive cost and schedule delays in major
acquisition programs. AEDC believes having experi-
enced scientists and engineers with appropriate
testing domain knowledge is critical to increasing
the effectiveness of T&E in acquisition programs.
AEDC has consequently made rebuilding the tech-
nical excellence of its workforce one of the highest
priority strategies for the future of the Center (Best,
Kraft, and Huber 2008; Huber et al. 2009).

Requirements for future aeronautical
development capabilities

With an aging infrastructure, and a work force that
needs to be technically rebuilt, what will be the future

for aeronautical ground testing? In the immortal words
of Yogi Berra, ‘‘the future ain’t what it used to be.’’
Beyond trying to forecast the need for aeronautical
ground testing, we prefer to generate a future vision for
aeronautical ground testing that anticipates and
enables future advances much as Arnold and von
Kármán did in their time.

Will we keep using ground-test facilities?
With fewer aeronautical systems under development

and advances in M&S, it is a legitimate question to ask
whether we will require wind tunnels and propulsion
test facilities in, say, 25 years. The short answer is
‘‘absolutely!’’

Although there are fewer flight systems projected to
be developed in the future as compared with the
heyday of the 1950s and 1960s and even during the
‘‘Reagan buildup,’’ there are clearly persistent require-
ments for new vehicles, including sixth-generation
fighters, advanced unmanned air vehicles (UAV), next-
generation bombers, advanced air armament, high-
speed–hypersonic weapons, and launch systems. Any-
thing launched into space also has to fly through the
atmosphere—twice if there is a return leg.

In the next 25 to 50 years, there will be little change
in the nature of aeronautical systems. Aircraft will still
be the major form for domestic and global transpor-
tation. Even with the changing nature of warfare, the
military will still rely on aeronautical systems (manned
or unmanned) for the transport of troops and materiel,
and for the delivery of both kinetic and nonkinetic
effects. Kinetic weapons will be very similar aerody-
namically to those in use today. Although new
materials, morphing structures, and nanotechnology
may improve the performance of flight systems, the
basic function of generating the forces and moments
for flight will result from the shape and deflection of
aerodynamic surfaces. Propulsion systems will evolve
further, but will still rely on the conversion of
hydrocarbon fuels into thrust. There is a potential for
hydrogen-based propulsion systems to emerge as an
alternative, but the time frame required to advance the
technologies to make them practical as well as the
enormous cost of converting the worldwide fleet of
aircraft and the supporting infrastructure to hydrogen
will occur later rather than sooner. There will be
significant advances in efficiency, but not a radical shift
to new modes of long-range transportation. The major
changes to aeronautical systems will be in sensors,
avionics, and networking. Wind tunnels and engine
test cells will still be the primary sources of information
on performance, operability, and durability for the
development and sustainment of aeronautical systems.
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Frequently, when questions are asked about the
future need for wind tunnels or engine test facilities, a
myopic viewpoint is taken that the long-range
requirements for test capabilities are primarily driven
by future systems. In reality, the primary workload in
the major ground-test facilities will be in support of
existing systems. New programs require a surge in
capacity, but they are not the major driver for
availability. A large majority of test time in today’s
ground-test facilities is used for weapon certifications,
block upgrades, support to foreign military sales,
component improvement programs (CIP), etc. Typical
examples include certifying the Small Diameter Bomb
on fielded aircraft, which requires wind tunnel store
separation testing on the F-15E, F-16, F-18, and the
F-22. When the F-35 reaches operational status, it too
will go through a comprehensive safe separation
certification process to clear inventory weapons.
Similarly, the F-100 and F-110 turbine engines
introduced in the 1970s are still undergoing CIP
testing in turbine engine cells. The F-119 engine for
the F-22 is already in a CIP program although the
aircraft has only recently entered the fleet. Because
weapon systems being introduced today will be
expected to stay in the inventory for at least 40 to 50
years, it is clear that there will be a continual need to
provide ground-based flight simulation tools to
support upgrades and sustainment over their life cycles.

Although some view the aeronautical field as a
mature one, the era of ‘‘higher, faster, further’’ is not
over yet. Even though man has flown on the Space
Shuttle to space and returned at tremendous speeds
(Mach 25), high-speed hypersonic flight systems still
remain a major challenge. The challenge is to make
hypersonic flight practical and affordable through the
use of air-breathing propulsion systems instead of
rockets. The ground-test facilities to adequately and
accurately simulate hypersonic flight conditions are still
in development. Hypersonic test facilities will be more
crucial to the development of flight systems than
traditional lower speed tunnels. That said, a discussion
of the facilities necessary to support development of
hypersonic weapon systems is beyond the scope of this
paper. Hence, we will focus primarily on subsonic
through low-supersonic flight systems. A roadmap for
future hypersonic facility needs is presented in Fetter-
hoff et al. (2006).

And, what of the ‘‘holy grail’’ of replacing ‘‘expen-
sive’’ test facilities with M&S? This persistent myth
will not be realized in the next 25 years for a number of
reasons:

N M&S in the broader defense community usually
refers to combat engagement and higher-level

campaign modeling. Although these tools are
exceptionally important for training, war-gaming,
and requirements definition, they have limited
application to physics-based design, prototyping,
testing, analyzing, fixing, fielding, and sustain-
ment of warfighting systems.

N High-fidelity, physics-based, constructive mod-
eling, such as computational fluid dynamics
(CFD) and computational structural dynamics
(CSD) have made tremendous strides in the last
several years (Kraft and Matty 2005) and will
advance even further as modern computer
systems provide peta-flop scale (1015 floating
point operations) computing throughput. At a
minimum, however, test facilities will be required
to validate these models. Furthermore, the state
of the art in modeling certain physical phenom-
ena such as turbulence and separation is still not
sufficient to use CFD as a replacement for testing
over the entire envelope of a flight vehicle.

N CFD and CSD will be useful tools for evaluating
design and performance of flight vehicles, but
they will not be able to supplant the need for
ground-test facilities to determine the operability
and durability of flight and propulsion systems.

The previous assessment notwithstanding, M&S
integrated with T&E methodologies will be a major
enabler for changing the effectiveness of the acquisi-
tion process. We will explore this assertion in
subsequent sections of this article.

Efficiency versus effectiveness
There is an interesting dichotomy in the use of

ground-test facilities for aeronautical development.
Even though significant investments have been made
to increase the efficiency of producing data in wind
tunnels (Kegelman 1998; Melanson 2008; Peters et al.
1999), and more and more M&S has been applied to
the design and development process, the total wind
tunnel hours used for a typical development program
has tended to remain constant at about 22,000 hours
per vehicle. Similarly, ground testing of turbine
engines averages about 13,000 hours in turbine engine
cells. In part, the constancy of test hours can be
attributed to the increasing complexity of the vehicles.
However, the major reason the test hours remain
relatively constant is that the aeronautical community
has not really worked to refine and optimize testing.
The test plans from program to program tend to stay
relatively the same. For example, the baseline wind
tunnel campaign for the F-22 in AEDC’s transonic
Tunnel 16T, which was performed from 1991 through
1994, has almost identical content and cycle time to
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the baseline campaign for the F-35 conducted over a
decade later. During the intervening period, significant
emphasis was placed on increasing data productivity in
wind tunnels. As shown in Figure 3, data productivity
essentially increased by half from the early 1990s to the
mid-2000s.

Continued emphasis on the efficiency of producing
data has marginal return on investment. 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 percent reduction in the
unit cost of a wind tunnel campaign equates to just a
few tenths of a percent reduction in program costs. The
efficiency gains in wind tunnel testing are easily lost
through increases in energy costs, which are typically
50 percent of the cost of testing in a ground facility.

On the other hand, increasing the effectiveness of
ground testing can have a relatively profound impact on
program costs. Effectiveness in the context of this article
means the ability to reduce the overall cycle time for
development while minimizing the need for rework of
late defect discoveries. To compare the difference
between efficiency and effectiveness, we can use a simple
example. If we could magically eliminate the cost of a
wind tunnel campaign during the development cycle of a
major fixed-wing aircraft, we could save at best about one
half the cost of one avionics package for an aircraft such
as the F-22. On the other hand, if we could optimize the
use of the wind tunnel to reduce overall cycle time by 1

month for a program like the F-35 (which has a resource
burn rate on the order of $1 billion/month), we could
save the equivalent of five to seven aircraft.

With the current national capacity for ground
testing, a typical wind tunnel campaign for a modern
military fixed-wing aircraft requires 3 to 4 years.
Although wind tunnels will remain the primary design
verification and development tool for flight systems for
the foreseeable future, there is a driving demand to
reduce the RDT&E cycle to just a few years. This
demand will require an aggressive change in how wind
tunnels are used in the future for them to remain a
viable part of the aeronautical RDT&E process.

The primary objective measure for determining the
effectiveness of aeronautical testing is the cycle time for
the acquisition program in development. We submit
that T&E cycle time reduction will have a greater
overall influence on decreasing program costs than any
other cost-cutting strategy. Reducing development
costs leaves more funds available for procurement,
which has the compound effect of permitting larger
quantity buys, which in turn cuts unit costs. Cycle time
can be estimated by the following relationship:

Cycle Time *
Workload

q . Capacity
:

In this expression, Cycle Time is the total time required
to perform the ground test campaign; Workload is the
total amount of testing operands to be accomplished
(e.g., unit occupancy hours, data points, etc.); q is a
quality measure that indicates the fraction of the total

Figure 3. Facility productivity for ground test facilities. Improvements came about after very considerable investments in faster data

systems, major modifications to minimize nontest time, and advanced test techniques such as continuous pitch testing.
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work that is done right the first time (i.e., the inverse
of late defects and rework); and Capacity (measured in
testing operands per unit of time), which depends on
the availability of the test infrastructure, the staffing to
use the facilities, 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 is primarily process
driven. 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. As discussed earlier, wind tunnel cam-
paigns are traditionally designed around test hours, not
test points. That is why the fourfold increase in
productivity illustrated in Figure 3 had essentially no
impact on reducing the number of wind tunnel hours
for the F-35. Given more efficient throughput, the
users of wind tunnels take more data, rather than
reducing 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.

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 4 to 10 rework cycles. The
incremental increase in program costs is proportional
to (1/q) 2 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. Histor-
ically, most aircraft development 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 impact on develop-
ment cycle time and cost.

In contrast to process-driven parameters, the
capacity of a ground-test facility is primarily budget
driven. Capacity equals the availability of the capability
times the shift staffing available to provide the
capability times the throughput. The availability of
the equipment depends on investments in maintenance
and reliability. Also, the budget 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) is also
budget driven. The facility productivity improvements
shown in Figure 3 came about after very considerable
investments in faster data systems, major modifications
to minimize nontest time, and advanced test tech-
niques such as continuous pitch testing. Increasing
capacity of existing facilities is the least effective of the
three parameters for significantly decreasing acquisi-
tion cycle time. However, developing and funding new
facilities with capability and capacity optimized to
maximize throughput using the reduced workload and
defect avoidance and discovery approaches suggested in
the previous discussion would 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 test that can further help reduce overall cycle
time. In this article we are focused on reducing the
cycle time for testing.

Reengineering the aeronautical system
development process to
increase effectiveness

The nation finds itself at a strategic crossroads
relative to the future use of aeronautical ground-test
facilities. The major infrastructure for aeronautical
ground testing is now approaching 50 years of age and
is considered a mature industry. All organizations or
industries that have evolved through a pioneering and
transitional phases to a mature phase come face-to-face
with a critical strategic decision. On the one hand, they
can accept decline and continue current practices. This
prescription for decline is a ‘‘harvest’’ strategy; that is,
eliminate investing, maximize cash flow from the
business, and eventually accept divestment (Porter
1980). This translates, in the case of ground-test
facilities, to continued erosion of technical expertise,
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providing testing services as a pure commodity with no
knowledge-based value addition, maintaining the
infrastructure as long as reduced budgets permit, and
then abandoning or razing the facilities.

An alternate strategy for a declining organization is
to reinvent its business. AEDC has chosen a
multifaceted approach incorporating people, processes,
and facilities to reinvigorate T&E by focusing on the
effectiveness, not just the efficiency, of the test
processes.

Typically when one discusses the attributes of future
facility needs, the conversation tends toward future
program requirements and decisions on the optimum
size for the facility and its operating range (e.g.,
pressures, temperatures, velocities, Reynolds numbers,
etc.). Instead we will focus on desired attributes that
will increase the effectiveness of future facilities guided
by our thoughts presented in the previous section. We
will focus most of our attention on changes to how we
conduct testing rather than on descriptions of future
test facilities. These changes to how we will do testing
in the future will involve aggressive use of M&S as well
as improved test methodologies.

The primary target for reengineering aeronautical
ground testing to increase effectiveness is to reduce the
overall workload without increasing risk. A major
contributor to the number of wind tunnel test hours 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 (Dean et al. 2008)
introduced an innovative and efficient computational
method for accurately determining the static and
dynamic S&C characteristics of high-performance
aircraft. 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. Interestingly, there is a comparable experi-

mental technique using the prefiltered 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.

As indicated in Figure 4, using these advanced ‘‘fly
the mission’’ modeling and testing methodologies
combined with DOE 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 database 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 mentioned
previously. 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 helps 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
impact on total cycle time.

The mathematics of the DOE methodology helps
ensure that the optimum data set are 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
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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. The 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 4. Even at the earliest
phases of development, this 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
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.

A key to increasing the quality, q, or decreasing the
amount of rework, is earlier and better integration of
major subsystems such as the airframe and structure,
the airframe–propulsion systems, or the airframe–
weapon systems. Most defects occur at the interface
of major subsystems. Current practices generally
address system integration issues later in the develop-
ment 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 multi-
disciplined modeling capabilities and advanced on-
body and off-body flow diagnostic techniques such as
pressure-sensitive paint (PSP) and planar Doppler
velocimetry (PDV).

Figure 4. Fly the Mission Model with Design of Experiment (DOE) applied. This manned flight simulator can begin to address some of

the operational integration issues early in the program, thereby allowing integrated DT/OT earlier.
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An example of the interplay of these enablers to
reduce late defect discoveries is suggested in Figure 5.
Multidiscipline, high-fidelity CFD/CSD can be used
earlier in the design cycle to examine interactions
between major subsystems such as the airframe and
structure or airframe and propulsion system. Tradi-
tionally, pressure loads data are 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 are
provided to the structural engineers to perform a
structural analysis and design of the vehicle. While the
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 are usually not updated.
When the airframe and underlying structure are
integrated into the first set of flight vehicles, it is not
uncommon to find structural flaws. (Remember that
on average 10 structural flaws are found on each major
aircraft development during flight testing.) Contribut-
ing to these late discoveries are inadequate character-
ization of the dynamic interactions between fluids and
structures as well as a lack of integration of
aerodynamic and structural analysis tools.

The application of peta-scale computing in the near
future will enable integrated modeling of aerodynam-
ics, structures, and propulsion systems during the
design process. The ability to integrate these multiple
disciplines will address many of the subsystem issues
early on. Advanced diagnostic tools such as PSP in
ground-test facilities will not only enable model
validation, but will 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.

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 affect control surface effectiveness and
control system gains. This conflicting interplay be-
tween the various subsystems is a contributor to late
cycle churn and program delays.

Figure 5. The interplay of high-fidelity multidisciplined modeling capabilities and advanced on-body and off-body flow diagnostic
techniques reduce the number and impact of late defect discoveries.
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Also suggested in Figure 5 is 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 in better
understanding and avoiding potential high-cycle fa-
tigue issues earlier in the design cycle.

Figures 4 and 5 present an aggressive use and
integration of modeling and ground 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 must be treated as an integral combination with
technical expertise, improved processes, and better test
methods to achieve the desired state of effectiveness.

Enabling capabilities for increasing
aeronautical development effectiveness

Through a confluence of DOE application and
emerging advances in M&S, data systems, test
techniques, flow diagnostics, and networking, the
concepts for dramatically reducing the overall cycle
time for development of aeronautical systems presented
in this article are achievable in the near future.
Advancing capabilities needed to support the future
effective approach are summarized in the next section.

Advanced integrated high-fidelity
physics-based constructive modeling

Advanced computational fluid dynamics and struc-
tural dynamics are key enablers for achieving much of
the vision for more effective aeronautical development.
Rapid advances in networks and clustering will make
peta-flop computing available in the next few years.
Computing power of this magnitude will allow
complex multidiscipline problems to be attacked in
hours versus weeks. The Office of the Secretary of
Defense (OSD) High Performance Computing Mod-
ernization Office is investing in advanced constructive
modeling techniques to maximize the use of this
computing power to affect DoD acquisition programs.
The OSD’s vehicle to execute these investments is the
Computational Research Engineering and Acquisition
Tools Environment (CREATE) program initiated in
fiscal year 2008 (FY08). CREATE is building software
capability to improve naval ship, radio frequency
antennae, and air vehicle design tools. The air vehicle
component (CREATE-AV) is developing tools for
simulating a full up-and-away maneuvering aircraft,
fluid–structure interactions, and airframe propulsion
integration for fixed and rotary-wing aircraft. Appli-

cations of the CREATE-AV tools to the ideas
presented in this paper are highlighted in Kraft (2007).

Design of experiments
Design of experiments is not a new capability, but

recently more emphasis has been placed on incorpo-
rating DOE into RDT&E processes (Hutto and
Higdon 2009). The benefits of using DOE include:
scientifically and objectively constructed tests; pretest
evaluation of the ability to pass good systems and
detect poor systems; resource alignment to ‘‘right size’’
tests; execution guards against day-to-day variations;
and analysis by system experts in a rapid, objective, and
accurate fashion. The DOE methodology must be fully
extended to the ground-test and flight-test campaigns
to increase their effectiveness.

Data merging and data mining
A data mining software package (DATAMINE) has

been developed and applied at AEDC to minimize
errors introduced in the wind tunnel data acquisition
process and provide mining tools to search and access
historical test data in common data files (Skelley,
Langham, and Peters 2004). Concurrent with the
enhancements for mining and display applications, a
data validation manager has been put into place to
ensure that accurate data were being acquired. This was
accomplished with the incorporation of data mining
interface and protocols to common and relevant
models and previously obtained data for dynamic
online comparison with wind tunnel data. Examples
of expectation models and data include engineering
methods aerodynamic prediction codes, high-fidelity
constructive models, and aerodynamic models based on
historical or predicted data. To support future needs,
we must extend such data mining tools to interface
with the DOE response surface methodologies, i.e.,
previous models and data sources need to be adapted to
the response surfaces describing the system perfor-
mance including a description of the residual variance
in the quality of the information.

Advanced on-board/off-board diagnostics
Flow diagnostics to measure pressures, temperatures,

velocities, flow directions, and shear stresses have been
under development for several decades. PSP has
matured to become a practical and accurate technique
for determining the pressure loads over a complete
three-dimensional body (Sellers 2005). PSP eliminates
the need for a very expensive instrumented loads
model, and PSP pressure maps can be used to update
structural loads ‘‘on the fly’’ as geometry is changed to
improve performance. Off-body measurement tech-
niques such as laser PDV, stereoscopic particle image
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velocimetry (PIV) (Ruyten, Williams, and Heltsley
1994), and planar laser-induced fluorescence (PLIF)
(Reinholz et al. 2008) have advanced to being practical
measurement tools in production test facilities. These
off-body diagnostic tools serve a threefold purpose:
better validation of CFD models, particularly at high
angles of attack; understanding scale effects in ground-
test facilities; and additional insight into flow features
that affect aerodynamic performance.

Networking
In the next generation, the physical location of

ground-test facilities will be a secondary consideration.
Virtual control rooms are already in existence that let
Eglin Air Force Base customers for AEDC wind
tunnels participate from Eglin essentially in the same
manner as they would if they were present in the
control room at Arnold Air Force Base (Muerle 2007).
However, in the future, virtual connections need to
expand significantly beyond just moving data around
the country. Connecting ground-test facilities to
manned flight simulators to address DT/OT integra-
tion issues as well as networking and interoperability
issues will require innovative changes to modeling and
data management processes using standards such as
those defined by the Joint Mission Environment Test
Capability program through its Test and Training
Enabling Architecture.

Implementing new technologies to maximize effec-
tiveness will require changes to test facilities. Further-
more, 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 comprehensively
our vision for how to conduct aeronautical ground
testing. Some of the attributes required for upgrades to
current facilities or for future test facilities include:

N Ability to install and deinstall test articles in
minutes to support focused tests in areas where
primary uncertainties exist and to optimize use of
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 the maximum
extent DOE considerations.

N Convenient and thorough optical accessibility for
flow diagnostics tools such as PSP, PDV, PIV,
PLIF, etc.

N Connectivity to high-performance computing
capabilities to integrate and merge computer
simulations 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.

N Virtual presence, networking, and connectivity to
achieve a fully integrated DT/OT approach in an
interoperable environment.

Certainly, another key consideration in the next
generation of test facilities is that they be energy
efficient. For current major test facilities, the cost of
energy is approaching 50 percent of the total cost of
testing. It is expected that in the future energy costs
will become an even larger fraction of the operating
costs of current facilities. The large facilities in use
today were designed for technical performance, not
energy efficiency. Although many upgrades have been
made to these facilities to increase energy efficiency,
there is limited return on continuing to try to reduce
energy costs in legacy facilities.

Because energy usage is proportional to the cross-
sectional area of a wind tunnel, the size of future
facilities needs to be balanced between energy use and
data quality. Optimizing future facilities for rapid
installation and deinstallation of test articles and rapid
changes in test conditions not only supports better use
of DOE but also minimizes energy usage. Future wind
tunnels may also need to be sited to make maximum
use of renewable energy sources such as hydro,
hydroelectric, geothermal, wind, or solar energy.

In addition, future facilities need to be ‘‘green.’’ The
operations of advanced facilities of the future need to
be evaluated from a total systems approach. Consid-
erations such as closed recovery systems for cooling
water, hydraulic fluids, etc., not only can reduce the
overall use of energy for the facility, but also better
protect the environment. Waste heat from closed
cooling systems can be used to heat buildings or
generate electricity for lighting buildings, etc. Use of
hazardous materials must be minimized and when
released, immediately and easily remediated. Industries
that have taken a total systems approach have found
significant cost savings in addition to minimizing
environmental impact (Senge et al. 2008).

To achieve these attributes—from DOE optimiza-
tion to energy efficiency—a new, more sophisticated
approach to facility design is required. To this end
AEDC has formed a small group of experts experi-
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enced in wind tunnel development and operation to
begin conceptualizing what a next generation wind
tunnel might look like. They have been charged to put
particular emphasis on introducing the requirements
discussed in this article and on developing analysis
tools that enable insightful negotiation of the design
trade space. That this group is approaching the task
with an open mind and without preconceived notions
is evident in their recognition that the result may not
look anything like today’s facilities and may indeed
turn out to be a radical departure from traditional
designs. Initial entreaties to NASA to collaborate on
this endeavor have been met with a positive response.

More important than these technical advances, the
agility and skills of the workforce are paramount. Our
experiences to date (Best, Kraft, and Huber 2008;
Huber et al. 2009) have convinced us that the best
hope for the future of the RDT&E community is to
make investment in the technical competence of the
workforce a top priority—on par with, if not exceeding,
any test infrastructure improvements or sustainment.
This investment must be holistic in the sense that it
addresses the full spectrum of features that go into
developing and sustaining a competent workforce:
advanced education, continuous learning, hands-on
experience, reduced administrative burden, collabora-
tion opportunities, as well as a cultural environment
that is conducive to innovation and that demands
technical excellence. As we have faced the never-
ending challenge of balancing resources to provide test
capabilities to our customers, we have been repeatedly
reminded that having test cells or test ranges without
accompanying expertise to operate them and to
understand their interactions with systems under test
is a hollow capability indeed.

