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A
recurring question I have heard
throughout my career is ‘‘How much
testing is enough?’’. The
theme of this issue ‘‘Rigor
of the Scientific Method’’

clearly addresses that question. In his
Guest Editorial in the June issue of The
ITEA Journal, Dr. Alberts, Director of
Research in the Office of the Secretary
of Defense Chief Information Officer
(DoD CIO), supported the argument
that ‘‘T&E is a critical component of
the processes that develop and/or acquire
capability.’’ Proper use of scientific rigor
or, more specifically, design of experi-
ments (DOE) techniques, increases the
probability that a test program will
answer the correct questions regarding effectiveness
and suitability of a system or system of systems.
Whether you are testing effectiveness or suitability,
statistically defensible test planning forces you to
consider, up front, the questions that need to be
answered and the analysis needed to adequately
address those questions. The DOE discipline seeks
to identify scientifically proven methodologies that
ultimately provide efficient, scientifically defensible
results. Applying scientific rigor and DOE provides
for a structured and controlled method for the
planning, execution, and evaluation of a test
program.

Shortly after being appointed Director of Opera-
tional Test and Evaluation (DOT&E) in 2009, Dr.
Gilmore established four overarching T&E initiatives
to: 1) Field New Capability Rapidly; 2) Engage Early
to Improve Requirements; 3) Integrate Developmental,
Live Fire, and Operational Testing; and 4) Substan-
tially Improve Suitability Before Initial Operational
Test and Evaluation (IOT&E). A common thread that
I believe runs through all of these initiatives is the need
for employing adequate scientific rigor. Statistically
designed test programs increase both T&E efficiency
and the probability of defensible results which, in turn,
increase decision makers’ confidence in their acquisi-
tion decisions. DOE techniques provide keen insight
into test resource and risk trade-offs, and also provides
decision makers with better context for understanding
and evaluating results. Most importantly, however, the
use of appropriate scientific rigor ultimately increases
our end users’ confidence that they fully understand a
system’s capabilities and limitations. That’s the bottom
line. In the case of the Defense Departments, the goal

is to get needed capabilities into the hands of our
warfighters as quickly as possible.

In ‘‘Inside the Beltway’’, Dr. Gilmore
reported that he has seen significant
gains in the process of developing
rigorous and objective tests over the past
year, but that we still have a long way to
go. His office is continuing to identify
solutions to the challenges facing T&E
professionals. Accordingly, I implore
each of you in the T&E community to
assist his efforts by promoting collabo-
ration through the sharing of knowl-
edge, best practices, techniques, success-
es, and lessons learned. I assure you that
ITEA will make every effort to continue
providing relevant educational offerings,

publications and forums to support these collabora-
tions.

Adopting the rigor of scientific methods to T&E
requires keeping up with emerging technology; testers
must go beyond acquiring data to look further into
metrics, concepts of operation, requirements, system
designs, and mission environments. An example of this
is adapting to the new technologies associated with
directed energy weapons (DEW) – both high energy
laser and high power microwave. As I write, I am
preparing to participate in the Directed Energy Test
and Evaluation (DE T&E) Conference co-sponsored
by the ITEA Roadrunner Chapter. This year marks
the 10th anniversary of this highly successful conference
that continually provides a forum for exchanging
insights, experiences, and ideas regarding DE T&E
methods, instrumentation, and facilities as well as
taking a hard look at our ability to perform appropriate
and affordable T&E. I would like to thank the chapter
for 10 years of support, especially Pat Cannon and his
many program and technical co-chairs, and our
partners in the conference, the Directed Energy
Professional Society. I have had the pleasure of serving
on the conference committee a couple of years and can
attest to their hard work and dedication.

It is highly probable that this will be my last
President’s Corner. It has truly been an honor to serve
ITEA in this capacity. I would like to thank my fellow
board members, the various chairs and committees, the
ITEA staff, and the membership for their support this
year. We had some successes, but we also had to rise to
a number of challenges that I could not have faced
without many of you. The T&E community never
ceases to amaze me! I would like to extend a special

Stephanie H. Clewer

President’s Corner
ITEA Journal 2011; 32: 225–226
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‘‘shout out’’ to the many people who patiently provided
valuable mentorship and/or served as sounding boards
as I tried to adjust to the role.

I hope to see everyone at an upcoming event soon.

226 ITEA Journal
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R
igor of the Scientific Method. Rigor is
scrupulous or inflexible accuracy; ap-
plied to the scientific method, it
produces a body of techniques for
investigating phenomena, acquiring

new knowledge, or correcting and integrating previous
knowledge. Systems engineering is simply the appli-
cation of the scientific method to the concept, design,
development, and building of complex systems.
Bringing the rigor of the scientific method to test
and evaluation (T&E) requires adopting emerging
technology and makes it incumbent upon testers to go
beyond acquiring data to digging into metrics, concept
of operations, requirements, system design, and
mission environment.

Prof. Douglas Montgomery of Arizona State Uni-
versity literally wrote the book on rigor in the design of
experiments and offers his perspective in our Guest
Editorial. Dr. Michael Gilmore, the Director of
Operational Test and Evaluation, writes from Inside
the Beltway on rigor and objectivity in test and
evaluation, a follow up to his September 2010 ITEA
Journal Guest Editorial. Mr. Robert Stochl provides new
insights for managing and storing cryogenic liquids for
long duration missions in TechNotes. The centennial of
Naval aviation is celebrated in Historical Perspectives
with an interview of Mr. Gary K. Kessler, Executive
Director, Naval Air Warfare Center Aircraft Division.
Ms. Nanci Newhouse of the Joint Interoperability Test
Command (JITC) showcases the new JITC test facility
at Fort Meade, MD in Featured Capability.

Opening the issue is an article by Ms. Eileen
Bjorkman and Dr. James Brownlow describing an
ongoing Air Force program to expand the use of
statistical methods for planning, executing, and
analyzing tests. Dr. Laura Freeman and coauthors
explain a ‘‘4-D’’ process that, when combined with
expert engineering judgment and experience, permit
the quantitative assessment of risk for acquisition
decision making. Dr. Robert Holcomb presents
Bayesian analysis techniques and case study methods
as alternative approaches to gain confidence in
operational test data for ground combat systems. Mr.
Zachary Zimmer et al. employ design of experiments in
operational testing as a collaborative process involving
evaluators, subject matter experts, statisticians, testers,
and regulators. Capt. Casey Haase et al. offer a

statistical design approach to address the complexity
of live-virtual-constructive-based experiments.

Dr. Mark Kiemele offers his Identify-Design-
Optimize-Validate methodology as a rigorous and
scientific approach to the design and development of
new products and systems. Dr. Dean Thomas examines
previous operational tests and concludes that though
structured approaches captured some facets of design
of experiments, a more rigorous application could yield
improvements. Dr. Peter Carter and colleagues exploit
and advance modeling and simulation through imple-
mentation of the general principles of systems
engineering, enhancing modeling and simulation as a
value-multiplier for testing. Dr. Arnon Hurwitz et al.
compare parametric, simulation, and Bayesian methods
for characterizing and bounding radial target location
error distributions, concluding that for small data sets
results are consistent among them.

Three articles address wireless technologies for open
air testing. Dr. Theodore Miller describes a maximum
likelihood method making it possible to assess the
accuracy of very accurate GPS. William Chen et al.
perform laboratory experiments to assess a method for
reducing multipath fading, which, if successful would
improve radar, communications and telemetry post-
test data processing in chamber and open air tests. Dr.
Marilynn Wylie and Glenn Green present a spectrally
efficient modulation scheme for telemetry that is also
power and bandwidth efficient.

Mr. Gregg Beitel and coworkers close the issue
illustrating the benefit of a university-government
partnership between the Air Force Arnold Engineering
Development Center and the University of Tennessee
Space Institute for rapid development and validation of
propulsion diagnostics systems, instrumentation, and
test techniques.

On another note, the Publications Committee met
on 28 July and chose themes for the 2012 issues of the
Journal. T&E at the Speed of Need for March;
Drowning in Data, Thirsty for Information for June;
Strategic Partnering: We are Doing More Without More
for September; and Cultivating the T&E Workforce for
December. Additional details are found on page 230.

Finally, the Publications Committee thanks one of
its own, Dr. Laura Freeman, for ‘‘adopting’’ this issue
and taking a leadership role in defining, shaping and
populating it. Thank you, Laura, beautiful job.

Issue at a Glance
ITEA Journal 2011; 32: 228
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The Principles of Testing

Douglas Montgomery, Ph.D.

Regents Professor of Industrial Engineering & Statistics

Arizona State University, Tempe, Arizona

E
ngineers and scientists
solve problems of interest
to society by the efficient
application of scientific
principles. The scientific

or engineering method is the approach
to formulating and solving these prob-
lems. Montgomery and Runger (2011)
list the steps in this method as follows:

1. Develop a clear and concise de-
scription of the problem.

2. Identify, at least tentatively, the
important factors that affect this
problem or that may play a role in its solution.

3. Propose a model for the problem, using scientific
or engineering knowledge of the phenomenon
being studied. State any limitations or assump-
tions of the model.

4. Conduct appropriate experiments and collect
data to test or validate the tentative model or
conclusions made in steps 2 and 3.

5. Refine the model on the basis of the observed
data.

6. Manipulate the model to assist in developing a
solution to the problem.

7. Conduct an appropriate experiment to confirm
that the proposed solution to the problem is both
effective and efficient.

8. Draw conclusions or make recommendations
based on the problem solution.

Notice the critical role that testing or experimen-
tation plays in the problem-solving process. Problem
solving within the framework of the scientific method
is usually not successful if modeling and decision-
making are executed entirely from a theoretical
viewpoint. For example, in the early days of aviation
Samuel P. Langley, an expert in aerodynamics with the
financial backing of the U.S. government, built two
airplanes that were designed principally from theoret-
ical aeronautical concepts. Langley did not fly the
airplanes, and in fact they never flew. They fell off the
end of the runway into the Potomac River. Wilber and

Orville Wright utilized a process of
experimentation and iterative learning
by first flying kites, then gliders, then
developing a propulsion system, and
eventually successfully flying powered
airplanes. By a process of experimenta-
tion, they learned how to design and
build a functional airplane and how to fly
it. Box (1999) gives an excellent discus-
sion of how good science is catalyzed by
good experimental practice and statistical
thinking.

Experimentation is an integral part of
good scientific practice. Furthermore, all experiments
are designed experiments. The important issue is
whether they are well designed or not. A well-designed
and executed experiment will usually lead to successful
results. A poorly designed or executed experiment
usually leads to wasted time, money, and other
resources and often poor or disappointing results.
Fisher’s principles of randomization, replication, and
blocking, along with the factorial principle, are an
important part of the process of designing a successful
experiment. Coleman and Montgomery (1993) and
Montgomery (2009) discuss how to implement this
process in practice through a seven-step procedure that
forms the basis of good experimental practice. The
seven steps are as follows:

1. Recognition and statement of the problem.
This may seem obvious, but in practice it is often not
easy to realize that a problem requiring experimenta-
tion exists, nor is it simple to develop a clear and
generally accepted statement of the problem. It is
necessary to develop all ideas about the objectives of
the experiment. Usually, it is important to solicit input
from all concerned parties including engineering,
quality assurance, manufacturing, marketing, manage-
ment, the customer, and operating personnel. For this
reason, a team approach to designing experiments is
recommended. It is usually helpful to prepare a list of
specific questions to be addressed by the experiment. A
clear statement of the problem often contributes
substantially to better understanding of the phenom-

Guest Editorial
ITEA Journal 2011; 32: 231–234
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enon being studied and the final solution of the
problem. It is also important to keep the overall
objective in mind: for example, if this is a new process
or system, the initial objective is likely to be
characterization or factor screening; if it is a mature
or reasonably well-understood system, which has been
previously characterized, the objective may be optimi-
zation. There are many other possible objectives of an
experiment, including

N Confirmation—Is the system performing the
same way now that it did in the past, or does
performance conform to requirements, or is it in
agreement with an underlying theory?

N Discovery—What happens if we explore new
materials, variables, operating conditions, etc.?

N Stability or robustness—Is the system insensitive
to variability transmitted either from components,
environmental factors, or other conditions of use?

Obviously, the specific questions to be addressed in
the experiment relate directly to the overall objectives.

An important aspect of problem formulation is the
recognition that one large comprehensive experiment is
unlikely to answer the key questions satisfactorily. A
single comprehensive experiment requires the experi-
menters to know the answers to a lot of questions. If
poor decisions are made at this stage, the results will be
disappointing. An unsuccessful comprehensive exper-
iment leads to wasting time, materials, and other
resources and may result in never answering the
original research questions satisfactorily. A sequential
approach employing a series of smaller experiments,
each with a specific focused objective, such as factor
screening, is a better strategy.

2. Selection of the response variable. In selecting
the response variable, the experimenter should be
certain that this variable really provides useful infor-
mation about the process under study. Most often, the
average or standard deviation (or both) of the measured
characteristic will be the response variable. Multiple
responses are not unusual. Gauge capability (or
measurement error) is also an important factor. If
gauge capability is inadequate, only relatively large
factor effects will be detected by the experiment, or
perhaps additional replication will be required. It is
important to identify issues related to defining the
responses of interest and how they are to be measured
before conducting the experiment. Sometimes de-
signed experiments are employed to study and improve
the performance of measurement systems. For more
details, see Burdick, Borror, and Montgomery (2005).

3. Choice of factors, levels, and ranges. When
considering the factors that may influence the
performance of a process or system, the experimenter

usually finds that these factors can be classified as
either potential design factors or nuisance factors. The
potential design factors are those factors that the
experimenter may wish to vary in the experiment.
Often there are many potential design factors, and
further classification of them is helpful. Some useful
classifications are design factors, held-constant factors,
and allowed-to-vary factors. The design factors are the
factors actually selected for study in the experiment.
Held-constant factors are variables that may exert some
effect on the response, but for purposes of the present
experiment, these factors are not of interest, so they
will be held at a specific level. As an example of
allowed-to-vary factors, the experimental units or the
‘‘materials’’ to which the design factors are applied are
usually nonhomogeneous, yet we often ignore this
unit-to-unit variability and rely on randomization to
balance out any material or experimental unit effect.
We often assume that the effects of held-constant
factors and allowed-to-vary factors are relatively small.

Nuisance factors, on the other hand, may have large
effects that must be accounted for, yet we may not be
interested in them in the context of the present
experiment. Nuisance factors are often classified as
controllable, uncontrollable, or noise factors. A con-
trollable nuisance factor is one whose levels may be set
by the experimenter. The blocking principle is often
useful in dealing with controllable nuisance factors. If a
nuisance factor is uncontrollable in the experiment, but
it can be measured, a statistical technique called the
analysis of covariance can often be used to compensate
for its effect. When a factor that varies naturally and
uncontrollably in the process can be controlled for
purposes of an experiment, we often treat it as a noise
factor. In such situations, our objective is usually to
find the settings of the controllable design factors that
minimize the variability transmitted from the noise
factors. This is sometimes called a process robustness
study or a robust design problem.

Once the experimenter has selected the design
factors, he or she must choose the ranges over which
these factors will be varied and the specific levels at
which runs will be made. Thought must also be given
to how these factors are to be controlled at the desired
values and how they are to be measured. Process
knowledge is required to do this. This process
knowledge is usually a combination of practical
experience and theoretical understanding. It is impor-
tant to investigate all factors that may be of importance
and not to be overly influenced by past experience,
particularly when we are in the early stages of
experimentation or when the process is not very
mature. When the objective of the experiment is
factor screening or process characterization, it is

Montgomery
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usually best to keep the number of factor levels low.
Generally, two levels work very well in factor-screening
studies. Choosing the region of interest is also
important. In factor screening, the region of interest
should be relatively large; that is, the range over which
the factors are varied should be broad. As we learn
more about which variables are important and which
levels produce the best results, our objectives typically
become focused on optimization. Consequently, the
region of interest will usually become narrower, and we
may use more levels of the important factors.

4. Choice of experimental design. If the above pre-
experimental planning activities are done correctly, this
step is relatively easy. Choice of design involves
consideration of sample size (number of replicates),
selection of a suitable run order for the experimental
runs, and determination of whether or not blocking,
factors that are hard to change, or other randomization
restrictions are involved. Interactive statistical software
packages support this phase of experimental design.

Design selection also involves thinking about and
selecting a tentative empirical model to describe the
results. The model is just a quantitative relationship
(equation) between the response and the important
design factors. In many cases, a low-order polynomial
model will be appropriate. A first-order model in two
variables is

y~b0zb1x1zb2x2ze,

where y is the response; the x’s are the design factors;
the b’s are unknown parameters that will be estimated
from the data in the experiment; and e is a random
error term that accounts for the experimental error in
the system being studied. First-order models are used
extensively in screening or characterization experi-
ments. A common extension of the first-order model is
to add an interaction term, say

y~b0zb1x1zb2x2zb12x1x2ze,

where the cross-product term x1x2 represents the two-
factor interaction between the design factors. Because
interactions between factors are relatively common, the
first-order-model-with-interaction is widely used.
Higher-order interactions can also be included in
experiments with more than two factors if necessary,
although interactions involving three or more factors
are relatively rare (the sparsity of effects principle; see
Li, Sudarsanam, and Frey [2006]). Another widely-
used model is the second-order model

y~b0zb1x1zb2x2zb12x1x2zb11x2
11zb22x2

2ze

Second-order models are often used in optimization

experiments. Finding an adequate model that relates
the responses of interest to the design factors should be
an outcome of every experiment.

5. Performing the experiment. When running the
experiment, it is vital to monitor the process carefully
to ensure that everything is being done according to
the design. Errors in experimental procedure at this
stage will usually destroy experimental validity. Pre-
experimental planning is crucial to success. It is easy to
underestimate the logistical and planning aspects of
running a designed experiment, and mistakes or errors
in executing experiments are unfortunately all too
common.

Coleman and Montgomery (1993) suggest that prior
to conducting the experiment a few trial runs or pilot
runs are often helpful. These runs provide information
about consistency of experimental material, a check on
the measurement system, a rough idea of experimental
error, and a chance to practice the overall experimental
technique. Trial runs also provide an opportunity to
revisit the decisions made in the initial pre-experi-
mental planning, if necessary.

6. Statistical analysis of the data. Statistical
methods should be used to analyze the data, so that
results and conclusions are objective rather than based
on judgment. If the experiment has been designed
correctly and performed according to the design, the
statistical methods required are not elaborate. There
are many excellent software packages designed to assist
in data analysis, and many of the programs used to
select the design provide a seamless, direct interface to
the statistical analysis. Often we find that simple
graphical methods play an important role in data
analysis and interpretation. Because many of the
questions that the experimenter wants to answer can
be cast into the hypothesis-testing framework, hy-
pothesis testing and confidence interval estimation
procedures are very useful in analyzing data from a
designed experiment. It is also usually very helpful to
present the results of many experiments in terms of an
empirical model; that is, an equation derived from the
data that express the relationship between the response
and the important design factors. Residual analysis and
model adequacy checking are also important analysis
techniques. The primary advantage of statistical
methods is that they add objectivity to the decision-
making process. Statistical techniques coupled with
good engineering or process knowledge and common
sense will usually lead to sound conclusions.

7. Conclusions and recommendations. Once the
data have been analyzed, the experimenter must draw
practical conclusions about the results and recommend
a course of action. Graphical methods are often useful
at this stage, particularly in presenting the results to

Guest Editorial
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others. Follow-up runs and confirmation testing
should also be performed to validate the conclusions
from the experiment. Throughout this entire process, it
is important to remember that experimentation is an
important component of the learning process, where
we tentatively formulate hypotheses about a system,
perform experiments to investigate these hypotheses,
and on the basis of the results formulate new
hypotheses, and so on.

These seven steps form the basis of a science of
experimentation. Furthermore, good experimentation
is iterative. It is usually a major mistake to design a
single, large, comprehensive experiment at the start of
a study. A successful experiment requires knowledge of
the important factors, the ranges over which these
factors should be varied, the appropriate number of
levels to use, and the proper way to measure these
variables. Generally, we do not know the answers to
these questions at the start of planning an experiment,
but we learn about them as we go along. As an
experimental program progresses, we often drop some
input variables, add others, change the region of
exploration for some factors, or add new response
variables. Consequently, we usually experiment se-
quentially, and as a general rule, no more than about
25 percent of the available resources should be invested
in the first experiment. This will ensure that sufficient
resources are available to perform confirmation runs
and ultimately accomplish the final objective of the
experiment. C

DR. MONTGOMERY is Regents’ Professor and the
Arizona State University Foundation Professor of Engi-
neering at Arizona State University. He is co-director of
the ASU Committee on Statistics. His research interests are
in industrial statistics. He is an author of over 225
archival journal papers and the author of several widely
used textbooks. He is a recipient of the Shewhart Medal,
the George Box Medal, the Brumbaugh Award, the Lloyd
S. Nelson Award, the Hunter Award, and the Shewell
Award (twice), the Deming Lecture Award from the
American Statistical Association, and the Ellis R. Ott
Award. He is the one of the chief editors of Quality
& Reliability Engineering International, a former editor
of the Journal of Quality Technology, and a member of
several other editorial boards. Professor Montgomery is
a fellow of the American Statistical Association, a fellow of
the American Society for Quality, a fellow of the Royal
Statistical Society, a fellow of the Institute of Industrial
Engineers, an elected member of the International

Statistical Institute, and an academician of the Interna-

tional Academy for Quality. E-mail: doug.montgomery@

asu.edu
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Rigor and Objectivity in T&E: An Update
J. Michael Gilmore, Ph.D.

Director, Operational Test and Evaluation,
Office of the Secretary of Defense, Washington, D.C.

The Director of Operational Test and Evaluation (OT&E) began four Test and

Evaluation (T&E) initiatives after his confirmation by Congress in fall 2009. Underlying

his four initiatives were the need for rigorous and objective T&E. Since his original

initiatives the Director has advocated for the use of statistically designed experiments as a

methodology for increasing the rigor of test planning resulting in efficient tests yielding

statistically defensible results. Additionally, he continues to emphasize the need for reliable

systems and reliability growth plans and accordingly defensible reliability growth models in

T&E.

I
began my term as the Director

of Operational Test & Evalua-
tion (DOT&E) with four ini-
tiatives to increase scientific
rigor in T&E. I published those

initiatives in the June 2010, ITEA

Journal, and I am happy to use this
opportunity to provide an update. During
the past year, I have seen several success
stories as well as areas for improvement. I
would like to commend ITEA for the
theme of this journal, ‘‘The Rigor of the
Scientific Method.’’ And I appreciate the
many articles others have authored on
applying rigorous and objective scientific
approaches to their specific test challenges.

In my initiatives I recognized that design of
experiments (DOE) is an active academic discipline
devoted to the study of scientifically proven method-
ologies for constructing and executing efficient,
scientifically defensible tests. In the past year I have
observed many of the benefits of using DOE in my
review of test and evaluation master plans (TEMPs)
and operational test plans. First, DOE requires the
tester (and/or evaluator; I will make no distinction
here) to provide a clear definition of the question we
are trying to answer through T&E. DOE then enables
the tester to ensure that the data collected will be
adequate to answer the question. DOE provides the
tester a large selection of strategies for efficiently
spanning the operational test environment and ana-
lyzing the data. DOE provides the tester with a
methodology for quantifying the risk of any proposed
test (the statistical power) and statistical confidence

associated with the test results. Fi-
nally, DOE provides the tester with
methods for developing and analyz-
ing sequences of tests. Before testing,
DOE enables decision makers to
clearly see the tradeoffs between test
resources and risk. During testing,
DOE enables testers to use early
results to strengthen and refine sub-
sequent tests. After testing, DOE
gives decision makers a framework for
understanding and weighing the im-
portance of the results.

In October 2010, I outlined the
specific elements of DOE that I am

looking for when I review TEMPs and test plans.
These elements are:

N The goal of the experiment. This should reflect
evaluation of end-to-end mission effectiveness in
an operationally realistic environment.

N Quantitative mission-oriented response variables
for effectiveness and suitability. (These could be
key performance parameters but most likely there
will be others.)

N Factors that affect those measures of effectiveness
and suitability. Systematically, in a rigorous and
structured way, develop a test plan that provides
good breadth of coverage of those factors across
the applicable levels of the factors, taking into
account known information in order to concen-
trate on the factors of most interest.

N A method for strategically varying factors across
both developmental and operational testing with
respect to responses of interest.

J. Michael Gilmore, Ph.D.
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N Statistical measures of merit (power and confi-
dence) on the relevant response variables for
which it makes sense. These statistical measures
are important to understand ‘‘how much testing is
enough?’’ and can be evaluated by decision
makers on a quantitative basis so they can trade
off test resources for desired confidence in results.

Two recent examples of Milestone B TEMPs that
have been substantially improved through the use of
DOE are Joint and Allied Threat Awareness System
(JATAS) and Joint Standoff Weapon (JSOW). Both
programs have been able to provide a clearly justifiable
test resource matrix based on DOE at this early stage
in the program. The strength of DOE was demon-
strated in both programs: in both TEMPs there is clear
definition of how the test will be executed and under
what conditions. Clarity helped foster rapid agreement
between the program office, developmental testers
(DT), and operational testers (OT). DOE also
provided a clearly justifiable sample size through the
use of well-known and well-studied named experi-
mental designs. In both programs the selected designs
will allow the programs to determine active operational
factors in DT, with the goal of reducing the scope of
testing in OT if certain factors are determined to be
inactive. These two programs illustrate the strength
that DOE provides to the test planning process. At
present the test resources are justified with clear,
quantitative analysis, to the benefit of all involved. I am
confident that DOE will continue to prove its value for
these programs, as they use the initial results to refine
the plans and resource requirements for initial OT&E.

However, using statistically designed experiments in
itself does not guarantee that the testing will be
adequate. Expert system knowledge is needed to
determine experimental goals, critical factors, and
other testing decisions. It is important for the full test
team to be engaged in the DOE process and that the
implications of all decisions are clearly understood.

Two recent DOE approaches with chemical agent
detectors yielded vastly different DOE outcomes.
DOE achieved the intended goal for the Joint
Chemical Agent Detector (JCAD) but not for the
Navy’s Improved Point Detection System–Lifecycle
Replacement (IPDS-LR). Both systems are ionization
mass spectrometers used to detect the presence of
chemical agent vapors present in the air. T&E of both
detectors relied heavily upon chemical agent chamber
test events to help determine operational effectiveness.
In these test events, agent concentration, temperature,
and humidity were systematically varied over the
design space to determine the detection performance
over multiple potential operating environments for

multiple agents. The experimental designs for IPDS-
LR and JCAD both had high predicted power
calculations, approaching close to 0.90 for some factors
within the design at 1 : 2 signal to noise calculations.

After the tests were conducted and the data
collected, the utility of the resultant data sets were
vastly different. The JCAD chemical agent data set was
robust and facilitated surface response modeling and
prediction of detector performance over the entire
operating envelope. By contrast, the IPDS-LR data
set, despite high predicted power calculations, failed to
provide sufficient data to even attempt surface response
modeling. In the end only simple univariate probability
of detection calculations could be done. Comparison of
IPDS-LR performance against different agents was
further complicated because by design the same
temperature and humidity ranges were not tested
among the agents. With an experimental design meant
to build a response surface model, resources can be
spared, because it is not necessary to test all factors at
all levels. The successful response surface modeling of
the JCAD data facilitated full analysis of the detector
in similar environments against threat representative
concentrations of all the chemical agents in question.

The primary cause of the incorrect DOE matrix for
the IPSD-LR design was a misclassification of certain
factors as categorical when in fact they were contin-
uous. DOE is a mathematical tool that works off of a
mathematical description of the system under test.
Programs and testers must work together to create a
correct mathematical description. The measures of
performance, the factors (independent variables) af-
fecting performance, and the appropriate levels (vari-
able values) of those factors must be correctly described
in order to design and execute testing that in the end
will provide a robust set of data for analysis and
evaluation.

The differences in the available analysis between
JCAD and IPDS, when both test programs were based
on the use of DOE, illustrates one of the many
challenges for using DOE in a smart manner when
constructing test designs.

Some of the challenges I have seen in implementing
the use of rigorously designed experiments include the
need for more training on the use of statistics and
DOE techniques. Although there have been many
successful case studies in industry, they are not readily
available to the testing community. Additionally, there
are many safety and cost constraints in the testing of
military systems that play into the test process and that
can limit the direct application of traditional DOE.

My office is working to tackle each one of these
challenges. My Science Advisor, Dr. Catherine
Warner, has formed a Test Science Steering Commit-
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tee to tackle many of these issues. They, along with
DT&E, are looking at the current education needs of
the T&E workforce for both developmental and
operational testing. In addition my office and the Test
Resource Management Center have now sponsored a
research consortium to look into the open research
questions for applying DOE to T&E. This research
consortium will compile a library of DOE case studies
that the T&E community can reference in the future
for all types of military systems.

Some worst practices that I have observed since
embarking on the use of statistically designed exper-
iments in T&E include:

N Reducing all data into a mean and standard
deviation. This practice ignores the impact of the
operational environment on the performance of
the system and may result in surprise areas of
poor system performance for the warfighter, a
risk I most assuredly want to avoid. A simple
mean and standard deviation does not adequately
describe complex system performance. We need
data-driven statistical models that provide a
comprehensive picture of how performance varies
across the operational envelope.

N Unnecessary replication. This is an area where
DOE may be able to cut costs. In the JCAD
example I described previously each of the cases
was replicated 16 times. This amount of replica-
tion was unnecessary to draw conclusions. In fact,
in a later study of the detector my office showed
that four replications would be sufficient for
properly modeling the detector performance.

N Testing systems in exercise. This practice allows
for little control over the test. A key concept
behind DOE is we can accurately characterize
system performance by explicitly changing the
factors that influence performance. An exercise is
operationally realistic but the tester loses control of
the test structure. It is difficult to obtain
statistically defensible results. Additionally, de-
pending on the system under test there is a risk
that the system may not be used at all or only used
in a limited capacity, which limits our ability to
objectively assess system performance. The Com-
mon Aviation Command and Control System
(CAC2S) is one example of this drawback that I
have observed recently. No data was collected on
one of the primary missions that CAC2S must
perform due to the exercise nature of the test.

N Determining the factors that impact performance
correctly in OT when they were not observed in
DT. Applying DOE in OT alone is not nearly as
beneficial as applying DOE across the testing con-

tinuum. My office is currently working closely with
the Deputy Assistant Secretary of Defense, Devel-
opmental Test and Evaluation (DASD, DT&E)
and his office to ensure that testing is rigorous and
objective across the entire test program.

I would be remiss if I did not address reliability as a
major component of my initiatives. I have focused my
emphasis on the use of DOE in determining system
effectiveness. However, it is also important to consider
the need for objective and rigorous testing of
suitability, especially given the current reliability
challenges my office has observed and the implications
it has for sustainment costs for military systems. In
June 2010, my office wrote to the Deputy Under
Secretary of Defense (Acquisition, Technology, and
Logistics) about the state of reliability in T&E. The
memorandum concluded:

N Poor reliability is a problem with major implica-
tions for cost (5 to 10 times more impact on total
life cycle costs than do research development
T&E).

N Systems emerging from design and development
efforts are often not reliable.

N The essential issue of reliability is that it competes
with achieving more operant capabilities. We must
assure vendors’ bids to produce reliable products
that outcompete the cheaper bids that will not.

N Requiring use of ANSI/GEIA-STD-0009 is
appropriate.

As a result of that memo and other collaborations
with AT&L, in June 2011, the USD(AT&L) issued a
directive type memorandum (DTM) on Reliability
Analysis, Planning, Tracking, and Reporting. The
DTM is a step in the right direction, and it will
become part of 5000.02 by the close of 2011. The
DTM does not mandate any specific methodologies
for reliability analysis. It does require that program
managers develop a reliability and maintainability
program based on an appropriate reliability analysis
method. Additionally, it requires that the reliability
growth curve reflecting the reliability growth strategy
be included in the TEMP beginning at Milestone B. I
am hopeful that as a result of these policy changes,
more programs will make use of the request for
proposal and contract language recommended in
conjunction with the ANSI/GEIA-STD-0009.

My office recently conducted a review of 257 of 353
programs on the December 2010 oversight list. We
noted several trends when comparing 2010 to pre-
2008, when the reliability initiatives of the Office of
the Secretary of Defense began. The percentage of
programs that have reliability as an element of test
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strategy has increased since June 2008. Before then,
69% of programs planned to collect and report
reliability data, while 90% of programs with a TEMP
since June 2008 planned to collect and report reliability
data. The percentage of programs that have a reliability
growth strategy has also increased since June 2008. The
essential purpose of a reliability growth curve is to drive
a growth strategy, but only about half of the programs
with growth strategies use reliability growth curves and
include adequate time to implement corrective actions.

One issue that continues to persist is in the adequacy
of test planning for testing reliability. Two recent
examples have highlighted the need for the consider-
ation of statistical confidence and power in reliability
testing: Joint Air to Surface Standoff Missile (JASSM)
and JATAS.

Whether one is testing effectiveness or suitability,
statistically defensible test planning requires consider-
ation of the question to be answered and the appropriate
analysis to answer those questions. In the JASSM
program, the Air Force performed reliability testing on
baseline production Lots 1 through 5 and Lot 7.
Reliability growth has been observed and significant
increases in reliability were observed in Lot 4 and Lot 7;
however, the point estimate of the reliability of Lot 5
dropped below the threshold of 85% reliability. Based
on the poor test performance in Lot 5, the program
office implemented corrective actions and increased
emphasis on missile reliability. The results were positive
in Lot 7; however, when one missile from Lot 6 was
fired, it was a failure. What were the appropriate
subsequent questions and analyses? Several different
sample sizes were considered for the remainder of
testing in Lot 6. DOT&E computed how many missile
shots from Lot 6 would be necessary to conclude with
80% confidence that Lot 6 improved over Lot 5. Using a
test of two proportions we were able to show that 11
shots would allow for a second Lot 6 failure while still
demonstrating (assuming the other 10 shots succeeded)
80% confidence that Lot 6 is improved.

Test planning for reliability analysis commonly uses
the outdated rule of thumb that the test time should
total three times the requirement. This rule of thumb
allows for one failure while still concluding the system
meets the reliability requirement with 80% confidence.
However, this method for test planning completely
ignores the risk of only seeing one failure during the
course of testing.

JATAS is one example of how the 33 rule of thumb
has resulted in inadequate reliability testing. The
resources for JATAS were allocated well before my
office had any involvement with the program. The
reliability growth curve for JATAS currently only
allows for one failure in all testing if the system is to
meet its reliability requirement with 80% confidence.
However, the probability of only observing one failure
is near zero, unless the system is highly reliable (i.e.,
true reliability is four to five times the reliability
requirement). The JATAS program office acknowl-
edged the extremely high risk the system has for failing
the reliability requirement and planned for reliability
development and growth testing in the laboratory as
well as a dedicated reliability qualifying test. However,
none of this replaces true flight hours.

There have been significant gains made in the past
year in the process of developing rigorous and objective
tests. However, there is still a long way to go. My
office is working to find solutions to the challenges and
make sure they are available for use throughout the
Department. C
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Multi-Layer Insulation Design Technology for Improved
Thermal Performance

Robert J. Stochl

Sierra Lobo, Inc.

Technology Development and Engineering Center, Milan, Ohio

Emerging technologies and assembly/fabrication techniques capable of improving Multi-Layer

Insulation (MLI) system performance have been identified and assessed. Several of these

emerging capabilities hold promise for significant performance improvements and warrant

continued evaluation and demonstration. There is a lack of publicly available data on thick

MLI systems greater than 160 layers at liquid hydrogen temperatures. Also lacking are

comprehensive thermophysical properties for key MLI materials. This information is critically

necessary for the design and implementation of thick MLI systems required for future space

missions. A test rig was developed that is capable of producing direct measurement of heat flux

through MLI blankets as well as seams and penetration configurations. Complete control of key

test variables has the potential to provide wide-ranging data for a variety of cryogenic

insulation configurations. Finally, a fundamental layer-by-layer design and simulation tool

was developed that shows remarkable preliminary agreement with published heat leak data for

MLI systems.