Summary/conclusions
Forgive us if we (mis)appropriate the famous Mark

Twain quote, ‘‘the report of the death of aeronautical
ground-test facilities is an exaggeration.’’ That said, we
recognize that to question the future relevance of
ground-test facilities if they do not evolve to meet the
demands of the future is both healthy and warranted.
We acknowledge that to be a viable component in the
development process of future systems, aeronautical
ground test capabilities need to be dramatically
changed to be more effective.

Numerous national panels have authored studies on
aeronautical ground-test facilities, each study trying to
decide which ones are critical to DoD and NASA needs.
The emphasis in these studies tends toward trying to
determine which facilities can be divested. In their
current configuration and using current test methodol-
ogies, the nation probably already has the minimum set

of wind tunnels and turbine engine test cells to support
development programs. Further reductions in facilities
and capabilities will negatively impact development cycle
time for acquisition programs if only traditional
approaches continue to be employed.

We need to modify our business models for the
sustainment and use of ground-test facilities (and other
facilities as well). Instead of focusing on trying to
maximize usage of any given facility to provide the best
return on investment (ROI) for that facility, we need to
optimize the effectiveness of the use of all of our facilities
to minimize cycle time. Analogous to the theory of
constraints model, keeping all machines on a shop floor
fully utilized is not the best way to increase throughput
and reduce costs. The ROI for our test facilities needs to
be based on the impact to the overall cycle time and costs
of the program under development.

Now is the time as a nation to build and pursue a
bold vision for the capabilities (people, processes, and
facilities) required for the next 50 years of aeronautical
system development. We, as a community, need to
generate a modern version of the leadership demon-
strated by General Hap Arnold and Dr. Theodore von
Kármán, and create the vision that will sustain us for the
next half century of aeronautical systems development.
Instead of continuing to conduct studies to determine
which facilities we can divest, it would be much more
productive to pursue advanced capabilities to maximize
the effectiveness of testing within the development
process. Our nation’s economic viability and security
foundation as an aerospace power depend on it. %
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Training and Testing Revisited:
A Modest Proposal for Change

John K. Hawley, Ph.D. and Anna L. Mares

U.S. Army Research Laboratory, Fort Bliss, Texas

The present article is a follow-up to an earlier ITEA Journal article addressing the increasingly

complex relationship between training and operational testing (see Hawley 2007). In the

initial article, the lead author argued that effective test player (individual, crew, or unit)

preparation is essential to valid operational testing. Inadequate preparation invariably results

in a flawed test and undermines the validity of data essential to system improvement and

acquisition decision making. The initial article outlined a set of pretest training actions that

must occur if test players are to be properly prepared to participate in meaningful operational

testing. These actions fell into three categories: (1) establishing a stable performance

environment prior to testing, (2) pretest training conduct, and (3) pretest training evaluation.

With respect to pretest training, Hawley (2007) concluded by asserting that test planners are

faced with two choices: Plan and conduct adequate pretest training, or live with the

consequences of a flawed test. The present discussion has an admittedly Army flavor, and many

of our observations are taken from tests on Army systems, but the observations are generally

applicable to other classes of systems and to other services as well.

Key words: Test player training; test validity; operational testing; human–machine

systems; Patriot PDB-6; knowledge-based systems; alpha and beta testing; deployment

standard.

C
ritics of the argument advanced in
Hawley (2007) frequently respond
that the training path that he proposes
is not necessary and is not affordable
in the increasingly cost-conscious

defense acquisition environment. The author’s reply
to these criticisms is that a proper response to
legitimate test constraints is not to ignore or downplay
essential testing prerequisites and proceed as if test
results are valid. That approach invites considerable
outside scrutiny and criticism. If a valid test cannot be
conducted within time and resource constraints, then
the test’s objectives must be simplified, or testing
concepts revised in view of the resources likely to be
available, balanced against requirements for valid
testing—including adequate preparation of test players.
Valid, in the present context, means that test results (1)
accurately represent system performance capabilities
and (2) reasonably generalize to a future operational
setting. Testers must also bear in mind that in an
operational test we are evaluating a manned system, and
the manning component (e.g., the operators and

maintainers) must be given consideration along with
hardware and software capabilities.

The discussion to follow takes up where the first
article left off and proposes several practical options for
breaking out of the training–testing bind. We begin by
reviewing the argument for adequate test player
training as an essential prerequisite for valid testing.
Next, recent research outlining training requirements
for highly complex systems is reviewed, and the
implications of this research for pretest training are
discussed. These two sections define what must be
done up front if test players are to be properly prepared
to participate in operational testing. We also argue that
these requirements cannot be ignored or traded away in
the interests of time, schedule, or cost. The down-
stream consequences for test validity can be fatal. We
emphasize this point because of our recent experiences
in Army operational testing where system evaluation
has been seriously undermined by compromising on
requirements for test player preparation. The final
section outlines several steps that hold potential for
lessening the growing impasse between adequate test

ITEA Journal 2009; 30: 251–257

Copyright ’ 2009 by the International Test and Evaluation Association

30(2) N June 2009 251



player preparation and valid operational testing. The
path out of the training–testing bind is conceptually
straightforward, but might require a change in the way
the Army views test player participation along the
continuum ranging from developmental tests through
full-scale operational tests.

The impact of inadequate test
player preparation

We note in the previous paragraph that inadequate
test player training compromises the validity of test
results and thereby undermines the basis for acquisition
decision making. The Government Accountability
Office (GAO) has stated bluntly that inadequate test
player preparation inevitably results in what is termed a
‘‘hollow’’ test (GAO 2000): The requirement to hold a
testing ‘‘event’’ is satisfied, but the results do not
advance system-related knowledge. Inadequate test
player preparation effectively turns an operational test
into little more than a technical demonstration. If the
manned component is not able to provide reliable data,
test results are compromised, and it is not possible to
assess the system’s fitness for use or honestly evaluate
and refine usage concepts. Anyone familiar with system
development is aware of the considerable gap between
demonstrating a technical capability and deploying an
operational system based on that capability.

In a hollow test, the most common form of
compromise is confounding between test results and
pretest proficiency levels. Confounding means that it is
not possible to determine unambiguously whether
observed test outcomes reflect materiel system capa-
bilities and features, test player proficiency, or some
interaction between the two. Posttest analysts cannot
disentangle observed system performance from test
player proficiency, regardless of the sophistication of
the analytical methods used. All claims to the contrary
notwithstanding, posttest analyses cannot compensate
for an intrinsically flawed test. Testers would like to
generalize from the test setting to a future operational
environment, but confounding makes such generaliza-
tion uncertain, if not impossible.

One of the strategies test managers routinely use to
compensate for training deficiencies is to script test
player participation in test events. Scripting generally
takes one of two forms. In the first case, test players
simply are told what to do and when to take those
actions—operator participation by the numbers, so to
speak. A second form of scripting is to ‘‘train up’’ test
players using the same or similar scenarios used later
during actual test runs. In either case, the outcome is
similar. Test player performance variation in response
to operational cues during actual test runs is reduced or
virtually eliminated. This reduction in variance makes

it impossible to relate user performance to test
outcomes. Scripting is an insidious approach to
handing test player training deficiencies because it
provides a superficial appearance of operational valid-
ity, but actual test results are of little more value than
those obtained in a developmental or technical test.
The hardware component of the manned system is
responsible for all of the observed performance
variation. In effect, scripting undermines the rationale
for progressing from technical or developmental testing
to operational testing using a manned system. The
operators’ contribution to overall system performance
cannot be determined.

When faced with this argument for better up-front
preparation of test players, advocates of traditional
testing practices frequently reply, ‘‘But isn’t some data
better than none?’’ The implication here is that
obtaining some data on system capabilities, even if
those data might be badly flawed, is better than getting
none. At one level, this argument is difficult to refute.
Having some test data, particularly if those results
support an argument for system effectiveness, does
provide a security blanket, of sorts. The problem is one
of downstream risk. Certainty as to whether an
observed test outcome might occur in a future combat
situation is substantially reduced. In brief, the likeli-
hood for unpleasant surprises is high.

Pretest training is harder now
Over the past several decades, the training–testing

problem has been aggravated by the kinds of systems
being developed and fielded. Advances in information
technology have speeded the deployment of a class of
systems that are termed ‘‘knowledge-based’’ (Dekker
2002). High levels of user skill and knowledge are
necessary for the successful employment of this class of
systems. Knowledge-based systems raise user skill
levels because they shift the focus of operator
performance away from what are termed skill- and
rule-based performances (e.g., operating equipment
and following procedures) and emphasize knowledge-
based performances. In such systems, cognitive,
knowledge-based operator performances such as plan-
ning, problem solving, and critical thinking are key
user performance requirements. Moreover, many
features built into the ‘‘hard’’ system are included to
support users in performing these critical functions.

Following an assessment of training requirements
for future conflicts, the Defense Science Board (DSB)
observed that ‘‘Current training does not prepare
individuals or units for new, dynamic cognitive
demands’’ (DSB 2003). Similarly, in the wake of the
fratricides committed by Patriot air and missile defense
units during the major combat operations phase of
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Operation Iraqi Freedom (OIF), the board of inquiry
looking into those incidents criticized Patriot training
for emphasizing ‘‘rote drills’’ versus the ‘‘exercise of
high-level judgment.’’ In our post-OIF assessment of
the Patriot fratricides performed at the invitation of
the commanding general of the Army’s air defense
center, we concurred that much current Army training
stresses skill- and rule-based performances, but does
not adequately address knowledge-based performance
requirements (Hawley and Mares 2006).

To sum up, knowledge-based systems place a
premium on user expertise. Expertise is a function of
users’ knowledge, skill, and job-relevant experience.
Moreover, expertise, as the term is normally used, takes
time and the right kinds of on-the-job experiences to
develop. Norman (1993) asserts, for example, that for
any complex activity, a minimum of 5,000 hours of
training is required to turn a beginner into a
journeyman-level performer. Training of the sort
necessary to develop essential system expertise is
termed deliberate practice and consists of relevant
(skill-focused) practice with expert feedback (Ericsson
and Charness 1994). In our observation, most of
today’s military training does not meet the definition of
deliberate practice.

With respect to training and operational testing, the
bottom line on the present discussion is clear: If we are
dealing with a complex, knowledge-based system like
Patriot or many of the battle command systems coming
into the Army inventory, essential levels of user
expertise cannot be developed following standard
pretest train-up practices. Traditional new equipment
training (NET) focusing primarily on equipment
operation (skill-based performances) followed by a
relatively short period of unit training emphasizing
employment procedures (rule-based performances) will
not produce test players capable of demonstrating
critical system capabilities. With respect to pretest
Patriot training, the Department of Defense’s (DoD)
Director of Operational Test and Evaluation (DOTE)
summarized the situation quite well as follows (DOTE
2008):

‘‘The level of expertise required for PAC-3

(Patriot Advanced Capability–Three) PDB-6

(Post-Deployment Build 6) operations exceeds

the current Army training standard. . . . The

operational impact of [these deficiencies] includes

less robust and less effective defense of critical

assets, an increased probability that operator

error will lead to not engaging threatening

targets and/or engaging friendly targets, and

longer downtimes when reliability failures occur.’’

More than the Army’s training standard is at issue
here, and DOTE’s statement can be generalized to
other systems as well. Our experiences support the
DSB’s observation that current training methods
generally are inadequate for the knowledge-based
performance demands inherent in many of today’s
systems. If the test community wants to avoid
increasing criticism about hollow testing, this reality
must be reflected in pretest training practices. The next
section begins our discussion on how this might be
accomplished.

Pretest training solutions:
The ‘‘gold’’ standard

The first issue to be addressed in resolving the
training–operational testing impasse is, ‘‘What would a
satisfactory pretest training program look like, and how
would it be carried out?’’ We refer to this satisfactory
situation as the gold standard. The first step in meeting
the gold standard involves the selection of a test
organization, or unit. This unit would have met four
preliminary conditions: (1) fully manned, (2) all test
players qualified in the appropriate military occupa-
tional specialty (MOS), (3) all participating personnel
fully trained and verified on any predecessor systems
(little or no performance remediation required), and
(4) all personnel stabilized for the period of pretest
train-up and operational testing.

A second precondition for meeting the gold
standard is achieving a stable performance setting prior
to the start of testing—and preferably before the start
of unit training. A stable performance setting means
that (1) any equipment (hardware and software)
involved in the test is sufficiently mature to support
reasonably uninterrupted use and (2) the doctrine and
operational procedures characterizing the system’s
employment have been developed and subjected to
preliminary validation. Equipment and procedural
documentation must also have been produced and
made available to test players for training and follow-
on reference.

The third gold standard requirement is the conduct
of pretest training itself. Per Army Regulation (AR)
73-1, test players participating in operational tests
must be trained to ‘‘deployment standard.’’ Enforcing
this operator and crew performance standard is
essential if test results are to be considered valid vis-
à-vis generalization of these results to future combat
operations. Training to deployment standard will
involve (1) adequate NET, or orientation to any new
equipment (hardware and software) coming to test; (2)
adequate follow-on unit training on the system coming
to test; (3) training in usage concepts (doctrine and
tactics training); (4) time to develop required opera-
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tional proficiency—hands-on training to the level
required by the test; and (5) test player performance
verification prior to the test, with provisions for
training remediation when proficiency goals are not
met.

From a testing theory perspective, it is difficult to
argue with these. If we want to conduct valid testing
and escape escalating outside scrutiny and criticism,
these steps should be taken. However, anyone familiar
with operational testing in today’s environment has to
conclude that the requirements underlying the gold
standard are rarely met, and may be increasingly
unachievable for reasons discussed previously. Based on
our experience in recent Army tests, we fall short of
meeting the gold standard for any of the listed reasons:

1. The unit stabilization period is too short given
the complexity of many new, knowledge-based
systems—if stabilization is ever actually achieved.

2. Training requirements are undefined or remain a
moving target.

3. Pretest training conduct is methodologically
inadequate or inappropriate.

4. Equipment schedule slips encroach on planned
training time.

5. Failure to achieve a stable performance setting
prior to the onset of the test or to support unit
training.

6. Equipment cost overruns are paid for out of
planned training funds.

Even when an honest attempt is made to meet the
requirements underlying the gold standard prior to
testing, we often end up not getting the job done.
During the period leading up to the test, the factors
listed come into play, singly and in combination, and
begin to degrade the basis for valid testing. Eventually,
the situation is degraded to the point mentioned earlier
where what started out with all good intentions and
planning as an operational test is reduced to little more
than a technical demonstration. We observed a
situation somewhat like this during the year-long
run-up to the operational test for Patriot PDB-6 in the
aftermath of the OIF fratricides. Our pretest training
readiness rating for the PDB-6 test was ‘‘green/red.’’
The rating was green in the sense that all of the
training ‘‘events’’ planned for the pretest train-up
period had been completed, but individual and crew
proficiency objectives were not achieved (i.e., red). We
concluded that in spite of the year-long train-up
period, test players were not able to perform at the level
required by the test’s objectives. The impact of this
failure to meet test player proficiency objectives is
summarized in the DOTE’s comment on the PDB-6
operational test cited previously. Clearly, a new view of

testing for complex, knowledge-intensive systems is
required. The next section outlines several of our
thoughts on how to break out of the worsening
impasse between pretest training and valid operational
testing.

A modest proposal for change
Many of the military systems currently under

development are software dominated in the sense that
key system capabilities are resident in software, as
opposed to the mechanical or electronic components of
the system. Patriot PDB-6 certainly falls into this
category, as do many of today’s battle command
systems. That being the case, a good starting point
for considering potential changes to operational testing
concepts is to look at the way commercial software
companies test and deploy their products.

Although practices vary, the software release cycle
proceeds roughly as follows. To initiate the formal
cycle, an initial version of the software generally
considered complete is evaluated in an alpha test
inside the organization developing the software. Alpha
testing is performed by personnel other than the
software’s developers. When alpha testers are satisfied
that the system works the way it is supposed to work
(e.g., If I press ‘‘A’’ on the keyboard, the display shows
an ‘‘A.’’), it is released to a limited number of users,
external to the organization, who then conduct a beta
test. During the beta test, the software undergoes
extensive usability testing and operational debugging.
Under standard industry practices, beta testers typically
use the system for a ‘‘soak period,’’ generally about 1
year, and then human factors engineers go out and
interview the participants to find out what is working,
what is not, and what changes are required (Savage-
Knepshield 2009). The intent is to provide developers
with constructive, actionable feedback on usability
problems, bugs, and other flaws. Both alpha and beta
testing frequently are done iteratively with prospective
end users over the course of the system’s design and
development process.

The beta version of the software is the first version
released outside the organization or community that
developed it, and it is done to support evaluation in a
‘‘real-world’’ setting. Upon completion of the beta test,
the software is considered a ‘‘releasable candidate’’ in
that its quality is considered sufficient for more general
distribution. In most situations, the software evaluation
process does not end with the beta test. Most
commercial organizations monitor products for latent
bugs and other problems long after the product is sold
to the general public.

The beta testers themselves are considered crucial to
the evaluation process. In many situations, beta testers
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are customers or prospective customers carefully
selected to provide a ‘‘user test’’ for the software
product. The beta testers’ job is to provide sophisti-
cated feedback to developers on software usability,
bugs, flaws, and other problems. Beta testers are able to
do this because of their knowledge of software testing
methods and the application domain. They understand
how the software works, generally, and what it is
supposed to do. In this sense, software beta testers are
analogous to the test pilots who first fly aircraft
prototypes. Test pilots are carefully selected, highly
trained and experienced in flight operations, trained in
flight testing methodology, and familiar with aeronau-
tical engineering concepts. They understand how and
why advanced aircraft are tested. Because of their
extensive background and experience, they are able to
give the prototype a thorough shakedown before it is
released to less experienced users.

What does this discussion have to do with military
operational testing? How might the software testing
model be applied to military test and evaluation? The
parallels are rather direct, in our view. To begin, the
software beta test notion applies most directly to the
system shakedown and refinement period between the
end of developmental or technical testing (i.e., alpha
testing) and deployment of the system to first
operational units equipped. Early-on user tests would
be viewed as analogous to software beta tests and
would be approached in much the same manner. Their
objective would be to provide in-depth, real-world
feedback to the system’s developers. User test partic-
ipants like beta testers would be users or prospective
users of the eventual product. However, beta test
players would not be selected in the same manner as
today’s test players. Instead, they would be selected
more like commercial software beta testers or aviation
test pilots. They would be experienced in the technical
and tactical domains involved and trained in test and
evaluation methodology. Their job would be to provide
meaningful feedback to software and concept develop-
ers on the prospective system’s fitness for use and the
validity of proposed usage concepts. Such feedback
cannot be obtained from less sophisticated, rank-and-
file test players. From our experience, typical test
players ‘‘don’t know what they don’t know.’’

An example from a previous Army test will illustrate
the potential utility of the testing concept we are
advocating. Around 15 years ago, during the limited
user test of a biological detection system, the test player
population consisted of Army crews selected and
trained in the usual fashion along with several control
crews consisting of Ph.D.-level technical personnel from
one of the Army’s biological laboratories. As the test
progressed, test management personnel observed that the

system was not performing as intended. Rates of proper
agent identifications were not satisfactory: misses were
frequent, false alarm rates were high, and equipment
malfunctions were common. Their immediate reaction
to these system problems was to blame test player
training as inadequate. A second proposed explanation
was that the MOS involved was not appropriate for the
bio detection job. A MOS with a higher aptitude
composite and more intense background training in the
underlying content domain might be required.

After reviewing preliminary test data, the human
factors team (of which the lead author was a part)
pointed out that the performance of the control crews
was not statistically better than that of the military
crews. The control crews did not perform any better
than the Army crews participating in the test, and the
control personnel were as good as it gets, so to speak.
After reviewing these results, a decision was made to
interview the control crew members to find out why
their performance using the proposed bio detection
system was inadequate. Because of their extensive
background in the technical domain involved, control
crew members were able to tell us why the test results
were as they were. The explanation had nothing to do
with test player training or the MOS involved. It had
to do with technical inadequacies of various compo-
nents of the detection system, and these problems
could not be eliminated through training or personnel
solutions. A different system concept was required.

Having a sophisticated group of what might be
termed beta testers participating in the test provided
information that would not have been available using
routine methods for test player selection and training.
The insight provided by the control crew members
saved the Army from going down an inappropriate
remedial path and speeded the development of a
biological detection capability that was able to meet
expected performance requirements.

Use of something similar to the beta testing concept
during early and midrange user testing would avoid the
expensive, ‘‘cast-of-thousands’’ exercises that are now
common in operational testing. Fewer personnel would
be required, train-up times for participants would be
considerably shorter, and posttraining results would be
more satisfactory. In our view, similar or better test
results could be obtained far more cost-effectively
using the beta testing concept. However, abandoning
traditional concepts for test player selection and
training in favor of sole use of control test participants
might be a stretch for many in the testing community.
There also might be significant problems with the
current regulatory structure governing operational
testing (e.g., the need for ‘‘representative’’ users as test
participants). However, including carefully selected
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beta test or control crews in the test player population
would be useful in providing improved feedback to
system and concept developers. Data from control test
players might also be useful when interpreting results
from routine test participants, as was the case with the
biological detection system.

Summing up
Adequate test player training is essential to effective

operational testing of complex human–machine sys-
tems. In the absence of adequate test player training,
test validity is compromised and generalizing test
results to future operational settings is risky. Historical
pretest train-up problems are being exacerbated by the
development and fielding of complex, knowledge-
based systems used in complex ways. The end result of
these developments is that providing suitably trained
test players following old testing practices is increas-
ingly unachievable. Moreover, persisting in old test
player preparation practices inevitably results in hollow
tests that do not provide information essential for
system and concept evaluation and refinement, as well
as inviting increasing skepticism and criticism con-
cerning the validity of test results. New concepts and
methods for operational testing, particularly early user
testing, clearly are required.

We have proposed several modified operational
testing practices that hold promise for mitigating the
growing impasse between pretest training practices and
valid operational testing. These modified practices
include (1) adopting something similar to the software
beta testing concept for early operational tests, and (2)
increased use of control test players. The rationale for
these proposed changes in operational testing concepts
and procedures is straightforward: Evaluators must
obtain valid and insightful data concerning the subject
system’s performance potential and limitations along
with feedback on the efficacy of proposed usage
concepts. Inexperienced test players cannot provide
this essential feedback. Using data from inexperienced
and often inadequately trained test players as the sole
basis for system evaluation and acquisition decision
making increases the risk that systems will be fielded
without an adequate assessment of their fitness for later
operational use. %
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Enabling Test and Evaluation and Training for
Undersea Range Programs

Robert Reid

Naval Undersea Warfare Center, Newport, Rhode Island

This article discusses leveraging test and evaluation (T&E) and training programs in the

development, production, and installation of instrumented undersea ranges for the U.S. Navy

and other customers. Enabling and leveraging of this capability also touches other non-

Department of Defense arenas, such as the underwater tracking of marine mammals, with the

same infrastructure that the U.S. Fleets use for undersea warfare test and training. This

infrastructure includes an underwater sensor grid that is cabled to shore or telemetered to a

mobile platform that includes analog and digital signal processing and undersea acoustic

tracking and display hardware and software. Additionally, common digital signal processors

and universal tracking software will be integrated into programs to avoid nonrecurring

engineering and duplications of efforts. This article documents actual programs leveraging and

attempts to quantify the value of these opportunities. The future plans for this sharing of

undersea range technology are also discussed.