T
he ability to store large amounts of
cryogenic fluids for long durations has
a profound effect on the success of
many future space programs using
propellant, reactant, and life-support

cryogens. These missions will require on-orbit systems
capable of long-term storage of cryogens for applica-
tions such as space platforms using electric propulsion,
space-based lasers, orbit transfer vehicles, and orbital
propellant depots. The high cost of delivering payload
mass to orbit will require storage systems capable of
limiting cryogenic losses due to boil-off to less than 2
percent per year for mission durations of up to 10 years;
or in some cases, completely eliminating boil-off losses.

High-performance insulation systems are essential
to meet these low boil-off requirements. For missions
that require zero boil-off, the performance of the
passive insulation system must be maximized in order
to minimize the power requirement of an active
refrigeration system. The use of Multi-Layer Insula-
tion (MLI) in a vacuum environment is the most
efficient method of reducing cryogenic losses. Al-
though MLI systems have been extensively used to
insulate cryogenic vessels in a space environment, it has
been for short duration missions that require from 30
to 50 layers to meet the mission requirements.

Conversely, 150 layers or more of MLI will likely be
needed to meet the requirements of future long-term
missions. Limited data exist on the performance and
physical characteristics of these thick MLI systems.
This data base must be expanded in order to address
some of the associated uncertainties. With this
knowledge designers could more reliably establish
system requirements.

Another key issue relative to the development of
advanced passive insulation systems is the identifica-
tion and demonstration of new technologies for
minimizing heat leak through seams and penetrations.
Recent advances in materials, processes, and assembly
methods have not been thoroughly investigated for
potential enhancement of MLI and related compo-
nents. Identification, assessment, and demonstration of
the most promising technologies for an integrated-
insulation system are essential.

Background
An indication of the capability of present MLI

systems to achieve the performance levels required for
future space missions is illustrated by data taken from
the literature and shown in Figure 1. Experimentally
measured heat transfer rates for MLI-insulated liquid
hydrogen tanks and/or calorimeters are shown for
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various numbers of radiation shields (layers) and a hot-
side boundary temperature of 530 R (294 K). The layer
density ranges from roughly 30 to 60 layers per inch.

Also shown for comparison purposes are the
theoretical heat transfer rates obtained using only
layer-to-layer radiation (assuming an emissivity of
0.05), along with results obtained using the Lockheed
MLI equations (Cunnington, Keller, and Bell 1971).
The pure radiation curve represents the theoretical
lower limit of heat transfer for MLI systems (i.e., the
best possible thermal performance). Note that the
Lockheed MLI equations for double-aluminized
Mylar with double-silk net spacers produce about the
same results as pure radiation (at a layer density of 45
layers/inch). This calls into question the viability of
using these equations to predict actual design perfor-
mance, particularly for thick MLI systems that have
seams and penetration losses.

Evident from Figure 1 is the rather large disparity
between calorimeter and tank-applied data (i.e., open-
symbol data [blue line] vs. solid-symbol data [red
line]). These differences are largely due to the
performance degradations caused by seams and pene-
trations for tank-applied systems. The calorimeter
generally has no seams, while the penetration heat
input has been eliminated by cold guards. In order for
MLI to meet future requirements, degradations due to
seams and penetrations must be greatly reduced,
especially for thick MLI systems where these heat
fluxes will dominate.

Figure 1 also demonstrates another critical short-
coming of the existing MLI performance knowledge
based on thick MLI systems. Beyond 100 layers of
MLI, limited empirical data are available; above 160
layers test data are nonexistent. To put this issue into
perspective, consider some estimated future mission
requirements:

N 0.0005 Btu/h-ft2 (0.0016 W/m2) for long-term
storage in orbital depots with less than 2 percent
boil-off per year,

N 0.01 to 0.001 Btu/h-ft2 (0.03 to 0.003 W/m2) for
Mars Transfer vehicles with 5 to 10 percent boil-
off for up to 2 years,

N 0.09 Btu/h-ft2 (0.028 W/m2) for lunar missions
with 5 to 10 percent boil-off for 140 to 170 days.

Comparing these heat flux requirements with the
range shown in Figure 1 vividly demonstrates that the
existing MLI data base is inadequate for designing the
MLI systems needed for many future space missions.
Although lower hot-side boundary temperatures are
expected for some of these missions (which reduces the
heat transfer rate requirement and gives some perfor-
mance improvement), it is evident that the MLI data
base must be extended to include much thicker
systems, especially for real tank-applied applications.

A final observation is that, even with great care,
MLI alone cannot afford the necessary protection for
some of the more ambitious long-term missions. Other
means of thermal control, such as vapor-cooled shields
and/or active refrigeration systems, will be needed to
intercept the environmental heat flux. Nevertheless,
optimization of the passive insulation systems using
thick MLI will be required to minimize the mass,
volume, and power consumption of any active-cooling
technologies. Furthermore, careful integration of these
passive and active thermal systems will be paramount
for achieving the required performance.

A foundational need related to all of the above
opportunities is the development of a software tool for
designing thick MLI systems. Without a validated
analytical tool, the evolution of advanced passive
insulation systems will rely heavily on trial-and-error
prototyping that results in a lengthy and expensive
development process. Currently used analytical predic-
tions, such as the Lockheed MLI equations, tend to be
empirically based, thus limiting their usefulness and
accuracy for a broad range of configurations, especially
for conditions outside those for which the equations
were developed. More advanced computational models
are time-consuming to construct and validate and are
restricted to the specific application being modeled. A
design tool is needed to accurately and quickly predict
thick MLI system performance based on first princi-

Figure 1. Multi-Layer Insulation (MLI) thermal performance

versus number of layers at liquid hydrogen temperature (530 R

hot-side boundary; 30–60 layers/in MLI density).
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ples, with sufficient flexibility to model a wide range of
configurations.

Description
An assessment of MLI technologies included new

developments in materials, insulation concepts, and
manufacturing techniques. The more promising new
technologies relative to thick MLI systems, seams, and
penetrations were evaluated based on their capability to
enhance thermal performance. The seam and penetra-
tion concepts were evaluated using basic first-principles
heat-transfer analyses including a detailed three-
dimensional thermal model using SINDA/G1 for the
most promising concepts. The final analyses were
incorporated into an MLI Design Code to more
accurately predict overall thermal performance.

Seam concepts
The seam concepts considered are shown in

Figure 2. The interweaved concept is the most labor
intensive to achieve but provides the best thermal
performance. In effect, there is no seam, but the
drawback is its poor venting characteristics, which can
possibly be overcome by selectively ‘‘slitting’’ (providing
a seam with zero gap) in the main body of the MLI.

The most commonly used seam concept in MLI
insulation is the plain butt joint. This joint can be
either a simple or an off-set joint. In either case, the

outer joint should be covered with a flap to prevent a
direct view factor to the environment. A simple model
of this type of joint was created with inputs
dimensions, blanket emissivity, hot and cold boundary
temperatures, and estimates for the emissivity and
temperatures of the vertical inside surfaces. The output
is the heat transfer through the seam per unit length. A
comparison of the results from this model with
experimental data and with results obtained from
SINDA is presented in Table 1. The simple model and
SINDA overpredict the test data by 14 and 30 percent,
respectively.

The effect of seam gap width on both a simple
(aligned butt seam) and an offset seam is shown in
Figure 3. The gap was varied from 1/16 to 1/2 inch.
The aligned butt joint has 55 percent greater heat
transfer compared with the offset joint for a seam gap
of 1/2 inch. This offset advantage decreases for
decreasing gap width until at a gap of about 1/16
inch, where there is no apparent benefit of offsetting
seams.

Penetration concepts
The penetration concepts considered were either (a)

a solid-type connection representative of a simple fill or
vent line, or (b) a support penetration. The fill and vent
model consists of solid conduction along a tube or pipe,
where the inputs are the tube or pipe dimensions and

Figure 2. Seam concepts.

Table 1. Comparison of results.

Parameters Simplified model (W) SINDA model (W) Test data (W)*

Butt joint seam (off-set){ 0.215 0.245 0.189

Basic penetration{ 0.180 (5% conduction, 95% radiation) 0.162 (7% conduction, 93% radiation) 0.140

Wrapped penetration1 0.08 (12% conduction, 88% radiation) – –

* Test data are from NASA TND-8229 1976 (Sumner 1976).

{ Seam dimensions: 34-layer Multi-Layer Insulation (MLI) depth, 44-inch length, and 0.125-inch width; Th 5 300 K, Tc 5 160 K.

{ Basic penetration: fiberglass, 26-inch length, 1.5-inch outer diameter, and 1.437-inch inner diameter; Th 5 300 K, Tc 5 160 K.

1 Wrapped penetration uses five layers of MLI.
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the boundary temperatures. This model has the option
of being insulated with MLI.

The support penetration has to include predicting
contact resistance between structural components in
vacuum, together with solid conduction along struts,
pins, and brackets. The inputs to this model are the
boundary temperatures, dimensions, and material of
each component (support rod, ball joint rod end, pin,
and bracket), and their thermal conductivities and
mechanical properties (Young’s modulus, Poison’s
ratio). Other design inputs include the expected
contact pressure at the interfaces, the Brinell hardness,
root mean square (rms) surface roughness, and total
flatness deviations. These properties are needed for the
prediction of the macroscopic and microscopic contact
conductances. The output is the heat conducted into
the tank per support strut penetration. A comparison
of the results from these simple models with
experimental data (Sumner 1976) and the more
detailed SINDA models are shown in Table 1.

The basic penetration was modeled to represent the
strut described in Sumner (1976). This was an
uninsulated fiberglass tube, 26 inches long with a
1.5-inch outside diameter and 0.03-inch wall thick-
ness. The total heat transfer along the strut was
calculated to be 0.140 W in Sumner (1976). The
simple model predicted a total heat input of 0.18 W, 5
percent due to solid conduction and 95 percent due to
radiation. The SINDA model showed a heat input of
0.16 W, of which 7 percent was conduction and 93
percent was radiation. The simple model was then used
to show that by wrapping the strut with only five layers
of MLI, the total heat transfer can be reduced to
0.08 W (12 percent solid conduction and 88 percent
radiation); thus, demonstrating the importance of
insulating struts with MLI.

The simple model of the assumed support strut
penetration resulted in a solid conduction heat input of

0.047 W for a single strut. There is no experimental
result to compare this value with, nor is there a
SINDA model of this configuration. Figure 4 illus-
trates the effect of insulating the rod portion of the
support for both a solid stainless steel and a G10
support. The use of a G10 rod would decrease the heat
transfer by over 600 percent compared with a stainless
steel rod as a result of its much lower thermal
conductivity. Adding insulation to the stainless steel
rod has little effect on the heat transfer because it is
conduction dominated. Adding only five layers of MLI
reduces the heat transfer in a G10 rod from 0.24 W to
0.076 W.

Modeling
An effort was undertaken to develop and validate an

analytical design code to accurately and quickly predict
the performance of MLI systems. The MLI Design
Code is based on first principles using a layer-by-layer
approach. The layer-by-layer analysis accounts for
radiation between shields, solid conduction within

Figure 3. Heat transfer caused by seams as a function of gap width for a single, 34-layer Multi-Layer Insulation (MLI) blanket and type

17 layer off-set MLI blankets.

Figure 4. Effect of insulating support rods. (Solid stainless steel

rod: rod outer diameter 5 0.5 inch; length 5 14.5 inch;
emissivity (e) 5 0.05. G10 rod: rod outer diameter 5 0.5 inch;

length 5 14.5 inch; e 5 0.05.)
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the shields and spacer material, and gas conduction
between layers as first proposed in McIntosh (1994).
This software tool was developed from a system
designer’s perspective and includes seams and penetra-
tions to allow for accurate prediction of tank-applied
MLI systems. Programming is performed in Visual
Basic using Excel as an input/output interface allowing
unlimited customization, as well as the integration of
other system models and analysis codes. A variety of
graphical user interface techniques is employed to
quickly quantify the effects of various parameter changes
on the insulation system performance (Figure 5).

To validate the MLI design code, a unique, patent-
pending, guarded-flat-plate calorimeter test rig was
designed and fabricated; capable of experimentally

measuring the heat flux through MLI systems of up to
300 layers. A schematic of this test rig inside a vacuum
enclosure is shown in Figure 6. The design of this
apparatus meets, or in most cases exceeds, the
guidelines recommended in ASTM C177-04 (ASTM
2004) and ISO 8302 (ANSI 1991) for a single-
specimen guarded-hot-plate apparatus. The unique
feature of this design is that it does not rely on the
measurement of boil-off to determine the heat flux
through the MLI (a difficult measurement for these
very low expected heat fluxes). It relies, rather, on the
ability to control boundary temperatures surrounding
the MLI sample, so that the power used to maintain
the hot heater-plate temperature is the energy that is
transferred through the MLI.

Figure 5. Inputs to Multi-Layer Insulation (MLI) Design Code for baseline simulation.

Figure 6. Schematic of test rig.
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The cold-boundary temperature, obtained by the use
of liquid hydrogen, is supplied by a flat-bottomed
cryogenic tank. The bottom of the tank is insulated with
the MLI test section. The top is insulated with 34 layers
of MLI to reduce liquid hydrogen boil-off. The warm
boundary temperature is supplied by the upper of two
heater plates shown in Figure 6. Each heater plate
consists of a plate with heaters attached to the underside.
The heaters are divided into two zones: an inner zone and
an annular guard zone. The inner zone of the upper
heater plate is the lower boundary for a cylindrical control
volume extending from the upper heater through the
MLI sample to the cold upper tank. Each of the heater
zones has its own independent power supply to control its
temperature. The lower heater plate temperatures are
controlled to match the upper plate temperature. This
produces an adiabatic zone between the two plates, which
results in all the power generated by the upper heater
being transferred into the MLI sample.

Approximately 200 layers of MLI are between the
two heater plates to minimize heat transfer in case
there is a temperature difference between the two
heaters. A low thermal conductivity (low-k) ring
attached to the tank surrounds the MLI blanket and
extends to the lower heater plate. This ring has heaters
attached at different vertical locations that enable the
control of a vertical boundary temperature profile in
the ring to match that in the MLI. This eliminates or
greatly reduces radial heat transfer to, or from, the
MLI. Adjustable supports are provided for the heater
assembly to ensure that the top layer of MLI is in
contact with the tank. A temperature-controlled third

guard surrounds the test package to ensure a constant
boundary temperature during testing. The fill and vent
lines and support penetrations are cold guarded with
liquid hydrogen at a pressure that is slightly above the
test tank pressure to prevent solid conduction into the
test tank and also to prevent re-condensation of the
boil-off gas. The test rig is installed inside a vacuum
enclosure, see Figure 7.

In addition to experimentally determining the basic
performance of MLI systems containing up to 300
layers, the test rig has been designed to obtain the
needed thermodynamic properties of spacer materials
as a function of temperature. One difficulty identified
by the design code is the ability to predict the empirical
constant used in determining the solid conduction
through the spacer material. This too is addressed with
this test rig.

Results
Validation of the MLI Design Code was performed

using previously published data. The only test data
sufficiently well documented to allow reasonably
accurate simulations were from NASA TN-D76591
(Stochl 1974) for 20, 40, 60, 100, and 160 layers of
MLI with a double layer of silk net between each layer
of double-aluminized-Mylar. The MLI Design Code
results were compared with all the experimental runs in
ISO 8302 (ANSI 1991). Two key test data issues were
identified that negatively impacted the comparison: (a)
lateral heat transfer (which is not modeled in the code),
and (b) the use of silk net as spacer material (temperature-
dependent thermal conductivity data not available).
Despite these issues, the code showed good temperature
profile matching for test runs where the lateral heat
transfer was equal to or less than 14 percent of the normal
heat transfer through the MLI. Calibration of the
experimental solid conduction coefficient for the silk
net spacers also yielded good comparisons of the normal
heat transfer values for all except the 160-layer case.

The MLI Design Code validation was developed to
be extended to a 300-layer MLI system with the
experimental results obtained using the guarded-flat-
plate calorimeter test apparatus. Initial checkout of this
apparatus, using liquid hydrogen as the cold boundary
fluid, was performed in the Sierra Lobo Test Facility to
verify whether the operation of critical components,
the heater assembly, and the guard ring met the design
requirements. A test requirement was that the
experimental performance parameter (MLI effective
thermal conductivity) must have an uncertainty of 20
percent or less. To satisfy this condition, a high-fidelity
uncertainty analysis showed that the radial temperature
gradient across the plates must be less than 1.0 R
(0.56 K) and that there be no more than a 0.5 R (0.3 K)

Figure 7. Multi-Layer Insulation (MLI) test rig.
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temperature difference between the two plates. The
checkout data indicated that these requirements would
have been met had the checkout test been allowed to
reach steady-state.

Checkout testing of the guarded-flat-plate calorim-
eter led to the identification of several improvements
that will be necessary to decrease the uncertainty of the
MLI performance measurements. These improve-
ments, which can be easily incorporated into the test
package assembly process, include more accurate
heater/blanket assembly positioning and improved
thermal contact between the guard ring and the liquid
hydrogen test tank. C

ROBERT J. STOCHL is a senior research scientist at Sierra
Lobo with a bachelor of science degree in mechanical
engineering from Carnegie Institute of Technology,
a master of science degree in mechanical engineering from
Toledo University, and post-master’s course work at
Toledo University. For 35 years, he conducted research at
the National Aeronautics and Space Administration
(NASA) Lewis Research Center in Cleveland, Ohio, in
the areas of cryogenic propellant systems, thermal protection
for long-term storage, power-generating systems, and
components for space and ground applications. Currently,
Mr. Stochl is active on a number of Sierra Lobo research
programs. He recently completed work as the principal
investigator on a Small Business Innovative Research
(SBIR) Phase II contract with the Missile Defense Agency
to develop thick, Multi-Layer Insulation (MLI) systems
for long-term, space-cryogenic storage. He designed a new,
innovative, and versatile MLI Test Rig (patent pending)
that was used for conducting his research. In addition, he
co-developed the MLI Design Code, which uses a layer-by-
layer approach for designing insulation systems quickly and
accurately. Mr. Stochl was the lead engineer in the design,
construction, and operation of the Supplemental Multi-
Layer Insulation Research Facility (SMIRF) at the NASA
Lewis Research Center. He was responsible for all testing
conducted at the SMIRF, which was used to evaluate
improved performance insulation concepts for space-based
cryogenic tanks. He designed and managed the facility used
to build MLI systems for evaluation in the SMIRF. In
collaboration with a commercial partner, Mr. Stochl
demonstrated the improved performance potential of
a variable-density concept for thick MLI systems with
application to over-the-road cryogenic dewars. He also was
the lead engineer on a zero boil-off test program that
utilized a Stirling refrigerator to cool liquid hydrogen.

Earlier in his career, Mr. Stochl was the principal engineer
in an experimental research program to determine the
performance of MLI systems containing 20 to 160 layers.
He was the principal engineer in the analytical and
empirical evaluation of shadow shields for the thermal
control of sun-oriented spacecraft. Prior to joining NASA
in 1962, Mr. Stochl was involved in the installation and
checkout of Titan rocket engines, control systems, propellant
loading, and pressurization systems for the Martin
Company in Denver, Colorado. He worked at Convair
Astronautics in San Diego on the design and development
of fluid systems and components for the Atlas rocket control
system. He has authored or co-authored 25 NASA technical
reports and related papers, including many on MLI
systems, and he has a patent for the Apparatus for Direct
Measurement of Insulation Thermal Performance at
Cryogenic Temperatures, U.S. Patent No. 7,540,656. E-
mail: rstochl@sierralobo.com

Endnotes
1SINDA/G. Network Analysis, Inc., Arizona State Research Park,

Tempe, AZ 85284.
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The Evolution of Naval Aviation Test and
Evaluation at NAVAIR’s Warfare Centers –

Progress and Potential in Times of Increased
Warfighting Complexity and Efficiency

Mr. Gary Kessler, SES

Executive Director for Naval Air Warfare Center Aircraft Division, Patuxent River, Maryland

How has U.S. Naval Aviation
Test and Evaluation (T&E)
evolved since the birth of
Naval Aviation?

T
he evolution of Naval
Aviation T&E over the
last century can be best
entitled ‘‘from qualita-
tive to quantitative.’’ Im-

provements in all aspects of data acqui-
sition systems from sensors and signal
conditioning equipment to telemetry
systems and instrumentation-grade
radars have enabled incisive interrogations of all air
platform and combat system elements.

Improved modeling and simulation (M&S) capa-
bilities provided an important supporting role in this
evolution. The development of faster and more
accurate predictions of air vehicle performance, struc-
tural characteristics, flying qualities, etc., using ad-
vanced computers and M&S techniques have allowed
us to develop, in turn, test matrices that are based on
dependable data, rather than the wide area guesses of
the 1950s. In cases of extreme system complexity,
these M&S capabilities have made effective and
efficient flight test programs possible by clearly
indicating where the most critical regions are that
require exploration through actual flight test events.

An important by-product of this ‘‘evolution’’ has
been a dramatic reduction in flight test mishaps. The
development of modern air platform systems (e.g.,
turbine engines, composite structures, stability aug-
mentation) and the adaptation of Naval Air Training
and Operating Procedure Standardization (NATOPS)
led this trend, but ‘‘knowledge-based’’ flight testing
was a significant contributor. Since 1960, the Class
Alpha mishap rate, based on test hours flown in Naval
Aviation flight testing, has improved by a factor of 25.

Describe some of the
challenges that have arisen
and how they’ve
been addressed

There have been a number of chal-
lenges that have arisen over the last
century in flight testing, and they have
been methodically addressed by the
technical community. Some of the most
important ones that come to mind are
the following:

N The need for real-time presentation
of derived test parameters on the

ground was met by the development of comput-
er-interactive telemetry systems.

N Turbojet engines required the development of in-
flight thrust measurement procedures that had to
accommodate the effects of continuously variable
engine nozzles. The ‘‘Swinging Rake’’ exhaust
plume pressure measurement device was first used
at Patuxent River in 1963 on the A-5A.

N The advent of nose-tow carrier-launched aircraft
presented unique requirements for engine com-
pressor stability to accommodate steam inges-
tion as well as special engine inlet instrumen-
tation.

N Treatments and designs aimed at reducing radar
signature drove requirements for the measure-
ment of radar cross-section (RCS).

N The development of infrared (IR) lenses and
detectors and miniaturized tactical computers
enabled heat-seeking weapons, which drove
the need to understand and measure IR
signatures.

N Weapon and aircraft complexity developed ‘‘air-
crew information saturation,’’ which required
numerous human performance measurement
techniques.

Historical Perspectives
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What are some of the lessons we’ve
learned, and how are we applying them to
today’s challenges?

The most critical lesson that we’ve learned over time
is the use of the ‘‘NO VOTE.’’ The ‘‘NO VOTE’’
became an institutionalized element of the T&E
process to ensure that no voice went unheard that
could represent an issue that might potentially
jeopardize the safety of a flight test evolution. The
practical reality is that anyone connected to a flight test
effort can stop an event for reasons sufficient unto that
person—the details are then ‘‘sorted out on the
ground.’’ This policy is, unfortunately, written in
blood. Although rarely exercised, this concept is now
so ingrained into test personnel that it is possible to
find examples where it has been deployed by junior
personnel. An important corollary is that nobody gets
in trouble for a ‘‘false alarm.’’

While we must maintain a safe test environment, we
cannot afford to ignore programmatic realities and
must deliver a good product to the Fleet on cost and
schedule. To do this requires a seamless interaction
between the integrated product teams and the test
organization, a set of well-developed and flexible
processes, and an experienced and well-trained work-
force with a well-developed set of M&S tools,
instrumentation, and test techniques.

Working with the program teams upfront and early
on in a program is critical to ensure that adequate
resources and capabilities are available to execute the
test program. The use of integrated test teams
consisting of contractor, developmental, and opera-
tional testers has also streamlined the test programs
and reduced the amount of testing required to deliver
products to the Fleet, which is essential in the
challenging budget environment of today. Expansion
of the T&E positions on the program teams along with
processes delineating how the program personnel
interact with the technical T&E subject matter experts
has helped address the seamless interaction and well-
developed process part of the puzzle. Last, the recent
implementation of a robust Test and Evaluation
University within Naval Air Systems Command
(NAVAIR) is a major step toward ensuring a well-
trained workforce is available to support our complex
programs.

What are some of the technological
advancements that have grown from
aviation testing?

There have been a number of technological
advancements that have grown from aviation testing.
Some that come to mind are the following:

N Ion flow air mass velocimetry—Emerged from
automotive carburetor developments in the early
1970s, was adapted to helicopter rotor mast
installations as a precision low-range airspeed sensor
(LORAS) for measuring drift in hover conditions.
This technology remains an industry standard for
production helicopter LORAS systems.

N Personal computer debriefing systems—Win-
dows-based, user-friendly, stand-alone, flight
debriefing systems are used to support post-flight
training and debriefing.

N SureTrak—Multi-sensory, fully integrated data
acquisition and display system, displays ship and
aircraft contact data in an open-architecture, highly
scaleable format that can be fielded on inexpen-
sive commercial off-the-shelf (COTS) platforms
running on a Windows operating system.

N PRISM—Patuxent River Infrared Signature
Measurements conducts dynamic surface-to-air
and surface-to-surface infrared signature mea-
surements of fixed-wing rotary-wing missiles,
engines, boats, and unmanned aerial systems.

N Photogrammetrics versus theodolite film read-
ing—Technique used to extract reliable measure-
ments from video and/or film. Used for store
separation and ship suitability testing.

N RCS measurements—Integrated facilities provide
telemetry tracking data range control airborne
instrumentation and RCS data acquisition all in a
centralized workstation, allowing analysis display of
the ground-to-air RCS measurements in real time.

N Mobile telemetry—Supports detachments aboard
aircraft carriers and remote land-based sites with
same systems as home system at the Atlantic Test
Range Patuxent River (Figure 1).

N Electro-optical tracking systems—Used to obtain
time and space position information data and
documentary imaging data on manned and
unmanned aircraft, weapon, and ship systems,
and to test fixed and mobile assets in visible and
infrared spectrums (Figure 2).

What is NAVAIR’s role in helping the U.S.
Navy achieve integration and
interoperability in the increasingly
complex battlespace?

NAVAIR provides the in-house expertise, facilities,
and tools that ensure Naval Aviation platforms,
weapons, and sensors are effectively integrated and
interoperable prior to delivery to Navy and Marine
Corps warfighters. NAVAIR is a United States Navy
Echelon II command, reporting to the Chief of Naval
Operations (CNO), and provides unique engineering,
development, testing, evaluation, in-service support,
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and acquisition program management capabilities to
deliver airborne weapons systems that are technolog-
ically superior and readily available. The Echelon III
commands reporting to NAVAIR include the Naval
Air Warfare Center Aircraft Division (NAWCAD)
and Naval Air Warfare Center Weapons Division

(NAWCWD). NAWCAD is a preeminent technical
resource for Naval Aviation forces, the Fleet, and the
nation and serves as the Command’s center of
excellence for manned and unmanned fixed- and
rotary-wing aircraft and their propulsion systems,
avionics systems, sensor systems, training systems,

Figure 1. A P-8A Poseidon test aircraft completes a flare launch during a countermeasures test over the Atlantic Test Range. The

Poseidon will replace the aging P-3C with Initial Operational Capability scheduled for 2013. (U.S. Navy photo by Liz Goettee).

Figure 2. The X-47B climbs out on its first flight over Edwards Air Force Base on February 4, 2011. The mission of the Navy

Unmanned Combat Air System Aircraft Carrier Demonstration (UCAS-D) is to mature technologies for a carrier-suitable, low-

observable-relevant, unmanned air system in support of a potential follow-on acquisition milestone for an unmanned air system
capable of providing persistent, penetrating surveillance and penetrating strike capability in high threat areas. (U.S. Air Force photo).
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take-off and landing systems, associated support and
equipment; including air traffic control and commu-
nications, and ship/shore/air operations. NAWCWD
serves as the Command’s center of excellence for
weapons, armament, associated avionics equipment,
and weapon systems integration.

Integration and interoperability testing and
the role of the warfare centers (networked
government labs and facilities—unique
national assets

Naval forces are integral to interagency, joint, and
coalition operations pursuant to U.S. national security
goals. Likewise, NAWCAD and NAWCWD are
integral parts of NAVAIR, the Naval Aviation
Enterprise (NAE), and the Department of the Navy.
The Department of the Navy policy in conjunction
with Department of Defense Major Range and Test
Facility Base (MRTFB) policy and other legal and
regulatory guidance requires that NAVAIR plan and
operate with a multi-service Joint perspective. Three of
NAVAIR’s main sites, Patuxent River, Maryland;
China Lake, California; and Point Mugu, California,
have ranges, targets, and laboratories supported by and
operated under MRTFB. The sea ranges at Point
Mugu and Patuxent River along with the land range
and electronic combat range at China Lake coupled
with their associated targets and labs provide a unique
capability to the nation (Figure 1).

These ranges and facilities are networked by the
Office of the Secretary of Defense, Test Resource
Management Center’s (TRMC) Joint Mission Test
and Evaluation Capability (JMTEC) Program.
JMTEC provides a readily available, persistent con-
nectivity between testing facilities with standing
network security agreements, common integration
software for linking sites and accredited test tools for
distributed testing. Using JMTEC, NAVAIR has
supported developmental testing, operational testing,
interoperability certification, and Joint mission capa-
bility portfolio testing. Through JMTEC, our ranges,
labs, and facilities are networked with 62 other
government and contractor sites across the nation.
NAWCADWD facilities, labs, and ranges are un-
equalled for interoperability demonstration, experi-
mentation, and T&E.

NAWCADWD are developing processes that
support the design and test for interoperability from
first concepts and throughout a program’s life cycle. In
the near term, NAWCADWD are developing a
standard and methodology to track and drive interop-
erability requirements and create a new systems
development process that fully supports interoperabil-
ity. Within the next few years, NAWCADWD will

institutionalize integration and interoperability (I&I)
test methods and normalize system of systems/family
of systems (SoS/FoS) tests for all programs. Institu-
tionalization of new processes and adopting a systems
approach to interoperability will ensure that NAW-
CADWD products and solutions are interoperable in
the Joint battlespace and will make them systems of
choice by the Navy and other Services. On the horizon,
NAVAIR will be in a position to propose new net-
centric capabilities, validate the enhanced effect these
capabilities will have on warfighting, and then develop
and test the capability to ensure that interoperability
and effectiveness are maintained.

Partnering with Commander, Operational Test
Force (COTF) to ensure NAVAIR SE, warfare
analysis, and developmental test procedures
complement COTF mission-based test—to
identify the minimum adequate testing
required to ensure systems are supportable
and operate effectively with other systems in
the battlespace

NAVAIR is aligning its test design philosophy with
COTF’s mission-based test design through implemen-
tation of a capabilities-based T&E (CBTE) approach
based on two primary objectives. The first objective is
an integrated test philosophy that encourages the early
involvement of the operational test (OT) agency in the
developmental test (DT) planning process. The second
and more fundamental objective of CBTE is to focus
the planning for DT and OT around the mission(s)
specific to the aircraft, weapon, or system being tested.
Implementation of the CBTE approach will improve
integrated test methods by providing the means to
adequately and accurately address the verification and
validation of operational effectiveness and operational
suitability early enough in the development cycle to
resolve critical operational issues (COIs) and reduce
costs.

Connectivity among legacy, current and future
systems/capabilities—Joint Service/Coalition

The landscape is rapidly changing in the area of
interoperability. Today’s Joint Service and Coalition
warfighting strategy requires that individual Service
platforms be able to share appropriate data. Designed
and tested interoperable systems provide an advantage
of shared intelligence, increased operational awareness,
and increased lethality, while increasing survivability.
CBTE supports verification and validation of interop-
erability requirements through the evaluation of new
systems in an operational context with existing Naval
or all Joint/Coalition systems (an SoS approach) to
address specific mission capability needs, therefore
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supplementing the focus on individual systems and
their independent requirements. CBTE is focused on
the continuous improvement of the mission level
warfighting capabilities produced by an SoS, which
closes the loop on materiel solution analysis through
verification and validation of integrated warfighting
capabilities. This includes maximizing the return on
science and technology investments by increasing the
probability that a high percentage of projects with
relevant and distinct capabilities can be rapidly
provided to the warfighter.

Ensuring programs use SoS expertise in
developing platforms and systems that
operate effectively with other
warfighting assets

NAVAIR has established an Air Systems Interop-
erability Division within the Systems Engineering
department to assist program managers in meeting the
requirements associated with development and staffing
of an Information Support Plan. An Information
Support Plan provides a means to identify and re-
solve implementation issues related to an acquisition
program’s information technology and national secu-
rity system information infrastructure support and
interface requirements. It identifies information tech-
nology and information (including intelligence) needs,
dependencies, and interfaces for programs in all
acquisition and non-acquisition categories, focusing on
net-readiness, interoperability, information supportabil-
ity, and information sufficiency concerns. NAVAIR
systems engineering competencies are working closely
with the Assistant Secretary of the Navy (ASN) for
Research Development and Acquisition (RDA), Chief
Systems Engineer (CHENG), supporting integrated
architecture development and have also pioneered
improvements to the NAVAIR Systems Engineering
Technical Review (SETR) process.

As an additional step in developing these processes,
NAVAIR has established an office and appointed a
NAVAIR director for I&I. The I&I Director serves as
the point of entry, coordination and accountability for
I&I functions for NAVAIR, including associated
warfare centers, and leads NAVAIR efforts to define
and develop the necessary policies and practices,
authorities, roles, and responsibilities to implement
the I&I function. The I&I Director will also work with
other Navy organizations (e.g., CNO; ASN [RDA];
System Commands; Program Executive Officers
[PEOs]; Operational Test and Evaluation Force
[OPTEVFOR or COTF]) to define Navy policy and
processes with regard to creating integrated warfight-
ing capabilities.

Where is Naval Aviation headed in the
future and what opportunities and
challenges do you foresee?

Future U.S. Naval strategy will adapt to the
challenges of a changing world environment to operate
jointly and with partners at sea, on land, and in the air,
space, and cyberspace. As an extension of Naval power,
Naval Aviation will develop new manned and un-
manned platforms, sensors, and weapons to meet
future threats with novel capabilities that will replace
aging systems. Emphasis will be placed on reducing
costs, manpower, and development time. Technolog-
ical advances will increase automation and decrease
manpower requirements in maintenance, fueling,
arming, and logistics. Naval Aviation platforms and
sensors, along with space-based systems and Joint
assets, will provide improved intelligence. Sensor
technology advances will result in increased perfor-
mance with reduced size, weight, and power. Infor-
mation from intelligence and surveillance resources will
be seamlessly integrated to build an overall picture of
the strategic and tactical situation, and future weapon
systems, such as directed energy and net-enabled
weapons, will revolutionize our ability to address
hostile threats.

NAVAIR does, however, face challenges that affect
its ability to develop interoperable products. NAVAIR
is supporting an unusually large number of new
program developments simultaneously, and the stress
on the workforce will be great as staff is increased to
perform this tasking. An additional challenge is
increasing NAVAIR’s expertise in the area of Lead
Systems Integrator. The expanded role of government
as Lead Systems Integrator is new and will require new
business process, policy, and workforce training to
accomplish this task effectively. Close collaboration
with the ASN RDA, CHENG, and industry, as well
as government ownership of interoperability require-
ments and standards, is key to the successful achieve-
ment of this goal.

Demands for increased speed, efficiency,
complexity, integration, and interoperability in
operational environments/missions

Success in today’s battlespace environment demands
that naval platforms, sensors, and weapons perform as
interoperable, ‘‘plug and play’’ (i.e., horizontally
integrated) assets that provide an immediate and
sustainable increase in overall warfighting capability.
Warfighting capability has become more reliant on
interoperability and network centric concepts to
achieve effectiveness, yet throughout history, military
leaders have faced the challenges of understanding the
battlefield, exploiting information, and determining
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how best to achieve victory. The key is to obtain an
optimum vantage point and quickly employ and
maneuver forces to achieve desired effects. Naval
Aviation’s capability to achieve these desired effects
can be realized through a number of enhancements,
including compressing timelines, reducing or eliminat-
ing fratricide and collateral damage, increasing surviv-
ability, and enhancing lethality. A key enabler to these
enhancements is the use of tactical networks that can
accelerate the rate at which information is collected,
processed, comprehended, and translated into action,
enabling friendly forces to collaborate and act more
quickly than the enemy. This concept is the essence of
network centric warfare; the operational application of
networks to optimize transactions between platforms
to achieve desired effects during military operations.

Naval Aviation in the future will continue to be
focused around the unique capabilities provided by
carriers and their air wings equipped to deter and to
defeat future threats to our national security. Enhanced
levels of cooperation with allies will be required to
execute the core capabilities of the Navy and Marine
Corps. Warfare in the future will require the use of
cyber technology to combat hostile forces successfully
and to survive unconventional attacks on our platforms
and infrastructure. On carriers, manned strike fighters
will be complemented by unmanned tactical aircraft.
These advanced aircraft will refuel other aircraft;
deliver cargo to carriers; gather intelligence, surveil-
lance, and reconnaissance data; and carry out air-to-air,
air-to-surface, and electronic attack missions. The
rotary-wing force will perform critical anti-surface and
anti-submarine warfare, mine countermeasures, and
humanitarian missions (Figures 3 and 4).

Attracting and retaining a technical workforce
with the skills and experience in key areas
(e.g., systems-of-systems engineering)

NAVAIR has a workforce dedicated to warfighter
success. Across the span of research, development,
acquisition, and T&E, NAVAIR members deliver
technical and business excellence. An enduring goal of
NAVAIR leadership is to develop and support our
workforce through focused hiring in core skills areas:
ongoing personal and professional development
through formal training, mentoring, collaboration
and wellness programs; and careful implementation
and execution of performance, award, and recognition
programs. NAVAIR workforce growth will be met
through an aggressive national recruiting campaign.
The recruiting efforts will include sending hand-
selected and well-trained recruiters to colleges and
universities that have demonstrated high offer-accep-
tance rates and produce highly diverse graduate pools.
Expanded uses of expedited hiring authority, local
large-scale ‘‘meet and greet’’ recruiting events and
increased emphasis on journey-level recruiting will
provide NAWCAD with the quality and quantity of
skills needed to support its customers and execute its
mission.

NAVAIR will actively continue to develop and
execute nationally aligned retention initiatives. The
NAVAIR national retention program will provide
tools such as the improved on-boarding process that
places an early emphasis on sponsorship and mentor-
ing. The Workforce Team will analyze exit interview
data using the improved National Exit Interview Web
tool and provide supervisors with focus areas to reduce
separations and attrition rates. Implementation of
Section 852–funded initiatives, such as the Masters
in Science and System Engineering (MSSE) and

Figure 3. A Navy Seahawk helicopter performs a weapons
separation test using a Hellfire missile. As the Navy’s next

generation submarine hunter and anti-surface warfare

helicopter, the MH-60R Seahawk will be the cornerstone of the

Navy’s Helicopter Concept of Operations. (U.S. Navy photo).

Figure 4. An EA-18G Growler is suspended in the Naval Air

Warfare Center Aircraft Division (NAWCAD) Anechoic Chamber
at Naval Air Station Patuxent River, Maryland. The Growler was

deplayed this year to Iraq and Libya to fly airborne electronic

attack missions. (U.S. Navy photo).

Evolution of Naval Aviation T&E

32(3) N September 2011 253



training through the Naval Aviation Test and
Evaluation University (NATEU) will help NAVAIR
grow and retain its valuable skill base. Structured
development programs such as the Engineering and
Science Development Program (ESDP), the Acquisi-
tion Intern Program (AIP), the National Leadership
Development Program (NLDP), and other formal
curricula such as the Federal Executive Institute will
provide a continuum of learning opportunities for
NAVAIR employees at all career levels. The emerging
Section 219 initiatives will provide NAVAIR with
needed investment dollars in the areas of basic and
applied research, technology transition, and workforce
development.

How can T&E help reduce acquisition
cycle time and total ownership cost?

The purpose of T&E is to mature system designs,
manage risks, identify and resolve deficiencies as early
as possible, and ensure systems are operationally
effective and suitable. T&E is a major time and cost
aspect of program development, so any successful
efforts in executing T&E more effectively and
efficiently, such as the CBTE initiative, will help
reduce costs through a reduction in developmental
timelines. CBTE supports the enhanced networking of
ranges, labs, and facilities, to enable distributed live,
virtual, and constructive testing of existing capabilities
with system representative hardware and software from
new capabilities prior to their use in traditional ground
and flight testing. This reduces more costly flight hour
testing, while allowing for early identification of
system flaws. Networking of ranges, labs, and facilities
also has the added advantage of enabling larger scale,
live, virtual, and constructive mission-focused testing
and experimentation.

To meet future demands and reduce development
and integration costs, NAVAIR is developing new and
innovative approaches for rapid integration of new
capabilities. One of the approaches focuses on creating
a common framework for software development that
enables applications to be deployed across multiple
platforms. The approach facilitates the use of open
architecture, common standards, scalable designs, and
a modular approach to software design and develop-
ment, which will enhance the portability and reuse of
application software and software components to build
interoperable aviation systems. Establishment of this
common framework, enterprise library, shared services
and applications will help standardize, automate, and
reduce testing. The end result of implementation of
such an approach is more rapid, flexible, and cost-
effective ways to increase warfighting capability.

Identifying and documenting system test
requirements from a warfighting capabilities
perspective; sharing relevant data among
developmental and operational testers to
reduce duplication, drive down cost, and
accelerate program schedules (integrated DT
and OT)

Integrated DT and OT, or integrated test, promotes
the timely, credible, and continuous feedback of system
performance information back to developers and deci-
sion makers. Dedication of Integrated Test Team (ITT)
members in the material solutions phase of development
is a key factor in successful program initiation. With
early involvement of ITT members in the systems
development process, early operational assessment
(EOA) during the technology development phase or
operational assessment (OA) during the engineering and
manufacturing development phase provides enhanced
operational insight on a system’s potential to successfully
complete dedicated operational testing during initial
operational T&E (IOT&E). The CBTE initiative,
coupled with the rapidly maturing efforts of the
Commander of OPTEVFOR, will enhance IT
throughout our DT/OT continuum and allow more
effective, efficient test planning and execution.

Taking a spiral approach to OA will provide
increased investment decision support, reduce program
risk, and accelerate program schedules by increasing
the probability of uncovering potential system changes
needed to update requirements or acquisition strategy
early in the life cycle, when the cost of change remains
relatively low. This also has the potential of augment-
ing or reducing the scope of dedicated OT. The ITT
will plan for OAs, with IOT&E quality test objectives,
mixed with operationally relevant developmental T&E
to produce increasing amounts of operationally relevant
data with each increment. This information will allow
program managers to develop an optimal product
within the available capability trade space.

Broadening use of NAVAIR’s existing lab and
range infrastructure to identify and eliminate
gaps in warfighting capability and
supportability well before systems are fielded

The CBTE supports the continuum of upfront and
early capabilities-based assessments, completes the
systems engineering ‘‘V,’’ and addresses testing from a
capabilities viewpoint. It will enable thorough consid-
eration of T&E requirements early in the acquisition
process; from Joint capabilities integration and devel-
opment system execution and the analysis of alterna-
tives (AoA) through the T&E strategy and into the
T&E Master Plan (TEMP). CBTE will enable a
broader use of NAVAIR’s existing lab and range
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infrastructure in order to identify and eliminate I&I
issues as well as gaps in warfighting capability and
supportability long before systems are fielded, by
expanding the use of constructive and virtual testing.
An objective of CBTE is to provide end-to-end
solutions that overcome the stove-piped, proprietary
boundaries of prime contractors. Efficiencies will be
gained by maintaining the analytic thread via con-
structive modeling back to what’s truly required by the
warfighter (i.e., Capabilities Development Document
[CDD]/Capability Production Document [CPD]
stated capability).

Maintaining the analytic thread/linkage or trace-
ability of requirements and COIs is required for
Department of the Navy programs and is needed to
maintain the consistency between the AoA, Initial
Capabilities Document/CDD/CPDs, Systems Engi-
neering Plan, Acquisition Program Baseline, and the
TEMP. Linkage to the TEMP is critical, as it
documents how specific capabilities, key system
attributes, and key performance parameters trace to
COIs and how each will be addressed in T&E. In
order to execute CBTE, persistent analysis and
evaluation environments will need to be developed to
support overall SoS analysis and allow traceability to
upfront and early analysis activities such as an AoA
for a specific program. These environments will allow
for the ‘‘closing’’ of the iterative and recursive loops
of the testing process through the continuous updat-
ing of the original requirements analysis with quanti-
fied performance data, and allow for the horizontal
assessment of mission capabilities across security levels,
which is critical in development of accurate assess-
ments. C
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New JITC Test Facility at Fort Meade

Nanci Newhouse

Joint Interoperability Test Command, Indian Head, Maryland

Chris Watson

Defense Information Systems Agency, Fort Meade, Maryland

After 4 years of detailed planning and coordination, the Defense Information Systems Agency

(DISA) began relocating its personnel and headquarters to Fort George G. Meade in April

2011. This relocation effort was the result of the 2005 Base Realignment and Closure

recommendations and legislation. The mission to relocate DISA has been challenging to say the

least. Arguably, the biggest challenge this move presented was the migration of the Falls Church,

Virginia, laboratories and testing capabilities. The vast effort of physically moving the entire

laboratory infrastructure and thousands of associated components required rigorous planning,

execution, and cooperation from all DISA organizational elements in order to minimize mission

impact. This article describes the scope of this arduous effort, as well as process improvements

and new technologies implemented in support of DISA’s overarching test and evaluation

capability.

T
he Defense Information Systems
Agency (DISA) is a combat support
agency that provides command and
control capabilities and enterprise in-
frastructure to continuously operate

and assure a global net-centric enterprise in direct
support to national level leaders, Joint warfighters, and
other mission and coalition partners across the full
spectrum of operations. DISA officially opened its new
headquarters at Fort Meade on 15 April 2011
(Figure 1). The overall facility investment will assist
DISA in the management and oversight of the vital
capabilities and services it provides to the warfighter.
DISA has been committed to making the move to Fort
Meade transparent to the warfighter by minimizing
disruption to their programs and services. To accom-
plish this, the agency preserved synergy between the
acquisition, engineering, sustainment, and operating
capabilities of the existing workforce and retained the
intellectual capital developed over many years. This
commitment lead to the construction of a state-of-the
art complex that spans approximately 1.1 million
square feet and will house the entire DISA National
Capital Region workforce and lab capabilities when
personnel and equipment complete the move in August
2011.

DISA leadership has implicitly acknowledged the
importance of its laboratories and test infrastructure.
As the lead for transferring, installing, and maintaining

the laboratory equipment and test resources at the new
headquarters facility, the DISA Test & Evaluation
(T&E) organization was tasked with ensuring that
Research, Development, and T&E (RDT&E) efforts
continued throughout the move period with minimal
mission impact and downtime.

Background
The Joint Interoperability Test Command (JITC)

has long been known for its Joint interoperability-
testing role and its two main test centers at Fort
Huachuca, Arizona, and Indian Head, Maryland.
Recently, JITC completed a significant expansion with
the addition of a new test center at Ft. Meade,
Maryland. For many years, the laboratories that
directly supported RDT&E of DISA-managed pro-
grams were located at Seven Skyline Place (SSP) in
Falls Church, Virginia. The DISA Test and Evalua-
tion Management Center (TEMC) managed and
operated these laboratories under the oversight of the
DISA T&E Executive. In December 2010, DISA
leadership restructured its testing organization with the
decision to dissolve the TEMC and align all Major
Range and Test Facility Base (MRTFB) laboratories
under JITC. JITC’s superior management of its
MRTFB assets and resources is well known through-
out the Department of Defense (DoD). This transfer
of lab operations to the JITC achieves greater synergy
of the agency’s test and certification activities and
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better alignment with strategic objectives. The DISA
Office of the Test and Evaluation Executive (TEO)
provided oversight, guidance, and direction during this
relocation effort to ensure minimal impact to mission
and uninterrupted support to all MRTFB customers.

Transition strategy
In August 2010, DISA conducted a Base Realign-

ment and Closure (BRAC) Rehearsal of Concept
(ROC) drill. This event allowed relocation teams to
conduct a detailed walk-through of plans for transfer-
ring DISA’s personnel and RDT&E capabilities with
the objective to minimize disruption to programs and
projects, to include establishing methods for sustaining
dual-operations when possible. In November 2010, the
Fort Meade building contractors officially turned the
new facility over to DISA, and transition plans were set
in motion to begin the move using a phased approach.

The transition officially began by building out and
executing the first move of the Defense Information
Systems Network (DISN) Core Tier III test bed into
the new facility (Figure 2). The DISN Core Tier III test
bed emulates a real-world network backbone environ-
ment with two nodes representing both the East Coast
and West Coast, respectively. This test bed promotes
realistic testing, troubleshooting, engineering, and
integration of new capabilities that will operate on the
Global Information Grid (GIG). DISA conducted the
DISN Core Tier III lab move in three phases over a 5-
month period to enable dual operations while they
transferred the remaining projects from site to site.

In February 2011, DISA installed circuits and
deemed them ‘‘network ready’’ for continued dual
operations. JITC began the major lab moves in March
2011. These moves consisted of 12 one-week phases,
which were completed in June 2011. Each phase was
broken into functional areas of responsibility to ensure

that no requirements were overlooked. To coincide
with the 12-phase approach, JITC developed individ-
ual relocation packages for each program to ensure that
lab management personnel and the respective program
offices were synchronized and that each organization
understood its specific move responsibilities. JITC
conducted individual ‘‘T-14’’ meetings with each
project 2 weeks prior to the move to review the
relocation package. A majority of the information
already existed in electronic form, thus allowing the
packages to be automatically populated. As a result,
JITC developed the Sky Seven Lab Relocation Effort
(S7LRE) database. The S7LRE database allowed
JITC personnel to modify the packages expeditiously
and identify lessons learned over the course of the
relocation effort.

During this period, TEO and JITC also hosted a
number of Lab Relocation Town Hall meetings

Figure 2. The Defense Information Systems Network (DISN)

Core Tier III test bed emulates a real-world network backbone

environment that promotes realistic testing and integration of
new Global Information Grid (GIG) capabilities.

Figure 1. The Defense Information Systems Agency’s (DISA’s) new state-of-the-art headquarters at Fort Meade, Maryland, provides

vital capabilities to the warfighter.

New JITC Test Facility

32(3) N September 2011 257



designed to further inform Program Managers (PMs)
and lab users of support requirements, new capabilities,
and move progress. The move was a truly collaborative
effort as the various DISA PMs and users teamed with
DISA T&E personnel throughout the entire process.
These cooperative efforts included

N participating in BRAC Preliminary & Critical
Design Reviews,

N participating in BRAC Test Plan and Cutover
Plan development,

N assisting with a 100 percent inventory of all lab
equipment associated with the program,

N assisting with updates of rack elevation drawings
using Computer-Aided Design (CAD),

N assisting with preparation of logical connection
diagrams for each program test suite,

N assisting with re-cabling of program suites for
conformity and to reduce assembly time at Fort
Meade,

N conducting any required critical software backups,
N assisting with pre-system testing before system

shutdown,
N assisting during system disassembly, packing, and

staging,
N assisting during system reassembly at Fort

Meade, and
N participating during Test & Acceptance hand-

over.

Clearly, DISA T&E was committed to minimizing
the impact and making each program’s transition occur
as smoothly as possible. As a result, the move officially
concluded on time, and JITC declared full operational
capability in July 2011.

Enhanced laboratory and test capabilities
DISA T&E implemented many new capabilities

and lab management tools/techniques at the Fort
Meade complex. For example, DISA incorporated a
unique overhead electrical distribution system that
includes an electrical buss and cable tray. This overhead
array provides an aesthetically clean cabling scheme
and eliminates the ‘‘jungle’’ of wires that cable whips
create (Figure 3). Because of this arrangement, there is
no risk of wires obstructing airflow under the raised
deck, creating a safer and more energy-efficient
laboratory environment.

Re-cabling the individual suites in a manner that
fosters rapid reconfiguration was truly a significant
endeavor. It included installation of a color-coded
cable plant according to classification and utilization as
well as significant patching and wire management
capabilities. DISA laboratory-relocation teams in-
stalled the cable-ready plant to facilitate consolidation

points, zoning, connections from consolidation points
to the suites, and all inter-suite and inter-lab cabling.
Teams installed the cabling system in advance of the
move to foster rapid reconnection of the systems.

JITC used a simple approach to the very complex
problem of configuration management and asset
tracking during the transition of the labs. Site planning
tools such as AutoCAD and Microsoft Visio provided
visualization of the physical attributes of laboratory
assets. These tools allowed lab management personnel
to use existing elevation diagrams to reduce the
number of man-hours required to depict the relocation
plan visually. Another major benefit to this approach
was that lab managers could now use common site-
planning tools to distribute elevation and layout
images to program offices for use in their lab docu-
mentation. Since this was a phased relocation effort,
the overall floor plans were color coded to match
specific phases, allowing the lab management person-
nel to easily detect and prevent potential conflicts
(Figure 4). To enhance the lab-management services
JITC will provide to MRTFB customers, the agency
implemented a new Web-based Remedy trouble-
ticketing system for centrally tracking various labora-
tory support actions. The new trouble-ticketing system
will allow JITC lab managers and users to report
and resolve complex issues associated with system
administration, installation and integration, security
controls, and network connectivity/operations. In
addition, the trouble-ticketing system is highly adapt-
able and serves as a tool for measuring and justifying
support costs.

The JITC test bed at Fort Meade now supports over
1,900 registered users and RDT&E of over 100
programs. Covering approximately 65,000 square feet,

Figure 3. An overhead electrical distribution system and a

color-coded cable plant allow for the management and

consolidation of power and connectivity points at the Joint

Interoperability Test Command’s (JITC’s) Fort Meade
test facility.
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the new labs contain over 600 network cabinets, 700
workstation suites, and 11,000 pieces of advanced
Information Technology (IT). The laboratories are
situated on two separate levels, each dedicated to
unclassified and classified systems, respectively. Each
level has a Technical Control Facility that controls all
incoming and outgoing data, as well as ‘‘hotel rooms’’
designed for short periods of occupancy, mainly to be
used for test events or vendor demonstrations. Both
levels also contain dedicated support rooms for various
programs as well as a common storage area.

Examples of key programs supported by the new
Fort Meade labs include the following:

N Global Command and Control Systems-Joint
(GCCS-J),

N Global Combat Support Systems (GCSS),
N National Senior Leadership Decision Support

Systems (NSLDSS),
N Joint Planning and Execution Services (JPES),
N Joint Command Decision Support Center

(JCDSC),
N Common Network Planning Systems (CNPS),
N Integrated Imagery and Intelligence (I3),
N DISN Video Services (DVS),
N Teleport, and
N Multinational Information Sharing (MNIS).

Figure 4. Color-coded floor plans used to coordinate the phased move of the Defense Information Systems Agency (DISA)
program assets.
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External circuit connections include NIPRNet,
SIPRNet, Developer Net (DEVNet), Defense Re-
search & Engineering Network (DREN), Joint
Mission Environment Test Capability (JMETC),
Combined Federated Battle Lab Network
(CFBLNet), and DISN Leading Edge Services
(DISN-LES). This network connectivity provides a
distributed environment for complex end-to-end
testing of advanced IT systems and federated analysis
of network security vulnerabilities subject to cyber
attacks. These distributed connections will also assist in
reducing duplication of efforts and encourage reci-
procity through partnership.

To promote federated testing of today’s complex IT
systems, JITC and DISA’s network services are taking
the lead in T&E network convergence and manage-
ment of the Joint T&E infrastructure. JITC is
establishing a team to define a technical networking
solution that allows access to an integrated T&E
architecture, available instrumentation, and any/all test
artifacts. JITC will establish a pilot effort using
distributed connectivity between its three test facilities
as a model. This strategy will allow JITC to analyze
network security vulnerabilities and fully define T&E
infrastructure requirements for network Internet
Protocol (IP) transport support and provisioning of
network management services. This pilot will also lead
to follow-on test events that provide distributed access
to other DoD, coalition partners, academia, and
industry stakeholders.

JITC’s expanded test infrastructure serves as a true
national asset: ‘‘the IT Testbed’’ in the MRTFB.
Although JITC maintains its MRTFB resources
primarily for DISA and DoD T&E support missions,
they also make their facilities available to U.S.
government agencies (federal, state, and local), allied
foreign governments, and commercial industry partners
having a valid requirement for its capabilities. At Fort
Meade, JITC will offer a broad base of T&E
capabilities to a wide variety of customers using
prescribed MRTFB guidelines.

Conclusion
The DISA T&E organization, PMs, and users alike

faced many challenges throughout this demanding
process. Through proper planning and cooperative
execution, JITC succeeded in moving DISA’s

RDT&E capabilities to its newly constructed head-
quarters at Fort Meade with minimal impact to
programs and users. These new test bed resources
and capabilities will undoubtedly assist DISA in better
supporting the ever-changing RDT&E requirements
of the warfighter, and creating a no-fail environment
that will enable information dominance in defense of
our nation. C
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Statistically Defensible Test and Evaluation: The Air Force
Flight Test Center Perspective
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Since 2005 the Air Force Flight Test Center (AFFTC) has had an initiative to improve the use

of statistics in planning tests and evaluating subsequent test results. Initial efforts focused on

design of experiment techniques and an attempt to train all flight-test discipline engineers in

the use of statistics. Over time the approach has evolved to the use of a statistical consulting

group and a broadening of techniques to the use of a wide variety of statistical methods. This

article summarizes the AFFTC experience, including an overview of requirements, policy, and

organizational needs; the technical and programmatic challenges encountered in implementa-

tion; and some examples describing the general use of statistics at AFFTC. The article concludes

with a brief discussion regarding future initiatives to institutionalize statistics at AFFTC.

Key words: Designed experiments; design of experiments; developmental T&E;

statistical approaches; scientific method; flight testing; test planning.

T
he use of statistics in developmental
flight test and evaluation (T&E) is a
key element in producing defensible
results that can be used for making
critical acquisition decisions. Testing is

inherently a process that applies scientific principles to
facilitate discovery; ultimately, the goal is to determine
whether or not an item has been built correctly,
performs as required, and is suitable for its intended
purpose. Accordingly, applying statistics to aircraft-
flight testing requires some essential elements: viz.
understanding the requirements for various types of
tests, institutional policies that support the correct
application of statistical procedures, and an organiza-
tion that is trained and equipped to meet the
challenges of using statistics correctly. The challenges
we must overcome at the Air Force Flight Test Center
(AFFTC) in order to meet the requirements regarding
statistical rigor in testing are both technical and
programmatic. In addition we must tailor the statistical
methods used to the unique applications we have at
AFFTC regarding our primary areas of testing:
airframe, propulsion, avionics, and electronic warfare.

This article presents an overview of these challenges
and how we are implementing Statistically Defensible
Testing at the AFFTC. We first discuss each area listed
previously, i.e., requirements, policy, and organizational

needs. Next we present the overall implementation
challenges we have identified. After that we provide a
short description of some current AFFTC applications
of statistically based testing. Finally we discuss our
development of a roadmap to overcome the identified
challenges and to achieve full implementation.

Requirements, policy, and
organizational needs
Requirements

There is currently no explicit requirement to conduct
developmental test and evaluation (DT&E) using
statistical techniques. However, United States Air
Force (USAF 2009) Instruction AFI 99-103 states
that the purpose of testing is to:

1. increase credibility through use of objective data
analyses,

2. reduce design and acquisition risks,
3. determine whether a system meets requirements

or specifications, and
4. gauge progress and provide feedback.

From the purposes stated one can infer that testing
should be done in the most cost-effective manner to
produce the information required; this, in turn, implies
that some sort of structured methodology should be
used to accomplish the T&E in a repeatable, defensible
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way that maximizes the value of the information to the
decision makers.

Each test conducted at the AFFTC is unique in
some manner; however, we always desire to derive as
much information as possible at minimum cost and
schedule. DT&E is typically done to identify system
deficiencies, to fix problems, to determine whether a
system meets requirements and/or specifications, and
to provide data for an early evaluation of operational
effectiveness and suitability. Operational Test and
Evaluation (OT&E) is more focused on determining
the operational effectiveness and suitability of the
system after it has passed DT&E; developing tactics,
techniques, and procedures to optimize its use; or
verifying that a system upgrade has not degraded (in
some unintended manner) other system functions.
Although the information derived from DT&E and
OT&E are very different, both sets of test require-
ments can best be met through the appropriate use of
statistical analyses when those analyses are cost
effective and can be conducted safely.

Policy
The Director’s OT&E memorandum of October 19,

2010, describes an initiative designed to increase the use
of scientific and statistical methods to develop rigorous
methods for test and data analysis (DOD 2010). The
memo specifies the need for using a ‘‘designed
experiment’’ in testing to ensure that the right type of
data and sufficient data are collected to answer the
question of interest. The memo also calls out the use of
statistical measures of merit for each test; for example,
‘‘What is the power of the test, with what confidence?’’
These measures of merit are expected in every test in
which inference on the results makes sense.

The Director’s OT&E memo is an initial push
toward statistical rigor during OT&E; however, the
title notwithstanding, the memo is really more about
using statistics and a rigorous scientific approach than
about ‘‘DOE’’—the design of experiments. In fact
DOE does not appear in the body of the memo until
the last paragraph.

At the AFFTC we believe this memo provides an
excellent beginning to institutionalizing the use of
statistical approaches for DT&E as well. Building on a
statistics initiative that we began in 2005, we are
working to push this concept further.

Organize, train, and equip
As previously mentioned, in 2005 the AFFTC

embarked on a journey in ‘‘experimental design’’ with
the goal to put more rigor into our flight testing
(Kailiwai, III 2005). The initial approach involved
AFFTC-taught classes on elementary statistics and the

application of DOE to test programs. This approach
continued for approximately 3 years until we realized
that it is difficult to train flight-test engineers who are
specialists in a particular technical discipline (e.g.,
performance or avionics testing) to be statisticians.
Many test programs are unique and require analysis
procedures, inferences, and techniques beyond the scope
of traditional DOE techniques. It is unreasonable to
expect engineers trained in the basics of statistics and
DOE to be able to handle every kind of test that arises.
In particular we want to avoid the ‘‘zip-code’’ syndrome:
Teach people to compute the mean and standard
deviation of data and they will do just that with all
their data, even if it makes no sense. We must avoid the
flight-test equivalent of a statistical procedure that
amounts to taking and dutifully reporting the mean and
standard deviation of a collection of zip codes. Yes, that
can be done, but what does that mean and how would
you use that information to solve a particular problem or
answer a particular question?

At AFFTC we have found that a better approach to
ensuring statistical/scientific rigor is to employ a shop
of statistical experts (Ph.D. and Master’s level) to assist
engineers with test planning and data analysis. This is
similar to the approach that we use for many other test
support areas such as instrumentation, modeling, and
simulation. Just as we do not expect our discipline
flight-test engineers to be experts in those areas, it is
also unreasonable to expect them to become statisti-
cians. The variety of testing done at AFFTC also
prohibits any ‘‘cookbook’’ approach to setting up a test
plan, although we do have best practices and examples
available to use during the test-planning process.

Engineers, managers, and technical experts at
AFFTC are now trained in elementary statistics and
DOE so they can be better consumers of statistics
and can recognize that statistically rigorous testing is
not a ‘‘one size fits all’’ endeavor. Courses from texts
such as Ramsey and Schafer’s The Statistical Sleuth
(Ramsey and Shafer 2002) along with liberal
examples from development flight test (with an
emphasis on AFFTC examples) are offered by the
statistical consulting flight in an 8-week course (two
90-minute sessions per week). All test engineers are
expected to complete one or more of these courses. A
variety of software tools, i.e., R, JMP, MATLAB and
OpenBUGS (for Bayesian methods), are used in these
classes as well.

In addition to teaching courses the statistical
consulting flight works with engineers on specific test
planning and data analysis issues. In particular two-way
communication is encouraged between the consultants
and the engineers regarding how to meet test objectives
given resource constraints and how to analyze the
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resulting test data. Furthermore we have instituted a
monthly exchange meeting where technical experts
from the various flight-test disciplines at AFFTC
demonstrate an application of statistical analysis used
to resolve a test objective or problem.

Implementation challenges
During our 6 years of experience we have discovered

many challenges to institutionalizing the use of
statistical techniques in flight testing. These challenges
fall into two categories: technical and programmatic.
Encompassing both sets of challenges is the need to
implement a culture of statistically defensible testing in
an austere fiscal environment, which often emphasizes
results as quickly as possible at minimal cost.

Technical challenges
To begin, the goal to obtain information quickly at

minimal cost often means tests are conducted on only
one (or at most a few) flight-test assets; worse, it is
usually difficult, if not impossible, to randomly select
assets from the operational fleet. Thus it is very
difficult to apply standard statistical tests to many
problems that require randomization both on selection
of the population and assignment to a specific
treatment. Further, usually little baseline data or
previous test results are available, which makes it
difficult to make meaningful comparisons. The net
result can be inefficient tests with too few samples that
have limited scope of inference. This in turn increases
the risk in using the data for making decisions; we may
not have confidence that we are fielding something
with an undetected problem or may pay to fix
something that does not really need to be fixed.
However, restrictions on budget and time may make
desired confidence levels and power unachievable.
Budget and schedule matters aside, there are still
issues that prevent randomization in test design: Safety
is always the first consideration of any test, and
efficiency during testing may restrict randomization as
well. Randomizing aircraft test runs that result in
frequent changes in altitude or airspeed (a test factor of
‘‘high’’ or ‘‘low,’’ for example) is extremely inefficient; it
simply takes too long and consumes too much fuel. We
also must use a build-up approach for many test points
on the ‘‘edges of the envelope’’ to ensure they are done
safely. In addition some test points are done only one
time because of safety or cost concerns; for example, a
maximum-gross-weight refused-takeoff test required
for airworthiness certification or tests that require
multiple weapons against multiple targets. These are
demonstrations not statistically defensible tests and
should be reported as such.

In addition to the challenges involved with low-test
sample sizes and randomization, many existing flight-test
procedures and techniques were developed in the 1950s or
1960s and have remained essentially unchanged since
then other than automating-data collection and analysis
processes. Although we have made some progress
particularly in the use of advanced modeling techniques
and parameter identification, in general we have not taken
full advantage of advances in instrumentation and data-
analysis techniques that use new algorithms and extensive
computer power. We also must determine the best way to
analyze time-series data from a statistical point of view
since many of our current test techniques are designed
around collecting time-series data. However, there are
some significant challenges in applying statistics to time-
series data. For example, a set of time-series data of
navigation-position error will tend to be highly auto
correlated. The position error at time t, e(t), is closely
related to the position error at time t + 1, e(t + 1). Using
this time series to make an assertion about navigational
accuracy and associated confidence results in incorrect p
values and confidence intervals. Because of the time-series
data the assumption of independent observations required
to apply traditional statistical techniques is violated.
Analysis of time-series data requires extensive computer
power: Large data sets must be thinned to get
independent samples and computer-intensive techniques
such as resampling or Markov Chain Monte Carlo
procedures must be used to correctly analyze the test data.

Programmatic challenges
Programmatic challenges may be even more difficult

than the technical challenges. In particular statistically
defensible testing requires a cultural change in both the
T&E and program management communities. As an
analogy, medical doctors and researchers do not simply
pronounce a drug or treatment as effective after collecting
anecdotal evidence or a few observations. The Food and
Drug Administration has strict requirements for drug
trials to demonstrate efficacy and to identify harmful side
effects. The Air Force equivalent to a drug trial is a test
intended to demonstrate that a system or upgrade is
effective and has no unintended degradation of other
capabilities (i.e., regression testing for an avionics
upgrade). The challenge here is that currently few Test
and Evaluation Master Plans address the need for
statistical confidence and power for DT&E tests. With
no requirement, it follows that there is no budget for
doing statistically defensible testing. Hence, part of the
cultural change must be in test management. We have
found that, just as we were at AFFTC 6 years ago,
program managers and their staffs are often unfamiliar
with the use of inferential statistical techniques for
designing tests and making decisions using statistically
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defensible information. We must ensure that program
offices understand why a statistically correct test is
important and how such a test can aid in their decision
processes.

To institutionalize statistically defensible testing we
must be able to convince program offices on the merits
of using information obtained from statistically de-
signed tests for making decisions, not on potentially
misplaced cost or schedule goals. If the information
from a statistically designed test cannot meet cost and
schedule requirements then we are unlikely to convince
a program manager to conduct that test regardless of the
information that it produces. However, we also cannot
usually guarantee that a statistically designed test can be
done at reduced cost or schedule relative to a
traditionally designed test; in fact, the opposite may be
true. Thus, the program office must see the value in the
additional information or reduced uncertainty that the
statistically designed test produces. Program offices
must also be able to discern the differences among
different types of statistical methods and their appro-
priate applications. For example, DOE is a statistically
defensible technique appropriate to determine the
effects of one or more factors on a response variable or
variables in a controlled test; however, it is not applicable
to every problem. In many cases everything ranging
from simple hypothesis tests to Bayesian methods that
formally incorporate prior knowledge may be better
choices for a particular problem. The key is to match the
appropriate statistical technique to the information
required and resources available for the test.

Another major programmatic challenge is the need
to develop statistical expertise; finding and hiring
statistical experts is difficult. Exacerbating the problem
is that statisticians are in high demand in many
industries, particularly the pharmaceutical and medical
fields. At AFFTC we have put a high priority on
hiring and retaining the right mix of skills needed for
our statistical consulting flight; however, we still have
several unfilled positions. Given current trends in the
commercial world toward increasing the use of
statistics, this problem is likely to continue for some
time. To help alleviate this problem we are considering
providing opportunities for a small number of
interested flight-test discipline experts to cross train
into the statistical consulting flight or to obtain
advanced degrees in statistics.

AFFTC implementation examples
At AFFTC we have developed a simple classifica-

tion scheme for describing the use (or lack of use) of
statistics for a particular test. We divide test approaches
into three different categories with statistical ap-
proaches further divided into two subcategories:

1. Statistical approaches

a. Designed experiments
b. Observational studies

2. Demonstrations
3. Subject-matter expert (SME) or opinion-based

approaches

Although tests at the AFFTC run the gamut from
simple demonstrations to fully designed experiments,
the bulk of our testing currently falls into the category
of observational studies. A demonstration simply
shows that some system function is present with no
implications of future use. For example, ‘‘Switch A
makes light B turn on’’ or ‘‘The data displayed on the
heads-up display was consistent with the data dis-
played using the previous software version.’’ SME or
opinion-based approaches are often used for designing
tests that have a basis in flight-test techniques and
processes that have been accepted as best practices
within the flight-testing community; many flying
qualities and performance tests fall into this category.
Demonstrations and SME/opinion-based approaches
are frequently used for airworthiness certifications and
initial envelope expansion of a new or highly modified
aircraft since it is often not practical or cost effective to
conduct such testing using statistically based tech-
niques. Although demonstrations and SME-based
approaches have their place, we strive to avoid using
technical expertise alone to make one or more
pronouncements about the efficacy of the system and
whether or not there were unintended degradations of
other system capabilities. Simply put, regardless of the
test approach chosen, analysis and attendant decisions
must be data driven. The data analysis must be
appropriate to the objective and to the data collected.
The conclusions and scope of inference of a test must
be clearly specified.

A designed experiment must be used when an
inference from the test article(s) to the operational
population is needed. A designed experiment requires
randomly selecting test articles from that population
and applying treatments to randomly allocated sub-
groups. Lacking randomization, testing can still be
statistically defensible but becomes an observational
study which limits the scope of inference; this is
typically what occurs at the AFFTC because of the
challenges discussed previously. Rather than an
inference about the population of Air Force systems,
testing instead results in conclusions that suggest an
effect or difference may be present. It is then a
programmatic decision whether to sponsor further
testing or to make the decision required based on the
available information.
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The AFFTC has had some success using statisti-
cally defensible testing; however, we still require
much more effort in this area. We have many
examples of test programs that have correctly used
power and test requirements to get appropriate
sample sizes and have correctly drawn inferences
using p-values and confidence intervals. What is not
yet clear is whether this information is conveyed
properly or consistently to the program offices and
whether or not they are able to use this additional
information to make decisions. A limited review of
recent AFFTC reports revealed that in addition to
tests where statistics were correctly applied, a number
of reports could have made better use of statistics.
Some reports included summary statistics but were
devoid of how these statistics apply to system
evaluation. Some reports were found to have excellent
analysis procedures but buried the analysis in an
appendix and made no mention or use of the
information in the body of the report. Thus, we are
working to develop better guidelines and best
practices on reporting the results of statistically
defensible tests.