Key words: Infrastructure; instrumentation; real-time position data; technology sharing;

tracking software; training; undersea test range; U.S. Navy.

U
ndersea warfare (USW) tracking rang-
es have been used for more than half a
century to support the conduct of fleet
training exercises as well as the test &
evaluation (T&E) of USW systems.

These ranges consist of both fixed ranges permanently
located at a particular location and portable ranges that
can be installed (typically for short periods of time) at a
variety of locations to suit a particular exercise/T&E
event requirement. Undersea tracking ranges (UTRs)
provide the unique systems necessary for the command
and control of, and the data collection/measurement
capability for, training and T&E events. The primary
capability of UTRs is to provide the ‘‘ground truth’’
time and space position information (TSPI) of
underwater platforms with a secondary capability to
provide voice/data communications between the UTR
and the underwater platforms.

The UTRs exist for several primary reasons:

1. Provide postprocessed reconstructed data with
sufficient fidelity to analyze the results of an at-
sea exercise to enable the evaluation of USW
systems to support acquisition decisions or to
quantify the performance of system operators in
terms of meeting the mission goals. The UTR

data must be sufficient to enable the development
and assessment of tactics and enable the identi-
fication of the root causes when the exercise
reveals negative results.

2. Provide near real-time feedback on individual or
group performance in a training exercise.

3. Provide real-time position data with sufficient
fidelity to maintain a safe operating area.

4. Provide real-time position data with sufficient
fidelity to enable efficient exercise conduct.

5. Provide real-time positioning with sufficient
accuracy to recover spent weapons and targets.

These top level requirements can be grouped into
two main categories: (a) exercise analysis and feedback
(debrief), as defined in reasons 1 and 2, is required in
near real-time for test and training and (2) exercise
command and control, covering reasons 3 through 5, is
a real-time requirement.

UTRs Configuration Item
(CI) descriptions

Traditionally, UTR development/acquisition pro-
grams are thought of and discussed in terms of the site
where they are located, such as the Pacific Missile
Range Facility (PMRF), the Atlantic Undersea Test
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and Evaluation Center (AUTEC), and the Southern
California Anti-submarine Warfare Range (SOAR).
This is partially because programs have been planned
and funded for a particular range location. However,
the new paradigm for a cost efficiency strategy for
range sustainment is to deal in terms of UTR CIs. This
approach is to maximize commonality for a set of CIs
across all the ranges (fixed and portable, training and
T&E) and to sustain (upgrade, refresh, etc.) the
common CIs across all the UTRs. This is most
practical for the shore-based systems; however, there
are examples of this approach being successful for the
in-water systems.

The system architecture of a UTR, whether it is
fixed or portable or used for T&E or training, consists
of the same set of functional subsystem blocks. These
are shown in Figure 1. The primary capability of a
UTR is to provide ‘‘ground truth’’ TSPI of underwater
platforms in real-time to support exercise command
and control as well as in near real-time for exercise
analysis and feedback. Additionally, the UTR provides
the capability for voice and data communications
between the underwater platforms and the range
operators to provide situational awareness. Current
UTRs under discussion use a cooperative tracking
architecture that utilizes acoustic pingers that are
mounted on the underwater platforms being tracked.
Ping signals are received by the ocean sensor subsystem
(OSS), which consists of an array of receivers spread
across the area that comprises the UTR. The OSS
channels ping signals back to the shore (or sometimes a

shipboard ‘‘dry side’’ in the case of some portable
systems) via a shore electronics subsystem (SES) that
interfaces with a digital signal processor (DSP). The
DSP detects and time tags the ping signals, which then
go to the underwater tracking subsystem (UTS) where
the position of the underwater platform is calculated
through triangulation. The data processing, display,
and control subsystem (DPDCS) displays the TSPI in
real-time as required for exercise command and
control. TSPI is also archived for post-exercise
processing and playback. The underwater communica-
tions subsystem provides the shore side capability for
voice (UQC) and data communications (via the
acoustic telemetry modem) with the platform. Figure 2
provides a basic diagram of a UTR.

Pingers
Pingers are installed onto each platform/vehicle that

is being tracked on the UTR. The pinger emits a short
burst (10s of milliseconds) of acoustic energy at one of
the standard tracking frequencies at a regular interval
(0.25 seconds to 10 seconds typically). There are a
handful of different ping signal formats that are in use
today, each having unique properties to support its
particular application. All of the UTRs currently use
the two standard pinger units: one is a self-contained
battery powered unit designated as the Sonar Trans-
mitter Mk-84 that is used in weapons and mobile
targets; the other is a shipboard unit used primarily on
submarines and is called the Advanced Shipboard
Tracking Electronics, Portable. Both units are capable

Figure 1. Undersea tracking range architecture.
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of generating the same set of signals. The pinger
subsystem is a great example of a common CI approach
that is used across all UTRs: all procedures (installa-
tion, repair, etc.), developments and upgrades, and
logistics are managed and coordinated within a single
program sponsored by Naval Sea Systems Command
(NAVSEA).

OSS CI
The ping signals travel through the water, where

they are received on the OSS. For a fixed range, the
OSS consists of hydrophones and associated electron-
ics located throughout the tracking range area. These
sensors are mounted on the ocean bottom and
integrated with a cable system to bring the signals
back to a shore site. On fixed ranges, another
component of the OSS is the projector that transmits
UQC voice (underwater telephone) or acoustic telem-
etry data signals into the water for reception on the
underwater platforms (typically a submarine). UQC
and acoustic telemetry signals transmitted from the
submarine are received on the same hydrophones as the
ping signals. UQC capability is also referred to as
WQC high band, which operates in the 8–11 kHz
band. There is also a WQC low band, 1.5–3 kHz,

which requires a much larger projector to transmit the
signal. There are two projector cable systems in use on
UTRs today: projectors at the end of individual coaxial
cables and projectors multiplexed on mostly fiber optic
cables, which is the approach being used in all new
systems since 1995. In the fiber optic OSSs, projectors
and hydrophones share the same cable, with all the
nodes containing a hydrophone and a subset having
both a hydrophone and a projector with its associated
power amplifier. The dual nodes with both receive and
transmit capability are called bidirectional nodes. As
portable ranges have several in-water variations, only
the ‘‘dry’’ CIs will be considered here.

SES CI
For fixed ranges, the SES serves as the shore

termination component for the OSS, providing power
to the OSS and interfacing electrically (coaxial cable
OSSs) or optically (fiber optic cable OSSs) to receive
signals from the hydrophones and transmit signals to
the projectors. The SES also provides interfaces to the
DSP CI. The SES to OSS interface is highly system-
dependent for multiplexed systems. Therefore the SES
and OSS are procured together in one contract. In the
case of individually cabled projectors and hydrophones,

Figure 2. Diagram of a undersea warfare tracking range.
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the SES is composed of two separate components: the
hydrophone support electronics that provides power to
the hydrophone and amplifies the received signals and a
power amplifier to drive the projector at the end of the
cable. For modern multiplex ranges the SES receives
optical data and demultiplexes that data into channels
for the DSP to process. This is either done by analog or
digitally depending on the site configuration. This SES
also has the capability to transmit commands or control
commands out of the OSS. For portable ranges, the
SES is dependent on the OSS configuration.

DSP CI
The function of the DSP is to detect and time-tag the

acoustic pings that are received by the OSS/SES. The
current DSP configuration in use at most of the fixed
ranges is Versa Model Europa (VME)–based DSP boards
that contain eight DSP chips (either Texas Instruments
TMS320C40 or Analog Devices SHARC). As this
hardware is no longer supported by the vendor and
therefore obsolete, the next generation of DSP systems is
being developed. This hardware is based on a scalable
Linux cluster architecture that is built on commodity
personal computers (PCs) that are available from multiple
vendors. This results in highly cost-efficient, maintain-
able, upgradeable hardware and software.

The DSP for portable ranges is somewhat more
unique to the particular configuration. For cabled
systems, the DSP is nearly identical to that of the fixed
ranges (i.e., the VME DSP boards). For transponder
systems, the DSP is coupled with the transponder
system and therefore is usually procured in conjunction
with the transponder system. For buoy-based systems,
there are two variants. For the case where the signal
from the hydrophone is transmitted back to the
Portable Range Ops Center, the DSP is again similar
to that of the fixed range systems (VME DSP boards).
In the variant where the processing is performed in the
buoy, the DSP is highly dependent on the vendor of
the buoy, and current variants use a single chip DSP
that is programmed to detect the signal of interest.

UTS CI
The UTS CI consists of software that receives the

time-tagged ping information from the DSP CI and
calculates the location (TSPI) of the pinger (and
therefore the platform to which the pinger is attached).
The tracking algorithm uses the time of arrival at
multiple hydrophones in conjunction with the sound
velocity profile of the ocean environment to triangulate
the position. Presently, the UTS CI at each of the
ranges is a unique piece of software with its own
algorithms that have been customized for that range
environment. With the new approach, the UTS is

under development, and the initial version has already
been deployed at three of the ranges (AUTEC, SOAR,
and PMRF) and is being evaluated. The UTS design
was intentionally abstracted to a high level to maximize
flexibility to accommodate the incorporation of new
features or different implementations of current
features. Said another way, the UTS can be used as a
shared tracking CI with different modules or features
in use for each application.

DPDCS CI
The DPDCS CI provides the human interface to

the range system. It enables the user to configure the
display of TSPI data (both graphically and alphanu-
merically). The user is able to process data functions
such as archiving, acquisition from other sensor
systems (in addition to in-water tracking), product
generation, and control functions such as those related
to the tracking, DSP, and underwater communications
CIs. Typically, the processing, display, and control
software is hosted on a system that is composed of a
number of computer workstations networked together.
The various workstations serve different range operator
functions such as Test Conductor, Range Safety
Officer, In-water Tracking Operator, etc. Each range
has a different requirement for the quantity of
workstations required to meet its mission. Currently
the DPDCS CI at each of the ranges is a unique
software suite running on different hardware plat-
forms. This is because the ranges have had data
processing display and control CI upgrades at different
points in time and because each range has conducted
independent software modifications with the associat-
ed configuration control. Additionally, many of the
ranges use hardware workstations that are no longer
maintained by the vendor and software that is unique
to the hardware. The most recent Data Processing
Display & Control CI development (AUTEC Range-
Ware Improvement program, Initial Operational
Capability [IOC] fiscal year [FY]08) uses modern
Intel platforms (PCs) as well as software subsystems
that are not dependent on any specific operating
system. A flexible range architecture approach was
implemented to enable smoother integration of new
instrumentation and processing systems. The hope is
that other UTRs (PMRF and SOAR) will be
interested in a shared software suite for display and
control.

Underwater communications CI
The underwater communications CI provides the

shore side functions associated with both data (acoustic
telemetry) and UQC voice beyond the components
used that are part of the OSS (projectors and

T&E and Training for Undersea Ranges

30(2) N June 2009 261



hydrophones) and SES (power amplifiers and hydro-
phone switching). This includes any hardware and
software that is used to select the transmit projector
and receive hydrophone to be used. The newer variant
of the underwater control system uses custom analog
hardware integral to the SES and DSP hardware
coupled with a computer system (independent from the
DSP CI that detects ping signals) that is used as a
modem for the acoustic telemetry (a similar modem is
used shipboard as well). The acoustic telemetry
modems are referred to as the Underwater Range
Data Communications (URDC). Equipment on the
submarine is also required to communicate situational
awareness and/or voice with the UTR.

UTR program roadmap
A UTR Range Roadmap proposes an outline for

future UTR development programs that are being
executed to meet and sustain the UTR requirements.
This discussion includes programs that are currently
planned/budgeted for as well as those that are recom-
mended/proposed to be added to the budget process.

Once the shore systems have been transitioned to
shared product line CIs, software upgrades would
occur on a yearly basis and hardware refreshes would
occur approximately every 5 years. The plan would be
to align funding coincident with all ranges implement-
ing hardware refreshes. In the future, there is a
potential for all five of the shore system CIs to be
one integrated software suite running on a common
hardware platform.

DPDCS CI: This CI is the one with the least
amount of commonality across the UTRs. Under the
currently planned programs for the Future Years
Defense Plan, this situation will remain an issue. This
CI has high potential for commonality across other
ranges, not just UTRs. There is a currently funded
program in AUTEC called RangeWare Improvement
that is replacing the legacy DPDCS CI with an IOC
of FY09. The CI is built around a flexible architecture
such that it could be used at any of the UTRs with
many common software modules. There will be some
software modules unique at each range to deal with
site-specific external system interfaces, etc. The
software runs on commercial off-the-shelf PCs. The
current plan may be to include the RangeWare to
SOAR as part of the West Coast Shallow Water
Training Range program (proposed for FY09 to
implement a common DPDCS CI at SOAR).
Implementation at other ranges is not planned at this
time.

DSP CI: Within the currently planned programs in
the Future Years Defense Plan, all of the fixed UTRs
(with the exception of the Pacific Northwest Ranges)

will be transitioned to a common CI that utilizes
commercial-off-the-shelf (COTS) PC Clusters as the
hardware platform by FY10 for DSP. This is being
accomplished under the AUTEC Signal Process
Replacement, the Barking Sands Undersea Range
Expansion (BSURE) Refurbishment, and the SOAR
Refurbishment programs. This will result in all fixed
tactical training UTRs and AUTEC using DSP PC
clusters as the DSP CI by the end of FY10.

UTS CI: Currently planned programs that will
provide UTS are the RangeWare Improvement for
AUTEC (IOC FY08), PMRF UTS Upgrade (FY08)
SOAR (FY09), and the Portable Undersea Training
Range. This will result in all tactical training UTRs
and AUTEC using UTS as the tracking CI by the end
of FY09.

Underwater communications subsystem CI: There is a
URDC capability currently at both AUTEC and
PMRF. This is a standalone capability in that the
system on the shore side is not integrated as part of
either the DSP or the DPDCS system. Additionally,
there is no program funded to implement the capability
at SOAR. The proposed approach to implementing an
integrated URDC at SOAR and PMRF will be in
response to STRs in FY09–10 and at AUTEC with a
small project in FY09. This will result in all fixed
Tactical Training UTRs and AUTEC using the
Integrated URDC as the underwater communications
CI by the end of FY10, if these STRs are funded.

OSS and SES CIs: The OSS and SES CIs for fixed
UTRs are migrating to a hybrid common baseline
within the BSURE Refurbishment program at PMRF
and the SOAR Refurbishment. It is more difficult to
manage the OSS/SES CI because of the cost of these
systems and the life expectancy of 20–25 years. Future
UTR refurbishments will take advantage of the
common baseline and possibly contribute new tech-
nology/capability to the baseline. The factors that keep
the OSS and SES from being a truly single CI are that
there are unique characteristics for each range site
(most notably water depth) and not all the ranges have
been upgraded at the same time, resulting in different
technology/design implementations in each.

System Support Activity (SSA): The Ocean Systems
(OS)-SSA organization is the technical authority,
configuration management, and life-cycle support
manager with the mission to implement smart tactical
and strategic investments in USW tracking range
technologies and products to ensure the ranges have
the right capability at the right time, at the right cost to
support fleet readiness and T&E. The OS-SSA
organization that includes the range developers, range
operators, range users, and program and resource
sponsors was stood up in FY06 and has been the
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driving force behind commonality as directed by
Operational Navy (OPNAV) and Naval Air Systems
Command (NAVAIR).

The SSA is also responsible for developing standards
and controls processes across program management
(PM), systems engineering (SE), configuration man-
agement (CM), quality assurance (QA), and integrated
logistics support (ILS) disciplines. These standards and
processes are provided to development projects. The
OS-SSA is utilizing common tools across the UTR
community both for development and life-cycle
support. These tools include:

N ISO 9001:2000 Certified Organization,
N Doors Requirement Tracking Software,
N Common PM, SE, CM, ILS, and QA Process

Life Cycle,
N Common Problem Reporting System (Web-

based STR Management), and
N Common Archive for Documentation (Local

Network Drive and Web-based Repository).

Advantages of commonality
There are three advantages to leveraged programs

and technology in support of U.S. Navy undersea
ranges. These advantages are cost, schedule, and
technical risk. The estimated cost avoidance for various
CIs is listed in Table 1.

Another important consideration in the development
of programs is the right mix of government and
contractor personnel on the program. Government labs
often use a stabilized labor rate and this is a factor. A
stabilized labor rate is where the sponsor is billed the
same no matter what skill is procured e.g., a senior
engineer bills the same as an administrative assistant.
Additionally the government labs generally do not have
the production capabilities that contractors do. The
Naval Undersea Warfare Center (NUWC), however,
does hold the experience and technical capability for
undersea range development. So, the right level of make
or buy decisions goes into every program decision.

Reuse of existing designs or slight modifications of
existing architecture speeds the development program
as well. Naturally in the case of hardware and software,

obsolescence is always a factor, but the OS-SSA has
been funded to remain on top of current technology
with the larger development programs implementing
the newer technology that is made available to the
other UTRs without the nonrecurring engineering
involved. The paradigm is that one UTR takes the lead
and the other UTRs reap the benefits.

A Risk Management Plan (RMP) describes how risk
is handled within the OS-SSA development programs.
Risk management is concerned with the identification
and mitigation of problems that have yet to occur,
whereas problem solving is concerned with the
management and resolution of current issues. There
are two distinct elements of the overall OS-SSA RMP.
The first is the identification and quantification of risk
areas perceived by the program’s managers, develop-
ment engineers, and stakeholders. This process is
initiated at the program’s outset with revision
throughout the project and follows the Virtual Syscom
Joint Instruction on Risk Management issued by the
Office of the Secretary of Defense (OSD) and
documented by this process. The second element is
the use of objective risk checklists at the major design
reviews to quantify the maturity of a program’s
planning and execution in program management,
logistics, and engineering disciplines. This process is
defined in the OS-SSA Systems Engineering Man-
agement Plan.

As articulated in this RMP, the Technical Project
Manager shall ensure that the following activities are
executed for the program:

N define and assemble the risk management team,
N conduct quarterly risk assessments,
N develop and execute risk mitigation plans for

issues identified as high or medium risks,
N report on risk management status at program

design reviews, and
N maintain program records on the RMP.

Attention to risk on a regular basis has produced
programs that are more cost effective, and completed in
a timely fashion with a manageable level of risk. It also
provides a means for future programs to take advantage
of lessons learned.

Table 1. Cost avoidance of configuration items (CI).

Configuration item Cost avoidance (estimated $K) Programs supported

DSP 3,350 AUTEC, SOAR, PMRF

UTS 1,350 AUTEC, SOAR, PMRF

Common display 5,000 AUTEC, SOAR, PMRF

Underwater communications 1,000 AUTEC, SOAR, PMRF

DSP, digital signal processor; UTS, underwater tracking subsystem; AUTEC, Atlantic Undersea Test and Evaluation Center; SOAR, Southern

California Anti-submarine Warfare Range; PMRF, Pacific Missile Range Facility.
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Summary: the future
NUWC has established this leveraging philosophy

between its two main sponsors, tactical training
ranges and T&E. This process of leveraging has
proven successful in reducing the risk of technology
insertion and development, the cost of programs, and
the time it takes it takes to execute programs. This
process, with constant continuous improvement via
the ISO 9001:2000 implementation (NUWC Code
70 Range System Development has been certified
ISO 9001:2000) and other common tools, will
provide the best range systems to the Navy. Other
foreign and non-Navy customers are taking advan-
tage of this approach and an enterprise (the OS-

SSA) is in place to support products in the long
term. %
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Conformity Assessment and the Role of Laboratory
Accreditation and the International Laboratory

Accreditation Cooperation (ILAC)

Peter S. Unger

American Association for Laboratory Accreditation, Frederick, Maryland

Accreditation is a third-party recognition of the competence of an organization to perform

specified tasks. For laboratory accreditation, the recognition is by an authoritative body that has

international credibility through its signatory status as a member of the Mutual Recognition

Arrangement (MRA) of the International Laboratory Accreditation Cooperation (ILAC). The

competence of the laboratory in question is for a specific range of tests (generally referred to as the

scope). Thus we have formal recognition of laboratories as being competent to carry out a specific

set of tests. All MRA signatories use the ISO/IEC (International Organisation for

Standardisation/International Electrotechnical Commission) standard 17025 as the basis of

the assessment, and indeed, the assessment is to give evidence that the laboratory fully complies

with the standard. But laboratory accreditation is much more than this. It is a full peer

assessment of the competence of the accredited laboratory. The peer assessors are carefully selected

by the accreditation body for their expertise in the specific type of testing that is carried out in the

laboratory they are accrediting. All ILAC signatory (i.e., MRA member) accreditation bodies

have formal procedures using independent professionals who regularly verify that the technical

experts used as peer assessors are competent in their specific field of testing and are appropriate to

be used as technical assessors. With accreditation of a laboratory to ISO/IEC 17025, by an

ILAC MRA signatory (member), one really can have confidence in the reliability of the result.

It is not just a check that the laboratory operates as described in the standard, but much more.

Key words: Auditing; consumer confidence; documentation; inspection; ISO/IEC

17025; reliability; standards; test methods; traceability; trade agreements; validation.

T
he ISO/IEC (International Organisa-
tion for Standardisation/International
Electrotechnical Commission) stan-
dard 17025 gives generic guidance as
to what is covered in an assessment.

However, the standard is very general and cannot go
into specifics for each type of test. It is the detailed
specific technical issues, for each test method, that is
covered by laboratory accreditation. For each test
carried out, a test method must be followed. Each
step of this test method must be documented, and all
staff carrying out each test must be suitably qualified
and personally competent to understand the critical
issues that affect the test result. To achieve accredita-
tion for the particular test method, the laboratory must
first validate the test method to show it is giving
reliable results. These results will have an uncertainty

associated with them, which must be determined and
recognized by the laboratory. In addition, the test
result must be traceable (with a known level of
uncertainty) back to the fundamental international
measurement standards (SI units). In some instances,
standard test methods are used. In this case, the
validating test method, its level of uncertainty, and its
traceability to the SI unit are accepted in many
countries, through the acceptance of the particular
standard test method. This validation of each test
method covered in the scope of accreditation is a
fundamental requirement of laboratory accreditation.

The routine testing program is also carefully evaluat-
ed. This includes ensuring all equipment used is
appropriate and has the relevant calibrations (which
must be current). Each test series or batch must have
appropriate calibration standards and quality controls.
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These must be carefully monitored by the accredited
laboratory to ensure the results are ‘‘in control.’’ This
means the results must consistently be within a particular
range of expected values (normally expressed in terms of
standard deviations), and immediate action is taken by
the laboratory if results are ‘‘out of control.’’ Records of
quality control and actions taken by the laboratory are all
examined by the accreditation body—for each specific
test covered in the scope of accreditation.

In addition, accredited laboratories are also required
to participate in benchmark comparisons with other
laboratories—referred to as proficiency testing or in
some cases measurement audits. These comparisons
must be carried out for each major field of testing and
in some cases are required to be carried out on a
fortnightly or monthly basis.

The other requirement of the ISO/IEC 17025
standard is that all these details, including the test
methods, calibration requirements, quality controls,
and technical competence of individuals, must be
documented in a management system. As the most
widely used quality management system standard
recognized internationally is ISO 9001, the require-
ments in ISO/IEC 17025 are equivalent to ISO 9001.

Because all International Laboratory Accreditation
Cooperation (ILAC) Mutual Recognition Arrange-
ment (MRA) signatories require all these elements
from an accredited laboratory, the test results from one
laboratory can be accepted by any other party—
industry, regulator, or accreditation body—on the
same basis as any other accredited laboratory. Whereas
the level of uncertainty may change, the confidence in
the stated accuracy of the result is the same—and the
result can be applied anywhere in the world.

Unfortunately, the requirement for test results to
come from laboratories that are accredited to ISO/IEC
17025 has become so strong that there are now
misleading and fraudulent claims regarding compliance
with the standard. Accreditation to ISO/IEC 17025 by
an ILAC signatory (member) is much more than a
simple statement that the laboratory complies with the
standard. Indeed, there have been internet providers
who will attest compliance to the standard on the basis
of only reviewing the laboratory quality manual. This is
completely meaningless. Without an in-depth assess-
ment of the laboratory, its personnel, its equipment,
and the processes used for each specific test method by
competent experts, no recognition of the test results
from the laboratory can be given.

ILAC MRA signatories have recognized this issue
and now authorize the use of the ILAC MRA mark to
be used in combination with their own accreditation
symbol. This combined mark is now globally recog-
nized as giving true confidence that the test results on

the test certificate really are accurate within the stated
uncertainty limits, are traceable to the SI unit, and are
from a laboratory that has been assessed by a credible
accreditation authority for the specific test method for
which the result is quoted.

Conformity assessment and
accreditation: Their role in the market

The process of determining whether products,
processes, systems, or people meet specified require-
ments has been given the name conformity assessment.
There are a number of tools used to provide confidence
in compliance classified as conformity assessment (see
Table 1). The primary goal of conformity assessment is
to provide a user, purchaser, or regulator with the
needed confidence that a product, service, process,
system, or person meets relevant requirements. ISO’s
Committee on Conformity Assessment provides sev-
eral ISO/IEC standards on the subject.

The tools of conformity assessment are listed
roughly in the order of their emergence in Table 1
with identification (*) of their use by first parties
(suppliers), second parties (customers, regulators, trade
organizations, or others who demand compliance with
requirements), and third parties (bodies independent
from both suppliers and their customers and having no
interest in their transactions).

Some form of conformity assessment is used for
virtually every customer-supplier transaction. The most
appropriate and cost-effective mix of these tools should
be used for each product area. This mix will be different
for different types of products. For many products, a
simple self-declaration will suffice without any third-
party product or management system certification or
accreditation of the conformity assessment bodies
involved. Products that pose a higher risk of incurring
significant costs of failure (i.e., producing harm to
human safety, health, or environment) generally will
need greater assurance of conformity and thus second- or
third-party forms of conformity assessment.

A supplier’s declaration of conformity (commonly
called first-party conformity assessment) is, according
to the definition under ISO/IEC 17000:2004, a
conformity assessment activity that is performed by
the person or organization that provides the object.

Table 1. Tools of conformity assessment.

First party Second party Third party

1. Suppliers’ declaration *

2. Inspection * * *

3. Testing * * *

4. Certification *

5. Accreditation *
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Low-risk products in which the market or regulation
reduces adverse consequences of nonconformities
before those consequences become unacceptable to
society rely on conformity assessment by the first party.
The supplier performs all the necessary conformity
assessment activities resulting in a self-declaration of
conformity. The declaration may be in the form of a
certificate, brochure, manual, or product or packaging
markings.

A supplier’s declaration of conformity may be
supplemented by the other forms of conformity assess-
ment: typically inspection and/or testing of the product,
auditing of related product production systems and
processes, and, more recently, certification (or registra-
tion) of the supplier’s quality management system.

Inspection, testing, and auditing are the most
common types of conformity assessment. Most prod-
ucts fall into the category in which supplier’s assurance
is sufficient. The international standard covering this
activity is ISO/IEC 17050:2003, Conformity Assess-
ment: Suppliers declaration of conformity.

Inspection is a tool used by first, second, or third
parties. Inspection processes demonstrate conformity
of the actual products inspected or a lot from which
sample products are drawn. Inspection works for
product characteristics that can be easily examined.
Inspection is also used to ensure component parts have
been installed correctly such as in building construc-
tion. Inspection of critical mechanical components on
machinery that inevitably wear out over time is
particularly important to ensure human safety. Eleva-
tors, construction cranes, and airplanes are typical
examples where inspection is essential and obviously
mandatory. Inspection bodies usually have to demon-
strate varying degrees of independence from the
products and processes subject to their inspection.
The standard for inspection bodies is ISO/IEC
17020:1998, General criteria for the operation of
various types of bodies performing inspection.

Testing
Laboratories perform tests and report data. These

data are used to determine whether tested samples
demonstrate conformity with requirements. Type
testing are tests conducted on samples representing
production. Other testing may be used to control
production processes and check actual production units
or as part of an inspection process. Laboratories can be
first, second, or third parties. Virtually all products can
be subject to one or more tests from design through
production, distribution, and final use or consumption.
Testing is most useful to check for compliance with
specification requirements that cannot easily be
discerned by the consumer. Electromagnetic compat-

ibility (EMC) is a typical example of a product
characteristic in this category. With the growing use
of electronic controls, demonstration of EMC testing
for a variety of devices is a must. The standard for
laboratories is ISO/IEC 17025:2005, Conformity
Assessment—General requirements for the compe-
tence of testing and calibration laboratories.

Certification is defined in ISO/IEC 17000:2004 as
third-party attestation related to products, process,
systems, or persons. Certification has two essential
aspects. It is done by a third party and includes
surveillance activity. Surveillance is conducted to ensure
ongoing conformity once initial conformity is confirmed.
Certification is very useful in situations in mass-
produced products, and their characteristics cannot
readily be inspected. The standard for product certifica-
tion bodies is ISO/IEC Guide 65—General require-
ments for bodies operating product certification systems.

Aside from product certification, another major type
of certification is management system certification,
especially quality and environmental management
systems that have emerged in the last 20 years. In
North America, certification of management systems is
referred to as registration. Registration involves
auditing the conformity of an organization’s imple-
mentation of its policies and procedures in accordance
with the requirements of quality and environmental
management system standards such as ISO 9001 and
ISO 14001. There are several other sector-specific
management system standards that are the basis for
certification, and more are emerging. The standard for
certification bodies is ISO/IEC 17021:2007, Confor-
mity Assessment—General Requirements for bodies
providing assessment and accreditation for manage-
ment systems.

The role of accreditation
Along with the growing use of these conformity

assessment tools has come the need to assure the
competence of conformity assessment bodies through
accreditation. Accreditation is defined in ISO/IEC
17000:2005 as third-party attestation related to a
conformity assessment body conveying formal demon-
stration of its competence to carry out specific
conformity assessment tasks.

Accreditation of laboratories is perhaps the oldest
and most widespread type of conformity assessment
accreditation. Laboratory accreditation involves peri-
odic on-site assessment by technical experts supported
by successful participation in available proficiency
testing programs. Requirements for accreditation
bodies are addressed in ISO/IEC 17011:2005 Con-
formity Assessment—General requirements for bodies
providing assessment and accreditation of conformity
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assessment bodies. The criteria for accreditation are
those cited above plus specific technical and program-
matic requirements in assessing the competence of
bodies to carry out specific conformity assessment
tasks. Accreditation provides confidence that confor-
mity assessment bodies operate with integrity as well as
competence.

Accreditation facilitates a competitive market for
conformity assessment by establishing and enforcing a
minimum ‘‘bar’’ that the bodies must meet to have their
results accepted. This competition can serve to make
conformity assessment more efficient, effective, and
responsive to the needs of the marketplace. Accredi-
tation can also facilitate the acceptance of products in
foreign markets based on conformity assessment
conducted domestically. This can reduce the cost of
demonstrating conformity for the supplier by limiting
the number of conformity assessment bodies that the
supplier has to use to enter multiple markets.

For many products, supplier’s declaration of confor-
mity supported by accreditation of its laboratories
(either in-house or third party) may suffice. For some
products, however, a mix of conformity assessment
tools provided by third parties and supported by
accreditation may well be needed for products having
significant health, safety, environmental and failure-
cost considerations. For products distributed globally,
the need for various forms of third-party conformity
assessment underpinned by accreditation increases.
The appropriate mix of conformity assessment tools
supported by accreditation needs to be determined on a
case-by-case basis. Generally, the higher the risk of
products causing harm the more likely the need for
accredited third-party conformity assessment. Figure 1
depicts the relationships of conformity assessment and
accreditation to the marketplace exchange between
first and second parties.

The role of multilateral MRAs
The primary role of conformity assessment is to

provide confidence for users that the requirements
applicable to product and systems have been met. One
of the reasons why internationally traded products and
services are subject to repetitive conformity assessment
is the lack of confidence by users of conformity
assessment in one country regarding the competence
of bodies carrying out the conformity assessment in
other countries. As discussed above, the primary role of
accreditation is to provide confidence for users of
conformity assessment services that the applicable
conformity assessment bodies are competent to carry
out such conformity assessments. Confidence in the
work of accreditation bodies as well as conformity
assessment bodies is therefore essential to purchasers

and regulators. Such confidence, in turn, contributes to
market acceptance.

Determining the competence of accreditation bodies
is established by multilateral MRAs among accredita-
tion bodies. On the global level, the ILAC and the
International Accreditation Forum have MRAs cover-
ing testing and certification, with inspection soon to
follow. These arrangements are being established to
reduce cross-border barriers to the acceptance of
conformity assessment results and to eliminate redun-
dant conformity assessments and accreditations that
may now be required. It is widely agreed among the
accreditation world and many international trade
officials that further layers or levels of approval on
top of this hierarchy are not necessary and would just
add costs without any real benefit. The current effort
by the National Cooperation for Laboratory Accred-
itation has strayed from this framework by the
elimination of the MRA and adopting a ‘‘vertical’’
recognition scheme. Peer evaluation has been aban-
doned, making mutual recognition and acceptance
impossible. ISO/IEC 17040:2005, Conformity As-
sessment—General requirements for peer evaluation of
conformity assessment bodies and accreditation bodies,
provides criteria for peer evaluation policies, practices,
and procedures.

Figure 2 illustrates a hierarchy of three levels: the
conformity assessment level, the accreditation level,
and the recognition level. The conformity assessment
level is directly connected to the customer-supplier
transaction. The accreditation level is the level
providing assurance of competence at the conformity
assessment level. The recognition level consists of a
series of multilateral mutual recognition arrangements
among accreditation bodies overseeing the accredita-
tion level.

Figure 1. Conformity assessment and accreditation.

Unger

268 ITEA Journal



Technical barriers to trade
The World Trade Organization (WTO) developed

the Technical Barriers to Trade Agreement, which is
also referred to as nontariff barriers. Clearly, if
acceptance of conformity assessment reports is a
requirement for trade, then the nonacceptance of such
a report is a nontariff barrier.

In many economies, regulators now recognize the
benefit of the enormous cost savings to taxpayers, and
the reduction in compliance costs, by several regulators
all accepting conformity assessment reports from
accredited organizations, rather than undertaking their
own duplicate audits, tests, or inspections. In general,
regulators have recognized that the assessment under-
taken by MRA signatories are both more rigorous and
more comprehensive than the audit generally under-
taken by a regulator. The involvement of a technical
expert as a peer-assessor gives added credibility to the
accreditation assessment.

In many jurisdictions, the regulators who recognize
the value of accreditation also recognize and use the
benefits from the MRA process. For example, several
countries’ radio frequency spectrum regulators now
recognize all EMC test reports from any country,
provided they are from a laboratory that is accredited
by an ILAC MRA signatory.

The role of the regulator
Clearly, the primary role of any regulator is to protect

the health and safety, or the environment, for its own
citizenry. However, many regulators have recognized

that they can achieve their primary aim and still not
hinder trade by utilizing some basic common elements.

In areas where many regulators use the same
common standards (as in the case for EMC), then a
common process for recognizing competent laborato-
ries to test against these common standards should be
welcomed. The ILAC MRA provides just such a
process in a cost-effective, transparent manner.

In areas where different technical standards are used
(frequently an issue between the United States and
Europe), the recognition of competent laboratories
provides an evermore valuable tool, as an accredited
laboratory in ‘‘Country A’’ can be recognized as
competent to assess compliance with the testing
standard mandated by the regulator in ‘‘Country B.’’
Even though the regulatory requirement differs in the
two economies, the ability to recognize the same
conformity assessment process actually facilitates trade
and removes the need for further intervention (and
increased cost) at the regulatory level.

The ILAC MRA
On November 2, 2000, 36 laboratory accreditation

bodies, all full members of the ILAC, from 28
economies signed a multilateral MRA (ILAC Ar-
rangement) in Washington, D.C., to promote the
acceptance of technical test and calibration data for
exported goods. The aim of the ILAC Arrangement is
to develop a global network of accredited testing and
calibration laboratories that can be relied upon to
provide accurate results.

Figure 2. Conformity assessment accreditation hierarchy.
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The ILAC started as a conference in 1977 with the
aim of developing international cooperation for
facilitating trade by promotion of the acceptance of
accredited test and calibration results. In 1996, ILAC
became a formal cooperation with a charter to establish
a network of MRAs among accreditation bodies that
would fulfill this aim. ILAC was incorporated in 2002.
The ILAC Arrangement was the culmination of 23
years of intensive work.

Now, 8 years after the ILAC Arrangement’s effective
date of January 2001, 62 laboratory accreditation bodies
from 48 economies are signatories to the ILAC
Arrangement to promote the acceptance of accredited
test and calibration data. This ILAC Arrangement
provides significant technical underpinning to interna-
tional trade. There had been no truly global MRA in
laboratory accreditation up until then. This has been a
hindrance for some types of international trade. The
strength of the ILAC Arrangement is the establishment
of a global network of accredited testing and calibration
laboratories that are assessed and recognized as
competent by accreditation bodies that are signatory to
the ILAC Arrangement. The signatories have, in turn,
been peer reviewed and shown to meet ILAC’s criteria
for competence. Government is taking advantage of it to
further develop or enhance and underpin government-
to-government trade agreements. The ultimate aim of
the ILAC Arrangement is increased use and acceptance
by industry and government of the results from
accredited laboratories, including results from laborato-
ries in other countries. In this way, the free-trade goal of
‘‘a product tested once and accepted everywhere’’ can be
realized.

The foundation of the arrangement
The principal elements for establishing confidence

among the participating systems within ILAC are
listed below. These elements are designed to ensure
conformance with the ILAC requirements to establish
and maintain mutual confidence in the technical
competence of ILAC members and their accredited
laboratories. The elements are:

1. exchange of information on the development and
operation of accreditation programs of ILAC Full
Members, Associates, and Affiliates;

2. participation in the work and decision-making of
the ILAC General Assembly and ILAC commit-
tees and regional cooperations where applicable;

3. participation in international interlaboratory
comparisons and proficiency testing programs;

4. participation of accredited laboratories in domes
tic and international interlaboratory comparisons
and proficiency testing programs;

5. evaluations of applicants and re-evaluations of
signatories to this Arrangement conducted in
accordance with the relevant ILAC and regional
cooperation documents;

6. observations of assessments undertaken by appli
cant accreditation bodies and Arrangement sig-
natories, during which the bodies determine
whether their customers meet the requirements
of ISO/IEC 170251 or other standards that
ILAC deems to be suitable for accreditation; and

7. confidence in the metrology institutes which
underpin the traceability claims of the laborato-
ries by the Arrangement signatories and support
of the measurement comparison activities of
Comite International des Poids et Mesures and/
or regional metrology organizations.2

The ILAC Arrangement is based on the results of
an intensive evaluation of each body carried out in
accordance with the relevant rules and procedures
contained in several ILAC publications.3

Each accreditation body that is signatory to the ILAC
Arrangement agrees to abide by its terms and conditions
and by the ILAC evaluation procedures and shall

N maintain conformance with ISO/IEC 17011
(and future versions thereof),4 related ILAC
guidance documents, and a few but important
supplementary requirements, and

N ensure that all accredited laboratories comply
with ISO/IEC 17025 (and future versions
thereof) and related ILAC guidance documents.

The signatories have, in turn, been peer reviewed
and shown to meet the ILAC criteria for competence.

The ILAC Arrangement builds upon existing or
developing regional arrangements established around
the world. The bodies participating in these regional
arrangements are responsible for maintaining the
necessary confidence in accreditation bodies from their
region that are signatories to the new ILAC Arrange-
ment. Each recognized Regional Cooperation Body
must abide by the procedures defined in ILAC
requirements documents. Currently, the European
cooperation for Accreditation and the Asia Pacific
Laboratory Accreditation Cooperation are the only
ILAC-recognized regions with acceptable MRAs and
evaluation procedures. The Inter-American Accredi-
tation Cooperation and Southern African Develop-
ment Cooperation for Accreditation are still under
development. Other regional cooperation bodies being
developed in other parts of the world are in their
infancy. Accreditation bodies that cannot be affiliated
with a recognized regional cooperation body may apply
directly to ILAC for evaluation and recognition.
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The evaluation of an accreditation body to establish
its qualifications to be a signatory involves a team of
peers (generally senior staff of experienced accredita-
tion bodies). Evaluations include time spent at the
head office of the applicant body to determine
compliance with ISO/IEC 17011. The evaluators also
witness the performance of the applicant’s assessors
during actual assessments to determine if the labora-
tories are in compliance with ISO/IEC 17025 and if
there is sufficient depth of examination to determine
competence.

In order to maintain the value and meaning of the
Arrangement, the signatories agree to notify each other
about any significant changes in the status or operation
of the body. Issues of significance include changes in
name or legal/corporate status; new agreements
negotiated with other accreditation bodies or the
revision, suspension, or termination of any agreements;
changes in key senior staff or the organizational
structure; or significant changes in the operations of
the body. Each signatory to the Arrangement must also
designate a liaison officer to afford a consistent channel
of communication between the accreditation bodies.

Re-evaluations take place at maximum intervals of 4
years. For some signatories, re-evaluations or follow-up
evaluations occur more frequently depending upon
actual performance and stability of the body.

The benefits
Government and industry are taking advantage of

the ILAC Arrangement. Governments are using it to
further develop, enhance, and underpin government-
to-government (mandatory sector) trade agreements.
Another important step that is already underway
involves government acceptance of the results from
accredited laboratories. Regulatory agencies around the
world, including in the United States, are beginning to
accept the results from testing and calibration labora-
tories that are accredited by accreditation bodies that
are signatories to the ILAC Arrangement, without
direct government review, including results from
laboratories in other countries.

Many specifiers, like government agencies, have
come to appreciate the importance of credible accred-
itation programs that are based on internationally
recognized standards. With restricted budgets, many
government agencies can no longer do it all themselves;
increasingly, they must rely on third-party laboratories
to support their regulatory efforts. When they do so,
they need a fair and meaningful basis for identifying
qualified providers. Accreditation provides such a basis,
and the ILAC Arrangement provides a means for
recognition of acceptable accreditation bodies and the
test reports of their laboratories.

Industry users of test and calibration data similarly
can take advantage of the ILAC Arrangement.
Industry users will have greater confidence in the
accuracy of the test or calibration reports they are
purchasing because they have been generated by a
competent facility. Manufacturers also gain from
accreditation. Instead of their own on-site assessments,
they can defer to the assessments of competent
accreditation authorities that are ILAC Arrangement
signatories, thus saving resources and money.

This is encouraged by the WTO Agreement on
Technical Barriers to Trade. WTO members shall
ensure, whenever possible, that results of test proce-
dures from other members are accepted, even when
those procedures differ from their own, provided they
are satisfied that those procedures offer an assurance of
conformity with applicable technical regulations or
standards equivalent to their own procedures.

It is recognized that prior consultations may be
necessary in order to arrive at a mutually satisfactory
understanding regarding, in particular:

‘‘6.1.1 adequate and enduring technical com-

petence of the relevant conformity assessment

bodies in the exporting Member, so that

confidence in the continued reliability of their

conformity assessment results can exist; in this

regard, verified compliance, for instance through

accreditation, with relevant guides or recommen-

dations issued by international standardizing

bodies shall be taken into account as an

indication of adequate technical competence;’’5

The ILAC Arrangement is the best tool to provide the
‘‘verified compliance’’ demanded by the TBT Agreement.

Conclusion
The ILAC Arrangement builds confidence among

accreditation bodies and their ability to determine the
competence of a laboratory to perform tests or
calibrations. Confidence facilitates the acceptance of
testing and calibration results within and between
countries when the results can be demonstrated to
come from accredited laboratories. This ultimately
helps to reduce some technical barriers to trade.
Through the ILAC Arrangement, the foundation for
realizing the ideal of having products ‘‘tested once and
accepted everywhere’’ has been established. %
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Planning an International Test Program for the United
States Department of Defense

Charles P. Wentz
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While proposal preparation for a U.S. Department of Defense (DoD) agency offers its own set

of challenges all by itself, partnering with foreign companies offers added challenges, logistics

issues, and even rewards. In planning a joint developmental test program, the issues appear to

become magnified and more critical. This article addresses some of the test and evaluation

(T&E) and administrative issues that confronted this author on a major DoD solicitation.

The biggest challenges were (1) International Traffic in Arms Regulations restrictions that

required advanced approval of every question to be asked the foreign teammate, (2) the response

time in obtaining such approval from overworked International Traffic in Arms Regulations

representatives, (3) the reluctance of the teammate to share much technical information, and (4)

ultimately the teammate’s refusal to share some data that would be required in the proposal

submittal. Logistic issues that came up are identified as well as some of the rewards. Lessons

learned are also discussed.

Key words: International proposal teams, military contracts, International Traffic in

Arms Regulations, European Union, technical information, proposals.

W
hile working for a U.S. company,
this writer was assigned to a
preproposal effort for a possible
bid on a military contract. The
specific assignment was to lead a

company team to develop a military certification test
program plan and to identify candidate domestic
facilities to be used for testing. The U.S. company
teamed with a European Union (E.U.) company that
was to provide a platform, and the U.S. company was
to perform modifications and install medical–rescue
equipment.

ITAR overview
A short overview of some International Traffic in

Arms Regulations1 (ITAR) definitions and require-
ments is appropriate for a better understanding of this
discussion. ITAR regulations dictate that information
and material pertaining to defense-related technologies
may only be shared with U.S. persons unless approval
from the Department of State is received or a special
exemption is used. A U.S. person can be a U.S. citizen
or company that is incorporated in the United States
under U.S. law (and can be other things, as well). A
foreign entity (person or business) simply does not
meet the requirement of U.S. person. In addition, a

U.S. company that is a subsidiary of a foreign-owned
company is considered a non-U.S. entity under the
ITAR. The fundamental issue the regulations are
concerned with is information and products pertaining
to military technology, i.e., technology not derived
from a commercial source. Any technical discussion
pertaining to military technology in which the
information flow is from a U.S. entity to a non-U.S.
entity must be approved in advance by an ITAR
representative. This representative is typically an
employee of the U.S. corporation. Severe penalties
can be (and have been) imposed upon individuals and
corporations who violate the ITAR.