We have examples of many programs that have used
designed experiments and other statistical techniques
at the AFFTC; detailed descriptions of these can be
found in other sources. Examples include estimating
target-location error (Hurwitz et al. 2011) and a variety
of Test Pilot School programs (Jorris, Young, and
Waddell 2010; Young, Erb, and Jorris 2010).

AFFTC’s way forward
First and foremost, in AFFTC’s view, transition to

data-driven, statistically defensible testing should be an
evolutionary process that develops over time to meet
the unique domain needs of each test organization, not
a revolutionary process that mandates specific tech-
niques or procedures. The AFFTC has a number of
initiatives set to increase our use of statistically
defensible testing. Among them are:

N adding a statistics review to our test planning and
report-review processes,

N establishing ‘‘pathfinder’’ projects in every flight-
test discipline,

N establishing a framework for research and devel-
opment of statistically based test and analysis
techniques,

N developing policy and a top-level handbook with
best practices for each technical discipline,

N establishing an open dialog with our customers
regarding the use of statistics in test,

N reporting progress at conferences and in journals
(like ITEA!), and

N establishing an annual award for the best use of
statistical techniques in a test program.

AFFTC is currently developing a roadmap based on
the stated points. Because our approach is fairly general,
it could be adopted by other test organizations as well.
One example is to establish research programs to further
the use of statistically defensible testing; potential
research areas include improved flight (or other domain)
test techniques, analysis techniques for time series data,
quantifying measurement uncertainty, and application
of Bayesian techniques to test programs.

We also believe that the statistical consultant-group
model adopted by the AFFTC is a more sustainable
alternative to a lifelong treadmill of training personnel,
deploying them to a test squadron, and then losing them
on the next assignment cycle. Since AFFTC abandoned
the ‘‘train everyone’’ approach because of the lack of
traction, we have experienced significant improvement in
test efficiency and results through better use of statistical
methods. AFFTC personnel can assist in the evolution
to better testing by helping with statistical planning in
the beginning stages of the test process, whether it is for
DT&E, OT&E, or an integrated DT&E/OT&E.

Summary
We have been on a 6-year journey regarding the use of

statistically defensible DT&E at the AFFTC. What
began as an effort focused on DOE techniques and an
attempt to make statistics experts out of our technical-
discipline engineers has evolved into a sustainable and
more effective approach using a statistical consulting
group that assists in applying a wide variety of statistical
techniques to support all AFFTC T&E. We are currently
developing a roadmap that sets the stage for the next step
of institutionalizing the use of statistics for all AFFTC
testing whenever it is feasible and practical. C
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There has been recent emphasis on the increased use of statistics, including the use of statistically

designed experiments, to plan and execute tests that support Department of Defense (DoD)

acquisition programs. The use of statistical methods, including experimental design, has shown

great benefits in industry, especially when used in an integrated fashion, for example see literature

on Six Sigma. The structured approach of experimental design allows the user to determine what

data needs to be collected and how it should be analyzed to achieve specific decision-making

objectives. This focuses decision-making processes, improves test efficiency, and provides objective

data for evidence-based decision making. Today the DoD Test and Evaluation (T&E)

community is investigating the use of statistical methods to provide efficient and effective testing.

This article discusses the use of statistics in T&E to assist T&E practitioners and acquisition

management in understanding how to improve the quantity and quality of information made

available to decision makers to make risk assessments, even in a resource-constrained environment.

Key words: Design of experiments; experimental design; statistics; test and evaluation.

T
he history of U.S. military acquisition
is a proud one, and the fighting force it
equips is second to none. Older systems
were developed and tested in a less
constrained fiscal environment, and

even in those resource abundant days, the Department
of Defense (DoD) Test and Evaluation (T&E)
community did not uncover system flaws that it might
have. As budgets continue to face downward pressure
over the foreseeable future, T&E must continue to
provide objective information on technical and oper-
ational performance to decision makers to support
sound risk-based acquisition decisions.

Some have proposed to expand the use of statistically
based test planning and analysis methods to help
ensure tests are planned and executed in a logical and
efficient fashion, minimizing impact to cost and
schedule, while maximizing the data gained from each
test event and establishing test data validity. This idea
is not new. Several studies have illustrated the merits of
incorporating statistical methods in testing military
systems. For example, the National Research Council’s
study, ‘‘Statistics in Defense, Acquisition and Testing’’
(1998) concluded that, ‘‘major advances can be realized
by applying selected industrial principles and practices
in restructuring the paradigm for operational test-
ing…’’ and that ‘‘…the current practice of statistics in
defense testing design and evaluation does not take full
advantage of the benefits available from the use of
state-of-the-art statistical methodology.’’

Today the acquisition community is working to
understand the value added of statistical methods,
including Design of Experiments in T&E. One
misperception is that using statistical designs will
impede the program manager’s (PM) ability to

Disclaimer: This article is in no way representative of DoD doctrine. To avoid

any confusion with any acquisition program, living or dead, the case study is

purely imaginative. It is a discussion of the utility of designed experiments as a

logical way to plan tests. The authors’ affiliations with the Director, Operational

Test and Evaluation, The Institute for Defense Analyses, United States Air Force,

United States Navy, and AVW Technologies, Inc. are provided for identification

purposes only and are not intended to convey or imply the above organizations’

concurrence with or support for the positions, opinions, or viewpoints expressed

by the authors.
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expedite fielding of enhanced warfighter capability. An
unintended consequence of this drive for a shorter test
time can be a loss of precision in test results and a
failure to accurately capture variation within an entire
production run (e.g., can we characterize the perfor-
mance of all hand grenades produced through a subset
of test units?). There are many documented cases
where statistical design has improved test efficiency
and provided higher quality data. Granted, there are
times when the cost of generating statistically signif-
icant testing data in operational test (OT) is prohib-
itively expensive, such as when testing submarine-
launched ballistic missiles. In these cases it is especially
important to ensure adequate testing at the subsystem
and component level, and this is where statistical
confidence in the results becomes even more impor-
tant.

In this article we seek to simplify the lexicon of
statistically designed experiments and explain how
developing statistically based T&E information can
assist in correctly planning T&E programs, interpret-
ing T&E data, and identifying program risks for
decision makers. By using a simple case study we
demonstrate a methodology to determine the type and
amount of test data to collect and discuss ideas on how
to reduce and analyze that data to support evidence-
based decision making that balances risk and resource
constraints. The case study is purely hypothetical but
based on real-world acquisition-program challenges
experienced by the authors.

A statistically based structured approach
for decision makers

The DoD acquisition decision-making process is a
complex system that many have tried to model with
limited effectiveness. Leadership must make risk-based
system-acquisition decisions that impact warfighting
capability and in some instances the survivability of
American warfighters, often with limited data. For
example, at Source Selection, decision makers decide

which system best balances cost and capability without
seeing the completed product. At Initial Operational
Test and Evaluation (IOT&E), decision makers assess
a system’s warfighting effectiveness and suitability
based on performance across operational scenarios.
These decisions are based on a multifaceted process
informed by many streams of information. Figure 1

depicts the basic decision process and shows the various
types of information that may inform an acquisition
decision. The goal of this article is to focus on
quantitative data while recognizing that there are other
sources of information that impact the decision making
process.

T&E teams, PMs, and acquisition decision makers
face many of the same questions on a daily basis. For
example,

N Does the new system under test (SUT) meet
system requirements?

N How does performance of the SUT vary across
the intended operational envelope?

N Is the SUT reliable?
N How does one determine the answers to these

questions in a logical, efficient manner?

Historically, these questions have been answered
through the use of a combination of subject matter
expertise (SME), statistical analyses, and anecdotal
case studies. However, the past approach for using
statistics in making these decisions has not been well
documented and is often not as rigorous as the current
state of the field of statistics can provide.

Back to planning basics
The scientific method has provided a framework for

learning for hundreds of years. This simple process
consists of clearly stating a question, forming a
hypothesis to explain the question, planning the
experiment, collecting and analyzing the data, and
drawing a conclusion.

Figure 1. The basic decision process for an acquisition decision.
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T&E is inherently related to the scientific method. In
contractor and government developmental testing one
must use a logical process to efficiently verify the
technical performance of a system based on the
requirements and contracts. In operational testing we
must plan an efficient test program that evaluates a
system’s effectiveness and suitability for operational use.
These decisions are based on both qualitative and
quantitative data. The volume and pedigree of data
required to minimize risks of drawing the wrong
conclusions drives the total resources and therefore the
cost of a test program. For quantitative data, the field of
statistics provides an approach for qualifying those risks.

Design of Experiments is defined by Montgomery
(2006) as ‘‘the process of planning the experiment so
that appropriate data that can be analyzed by statisti-
cal methods will be collected, resulting in valid
and objective conclusions.’’ Montgomery (2006) and

Vining (1997) outline the steps for designing an
experiment that are closely related to the scientific
method. We have tailored their methodologies to meet
our requirements and dubbed it the 4-D process
(Figure 2). This is by no means a doctrinal method-
ology; it is simply a process framework. Others have
suggested similar frameworks including the 53rd and
46th Test Wings at Eglin Air Force Base, whose
framework is Plan, Design, Execute, and Analyze.

4-D is a simple and versatile process that can be
applied up front and early as a foundation of an
integrated test program. For maximum effectiveness 4-
D requires early collaboration among all stakeholders
to identify test requirements and to plan efficient test
events that maximize data reuse and minimize
duplication. This article will focus on the first two
phases of 4-D, as the emphasis on Define and Design
truly simplifies Do and Draw conclusions.

Figure 2. The 4-D process for designed experiments.
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Define
A key concept in 4-D is to understand the

question(s) to be answered and then describe the
question in concise quantifiable terms before planning
the test. This ensures the correct data is collected to
support the analysis. The question can range from
high-level operational requirements (defeat enemy
5th-generation fighter) or detailed technical specifica-
tions (hydrophone frequency response of 20–500 Hz).

The first step in the define stage is to determine the
question(s) that needs to be answered along with the
exact measures (response variables) that will be used to
answer the question(s). Often in T&E the response
variables are specified in the requirements documents.
However, this may not always be the case. In the
previous examples an appropriate response variable for
defeating the enemy 5th-generation fighter might be
the exchange ratio (number of blue losses to number of
red losses), whereas the response variable for the
hydrophone frequency is clearly defined in the
technical specifications. Determining mission-oriented
responses for operational requirements is a challenge
that may require several iterations to get correct. When
at all possible it is best to find quantitative metrics.

Once the response variable is defined, there are two
possible conclusions that can be drawn from the
question: the requirement is met or the requirement
is not met. These two conclusions are called hypoth-
eses. Hypothesis testing requires two hypotheses to be
created: the null hypothesis and the alternative
hypothesis. Formulation of the hypotheses is a critical
step as the selection of the question guides the
experiment and outcome.

The null hypothesis is the statement assumed to be
correct and attempted to disprove. If the null
hypothesis is not disproven beyond a reasonable doubt
as determined by the decision maker with the amount
of data collected in the test, then the null hypothesis is
assumed to be correct. A common example of this
concept is the legal premise of ‘‘innocent until proven
guilty.’’ The null hypothesis is that the defendant is
innocent, and the alternative hypothesis is that the

defendant is guilty. The responsibility of the prosecu-
tor is to prove beyond a reasonable doubt that the
defendant is guilty. If there is reasonable doubt, then
the defendant is found ‘‘not guilty.’’ He or she may
have done the crime, but there was enough ambiguity
to make their guilt unclear.

Another way to think of hypotheses is as a decision
maker’s opinion or decision. He or she can decide that
a system is good and should be accepted or bad and
returned for more work—based on the data collected in
the test. Their assessment of the system performance is
based on the subset of data tested. Then there is the
ground truth (which is unknown, as the entire
population of systems is not tested)—which is actual
performance. The combination of these opinions with
reality creates four potential conclusions, two of which
are correct and two of which are wrong (Figure 3).

One of the values of statistical test planning is the
ability to assess the likelihood of a particular test design
reaching a correct decision with the resources allocated
for the test. Selecting the appropriate response variable
such as ‘‘time to deployment’’ versus ‘‘percentage of
deployment’’ could result in a huge increase (e.g., 80–
100 additional runs) in resources required! As shown in
Figure 3, the metrics that provide this information are
the risks associated with testing, Type I, and Type II
error.

The Type I error is a value (0–100 percent) typically
agreed upon by the PMs based on input from T&E
SMEs. It expresses leadership’s risk tolerance to
making a wrong decision based on limited test data.
It specifically refers to the probability of rejecting the
null hypothesis when the null hypothesis is true. In the
previous parachute example if the null hypothesis is
that the parachutes do not deploy properly, then the
Type I error is the largest risk that the decision maker
is willing to tolerate, accepting a bad parachute system.
Notice the interpretation of user risk is dependent on
how the null hypothesis is constructed.

The Confidence Level is related to the Type I error
and is calculated by subtracting the accepted Type I
error value from 100 percent. The resulting value is the

Figure 3. Hypothesis testing results table for a simple parachute example.
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mathematical likelihood that the test fails to reject the
null hypothesis when in fact it is true. Since we will
never know the true performance of the parachute, a
confidence level tells us how confident we are that the
test program will capture the true performance of the
system from the subset of test articles. It has nothing to
do with the likelihood that the system will ‘‘meet the
spec.’’

Type II error is the likelihood that a test fails to
reject the null hypothesis when the null hypothesis is
false. Power is related to the Type II error and is
calculated by subtracting the Type II error from 100
percent. Power is the likelihood a test rejects the null
hypothesis when the null hypothesis is false. Power is
calculated in test planning and takes into account the
effect size desired to be detected, standard deviation
(s), and the sample size (N). In the previous parachute
example a Type II error would happen if the
parachutes were determined to not meet requirements,
when in fact they did. This could be interpreted as
manager’s risk.

It is important for the decision maker to understand
both types of risks when approving testing resources
because both types of test risks have programmatic
implications. In the parachute example one risk could
result in fielding a bad system. The other could result
in increased development time or, in the most extreme
cases, canceling of a good program.

Clearly, performance for all systems is not uniform
across all operating conditions. Factors are the
independent variables that impact the outcome of the
test. Determining the factors that may impact
performance is not a trivial task and should be done
by a team of SMEs, PMs, and T&E professionals.
General suggestions that normally result in a compre-
hensive list of independent variables (factors) are:

N Use a cause-and-effect (fishbone) diagram to
facilitate a discussion on all potentially active
factors [see American Society for Quality (ASQ)
Quality Tools for example].

N Refine factors into a subset of testable factors by
some sort of factor management process.

N Design sequential experiments that allow for the
testing of the appropriate factors in the right
testing.

N Allow for early tests to have large numbers of
factors and be less powerful. Later tests can refine
the active factors after less important factors are
screened out.

The specified values of the factors are called levels
and are determined using engineering judgment based
on the experiment. In general we recommend a small
number of levels when possible (2–3).

Design
Now that we have defined the question to be

answered, i.e., the factors and levels that impact the
process and the desired confidence and power, the next
step is to actually design a test that will provide data
that answers the question with a minimum acceptable
number of test events. This is the step where tradeoffs
between risk and cost must be evaluated. The design
must provide knowledge of how well the test has
captured the variability of the system so the decision
maker can understand the risks involved in collecting a
small amount of data.

Additional tradeoffs that decision makers can
discuss in the context of statistical risk are:

N How much better (or worse) than the require-
ment does a system need to be before a decision
maker will reject the system?

N How much risk (Type I and Type II) is the
decision maker, tester, PM, etc. willing to accept
when testing the system? Some have mentioned
that the default value should be 80 percent
confidence level and 80 percent power. For some
systems this may not be appropriate—for exam-
ple, parachutes or body armor! Many researchers
use 95 percent confidence level and power.

When designing a test, consider the use of
replication, randomization, and blocking in the design
phase to improve test-data precision. Replication of
test points allows for estimation of system variability
and test procedure error. Randomization reduces the
likelihood of introducing bias to the experiment by
randomizing effect of uncontrolled variables, such as
unplanned weather effects. Blocking provides another
way to address variability and improve our estimates.
Examples of factors which one might wish to block are
time of day (night/day), time of year, and climate.

There is one additional use for statistical test
designs—the ability to determine resources required
to efficiently test to a particular level at an early stage of
the program lifecycle—often before program initiation.
If leadership determines the level of knowledge desired
within a test program, the T&E Lead can calculate
with some accuracy the costs to achieve that fidelity. At
that point leadership can conduct an educated
discussion on cost versus risk.

The bottom line is, plan to collect data based on the
anticipated analysis, ensure the data collected is
adequate with a margin of error, and ensure test
program risk is characterized.

Do
After all of the planning that occurs in the Define

and Design stages, the execution of the test should be
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well defined. However, rarely do tests execute fully as
planned. For example, the weather may be extremely
windy on a test day, preventing the collection of the
fully planned test data. It is important whenever a
change in testing occurs that we reiterate through the
Design stage, even if just briefly, to account for any
changes in the data collection in order to ensure that
the data collected can still adequately answer the key
questions outlined in the Define stage. A robust
experimental design will allow for missing data.

Once the data is collected we need to analyze the
data. In a designed experiment we use a statistical
model to assist in analyzing the data and determining
which factors impact the process and to what level they
impact. Depending on the data, increasing complex
statistical models can be used to better account for
variability in the dataset. The analysis should result in
statistically defensible results because the data collec-
tion was designed with the analysis methodology in
mind.

Draw conclusions
Finally we must draw conclusions based on the data,

update our hypotheses for any future testing, and
determine how well our test likely captured the true
performance of the system. As discussed previously,
only two possible conclusions can be drawn from a
hypothesis test: reject the null hypothesis or do not
reject the null hypothesis. Note that we do not use the
term ‘‘accept’’ the null hypothesis because only
definitive conclusions can be drawn when rejected,
much like the jury logic. The likely accuracy of the
performance data documented in the test program will
also be reported in the form of a confidence interval.

Parachute deployment case study
With the 4-D process established, let us walk

through a simple T&E testing example—the FGR-1
parachute. This example will be used throughout the
remainder of the article and has been simplified for
academic purposes. Since we will never know the true
state of FGR-1 performance without testing every
parachute, we must plan a test that selects a sample of
parachutes sufficient to characterize the performance,
with enough repetitions to account for the variability of
the production process.

Define
Assume the stated requirement is for a notional

FGR-1 parachute to open within 3 seconds of
actuation 90 percent of the time when actuated via
primary method from 1,000–25,000 feet Mean Sea
Level (MSL) and 50–250 Knots Indicated Airspeed
(KIAS). In this case the question becomes: Does the

FGR-1 parachute deploy within 3 seconds 90 percent
of the time when operated as directed within the
operating environment? This question defines the goal
of the experiment.

If we were to use a binary (yes/no) response variable:
‘‘Did the parachute deploy within 3 seconds 90 percent
of the time?’’ then hundreds of tests would be necessary
to obtain reasonable statistical power. A smart
statistician on the test team showed the Test Lead
that for 90 percent of the parachutes to deploy within
3 seconds, with a standard deviation of 0.5 seconds, the
mean deployment time must be no greater than
2.4 seconds. This ‘‘derived’’ requirement can be used
to dramatically reduce the sample size to answer the
stated requirement.

After learning about the derived requirement, the
Test Lead decides the null hypothesis should be that
the mean deployment time is less than or equal to
2.4 seconds across the operating environment, and the
alternative hypothesis is that the mean deployment
time is greater than 2.4 seconds across the operating
environment.

After going through the factor selection process
described previously, the FGR-1 SMEs determined
three factors that are likely to impact parachute
deployment time: altitude, airspeed, and body weight.
Each factor is continuous and was assigned three levels.
Selecting at least three levels for each factor ensures the
test will detect nonlinear performance. To summarize
the results of the Define phase:

1. Goal: Answer the question ‘‘Does the parachute
deploy within 3 seconds 90 percent of the time
when operated as directed within the operating
environment?’’

2. Null hypothesis: Parachute deploys properly
(mean deployment time is #2.4 seconds).

3. Alternative hypothesis: Parachute deploys im-
properly (mean deployment time is .2.4 seconds).

4. Response variable: Time from actuation until
complete FGR-1 deployment.

5. Type I error represents manager’s risk because it is
the probability the decision maker concludes that
the parachute is bad at one or more of the operating
conditions when the true performance is good.

6. Type II error is the user/warfighter’s risk because
it is the probability that a decision maker
concludes that the parachute is good when the
true performance is bad at one or more of the
operating conditions.

7. Factors/levels:
N Altitude: 1,000 feet, 12,500 feet, 25,000 feet

MSL;
N Airspeed: 50, 150, 250 KIAS; and
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N Body weight: 100 pounds, 150 pounds,
200 pounds.

Notice that in order for us to evaluate the null and
alternative hypotheses at each combination of the
factors and levels would require a good deal of testing
because it would require multiple replicates at each of
the operating conditions. However, through the use of
designed experiments we can combine data across
multiple operating conditions through the use of a
statistical model. This allows us to conduct smaller
tests than if each condition were replicated indepen-
dently. In fact, in one of the designs proposed below
there is no replication of the operating conditions.

The null hypothesis is: None of the factors impact
parachute performance. The alternative hypothesis is:
At least one of the factors significantly impacts
performance. If we fail to collect enough data in this
context we risk failing to identify a potentially
problematic region of the operational envelope.

Design
Now that we have defined the question to be

answered, the next step is to actually design the test.
There are several designs that can provide robust data,
but a full discussion of the benefits of each model is
beyond the scope of this discussion. One simple design
would be to use a 33 full factorial (27 runs). A full-
factorial design produces very high quality data, where
all possible factor combinations are tested at least once.
Full factorial designs are typically used in DT and OT
when the total number of factors and factor combina-
tions is not too large. A full factorial design allows for
the estimation of all main effect and interaction terms
in the model. However, in a test with several factors
and levels, the number of test runs required can quickly
become untenable. A second alternative would be a
22-run D-optimal design. A D-optimal design can
estimate all main effects and two-way interactions (all
other interactions are assumed to be insignificant). A
third option would be to use the initial 33 full factorial,
with replicated corner points to improve power, for 39
total runs. This design provides the highest power of
all three designs because of the replicated points.
Replication of any portion of a test will provide a quick
improvement in power by providing an assessment of
process/product variability. However, replication of
points also raises the number of total runs. All three
designs allow testers to observe nonlinear performance
(if present).

In a resource constrained environment there are
several options for reducing the design:

1. Use a fractional factorial design instead of the full
factorial. The fractional factorial uses substan-

tially fewer resources and has less power to detect
active factors. Additionally it can create partial
confounding of factors depending on the degree
of fractionation. Any unacceptable confounding
can be resolved by conducting an additional
fraction of the full factorial. Regardless, the
resources required to resolve confounding and
generate confidence will be less than using a full
factorial. Even if the test does not execute as
planned, analysis techniques exist to develop
useful risk information. Ideally, fractional designs
will retain the ability to estimate all main effects
and two-way interactions (all other interactions
are assumed to be insignificant).

2. Reduce the number of replicated points. If
leadership is willing to accept higher risk of
detecting a difference when there truly is one, we
can reduce replications.

3. Use a smaller design type. Optimal designs and
small Central Composite Designs provide tar-
geted knowledge, but once again there is a trade-
off between risk and cost.

4. As a last resort, eliminate factors. Ideally if a
factor is eliminated it is because previous testing
has shown it to be inactive. This is the ultimate
risk because we will obtain no information on the
factors eliminated from the design.

Figure 4 provides the power curves comparing the
three possible designs’ power. The figure uses a
response-surface analysis for the deployment time of
the parachute. Previous data collected have shown the
standard deviation we can expect is approximately
0.5 seconds. In Figure 4, the x-axis is the detectable
effect size and shows the ability to detect deployment
time differences ranging from 0 to 3 seconds. Note that
for small time differences all three designs do poorly,

Figure 4. Power curves for detecting the effect of an active

factor on parachute performance.
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but for large differences all three designs perform well.
Simply put, this means that the ability of a given test to
detect small changes in performance (0.2 seconds
deployment time difference) is low, but the ability to
detect large changes in performance time (1.0 seconds)
is much higher. If the desire is to detect small
performance changes, then the PM must be prepared
to conduct a large number of tests, often in the
hundreds. This is why there must be coordination
between the requirements process and the test
organization from program inception to determine
what is testable and at what cost. Let’s say that for the
parachute example the test team has decided that a
detectable difference of 0.5 seconds is adequate. In that
case at the 95 percent confidence level, the full factorial
design has 63 percent power, the D-optimal design has
41 percent power, and the replicated full factorial
design has 87 percent power for detecting an active
factor.

Figure 4 illustrates that the risk decision makers are
assuming for allowing smaller experiments is that we
may miss an active factor in determining the
performance of the parachute. If this occurs, by
definition, the factor had a nonconstant effect on
performance. Therefore, at certain levels of the factor
the impact on performance is negative. For example,
consider body size. If small body types have the effect
of reducing the likeliness that the parachute will deploy
within 2.4 seconds and we do not test enough to pick
up that difference, then we could falsely conclude that
the parachute meets the requirement across the
operating environment, when in fact it fails to meet
the requirement for small body types.

So after considering the options and balancing the
critical nature of parachute performance with available
funding, the PM established a desired confidence level
of 95 percent. The FGR-1 Test Lead determined they
would conduct the full factorial test without replicates
as an efficient way to develop that confidence. This
provides 63 percent power for main effects to detect a
0.5-second difference in the response time and allows
observation of all main effects, two factor interactions,
and quadratic effects.

Do
The test team proceeded to the range with the 27

parachutes specified in the test plan along with three
spares. In spite of superb planning and perfect jump
conditions the aircraft broke down with five jumps
remaining. The maintenance crew completed all
repairs overnight, and following a postmaintenance
check-flight aircraft-serviceability issue, was ready to
fly the next morning. The weather was 10u F cooler, so
the temperature was recorded as a nuisance factor in

the design in case the change in temperature caused a
difference. Fortunately, there was no impact on
deployment time observed that could be attributed to
the temperature. The mean deployment time observed
was 1.9 seconds, and 85.2 percent (23/27) of the
parachutes deployed within 3 seconds. This summary
information, while traditionally used, does not fully
characterize performance of the system.

Figure 5 shows the average time to deploy the
parachute as a function of altitude and body weight for
the low airspeed (50 KIAS). The lines are contours
along which the average response (deployment time) is
constant. Figure 6 shows the average time to deploy as
a function of altitude and body weight for the high
airspeed (250 KIAS). Notice for the high airspeed all
of mean deployment times are less than 2 seconds,
while for the low airspeed the average deployment time
increases to over 4 seconds for the higher body weights.

Draw conclusions
Given the test data and the robust nature of the test

plan, the T&E lead had no problem convincing his PM
the FGR-1 had achieved the desired deployment time
across the majority of the operational envelope.
However, the four failures to deploy properly were
closely analyzed, and because of the full factorial design,
the data showed an interaction between body weight
and airspeed that dramatically impacted deployment
time. This allowed the PM to state an operational
limitation on the use of the FGR-1 for jumpers in the
‘‘large’’ category of 150 pounds greater in a low speed
environment. (This is all notional and done purely to
illustrate the kind of information that can be generated.)

Conclusion
In this article we provided a ‘‘common man’s’’

interpretation of statistical terminology that can be
useful in T&E. We then proposed a structured 4-D
process for answering key T&E questions through a
statistical approach. We applied the 4-D process in a
simple case study to demonstrate the thought process,
discussed the benefits and risks associated with several
test designs, and mentioned how these designs can help
develop an effective and efficient test program budget
that allows decision makers to pay only for the level of
test fidelity they require.

The processes inherent in statistical test design can
help facilitate better coordination and cooperation
among the DoD requirements, acquisition, and T&E
communities and help ensure alignment of acquisition
strategies, budgets, resources, and test plans. It
provides a quantifiable method to understand the risks
of making incorrect decisions based on poor planning
and insufficient information. Additionally the 4-D

Freeman, Glaeser, & Rucker

274 ITEA Journal



process ensures the data collected will be adequate to
answer the questions posed by the decision maker and
requirements process. We freely admit not all decisions
can be made solely based on quantitative risk

assessments; however, when combined with expert
engineering judgment and experience, the quantitative
assessment of risk should play a key role in the DoD
acquisition decision making process. C

Figure 5. Average time to deploy for low airspeed (50 KIAS).

Figure 6. Average time to deploy at high airspeed (250 KIAS).
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On Data, Evidence, and Operational Testing
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This article presents and discusses two alternative views of plausible reasoning applicable to

operational testers: Bayesian analysis techniques and case study methods. Each of these

alternative views may be useful in designing test master plans for a program, crafting

individual test plans, and analyzing test results. No method by itself is superior to any other

method; all have a role they are suited to play. Each method has its own attributes and

drawbacks but, when used in combination, they can offset each other’s weaknesses. If a

combination of methods of plausible reasoning is employed in designing a test program, we can

produce a cost-effective and strong body of evidence for acquisition executives to consider.

Key words: Bayesian analysis; case study; confidence; data; evidence; land combat

environment; reasoning; statistics.

T
he purpose of operational testing is to
provide the strongest possible evidence
about whether a unit equipped with a
given piece of equipment can accom-
plish its missions better than it could

otherwise. Typically, this has involved conducting
hypothesis testing according to orthodox statistical
procedures involving sample sizes and power and
confidence intervals. The realm of land combat,
however, rarely lends itself well to such laboratory-
derived hypothesis-testing procedures. Generally, in an
operational test of a land unit in combat, we are faced
with an incredible number of variables, most of which
cannot be controlled even if we wished to do so. The
combat environment presents a confusing, even chaotic
picture at times. Establishing cause and effect, relatively
simple in a laboratory environment or in developmental
testing, becomes difficult in a field exercise where human
decisions in simulated lethal environments dominate.

This article presents and discusses two alternative
views of plausible reasoning that are applicable to
operational testers. Each of these alternative views may
be useful in designing test master plans for a program,
crafting individual test plans, and analyzing test results.
No method by itself is superior to any other method;
all have a role they are suited to play. Each method has
its own attributes and drawbacks, but used in
combination they can offset each other’s weaknesses.
If a combination of methods of plausible reasoning is
employed in designing a test program, we can produce
a cost-effective and strong body of evidence for
acquisition executives to consider.

The usual suspects
Most of us grew up studying statistical analysis based

upon a view of probability as a relative frequency of
events, based on the work of Bernoulli and others and
heavily influenced by Sir Ronald Fisher. In our classical
education, hypothesis testing was the key to statistical
analysis, and it existed among a myriad of rules and
tests based upon specific conditions existing in our
data. Experiments were tightly controlled to reduce or
eliminate all possible variables except the one we were
interested in, so we could then claim with little doubt
that the experimental results we saw in our dependent
variable were attributable to the variation we manip-
ulated in our independent variables. Most of our
procedures were best suited for symmetrical or
normally distributed random variables; indeed, we
relied heavily on the very concept of a random variable.

A very basic underlying assumption in orthodox
statistics is sampling logic. In this we assume that the
data we have gathered from our field tests can be
treated as if it were drawn from some cosmic urn
containing the full population of all possible data. For
parametric statistics, we further assume that we know
the underlying population distribution of the popula-
tion; for non-parametric statistics we do not. We then
go on to assume that the estimators we have obtained
from our data are, in the limit, identical to the
population estimates. If we do a set of trials and
determine that the average number of Red kills in
those trials is x percent greater than our baseline, then
we go on to assume that, if we field this system to the
force, we can expect to see an average of x percent
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improvement in Red kills in actual combat. We
conclude that the purchase of the new system will
improve the lethality of that type of system by the
difference between the means.

Fisher himself defined statistics as the study of
populations, yet it can be argued that there is no such
thing as a homogeneous ‘‘population’’ of ground
combat battles to draw inferences from ( Jaynes
2003). Each combat situation is unique because of
the interplay of the myriad of impulses acting upon the
unit, including a reactive enemy, skill of the combat-
ants, weather effects, fear in a lethal environment, etc.
This problem becomes even more acute when it
concerns assessing the impact of improved situational
awareness. The actions and reactions of the force
become the items of interest, rather than simply
counting bodies and cartridge cases on the ground at
the end. Red kills and Blue losses are metrics of high
importance, but they are not the only metrics worth
considering.

Normality assumptions are usually flawed in com-
plex data but are assumed for ease of computation, or
just plain ease of mind. We almost instinctively
gravitate towards the calculations of means in our
day-to-day analyses. Means are the best indicator of
central tendency when the underlying distribution is
symmetrical, but how often do we test that idea to see
if the distributions are, in fact, symmetrical? Medians
are a better measure of central tendency for skewed
distributions but are rarely seen in operational test
reporting. Skewed data are more prevalent in complex
land combat events than symmetrical data. For
example, casualty distributions generally are skewed
rather than symmetrical. One Army analyst overseas
said to me, ‘‘We do not use medians because the
general won’t be able to understand them’’ (personal
communication, May 2007). Oversimplifying can be
misleading, and I also doubt it was necessary in that
particular case as the general turned out to be quite able
to understand the differences.

Hypothesis testing is a useful tool, perfectly suited
for the tightly controlled environment of the laboratory
but not terribly well suited for nonreplicable field
exercises with many uncontrolled variables. Edward
Jaynes points out in his book on probability theory
( Jaynes 2003) that in the orthodox statistical approach,
we ask the question: ‘‘if the hypothesis being tested is
true, what is the probability we shall get data indicating
that it is true?’’ Perhaps there are other questions that
will inform us in a more satisfactory way.

Polya, Wigmore, and evidence
The end result of an operational test program is

evidence presented to an acquisition executive to

support (or not support) a decision to enter into
production for a piece of equipment. Frequently, there
is a tendency to confuse the term evidence and the term
data. For the purposes of this article, the term data will
be used to denote strictly numerical information that
can be calculated, aggregated, statistically analyzed,
and presented in numerical or graphical form.
Evidence, on the other hand, has a wider connotation
and will encompass both numerical data as well as
other important elements of information.

Georg Polya (Polya 1954) says that all evidence can
be considered as a vector that has both a direction and
a magnitude (an inferential weight). The direction of
the vector can be considered either to be for or against a
particular hypothesis. The weight of the evidence is a
significant concept and can be subject to individual
interpretation. One reason that numerical analysis has
achieved such prominence in our decision making is
that numerical data, and conclusions derived from
them, generally carry more inferential weight than
non-numerical evidence, at least when presenting it to
others. This practice is not universal; there are many
examples in the baseball world where a manager
disregards statistical evidence of a particular batter
against a particular pitcher and decides to pinch-hit
someone else based on intuition or ‘‘gut feeling.’’

John Wigmore wrote an encyclopedic book on
evidence as it relates to the legal profession, and some
of what he wrote is applicable to operational testers
(Schum 1994). Testers are similar to crime scene
investigators in some ways; we have to assemble a
disparate mass of numerical data, subjective interpre-
tations, and physical evidence into a coherent story
about what happened and why in a particular
operational test event. One priceless advantage we
have over Sherlock Holmes is that we get to design the
test ahead of time and thereby produce the kind
information we need to see at the end in order to make
our case.

David Schum gives three attributes by which to
measure the merit of all evidence: relevance, credibility,
and inferential weight (Schum 1994). Polya’s earlier
vector concept is applicable to Schum’s description,
with the direction of the vector of evidential informa-
tion corresponding to the relevance of the evidence to
the question at hand, and the magnitude correspond-
ing to the inferential weight. He made up a table of
several different kinds of evidence, and of the
categories of each kind. Table 1 shows Schum’s
taxonomy.