Although the ITAR serve an extremely important
and valuable purpose, the imposition of anything new
in a corporation often requires a corporate culture
change, and culture change takes time. Establishing an
internal office whose exclusive purpose is to address
ITAR issues is a first step; staffing that office with
personnel sufficient to handle all the international
dealings of the company is also important.

The following section addresses the challenges,
logistics, and rewards of this writer’s experience with
an international preproposal effort. Although some
details could provide a more colorful approach to this
topic without risk of ITAR or company-proprietary
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infringement, the ensuing discussion is widely appli-
cable and need not be encumbered with specifics.

Discussion
The Challenges

The challenges faced in this partnership between the
U.S. company and the E.U. company could be
characterized as general, logistical, and technical. In
no particular order, the primary challenges in the joint
effort were the following:

1. The ITAR required that every question asked of
the E.U. company and every topic discussed be
approved by the ITAR in advance. This require-
ment led to considerable nervousness among the
project team members caused by fear that an
ITAR would be violated. That fear was alleviated
when an ITAR representative was assigned
exclusively to the company team for the duration
of the effort. This representative did an excellent
job of clarifying specific dos and don’ts.

2. Prior to the assignment of an individual ITAR
representative to the effort, the response time for
obtaining necessary approvals from other over-
worked ITAR representatives was usually a
minimum of a few days. Shorter response times
were certainly desired and usually needed for
greater efficiency.

3. The E.U. company (platform manufacturer) was
reluctant to share much technical information with
the U.S. company. Its representatives usually spoke
in generalities, offering few specifics. This reluc-
tance was understandable for several reasons.
Because the ITAR did not permit the U.S.
company to share much technical information
with the E.U. company, the E.U. company may
have developed a sense of mistrust, despite the fact
that the U.S. company lacked the business
direction and capacity to compete with the
teammate (which is the reason there was a team).
Also this was the first time these two companies
were teamed, so each was getting to know the
other and learning how to work together.

4. Ultimately the E.U. company absolutely and
emphatically refused to share information that
was required to be submitted in the proposal to
DoD if credit for that work was desired. This was
a show-stopper. (The information sought that
would be required in the formal proposal was the
teammate’s test data that could demonstrate to
the U.S. military that some DoD certification
requirements had already been met. Evaluation
of test data was an acceptable means of
compliance.) Interestingly the requirement for

this information was communicated to the E.U.
company early in the effort. For whatever reason it
was 8 months before the E.U. company voiced this
refusal. Whether this was its response to the U.S.
company’s limited information sharing or simply
its compliance with its own proprietary require-
ments is unknown. Regardless, in the early days of
the effort, the E.U. company indicated that data
would be forthcoming; later it would claim
ignorance on any data-sharing statement. Differ-
ent E.U. company reps made different (false)
promises until a meeting on the last day of a trip in
their country: The answer was an emphatic ‘‘no.’’
Eight months had passed. Three days later the
U.S. company announced that the team would not
participate in the competition.

There were other challenges that were not as
significant as the aforementioned but were frustrating
nonetheless. These included:

5. One point of confusion initially with respect to
ITAR was a list of topics that could not be
discussed. As stated these topics were general and
required interpretation and clarification.

6. Some topics could be discussed separately but not
together! This guidance generated considerable
confusion; consequently some topics were not
discussed at all.

7. One systems engineer served as both a project
manager and unofficial ITAR person. Although
his systems engineering skills were needed, he
became so familiar with the ITAR, their
interpretation, and specific examples that he
became a reliable substitute for an initial
assessment when an ITAR representative was
unavailable. This significantly affected his ability
to perform his primary job.

There were technical challenges, of course, and these
included:

8. Terminology differences between English and
the E.U. company’s language presented both a
perplexing challenge and an enjoyable learning
experience once the terminology was clarified and
each teammate knew what the other meant.

9. A common problem in many DoD procurements
is ‘‘requirements creep’’—the addition of new
requirements or changes to previously stated
ones. As stated verbally and written in the
original draft request for proposal, the DoD
agency had specified requirements for a ‘‘medi-
um-size’’ product; however, upon release of the
final request for proposal, several requirements
had been reworded to reflect a ‘‘large-size’’
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product. Additionally some requirements were
mutually exclusive. Although this particular
challenge was unrelated to the international
nature of the discussion herein, it nevertheless
presented an unsolvable problem that resulted in
a no-bid decision by the team.

Logistics
Some logistical problems and characteristics of

international business were predictable, but some were
not foreseen. Some logistics issues were:

1. A significant time-zone difference meant that
schedule adjustments were necessary by both
parties to accommodate direct communication.

2. The E.U. company had offices in the United
States, including one in the same city as the U.S.
company. This convenience helped in some
regards, but periodically joint meetings were held
at the teammate’s offices. Because of the resulting
overcrowding in limited available space, these
meetings were considerably time-consuming
more often than not.

3. On two occasions a small group from the E.U.
company stayed in the United States for extended
periods. Several of the visiting E.U. company
personnel were colocated in-house with the U.S.
company’s personnel, solving the problem iden-
tified in item 2. The U.S. company’s facility was
sufficiently large to accommodate the additional
personnel. The facility consisted of both private
offices and cubicles. Only those in private offices
could discuss technical information unapproved
by the ITAR office; those in cubicles had to lock
all papers in a safe anytime the cubicle was
unattended.

Rewards and benefits
It is safe to state that all parties—both companies

and all personnel involved—benefited from the
collaboration, both personally and professionally. The
opportunity presented to U.S. company personnel to
travel overseas and do some touring was welcomed by
most. On the professional level, the opportunity to tour
the E.U. company’s manufacturing facility and learn its
manufacturing techniques was interesting and invalu-
able. Outstanding hospitality was shown by the hosts.
Good relationships were developed, albeit short-term.

Lessons learned
Lessons learned in this international collaboration

include time-tested, relearned truths, as well as new
tenets; some are:

1. Patience is a virtue. Be prepared to need to be
patient.

2. Patience is not always rewarded.
3. Do unto others as you would have them do unto

you. Treat all teammates well; after all, they are
on your team. Be gracious.

4. Attempt to speak the language. It generates
mutual interest, friendliness, and respect. (For-
tunately this writer knew enough of the foreign
language to put smiles on the visitors’ faces and
to communicate basically when in their country.)

5. If the U.S. company is not permitted to share
information with the foreign teammate, do not
expect the teammate to be authorized to share
information either.

6. Having an ITAR representative dedicated to the
effort was a considerable help.

Recommendations
The following recommendations stem from this

writer’s one experience with one foreign teammate on
one short-lived collaboration:

1. Establish an ITAR team dedicated to the effort,
not just a few people covering all programs and
proposals. Acting on this recommendation
may require hiring more personnel solely for
ITAR compliance, but it would also improve
efficiencies of the effort as a whole. For example,
obtaining fast ITAR approvals and answers to
questions allows better use of time overall; also
assigned ITAR representatives could have dual
assignments.

2. If possible, include an ITAR representative in
every discussion with the teammate.

3. Hire a good interpreter, especially one who can
interpret technical terminology.

Conclusion
International programs involving T&E offer won-

derful opportunities for expanded technical and
professional experiences, travel, and the appreciation
of cultural similarities and differences. Such collabora-
tions also offer many challenges—challenges arising
from regulatory and technical issues to logistics and
language barriers.

It was speculated at the time that one possible
purpose for this particular proposal-teaming effort was
to identify as many problems and issues as possible that
needed to be overcome in preparation for a future,
much larger proposal effort that would also be worked
by the same companies. %
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Any level of research into the test and evaluation (T&E) of complex systems will show that

T&E is a daunting task. Scoping and planning a T&E program in advance of development

could be considered an art of analysis and prediction. Conducting and reporting a T&E

program could be considered an art of balance and management of the test sufficiency, cost,

schedule, and risks. A test manager or director who has been involved with complex system

programs will attest that the test program is in most cases undercut or overwhelmed by system

development efforts or system integration complications. Additionally, to stay within cost and

schedule, programs make adjustments to operational procedures, training, deployment schedules,

and the planned capabilities for implementation. As budgets get tighter, government agencies

need to be more cost effective and efficient in their acquisitions without sacrificing quality.

Therefore, T&E process improvements are geared toward finding, reporting, and resolving

defects and suitability issues as early in the product life cycle as possible, where the costs, schedule,

and technical risks have the least impact. This article explores the verification and validation of

complex systems in the Federal Aviation Administration by discussing a systems thinking

approach for verification and validation; benefiting from verification and validation

throughout the product life cycle; and capability based T&E and the effective use of measures.

Key words: Air traffic management; national airspace; NextGen; system of systems;

systems thinking; verification and validation.

A
s the Federal Aviation Administration
(FAA) makes dramatic strides to
improve capacity, efficiency, security,
and safety through the implementa-
tion of Next Generation Air Trans-

portation System (NextGen) capabilities, the test
program will depend more than ever on the ability to
provide effective planning, test measures, test conduct,
and reporting. NextGen will be a system of systems
with new operational concepts that expand the bounds
of the current National Airspace System (NAS) into
the cockpit. With these new challenges, the art of test
and evaluation (T&E) will be to perform in accordance
with all required standards and best practices without
being undercut or overwhelmed.

The evolving T&E environment
and culture

With NextGen, the need for more effective,
efficient, and comprehensive T&E services will be
greater. FAA’s focus will shift from air traffic control
to air traffic management. NextGen will move toward
using precise navigation to enable greater flexibility
with airports and to permit more precise departure and
arrival paths. To implement these NextGen capabilities
with tighter safety thresholds, programs will depend on
T&E services that provide thorough analysis and
comprehensive test coverage with decision support
reporting methods. The NextGen environment will
culturally change the FAA’s service domain functional
view. Capabilities implemented through service do-
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mains such as En Route, Terminal, Communications,
Surveillance, Navigation, and Weather will share
common information and be more integrated into
the NAS rather than operate as separate and distinct
services that operate autonomously. With NextGen,
the NAS will operate as a system of systems and use
available communication paths to be fully network
enabled to access and exchange the right information at
the right time. Because NextGen capabilities will be so
closely tied together and share common data, T&E
managers and test practitioners will be required to have
a greater knowledge of the interactions between
systems across the NAS.

Increasingly, sound and practical T&E practices are
viewed as a critical link to quality in the technology
industry. Therefore, T&E involvement is needed in all
major phases of the system or product life cycle. In
government acquisitions, the T&E focus is expanding
from rigid requirements-based testing to include flexible,
capability-based testing. Testing and reporting on
operational capabilities provide decision makers with
more relevant information on the state of the system or
product. Specifications and detailed requirements support
product design and development, but have been found to
be sometimes inadequate as a sole means for verification
and validation (V&V) of system or product. Combining
requirements and capability-based testing that follow
standardized V&V processes, which are continuously
improved upon, is an optimum approach that is
consistent with industry best practices and quality T&E.

As budgets get tighter, government agencies need to
be more cost effective and efficient in their acquisitions
without sacrificing quality. Therefore, T&E process
improvements are geared toward finding, reporting,
and resolving defects and suitability issues as early in
the product life cycle as possible, when the costs,
schedule, and technical risks have the least impact.
Program costs and impacts increase with each phase of
the product development and life cycle. In today’s
economic environment, it is in the best interest of the
program to optimize the program by taking both minor
steps and major steps that contribute toward detecting,
reporting, and resolving defects in the earlier phases of
the product life cycle.

This article explores the V&V of complex systems in
the FAA by discussing the following topics in the next
three sections:

N a study on the systems thinking approach for
V&V,

N benefiting from V&V throughout the product life
cycle, and

N capability-based T&E and the effective use of
measures.

A study on the systems thinking
approach for V&V

According to legendary systems thinker Peter Senge
(2006), a shared vision is capable of uniting a company
or agency of distinct divisions. NextGen is that shared
vision for FAA and its partners. Therefore, the
traditional practice of developing a system and then
handing it ‘‘over the wall’’ to the test group is no longer
appropriate. As Senge would argue, a systems thinking
approach is needed. Supporting this claim, Carlock,
Decker, and Fenton (1999) analyzed the NAS. They
concluded that the NAS is a system of systems and,
therefore, requires a multilevel process methodology.
This multilevel process includes the enterprise level,
system level, and implementation level. Considering
each of these levels together constitutes a systems
thinking approach. Yet, what is a system of systems
and how does it apply to NextGen? Furthermore, what
is a systems thinking approach?

Maier (1998) claims a system of systems is different
than traditional systems. His definition of a system of
systems is a collection of component systems with two
additional properties. Each component system must
have its own purpose independent of the other systems,
and the component systems must maintain their
independence. Lane and Boehm (2008) describe a
system of systems as the integration of new and
existing independent systems. Boardman et al. (2006)
reviewed 41 papers related to system of systems and
extracted commonalities from the definitions. Similar
to Maier, they divide the various traits into five
descriptive characteristics, which they call the system of
systems characteristics. Boardman and Sauser (2008)
claim these characteristics define a system of systems as
well as differentiate it from other systems. These
‘‘essential characteristics’’ are given the names auton-
omy, belonging, connectivity, diversity, and emer-
gence. The meanings of these characteristics are
presented at a high level, but they can be applied to
NextGen to determine its status as a system of systems.
Autonomy exists in the NextGen system of systems
because each interface and system is designed for a
purpose and will be expected at some level to discretely
fulfill its intended function or service. The collection of
systems will be dynamically connected and belong to
the system of systems by contributing to the overall
goal of NextGen. Although each system has its
individual goal, they also contribute to the overall
goal. Obviously these systems will be diverse as their
functions range from tracking aircraft to providing a
common weather picture. The final characteristic of
emergence is evident in the final product. By
combining multiple independent systems, the Next-
Gen emerges with the ability to meet future demands
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and increased capacity to avoid gridlock in the sky and
at airports. Hence, NextGen is clearly a system of
systems according to the stated characteristics. As
confirmed by Carlock, Decker, and Fenton, a system of
systems requires more than traditional systems engi-
neering, it requires a systems thinking approach.

Systems thinking is a way of approaching a problem
or situation, and therefore there is no single method-
ology of systems thinking. Nonetheless, there is
varying guidance on how to use systems thinking.
Senge attempts to identify systems thinking for
management purposes. Frank (2000) makes an attempt
to apply it to engineering by listing 30 laws of systems
thinking. Boardman and Sauser present system think-
ing concepts that can apply to management or
engineering. All authors argue that the whole system
must be considered as well as the interaction between
elements, which is different than traditional reduc-
tionism of science. As will be presented in later
sections, systems thinking is implemented for the T&E
program via the V&V life cycle approach.

Part of Senge’s systems thinking description is the
relation of cause and effect (Senge 2006). In linear
thinking, an effect is thought to follow a cause.
Although this linear flow of events is common, it is not
mandatory. In many situations the effect of a particular
cause takes time to manifest. An example of an
application of this philosophy is untestable require-
ments, such as the user-provided requirement ‘‘the
system shall be user friendly.’’ This requirement is
desirable yet vague. A user friendly system might mean
something different to the tech-savvy computer
specialist than to a computer-phobic manager. There-
fore the requirement of user friendly may not have an
impact until the system is fielded, which may be years
after the requirement was identified. Hence, a systems
thinking approach in this case provides a means to
identify and mitigate the cause before the undesirable
effect can occur. To implement this tactic for
NextGen, T&E services must get involved as early as
possible for all projects.

Several of Frank’s systems thinking-based laws are
directly relevant from a T&E perspective. His seventh
law directs the systems thinker to always consider
testability as well as other T&E concepts. The 12th
law addresses testing by directing the systems thinker
to look for patterns and repeated structures when
problems arise. Complementing this statement is law
22, which indicates that no one person or group can
understand fully a complex system (Frank 2000).
Taken together, these two laws indicate a need for
effective reporting procedures so that the appropriate
people have the right information to see any patterns.
Including testers in all phases of development provides

an opportunity to catch T&E problems, identify
patterns, and contribute to the comprehension of the
complex system.

Finally, Boardman and Sauser (2008) argue the need
to consider paradoxes or to think paradoxically. For
example, to save money on a project, more money
needs to be spent up front. When a paradox is
encountered on a project, an opportunity to try a
different tactic may avoid the problem while presenting
unforeseen opportunities. Paradoxical thinking in-
cludes using T&E expertise in areas not traditionally
involved with T&E. That is not to say that T&E can
perform non-T&E services, but rather considering
T&E in non-T&E areas may provide more effective
solutions that would otherwise go unnoticed. Further-
more, this line of reasoning helps field personnel and
system developers play a larger part in the testing and
evaluating of future systems. This type of paradoxical
thinking was used in developing the V&V philosophy,
and it needs to continue as the T&E programs
approach a sound T&E culture.

Benefiting from V&V throughout the
product life cycle

To have an effective and efficient T&E program, an
organization must have a sound T&E culture that is
embraced by all program stakeholders and is supported
by organizational policies. This sound T&E culture
seeks to verify and validate work products continuously
from the beginning of the system or product life cycle
until it goes into operations. Organizations that
embrace this culture are using T&E as a powerful
decision making tool that supports development
decisions and clearly defines system limitations and
capabilities for deployment decisions. This will provide
a value added benefit by adopting quality T&E
practices to the fullest extent. During every major
stage of a system or product life cycle, critical decisions
are made on the major programmatic elements such as:

N operational mission,
N operational concepts,
N available technologies,
N solution sets,
N requirements,
N design,
N system performance,
N implementation plans, and
N criteria for system deployment.

A program needs credible and useful information
that will verify and validate these programmatic
elements and effectively supports the decision making
process. Without this information, programmatic
decisions could be flawed. Incremental V&V should
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be used thorough the life cycle to avoid detrimental
influences and to shield program decision processes
from being impacted by the many potential flawed
sources that can plague programs, as indicated in
Figure 1.

Best practices defined in the CMMIH models call
for V&V to be done on program work products,
product components, and integrated products incre-
mentally throughout the life cycle. The practices can be
performed on items such as concept/requirements,
development products, proposed technical solutions,
contract products, specifications, design products,
developed products, integrated products, and modified
products.

Using this life cycle, V&V philosophy can move the
FAA into a position that will progress programs
efficiently and effectively from the concept phase into
the implementation and deployment of NextGen
capabilities. FAA is implementing common T&E
standards and practices to support the V&V of
NextGen capabilities. NextGen programs will imple-
ment capabilities through new acquisitions and by
modifying or incrementally enhancing existing opera-
tional systems. This movement to a life cycle T&E
continuum will ensure the success and efficiency of
each program and will facilitate the delivery of
NextGen capabilities that are critical to the future of
a safe and capable Air Transportation System. By

promoting and establishing policies that reinforce and
define the role of T&E to verify and validate work
products during each stage of a life cycle, the program
can achieve continuous evaluation as the program
progresses rather than limited evaluations during
traditional formal test periods. This will result in the
following program benefits:

N greater probability in meeting operational re-
quirements,

N removal of defects from the product early in the
acquisition,

N greater probability in meeting user and mission
needs,

N improved product and process quality,
N more efficient and effective transition into

operations, and
N improved productivity and performance.

Planning for a test program should also address
strategies that include a broader scope than just the
T&E activities that occur during the solution imple-
mentation phase of a program. Planning documents,
such as the Test and Evaluation Master Plan, should
take the whole product life cycle into account and
evolve with the product. The Test and Evaluation
Master Plan can continue to be updated and used by
the program postdeployment to document the T&E
plans for transitioning a system into operational
service, system maintenance, testing of in-service
modifications, and planning of subsequent acquisi-
tions.

V&V best practices for effective T&E reporting
start in the test planning phase. The test approach, test
resources, test schedule, test objectives, test criteria,
and test conduct must be planned with reporting in
mind. Effective T&E reporting

N is provided frequently and on time,
N is presented simply so that the results can easily

be extrapolated for decision making,
N provides high level summaries backed up by

detailed T&E results and analysis,
N provides unbiased recommendations and assess-

ments,
N is used to track progress and to establish

milestone completions,
N characterizes performance levels and provide

status on specified requirements or parameters
in accordance with planned objectives, and

N identifies necessary future testing and recom-
mends retest and regression testing.

If a government decision authority is making a major
decision based on T&E results, it is most likely an
implementation, contractual, deployment, production,

Figure 1. Verification and validation can shield the program

from flawed decisions.
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or in-service milestone decision. These are important
decisions and carry cost, schedule, political, safety, and/
or security risks. Programs implementing NextGen will
certainly carry all of these risks because the concepts are
so new and the systems are so complex. T&E reporting
should not be taken lightly; the success of the program
hinges on it. The decision points that T&E data must
support should be clearly defined in the early plans.
Those plans should also define the criteria and
reporting mechanisms that T&E will use to support
the decisions. These criteria and reporting mechanisms
will be integrated into the test program as a reporting
system that will be active throughout the entire test
program. Program managers and executive level
decision makers will need to use the reporting system
as a ‘‘health check’’ of the program and to support risk-
based decision making. The NextGen Program
Managers will need to learn about these reporting
systems, use them effectively, and improve upon them
to ensure that they meet their organizational perfor-
mance goals defined in the FAA Flight Plan.

Capability-based T&E and the effective
use of measures

Testing of complex systems is an iterative process
that is required throughout all phases of development
(from initial design through deployment). A common
T&E question for complex systems is ‘‘How much
testing is enough and when can you end the testing
phase?’’. This is not easy to answer. The well known
Dutch computer scientist and physicist, Dr. Edsger
Wybe Dijkstra, is credited with the quote, ‘‘Program
testing can be used to show the presence of bugs, but
never to show their absence.’’1 Testing is decomposed
into the two components: verification testing and
validation testing (Paglione 2006):

N Verification testing is the testing that ensures that
the product meets the requirements specified by
the customer. Verification testing is usually
characterized by the question, ‘‘Are we building
the product right?’’

N Validation testing, on the other hand, is charac-
terized by the question, ‘‘Are we building the
right product?’’ Validation testing is the testing
that ensures that the product fulfills its intended
use when placed in its intended environment.
This testing often includes performing systematic
evaluations of the product in increasingly com-
plex cases under of real-world conditions.

Both verification testing and validation testing assess
the correctness and completeness of a system or
product, but are also concerned with different evalu-
ation criteria. In other words, verification testing

establishes whether a system performs in accordance
with specification, whereas validation testing is defined
in terms of evaluating the system against the
operational mission, baseline, or requirements.

Another important aspect of testing is its effect on
project cost. Barry Boehm in his book titled ‘‘Software
Engineering Economics’’ evaluated a number of
software projects and estimated how the relative cost
of fixing an error significantly increases as the project
progresses in phase (Boehm 1981). Figure 2 summa-
rizes the results of this study. Errors are about 15–50
times more costly to fix when found in the testing
phases compared to errors that are detected when the
requirements are defined. However, after the system
has been deployed, it is roughly a hundred times more
costly to fix an error. This heavily cited reference may
even be underestimating the cost.

In addition, when dealing with safety-critical
systems such as our nation’s air traffic control systems,
safety is definitely the bigger issue. In a recent article in
the Wall Street Journal, which cited examples of
software errors found in numerous deployed onboard
computer systems, Michaels and Pasztor state that
software errors, ‘‘while extremely rare, are emerging as
a top safety challenge in the air’’ (Michaels 2006).
Although this article focuses on aircraft onboard
computer software, the authors feel that the safety
challenge can also be appropriately directed toward the
ground-based air traffic control systems.