One can easily see that a degree of inferential weight
can be applied to each box in the table, depending on
how one views direct versus circumstantial evidence, or
tangible measurements versus direct observation and so
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on. While the inferential weight is subjective, it is
important to realize that all kinds of evidence
carry some inferential weight, and no single kind of
evidence is always better than any other kind. It is a
small step further to assign the cost of gathering the
evidence, as well as the weight, in each of the boxes.
This would create a cost-benefit picture of the different
kinds of evidence resulting from test events one might
present in a Test and Evaluation Master Plan, for
example.

One item of interest in the table is that testimony
(either unequivocal or equivocal) can be a source of
evidence and can have either direct or indirect
relevance to the subject under examination. The use
of structured interviews (which can be considered as
unequivocal testimony) proved to be very useful in
establishing causation in the recent Early Infantry
Brigade Combat Team (E-IBCT) Limited User Test
conducted in September 2010. Frequently numerical,
instrumented data can be used to establish what
happened, but testimonial evidence is necessary to tell
you why it happened, particularly in ground combat
units. Interviews are evidence, exactly the same way
that numerical data are evidence, but they serve
different purposes. Used in combination, they can be
effective in increasing inferential weight; used sepa-
rately they can each only tell part of the story, and the
inferential weight is diminished. Evidence is more than

just data, and combining different types can increase
the inferential weight of evidence.

The Reverend Dr. Bayes
Jaynes has written a comprehensive and insightful

book on the alternative presentation of probability as
logic, as opposed to probability being relative frequen-
cies (the ‘‘frequentist’’ approach; Jaynes 2003). This is
the basis for what is known as Bayesian statistics, after
the Reverend Thomas Bayes and Bayes’ Theorem. It
builds upon earlier work on inductive reasoning by
Polya (1954) and Harold Jeffreys ( Jaynes 2003). Jaynes’
basic view is that probability should be viewed as
logic, not relative frequencies. The orthodox statistics
developed by Fisher and the others are merely a subset
of the Bayesian statistics, perfectly suited for certain
special cases but not generalizable.

Jaynes presents a compelling argument that most of
the real world problems we encounter in analysis are
better suited to Bayesian analysis than to orthodox
statistics, and operational testing may well be one of
them. Sir Ronald Fisher’s work was based upon
studying populations, which was directly relevant to
his background of biology, and where there was little
or no prior information from which to draw. In
contrast, Jeffreys had a background in geophysics
where there was a great deal of relevant and credible
prior information available, and no general population.

Table 1. A taxonomy of evidence (Schum 1994).
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Operational testing in land warfare is more similar to
Jeffreys’ work than to Fisher’s.

Jaynes presents four areas where Fisherian (or, in
Jaynes’ terms, ‘‘piscatorial’’) methods work quite well.
These are situations in which

N there are few parameters,
N there are sufficient statistics,
N there is no important prior information,
N there are no nuisance parameters (Jaynes 2003).

Jaynes further adds that we must have a sufficiently
large amount of data, defined as n $ 30. Operational
testing of land combat systems can hardly be said to
satisfy any of these criteria. Typically, we are interested
in many parameters, have few statistics to work with,
have a great deal of prior information generated from
earlier testing, and there are dozens of nuisance
parameters.

A good description of the differences between the two
approaches can be found in the hypothesis testing
questions presented above. In the frequentist approach,
based on statistical sampling, the question is, ‘‘If the
hypothesis is right, what is the probability I would get
the data I see?’’ In the Bayesian approach, the question
is, ‘‘What is the probability, conditional on the data I
see, that the hypothesis I tested is true?’’ These are subtle
differences, but the strongest argument for the Bayesian
approach in operational testing is that prior information
from previous test events can be used to strengthen the
inferences drawn. Confidence in the conclusions grows
as one progresses through a Test and Evaluation Master
Plan from contractor testing to government develop-
mental testing through live fire and operational testing.

Establishing a prior probability distribution is key to
the Bayesian approach. A principal difference between
analysis conducted via orthodox statistics and Bayesian
analysis is that the former uses the evidence from one
data set, while the latter takes into account all the
evidence from multiple data sets through the use of
prior information. For the purposes of operational
testing of land combat systems, the prior information is
any evidence we have that has a bearing on the data set
we are about to analyze from the operational test. It
can consist of results from prior operational tests of the

same or similar systems, or it could come from
developmental testing or combat experience.

Jaynes refers to other techniques, such as the Principle
of Maximum Entropy, as examples of where one can
proceed even without a prior distribution by using the
existing data alone as a sample model. The opportunities
to use Bayesian analysis are well beyond the scope of this
short paper but lend themselves to further study and
application in the field of operational testing.

Case studies as a research tool
Another technique that lends itself well to opera-

tional testing in land combat is a case study approach.
Robert Yin has extensively examined the use of case
studies in several disciplines (Yin 1994). He points out
that the use of a case study as a research tool depends
upon several factors, including the type of the research
question, the control the investigator has over the
many variables, and if the focus is on historical or
contemporary events. As noted above, in operational
testing using land warfare units, we frequently have
very little control over countless variables, so such
testing is suited to a case study approach.

Table 2 shows the various types of research strategies
related to the three factors.

It is clear that the experiment strategy requires the
most control over behavioral events, yet we typically
have the least control over behaviors in operational
testing, particularly in ground combat events. The
situation exists at every level of unit size, from
company to brigade, and the lack of control grows
exponentially worse at each level.

For example, in the operational testing of the
Bradley M2A3 vehicle, a test matrix of 16 scenarios
was devised, each involving a company-on-company
battle. A similar matrix was devised for the M1A2 tank
testing in the early 1990s. Such a matrix assumes that
the 16 battles conducted constitute a sample from a
population of all possible battles. It is not a sufficiently
large sample size to control for all the important
variables, yet adding more battles will increase both the
cost to conduct the test and the time it takes to do so.
If the test unit is a battalion or a brigade, it quickly
becomes infeasible to conduct a sufficient number of

Table 2. Different research strategies (Yin 1994).

Research strategy Form of the research question
Require control over behavioral

elements?
Focus on contemporary

events?

Experiment How, why Yes Yes

Survey Who, what, where, how many, how much No Yes

Archival analysis Who, what, where, how many, how much No Yes/No

History How, why No No

Case study How, why No Yes
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replications to generate power and confidence in the
test. Confidence is defined in statistical sampling as the
probability that we accept a system is good based on
test results, when it is, in fact, good. Power is the
converse of this, the probability that we say a system is
bad based on test results, when it is, in fact, bad. The
Task Force XXI Advanced Warfighting Experiment
conducted at the National Training Center in 1997
consisted of eight battles, and none of them could be
fairly considered a replicate of any of the others in
terms of Mission, Enemy, Terrain, Troops, or Time
available (the factors of METT-T).

The issue is one of generalization. The point of
replicates in an experimental design is to increase
confidence in the outcome through seeing repetitive
results. We want to make a statistical generalization
based on enumerating frequencies, from a sample size
that is as large as we can make it. Often we find we
cannot make a sample size large enough to generate
good power or confidence in the test results, but we
proceed with the largest sample size we can afford to
conduct and hope for the best. Conducting the most
expensive test we can afford, for every system we test, is
a good strategy for bankruptcy, but not necessarily for
increased confidence.

Yin points out that there is another method of
generalization, called analytical generalization, used in
the case study approach (Yin 1994). In this method,
external validity is gained by comparing results from
the example to some broad, hypothesized theory (such
as the theory that the presence of a new widget will
increase mission accomplishment in infantry compa-
nies). This method is in contrast to the approach of the
scientific experiment, where external validity is sought
by enumerating frequencies under specific conditions
manipulated to highlight a single variable. He provides
examples of multiple-case designs, which are similar to
the design of a test program. Rigor is provided by
replication, which comes in two forms: literal and
theoretical. In literal replication, the case is set up
exactly as before, and the same results are predicted.
An example here would be to set up two battles in the
National Training Center where the basic factors of
METT-T are identical in each even if other variables
are uncontrolled. In theoretical replication, some
factors are carefully changed in a manner designed to
produce contrasting results, and then contrasting
results are produced. An example would be to provide
Battalion A with a new Ground Combat Vehicle and
predict rapid victory based upon the new vehicle speed,
accuracy, and survivability and then provide Battalion
B with the old equipment and predict slow defeat for
the lack of those same three factors.

This case study approach is not the same as
statistical sampling. In statistical sampling, one would
equip Battalion A with the new vehicle, then run a
number of ‘‘identical’’ battles to generate a statistical
result (the mean of Red kills and the mean of Blue
losses are the usual metrics). Then one makes the
statistical generalization that, on average, the presence
of the new combat vehicle results in x percent more
kills of Red, and y percent fewer Blue losses. The
required sample size is a function of the number of
uncontrolled variables in a test. If there are many
uncontrolled variables, then one must have a corre-
spondingly large sample size to generalize with any
statistical confidence from the results. Land warfare
operational tests frequently have hundreds of uncon-
trolled variables, and only few samples. This situation
has much more in common with the analytical
generalization of the case study approach than it does
with statistical generalization based on sampling logic.

The operations research profession originally grew
out of analysis of combat operations for which there is
no ability to replicate at all, or only in the grossest
possible way. Phillip Morse and George Kimball, in
their pioneering book Methods of Operations Research,
explicitly say that the fact that makes combat
operations suitable for scientific analysis at all is the
frequent occurrences of operations that are ‘‘numerous,
simple and roughly similar’’ (Morse and Kimball
[1951] 1998). For the purposes of ground combat,
the factors of METT-T described above can serve as a
framework for identifying what ‘‘similar’’ means. What
Morse and Kimball were describing is analytical
generalization, not statistical sampling.

Summary
In the field of operational testing of land combat

systems, there are multiple ways to conduct analyses in
order to gain confidence in data. I do not assert that any
one way is better than any other way in all cases. Instead,
I assert that each technique is suited for specific
conditions of time available, money available, and
degree of control over the critical variables. It is better
to employ a case study approach where there are large
numbers of uncontrolled variables than it is to assume
we are meeting the underlying assumptions of orthodox
statistical hypothesis testing and sampling logic. This
short article cannot possibly fully treat the complexities
of each of the alternatives represented here, with
decades, or sometimes centuries, of theoretical under-
pinnings; I make no attempt to claim comprehensive-
ness. The points presented here are intended only to
make readers aware that alternatives exist, and to
encourage the appropriate study and application of
these alternatives when conditions warrant. C
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Using a Split-Plot Design of Experiments in an Operational
Test Scenario
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This article outlines a limited user test to illustrate an application of Design Of Experiments

(DOE) in U.S. Army operational tests and evaluations. A common dilemma in operational

testing is balancing the use of DOE to obtain analyzable data with operational realism to

ensure the system meets the user’s need. Split-plot design structures can be used to create a

statistically rigorous, executable run order that does not compromise the operational mode

summary/mission profile required for the test event.

Key words: Design of experiments; levels of randomization; mission profile requirements;

operational realism; reliability; sample size; test control.

O
ne of the most complicated problems
in operational testing is balancing
the use of design of experiments and
operational realism. If a test is too
operationally realistic, one risks neg-

ative effects from a lack of test control. A lack of test
control can make the conclusions drawn from the data
unclear because of confounding among key factors,
inestimable interactions, or an unbalanced design
(having significant differences in sample sizes over
the conditions). However, if the test is too controlled
and does not closely represent the true operational
environment, then the test becomes an experiment, not
an operational test. A concern with implementing
design of experiments in operational testing is the lack
of realism that could lead to frustrated test participants
because common design techniques (orthogonal, D-
optimal, or I-optimal) try to balance all factor levels
throughout the design space. Balanced designs would
result in mission sample sizes being far outside the
operational mode summary/mission profile. Opera-
tional realism also affects the test run order; so design
techniques, other than completely randomized designs,
must be considered. All key participants, including
testers, regulators, and evaluators, provided input to
this design of experiments. For this system’s limited
user test, a split-plot, D-optimal design, with excursion
missions mixed in, was chosen to provide an acceptable
balance between statistical rigor and operational
realism.

Factors, levels, and sample size
The first step in the design creation was to consider

the factors and levels for the overall evaluation. This
initial phase outlined the factors that were most likely
to affect our responses: timeliness, measured as the
time needed for soldiers to complete their missions;
and accuracy, measured from a grouping of shots from
the systems during a given mission. Table 1 outlines
the initial factors and levels for the limited user test and
initial operational test.

Some initial factors and levels were, however,
determined not to be useable in the design of
experiments matrix for various reasons. For example,
non-lethal rounds have a much lower operational mode
summary/mission profile rate than lethal rounds. If an
ammunition factor was included, the design of
experiments would attempt to balance the number of
non-lethal and lethal rounds in the test design. Thus,
non-lethal rounds were treated as an excursion and
inserted in the design of experiments run matrix in an
operationally realistic manner based on the test officer’s
expertise. Similar actions were applied to out-of-sector
missions, mission-oriented protective posture IV gear,
and Red team information assurance factor levels.
These decisions resulted in the updated design of
experiments factors shown in Table 2.

After finalizing the factors and levels, the focus
turned to meeting the operational mode summary/
mission profile requirement as closely as possible
through sample size and run order. The operational
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mode summary/mission profile has a layout of the
number of missions to be conducted using the various
charges (range band). To address the reliability
requirement of the system within constraints of the
operational mode summary/mission profile, 160 mis-
sions were determined to be required. The design of
experiments sample size, however, needed to be less
than 160 to allow for the excursions previously
discussed and for the additional maximum range
(C5) missions to meet the operational mode summa-
ry/mission profile. A sample size of 96 missions was
found to provide good coverage of the design space,
ample split-plot time units, and estimable key two-way
interactions. The remaining missions were distributed
across other sources as necessary. Table 3 displays the
mission sample size breakout across all sources. Table 4
compares the operational mode summary/mission
profile requirements with the planned breakout of
the limited user test missions.

Factor control type and test design
creation

The next step was to label the factors as either hard
or easy to randomize. Labeling was based on the
needed structure of the test to maintain operational
realism. The limited user test consisted of two 48-hour
scenarios with a 24-hour maintenance period. Since
this test would take place in the late summer, with
longer periods of daylight, deciding when to start and
stop each test was important to ensure enough missions
could be completed in both the day and night periods.
Based on an almanac, the U.S. Army Operational Test
Command’s test officer and an operational research
systems analyst divided each 24-hour day of testing
into two periods in which the time factor would remain
fixed at daylight or twilight conditions. In a given
period, the projectile factor must also remain constant.
These were the highest levels or hardest-to-change
factors.

Table 1. Initial factors and levels across the limited user test and initial operational test.

Factors Evaluation factor levels

Test events

Limited user test Initial operational test

Ammunition-lethal M107 and M795 Systematically varied in the DOE Systematically varied in the DOE

Ammunition-non-lethal Smoke and illumination Non-lethal limited number of missions Non-lethal limited number of missions

Time Day and night Systematically varied in the DOE Systematically varied in the DOE

Range band C1 + C2, C3, C4, and C5 Systematically varied in the DOE Systematically varied in the DOE

Traverse 0–15, 15–45, and out of

sector

Systematically varied in the DOE (0–15

and 15–45) and out of sector limited

number of missions

Systematically varied in the DOE

(0–15 and 15–45) and out of sector

limited number of missions

Angle Low and high Systematically varied in the DOE Systematically varied in the DOE

Fuze MTSQ + VT, PD, and

MOFA

Systematically varied in the DOE Systematically varied in the DOE

Mission-oriented

protective posture

0 and IV Held constant in the DOE-mission-

oriented protective posture 0, and

mission-oriented protective posture IV

limited number of missions

Held constant in the DOE-mission-

oriented protective posture O and

mission-oriented protective posture

IV limited number of missions

Test elements Number of test elements Held constant in the DOE

(one element)

Systematically varied in the DOE

(three elements)

Information assurance None and Red team None Held constant in the DOE-none and

Red team excursion at end of test

DOE, design of experiments; MTSQ, mechanical time and super quick; VT, variable time; PD, point detonating; MOFA, multi-option fuze for

artillery.

Table 2. Final factors, levels, and controls for the limited user test.

Factor Levels Control

Projectile M107 and M795 Hard and systematic

Time Day and night Hard and systematic

Range band C1 + C2, C3, C4, and C5 Hard and systematic

Traverse 0–15 and 15–45 Hard

Angle Low and high Easy

Fuze MTSQ + VT, PD, and MOFA Hard

Mission-oriented protective posture 0 Held constant in the DOE

Information assurance None Held constant in the DOE

MTSQ, mechanical time and super quick; VT, variable time; PD, point detonation; MOFA, multi-option fuze for artillery; DOE, design of

experiments.
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Each larger period of time was then divided into
smaller portions of time; three smaller units comprised
one large block of time. Range band, traverse, and fuze,
over the smaller time units, could be randomly
assigned, but only with some structure. Because of
the difficulty of moving soldiers and equipment,
changing the range band with each run was not
practical. Thus, the design of experiments was
structured to allow the range band to be held constant
for a set of missions. Fuze is another factor that is
difficult to change from run to run in an operational
environment. Given a choice, soldiers will always use
the most general fuze type: multi-option fuze for
artillery (MOFA). Controlling the selected fuze mode
is possible by manipulating test scripts and inventory
supplied to the soldiers over a given time period.
Finally, in a realistic scenario, a group of missions
would be conducted while firing at only one traverse
angle. By labeling traverse as hard-to-change over the
smaller time units, handling this consideration in the
test design was possible. The ability to designate some
factors as hard- or very hard-to-change resulted in a
split-plot structure, which allowed the test officer to

create realistic scenarios as well as to enable factors,
like fuze, to be controlled in an operational test
(Montgomery 2008).

The D-optimal design feature in JMPH software was
used to create the test design in Jones, Bradley, and
Nachtsheim 2009. In addition to the needed split-plot
structure, two additional constraints to the factor
combinations existed. First, because of Federal Avia-
tion Administration regulations, firing C5 charges at a
high angle was not possible. The design of experiments
was constructed to ensure that no runs would be shot at
this pair-wise factor combination. Similarly, certain
projectiles would only be fired at specific ranges. This
constraint allowed the M107 to be paired with only C1
+ C2 through C4, and the M795 only with C4 and C5.

Because the limited user test serves as a screening
design for the initial operational test, creating a design
to estimate all main effects and two-way interactions
was not a priority. The final model for the limited user
test can estimate all main effects and these two-way
interactions: time and range band, time and traverse,
time and fuze, time and projectile, range band and
traverse, and all two-way interactions with angle.

Table 3. Sample sizes by source.

Source
Range
(km) Charge

M107
missions

M795
missions

Illumination
missions

Smoke
missions

Total
missions

DOE 4–9 1/2L 16 0 – – 16

9–12 3H 16 0 – – 16

12–15 4H 16 20 – – 36

16.4–20 5H – 28 – – 28

Emergency firings 16.4–20 5H – 12 – – 12

Mission-oriented protective

posture IV 16.4–20 5H – 8 – – 8

Additional long-range missions

for reliability, availability, and

maintainability 16.4–20 5H – 26 – – 26

Out-of-sector TBD TBD – 12 – – 12

Non-lethal TBD TBD – – 3 3 6

Total – – 48 106 3 3 160

DOE, design of experiments; TBD, to be determined.

Table 4. Operational mode summary/mission profile guidelines versus planned limited user test missions.

Range limits by default charge ,Operational mode summary/mission profile
Planned limited

user test missionsProjectile Charge Percent Number of missions

M107 KL 17 27.2 16

3H 9.3 14.9 16

4H 11.2 17.9 16

M795 4H 13.5 21.6 20

5H 49.0 78.4 74

TBD 12

Non-lethal TBD 6

Total 160 160

TBD, to be determined.
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Run order adjustments for operational
realism

After constructing the design with the split-plot
structure and factor constraints, there remained an issue
with randomization. In the JMP software design, the
whole-plot factors and split-plot factors were randomly
assigned to their respective experimental units. Yet, this

required too many moves to be operationally logical or
feasible within the testing time. Therefore, additional
randomization was sacrificed to correct this issue.

The test had to start at the C1 + C2 range band
during the day, move to the far ranges by the evening
of the second day, and return over the next 2 days of
testing. By organizing the test as described and only

Table 5. Two-day sample of the limited user test run order.

Day Time Projectile Range band Traverse Angle Fuze

1 Day M107 C1 + C2 0–15 High MTSQ + VT

1 Day M107 C1 + C2 0–15 Low MTSQ + VT

1 Day M107 C1 + C2 0–15 Low MTSQ + VT

1 Day M107 C1 + C2 0–15 High MTSQ + VT

1 Day M107 C1 + C2 0–15 High PD

1 Day M107 C1 + C2 0–15 Low PD

1 Day M107 C1 + C2 0–15 Low PD

1 Day M107 C1 + C2 0–15 High PD

1 Day M107 C3 30–45 Low PD

1 Day M107 C3 30–45 High PD

1 Day M107 C3 30–45 Low PD

1 Day M107 C3 30–45 High PD

1 Night M107 C3 0–15 High MTSQ + VT

1 Night M107 C3 0–15 High MTSQ + VT

1 Night M107 C3 0–15 Low MTSQ + VT

1 Night M107 C3 0–15 Low MTSQ + VT

1 Night M107 C4 30–45 High MTSQ + VT

1 Night M107 C4 30–45 High MTSQ + VT

1 Night M107 C4 30–45 Low MTSQ + VT

1 Night M107 C4 30–45 Low MTSQ + VT

1 Day M107 C4 0–15 Low MOFA

1 Day M107 C4 0–15 Low MOFA

1 Day M107 C4 0–15 High MOFA

1 Day M107 C4 0–15 High MOFA

2 Day M795 C4 30–45 High MOFA

2 Day M795 C4 30–45 Low MOFA

2 Day M795 C4 30–45 Low MOFA

2 Day M795 C4 30–45 High MOFA

2 Day M795 C4 30–45 Low MTSQ + VT

2 Day M795 C4 30–45 High MTSQ + VT

2 Day M795 C4 30–45 Low MTSQ + VT

2 Day M795 C4 30–45 High MTSQ + VT

2 Night M795 C5 30–45 Low MOFA

2 Night M795 C5 30–45 Low MOFA

2 Night M795 C5 30–45 Low MOFA

2 Night M795 C5 30–45 Low MOFA

2 Night M795 C5 30–45 Low PD

2 Night M795 C5 30–45 Low PD

2 Night M795 C5 30–45 Low PD

2 Night M795 C5 30–45 Low PD

2 Night M795 C5 0–15 Low MTSQ + VT

2 Night M795 C5 0–15 Low MTSQ + VT

2 Night M795 C5 0–15 Low MTSQ + VT

2 Night M795 C5 0–15 Low MTSQ + VT

2 Night M795 C5 30–45 Low MTSQ + VT

2 Night M795 C5 30–45 Low MTSQ + VT

2 Night M795 C5 30–45 Low MTSQ + VT

2 Night M795 C5 30–45 Low MTSQ + VT

MTSQ, mechanical time and super quick; VT, variable time; PD, point detonating; MOFA, multi-option fuze for artillery.
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using 60 percent of the total missions for the design of
experiments, it was possible to end the second day by
firing some additional excursion missions at the C5
and M795 condition. This approach is more tactically
realistic as well as operationally feasible and adds
significant realism to make up for the reduced
randomization. Table 5 shows the final design of
experiments’ run order for 2 of the 4 days.

Conclusion
The creation of the design of experiments for this

system was a collaborative process that involved
evaluators, subject matter experts, statisticians, tes-
ters, and regulators. While the scope and structure of
the test shifted over the course of discussions, a split-
plot type of design was flexible enough to accom-
modate these shifts. The final split-plot design had
three key advantages that enabled the design of
experiments to be implemented in an operational
event. First, it allowed the number of missions to
remain within the operational mode summary/
mission profile standards through the control of
factors and the use of excursions. Second, it was a
small enough model to statistically provide a rigorous
design without using all 160 planned missions.
Finally, it permitted differing levels of randomization
to control for certain factors, in a more operationally
realistic manner. C
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The use of Live, Virtual, and Constructive (LVC) simulation environments is increasingly

being examined for potential analytical use, particularly in test and evaluation. The LVC

simulation environments provide a mechanism for conducting Joint mission testing and system

of systems testing when fiscal and resource limitations prevent the accumulation of the necessary

density and diversity of assets required for these complex and comprehensive tests. LVC is a

simulation environment that connects geographically dispersed test assets over a persistent

network and augments them with virtual and constructive entities to create a sufficiently robust

Joint test environment. The benefits of using LVC are discussed along with the challenges that

come with its use. The experimental design process is examined, and potential experimental

designs are proposed to exploit the benefits of LVC.

Key words: Live, virtual, constructive (LVC); simulation; statistical experimental design.

L
ive, Virtual, and Constructive (LVC)
simulation is a test capability the
Department of Defense (DoD) views
as useful to test systems and system of
systems in realistic Joint mission envi-

ronments. This DoD need for Joint interoperability
rose to prominence during the first Joint operations
conducted in Operation Desert Storm. Operation
Desert Storm highlighted many interoperability issues,
clearly showing an incompatibility of systems across
services (Bjorkman and Gray 2009). The Secretary of
Defense (SECDEF) directed use of a new capabilities-
based approach to identify and fill gaps in the services’
ability to carry out Joint missions (DoD 2003). The
SECDEF also mandated testing all Joint systems in a
Joint mission environment, thus exercising systems in
their intended end-use environment. Collectively, this
meant that future testing of systems be capability
focused (DoD 2007).

The Joint Test Evaluation Methodology (JTEM)
project was established by the Director of Operational
Test and Evaluation (DOT&E) in response to the
SECDEF’s mandate. JTEM was chartered to investi-
gate, evaluate, and make recommendations to improve

test capability across the acquisition life cycle using
realistic Joint environments. One result of JTEM’s
efforts was the Capability Test Methodology (CTM).
The CTM provides ‘‘best practices,’’ yielding a consis-
tent approach to describing, building, and using an
appropriate representation of a Joint mission environ-
ment across the acquisition life cycle. The CTM enables
testers to effectively evaluate system contributions to
system of systems performance, Joint task performance,
and Joint mission effectiveness (DoD 2007).

The CTM focuses all aspects of Doctrine, Organiza-
tion, Training, Materiel, Leadership and education,
Personnel, and Facilities (DOTMLPF). Considering all
these Joint capability requirements significantly impacts
the complexity of the Test and Evaluation (T&E)
process. To meet the challenge of this increase in
complexity, the CTM Analyst Handbook (DoD 2007)
notes that future tests will require innovative experi-
mental design practices as well as a distributed LVC test
environment to focus limited test resources (DoD 2007).

LVC is key to realizing the CTM (Gray 2007).
LVC can connect geographically dispersed test facil-
ities over a persistent computer network. LVC can also
create the necessary variety or diversity (number of
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different systems) and density (number of each system)
of assets representative of a Joint environment; creating
such a Joint environment in actual practice would
present logistical and cost nightmares. Figure 1, from
the CTM Handbook (DoD 2007), illustrates the central
role LVC plays in the CTM. LVC simulations are well
suited to experimentation throughout the acquisition
life cycle. Early in system development, relatively simple
Joint mission environments may involve mostly con-
structive entities. Live and virtual entities may be added
as the subsequent maturity of the system warrants. Cost
is yet another reason that LVC is being pursued as a core
test capability. LVC is cost effective. While not
inexpensive, LVC cost will likely remain a far cheaper
alternative to live Joint mission experiments. Further-
more, LVC simulation also facilitates examining Joint
mission scenarios of greater complexity than likely
attainable at any single DoD test facility.

LVC simulation
LVC simulations are software systems that create an

environment where multiple, geographically dispersed
users interact with each other in real time via a
persistent network architecture (Hodson 2009). For
DoD, LVC involves entities from three classes of
military simulations: live, virtual, and constructive. In a

live simulation, real people operate real systems. A
pilot operating a real aircraft for the purpose of training
or testing is a live simulation. Real people operate
simulated systems or simulated people operate real
systems in a virtual simulation. A pilot, in a mock-up
cockpit, operating a flight simulator represents a virtual
simulation. In constructive simulations, simulated
people operate simulated systems. LVC is really a
hybrid simulation assembling various (or select)
simulation applications distributed over some network
and allowing them to interact by sharing current state
information through that network.

The LVC environment allows incorporation of
available live system assets. Necessary system assets
that are unavailable are represented via some virtual or
constructive model. This provides the diversity of
assets needed for a test. If available live system assets
are too few in number, the LVC can augment those
with either virtual or constructive representations. This
provides the density of assets needed for a test.

LVC simulation, properly utilized, offers significant
T&E capability. To date, LVC use has better aligned
with exercise and demonstration capabilities. For
effective T&E use, LVC events need to generate
quantitative data to answer system test objectives.
Thus, experimenters need to understand the limita-

Figure 1. Capability test methodology (DoD 2007).
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tions of LVC when designing LVC experiments.
Using statistical-based experimental design techniques
can increase the likelihood of efficiently collecting
useful data from LVC events. Statistical experimental
design is a systematic design process that allows
experimenters to plan, structure, conduct, and analyze
experiments to produce valid, objective conclusions in
complex test environments. Statistical experimental
design gives experimenters a firm foundation for
conducting LVC experiments. This article provides
an overview of the experimental design process,
discusses the benefits and challenges of conducting
experiments with LVC, and provides a summary of
statistical designs that are useful for LVC.

Overview of experimental design
Experimental design provides a strategy to plan,

collect, and analyze appropriate experimental data
using statistical methods to produce valid conclusions.
Statistical designs are often necessary if meaningful
conclusions are to be drawn from the experiment. If
the system response is subject to experimental errors,
then statistical methods are the most objective
approach to the analysis. Often in test, the system
response is reported as a point estimate (such as the
mean response) when the individual responses are
subject to a random component. This oversimplifica-
tion of the system response can often lead to erroneous
conclusions because the random component of the
response is unaccounted for.

According to Fisher (1966), the three basic principles
of statistical experimental design are (a) randomization,
(b) replication, and (c) blocking. Randomization is the
cornerstone of statistical methods for experimentation.
Statistical methods require that the experimental
observations be independent. Randomization typically
ensures that this assumption is valid. You can think of
randomization as spreading the experimental error as
evenly as possible over the entire set of runs. A replica-
tion is an independent repeat of some factor combination
and provides an important benefit to experimenters;
replications provide an independent estimate of the error
of the experiment. This error estimate is the basic unit of
measurement for determining whether observed differ-
ences in the data are statistically different. In general, the
more times an experiment is replicated the more precise
the estimates of error will be and the more meaningful
statistical inferences.

Blocking is a design technique that helps to improve
the precision of estimates when comparisons among the
factors of interest are made. Blocking measures the
variability of nuisance factors in the experiment; factors
that influence the outcome of the experiment but are not
of direct interest in the experiment. To illustrate

blocking, consider a flight test where two different
operators are used in the experiment. The operators
themselves are not of primary interest in the experiment,
but experimenters are concerned that differences in
operator performance may confound the results, cloud
the error estimate, and lead to erroneous conclusions.
To overcome this, the operators are assigned to two
separate blocks of test runs. By assigning the operators
to blocks, any variability between operators introduced
can be estimated and removed from the estimate of
experimental error, thereby yielding better insights into
factors of statistical significance.

To apply statistical methods to the design and
analysis of experiments, the entire test team must have
a clear understanding of the objectives of the
experiment and how the data is to be collected, as
well as a preliminary data analysis plan prior to
conducting the experiment. Coleman and Montgom-
ery (1993) propose guidelines to aid in planning,
conducting, and analyzing experiments. An overview of
their guidelines is as follows:

1. Recognition and statement of the problem
Every good experimental design begins with a clear

statement of what is to be accomplished by the
experiment. While it may seem obvious, in practice
this can be one of the most difficult aspects of
designing experiments. It is no simple task to develop
a clear, concise statement of the problem that everyone
agrees on. It is usually necessary to solicit input from all
interested parties: engineers, program managers, man-
ufacturer, and operators in this phase. At a minimum, a
list of potential questions and problems to be answered
by the experiment should be prepared and discussed
among the team to ensure their alignment with the
objectives of the experiment. Some common experi-
ment objectives are given in Table 1.

At this early stage in experimental planning it is
important to remember that one big experiment that
seeks to answer all questions can result in adequately
answering none. A single comprehensive experiment
requires the experimenter to know the answers to many
of the questions about the system in advance. This kind
of system knowledge is unlikely in the early stages of
system development. The single large experiment also
means greater complexity of the LVC architecture,
greater stress on instrumentation to collect response
data, and more assumptions of how this LVC instance
relates to the actual system of interest. If the
experimenters make assumptions about the system
that are wrong, it can lead to inconclusive results. A
sequential approach using a series of smaller experi-
ments, each focusing on a specific objective, is a better
test strategy towards achieving meaningful results.
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2. Selection of the response variable
When selecting any response variable, the experi-

menter should be sure that it provides useful
information about the system under study. It is critical
to identify issues associated with collecting a response
variable and how it is to be measured before
conducting the experiment. Choosing a response
variable that directly measures the problem being
studied is naturally the best response option. When a
direct response is unobtainable, a surrogate measure
may be used. Experimenters must ensure that the
surrogate adequately measures how the system per-
forms relative to the problem being studied and clearly
define that measure’s use in achieving experimental
design objectives. For instance, a qualitative user
questionnaire response in an LVC may focus on how
distributed users liked ‘‘chat’’ features. Surrogate
measures capturing chat use correlated with system
performance may help quantify such qualitative
measures.

3. Choice of factors, levels, and range
When considering which factors influence the

experiment, two categories of factors frequently
emerge: design and nuisance factors. Design factors
can be controlled by the design of the system or by the
operator during system use. Nuisance factors affect the
response of the system but are not of particular interest
to experimenters. The simulation environment is often
a source of nuisance factors in LVC experiments.
Nuisance factors can be controllable, uncontrollable, or
noise factors. Blocking and measurement are design
techniques used to accommodate the effect of nuisance
factors when designing the experiment. Techniques for
accommodating nuisance factors are found in Design
and Analysis of Experiments (Montgomery 2009), or
any other quality text on experimental design.

After choosing the factors for the experiment, it is
important to identify the number of settings or levels
of each factor to consider. Quantitative factors with a
continuous range are usually well represented by two
levels and center points if system response is suspected
to involve curvature, or nonlinearity. When factors are
qualitative, the number of levels is generally fixed to
the number of categories employed, since there is no
effective way to reduce the number of factor levels
without losing the ability to make inferences about that

category’s effect on the system response. The range of
factor level settings must be carefully considered in the
design process because the range directly affects the
variability of the predictions. Factor levels that are too
narrowly spaced can miss important response changes,
while factor levels that are too wide risk having
insignificant effects appear to be active. A subject
matter expert is invaluable when determining the range
of factor levels to use.

4. Choice of experimental design
Choosing the particular experiment design builds

upon the efforts to date. Choosing a design involves
considering the sample size, selecting a random run
order, and deciding whether blocking is necessary or
not. Given the number of factors, levels, and ranges,
various software packages can easily help to generate
and refine alternative designs to consider. Design team
members should keep the experiment objectives in
mind when choosing the design to actually implement.
Quite common designs are fully randomized factorial
designs. Resource and system constraints may prohibit
these common designs. In the Completely randomized
designs section, we discuss useful, less common designs
for such situations.

5. Performing the experiment
Experimenters are most familiar with this step. In

this step, it is vital to ensure that the experiment is
conducted as planned. Changing experimental proce-
dures or system configurations without considering the
effect of those changes can corrupt the entire
experiment. The best statistical methods cannot save
bad experiments. Conducting trial runs prior to the
actual experiment helps to test methods and equip-
ment, assess planning adequacy, and even assess
expected results from the experiment.

6. Statistical analysis of the data
If the experiment was designed and executed

correctly, the statistical analysis should follow planned
approaches. Often, software packages that are used to
generate the design can be used to seamlessly analyze
the experiment. Hypothesis testing and confidence
interval estimation procedures are useful in analyzing
data from a designed experiment. Common analysis
techniques include Analysis of Variance (ANOVA),

Table 1. Common objectives for experiments.

Objective Rational for usage

System characterization Gain understanding how control variables affect system response

Optimization Seek control settings for best or improved system response performance

Robustness Seek control settings to reduce system response variation from uncontrollable noise factors
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regression, and multiple comparison techniques and
provide a means for the design team to present results
that are more meaningful than simply a point
estimator.