The en route air traffic control computer system is
considered the heart, brain, and backbone of the
National Airspace System. En Route Modernization
Program (ERAM) replaces the software for the Host
Computer System (HCS) and its backup. The HCS
software and hardware are based on a 1960s opera-
tional concept. ERAM is a major program that will
completely replace the software and hardware archi-
tecture that has been safely supporting air traffic
control services for more than 40 years. The computer
system processes flight radar data, provides communi-
cations support, and generates display data to air traffic
controllers. FAA’s ERAM Test Group, located at
the FAA William J. Hughes Technical Center, form-
ed the Automation Metrics Test Working Group
(AMTWG) in 2004 to focus on reducing the cost of
program risks by measuring and reporting on ERAM
system performance from a different perspective. This
is a cross-functional team consisting of members from
a half dozen organizations located at the William J.
Hughes Technical Center. The team’s charter is to
support the developmental and operational testing of
ERAM by developing a set of metrics that quantify the
effectiveness of key system functions in ERAM. The
targeted system functions are the Surveillance Data
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Processing (SDP), the Flight Data Processing (FDP),
the Conflict Probe Tool (CPT), and the Display
System (DS) modules. The focus of the AMTWG is
to go beyond requirement-based verification testing by
using metrics that directly link to air traffic control
services provided by NAS. Whenever appropriate,
metrics were designed to measure not only the
performance of ERAM, but also to measure the
performance of the existing HCS, which will enable
comparison of the functionality in ERAM to the same
functionality in the legacy HCS. For logistical
purposes, the AMTWG categorized the metrics based
on the targeted ERAM subsystems.

The AWTWG focused on testing ERAM capabil-
ities linked to user services and stressed validation over
verification. A capability is the ability to perform an
action. Some refer to capabilities as a set of
functionalities within a product that are verified. In
contrast, the capability is defined in terms of a
collection of requirements: ‘‘A requirement is a singular
need detailing what a particular product or service
should be or do’’. Each requirement defines a piece of
functionality, attribute, characteristic, or quality of a
system under which the capability is performed.
AMTWG emphasis on developing metrics to compare
the capabilities that ERAM replaced in the legacy
system serves to lower FAA risk by catching problems
as early as possible.

The AMTWG divided the project into three key
phases: a metrics identification phase, an implementa-

tion-planning phase, and a data collection and analysis
phase.

N In the metrics identification phase, the
AMTWG generated a list of approximately 100
metrics that map to the services and capabilities
found in the ‘‘Blueprint for the National Airspace
System Modernization 2002 Update’’ (FAA
2002). These initial metrics were published in
the ‘‘ERAM Automation Metrics: Progress
Report of the Automation Metrics Test Working
Group’’ (FAA AMTWG 2004).

N During the implementation-planning phase, ini-
tial metrics were prioritized for more detailed
refinement, as documented in the ‘‘En Route
Automation Modernization: Automation Met-
rics and Preliminary Test Implementation Plan’’
(FAA AMTWG 2005). It lists the metrics, gives
the rational for selecting them, and provides a
high level description on how the highest priority
metrics will be measured. The paper provides
each metric’s traceability to the basic controller
decisions, ERAM critical operational issues, and
the development contractor’s technical perfor-
mance measurements. The categories of high
priority metrics are (1) SDP radar tracking
metrics, (2) SDP tactical alert processing metrics,
(3) FDP flight plan route expansion metrics, (4)
FDP aircraft trajectory generation metrics, (5)
CPT strategic aircraft-to-aircraft conflict predic-
tion metrics, (6) CPT aircraft-to-airspace conflict

Figure 2. Increase in cost-to-fix through the software development cycle. Adapted from Software Engineering Economics by Barry

W. Boehm (Boehm 1981).
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prediction metrics, (7) additional system level
metrics, and (8) DS human interface metrics.

N The final phase is the data collection and analysis
phase, during which the AMTWG documented
the validation, further refinement, and applica-
tion of these metrics on the current legacy
systems in a series of metric reports. The
AMTWG delivered many metric reports cover-
ing each of the ERAM modules: SDP, FDP,
CPT, and DS. The AMTWG published these
reports in multiple drops to provide the ERAM
Test Team with timely information. The drops
coincide with the approaches used to implement
the metrics. This phase will continue until
ERAM is fully deployed and the testing phase
complete. The metrics defined by the AMTWG
are either absolute or comparative in nature, with
the comparative metrics being applied first to the
current NAS automation systems and then later
to ERAM. Metrics are also used iteratively, with
frequent output. The metrics were applied first to
the legacy NAS to flush out and establish their
credibility, then repeated and compared to the
ERAM replacement subsystem as they become
available. The following subsections provide
examples of these activities.

Example of metrics study for ERAM
surveillance data processing

One sample application of the test metrics approach
was the implementation of metrics for evaluating the
ERAM surveillance tracking algorithm. At the highest
level, the FAA’s air traffic control system relies directly
on aircraft locations provided by the long range en
route surveillance radars. The accuracy of the radars is
an important factor in determining the overall
performance of the system. To support the planned
modernization of the air traffic control system, a
metrics study was conducted to measure the accuracy of
the radar tracking function of the legacy HCS. This
was first done by comparing aircraft radar tracks
produced by the existing system with the tracks for the
same aircraft produced by the Global Positioning
Satellite System (GPS) position reports. It was

assumed that the GPS data was the ground truth.
The GPS data were available from the FAA’s Reduced
Vertical Separation Minimum Certification Program.
The Host Air Traffic Management Data Distribution
System at each Air Route Traffic Control Center
captures the radar track data. These data are then
archived at the William J. Hughes Technical Center
for a period of time. Radar tracks for 265 flights were
compared to their GPS ‘‘tracks.’’ Three distance
metrics were used: horizontal track error and its two
components, cross track error and along track error. A
total of 54,170 pairs of position reports were compared.
The distributions of the errors were plotted, and basic
descriptive statistics were determined.

The average horizontal error was 0.69 nautical miles,
the root mean square value of the horizontal error was
0.78 nautical miles, the average cross track error was
0.12, and the average along track error was 0.67
nautical miles (Ryan 2005). The complete results are
summarized in Table 1.

Once the GPS analysis was conducted, a second
study repeated this approach but used a simulation
environment that could be repeated later on the
analogous ERAM tracking functions. The metrics
study began by recording approximately 4 hours of air
traffic data from the Washington, DC, Air Route
Traffic Control Center (ZDC) on March 17, 2005.
The Automation Metrics Test Working Group
supplied this data to the Integration & Interoperability
Facility that ran a simulation using the FAA’s
Graphical Simulation Generation Tool (GSGT)
simulator. The simulation produced the HCS track
reports and GSGT positions. The GSGT positions
were considered the actual path the aircraft flew in
which the HCS track positions were measured against.
Data were processed to compare GSGT positions to
the HCS track reports. Four error metrics were applied
including horizontal error, its orthogonal components
cross and along track error, and altitude error. For this
study, the mean horizontal error was 0.85 nautical
miles. The cross track error distribution is symmetrical
about 0 nautical miles and a root mean square value of
0.14 nautical miles. However, the along track error
distribution is strongly skewed in the negative direction
with an average error of 20.83 nautical miles. This

Table 1. Host computer system tracker results from Ryan (2006).

Type Sample Size

Horizontal error Cross track error Along track error

Mean RMS Mean RMS Mean RMS

Signed 54,170 0.69 0.78 0.00 0.16 20.67 0.77

Unsigned 0.12 0.67

RMS, root mean square.
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represents an uncompensated time error, confirming
the previous result using GPS aircraft positions
(Paglione 2005).

The methodology then required a repetition of the
experiment comparing ERAM functions to the legacy
experiment results. A repeat run of the same scenario
as described above was adapted for running into
ERAM. The cross track error is reasonably comparable
to the HCS.2 The experiment of 1,100 flights from the
same ZDC data produced an average unsigned cross
track error of 0.04 nautical miles and a root mean
square error of 0.0025 nautical miles. The cross track
error in ERAM is a third the size of the HCS results.
As illustrated in the histograms in Figures 3 and 4, the
ERAM tracker clearly improved upon the tracking
problem in the lateral or cross track dimension
(Paglione 2008; Ryan 2005).

Example of metrics study for ERAM flight
data processing

A key function of most flight data processing
systems, and certainly for the ERAM system, is the
processing of the flight plan. The flight plan represents
the current air traffic control’s cleared 2-dimensional
path of the flight path of the aircraft. It represents the
best intent information available to the automation and
is used for many critical air traffic functions from
hand-off coordination and flight strip printing to
aircraft trajectory prediction. The flight plan is
converted to a 2-dimensional set of positions, typically
referred to as the converted route. Thus, a metric study
was performed first on the legacy automation and then
repeated on the ERAM replacement to measure this
critical function. The primary metric is defined as the
lateral deviation or distance from the current aircraft
position to the converted route. This is illustrated in
Figure 5.

In the initial study performed in Baldwin (2005),
data from ZDC were collected and applied to the
legacy systems of URET and the HCS; the strategy
was applied to determine which system had superior
performance. The test results indicate that URET
performance exceeds the HCS performance with better
than a 99.9 percent probability. The study was later
repeated and presented by Paglione (2008) using
ERAM results. The average lateral deviations for the
HCS, URET, and ERAM systems were 1.7, 0.9, and
0.9 nautical miles, respectively. The distributions of
these deviations are illustrated in Figures 6–8 for each
of the systems HCS, URET, and ERAM, respectively.
The HCS is significantly skewed to the right
consistent with its mean value, whereas the URET
and ERAM distributions are practically identical. This
is as expected because the logic for both URET and
ERAM flight plan route conversion was the same.
Thus, the test metrics analysis confirmed that the
ERAM system would provide enhanced performance
over the legacy HCS system and matched the accuracy
of the URET system.

Benefits of the metrics approach
Overall, this activity provided several significant

benefits to the ERAM program. It provided useful
data points for the test program that helped develop
test cases and measurements to supplement and
enhance the requirements-based verification. It served
to reduce risk for the entire program by evaluating key
subsystems and functions for effectiveness in providing
NAS air traffic control services. The metrics provided
the ERAM Program Office with supporting data on
ERAM benefits. Though these metric results were
made available and used extensively by the ERAM
prime contractor, it was not integrated into the
contract or the Development Test formal conduct. If

Figure 3. Host computer system cross track error (Ryan 2005). Figure 4. En route modernization program cross track error

(Paglione 2008).
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integrated into the program’s prime contractor and
vendor contracts, these test methods could greatly buy
down risks to FAA programs.

The activity enabled key ERAM Test Team
personnel to receive in-depth experience on ERAM
subsystems and similar functions in the legacy
automation. This experience increased their effective-
ness in reviewing contractor test plans and procedures.
The use of a cross organizational metrics team with
varied skilled sets and expertise proved to be very
constructive as well. It enabled test personnel to bring
an increase of FAA resources to focus on complex
problems within their program. Finally, the tools,
metrics, and air traffic scenarios were incorporated,
where appropriate, into the formal ERAM Test
Program. These simulations, test cases, and measures
can be continuously updated and used throughout the
life cycle of ERAM to test enhancements and rebase-
line the system performance before transitioning into
operations. With the lessons learned on ERAM, the
improved V&V techniques of the metrics-based

approach can certainly be further standardized and be
applied with even greater success to other FAA
programs.

Summary
The art of T&E is a systems engineering discipline

that is evolving to be an active process throughout the
entire life cycle. This evolution will put the T&E
services into a critical role as a continuum of
supporting activities for the programs. An effective
reporting system that is used often at critical points in
the program will bring to bear the benefits of
standardized T&E processes and quality T&E prac-
tices at the program management levels. For NextGen,
systems thinking methodologies will be an important
means to understanding the essential characteristics of
a system and derive usable test cases. Furthermore,
NextGen T&E practitioners will need to proactively
refine methodologies and metrics that support the
derivation of testable parameters that have validated
measures and go beyond strictly requirements-based

Figure 6. Host computer system lateral distances, adapted from Paglion ( 2008). Figure 7. URET lateral distances (center) adapted

from Paglione (2008). Figure 8. En route modernization program lateral distances adapted from Paglione (2008).

Figure 5. Lateral distance, adapted from Baldwin (2005).
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testing. Applying the metrics-based approach can
provide very useful measures of the performance on
key functions needed at critical decision points that
would not otherwise be available. These standard V&V
methods all strive to create greater efficiencies in
programs by employing T&E practices that reveal the
true state of the system in a manner and order that is
most useful to planners and decision makers. %
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Endnotes
1Dr. Edsger Wybe Dijkstra (1930–2002) was a Dutch computer

scientist and physicist.
2Because of a problem with one of the interfaces still being repaired at

the time of this publication, only the cross track error can be compared in

this article as presented in Paglione (2008).
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Critical Directed Energy Test and Evaluation Infrastructure
Shortfalls: Results of the Directed Energy Test and

Evaluation Capability Tri-Service Study Update

Minh Vuong

U.S. Army Program Executive Office for Simulation, Training and Instrumentation, Orlando, Florida

Directed energy (DE) weapons are here. Groundbreaking work continues every day on high

power microwaves and high energy lasers. These weapon systems offer several advantages over

traditional weapons: speed-of-light delivery, deep magazines, graduated effects, and minimal

collateral damage. DE weapon systems also offer new challenges including energy termination,

energy reflections, electromagnetic interference, and many others. The United States cannot

safely field DE weapon systems until sufficient developmental, operational, and live fire testing

is complete. Current DE test and evaluation capabilities are fragmented, fixed, and not

functionally integrated. The nation’s DE test and evaluation infrastructure is insufficient to

support current and next generation DE weapon systems.

Key words: Directed energy; infrastructure shortfalls; needs roadmap; Tri-Service Study

(T-SS); weapons systems testing.

I
n 2002, the Directed Energy Test and
Evaluation Capability (DETEC), a project
with the goal to address a handful of directed
energy (DE) test and evaluation (T&E)
infrastructure needs, was proposed to the

Office of the Secretary of Defense Central Test and
Evaluation Investment Program (CTEIP). Before
funding the effort, CTEIP commissioned a study to
scope the magnitude of the problem. The purpose of
the Tri-Service Study (T-SS) was to identify DE T&E
needs, capabilities, shortfalls, and shortfall solutions.

The year 2003 marked the kickoff of the T-SS.
Through a formal process, the T-SS identified and
prioritized several critical shortfalls in the nation’s
ability to perform T&E on current and upcoming DE
systems. Upon completion of the T-SS, CTEIP
funded DETEC to resolve the highest priority
shortfalls (grouped into capabilities) identified by the
T-SS. The U.S. Army Program Executive Office for
Simulation, Training, and Instrumentation administers
the DETEC project, which to date has fielded 10 of 16
high priority capabilities. The DETEC project will
provide the remaining nine capabilities by 2010.

In 2006, CTEIP and the Army Program Executive
Office for Simulation, Training, and Instrumentation
sought to update the T-SS results by repeating the
formal process established in 2003, incorporating

improvements from lessons learned. This T-SS Update
identified 44 high priority shortfalls, grouped into 17
capabilities, which DE testers require within the next
12 years to provide the essential T&E of emerging DE
weapon systems. CTEIP is planning to provide the
necessary funding to DETEC to fill these critical
shortfalls.

Previous shortfall solutions
The original T-SS identified 16 high priority

capabilities required by DE testers, and the DETEC
project is responsible for acquiring these capabilities.
To date, DETEC has delivered 10 capabilities to the
Major Range and Test Facility Base (MRTFB) to
support DE testing. Several weapon programs have
already utilized the fielded capabilities to support their
testing efforts.

In August 2008, the U.S. Air Force Research
Laboratory Optical Radiation Branch (AFRL/
RHDO) utilized the DETEC-delivered High Energy
Laser (HEL) Target Reflected Energy Measurement
(TREM) capability to support testing of the Advanced
Tactical Laser (ATL) at Kirtland Air Force Base.
AFRL/RHDO and the ATL program will use the
resulting HEL TREM information to obtain full-scale
field test data to validate ATL collateral effects models,
to validate AFRL/RHDO eye safety analysis models,
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and to establish a finite set of collateral hazard zones
for ATL and future systems. AFRL/RHDO will also
utilize the HEL TREM capability in support of testing
at the Naval Surface Warfare Center in Dahlgren,
Virginia. Figure 1 depicts an example of output for
three HEL TREM units used during a test. The x axis
shows time, and the y axis shows the detected reflected
irradiance (i.e., watts per square centimeter). The two
top graphs show the processed data for the 1,080-
nanometer wavelength sensor tube for high and low
dynamic range of detected irradiance. The lower two
graphs are for the 1,315-nanometer wavelength sensor
tube, which was not utilized for this test.

In October 2008, ATL used the DETEC-delivered
HEL Ground Target Irradiance Measurement
(GTIM) capability to support testing at Kirtland Air
Force Base. The ATL program will utilize the HEL
GTIM measurements to diagnose beam power on
target. After the successful ground testing, ATL used
the HEL GTIM to support flight testing at White
Sands Missile Range in late 2008. Figure 2 shows an
example of the HEL GTIM quick look output. In
addition to the quick look information, data files are
generated that permit in-depth, quantitative, post-test
analyses of the beam irradiance profile.

In September 2007, White Sands Test Center
(WSTC) utilized the DETEC-delivered High Power
Microwave (HPM) Test Hazard Prediction (THP)
capability to perform a quick-turnaround, high-priority
hazard prediction to determine whether HPM trans-
mitters at a proposed new test site would pose any

potential hazards to two other existing sites at the
range. The resulting hazard prediction concluded that
with the antennas pointed in their intended directions,
the hazard footprints do not extend near either of the
two sites of interest and permitted WSTC to continue
with their site development plans.

In 2008, WSTC used the DETEC-delivered HPM
Sensor Suite system to support Counter-Improvised
Explosive Device (C-IED) testing at White Sands

Figure 1. Measurement of energy reflected from a target by High Energy Laser Target Reflected Energy Measurement, capability.

Figure 2. Laser spot as imaged by High Energy Laser Ground

Target Irradiance Measurement, capability.
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Missile Range. WSTC also used the HPM Sensor
Suite to help characterize a new facility, the Electro-
magnetic Radiation Effects facility. Use of the HPM
Sensor Suite capability was also used to support testing
of another DETEC capability, the HPM Narrowband
Threat System in late 2008.

T-SS Update Process
The original 2003 T-SS established a formal process

to produce a roadmap of critical DE T&E infrastruc-
ture shortfalls and the resources required to address
them. The T-SS Update used this same process, shown
in Figure 3. Beginning with existing DE systems and
system concepts from each service, the T-SS Update
used a joint approach to vet and approve T&E
requirements for the next 12 years. The T-SS Update
also queried the MRTFB for their existing T&E
capabilities. The gap between identified needs and
current capabilities constitutes shortfalls. The T-SS
Update process also requested information from
government, industry, and academia about potential
solutions to these shortfalls. Utilizing the provided
priority of each shortfall and the technical risk of any
potential solutions, the Solution Analysis Working
Group (SAWG) prioritized all of the submitted
shortfalls. After approval by the Senior Review Group,
the T-SS Update documented these shortfalls in a final
report and set of roadmaps. The following paragraphs
describe the process in detail.

The T-SS Update began by identifying current DE
systems and concepts that could require testing within
the next 12 years. The 12-year horizon ensures the
shortfalls identified by the T-SS Update are valid and
rooted in current and emerging DE weapon systems.
The U.S. Army, Navy, and Air Force each supplied
several systems and concepts. Table 1 shows each system
or concept, its type (i.e., HEL or HPM), and its mission.

To finalize the testing requirements for these
systems and concepts, the T-SS Update team hosted
three workshops: one each for the Army, Navy, and

Air Force. In each workshop, personnel reviewed their
service’s systems/concepts requiring tests, how they
would be tested, and what capabilities were required to
complete the tests. In addition to the systems and
concepts in Table 1, each workshop considered threat
systems and concepts capable of producing the
electromagnetic effects described in the upcoming
revision to Military Standard 464 (MIL-STD-464)
Electromagnetic Environmental Effects Requirements
for Systems. The outcome of the workshops was
capturing T&E requirements for current and upcom-
ing DE systems during the next 12 years.

After establishing the T&E requirements, the T-SS
Update team next identified what test capabilities
currently existed. A capability call was sent to the
members of the MRTFB. The respondents were asked
to identify their test capabilities directly related to the
identified requirements. By performing a cross matrix
analysis of the joint requirements with the MRTFB’s
existing capabilities, the T-SS Update team identified
the joint shortfalls in DE test infrastructure. The result
was 52 joint shortfalls: 16 HEL and 36 HPM.

After finalizing the shortfalls, the T-SS Update
team issued a call for solutions to the shortfalls. The
purpose of the solution request was to gauge the
resources required to fill the shortfalls. White paper
responses were received for 12 shortfalls.

The SAWG, with representation from all three
Services, reviewed each of the shortfalls and submitted
white papers and ranked them based on priority and
technical risk. The SAWG concluded that several of
the shortfalls could be addressed by a single T&E
capability. Where advantageous, the SAWG grouped
shortfalls, resulting in the identification of 17 capabil-
ities to address the 52 shortfalls (i.e., 44 high priority
shortfalls, three low priority shortfalls, and five science
and technology shortfalls). The T-SS Senior Review
Group approved the SAWG recommendations for the
grouped shortfalls.

The final step in the T-SS Update process was to
produce roadmaps based upon the results of the study.
Four roadmaps were produced: (1) HEL Joint, (2)
HEL Service Unique, (3) HPM Joint, and (4) HPM
Service Unique. Each roadmap contains traceability of
the shortfalls to the related shortfall approach infor-
mation, the requirements it addresses, and the DE
systems/concepts that have the requirement. The
DETEC development team will utilize these roadmaps
to continue to fill T&E infrastructure shortfalls.

Shortfalls
The T-SS Update process identified 52 shortfalls,

44 of them high priority. These shortfalls were
grouped where synergies or combinations of shortfalls

Figure 3. Tri-Service Study Update process.
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that leveraged each other existed. The result was the 17
high priority capabilities shown in Table 2. Twelve of
the capabilities address HPM T&E infrastructure
shortfalls. The remaining five capabilities address
HEL T&E infrastructure shortfalls. The following
paragraphs provide short descriptions of the 17
identified capabilities (H1–H17).

H1—HPM sensor suite #2 for testing
blue systems

The first high priority capability, H1, addresses the
need for a suite of HPM sensors to measure a variety of
parameters, including continuous wave (CW) narrow-
band, pulsed narrowband, and pulsed wideband. These

measurements will enable the monitoring of HPM
source output and inside target measurements for
wideband (e.g., inside a missile). This capability is a
combination of four high priority shortfalls identified
by the T-SS Update process. The original T-SS in
2003 also identified H1 as a high priority. As a result,
the DETEC project built the first sensor suite;
however, the demand for this T&E capability is so
great that a second is required.

H2—HPM sensor array for C-IED testing
Another high priority capability, H2, is the need to

measure the HPM field patterns laid out across a wide
area to support C-IED testing. The sensor array must

Table 1. Detected energy (DE) systems submitted by the Services.