7. Conclusions and recommendations
A well-designed experiment is meant to answer a

specific question or set of questions. Hence, the
experimenter should draw practical, defendable con-
clusions from the results of the experiment. The beauty
of a well-designed and executed experiment is that
once the data have been analyzed, the interpretation of
the data is based on sound and fully defendable
statistical principles.

Coleman and Montgomery (1993) give more details
on the steps of experimental design for the interested
reader. In addition, Montgomery’s Design and Analysis
of Experiments (2009) builds on those guidelines as part
of its complete coverage of statistical experimental
design. Note that the above guidelines ignore the
myriad of details that go into preparing the LVC and
its components, scheduling the resources, and garner-
ing experimental support. The guidelines focus just on
preparing the design of the LVC experiment.

Experimental benefits and limitations of
LVC simulation

LVC simulations provide experimenters with capa-
bilities not found in purely live system test environ-
ments. First, systems can be tested in robust Joint
environments at a fraction of the cost of live tests.
Capabilities, systems, and processes can be examined
while still conceptual or prior to purchase, thereby
reducing the time and cost of a test program.
Consequently, the reduced cost of LVC experiments
can sometimes allow for more experiments considering
more design factors. More experiments over more
factors means greater precision and broader insights
from the test results.

The virtual and constructive elements provide
flexibility in experimental design. Live experiments
may introduce restrictions that do not exist in LVC.
More specifically, a live experiment may require a split-
plot experimental design to accommodate randomiza-
tion restrictions, while the LVC can employ the easier
to analyze randomized designs. LVC also allows for
greater control over the test environment. Increased
experimental control improves the repeatability of the
experiment, potentially increasing the precision of the
estimate of experimental noise. With the exception of
live assets, all entities in the simulation experiment can
be controlled with near-perfect precision, which allows
the analyst to scale the fidelity of the model as needed
to suit the experimental objective.

Two important experimental limitations or consider-
ations are the humans involved in the LVC and the
sophistication of the LVC environment. Human opera-
tors may be a focus of the experiment or merely a
component in the experiment. In either case, the human
element can bias results, so this role must be considered in
the LVC test design. The sophistication of the simulation
needs to be justified by verifying that the LVC environ-
ment is only complex enough to adequately investigate
the problem being studied. All other complexities should
be abstracted out of the LVC environment, so that clear
insights and defendable conclusions can be drawn from
the experiment. Additionally, the LVC environment is a
simulation, so verification and validation of that
simulation to the real world is a must.

Designing experiments for LVC is not a simple
process; creating the LVC environment and defining
the LVC test event can be quite dynamic. Recent
applications of statistical experimental design princi-
ples to an LVC event (Haase 2011) planned by the
U.S. Air Force Simulation and Analysis Facility
(Menke 2009) identified challenges of using LVC for
T&E. Some of these challenges are as follows:

1. Mixed factor levels and limited resources. LVC
experiment plans often contain many mixed-level,
qualitative factors, but the experiment is given only
enough resources to collect data from a small sample
size experiment. Mixed-level designs and small
sample size traditionally do not mix well; mixed-
level designs often require large designs and are
more difficult to reduce to meet the small sample
size constraint.

2. Qualitative objectives. Test objectives in LVC
experiments are often qualitative in nature, such as
how effective is the system in a Joint mission
environment. One may argue this is a result of the
common use of LVC for training or demonstration
purposes. For the analytical purposes envisioned for
T&E, responses need to be more quantitative, such
as measuring the percentage or absolute improve-
ment of performing Joint mission tasks for a new
system or capability. Consequently, choosing the
quantitative response variables may not be a
straightforward task. Surrogate measures may be
needed to augment qualitative measures to ensure
that the stated problem is adequately investigated by
the experiment.

3. Noisy test environments. The Joint mission envi-
ronment contains copious sources of noise that must
be carefully considered in the experimental design.
LVC instrumentation strategies can provide a
means to measure noise levels, and appropriate
blocking strategies can be used to isolate subsequent
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error effects and avoid erroneous conclusions. One
of the biggest contributors of noise in the LVC
experiment is the human operator in live and virtual
assets. Fortunately, the human factors and human-
computer interaction research areas have long
considered the human element, so LVC test
planners need to leverage those experiences.

4. Data collection. LVC experiments produce an
abundance of data that must be reduced and
analyzed. Experimenters need to plan data collec-
tion methods carefully, so that time and effort are
not wasted collecting irrelevant system information.
A complication in LVC is correlating quantitative
data (e.g., system measurements) to qualitative
assessments (e.g., questionnaires) to support or
refute the study hypothesis.

5. Lure of complexity. LVC is flush with capability,
often enticing testers to create environments more
complex than required to investigate the particular
problem under study. Simulations can accommodate
very large factor spaces. If the experimenter is not
careful, factor effects can be confounded by too
many factors being included without thought as to
how they are being included. LVC for T&E will
require increased discipline in making the LVC
environment ready for the test.

6. Replications. Experimental design tenets espouse
replication to obtain accurate error estimates.
Coordinating and controlling live assets as well as
humans in both live and virtual assets can make
LVC replication problematic. Explicit replication
planning and test execution discipline may be
required to realize replications in LVC.

This list is by no means exhaustive but serves as a
starting point to realizing experimental design for
LVC analytical experiments. As such, we next adapt a
well-known experimental planning approach to LVC.

Using experimental designs for LVC
Thus far, we have discussed LVC for test, identified

some unique challenges to using LVC for analysis, and
summarized a systematic approach to planning for the
LVC experiment. Very quickly in the Simulation and
Analysis Facility (SIMAF) experience, we realized that
completely randomized factorial experiment design is
not the panacea for all LVC experiments. Reduced
sample size and execution restrictions exist along with
the usual need to accurately estimate system effects.
Fortunately, the experimental design domain offers
very useful design alternatives; these alternatives are
not generally known in the T&E enterprise. We turn
our attention to assessing four alternative classes of
experimental designs for their suitability for use in

LVC experiments. These design alternatives are
described along with some rationale for their use.
Three are randomized designs, while the fourth
accommodates restrictions on randomization.

Completely randomized designs
The flexibility of LVC experiments can sometimes

allow the use of simpler, completely randomized designs
in situations where a comparable live system test in a real
environment would have restrictions. Orthogonal Ar-
rays (OAS), Nearly Orthogonal Arrays (NOAS), and
optimal designs are excellent design choices for LVC
experiments when randomization is unrestricted.

Orthogonal arrays. OAs have significant potential for
LVC experiments as they can accommodate mixed-
level factors while maintaining the economical run size
necessary in most LVC experiments. An array is
defined as fully orthogonal if each column of the array
is orthogonal to every other column in the array. This
orthogonality yields independence in the system effect
estimates. For example, consider an experiment with a
three-level factor and four two-level factors, where
testing resources only allow for 12 runs. The
commonly used full-factorial design would require 48
(i.e., 3324) runs and reducing the design in a fractional
factorial manner would be quite complicated. An
orthogonal array can be constructed with 12 runs and
will allow independent estimates of each of the five
main effects. Table 2 is one such OA. In column A of
Table 2, the low, middle, and high values of the factor
are represented by 0, 1, and 2, respectively; while in the
other columns, 0 represents a low-factor level setting
and 1, a high-factor level setting. These are standard
level coding approaches.

In the early stages of experimental planning, it is
often necessary to assume that not all factors being
examined will significantly affect the system under
study (Box and Tyssedal 1996). This assumption is
based on the well-known sparsity of effects principle,
which presumes that only a few factors will be active in
an experiment where many factors are considered, and,
of those, the lower order effects will drive system
response. An important consequence of this principle is
that factors can be dropped from the model (and
subsequent analysis) when initial analysis reveals those
factors are inactive. In experimental design, as factors
are dropped from the experiment, we can reuse the
data already collected to provide a clearer picture of the
remaining factors. This is called a projection of the
smaller design in many factors into a stronger design in
fewer factors. When factors are dropped from an OA
having good projection properties, the stronger design
can estimate factor interactions along with the main
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effects. All OAs estimate the main effects equally well,
but not all OAs have equal projection properties.
Consequently, when considering OAs for an experi-
ment, the experimental team not only ensures that the
OA has good projection properties but also that those
projection properties are strong in the most likely
projection directions (i.e., those factors the design team
deemed most likely active during the experimental
planning process).

LVC accommodates testing throughout the entire
life cycle of systems that operate in a Joint environ-
ment. Orthogonal arrays are well suited for factor
screening experiments early on in the system life cycle
where little is known about the system and we want to
determine the important effects. The projection
property of OAs makes them an efficient approach to
gain information about the active effects and interac-
tions and to build upon that information in the
sequential nature of weapon-system life cycle testing.

Nearly orthogonal arrays. Sometimes orthogonal arrays
cannot sufficiently reduce the run size while accommo-
dating the necessary number of k & 2 level factors. One
option is to increase the run size, which may not be
feasible due to resource restrictions. Wang and Wu
(1992) show that a 12-run orthogonal array exists for k
# 4, but for k 5 6 no such orthogonal array exists. In
this case, an option is to relax the orthogonality
requirement and use an NOA (Wang and Wu 1992).
Researchers such as Nguyen (1996), Xu (2002), and Lu
et al. (2006) have constructed NOAs using various
algorithmic approaches to the design construction.

A consequence of relaxing the orthogonality re-
quirement in the design matrix is a less precise estimate
of the error in the experiment. The error estimate is
actually biased high due to the correlation between the
columns of the design matrix resulting from the non-

orthogonality. This bias means some caution should be
exercised when using NOAs. A less precise estimate of
the error can cause some active factor effects to be
declared inactive if their effect is relatively small (the
inflated error hides the active factor causing a Type 1
error). Another consequence of using NOAs is that the
data analysis and interpretation become more difficult
when compared with the OA design. Table 3 is an
NOA for 12 runs to examine 7 factors; the coding
scheme is the same as used in Table 2.

Optimal designs. Optimal designs are so named
because their nearly orthogonal design is constructed
to optimize some evaluation criteria of the design.
Optimal designs are an excellent way to construct
mixed-level designs, with D-optimal being the most
widely used design. Hill and Leggio (2010) demon-
strated the potential use of optimal designs in wind-
tunnel experimentation. The D-optimal criterion
maximizes the overall degree of orthogonality of the
design matrix. Other optimality criteria are discussed
in texts such as Response Surface Methodology (Myers,
Montgomery, and Anderson-Cook 2009), and they are
often available as an optional design criteria in
commercially available statistical packages.

Montgomery (2009) gives the following example
involving a D-optimal design. Consider an experiment
with five factors: A is categorical with five levels; B is
categorical with four levels; C is categorical with three
levels; and D and E are continuous with two levels
each. Estimates of all of the main effects are desired.
An orthogonal, full-factorial design requires 240 runs;
however, this approach is terribly inefficient at
estimating the main effects. The one-half, one-quarter,
and one-eighth fraction designs would require 120, 60,
and 30 runs, respectively, are not orthogonal, and still
require too many runs to be considered efficient

Table 2. OA(12, 3324). OA with largest number of two-level

factors and one three-level factor with 12 runs (Wang and
Wu 1992).

Run

Factors

A B C D E

1 0 0 0 0 0

2 0 0 1 0 1

3 0 1 0 1 1

4 0 1 1 1 0

5 1 0 0 1 1

6 1 0 1 1 0

7 1 1 0 0 1

8 1 1 1 0 0

9 2 0 0 1 0

10 2 0 1 0 1

11 2 1 0 0 0

12 2 1 1 1 1

Table 3. NOA(12, 3326). Orthogonality was lost by adding two

more two-level factors, F and G, to the orthogonal array OA(12,
3324) in Table 2.

Run

Factors

A B C D E F G

1 0 0 0 0 0 0 0

2 0 0 1 0 1 0 1

3 0 1 0 1 1 1 1

4 0 1 1 1 0 1 0

5 1 0 0 1 1 1 0

6 1 0 1 1 0 1 1

7 1 1 0 0 1 0 0

8 1 1 1 0 0 0 1

9 2 0 0 1 0 0 1

10 2 0 1 0 1 1 0

11 2 1 0 0 0 1 1

12 2 1 1 1 1 0 0
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designs. A 15-run, D-optimal design (as shown in
Table 4) is nearly balanced (a design is balanced if each
level combination occurs equally often) and has nearly
uniform relative variance (variance divided by s2) for
the individual model effects, a desired property in
optimal and nearly orthogonal designs. The relative
variances are shown in Table 5. One drawback to D-
optimal designs is that the user must specify the
statistical model (i.e., which factor effects and inter-
actions to estimate) prior to experimentation. Model
misspecification can transmit bias to the effect
estimates and lead to incorrect conclusions.

Design for randomization restrictions
Split-plot designs are used when there are restrictions

on complete randomization. These restrictions can be
caused by a variety of factors such as the presence of
Hard-To-Change (HTC) factors, human factors lim-
itations, or in the case of Robust Product Design
(RPD), even the objectives of the experiment. These
restrictions make a completely randomized design
inappropriate and can lead the experimenter to errone-
ous conclusions if the data are analyzed in a manner
inconsistent with the design and execution of the
experiment (Jones and Nachtsheim 2009). In split-plot
designs, HTC factors are assigned to a larger experi-
mental unit called the whole plot, while all other factors
are assigned to the subplot. Subplots are fully random-
ized within the whole-plot where they are placed. Goos
and Vanderbroek 2004 state that in the presence of
HTC factors, a split-plot design can significantly
increase the ease of experimentation and can save
precious time and resources. A side benefit of some
split-plot designs is that they typically require less
resources or experimental effort than a completely

randomized design; since HTC factors are changed less
often, less effort is expended preparing each run
(Kowalski and Potcner 2003). The complication with
the split-plot design is the more complex error structure.

In experiments where humans are part of the system
under study, such as will almost always be the case in
LVC, it can be advantageous to change some factors less
often than others to prevent human operator confusion
resulting in biasing the estimated error. For example,
consider a flight test experiment focused on studying the
effect of certain radar operation procedures under a
variety of operational settings. Depending on the
complexity of the procedures, the potential for operator
error can increase if procedures change between each
run. A better estimate of the procedure effects could be
obtained if the operator were to operate the radar with
one set of procedures before moving to the next. All
other factors potentially affecting radar operations are
assigned to the subplot, with the schedule of runs
completely randomized within that subplot.

Consider the split-plot design with five factors at
two levels each (Low, High) in Table 6. The HTC
factors (A and B) are assigned to the larger
experimental unit, called the whole plot, and the
easy-to-change factors (c, d, and e) are assigned to the
smaller experimental unit, called the subplot. The
split-plot experiment is run by randomly selecting a
whole plot and then randomly running each design
point within that whole plot. This design results in two
independent error terms, one for the whole plot and
one for the subplot (Bisgaard and de Pinho 2004). The
whole plot error has fewer degrees of freedom than the
subplot, since it contains fewer randomized runs. This
means that less precise estimates can be made of factor
effects for factors assigned to the whole plot.
Consequently, the most important factors should be
assigned to the subplot whenever possible (Jones and
Nachtsheim 2009).

Table 4. A 15-run D-optimal mixed-level design for five factors*.

Run

Factors

A B C D E

1 L4 L2 L1 1 1

2 L1 L1 L3 1 1

3 L5 L4 L2 1 1

4 L3 L3 L2 1 0

5 L4 L1 L2 0 0

6 L2 L4 L3 1 0

7 L1 L4 L1 0 0

8 L5 L2 L3 0 0

9 L3 L2 L3 1 0

10 L3 L1 L1 0 1

11 L2 L2 L2 0 1

12 L4 L3 L3 0 1

13 L5 L3 L1 1 0

14 L1 L2 L2 1 0

15 L2 L1 L1 1 0

*Li defined as level i of the associated factor.

Table 5. Relative variances for the individual model effects for

the 15-run D-optimal design shown in Table 4 (Montgomery
2009).

Effect Relative variance

Intercept 0.077

A1 0.075

A2 0.069

A3 0.078

A4 0.084

B1 0.087

B2 0.063

B3 0.100

C1 0.070

C2 0.068

D 0.077
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A nice overview article on split-plot designs is ‘‘How
to Recognize a Split-Plot Experiment’’ (Kowalski and
Potcner 2003). A down-side of such designs is that
their more complicated analytical requirements are
often insufficiently supported by general purpose
statistical software packages.

Summary
LVC environments offer an increasingly attractive

option for testing systems in a Joint mission environ-
ment and for testing system-of-systems. Using LVC
technologies means testers can build large-scale
operationally representative Joint environments that
may be otherwise unobtainable and potentially sup-
plant some operational tests that are well represented
in LVC. While LVC has great potential for T&E
purposes, there are unique challenges that arise when
using LVC for analytical purposes. These challenges
must be addressed to make effective use of LVC
capabilities for T&E. The breadth and depth of
capability offered by LVC can potentially make it
difficult to scope experiments down to manageable
sizes. There is also a strong lure towards building
unnecessarily complex test environments, whose unre-
alistic goal is to answer all system questions concur-
rently. The preferred approach is to answer system
questions in smaller sets with a series of smaller
experiments. However, since LVC-based experiments
are more complex than traditional system-centric tests,
they may require the use of innovative experimental
designs to capture relevant system information to
support the analysis required from the test; we
discussed four such designs in this article.

Statistical experimental design is a structured ap-
proach to designing experiments conducted in complex
environments. The three principles of experimental
design, (a) randomization, (b) replication, and (c)
blocking, allow experimenters to improve the precision
of effect estimates and isolate the experimental error
from variation caused by changing factor levels.
Statistical designs ensure that the necessary assumptions
are satisfied to allow experimenters to make valid
inferences about system data. The complexity of Joint
mission environments introduces copious sources of
random error into the experiment, requiring that
experiments be designed using statistical methods.
These methods can greatly improve the quality of
system information collected from LVC experiments
and increase the experimental efficiency. There are
numerous statistical designs that are available to
experimenters. The specific choice of design is dictated
by test objectives, available resources, and constraints;
common factorial designs will not always apply.
However, the statistical literature offers very viable
alternative designs that can competently support the
challenges facing LVC for T&E. We discussed four
such alternative designs considered in a recent SIMAF
LVC event planning effort. By using statistical design
methods, LVC users can improve their ability to make
inferences on the test data and draw objective
conclusions about the system’s performance and mission
effectiveness in a Joint environment. C
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Design for Successful Systems (DFSS): A Design
Methodology for Optimizing Life Cycle Performance
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Air Academy Associates, Colorado Springs, Colorado

Weapon system acquisition is a complex, lengthy, and expensive process, so anything we can do

to deliver higher quality systems to the warfighter, while reducing cost and the time needed to

field those products, is valuable. This article presents a proven methodology that has been used to

improve the Quality, Cost, and Delivery (QCD) of new products to the end user. By improving

quality, we mean improving the performance of the Critical-To-Customer (CTC) measures

such as reliability, sustainability, or any other measure of performance that impacts the customer

(e.g., the warfighter). By improving cost, we mean not only a reduction in cost to bring a new

product to the field but also a reduction in total life-cycle cost. By improving delivery, we mean

reducing the time needed to bring a quality product to the customer. This method has been

applied to the design and development of many different kinds of products, including

pharmaceuticals, iPads, and tanks. Thus, it can be applied in any industry.

Key words: Critical-To-Customer (CTC); Design Of Experiments (DOE); design

parameters; DFSS scorecard; mission-based requirements; Quality Function Deployment

(QFD); requirements flowdown; transfer function; Voice Of the Customer (VOC).

I
t is well-known that at least 70 percent of the
total life cycle cost of any system is
determined in the design phase of a product
or service (Kiemele, Murrow, and Pollock
2010; Reagan and Kiemele 2008; Research &

Technology Executive Council 2006). Furthermore,
the Research & Technology Executive Council (2006)
reports that a 10 percent increase in Research and
Development (R&D) cycle time reduces profits by at
least 12.5 percent, while a 10 percent increase in
manufacturing cycle time corresponds to only a 1.25
percent reduction in profits. While profitability may
not necessarily be the primary motivation for the
Department of Defense’s (DoD’s) weapon system
acquisition strategy, it is well-documented that system
acquisition times and total life-cycle costs are not very
predictable early in the new product development
process. These signs of the times create a mandate to
do something about improving Quality-Cost-Delivery
(QCD) much earlier in the life cycle of a product or
service. Design For Successful Systems (DFSS) is a
term used herein to describe the overall strategy and, in
particular, a design methodology that has proven its
worth in almost every industry. If the reader is familiar
with the Six Sigma methodology, DFSS could very
well resemble design for Six Sigma (which, for the

purposes of this article, would be an acceptable
meaning of DFSS). However, the intent of this article
is to use DFSS with a broader connotation than just
Six Sigma. Hence, we use design for successful systems
as the name associated with DFSS. This article
addresses the motivation for using the principles and
methods of DFSS and presents the methodology of
DFSS in terms of a four-phase process called Identify-
Design-Optimize-Validate (IDOV). An overview of
each of these phases is presented, along with some of
the more powerful tools and techniques that are most
often used in those phases.

The motivation for DFSS
Discovering design problems after products and

services are in the hands of the customer is usually very
costly. Just ask Ford Motor Company and Toyota.
Hence, DFSS places heavy emphasis on the early
stages of the life cycle of a product or service. If anyone
has ever designed or built a house, it becomes pretty
clear after a few years of ownership that the design
‘‘locks one in.’’ That is, any future desired changes
come with a hefty price tag. DFSS focuses sharply on
discovering the true Voice Of the Customer (VOC)
early and being able to predict how products and
services will behave in the hands of the customer before
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they are produced. Figure 1 illustrates the exponential
growth of cost over the phases of the life cycle in which
a design change is to be made. In essence, this means
the cost of gaining knowledge about our products and
systems is less the earlier in the life cycle we can gain
the desired knowledge.

The benefits of DFSS accrue over the life cycle of
the product or system. Early investment in DFSS will
produce the blue curve shown in Figure 2. Total
resources expended over the life cycle are represented
in Figure 2 by the total area under the blue curve
(DFSS) and the red curve (pre-DFSS). Earlier launch
of the product is also apparent in a DFSS strategy.
This change has been demonstrated by many compa-
nies over the last decade and shows the real long-term
value of DFSS.

The vision of DFSS is one of predictive design
quality as shown in Figure 3. It stresses using rigor very
early to make sure that the mission-based requirements
are well defined. These well-defined and prioritized
requirements are then translated (or flowed down) into
controlled design parameters from which reliable,
robust performance and predictable producibility can
be ensured. While there are approaches to fixing
problems that crop up in the field, DFSS is designed to

prevent unknown problems from occurring. It is
impossible to anticipate or predict every problem that
could occur in the field, and DFSS helps us prevent
unknown problems from occurring. Sometimes we
don’t know what we don’t know, and DFSS helps us
with that.

The IDOV process
Most certainly everyone in new product development

or systems acquisition desires to achieve the goals and
benefits described above, but the ‘‘how to’’ is what is
critical, and that is what DFSS brings to the forefront.
An overview of the DFSS methodology called IDOV is
depicted in Figure 4. IDOV provides a phased approach
to implementing DFSS on a particular system or
product. IDOV can also be applied to lower levels of
abstraction, like subsystems, assemblies, components,
and parts. There is nothing magical about the use of
these four words to describe each of the phases. While
there are other phased approaches, some using the same
or similar words as these, we have elected to continue
the use of these four words as they were originally used
by Dr. Norm Kuchar of General Electric Corporate
R&D. Norm, now retired, was responsible for deploying
DFSS throughout all of General Electric. Additionally,
there are many tools and techniques that are needed in
each of the four phases to generate the deliverables.
Many of these are shown in Figure 5. While it is not the
intent of this article to discuss the tools, we will mention
a few of them in the following discussion of each of the
four phases.

The identify (I) phase of IDOV
The identify phase is the starting point for any

DFSS project. In this phase, we identify the customer
base or market for the new or redesigned product or
system. During this phase, it is critical to capture all

Figure 1. Design For Successful Systems (DFSS) focuses on

early stages of life cycle.

Figure 2. The benefits of Design For Successful

Systems (DFSS).

Figure 3. The vision of Design For Successful Systems (DFSS).
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customer requirements, prioritize those requirements,
and have measures in place for keeping score. These
measures are often referred to as Critical-To-Custom-
er (CTC) measures. In the DoD, the requirements
must be mission based. It is important to consider all
customers, including internal as well as external
customers. Examples of customers include users of
the product or system, maintainers, manufacturers,
warehousers, and others. This phase also includes
translating the requirements into a prioritized list of
CTCs. CTCs can be measures of effectiveness, critical
performance parameters, key system attributes, etc.,
but one thing is certain: CTCs must be measureable. If
the entity is not measurable, it cannot be a CTC. A
commonly used tool to perform this translation is the
first house of quality in a Quality Function Deploy-
ment (QFD). Obtaining and understanding the
customer requirements is not an easy task, and
sometimes other tools like Design Of Experiments
(DOE) or conjoint analysis must be used in context to
discover the true voice of the customer.

A critical DFSS tool initialized in the identify phase
is the DFSS Scorecard. A DFSS Scorecard comprises
four major areas: parts, process, performance, and
software. Using metrics such as Defects Per Unit
(DPU), both within-area and between-area capabilities
can be rolled up. The systems engineering function can
then easily detect where the greatest improvement
opportunities lie. The DFSS Scorecard is also a
powerful way to reallocate resources as necessary and

is central to accomplishing a DFSS project. The DFSS
Scorecard is a living document that is kept current all
the way through manufacturing and after the product
or system has been fielded. Key deliverables in this
phase include a competitive assessment (e.g., bench-
marking results), a strategic plan, prioritized customer
requirements, prioritized CTCs, a completed House of
Quality No. 1, and an initial performance scorecard
within the DFSS Scorecard framework.

The design (D) phase of IDOV
In this phase, specifications on the CTCs, also

known as measurable functional requirements, are
established, and design concepts are formulated and
assessed for risk. Using the second House of Quality
from QFD, the CTCs are translated into a prioritized
list of design characteristics or parameters. This
cascading set of Houses of Quality in QFD, which
can be used to ‘‘flow the requirements down,’’ is shown
in Figure 6. In each house, the resulting prioritized list
of characteristics across the top of the matrix becomes
the side of the subsequent House of Quality. A key
word in each of these flowdown stages is ‘‘prioritized,’’
because the Houses of Quality can easily become
unruly ‘‘hotels of quality’’ without prioritization.

Some DFSS experts consider the biggest technical
obstacle in any DFSS project to be the development of
adequate transfer functions. A transfer function is
simply a mathematical relationship, expressed as y 5

f(x), that allows us to understand the relationship

Figure 4. The Identify-Design-Optimize-Validate (IDOV) methodology of Design For Successful Systems (DFSS).

Design for Successful Systems

32(3) N September 2011 301



between a CTC (y) and a prioritized set of design
parameters (X1, X2, X3, etc.). Transfer functions need
to be developed for all key CTCs. Sometimes these
transfer functions are already known, but often they
must be discovered. DOE is the key to generating
transfer functions, and if an organization does not have
the capability to use DOE to develop transfer
functions, it will never be proficient at DFSS. Please
see the ITEA Journal article on DOE (Johnson and
Kiemele 2011) and the Design for Six Sigma: The Tool

Guide for Practitioners (Reagan and Kiemele 2008) for
more information on designing experiments well.
Simulation and historical data analysis (also known as
analytical modeling) are other useful methods that can
be combined with DOE to generate transfer functions.

Transfer functions are typically developed in the
design phase after House of Quality No. 2 has
matured. The transfer function is the key linkage to
the subsequent phases of IDOV, because it connects
design with optimization. All transfer functions must
be validated and kept current, because they can change
over time. Preliminary Failure Mode & Effects

Analysis (FMEA) and/or risk analysis is also complet-
ed in this phase to aid in the design selection process
and to highlight opportunities for risk mitigation. Key
deliverables in the design phase include concept
generation and selection, a prioritized list of design
characteristics generated from a completed House of
Quality No. 2, preliminary design risk assessment,
design scorecard updates, and validated transfer
functions for all of the top-rated CTCs.

The optimize (O) phase of IDOV
In the optimize phase, we capitalize on the

knowledge that has already been generated in the
previous phases. Optimization necessarily requires
addressing the various sources of variation and taking
the appropriate action to minimize variation in every
possible instance. In other words, variation is the
enemy, and it must be controlled to as great an extent
as possible. In particular, we can use the transfer
functions developed in the design phase to optimize
the performance of the functional CTCs. There are
three major systematic innovation techniques in this

Figure 5. The methods and tools used in Design For Successful Systems (DFSS).
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phase that make use of the transfer functions: expected
value analysis, parameter (robust) design, and tolerance
allocation.

If a product or system has not yet been produced, is
there a way to predict how a CTC will behave prior to
actually producing the product or system? The answer
to this question is yes, provided we know two things:
the transfer function for y (a CTC) and the
distributions of the critical inputs variables (X1, X2,
etc.). The latter are typically not difficult to obtain and
the former, transfer functions, were discussed in the
design phase, with DOE being a predominant means
for finding the transfer functions. Expected Value
Analysis (EVA) is the analytical process of determining
the distribution of y (an output or CTC)—including
its shape, mean, and standard deviation—under
conditions where the input (design) parameters vary
according to specific distributions. Monte Carlo
techniques are very useful for accomplishing this
EVA activity. If the distribution of y is known, along
with the specifications on y, then it is easy to see how
capable the performance measure y will be with regard
to the specifications. Various software packages, such
as DFSS Master,1 handle this nicely.

Parameter or Robust Design will use the transfer
functions to identify the best settings for the means of
the input (design) parameters, or x’s, in order to reduce
the variation of a performance measure y. This should
reduce the defect rate in the presence of variation that
cannot be controlled in a live scenario. Traditionally,
when the performance defect rate is unacceptably high,

the tolerances on the x’s are often tightened as a first
step. However, tight tolerances on design parameters
almost always drive up costs. Therefore, parameter
design along with EVA is a good way to counter the
tight tolerance syndrome and corresponding higher
costs. Figure 7 illustrates this concept graphically in the
simplest of all scenarios: one input (x) and one output
(y). If the designer has a choice of where to place the
mean of the input distribution X, it would be best
placed at X2 because it minimizes the variation in y.
This is because the transfer function, shown in red in
Figure 7, is flatter in the vicinity of X2 than it is in the
vicinity of X1.

Tolerance Allocation involves studying the effect of
changing the standard deviations of the input (x)
variables on the resulting output (y) distribution. By
understanding which standard deviations must be
reduced and which may be allowed to expand, the design
engineer can make the appropriate cost/benefit trade-off
in terms of assigning standard deviations to the input (x)
variables. This technique is a boon to controlling unit-
manufacturing costs. As with EVA, the use of software1

is recommended to quickly and easily accomplish
parameter design and tolerance allocation.

Some of the key deliverables from the optimize
phase include process and product capability studies
and predictions; reliability studies; capability flowup;
design optimization; tolerances on the inputs (x’s);
updated DFSS Scorecards; and virtual prototypes. If
this phase is accomplished well, the critical information
needed in manufacturing will have been generated.

Figure 6. Requirements flowdown using Quality Function Deployment (QFD).
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The validate (V) phase of IDOV
The validate phase demonstrates that the product or

system meets predicted performance and satisfies the
customer requirements. Here, we may build and test
prototypes and/or conduct pilots to measure actual
performance. If a significant gap exists between
predicted results (obtained from the DFSS Scorecard)
and actual results, then a gap analysis must be
accomplished to determine where the issues lie. This
may lead to a reexamination of customer requirements
and flowdown, changing of assumptions, re-running of
analyses, performance of additional designed experi-
ments, or updating transfer functions. Once issues are
resolved, a sensitivity analysis is accomplished to help
communicate to process engineering and manufactur-
ing the key findings learned during design. Control
plans are created to help process and product owners
know what to measure, monitor, and control. Figure 8

summarizes the key activities in the validate phase. Key
deliverables in this phase include prototypes, process
and product capability validation, sensitivity analysis,
control plans, and commercialization support.

Conclusion
While this article has provided only a glimpse of

DFSS, it should be clear to the reader that DFSS with
its IDOV methodology provides a rigorous and
scientific approach to the design and development of
new products and systems. It incorporates some of the
best and most recent tools and techniques into its
repertoire of systematic innovative methods to achieve
the deliverables in each of the phases. While IDOV is
often used for designing new products and systems, it
can also be used to redesign existing products and
systems. If systems engineering is about the application
of the scientific method to the concept, design,
development, and production of complex systems, then
DFSS must be an absolute capability for all systems
engineers and anyone else involved in product/system
design.

Furthermore, when compared with more reactive
(pre-DFSS) design strategies, the more predictive
IDOV methodology demonstrates its value by signif-
icantly reducing total life-cycle resources, reducing
time to fielding the new product or system, and
accelerating revenue growth after the new product has
been introduced. In essence, DFSS has proven itself in
many organizations to be an excellent strategy toward
extraordinary return on investment: a way to delight
the customer and gain market share. To successfully
deploy DFSS and ingrain its attributes into the culture
of any organization requires education, coaching, and
leadership commitment and alignment. Above all,
DFSS has proven to be a scientific approach to
acquiring, integrating, and verifying knowledge. It
can help us fight what Will Rogers once said: ‘‘It’s what
we know that ain’t so that kills us.’’ C

Figure 7. The concept of parameter design.

Figure 8. Key activities in the validate phase.
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Design of Experiments and Operational Testing

Dean Thomas, Ph.D.

Institute for Defense Analyses, Alexandria, Virginia

This article examines how Design of Experiments (DOE) has been employed in operational

testing and how DOE may be better incorporated into it. The conclusions are drawn primarily

from a retrospective analysis conducted for the Director, Operational Test and Evaluation

(DOT&E). The retrospective analysis examined a variety of systems for which DOT&E had

written reports between 2008 and 2010. The analysis concluded that while past testing

incorporated a structured approach, DOE principles could be more rigorously applied and that

such efforts would improve test and evaluation.

Key words: Experimental design; factors and levels; goals; quantitative metrics; science;

statistics; uncertainties; variation.

I
n a memorandum dated November 24, 2009,
the Director, Operational Test and Evalua-
tion (DOT&E) outlined his initiatives. One
area that he highlighted is the importance of
Design of Experiments (DOE):

‘‘DOE provides the scientific and statistical
methods needed to rigorously plan and execute
tests and evaluate their results… DOE should
allow DOT&E to make statements of the
confidence levels we have in the results of the
testing. Whenever possible, our evaluation of
performance must include a rigorous assessment of
the confidence level of the test, the power of the
test and some measure of how well the test spans
the operational envelope of the system’’ (Gilmore
2009).

At the request of the Director, the Institute for
Defense Analyses reviewed several Beyond Low-Rate
Initial Production (BLRIP) reports written between
2008 and 2010, with the goals of establishing a
baseline of how well DOE concepts might have been
incorporated into past testing, identifying lessons
learned, and improving implementation of DOE
concepts (Thomas et al. 2010). Under Title 10,
DOT&E is required to issue a BLRIP report to
Congress for any system on oversight before the system
is allowed to enter full-rate production. The selected
BLRIPs represented a cross-section of programs across
the Services and warfare areas.

The retrospective case studies noted that past testing
incorporated a structured approach that captured many
aspects of DOE. Nonetheless, areas for improvement

were identified; these areas are highlighted throughout
this article.

Design of experiments
DOE is a statistical approach for designing,

executing, and analyzing tests. Many textbooks list
the significant steps in the DOE process. We have
adapted a version for our work that includes the
following seven steps (Montgomery 2005).

1. Identify the question or questions to be answered,
also known as the objectives or goals.

2. Identify the quantitative metrics, also known in
the statistical world as response variables, in
support of those questions.

3. Identify the factors and levels that affect the response
variables. Factors are broad categories of test
conditions that are expected to affect the outcome
of the test. Each factor (e.g., temperature) is divided
into levels (e.g., high temperature and low temper-
ature). When analysts and engineers expect perfor-
mance to vary linearly, two levels are used. Nonlinear
performance typically results in three or more levels.

4. Choose an experimental design to systematically
vary factors. Also, identify which combinations of
factors and levels will be addressed in each test
period (i.e., coverage of the envelope). In statistical
terms, this is often referred to as blocking.