System/concept Type Mission

Air Force Systems

Aircraft Self-Protection (ASP) HEL Bomber self-protection; Surface-to-Air Missile (SAM), Air-to-Air Missile

(AAM), Man-Portable Air-Defense Systems (MANPADS), fighters

Advanced Tactical Laser (ATL) HEL Airborne precision strike of ground targets, hostage rescue scenarios

Airborne Laser (ABL) HEL Theater Ballistic Missile (TBM) defense

Ground-Based Laser with Relay Mirror (GBL RM) HEL Airbase defense

Active Denial System (ADS)—Airborne HPM Nonlethal crowd control

Airborne Electronic Attack (AEA) HPM Infrastructure attack (supervisory control and data acquisition)

AEA HPM Tactical military targets (Improvised Explosive Devices (IED), landmines,

forward-looking infrared)

Enhanced Precision Guided Munitions (EPGM) HPM Military and infrastructure targets

HPM Airbase Defense System (HADS) HPM Rocket Artillery Mortar (RAM), Precision Guided Munitions (PGM)

HADS HPM Aircraft

HADS HPM Protection of aircraft departing, arriving, and orbiting airbases from man

portable ground to air missiles

Army Systems

Joint DE Maneuver Support System (JDEMSS) HEL Standoff mine neutralization and unexploded ordnance

Joint multimission DE Protection System (JMDEPS) HEL Detect, track, engage, and destroy rockets, artillery, and mortar threats and

meet other evolving Army mission needs

JMDEPS HEL Antitank Guided Missile (ATGM)/Rocket Propelled Grenade (RPG)

Joint Multimission DE Strike System HEL Area denial to aircraft, unmanned air vehicles (UAV), helicopters, and other

light aircraft

ADS HPM Nonlethal crowd control

ADS–Vehicle HPM Stops ground vehicles at standoff range without harm to occupants

Counter-IED HPM Neutralize improvised or designed explosive devices intended to impede

progress of maneuver elements.

Counter-Mine HPM Surface and buried landmines

SPARROW HPM The mission of SPARROW is to protect high value facilities from

penetration and damage by individuals carrying or wearing bombs. IED

Vests and packages.

Navy Systems

ASP HEL Protection of aircraft from anti-aircraft threats

ATL HEL Short-range airborne protection of naval assets against above-water threats,

carrier or land-based

Ship-Based Area-Defense Laser (SBADL) HEL Medium-range ship protection; Anti-Ship Cruise Missile (ASCM), TBM

Ship-Based Self-Defense Laser (SBSDL) HEL Short-range ship self-protection; ASCM

ADS–Ship HPM Nonlethal crowd control

AEA HPM Military and infrastructure

AEA HPM Anti-electronics against ship and littoral targets

EPGM HPM Air delivery, limited ground, and maritime environments

HPM, high power microwave; HEL, high energy laser.
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be capable of measuring signals produced by mobile
HPM C-IED platforms. Signals will be used to help
determine fratricide issues as well as to assess blue
system capability. The sensor array should be able to
measure the fields on, or near, the ground as the C-
IED system first enters the target zone, drives through,
and then leaves. After the drive through, testers should
be able to have immediate access to the field data as a
function of time. A large number of sensor nodes will
be required to properly map the field pattern. Sensor
nodes, therefore, should be networked, self-healing,
hardened against the incident radiation, and inexpen-
sive.

H3—HPM ground target sensors
H3 is the high priority need for a capability to measure

narrowband and wideband width fields close to the
ground. The capability will support both C-IED and
counter-mine measurements. For narrowband, it sup-
ports both CW and pulsed HPM system test activities.
In and around a ground surface, the E- and H-fields
(electrical and magnetic, respectively) may not be
perpendicular and the principle beam direction may not
be traceable back to the source. The proximity of the
ground can also cause interactions with the sensor and, in
the worst case, the sensor with the target. The
requirement also addresses the need to develop nonin-
trusive narrowband and wideband sensors capable of
recording these fields. This capability is a synergy of three
high priority shortfalls identified by the T-SS Update.

H4—HPM measure at point inside target,
near chip

H4 addresses the need for a capability to measure, or
calculate from other measurements, the energy at a
point inside the target. Presumably, this point is at the
target chip or board and the capability will not intrude
on the measurement by more than 5 percent.

H5—HPM human instrumentation for the
Active Denial System

The fifth high priority capability, H5, is the need for
a capability to remotely measure the human response to
exposure of wideband HPM energy in support of the
Active Denial System and similar systems. The
capability should enable the remote monitoring of
individual response within a group engagement; it will
be used to support group response modeling that can
be applied to multiple engagement scenarios.

H6—Modeling and simulation working group
H6 addresses the need for a DE modeling and

simulation focus group. This group would identify
existing modeling and simulation capabilities and work
with the DE T&E community to establish a common
set of tools. The group would also work with the
community to develop common test and data collection
standards. Finally, the group would work to identify
data repository solutions for the community. This
capability is a combination of five high priority
shortfalls identified by the T-SS Update.

H7—HEL CW solid state laser lethality testing
H7 is the high priority need for a CW solid state

laser capable of conducting lethality testing. The laser
would be a surrogate for solid state CW laser weapon
systems under development and used to conduct
lethality/target effects testing in support of system
requirements development/validation. The key short-
fall is that no adequate CW laser currently exists to
support lethality testing for developing solid state CW
HEL systems.

H8—HEL CW irradiance profile
H8 is the need for a capability to measure the time-

dependent spatial profile/distribution of laser irradi-
ance both near the laser aperture and incident on a
target (data must be time stamped). The measurements
would support ground testing against targets such as
missiles, artillery shells, unmanned aerial vehicles
(UAVs), etc. The key shortfall is that the measure-
ments are needed to determine irradiance exiting the
aperture and on the actual target (i.e., not a nontactical
diagnostic target) independent of target properties
(e.g., type, shape, physical properties) or target motion,

Table 2. Seventeen high priority capabilities identified in Tri-

Service Study Update.

Capability DE type Title

H1 HPM Sensor Suite #2 for Testing Blue Systems

H2 HPM Sensor Array for C-IED Testing

H3 HPM Ground Target Sensors

H4 HPM Measure at Point Inside Target, Near Chip

H5 HPM Human Instrumentation for ADS

H6 HPM M&S Working Group

H7 HEL CW SSL Lethality Testing

H8 HEL CW Irradiance Profile

H9 HPM Overhead Illumination

H10 HPM Non-Intrusive Sensor

H11 HPM Chamber Test Capability—Explosive

Equivalent Substitute

H12 HEL Irradiance & Temperature

H13 HEL Near/In-Beam Path Quality

H14 HPM Sensor Net

H15 HPM Sensor Suite #3 for Blue on Red Testing

H16 HPM CW Narrowband Sensors in Target

H17 HEL Imagery of Airborne Targets

DE, directed energy; HPM, high power microwave; HEL, high

energy laser; C-IED, counter-improvised explosive device; ADS,

Active Denial System; M&S, modeling and simulation; CW,

continuous wave; SSL, solid state laser.
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including spinning, while not affecting the total power
transmitted to the target by more than 5 percent. This
is required to allow noninterference of the measure-
ment with lethality testing results. The measurement
can use either onboard (on the target) or offboard
sensors; however, onboard sensors must not signifi-
cantly affect the target dynamics or response to laser
irradiation (e.g., surface absorptivity, structural re-
sponse). This capability is a combination of two high
priority shortfalls identified by the T-SS Update.

H9—HPM overhead illumination
H9 is the high priority capability to operate red

threat surrogates to irradiate the system under test
from overhead, thereby simulating an air to ground
attack. This capability is required for both narrowband
and wideband threat systems. Although the HPM
Narrowband Threat System and HPM Wide Band
Threat System capabilities currently under develop-
ment by DETEC meet threat requirements, they
cannot be elevated above the target and shoot down.
The HPM Narrowband Threat System can be tilted
65 degrees, whereas the HPM Wide Band Threat
System can be tilted 610 degrees. This capability is a
combination of three shortfalls identified by the T-SS
Update.

H10—HPM nonintrusive sensor
H10 addresses the need for a capability to measure

electric and magnetic fields without intrusion. Specific
applications include the measurement of the near-field
environment, where history of the field directions is
important along with the measurement of fields inside
targets. The sensors would be capable of measuring
pulsed narrowband and wideband microwaves. For
sensors installed in targets, the targets may be on the
surface, in the air, or at sea. Some sources may be in
such things as artillery shells or UAVs and may impact
the earth. Possible targets include missiles in flight or a
relatively close command, control, and communica-
tions target. Capability is also required to recover the
measured data after the event for post-analysis. This
capability is a synergy of four high priority shortfalls
identified by the T-SS Update.

H11—HPM chamber test capability–explosive
equivalent substitute

H11 is the need for a capability to support various
small targets for lethality testing that normally contain
explosives or other hazardous materials. The environ-
ment for these targets should be as close to an
operational environment as possible in a chamber.
Supporting infrastructure for these targets should be
constructed to minimize interference with the beam to

the greatest extent possible. This capability requires
that explosives or other hazardous materials contained
in the target be removed and replaced with suitable
materials that replicate the radio frequency character-
istics of the removed material. This differs from the
current DETEC HPM Target Surrogate Materials
capability by addressing the shortfall of additional
frequencies from 6–10 GHz.

H12—HEL irradiance and temperature
H12 addresses the shortfall of a capability to

measure the laser irradiance incident on, and surface
temperature of, ground and airborne targets. The
measurements would be spatially resolved and time
stamped and support outdoor, live-fire testing against
dynamic airborne targets such as short-range missiles,
artillery shells, UAVs, etc. This measurement would
also not affect the power transmitted to the target by
more than 5 percent to enable non-interference with
lethality testing results. The measurement can use
either onboard or offboard sensors; however, onboard
sensors must not significantly affect the target
dynamics or response to laser irradiation (e.g., surface
absorptivity, structural response). This capability is a
synergy of four high priority shortfalls identified by the
T-SS Update.

H13—HEL near/in-beam path quality
H13 is the need for a capability to make atmospheric

optical turbulence, atmospheric aerosol constituent,
and laser transmissivity measurements along the laser
beam path. The measurements would support outdoor,
live-fire testing against both static and dynamic targets.
This capability is a synergy of three high priority
shortfalls identified by the T-SS Update.

H14—HPM sensor net
H14 is the need for a capability to test unintended

effects for blue HPM weapons on close civilian
infrastructure (e.g., hospitals, emergency services,
telephone exchanges). The capability is also required
to test effects for red weapons on both military and
civilian infrastructure facilities and equipment. Military
infrastructure includes control towers, communication
centers, power distribution centers, administrative
processing centers, and installation security systems.
The electronic devices must be installed, maintained,
and operated for testing purposes. This specific
capability requirement is to be able to monitor,
diagnose, and assess the radio frequency inside facilities
that results in observed effects on the selected
unintended civilian targets. Here, facilities may be a
single representative target such as a hospital, or a
number of representative buildings found in an urban
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environment. This capability is a combination of two
high priority shortfalls identified by the T-SS Update.

H15—HPM sensor suite #3 for blue on
red testing

H15 is the need for a suite of HPM sensors to
measure a variety of parameters including CW
narrowband, pulsed narrowband, and pulsed wideband.
These measurements will enable the monitoring of
HPM source output and inside target measurements
for wideband (e.g., inside a missile). This high priority
capability addresses the combination of four shortfalls
identified by the T-SS Update.

H16—HPM CW narrowband sensors in target
H16 addresses the requirement for a capability to

measure a variety of HPM CW narrowband parameters
inside a HPM target, including targets with a water
background. It is necessary not to affect the interaction of
HPM energy with the target while measuring the stated
parameter where interference is defined as having less
than a 5 percent effect on the value measured. The beam
may have a frequency from 400 MHz to 10 GHz and
intensity commensurate with HPM power at a target
such as a missile in flight. The target may be in a ground
facility or open air range at the time of measurement.
This specific capability is for the sensor placed at the
target location and cabling, or other connectivity, to an
existing data acquisition system such as the HPM Sensor
Suite. This capability is a synergy of three high priority
shortfalls identified by the T-SS Update.

H17—HEL imagery of airborne targets
H17 is the requirement for a capability to measure

the imagery of an airborne target being irradiated by a
CW laser beam (data must be time stamped). The
measurement would support outdoor, live-fire testing
against dynamic airborne targets, such as short-range
missiles, artillery shells, UAVs, etc. The imagery would
be for several spectral bands, including the same
spectral band as the laser (i.e., in-band) and would be
spatially resolved. The key shortfall is that the imagery
spatial resolution must be improved for live dynamic
targets at the target altitudes of interest.

Conclusions
The current DETEC project delivered numerous

capabilities already in use by the DE T&E community
and is scheduled to deliver several more in 2009.
Through this current CTEIP project and the T-SS
Update process, CTEIP is executing a comprehensive
roadmap reflecting the DE T&E needs of the
Department of Defense and assessing the adequacy
of the MRTFB to provide testing in concert with the
development and fielding of DE weapon systems. The
established process leverages Service investments and
enables joint developments that will maximize efficient
inter-Service use of DE T&E assets.

The recent DETEC T-SS Update provided an
updated roadmap of future DE T&E requirements,
capabilities, shortfalls, and the resulting shortfall
solution approach. The study grouped the current
shortfalls into 17 high priority capabilities that are
being considered by CTEIP for future funding.
CTEIP plans to repeat the T-SS process periodically
to ensure that the most current DE T&E needs are
captured and addressed. The updates will be utilized to
make funding decisions regarding the acquisition of
future capabilities to address emerging shortfalls. %
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Estimation of Pulse Availability

Gary A. Pryor

U.S. Army Training and Doctrine Command, Fort Leonard Wood, Missouri

Operational availability, Ao, is an important consideration during the evaluation of system

effectiveness and sustainability. Ao is commonly used and widely understood as a measure of

steady-state system availability. However, a related term ‘‘pulse availability,’’ AP, has recently

and more prominently been used in statements of requirements for some military systems under

development. AP is a subset of Ao and applies to a shorter and usually more intensive usage

period, known as a ‘‘pulse.’’ Various techniques are published on the estimation, calculation, and

measurement of Ao; however, little if any can be found on the calculation and estimation of pulse

availability, AP. This article presents a straightforward approach for estimating AP which will

aid in the specification and evaluation of AP requirements.

Key words: Availability, downtime, uptime, maintenance time, failure, time to restore,

operational time.

O
perational availability, Ao, is widely
used as a readiness related objective
in the specification of requirements
for military systems. In general
terms, Ao is the proportion of time

a system is either operating or is capable of operating
(called ‘‘uptime’’), while being used in a specific manner
in a typical maintenance and supply environment. In
other words, Ao is the ratio of ‘‘uptime’’ to ‘‘total time.’’
For complete definitions and discussion of Ao, see
Pryor (2008).

Pulse availability, AP, is a subset of operational
availability that applies when the period of interest is
not the steady-state availability, but system availability
during a short, usually intensive period of operations.

Figure 1 shows a typical ‘‘failure–restore’’ cycle,
which can be used to model steady-state operational
availability. This cycle is theoretically repeated contin-
uously because a system operates, experiences a failure,
and accumulates downtime associated with mainte-
nance and logistics delays until it is restored to an
operational state.

Availability must be looked at differently when the
period of interest is not steady state, but a shorter
period, such as a period of intensive usage. Pulse
availability, AP, is usually higher than the steady-state
Ao for the same operating tempo. When a failure occurs
during the pulse, some of the downtime associated
with the restoration of the system may extend outside
of the pulse and is not counted as downtime for the
pulse. One such possible example is illustrated in

Figure 2. The amount of any increase in AP over Ao

depends primarily on the length of the pulse, the
expected downtime per failure, and the steady-state Ao.

Estimation of operational availability
Two related Ao equations were described in previous

published work by the author (Pryor, 2008) and are
shown here as Equations 1 and 2. The specific
equation or methodology used to determine Ao is of
no importance; but Equations 1 and 2 are shown as one
possible source.

Ao~
1{OPR|CMRESS

1zOPR(MCMTzADLT)=MTBF
, ð1Þ

Ao~
1

1z(MCMTzALDT)=MTBFzCMRESS
ð2Þ

where

ALDT 5 administrative and logistics delay time
(per failure) in hours.

CMRESS 5 clock hour maintenance ratio—essential
(maintenance time not associated with
a critical failure that causes downtime;
expressed as maintenance clock hours
per operating hour). Includes both
essential scheduled (preventive) main
tenance and unscheduled (corrective)
maintenance.

MCMT 5 mean corrective maintenance time (per
failure) in hours.
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MTBF 5 mean time between failure (represent-
ing ‘‘critical’’ failures that cause the
system to be nonoperational) in hours.

OPR 5 operating rate (ratio of operating time
to total time; i.e., a system that operates
12 hours per day would have an OPR
of 50 percent).

If CMRESS 2 [(1 2 OPR)/OPR] # 0, then
Equation 1 can be used; otherwise use Equation 2.
(Equation 2 is used for continuously operating or high
op-tempo systems.)

Estimation of pulse availability
AP will always be greater than or equal to the steady-

state Ao because some of the downtime that was
induced during the pulse will extend outside of the
pulse, and therefore is not counted against the pulse Ao.
The difference between AP and steady-state Ao varies
depending on the reliability relative to the pulse; the
relative duration of the downtime; and, of course, the
planned usage during the pulse.

If the MTBF is significantly greater than the length
of the pulse, there is a high chance of completing the
pulse without a failure. Then, a failure will occur only
during a small percentage of pulses, and only that small
percentage of pulses will experience any downtime

during the pulse. For this case there will not be much
difference between the AP and the steady-state Ao.

If the MTBF is such that there is a good chance of
experiencing one or more failures during the pulse, and
if the average downtime is also high (relative to the
pulse), then a significant portion of downtime can be
expected to extend beyond the pulse, and the AP will
differ significantly from the steady-state Ao.

As shown in Figure 3, for situations where many
failure–restore cycles occur during the pulse (i.e., very
long pulses or low MTBF combined with low down-
times), then many failure–restore cycles occur during the
pulse. In that case, because there are multiple failures and
repairs during the pulse, most of the associated
downtime occurs during the pulse and only downtime
from the last failure can extend beyond the pulse. In this
case, there will some but perhaps not a significant
difference between the AP and steady-state Ao.

We begin by modifying the normal Ao equation to
include only the uptime and downtime, which occurs
during the pulse, as shown in Equation 3.

AP~
UptimeP

UptimePzDowntimeP
, ð3Þ

where UptimeP (UTP) is the uptime within the pulse; and
DowntimeP (DTP) is the downtime within the pulse. As
we have discussed previously, the difference between Ao

Figure 2. Uptime and downtime for pulse availability calculation.

Figure 1. Steady-state failure-restore cycle.
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and AP lies in the fact that some amount of the expected
downtime extends beyond the pulse. The downtime that
extends beyond the pulse is designated as DTOP.

In general, the percentage of time we can expect to
be operational is Ao, and the amount of time we can
expect to be operational during the pulse, UTP 5 Ao 3

PT. Similarly, the amount of downtime we can expect
during a pulse is DTP 5 (1 2 Ao) 3 PT, less some
amount of downtime normally expected that falls
outside the pulse (DTOP).

If a system is in a failed state at the end of a pulse, we
will assume that there is an equal chance of being at any
point in the restore process. So, given that the system is in
a failed state, the average amount of downtime extending
beyond the end of the pulse is one-half of the restore
time, or (MCMT + ALDT)/2. By definition, 1 2 Ao is
the probability that the system is nonoperational at any
given time, including the end of the pulse. So, there is a 1
2 Ao probability that an (ALDT + MCMT)/2 amount
of downtime will fall outside the pulse. This means that

DTP 5 estimated downtime for pulse less expected
downtime outside of pulse

~ 1{Aoð Þ|PT½ �

{ 1{Aoð Þ MCMTzALDTð Þ=2½ �:
There is however one limitation arising from our

assumption with respect to the average amount of
downtime extending beyond the pulse. If the time to
restore (TTR) is large with respect to the pulse time
and we end the pulse in a failed state, then the system
is much more likely to be early in the restore process
and our assumption that one-half of the restore time
extends beyond the pulse is not valid. Take for example
a pulse time of 72 hours and a TTR of 200 hours.
Using the previous assumption, we would effectively be
reducing the pulse downtime by one-half of 200 hours,
or 100 hours—longer than the actual pulse itself! To

overcome this anomaly, we limit the time to restore to
no more than the pulse time itself. Simulation results
have borne out that no matter how high the restore
time, once it exceeds the pulse time the resultant AP is
not affected. In that case, once a failure occurs, the
failed system will not be returned to operation during
the pulse. Now we can substitute into Equation 3:

AP~
UTP

UTPzDTP

~
Ao|PT

Ao|PTz 1{Aoð ÞPT{ 1{Aoð Þ MCMTzALDTð Þ=2
;

dividing numerator and denominator by PT and
simplifying,

AP~
Ao

Aoz 1{Aoð Þ{½ 1{Aoð Þ MCMTzALDTð Þ=2�=PT
,

AP~
Ao

1{ (1{Ao)|TTR=2PT½ � , ð4Þ

where PT 5 pulse time period (hours),

TTR 5 MCMT + ALDT
if (MCMT + ALDT) # PT or

TTR 5 PT if (MCMT + ALDT) . PT

Note that Equation 4 is valid only when Ao . 0.50.
Verifying the output by comparing to Monte Carlo

simulation results, it turns out that Equation 4 provides
a good estimate of AP except in cases of very low Ao.
When Ao is less than 50 percent, Equation 4 begins to
deviate significantly from simulated results. However,
such low values of Ao are generally not acceptable and
therefore not applied in real world situations.

The previous discussion relating to instances of long
TTR leads to another simple methodology for estimat-
ing AP in cases where the average time to restore exceeds
the pulse time. If, as in the case of long TTR, we know

Figure 3. Pulse with many failure–restore cycles.
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that systems will not be returned to operation during the
pulse, we can use reliability, the probability of complet-
ing the pulse without a failure, to estimate the AP.

Estimation of pulse availability for long
times to restore

As stated previously, when the average time to
restore is longer than the pulse time, a failed system
will (on average) not be returned to operation during
the pulse. Thus, we can compute the AP using mission
reliability as described further on. The exact reliability
distribution used to calculate the pulse mission
reliability does not matter; similar calculations can be
performed for any distribution. But, for simplicity, we
will use the exponential distribution.

We are interested in the probability of completing
the pulse without a failure. This value will be
designated as pulse reliability (RP).

The derivation is straightforward and independent
of the number of systems operating during the pulse,

but it is more intuitive if we let N be the number of
systems beginning the pulse.

For a group of N systems, UTP is equal to the
number of systems that make it through the pulse
(N 3 RP) multiplied by the pulse time PT; summed
with the number of systems that failed to make it
through the pulse [N(1 2 RP)], multiplied by the
uptime they accomplished prior to failure, UTFAIL.

UTP 5 [N 3 RP 3 PT] + [N(1 2 RP) 3 UTFAIL]

UTFAIL is easy to estimate for the exponential
distribution because it assumes a constant failure or
hazard rate, which means that failures are equally likely
to occur at any time during the pulse. Given that a
system has failed during the pulse, this lets us estimate
the average time to failure as simply one-half of the
PT. So, UTFAIL 5 PT/2.

Now,

UTP~(N|RP|PT)zN (1{RP)|PT=2,

Table 1. Comparison of Equation 4 output to simulation results.

MTBF (h) OPR Ao (Equation 1)

AP (Equation 4)

PT = 7,200 h PT = 720 h PT = 72 h

Calc. Sim. Calc. Sim. Calc. Sim.

100 10/24 0.745 0.746 0.746 0.756 0.757 0.872 0.857

100 20/24 0.594 0.595 0.595 0.608 0.607 0.773 0.752

500 10/24 0.936 0.936 0.936 0.939 0.940 0.971 0.968

500 20/24 0.880 0.880 0.880 0.886 0.886 0.944 0.941

Table 2. Comparison of Equation 4 and 5 to simulation results.

Avg. time to restore
(TTR) MTBF/OPR (h) Ao (Equation 1) AP (Equation 4) Sim. result AP (Equation 5)

25 12 0.324 0.345 0.344 0.500 (poor match)

25 60 0.706 0.724 0.726 0.545 (poor match)

25 120 0.828 0.840 0.841 0.651 (poor match)

25 600 0.960 0.963 0.963 0.893 (poor match)

82 12 0.128 0.170 0.163 0.500 (poor match)

82 60 0.423 0.506 0.496 0.545 (poor match)

82 120 0.594 0.672 0.658 0.651

82 600 0.880 0.911 0.909 0.893

162 12 0.069 0.129 0.083 0.500 (poor match)

162 24 0.129 0.229 0.168 0.501 (poor match)

162 48 0.229 0.372 0.314 0.525 (poor match)

162 72 0.308 0.471 0.438 0.568 (poor match)

162 96 0.372 0.542 0.543 0.612 (poor match)

162 120 0.426 0.597 0.582 0.651 (poor match)

162 180 0.526 0.690 0.685 0.725 (marginal)

162 240 0.597 0.748 0.748 0.774 (marginal)

162 360 0.690 0.816 0.819 0.835

162 480 0.748 0.856 0.869 0.870

162 600 0.787 0.881 0.887 0.893

162 1,200 0.881 0.937 0.942 0.943
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AP~Uptime=Totaltime,

AP~
(N|RP|PT)zN 1{RPð Þ|PT=2

N|PT
:

Divide numerator and denominator by N and PT, and
we get

AP~RPz 1{RPð Þ=2: ð5Þ
Note that Equation 5 is valid for exponentially
distributed failures; average time to restore greater
than pulse time; and mean calendar time between
failure greater than pulse time.

If one assumes that system failures follow the
exponential distribution, Equation 5 can be used to
quickly estimate pulse availability for systems with long
times to restore (relative to the pulse time). Also,
analysis of Monte Carlo simulation results indicates
that Equation 5 provides a poor approximation when
the mean calendar time between failure (MTBF/OPR)
is less than PT.

Comparison of pulse availability
estimations to simulation results

A rigorous proof of these formulas is not provided.
However, it will be shown that they compare favorably
to results of Monte Carlo simulations performed by the
author. The author is confident that these results can
be replicated by others willing to do so.

Table 1 shows results from the use of Equations 1
(Ao) and 4 (AP) as compared with Monte Carlo
simulation results for various inputs. The MTBFs vary
between 100 hours and 500 hours; daily OT varies
between 10 hours per day and 20 hours per day; pulse
times vary between 72 hours, 720 hours, and 7,200
hours. For all cases, ALDT 5 80 hours and MCMT 5

2 hours. Each simulation result shown represents the
average from a group of 10 systems operating for the
specified pulse, repeated 1,000 times.

As can be seen, the AP simulation results are within a
few percentage points of the calculated values. Note that
the simulated and calculated results from the higher
MTBF are more comparable with each other. And, as

expected, when the pulse time increases, the calculated
AP (Equation 4) approaches the steady-state Ao (Equa-
tion 1) and very closely matches the simulation results.

Table 2 compares the results of Equations 1, 4, and 5
with simulation results for a variety of cases.

It can be seen that Equation 5 does not match the
simulated AP for cases where either the TTR is less
than the pulse time, or when the MTBF/OPR is less
than the pulse time. Table 3 shows simulation results
for increasing TTR—showing as expected no affect on
AP when the TTR is increased well above the PT.

Conclusion
The equations and methodologies in this article

describe an original approach to estimation of pulse
availability. The outputs of Equations 4 and 5 closely
match results of Monte Carlo simulations written to
specifically measure AP over typical operating cycles.
The only limitations are that Equation 4 is valid only
when the operational availability is above 0.50 (hardly
an actual limitation). Equation 5 is valid when the
failure distribution is exponential; and the reliability
(MTBF) and average time to restore are both high
relative to the pulse time. Although various techniques
are available to predict Ao, very little can be found on
estimation of AP, and the author hopes to fill that void
with a simple and straightforward approach. %
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Avg. time to
restore (TTR) MTBF/OPR (h) Sim. result AP (Equation 5)

82 600 0.907 0.893

162 600 0.892

242 600 0.887

322 600 0.893

402 600 0.891
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An adaptable adversary with a 30-day innovation cycle has driven the demand for a rapid

acquisition process that compresses the current acquisition cycle. We describe the development of a

tool for the Test and Evaluation (T&E) community to enable consistent and objective

application of threat intelligence to a subset of the rapid acquisition enterprise: Counter-

Improvised Explosive Device (C-IED) sensor testing. Currently there is no single standard

common to all T&E entities regarding development and application of threat phenomena to C-

IED sensor testing, which results in T&E products that do not readily support the direct

comparison of system performance. A tool is needed to engage the T&E community to define and

automate best practices to enable a consistent application of threat phenomena. The Joint IED

Defeat Test Board is developing a Common IED Exploitation Target Set (CIEDETS), an

ontology-based decision support tool that provides consistent, repeatable application of

operationally realistic threat information to C-IED sensor T&E efforts. The goal is to

implement a documented methodology for the development of surrogate threat ‘‘observables’’

applicable to the full spectrum of C-IED sensor T&E scenarios. This article overviews the

CIEDETS technology and describes how CIEDETS could be utilized for individual system

evaluation and to augment the system-of-systems evaluation of an integrated aerial

Intelligence, Surveillance, and Reconnaissance (ISR) Task Force.

Key words: Counter-IED sensor testing and evaluation; observables; ontology-based

decision support architecture; rapid acquisition; repeatable application of threat

signatures.

T
he U.S. Department of Defense Coun-
ter-Improvised Explosive Device (C-
IED) community has compiled an
extensive inventory of data on IED
threat signatures and tactics. Currently

this inventory consists of various independent data sets,
which are organized according to widely disparate
standards and maintained by a diverse set of user
groups. The Joint IED Defeat (JIEDD) Test and
Evaluation (T&E) community uses available threat
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information to produce threat representations against
which C-IED sensor technology performance can be
validated. The availability, accuracy, and standardiza-
tion of threat information are critical to the effective-
ness of the overall C-IED enterprise.

The T&E community’s ability to harvest IED-
related threat information in a consistent and repeat-
able manner is limited by the absence of a formal
model that explicitly correlates IED observables and
associated signature data with C-IED sensor technol-
ogies and associated mission profiles. A standardized
approach offers the following advantages:

N minimization of duplicative testing,
N consistent and repeatable application of threat

signature data for the development of event-
specific Threat Test Support Packages (TTSP),

N more timely and efficient utilization of unstruc-
tured threat information for system T&E, and

N detailed documentation of the test objectives and
constraints used in determining the test setup.

The Common IED Exploitation Target Set (CIE-
DETS) is an ontology-based decision support tool that
provides a structured framework for defining T&E
objectives and correlating these objectives to an
optimum set of threat observables that can be used to
exercise the performance of C-IED technologies in
operationally realistic contexts. The current instantia-
tion of CIEDETS focuses on the ‘‘detect’’ mission
thread of the overall C-IED enterprise. CIEDETS is
initially planned to be a component of the Army Test
and Evaluation Command evaluation of individual
electro-optical, infrared, and radar-based systems and
ultimately to assist in an integrated aerial Intelligence,
Surveillance, and Reconnaissance (ISR) Task Force
system-of-systems evaluation.1

CIEDETS and the role of the Joint IED
Defeat Test Board (JTB)

The JTB synchronizes JIEDD T&E events within
the Department of Defense and assists the Services and
Joint Commands to maximize utility and decrease
redundancy in testing of JIEDD initiatives. To this
end, the JTB is the lead agency for coordinating
JIEDD T&E events to optimize potential opportuni-
ties for collaboration, avoid test duplication, reduce
redundancy of test resources, minimize the time
required to provide solutions to the field, and facilitate
common test methodologies and data element dictio-
naries.2 As part of this mission, the JTB is developing a
series of protocols governing T&E of the full range of
C-IED capabilities and systems. JTB T&E protocols
define specific guidance and community best practices,
including quantifiable measures of performance and

measures of effectiveness, related to C-IED system
T&E as well as data collection and reporting standards.

JTB T&E protocols provide overarching guidance
for the conduct of C-IED-related T&E activities. This
guidance serves to ensure a level of consistency and
repeatability in tests across the JIEDD community that
would not otherwise be possible in the absence of a
unifying standard. Whereas ultimate responsibility for
C-IED test plan development and execution remains
with the Service Operational Test Agencies, the JTB,
through the implementation and enforcement of T&E
protocols, is responsible for collecting and promulgat-
ing the C-IED test objectives and reporting standards
specified by the operational community and Joint IED
Defeat Organization to justify system acquisition and
deployment decisions.

CIEDETS is an emerging key component of the
JTB protocol development effort. Within this context,
CIEDETS functions as the primary decision support
system for the definition of threat observables that
correspond to different C-IED sensor technologies. As
protocols are developed, CIEDETS is employed to
record information regarding specific sensor technol-
ogies, anticipated mission profiles, deployment plat-
forms, and environmental considerations. From these
inputs, CIEDETS generates a corresponding set of
observable threat characteristics that a test range
should seek to replicate in a test program to exercise
a System Under Test (SUT) across a range of desired
operational conditions. The CIEDETS output consti-
tutes the basis for the threat definition published in the
JTB sensor test protocols.

CIEDETS system design
CIEDETS is the JTB’s pilot effort to develop and

deploy a standardized approach to integrate and exploit
threat information in support of C-IED sensor T&E
activities. This project involves implementation of a
formal knowledge and data model that integrates IED
threat information from multiple sources to derive a set
of IED observables. For this application, ‘‘observables’’
are defined as the characteristics of the IED along with
the artifacts of IED manufacturing and emplacement
that may be directly or indirectly detected in the
electro-magnetic spectrum (e.g., size, color, metallic
composition, explosive composition, etc.).3 CIEDETS
is designed to correlate the IED observables with user-
defined C-IED sensor technologies, deployment
platforms, and associated mission profiles in order to
define an optimum set of threat characteristics required
to test those sensor technologies in specified opera-
tional environments. CIEDETS links system perfor-
mance characteristics to desired mission capabilities
(Simmons and Wilcox 2007).
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CIEDETS also explicitly defines relationships be-
tween existing IED-related threat data sources and key
nodes in the IED threat enterprise to include recruiting,
training, logistics, supply, and device deployment. The
resultant ontology is part of a dynamic decision-support
framework that filters and organizes IED threat data
based on user-defined instance data consisting of C-
IED sensor technology information, deployment plat-
form, and associated mission parameters.

As a T&E planning tool, CIEDETS correlates
specific sensor phenomenology, associated mission
profiles, platform capabilities, and environmental
variables with a comprehensive catalog of threat
observables. CIEDETS maps this resulting subset of
optimized observables to existing threat signature data
sets to enable the JIEDD T&E community to identify
and reference technical data relevant to the develop-
ment of physical IED threat representations.

Figure 1 shows a system diagram of the CIEDETS
tool. Within this construct, CIEDETS provides a
structured, ontology-based framework to capture key test
conditions that characterize four elements: (1) the SUT,
(2) the operational Mission, (3) the deployment Envi-
ronment, and (4) the deployment Region. The structured
input deck is automatically correlated to the IED threat
observables catalog, producing a refined list of observables
that are required to exercise the given system relative to
the operational mission, environment, and region.

Ontology-based decision
support architecture

The development of a standard ontology for missions,
platforms, and sensors is not a new concept. Several

research and development efforts have been undertaken
by the government, private industry, and universities to
formulate an ontological structure that could be used to
match sensors to specific mission profiles (Gómez et al.
2008). These efforts have focused mainly on developing
a highly probable matching of sensors to fulfill a specific
mission task based on historical mission data and sensor
specifications (Preece et al. 2008). The focus of
CIEDETS is to leverage previously designed data
models and introduce a capability to simultaneously
associate current threat data with individual sensors,
integrated systems, C-IED mission profiles, and
environmental considerations.

The CIEDETS ontology development has three
main concentration areas: (1) establish a robust input
relationship architecture to standardize the T&E
planning process, (2) create a comprehensive IED
threat observable catalog that is driven by current
intelligence data from various source providers, and (3)
create a semantic tagging association structure and
logic engine that matches the input ontology with
relevant threat observables. The tagging association
structure consists of a correlation function that
associates mission-specific input parameters with
corresponding threat observable attributes. Threat
observable attributes are both qualitative and quanti-
tative and define the basic temporal, spatial, and
contextual characteristics of the threat. Table 1 lists
several examples of CIEDETS threat attributes.

The CIEDETS input ontology uses existing con-
ceptual data models (Russomanno, Kothari, and
Thomas 2005) developed for mission planning appli-
cations to provide a logically consistent framework

Figure 1. Common improvised explosive device exploitation target set system diagram.
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within which test conditions can be decomposed and
recorded (Goodwin and Russomanno 2006; Russo-
manno, Kothari, and Thomas 2005). The ontology
includes a logic-embedded input variable format that
relates the SUT, the executable mission type, and the
operational environment in a single test profile
description. The CIEDETS logic engine correlates
the test profile with an integrated IED threat
observable catalog to identify a refined set of
observables that are most relevant to the input
conditions. The fitness of individual observables is
determined using a hybrid-rule-based approach, which
integrates heuristics with modeling and simulation
results. The CIEDETS process enables users to
quickly identify the IED threat observables most
relevant to the test conditions and capture a pathway
description of the test setup.

CIEDETS enforces data integrity constraints to
ensure internal consistency between test input condi-
tions (Thomas and Russomanno 2005). The input
conditions are organized into four areas: (1) the SUT,
(2) the operational mission profile, (3) the environ-
ment, and (4) the region where the system will be
deployed. An excerpt of the taxonomic decomposition
of the input CIEDETS ontology and the output
structure is shown in Figures 2 and 3, respectively. The
input ontology captures the attributes and relationships
among the components that comprise the SUT,
including the various sensing modalities and platform,
the operational mission, environment, and region. The
output CIEDETS ontology captures the attributes and
relationships among the entities that comprise the IED
observables, including the explosive, the trigger, the
camouflage, cover, and concealment, as well as the
background clutter objects in the scene. The logic
engine processes the rule base to derive implicit
associations, such as can detect relationships, between
the SUT and the observables. Users are alerted to
instances where logical inconsistencies between input
conditions may exist and they are prompted to adjust
the affected inputs appropriately.

Table 1. Common improvised explosive device exploitation

target set threat attributes.

Attribute Description Units

Changed area Small change ft3

Medium change ft3

Large change ft3

Object size Small ft2

Medium ft2

Large ft2

Linear aberration Small ft

Medium ft

Large ft

Observable speed Low ft/s

Medium ft/s

High ft/s

Radar cross section Small ft2

Medium ft2

Large ft2

Contrast thermal Low uF
Medium uF
High uF

Figure 2. Excerpt of common improvised explosive device exploitation target set input ontology structure.

Figure 3. Excerpt of common improvised explosive device

exploitation target set observables ontology structure.
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JIEDD T&E lexicon
To standardize the test and evaluation of develop-

mental sensors for C-IED detection, a common
understanding of related terminologies is required. In
parallel with the development of the ontology structure
mentioned earlier, the CIEDETS system includes a
JIEDD T&E lexicon that provides a standard
reference for the terminology used in the CIEDETS
tool. The multipurpose lexicon serves as both the
terminology bridge for standardization throughout the
JIEDD T&E community and, through a web-enabled
interface, a resource for capturing in-theater reporting
and context to update and inform the concepts
expressed in the lexicon.

The JIEDD T&E Lexicon employs social network-
ing technology in the form of a wiki engine that
enables continuous refinement and updating of IED-
related terminology by the operational military and
T&E communities. Given that the JIEDD T&E
Lexicon is designed to be the authoritative terminology
reference for JIED-related T&E activities, an adjudi-
cating body under the JTB reviews the proposed
content before the term is permanently updated. The
adjudicating body has the ultimate authority on
whether to modify the current description or to leave
the suggestion on the page as a ‘‘note’’ or ‘‘opinion.’’
Terms specified in the CIEDETS ontology are
dynamically linked to the JIEDD T&E Lexicon.
When a user encounters a term in the ontology, the
wiki-based lexicon provides seamless access to the
community-approved definition.

CIEDETS T&E support tool
The structured framework of the CIEDETS

ontology, the logic-driven CIEDETS engine, and
the integrated JIEDD T&E Lexicon collectively
provide the T&E community with a standardized

resource for defining the optimum set of IED-related
threat observables required to comprehensively exercise
a given SUT across a range of operational conditions.
To further enable commonality in test execution,
CIEDETS includes a library of test structures and
associated observables for common C-IED-related
mission profiles. Additional functionality enables users
to save new test profile templates for future reference
so that specific test conditions can be replicated in
subsequent test events. Figure 4 provides a system-level
view of the CIEDETS application and indicates where
CIEDETS fits in the T&E process.

The CIEDETS system output consists of a set of
threat observables that are optimized to specific test
objectives. The output observables are referenced to a
distributed network of IED signature databases that are
populated and maintained by organizations throughout
the JIEDD community.4 Within this context, CIE-
DETS is designed to function as a single point of entry
for the T&E community to efficiently exploit hetero-
geneous IED signature data sets. Threat observables,
along with the underlying signature data, are in turn
used for the development of physical threat represen-
tations or TTSP that can be deployed within the context
of a live test event. Figure 5 is an example of the
instantiated CIEDETS output, which was generated by
the logic engine, for a specific test scenario.

The development path for CIEDETS includes the
introduction of a statistical toolkit that enables users to
determine the optimum number of unique data points
required to establish a predetermined confidence
interval for system performance as a function of test
setup and execution constraints. The toolkit can be
used to measure the direct correlation between
individual observables in order to reduce the total
number of unique observables required for deployment
within a given test event. The correlation measure is

Figure 4. The common improvised explosive device exploitation target set system diagram and contribution to the test and

evaluation process.
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also useful in determining the relative distribution of
observables with respect to the IED detection modes
being exercised within the context of a system test.

Once deployed, CIEDETS will be accessible via a
Secure Internet Protocol Router network web portal
maintained by the JTB. The portal provides a common
environment for real-time knowledge sharing between
disparate test centers within the C-IED enterprise to
enable optimization of limited T&E resources for the
rapidly evolving asymmetric threat environment.

Potential use case execution: Aerial ISR
Task Force

Phase one of CIEDETS development includes
creating a robust structured ontology, fusing the
ontology with current threat intelligence, and deploy-
ing CIEDETS in a limited capacity to support a
specific C-IED-related T&E effort. The initial use
case for the CIEDETS tool will focus on electro-
optical, infrared, and radar-based systems used to
detect and characterize phenomena related to the
Terminal Phase of IED deployment. The Terminal
Phase of IED deployment refers to enemy activities
directly associated with the following:

1. Enemy ingress—movement of personnel or
materials associated with the physical emplace-
ment of a device or series of devices,

2. Device deployment—physical emplacement of a
device or devices to include enemy reconnaissance
and surveillance and prepositioning during device
emplacement and/or detonation, and

3. Enemy egress—movement of personnel or ma-
terials following the emplacement of a device or
series of devices.5

Figure 6 depicts an infrared observable associated
with the Terminal Phase of IED deployment.

An initial use case for CIEDETS could involve an
aerial ISR Task Force system-of-systems evaluation
effort. The U.S. Army has deployed an aerial ISR Task
Force since 2006 with the mission to conduct operations
for the detection and characterization of threats and
threat networks. Throughout its initial operational
phases, the aerial ISR Task Force has become a key
operational component for emerging sensor technolo-
gies that have been developed to exploit characteristics
of the IED threat, both left and right of ‘‘boom.’’

Early systems deployed as part of the aerial ISR
Task Force were subjected to disparate test regimes
even in cases where the systems in question were of the
same capability. The absence of a formalized threat
baseline for system validation resulted in performance
expectations that were not consistent with stated
individual system capabilities and an inability to
directly compare system performance when function-
ing as a system-of-systems.6 The CIEDETS develop-
ment effort was initiated, in part, to address lessons
learned from these experiences. As part of further aerial
ISR Task Force evaluation efforts, CIEDETS can be
used to support TTSP development for individual
system T&E in order to validate the efficacy of systems
relative to a common benchmark. CIEDETS can also
support the continuing and future system-of-systems
level evaluation of the aerial ISR Task Force enterprise
by assisting in the definition of comprehensive threat
profiles that can be used to measure the complemen-
tary nature of discrete sensors working in tandem to
characterize different aspects of the IED threat.

The CIEDETS objectives for a potential aerial ISR
Task Force use case include demonstrating a reduction
in the overall time required to develop a threat profile
for a given system test by 50 percent, enabling
traceability of all TTSP elements to validated threat
intelligence, and providing a distributed, network-

Figure 5. Common improvised explosive device exploitation target set system output.
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addressable environment for sharing threat profile
information between test centers.

Future work
Phase two of the CIEDETS effort will address

expansion of the ontology structure to include threat-
related information and associated technology relation-
ships outside the electro-optical/infrared and radar
domains. The objective CIEDETS capability will
furnish a single resource for comprehensively correlating
IED characteristics with C-IED technologies across the
five IED defeat mission threads: predict, detect, prevent,
neutralize, and mitigate (Baker and D’Aria 2005).
Additional effort will focus on more completely mapping
available threat intelligence and associated threat signa-
ture databases to the CIEDETS observables to ensure
that CIEDETS provides a pathway to underlying data
sources relevant to the development of TTSP.

CIEDETS is part of a larger effort being under-
taken by the JTB to synchronize the overall JIEDD
T&E enterprise. JTB envisions deploying a set of
centrally managed, mutually reinforcing applications
that will enable different test centers operating
independently from one another to leverage a common
set of analytical tools and associated databases in the
execution of constructive test events. These construc-
tive tests will provide a more robust understanding of
the impact of individual technologies on the overall C-
IED mission set and support more informed acquisi-
tion decision-making. %
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Endnotes
1‘‘New ‘Spies in the Sky’ Task Force to Go Operational,’’ Aviation

Today, May 11, 2007. http://www.avtoday.com/rw/topstories/11325.

html (accessed October 6, 2008).
2Department of Defense Directive 2000.19E, ‘‘Joint Improvised

Explosive Device Defeat Organization,’’ February 14, 2006.
3‘‘The Joint IED Defeat Test Board Wiki,’’ June 6, 2008. http://10.0.1.

50/mediawiki/index.php/(U)_Main_Page (accessed September 29, 2008).
4‘‘Target Catalog,’’ September 8, 2008. http://www.us.army.smil.mil/

suite/page/10531.
5‘‘CIEDETS Lexicon,’’ June 6, 2008. http://10.0.1.50/mediawiki/

index.php/(U)_Terminal_Phase_of_IED_Deployment.
6Prominent examples of this situation can be found in the predeploy-

ment evaluations of the Highlighter and Night Eagle change detection

systems conducted by ATEC and the evaluations of the Constant Hawk

and Angel Fire persistent surveillance systems conducted by ATEC and

the Marine Corps Systems Command, respectively.
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