5. Perform the experiment (e.g., operational or
developmental test).

6. Statistically analyze the data.
7. Draw conclusions.

In the retrospective case studies of BLRIPs, we
noted that most operational testing employed a
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structured approach as many of the steps described
above were already being employed, particularly steps 1
through 3. That analysis also noted, however, that in
many cases a more rigorous application of DOE
principles would have improved Test and Evaluation
(T&E). Specifically, it was noted that step 3 could have
been conducted in a more rigorous and systematic
fashion. In addition, if steps 4 through 6 had been
implemented using DOE methodologies, the testers
would have identified holes in the testing (where
performance was not examined) and would have
provided an assessment of the uncertainties in the
measurements and conclusions.

In applying these DOE principles, it is important to
understand that there is no ‘‘one size fits all’’ solution.
The factors and levels, the applicable statistical metrics,
and the specific DOE design are dependent on the
system under test and the questions being asked.

Question
One of the problems that we saw in the retrospective

analysis, and continue to see to this day, is that the
question being examined is poorly defined from the
perspective of designing an experiment. Is the ultimate
goal of the test to demonstrate that the new system is
better than the system being replaced? Is the goal to
understand how performance varies across the opera-
tional envelope to inform the war fighter of the
system’s capabilities and limitations? Is the goal to
demonstrate that system performance as measured by a
specific technical metric meets or exceeds a threshold
requirement? Is the goal something else?

Typical test plans include broad questions for which
the ultimate goal and the success/failure criteria are
unclear. For example, the F/A-18E/F Test and
Evaluation Master Plan (Naval Air Systems Com-
mand, 2010) includes the following critical operational
issue: ‘‘Will the F/A-18E/F, using the new [software],
demonstrate the operational performance necessary to
effectively execute [strike warfare] missions against
current and projected threats in the intended operating
environment?’’ This question is very broad, and it is
unclear whether the ultimate goal is to evaluate some
technical measure against a threshold of performance,
or to evaluate performance against the legacy software
(i.e., see improvement), or something else.

The bottom line is that the questions being
examined in operational testing must clearly define
the ultimate goal of the test.

Quantitative metrics
After identifying the question to be answered, the

next step is identifying quantitative metrics. The
retrospective case studies noted that in many cases

the metrics were limited in one or more areas. For
example, one of the case studies examined the Stryker
Mobile Gun System, which is an eight-wheeled
armored fighting vehicle with a 105 mm gun. It has a
requirement that its ‘‘primary armament must defeat a
standard infantry bunker and create an opening in a
double reinforced concrete wall, through which infantry
can pass’’ (Thomas et al. 2010). This requirement does
not specify how large a hole (large enough to crawl
through or to walk through) or how many rounds may
be used to create the hole. Without this information,
analysts are left without quantifiable criteria for
evaluating success or failure that can lead to a subjective
assessment of test results.

On occasion, quantitative metrics are not available or
practical. For example, in evaluations of system displays,
quantitative metrics cannot easily capture whether the
display is legible and readily understood. In those cases,
qualitative metrics such as surveys can be used. The
review of past BLRIPs, however, revealed that in many
cases survey data were not informative and were hard to
use because of the survey designs. There is a science
behind survey design that should be implemented more
universally in operational testing. Surveys should
contain both quantitative information that can easily
be summarized with statistical measures and qualitative
information in written comments. There are many ways
to incorporate quantitative data, such as the Likert
psychometric scales for surveys and the Cooper-Harper
rating scale for aircraft handling qualities.

Factors and levels
Once the questions and metrics have been identified,

the next step is identifying the factors and levels. Only
operationally realistic combinations of factors and
levels should be considered, so engineering and
analytical judgment are critical. In addition, it is
important to document limitations that prevent testing
specific combinations of factors and levels. Analysts
should be wary of making claims regarding system
performance in areas where the system was not tested.

In general, the retrospective analysis found that
operational testers had identified the factors and levels
that were important to system performance. However,
two issues were noted. First, the test documentation
frequently did not explicitly identify these factors and
levels, which made it difficult to reconstruct the test
planning process. Also, testing frequently did not
systematically vary the factors and levels. The lack of
systematic variation left holes in the coverage of the
operational envelope that made it difficult to assess
overall performance. In the next section on Experi-
mental Design, we discuss lessons learned from the
retrospective analysis with respect to factors and levels.

Design of Experiments
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Experimental design
DOE is a rich scientific methodology, containing

many tools, and the specific tool that is employed
depends on the question to be answered (DOT&E
2011). The question may vary significantly from one test
to the next. And the question can change as the system
under test matures. The choice of a specific experimental
design should reflect these facts. Table 1 lists several
common test objectives and the corresponding designs
one might select to satisfy the objective. This list is
intended to show the breadth of tools that are included
in DOE but is far from exhaustive.

Coverage of the operational envelope
Now that we have the factors and levels and the

experimental design, we can lay out how the factors
and levels will be systematically varied. Also, we can
determine how well the individual test events and the
overall test program cover the operational envelope.
The retrospective analyses indicated that this is one
area where the more rigorous application of DOE
principles could improve operational testing.

The retrospective analyses discussed on the follow-
ing pages use different methods for illustrating the
coverage of the operational envelope. There is no ‘‘best
way’’ to show the breadth of coverage, and these
examples are far from exhausting reasonable ways to
illustrate the points.

We note that statistically designed experiments
provide a theoretical foundation for designs that span
the operational envelope. Deviations from statistically
designed experiments may prove necessary due to the
complexities of operational testing. However, deviations
should be documented, so test limitations are clear.

Stryker mobile gun system
In the Stryker Mobile Gun System BLRIP, the top-

level metric was mission success, a binomially distrib-
uted metric without a threshold. Four factors and their
associated levels were controlled in the test:

1. mission type—attack, defend, and stability and
support;

2. terrain type—urban, mixed, forest, and desert;
3. opposing force threat level—high, medium, and

low;
4. illumination—day and night.

A fifth factor, weather, was uncontrolled. A cross-
tabular matrix (Table 2) displays all possible combina-
tions of the four factors and their levels. If a full-
factorial design had been used, at least one test event
would appear in each box on the cross-tabular plot.
However, resources were not available for a full-
factorial test. The original plan, based on DOE,
included 22 events, but a decision to deploy the Stryker
Mobile Gun System quickly to Iraq truncated testing.
Only the events in blue-shaded boxes were conducted
during the operational test. The numbers indicate how
many times each event was repeated.

Applying DOE principles illustrates two comple-
mentary principles. It identifies gaps in the coverage of
the operational envelope, and it illustrates how
multiple test events can be combined to ensure the
overall operational envelope is covered. The gaps in
coverage are those portions of the cross-tabular matrix
without blue-shaded boxes (Table 2). The gaps were
partially filled with data from other sources, including
data from the mission rehearsals and from the Iraq
deployment. An illustration such as this concisely
shows where we tested performance, and where we did
not; where we can safely draw conclusions, and where
we should not.

Note that the experimental design focused on the
attack and defend missions; the stability and support
mission relied largely on data from other sources. This
was a conscious decision because the attack and defend
missions are more stressing; consequently, the testing
was focused on where the results were likely to have the
largest impact. The effects that this decision had on
Stryker Mobile Gun System analysis will be discussed
in more detail toward the end of this article.

Focusing test events
Deciding how to focus the testing is an important

consideration, and one potential approach is illustrated

Table 1. Test objectives and corresponding experimental designs.

Test objectives Design method

Trade studies, product design, and development super-saturated designs, factorial, and fractional factorial designs

Process optimization response surface designs, optimal designs

Test for software and hardware faults, integration and interoperability combinatorial designs, orthogonal arrays, space filling designs

Evaluation of material properties accelerated life tests, mixture designs

Screen for factors that drive performance factorial and fractional factorial designs

Characterize a system or process over an envelope factorial and fractional factorial designs, response surface designs,

optimal designs

Develop robust processes (i.e., affected minimally by input conditions) Taguchi arrays, orthogonal arrays, response surface designs
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308 ITEA Journal



in Table 3. This table is derived from a U.S. Air Force
Operational Test and Evaluation Center (AFOTEC)
proposal. The key point is that levels that have a
significant effect on performance should be systemat-
ically varied in the test design. Levels that occur
infrequently or that do not significantly affect perfor-
mance may be demonstrated. These decisions are based
on engineering and analytic judgment.

USS Virginia anti-submarine warfare
search

One of the missions for USS Virginia, a submarine,
is searching for hostile submarines. The primary metric
is secure search rate (i.e., the number of square miles of
ocean that the submarine can search per hour while
remaining undetected). The search is conducted with

passive sonar systems. The following are the primary
factors:

N Environmental factors—When trying to detect a
submarine passively, there are two important
considerations: (a) background noise levels,
driven by shipping levels and sea state (ambient
noise), and (b) sound propagation, driven pri-
marily by sound velocity profiles. For the sound
velocity profiles, important considerations include
whether sound is trapped in specific ocean layers
and the water depth in the operating area.

N Target types and operating modes—There two
primary types of submarines: nuclear and diesel.
The acoustic signature varies with the vintage of
the submarine, its operational speed (e.g., patrol-

Table 2. Mobile gun system experimental design.

Table 3. Decision matrix to determine how to vary factors.

Effect of changing level on performance

Likelihood of encountering level during operations

Multiple levels occur
at balanced frequencies

(e.g., 1/3, 1/3, 1/3)

Some levels are balanced,
others are infrequent

(e.g., 5/10, 4/10, 1/10)
One level dominates
(e.g., 4/5, 1/10, 1/10)

Significant effect on

performance

High Balanced Mixed Dominant

Moderate effect on

performance

Medium Vary all Vary balanced levels;

demonstrate infrequent

levels

Fix dominant

level; demonstrate

others

Low effect on performance Low Vary all Vary balanced levels;

demonstrate others

Fix dominant level
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ling vs. transiting), and its operating mode (e.g., a
diesel snorkeling). Another factor, the ability of
the target to detect USS Virginia, is driven by the
sonar systems and the target crew’s proficiency.

N Test submarine configuration—USS Virginia has
two towed arrays and wide aperture sonar. Its
ability to detect a hostile submarine is a function
of the sensors used.

N Test scenarios—Is USS Virginia conducting an
area search, barrier search, or cued intercept
mission? Are multiple hostile submarines pres-
ent?

For most of the factors, there are also several levels
that are important, and some of the variables such as
environmental conditions have a virtually infinite
number of reasonable combinations. Thus, a cross-
tabular matrix is not the best method for illustrating
coverage of the operational envelope.

In this retrospective analysis, a ‘‘heat map’’ plot
(Figure 1) was chosen to illustrate coverage of the
operational envelope. Many of the factors are collapsed
in the vertical axis, with the easier conditions at the
bottom, harder conditions at the top. Along the
horizontal axis are hostile submarines. The older (and
louder) submarines are on the left; newer (and quieter)
submarines are on the right. The other factors are held
constant and were acknowledged test limitations in the
BLRIP: only one towed array configuration was used;

only the area search mission (the hardest) was
examined; a limited number of simulated multiple
targets were used; and there was no diesel submarine
testing with USS Virginia.

The heat map shows where testing occurred, where
testing was supplemented, and where assessments can
safely be made. The ovals on the heat map denote where
testing occurred. The oval size represents the range of
environments that were examined. The two ovals on the
left represent dedicated USS Virginia test events. The
same sonar systems are used on USS Virginia and
improved Los Angeles class submarines. To overcome the
lack of diesel submarine testing with USS Virginia, the
analysis was supplemented with Los Angeles class testing,
denoted by the two ovals on the right. As with the
Stryker Mobile Gun System, testing focused on the
harder portions of the operational envelope on the right
side of the plot, and on the most difficult mission. The
plot also highlights areas where performance is untested
and reveals a limitation of the analysis. The analysts do
not believe, for example, that performance is linear in
the region between the two USS Virginia tests.
Unfortunately, with only two data points, the data
analysis cannot determine how performance varies.

Perform the experiment
The retrospective analysis noted that the rigor that

went into developing the experimental design should

Figure 1. USS Virginia coverage of operational envelope.
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be maintained as the operational test is conducted. Too
frequently there is pressure to truncate an operational
test. These pressures come from many areas. Opera-
tional testing generally occurs late in the development
of a new weapon system, when funds are limited,
causing pressure to limit operational testing. In
addition, operational testing relies on military units,
whether U.S. Army units, Navy ships, or Air Force
aircraft. Those units are being deployed in today’s wars,
making operational testing difficult to schedule and
execute, and limiting the number of test events.

Eliminating planned events, however, can affect the
final analysis and the conclusions that can be drawn. As
an example, having only two USS Virginia data points
limited the analysis. The original test plan called for a
third event, which was planned but not executed. That
third event would have helped analysts understand how
performance varied in the region between the events
that were executed. These types of limitations
highlight the importance of clearly developing a test
design and executing it.

Statistical analysis
Statistical analysis varies depending on whether you

are planning the test or analyzing the test results. In
planning an operational test, statistical metrics such as
power and confidence will help the test designer
understand the risks. Understanding these risks is key
to deciding how many test events to execute, and how
to vary factors and levels systematically to cover the
operational envelope. Once the test is executed, the
analysis will rely on statistical metrics such as
confidence intervals to understand what conclusions
can be made.

Assume that the question being asked is whether the
system, as measured by some metric, is better than the
legacy system it is replacing. Confidence-12Type I

error, where a Type-I error is the risk of the test results
indicating that the system is better when in fact it is
not. Power-12Type-II error, where a Type-II error is
the risk of test results indicating that the system is the
same as the legacy when in fact it is not.

Two of the trade-offs in designing a test are
determining how many test events to execute and
how to vary them across the operational envelope. The
Stryker Mobile Gun System was deployed early, which
resulted in a change to the original test plan. Test runs
were shifted from the stability and support missions to
the attack and defend missions, which were considered
to be more difficult. The effect of these decisions can
be seen in the power numbers in Table 4. The power
numbers are provided in terms of signal-to-noise
(S : N) ratios. Before the test is conducted, the analyst
typically does not know the noise in the data, measured
in terms of the data’s standard deviation. The signal is
the detectable difference in performance as the factors
(e.g., mission type) are varied. Not surprising, it is
easier to detect signals that are larger than the noise.
By assuming notional S : N ratios, the analyst can
compare power across different test plans without
making assumptions about the data.

A comparison of the power for two designs
illustrates the impact of the changes to the test design.
Looking at the S : N 5 2.0 column, the power for
mission type dropped significantly in the revised test
design, because the revised plan provided limited
information on stability and support missions. Also,
the smaller sample size resulted in low power across all
factors. Explicitly calculating power allows the test
designer to understand the risks associated with various
test designs.

Posttest analysis should include statistical metrics,
but the metrics change. As an example, after data are
collected, confidence intervals for the data can be

Table 4. Stryker Mobile Gun System power of test.

Original design with 22 events

Factor S : N = 0.5 S : N = 1.0 S : N = 2.0

Mission type 7.70% 16.60% 54.10%

Terrain type 17.00% 51.30% 97.80%

OPFOR 9.40% 24.40% 75.50%

Illumination 15.90% 47.90% 96.70%

Modified design, 16 events, caused by Iraq deployment

Factor S : N = 0.5 S : N = 1.0 S : N = 2.0

Mission type 5.70% 8.10% 18.30%

Terrain type 10.60% 28.00% 78.20%

OPFOR 6.40% 10.90% 31.20%

Illumination 10.10% 26.00% 74.80%

OPFOR, opposing force.
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constructed. The retrospective analysis examined the
EA-18G Growler BLRIP. This aircraft, based on the
F/A-18 Super Hornet, conducts electronic warfare.
For several metrics, the EA-18G was required to
perform at least as well as the system it was replacing,
the EA-6B. The top graph in Figure 2 is taken directly
from the original DOT&E BLRIP and shows a
comparison of some of the metrics. EA-18G perfor-
mance is shown in red, EA-6B in blue. For these
metrics, the plot could lead a decision maker to believe
that EA-18G’s performance was significantly better
than EA-6B’s. However, the bottom graph includes the
80 percent confidence interval from the test data and
shows that this conclusion is incorrect. For metrics such
as Engagement Reactive Assignment (RA) Timeline,
and Geolocation Timelines, performance between the
EA-18G and the EA-6B is indistinguishable. For the
decision maker, there is a substantial difference between
saying the new system is better versus saying perfor-
mance is comparable.

Conclusion
As illustrated by the examples above, the retrospec-

tive analysis saw that past testing incorporated a
structured approach that captured many aspects of
DOE. Nonetheless, many aspects of DOE are being
underutilized, and a more rigorous application could
improve operational testing. C
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Science-Based Modeling and Simulation in Support of
Live Testing

Leonard N. Carter, Ph.D., James A. Kleimeyer, Ph.D., and Richard J. Green, Ph.D.

U.S. Army Dugway Proving Ground, Dugway, Utah

Testing of chemical/biological warfare defense (CBD) systems is the primary mission of the West

Desert Test Center at the U.S. Army’s Dugway Proving Ground, Utah. In support of this

testing, modeling and simulation (M&S) has been employed, with multi-year investments in

M&S tools providing commensurate improvements in modeling capabilities. While the total

M&S effort addresses testing requirements in CBD detection, protection, and decontamination,

this discussion will be limited to detection, being most relevant to the application of scientific

principles in the development and implementation of M&S for supporting the CBD test and

evaluation enterprise. A brief introduction of the use of M&S for CBD testing is presented,

followed by a discussion of M&S systems engineering as an implementation of the scientific

method, and finally focusing on recent M&S developments at West Desert Test Center

(WDTC). Specifically, the Dial-A-SensorTM, the Dugway Developmental Detector Test Bed,

the Advanced Chemical Release Evaluation System, and the Field Test Data Analysis Tool are

presented as examples of science-based advancements in test-supporting M&S.

Key words: Chemical and biological defense; computational science; modeling and

simulation; point detection; scientific method; standoff detection; systems engineering.

T
esting of chemical and biological (CB)
warfare defense components and sys-
tems has been the primary mission of
the West Desert Test Center
(WDTC) at the U.S. Army’s Dugway

Proving Ground since its initial construction during
World War II. With the rapid development during the
past few decades of what is popularly called compu-
tational science, the potential of modeling and
simulation to support, reinforce, and extend live testing
has been gaining wide acceptance throughout the
Department of Defense test community. Since the late
sixties, CB testing in the U.S. has been confined to
isolated chamber testing when live agents are em-
ployed, and to outdoor field testing, in which case
simulants are used to mimic the effects of agents. Over
roughly the past decade, the development and
deployment of CB-dedicated Modeling and Simula-
tion (M&S) software tools at WDTC have comple-
mented and enhanced on-site chamber and field
testing, building on the paradigm of simulation-based
acquisition programs such as Future Combat Systems,
Virtual Proving Ground, and Synthetic Environment
Integrated Testbed; the latter two conducted by the

Developmental Test Command, which was disestab-
lished in 2011 and merged into its parent, the Army
Test and Evaluation Command. The collection of
WDTC M&S tools is known as the Chemical-
Biological-Radiological-Nuclear Simulation Suite,
and, in its present form, has sufficient functionality
and versatility to simulate a wide diversity of chemical
and biological attack scenarios and blue force responses
through detection and collective protection. The wide
spectrum of scenarios enables high-stress virtual testing
of any of a variety of different sensor types and
protection configurations. In addition, new and
emerging detection system designs can be subjected
to rigorous constructive testing, as well as the
employment of M&S assets to streamline and
accelerate the reduction, processing, and analysis of
field-test data of CB detection systems, transforming
what had been a lengthy manpower-intensive process
into a much more efficient and time-compressed series
of computer executions. The simulation of battlefield
scenarios can be conducted as part of a distributed real-
time hybrid test, referred to as live-virtual-constructive
(LVC), through high-speed networking of a number
of test installations. This capability was used for
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execution and analysis of multi-component Joint test
events, including those conducted under the Synthetic
Environment Integrated Testbed program and the
subsequent Multi-Service Distributed Event test
program.

As the title of this article implies, the emphasis in
the following sections will be on the role of scientific
principles and application of the scientific method in
the development and implementation cycle of a select
number of M&S tools in use at WDTC. For purposes
of illustrating this process, the following M&S
applications will be covered: the CB Dial-A-SensorTM

(or DAS, trademarked by its developer, ITT Corp.), in
both the real-time and non-real-time variants; the
Dugway Developmental Detector Test Bed; the
Advanced Chemical Release Evaluation System, and
the Field Test Data Analysis Tool. The M&S creation
cycle discussed herein encompasses all phases, from
early conceptual formulation based on requirements
analysis, through detailed design and coding, to
testing, verification, and validation. The translation
of the scientific method to the appropriate domain of
M&S systems engineering is a logical entry point in
launching this discussion.

Equivalence of M&S systems
engineering to the scientific method

Traditional systems engineering, applied to the
M&S software cycle, can be visualized as embodying
three major phases: concept formulation/requirements
analysis, detailed design and development, and inte-
gration/testing/verification/validation. These three
phases can be thought of as a translation from the
three components of the scientific method: forming
and selecting a testable hypothesis, actually testing this
hypothesis, and drawing conclusions and new knowl-
edge from the test. Likewise, in the test world, the
corresponding cycle comprises the three phases of
pretest planning and preparation, test execution, and
posttest data processing and analysis. In all cases, the
process subdivides into initial preparation, execution of
the central activity, and a full and complete realization
of the net results.

The most effective design approach in building
M&S tools is to focus on task simplification by
breaking up the aggregate functionality into manage-
able chunks that can later be integrated to form the
complete application. This approach is a close
reflection of how the scientific method is typically
implemented in common practice: an overarching
hypothesis must often be subdivided into logical
components, each of which is subjected to a test
narrower in scope than what would be required for the
original concept. An obvious benefit is that some parts

of the hypothesis may be validated and others rejected,
providing a more optimum and efficient means of
advancing scientific knowledge.

From another perspective, the enterprise of M&S
systems engineering can be visualized as occupying a
third branch of science. With M&S qualifying as
computational science, a strong link now bridges
theory and experiment by making it possible to
perform a ‘‘numerical experiment’’ through incorpora-
tion of the mathematical expressions flowing from the
underlying theory and embodied in the functions of the
source code. Thus, the practice of M&S serves to
reinforce and extend the domain of validity of the
scientific method by creating a new pathway to connect
the hypothesis-building side of theory with the
hypothesis-testing side of experiment. The actual
realizations of most M&S conceptual models are
neither the ‘‘pure theory’’ extreme of a priori first-
principles models (based on theory only) nor the
opposite extreme of fully empirical ad hoc models
(user-adjustable parameterizations and manipulations
of existing data sets), but hybrids embodying compo-
nents of both.

The rigor of proper M&S
systems engineering

In conducting a systems engineering approach to
M&S development and construction, following a
framework of guidelines and design practices in
addressing rigor helps to ensure a successful outcome.
The guidelines below flow from the core principles of
the scientific method:

1. Careful and thorough consideration must be
given to maintaining full objectivity in the
functional and physical content of the model. A
necessary design requirement is that appropriate
methods of objective measurement must be
identified and implemented early on to gauge
the ability of the end product to meet the
established criteria, as an essential part of the
requirements definition phase.

2. In parallel with a prime tenet of the scientific
method, the model must exhibit repeatability in
the sense of functional fidelity. With the obvious
exception of running stochastic (nondeterminis-
tic) simulations, a model should generate output
that follows variations in input, with input–
output mapping governed by the known func-
tional dependence embodied in the source code.
Unexpected deviations from this mapping man-
date careful and thorough follow-up, although
this does not necessarily indicate a flaw in the
source code. A correctly designed and built
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model can sometimes yield surprising results
owing to unforeseen functional interplays and
interdependencies.

3. A critical property of every M&S tool is the level
of output fidelity required to properly perform
the task of simulating the system of interest.
There is often a direct tradeoff with computa-
tional speed, or throughput: the less time allowed
for execution, the fewer the compute cycles that
can be performed, and the lower the resolution
(fidelity) in the simulation thereby generated.
However, the overriding consideration is always
to ensure that the tool is capable of faithfully
reproducing the physical attributes of interest for
the system being modeled. Thus, for an M&S
tool that simulates a CB hazard cloud over
terrain, the highest design priority is that the
cloud concentration distributions, both spatial
and temporal, follow as closely as possible the
distribution of an ensemble-averaged representa-
tion of an actual cloud; the gross appearance of
the cloud in a Graphical User Interface (GUI)
display, in contrast, may fall short of an observer’s
expectations.

4. An essential part of testing following integration
is to perform a sensitivity analysis, comparing
output to input. As a corollary to item 2 above, an
overall input–output mapping needs to be made
to check the sensitivity of the output to variations
in input. For complex multi-faceted models with
N distinct inputs and M outputs, a complete
coverage of all parameters would necessitate
populating an N 3 M dimensional space with
simulations, often an impossible undertaking
given the limited resources of time and funding.
In such a case, a design of experiments approach
must be used to select a small subset of the total
number of possible combinations for simulation
runs, the end result being the attainment of an
acceptable confidence level (say, 90 percent or 95
percent) that the M&S tool will generate useful
results throughout the span and within the
boundaries of the parameter space for which it
was designed. It must be noted that a purely
statistical model cannot be extrapolated beyond
the range that it has been tested against. A
rigorous physics-based model has the potential to
be extrapolated beyond the range of actual live
testing only so long as the underlying physics has
been appropriately validated against real data.
This consideration is vital for modeling CB
scenarios that can never be actually tested, except
in the unfortunate case of a real CB warfare
event.

5. Following the testing and checkout phase, the
process of verification is typically initiated, often
by a third party to guarantee independence and
maximum objectivity. The adage of what consti-
tutes verification, ‘‘Was the model built right?’’
derives from the primary task of verifying an
M&S tool (i.e., ensuring that the source code and
the contents of related files, utilities, and libraries
is correct, complete, and consistent [the 3 Cs]
from the respect of meeting and satisfying all the
tool’s functional requirements). This relates back
to the scientific method, in that any theory
formulated to explain a given phenomenon must
pass the 3 Cs test to be considered a sound theory
worthy of inclusion in the epistemological
structure of science.

6. The final phase of the M&S cycle is the
companion to verification, the process of model
validation. Similar to verification, the validation
adage, ‘‘Was the right model built?’’ implies that
the purpose of validation is to demonstrate that
the tool creates the intended simulation for the
system of interest. Validation finalizes closure of
the complete end-to-end M&S cycle by coupling
the original top-level requirements to the ability
of the end product to perform its intended
function. Reflecting back on the scientific
method, theory must couple to experimental
results if it is to be a successful theory.

7. After the model has been verified and validated,
it is ready for actual use, which must not exceed
any limitations identified in the verification and
validation process. If such limitations are ignored,
there must at least be a caveat to any predictions
by understanding and identifying the limitations
of the model. Iterating the procedure of model-
test-model benefits both testing and modeling, as
every test serves as a potential source of additional
validation and/or correction to the model. The
primary benefit to testing is that it can be focused
on those areas of highest uncertainty.

8. One last entry in this list is the M&S domain-
equivalent to a subsequent discovery that an
established theory, while correct within its
domain of applicability, is incomplete and in
need of revision. A prime example in science is
the replacement of Newton’s law of gravity by the
theory of general relativity, the earlier law being
sufficient to explain motions only in the case of
weak gravitational fields. The correspondence in
model-building is the almost-assured periodic
requirement to upgrade and modify the M&S
tool to accommodate new systems, mission
environments beyond the original scope, higher
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resolution or faster throughput, or just an
expansion of model functionality to increase
simulation capability.

M&S application 1: CB
Dial-A-SensorTM (DAS)

The DAS M&S tool has had a long period of
development, design, and gradual improvement, each
phase reflecting the need for a particular special-
purpose variant, or a large improvement by incorpo-
rating more detailed and/or higher fidelity physics.
Originally developed in 1998 by ITT Corp. as a means
of simulating CB sensors and gauging the relative
performance of various designs, the first generation was
a simplification of the underlying geometrics of hazard
cloud detection. DAS functions in conjunction with
another ITT-developed tool, the Nuclear/Chem/Bio/
Radiological Environment Server (NCBR ES), which
generates and propagates the hazard cloud, with digital
representations of terrain and weather provided by
peripheral applications (specifically, the Compact
Terrain Data Base and the Army Test and Evaluation
Command four-dimensional weather model). DAS
then interrogates the volume of interest and alarms
when hazard conditions meet the detection threshold
set by (or ‘‘dialed in’’ by) the user. While it allowed for

CB attack/response scenarios to be played out in the
virtual constructive world (which could include net-
working to connect to a distributed simulation), it was
lacking in the level of physical fidelity that some users
wanted.

A later section of this article discusses Dugway
Developmental Detector Test Bed (D3TB), a higher
fidelity modeling tool. DAS is used as a module in part
of the D3TB application. During the development of
D3TB, it was apparent that some of the efforts of
higher fidelity modeling could also be applied to
improve the fidelity of DAS itself to create a sensor
model with fidelity intermediate between DAS and
D3TB. Thus, in 2007, the DAS Fidelity Enhancement
(FE) project was conducted, yielding a significant
improvement in performance. The main component of
the FE effort was to generate a more realistic digital
representation of standoff vapor hazard detection. This
new method centered around the Line By Line
Radiative Transfer Model (LBLRTM), reflecting the
physics of the standoff detection process. While this
new modeling paradigm resulted in higher fidelity
simulations, it required more and more difficult
calculations; however, with workstations becoming
progressively faster, the added computational load
was of little significance.

Figure 1. Radiative geometry of Line By Line Radiative Transfer Model (LBLRTM). The radiative geometry highlights the five

components that provide the inputs required to calculate the radiative transfer: background spectrum, atmospheric profile
(temperature, pressure, humidity), agent cloud parameters, interferent cloud parameters (if present), and detector attitude. (Provided

courtesy of Peter Mantica, ITT Corp.)
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The LBLRTM was the core of the new physics-
based module, the Composite Spectrum Simulator
Object Model. This model provides the transfer
function, which outputs the spectral radiances pro-
duced by both the background environment and the
hazard cloud as seen by the detector. The radiative
geometry (Figure 1) highlights the five components
that provide the inputs required to calculate the
radiative transfer: background spectrum, atmospheric
profile (temperature, pressure, humidity), agent cloud
parameters, interferent cloud parameters (if present),
and detector attitude. The background spectra stored
in the DAS library are only a subset of all possible
spectra an operational user might encounter and were
obtained by a John Hopkins University Applied
Physics Laboratory electro-optics team using a Bomem
MR-300 Spectroradiometer. As shown in Figure 1,
optical depths are calculated based on the atmospheric
gas content of each layer from a user-specified standard
atmosphere model, or from vertical profiles of
temperature, pressure, and humidity as provided by
the user. The vertical coordinate, labeled by the index i,
specifies the layer/level resolution. The user may input
any number of hazard and interferent clouds at any
range along the line of sight. Interferents can be vapor
or aerosol, but only extinction (no scattering) is
modeled for aerosol radiative effects (Lietzke and
Halsey 2006).

DAS has proven to be a highly versatile M&S tool, to
the extent that there are now three variants: DAS –
Analyzer (DAS-A), DAS – Real Time (DAS-RT), and
DAS – Non-real Time (DAS-NRT). As a specialized
variant, DAS-A is a dedicated posttest analysis
application that incorporates the DAS set of scan
pattern options to model the dynamics of a live detector
system under test (SUT). DAS-RT has retained most of
the original configuration and is compliant with
distributed interactive simulation, high-level architec-
ture, and test-training enabling architecture network
protocols for integration in real-time distributed LVC
testing. Last, DAS-NRT is the newest variant, being
customized to allow for user-selectable high-resolution
simulations of various detector designs. Running with a

new variant of the NCBR ES, relabeled the NCBR
Hazard Generator (HG), DAS-NRT was redesigned
for more efficient simulations of standoff detectors,
allowing NCBR HG and DAS-NRT to run complete
simulations at much faster than real time if resolution is
not a priority. Because of this added capability, DAS-
NRT is the core of an even newer M&S tool, the
D3TB, described below.

M&S application 2: Dugway
Developmental Detector Test Bed

The D3TB was developed to provide a capability for
creating high-fidelity modular CB detector models
with sufficient detail to predict system performance
realistically. The need for this application was apparent
in the shortfalls of both field and chamber testing;
while the former is restricted to simulants, requires a
large budget, and is dependent on the weather, the
latter cannot accommodate or simulate true environ-
mental backgrounds. With the underlying physics
incorporated in D3TB, the performance of both point
and standoff CB detectors can be predicted under
conditions where outdoor testing is neither feasible nor
possible. This approach results in a large number of
computational tasks being performed, with multiple
user-selectable options for output display/visualization
and for various measures of effectiveness. Because
D3TB simulations are computationally intensive and
require varying levels of resolution to maintain
required fidelity, the DAS-NRT tool forms the central
core, handling the calculations that model the various
functions of the sensor design being evaluated.

An example of applying the D3TB tool would be the
estimation of detector performance in a real tactical
environment with live agent. The tactical environment
poses a challenge over a controlled test environment in
that the environmental backgrounds are not only
cluttered with interfering species (e.g., industrial
emissions, smokes, fuel combustion by-products) but
also may differ in the type of topography (e.g.,
grassland vs. desert), as well as climate (temperature,
humidity, etc.). These environmental differences can
dramatically alter detector performance. By allowing

Figure 2. Dugway Developmental Detector Test Bed (D3TB) model block diagram. This diagram depicts the relationship between

user inputs, the signal synthesis module, and the detector logic module of interest.
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the use of actual terrain mappings, meteorological
data, agent class and type, threat delivery and
propagation, as well as detector class, model, and
platform, D3TB allows the tester to create a construc-
tive test or tactical environment in which to challenge
the SUT. D3TB uses these environmental character-
istics in conjunction with a ‘‘signal synthesis module’’
to create a synthetic agent signal, which is introduced
directly to the detection logic of the detector(s) to be
challenged. Thus, only the detection software code
need be present, rather than the actual instrument, so
hundreds of simulated detectors may be tested
simultaneously. A block diagram depicting the rela-
tionship between user inputs, the signal synthesis
module, and the detector logic module of interest is
shown in Figure 2.

D3TB also provides a valuable test planning aid. For
example, D3TB may be used by testers to assist in the
physical test setup, where stationary and mobile SUTs
must be positioned in order to maximize the useful
information gathered from given simulant releases.
D3TB provides a method to achieve this end with its
ability to import actual terrain, meteorology, SUT
platform, and simulant delivery and propagation data.
Another test design use for D3TB involves reducing
field test complexity. A full test matrix might have a
large number of variables, and directly testing them all
in the field can be intractable from standpoints of both
time and resources. By providing the capability to
conduct large numbers of simulations over the entire
test matrix, D3TB offers a relatively quick and
inexpensive method for generating statistical informa-
tion to assist testers and evaluators in determining
which variables to prioritize in their final test design.
In this way, M&S provides a valuable complement to
actual field testing.

The present iteration of D3TB has been designed to
run on a Linux desktop workstation and includes
detector modules for both the Joint Chemical Agent
Detector (JCAD) point chemical detection system, as
well as the passive infrared (IR) Joint Services
Lightweight Standoff Chemical Agent Detector, with
a model for the Joint Biological Point Detection
System currently in development. A further major
improvement in capability (provided funding is made
available) will be the incorporation of additional
physics-based models to perform analysis of test data
from active standoff detectors of biological agents.
These models embody IR light dection and ranging
(LIDAR)-based elastic (Rayleigh, Mie) and inelastic
(Raman) backscattering, and ultraviolet (UV) laser-
induced fluorescence. The recently fielded Joint
Bio Standoff Detector System has been designed to
exploit both technologies, having reached initial

operational capability early in fiscal year 2010, with
full operational capability scheduled for mid-fiscal year
2012.

M&S application 3: Advanced Chemical
Release Evaluation System (ACRES)

One of the most difficult and technically challenging
tasks in conducting field tests of CB detection systems
is the processing and analysis of referee test data, the
large volume of data obtained from an array of sensors
of various types positioned at multiple locations on and
around the site within the field test grid where the
SUTs are challenged, known as the ‘‘ground truth box.’’
The information from these sensors is intended to
characterize the time-dependent spatial and concen-
tration characteristics of the field simulant release to
which the SUTs were subjected during a given test
trial. In order to receive a clear picture of how well
the test detector performs in the field test environ-
ment, it is imperative that the time-dependent physical
properties of each simulant release are well character-
ized. This goal provides a number of challenges to
the tester, as the referee instrumentation deployed
around the ground truth box varies in detection
class (e.g., point and standoff), technology employed
(e.g., photo-ionization, infrared absorption, scattering,
photographic), as well type of data gathered (e.g.,
concentration, concentration-path length product,
or length). To complicate matters, each type of
detector possesses an inherent measurement error
attributable to its class. In areas where these measure-
ments overlap, the instrument errors must be weight-
ed against one another, and they must also be
considered for estimating cloud characteristics at points
within each release where data are sparse or nonexis-
tent.

To meet this goal, a development project was
awarded to Torch Technologies, which resulted in
the release of a new software application, the Advanced
Chemical Release Evaluation System, or ACRES. The
computational cycle begins with fusion of sensor data,
which are combined through a series of Schmidt-
Kalman filters to produce an optimized estimate of
cloud states. These cloud estimates are then propagated
via a transport and dispersion model, using meteoro-
logical and cloud release data, to predict agent cloud
simulant concentration at gridded points throughout
the cloud ensemble, which in turn predicts referee
sensor measurements for the next time step that are
combined and ‘‘fused’’ with new sensor data, repeating
the process until the cloud has exited the truth box.
Figure 3 is a simple block-level schematic of the
computational flow, including inputs, outputs, and
the primary compute/update phases of the cycle
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(Flaherty et al. 2011). At present, ACRES is a posttest
tool, though future plans are to adapt it to near-real-
time analysis of streamed ground truth data.

M&S application 4: Field Test Data
Analysis Tool (FTDAT)

The development of the Field Test Data Analysis
Tool (FTDAT) was motivated by a need to go beyond
the limited capabilities of the current version of DAS-
A, owing to its lack of realistic detector field of view
and its restricted and rigid output selection. Moreover,
the completion of ACRES mandated a new ‘‘back end’’
application that would neatly dovetail with its fused
data output to enable final analysis and display in a
more efficient and productive manner. Thus, the
primary function of FTDAT is posttest analysis using
ACRES and time-dependent SUT data to determine
the validity of detection and alarm events, given
calculated and measured concentration levels. The
Space Dynamics Laboratory of Utah State University
developed this latest addition to the collection of tools
used by WDTC for CB modeling. It reached initial
operational capability in November 2010, and refine-
ments are presently underway to improve field of
view scan capability, allow for both rectangular and
elliptical fields of view, allow for estimation of detec-
tor signal in partial field of view conditions, incorpo-
rate an elevation offset, build in improvements to the
GUI, and increase throughput rate by coding in C++
rather than IDL and by parallelizing the scan
computations.

M&S tool-building as a
science-based enterprise

The examples described above should provide
insight into the ways in which application of the
scientific method, translated into systems engineering
best practices, has been effective in addressing the
needs of testers and evaluators in separate domains of
the test and evaluation community. Although this
discussion has been limited to CB defense testing, the
paradigm of exploiting and advancing M&S through
implementation of the general principles of systems
engineering has broad and almost universal applicabil-
ity to the entire test and evaluation community.
Advancements in mathematical methods, higher levels
of parallelization, new and more refined software and
programming languages, and new computing hardware
technologies will build on and expand the value of
computational science to scientists in almost every
discipline and to engineers in many diverse fields,
enhancing M&S as a value-multiplier for testing, over
the complete span of complexity from isolated
components to systems of systems, whether as stand-
alone tools or as nodes in a global-scale distributed
real-time network. C
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Estimation of Location Error for Targeting Using
Parametric, Monte Carlo, and Bayesian Techniques

Arnon Hurwitz, Ph.D., William Kitto, Ph.D., Todd Remund, and James Brownlow, Ph.D.

Air Force Flight Test Center, Edwards Air Force Base, Edwards, California

This article presents an analysis of radial or ‘‘target’’ location error applicable to navigation,

weapon delivery, or sensor (e.g., synthetic aperture radar) targeting. The analysis is applied to

bomb-drop locations treated as target location error readings. Development of the circular error

probable, its 90th percentile error (CE90), and the 95-percent upper bound for CE90 are

presented using three techniques: parametric (model based) methods, Monte Carlo techniques,

and Bayesian estimates. Each procedure is applied to an unclassified data set of ‘‘targeting

errors.’’ The data set is very small (12 observations); even so, consistent results are found, and

advantages and disadvantages of each procedure are discussed.

Key words: Bayleigh; Maxwell-Boltzman; mcmc; elliptical error; TLE; target location

error; resampling; Bayesian Analysis.

T
arget location is defined by coordi-
nates—linear or angular quantities that
designate the position that a point
occupies in a given reference frame or
system. Getting the correct values for

target location error (TLE) is important from two
standpoints: (a) targets that are not precisely and
accurately located imply higher warhead and sortie
costs, and (b) precision location of targets is essential to
minimize collateral damage.

Errors in target location systems generally fall into
two categories: systematic and random. The errors
considered in this article are potentially of either type.
Understanding and predicting TLE is particularly
crucial to autonomous weapons development, largely
because of the desire for small circular error 90th
percentile (CE90) values.

This article presents an approach to estimating the
circular error probable (CEP, also called circular error
50th percentile, or CE50) and, more importantly, the
CE90 quantities from flight test data. CEP was
traditionally used as a measure of system accuracy in
weapon delivery, navigation, and target location
applications. Recent advances in technology and
increased use of drone vehicles to deliver weapons
and to locate targets makes CE90 estimates more
useful than CEP values. CE90 values are needed for
in-theater operations planners to minimize collateral
damage and fratricide and to specify the location of
potential targets. This article presents flight test data

analysis techniques used to determine CEP and CE90
values.

Inefficient methods based on ranking error miss
distances can be significantly improved. Techniques
addressed include

N Rayleigh distributions that admit cross-track
(XE) and long-track (LT) errors with different
variances,

N Monte Carlo methods, and
N Bayesian analysis techniques.

Traditional test and evaluation methods typically
require many, and sometimes even hundreds of, test
points to accurately quantify CE90; Monte Carlo and
Bayesian techniques are shown to achieve accurate
estimates of CEP- and CE90-comparable accuracies
with far fewer test points.

Each technique is applied to a data set of 12 points
from bomb drops at the Edwards test pilot school. A
table summarizing the results from each estimation
procedure and conclusions about future efforts in TLE
are presented. We believe that the three approaches
examined here give the community an added advantage
over previous methods in evaluating any system whose
criterion for success is based on some form of location
error measurement. In particular, we have focused on
CE90 rather than CEP, because this is, today, an
increasingly important consideration given the in-
creased accuracy of precision weapons and the need to
minimize collateral damage.
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CEP and CE90 estimation procedures
Historical development

The quest for precision bombardment and target
location has preoccupied military planners from the first
use of cannons in warfare to today’s precision guided
munitions. Ranking methods for determining the CE90
value from TLE data is based on rank statistics: given a
sample of size n, rank the observations and use the 90th
percentile value as an estimate of CE90. This is attractive
in that no assumptions about underlying distributions
must be made, but it typically is inefficient and may
require a large number of data points to get an estimate.
There is no easy way to get a confidence interval (CI) for
the CE90 estimate. Some work with resampling the
observed data set was considered, and it showed limited
success in estimating a distribution for CE90.

A parametric approach to a 95-percent upper
tolerance bound for TLE CE90 can be defined as
follows: CE90 is the radius of the circle drawn about the
target so that with 90-percent probability a point (x,y)
drawn randomly from a population is in that circle. The
population of interest is the two-dimensional (2D)
distribution of TLE points. In this section, we develop a
method for an upper 95-percent bound for CE90 using
distribution theory. The method relies on good estimates
of XE and LT standard deviations. This requirement is
not seen as onerous, because most TLE data, in our
experience, embodies many ($100) observations. We
show how to combine such observations in a logical
manner and then proceed to derive the required upper
bound. The method is demonstrated using a small data
set of 12 bivariate points. The standard assumption of
normality of the underlying distribution is made.

Previous work
A broad formalization of spatial error analysis is

found in Hsu (1999). An early (1962) proposal for
specifying CEP (i.e., CE50) in terms of a bivariate
normal distribution is the article by Chew and Boyce at
the U.S. Naval Weapons Lab in Dahlgren, Virginia.
An approximation for CEP over elliptical normal
distributions is given by Taub and Thomas (1983).
This work is cited in the article by Page (2006) at
Kirtland Air Force Base. A 2008 article by Meidunas,
at Kirtland Air Force Base, describes elliptical features
using the Mahalanobis D (distance) and Student’s-t
statistics. Further references are contained in these
articles.

A parametric approach
We give a sketch of our method here. Technical

(mathematical) details are available on request. The
method derives an upper tolerance limit via a Rayleigh
distribution that occurs naturally as a consequence of

assuming a bivariate normal distribution for the scatter
of XE and LT TLE readings. Data are shown in
Figure 1. There are 12 observations in the (XE,LT) 2D
space.

The basic idea is to transform the data to get
uncorrelated bivariate (normal) data:

1. If necessary, center each flight’s data at (0,0) to
obtain (X,Y).

2. Rotate each centered data set to align with the
XE axis and obtain (x,y).

3. Combine all data sets into one set and transform
that set orthogonally so that there’s no x–y

correlation and we obtain (V1,V2).

A 90-percent smallest-possible ellipse is then
created, based on the transformed data. This ellipse
is a 90-percent outer bound for TLE in 2D. Various
ways of specifying a ‘‘95-percent confidence limit’’ on
this 90-percent boundary can be examined. One set of
data is used here to illustrate the method, which can be
extended simply to many sets of data. The method can
also be extended to three-dimensional (3D) space to
incorporate vertical error. Figure 2 shows 12 TLE data
points and a line fitted by linear regression.

Figures 2 to 5 demonstrate the steps of centering the
data, rotating it to align with the XE axis, and then
orthogonalizing it.

Because the rotation and then orthogonal transform
of the data preserve distances, TLE in the original
space (the centered data) equates to TLE in the
transformed space; that is, TLE 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2zY 2
p

5ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2

1 zV2
2

q
. Given the assumption of normality for

(X,Y) if we set x2
i 5 n2

i /li for I 5 1, 2, and li, the
eigenvalues of the last (orthogonal) transform, then R
5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1zx2
2

q
has a Rayleigh distribution with parameter

s 5 1. From the cumulated density function of the

Figure 1. Original cross-track (horizontal axis) and long-track

(vertical axis) data with regression line.
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Rayleigh distribution, the 90th percentile of R is 2.15.
Given this number, it is straightforward to derive a
‘‘90th-percent smallest ellipse’’ for the scatter of TLE
points with the major half-axis a 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:62l1

p
5 299

and the minor half-axis b 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:62l2

p
5 67.

Plotting TLE values along the elliptical boundary,
we obtain the graph in Figure 6.

The ‘‘worst case’’ and ‘‘best case’’ bounds on TLE are
given for the present case of data; these coincide with
the major and minor semiaxis values of the ellipse.

An upper 95-percent tolerance bound for CE90
To find a single value that fixes an upper bound on

the multiplicity of CE90 values found along the
boundary of the 90-percent ellipse, we need to assume
that the ellipse has been estimated with a high degree
of confidence. For our small data set of 12 points this is

unlikely to be the case, but for data typically found in
cases of actual targeting or location records it is likely
to be close to reality. Data sets greater than 100 points
usually give us good estimates of the standard
deviations required in our formulas, and we assume

that the targeting system that generates such data is stable.
As we proceed under these assumptions, notwith-

standing the limited data set, we simulate 10,000
values of TLE along the 90-percent ellipse boundary
and then select the 95-percent quantile of these values
as our upper tolerance limit for the CE90 (Figure 7). A
tolerance limit covers a fixed proportion of the
population with stated confidence; the population, in
this case, is all possible values of TLE along the 90th-
percent density ellipse boundary, where

V1 , N(0, s2 5 l1) generates many values of V1 as
random normal,

V2 5 b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1{

V 12

a2

� �s
computes V2 as a function of

V1,
a2 5 4.62l1 and b2 5 4.62l2 derive a and b from
2.152 and l1 and l2, respectively, and

TLE 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V1

2zV2
2

p
.

From the 10,000 CE90 TLE values, find the upper
95-percent limit equal to 250 feet in this example. The
conclusion is that an upper 95-percent limit, imposed
as a circle with a radius of 250 feet, strikes a reasonable
compromise between the too-conservative (a 5 299)
and too-optimistic (b 5 67) bounds (Figure 8).

Extension to vertical error and 3D space
It is a straightforward extension of the preceding

analysis to include vertical error (VE). The error
space becomes a 3D ellipsoid and 3D TLE 5ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XE2zLT2zVE2
p

. The adjustments and computa-

Figure 2. Center data at 0 to get (X,Y).

Figure 4. Orthogonalize data to get (V1,V2).

Figure 3. Rotate data to align with cross-track (XE) axis to

get (x,y).
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tions follow similar lines: If Xi has a normal (0,1)

distribution, then Z 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2

1 zX 2
2 zX 2

3

q
has a Max-

well-Boltzman distribution with parameter a 5 1. As
the Maxwell-Boltzmann cumulated density function is
known, we can obtain a 90th percent (or any other
percentage) contour—it will be a 3D ellipsoid
(Figure 9). A 95-percent tolerance sphere can then be
derived, as shown earlier.

Monte Carlo methods

In TLE analysis, XE and LT error are used to
determine a target system’s precision and accuracy.
Circular error (CE), a function of the 2D coordinates
used for error analysis, is a measure that is essentially
devoid of direction. It only focuses on magnitude of
error. The phrase ‘‘essentially devoid’’ indicates that the
distribution of CE inherits its shape from the

Figure 6. Target location error (TLE) values plotted along the circular error 90th percentile (CE90) boundary.

Figure 5. Original data transformed from cross and long track (XE,LT) to (V1,V2).
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covariance structure of the 2D errors; hence, direc-
tionality is manifest in the distribution.

The methods developed in this section are not
restricted to any assumptions regarding correlation and
differences in variance between LT and XE data. CE

and its confidence bound can be calculated with respect
to two reference points: the intended target location
(ITL) and the mean point of impact (MPI). We focus
on CE with respect to MPI.

Bias adjustment
To adjust the CE to account for MPI, we first

determine whether it is justified statistically. A
statistical test can detect a deviation from ITL in the
sample of XE and LT coordinates. Hotelling’s T2 test
is a multivariate analogue of the t-test (Rencher 2002).
Rencher gives four reasons a multivariate test is best: in
short, it protects against type I error inflation, accounts
for the correlation structure between XE and LT, has
greater power of test, and is extendible to more
powerful approaches. This multivariate test formally
indicates that XE, LT, or both are different from the
ITL. Once significance is detected, then the univariate
tests detail in what direction significant biases may
exist. Then the adjustment for CE to the MPI is
performed only for the significant XE, LT, or both
biases.

Computation of CI multiplier
Formally, a CI guarantees that there is 100(1 2 a)%

confidence that our interval bounds have captured the
true population value. A point estimate and a measure
of uncertainty are required for building a CI. We use
the mean and standard deviation of the radial error.

Figure 7. 10,000 values of target location error (TLE, green

curve) simulated over the circular error 90th percentile (CE90)
boundary. The 95-percent upper limit as 95th quantile of this

distribution (red lines) equals 250 feet.

Figure 8. Upper 95-percent tolerance bound for circular error 90th percentile (CE90) as a circle with a radius of 250 feet. This circle,
and radius, applies in the cross- and long-track (XE,LT) space as it does in (V1,V2).
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In general,

Pr CE%ƒUð Þ~1{a

is suitable for defining a confidence bound, where CE%

is the percentile of interest. The upper confidence limit
U is a value that bounds the true CE percentile 100
(1 2 a)% of the time. Let r be the CE. A distribution
exists defining

CE%{�rr

sr
:

This is called the generic l distribution. We can use
the pivot method to create the CI (Bain and

Engelhardt 1992):

Pr
CE%{�rr

sr
ƒl1{a

� �
~1{a

Pr CE%ƒ�rrzl1{asrð Þ~1{a:

In the preceding expression, it is shown that the
confidence bounds are found by adding a certain
number of standard deviations from the mean to give a
limit bounding the true percentile 100(1 2 a)% of the
time. The parameter l1{a is a multiplier that could be
derived from a distribution. It is proposed that Monte
Carlo methods should be used to create this distribu-
tion nonparametrically. This is akin to finding a t-value
from a table in a statistics textbook to build a CI for a
t-test scenario.

To proceed, as in Figure 10, we take the sample (x,y)
and compute the mean of x (XE) and y (LT). In
addition, an estimate of the whole covariance matrix

^
S is

needed. These estimates can be used to generate data
from a hypothetical bivariate normal distribution. This
pseudopopulation is sampled 10,000 times, with
samples equal in size to the original sample. Each of
these samplings produces XE and LT coordinates from
which the radial errors are computed, as well as the l
value for each, as detailed in the figure. This creates a
sampling distribution of l. By following the conven-
tional method from this point, we simply choose the
100(1 2 a) percentile of the collection and use this as
the multiplier in the one-sided CI.

There are some issues related to this approach. For
small sample sizes, there is a chance that the sample
data points are gathered too close together to correctly

Figure 9. Representation of a circular error 90th percentile

(CE90) ellipsoid in three dimensions for target location error

(TLE): ground level intersects the ellipsoid in the horizontal

plane. (Modified from MathWorld—A Wolfram Web Resource.
‘‘Ellipsoid,’’ Eric W. Weisstein, http://mathworld.wolfram.com/

Ellipsoid.html).

Figure 10. Computation of the confidence interval (CI) multiplier via Monte Carlo simulation.
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represent the population. Hence, this creates exces-
sively tight confidence limits. This could equate to a
type I statistical error, in which we declare a difference
when there is none. To aid with this problem, consider
that the natural estimator of the covariance matrix is
conservative for small sample sizes.

The maximum likelihood estimate (MLE), which is
an estimate that is determined to be maximally likely
based on the data collected, is as follows. Define

R~
Xn

i~1

zi{�zzð ÞT zi{�zzð Þ,

where zi is a column vector and

Z~ x,y
� 	T

,

S~
1

n{1
R, and

ŜSMLE~
n{1

n
S~

1

n
R:

S is an unbiased estimate of the covariance matrix
derived from the MLE. S produces larger estimates of
variance and covariance for small sample sizes when
compared to the MLE. But for large n, the unbiased
estimate converges to the MLE. Hence, S provides a
natural conservative basis for building a CI, where the
conservative aspect washes out with increasing n.

CI performance/robustness
The performance of the CI can be evaluated using

coverage probability (Pawitan 2001). Using simulation
methods, we can check to see that the confidence
bound establishes the desired confidence. Table 1

indicates the actual confidence given for a specific
situation across different sample sizes. Correlation
between X and Y is denoted r, and we have the ratio of
standard deviation denoted accordingly.

This is done for the scenarios given in the column
headings in the table. For data that has normal
distribution, the coverage probability of the confidence
limit for CE90 performs well. The lowest coverage is
recorded at 94 percent when asking for 95 percent. The

robustness of this method for computing a confidence
bound is high. For situations in which XE error
variance is equivalent to half the size of the LT
variance, the limits perform well. Even when there is
correlation between XE and LT error, the bound only
becomes slightly tighter than it should be.

Application to TLE data
A graph with polar coordinates is provided in

Figure 11. There is a rectangular region about the
MPI that demonstrates the confidence region for the
centroid of the data. If any of the intervals do not cross
over zero, and the multivariate test indicates this, then
adjustments are made for calculation of CE with
respect to MPI (Table 2). The solid circle is the
estimate of CE90, and the dashed circle represents the
upper 95-percent confidence limit for CE90.

The multivariate and univariate tests identify a bias
in MPI (Table 3) in the XE direction, with an estimate
of 52.13 (95% CI of 22.62 to 81.63) feet right of the
ITL. After having made the bias adjustment to
significant MPI coordinates, the estimate of CE90 is
193.41 feet, with an upper 95-percent confidence limit
of 369.27 feet.

Table 1. Validation table via coverage probability.

5,000 repetitions, 95% CI r = 0 r = 0.5

Sample size (n) sy / sx = 1 sy / sx = 0.5 sy / sx = 1 sy / sx = 0.5

5 95.8% 94.5% 94.8% 94.4%

10 95.2% 94.4% 94.1% 94.3%

100 94.9% 94.7% 94.5% 94.0%

CI, confidence interval.

Table 3. Mean point of impact (MPI) bias analysis of 12-point

data set.*

Bias check

MPI bias Lower 95% CI Upper 95% CI

Cross track 52.13 22.62 81.63

Long track 10.28 264.69 85.24

CI, confidence interval.

Hotelling T2 P value 5 0.

Table 2. Circular error (CE) analysis of 12-point data set.

CE analysis

CE90 Upper 95% CI

CE 193.41 369.27

CE90, circular error 90th percentile; CI, confidence interval.
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Bayesian analysis
Bayesian analysis is controversial. As Agresti (2010)

puts it, frequentists look at ‘‘probability statements
[that] apply to possible values for the data, given the
parameters,’’ while Bayesians look at ‘‘possible values
for the parameters, given the data.’’ Frequentist data
analysis methods used to estimate CEP and CE90
assert that these entities are parameters (read ‘‘con-
stants’’) associated with a particular test or system. This
means the 95-percent Bayesian credibility interval has
the property that the statement ‘‘CE90 lies within this
interval’’ is true 95 percent of the time. Put another
way, here is a correct interpretation of the Bayesian
credibility interval if we had thousands of alternative
universes and conducted the same test in each of these
alternative universes, the collection of computed
Bayesian credibility interval would contain the CE90
parameter 95 percent of the time. This is a mouthful
and, for most analysts, a ‘‘mind-full.’’ The controversy
arises in that the Bayesian approach is to posit CE90 a
random variable, not a parameter or constant. Then,
using Bayes’ law to obtain the distribution of this
random variable, the statement ‘‘We are 95-percent
confident that the CE90 lies in this interval’’ is

perfectly acceptable. The distribution of CE90 is taken
to be the posterior distribution, that is, p(CEP|y) in
the Bayes formula. The key is that the posterior
distribution may not be known in closed form, but
Bayes’ law and the Markov chain Monte Carlo
processes provide a way to estimate this posterior
distribution.

Bayesian analysis is based on the conditional
probability equation: (a means ‘‘is proportion to’’)

p hjyð Þap yjhð Þp hð Þ: ð1Þ

In Equation 1, h is the (possible vector of) an item or
items of interest and y represents the observed data
values. In the present case, h is a vector that includes
sx, sy, and say, CEP and CE90 values. Bayesian
estimation is intuitively appealing in that we derive the
distribution of the items of interest given the data
p(h|y). Further, Bayesian estimation is advantageous
from at least two vantage points: (a) it does not require
as much data to estimate CE90 as do frequentist
methods, and (b) it provides a mechanism for
incorporating expert opinion, previous results, or both
through the prior distribution p(h).

Figure 11. Circular error 90th percentile (CE90) for the 12-point data set.
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To estimate p(h|y), two things are needed: a
likelihood function for the data p(y|h) and a prior
distribution p(h). Location or observed deviations from
a target point are typically assumed to be normally
distributed in each of two or three axes and, without
loss of generality, may be assumed to have zero
covariance (by simply rotating the coordinate axes).
Chew and Boyce (1962) derive the density function for
radial error under conditions of independence and
heteroscedasticity,

f rð Þ~ r

sxsy
exp {ar2

 �

I0 br2

 �

, ð2Þ

where

a~ sx
2zsy

2

 �.

2sxsy


 �2
,

B~ sx
2{sy

2

 �

2sxsy


 �2
, and

I0(z) is the zeroth-order Bessel function of the first
kind.

This distribution allows different values for sx and
for sy. Using this distribution requires that x and y
(XE and LT errors, respectively) to be independent
and normally distributed.

A prior distribution for the variables of interest, in
our case, (sx,sy), and (CEP,CE90), must be found.
Specifically, to specify f(r) in Equation 2, we need prior
estimates of sx and sy. Prior information about the
TLE errors from previous tests would be used here.
Uncertainty about these variables is typically handled
using a ‘‘vague’’ or ‘‘diffuse’’ prior. A vague prior
provides little information about the variable or
variables of interest. Also, Bayesian estimates typically
express uncertainty in terms of precision (5 1/
variance), instead of a standard error. ‘‘Small’’ precision
corresponds to ‘‘large’’ uncertainty. The usual choice

for ‘‘imprecision’’ associated with standard errors is a
gamma distribution with suitably chosen parameters,
c(c,d). Figure 12 shows a gamma distribution with a
mean of 1.E-04 and a variance of 1.E-08.

For sx and sy, we assign a large mean value and a
large uncertainty for these standard deviations. Again,
if information from previous tests or from field trials is
available, it would be incorporated by selection an
appropriate informative prior.

Using the likelihood function, Equation 2, and a
vague (gamma) prior on the precision of the standard
deviations, Equation 1 then yields a distribution for the
variables of interest—almost. Integration required to
estimate p(h|y) is mathematically intractable, a polite
way of saying we have no idea of how to do the integral
in closed form. Here’s where the Markov-chain
Monte-Carlo program that uses a Gibbs sampler to
execute a Markov-chain Monte-Carlo, OpenBUGS, is
run within R to get p(h|y).

To summarize, the procedure for estimating mean,
mode, or median CE90 and an associated Bayesian
credible interval, is as follows:

1. Use Equation 2, f (r) 5 r/(sx sy)exp(2ar2)I0(br2), as
the likelihood for the observed data. If x- and y-values
are available, get the radial errors:

a. subtract means x9 5 (x 2 E(x)) and y9 5 (y 2

E(y)) from the data,
b. compute covariance C 5 cov(x,y),
c. factor C using the Cholesky decomposition

C 5 L * LT,
d. compute transformed data (same standard devi-

ations, no correlation):

TXY ~ x’,y’

 �

� L{1 �
sx 0

0 sy

� �

r~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TXY1

2zTXY2

2
q

e. If only radial errors are available (no x- and y-
components), use them.

2. Use Bayes law to estimate sx, sy, and the posterior
distribution for CE90.

a. Define F(x).
b. Solve F(x) 5 0 for x:

F xð Þ~
ðx
0

f rjhð Þ{0:9 ð3Þ

In this manner, OpenBUGS provides the posterior
distribution h(CE90|r): mean CE90, median CE90,
and 95-percent Bayesian credible interval. All are
found using the posterior distribution.

Figure 12. c(1,1.E-04) prior used for (sx,sy).
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3. Add mean displacement back: CE90 5 CE90 +
offset.

Example: test pilot school data
This section presents a summary of the results of

using the preceding procedure applied to a set of 12
observations. The data were already given in Figure 5.
Using the preceding Bayesian estimation procedure,
with the generalized Rayleigh likelihood and gamma
prior distributions, Figure 13 presents the posterior
distribution of CE90 and synthetic aperture radar
targeting data. Figure 14 presents the cumulative
distribution of CE90 and associated 95-percent
Bayesian credible interval. Figure 15 presents test data

with CE90 and the CE90 95-percent upper credible
interval.

Using 12 observations, the mean for CE90 was
found to be 275 feet and the 95-percent Bayesian
credible interval is (240,325). Table 4 summarizes the
results of each CE90 estimation procedure.

Conclusion
This initial work on methods to characterize, and

bound, radial error distributions gives us three
options—parametric, simulation, and Bayes. Compar-
ison of the three methods we discuss in this article
(Table 4) shows that, for as small of a data set as we
deal with here, the methods give fairly consistent
results. Larger data sets are expected to give results that
have greater agreement, and more work needs be done
in this area.

The measures computed in this article are meant to
convey a confidence level regarding the accuracy of
TLE. TLE is traditionally measured in feet or meters,
and a CEP for horizontal position error, or CE90 for
probability is cited. The purpose of this article was to
examine a variety of ways to estimate CE90. The total
overall error in weapon delivery is a statistical

Figure 13. Posterior distribution of circular error 90th

percentile (CE90), synthetic aperture radar targeting data.

Figure 14. Cumulative distribution of circular error 90th

percentile (CE90) and associated 95-percent Bayesian

credible interval.

Table 4. Comparison of the three methods.

Estimation
procedure

CE90
(feet)

Lower 95%
CI (feet)

Upper 95%
CI (feet)

Parametric All ellipses in 2D Not computed 250

Monte Carlo 193 Not computed 369

Bayes estimate 275 240 325

CE90, circular error 90th percentile; CI, Bayesian credibility interval;

2D, two dimensions.

Figure 15. Test data with circular error 90th percentile (CE90)

and the CE90 95-percent upper Bayesian credible interval.
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combination of TLE and the errors associated with the
weapon (e.g., inertial navigation system, global posi-
tioning system, aircraft sensor misalignment, and
weapon dispersion). Today’s precision guided muni-
tions take much of the dispersion out of weapon
delivery so that minimal CE90 is required.

In conclusion, we have laid out in detail three
generic methods for estimating CE90 for any set of
targeting data. Which method is preferred can be
debated at several points, but when evaluating the TLE
of any system, it is straightforward to consider all three
methods in parallel. Time, and practical application,
will prove which method might be preferred for any
TLE system evaluation. C
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Maximum Likelihood Method for Measuring Airborne GPS
Accuracy Using Ranging Instruments

Theodore A. Miller, Ph.D.

SAIC, Patuxent River, Maryland

Measuring the accuracy of airborne global positioning systems (GPSs) and GPS/inertial

navigation systems is problematic because GPSs are currently more accurate than any other

system available. Typically, airborne accuracy is estimated by external truth sources on the

ground or with airborne, side-by-side comparisons to other GPSs. The problem with the ground

system methods is that the dynamics (accelerations, attitude changes, or test duration) simply do

not match the dynamics of the airborne systems. Measurements are made under different

dynamic conditions, leading to an imprecise assessment of the Kalman filters usually used to

drive these devices. When side-by-side flying comparisons are made, the problem is that the most

accurate GPS device can only be tested against another similar device, which, by definition, can

only be equally accurate. Worse, it is at least plausible that there are systematic errors common to

both instruments, and consequently, both test and reference devices may be equally, and

undetectably, inaccurate. Recent testing has indicated it may be possible to measure airborne

GPS accuracy using ranging instruments (radar, laser) at the Naval Air Systems Command’s

(NAVAIR) Atlantic Test Range (ATR), Patuxent River Naval Air Station. To do so,

however, a careful examination of the measurement science must be made. Keys to using

ranging instruments to measure GPS accuracy include: (a) exploiting the inherently different

geometries in GPS (Cartesian geometry) and in ranging instruments (spherical geometry); (b)

using very accurate ranging instruments, such as the Vitro radar system and the newly acquired

and commissioned laser ranging system at ATR; and (c) using the Maximum Likelihood

Method (MLM) as a statistical analysis tool to extract the accuracy parameters. This article

describes a probability function combining ranging instruments and GPS that can be used to

seed an MLM technique. The function demonstrates the ability to estimate GPS accuracy in

modeled, typical airborne-type trajectories. An examination of critical parameters is undertaken,

and a quality metric, which can be derived for experimental data, is proposed.

Key words: Estimation; GPS accuracy; laser ranging instruments; lever arm error signal;

Maximum Likelihood Method; measurement; NAVAIR Atlantic Test Range; Radar

instruments.

N
aval Air Systems Command’s (NA-
VAIR) Atlantic Test Range (ATR) is
responsible for operating a variety of
global positioning systems (GPSs)
and ranging systems, such as radar,

optical, and laser systems, to provide accurate time,
space, and position information measurements in
support of U.S. Navy test air platforms. On a routine,
approximately monthly basis, ATR runs range system
accuracy evaluation (RSAE) flights in which GPS is

used as a truth source to calibrate and troubleshoot the
ranging instruments.

However, the tables were turned in a recent
calibration flight when the plane flew a roughly
circular pattern some distance away from the radar
installation. The radar data identified a problem in the
GPS lever arm setup. As shown in Figure 1 there was
an easily identified periodic pattern that correlated
with the plane’s trajectory. That systemic error was
traced to a lever arm problem of approximately 1 meter.

ITEA Journal 2011; 32: 333–340
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The implication of such a large signal from a 1-meter
error is that a smaller GPS error may be measured
using radar with appropriate signal processing tech-
niques. This lever arm error signal was so dramatic that
it instigated this more serious effort to investigate
measuring GPS accuracy using radar or other ranging
instruments.

Background and methods
Spherical versus Cartesian native geometry

For the purposes of this paper, an instrument’s
native coordinate system is the one for which the
uncertainties are independent of position. GPS uses a
native Cartesian system, east-north-up (ENU), while
ranging instruments use a native spherical system,
azimuth-elevation-range (AER). The relationship is

shown in Figure 2. The mathematical conversion is
shown in Equation 1, where h is the azimuth and w is
the elevation.

Equation 1.

E~R cos w sin h

N~R cos w cos h

U~R sin w

Of course, one can readily translate a measurement
from one geometry to another. A GPS horizontal (east
or north) measurement uncertainty, however, is taken
to be constant throughout all ENU space. Similarly the
azimuth (for example) error of a spherical instrument is
taken to be constant throughout all space.

Using standard error propagation (Bevington and
Robinson 2002, 39–41) starting from the east compo-
nent of Equation 1, the east uncertainty of a spherical
instrument (in which sE represents east uncertainty
and the S subscript indicates the measurement
originated with a spherical instrument) is shown in
Equation 2. The constant spherical uncertainties are
range sRS

, elevation swS
, and azimuth shS

. Similar
expressions are readily derived for the north and up
uncertainty.

Equation 2.

s2
ES

~ cos2 wS sin2 hS

� �
sRS

2z RS
2 sin2 wS sin2 hS

� �
swS

2

z RS
2 cos2 wS cos2 hS

� �
shS

2

Figure 3 represents the east uncertainty using accura-
cies typical of GPS (Cartesian) and radar (spherical)
systems, plotted in a quadrant of space. The radar is
sited at the origin of the quadrant. The green surface is
the constant uncertainty of the GPS instrument. The
multicolored surface is the uncertainty of the radar,

Figure 1. Azimuth delta between radar and GPS data during

recent RSAE flight. Data shows periodic systematic error of

approximately 2 milliradians.

Figure 2. ENU system versus AER system.

Figure 3. East uncertainty of Cartesian instrument (green

plane) and a spherical instrument (colored surface).
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which varies in the ENU system, according to
Equation 2. This figure illustrates that, in at least
some regions, the radar is more accurate than the GPS.

Consequently we can take away two basic geomet-
rical heuristics to support this proposed MLM
assessment of GPS uncertainty:

1. The length subtended by the angular uncertainty
of the radar is smaller when the target is closer to
the radar site.

2. In the near range, the uncertainty is the smallest
perpendicular to range vector.

MLM
While the geometric considerations shown in

Figure 3 indicate that, under specific conditions, it is
certainly possible to calculate a GPS error, the goal is
to take advantage of the geometry maximally and using
all flight conditions. MLM may be used for this
purpose. It is a standard statistical technique that
generates such familiar measurement tools as the
standard deviation for normal distributions (Bevington
and Robinson 2002, 10–11). Incorporating the
geometric differences of the two types of instruments
into the MLM process provides the means to exploit
the geometric differences rigorously, as shown in
Figure 3.

To develop the MLM methodology for a fairly
complicated system, we can start with a simple system
for which the results are well accepted: a one-
dimensional normally distributed (Gaussian) error
system. Subsequently we extend MLM through four
increasingly complicated scenarios to get to the system
that represents the instruments in the RSAE flights.

N Scenario 1: one dimension, one instrument
(standard Gaussian or normal distributions);

N Scenario 2: three dimensions, one instrument;
N Scenario 3: three dimensions, two instruments,

same geometry; and
N Scenario 4: three dimensions, two instruments,

different geometry (GPS versus radar or laser).

Each of these MLM scenarios can be broken down
into a series of four consistent steps:

N MLM Step 1—define the measurement and
(possibly) the truth and error variables;

N MLM Step 2—define the probability model;
N MLM Step 3—define the (log of) the likelihood

function; and
N MLM Step 4—maximize the likelihood function.

The specifics of each step change with the different
scenarios.

Scenario 1: One dimension, one
instrument (Gaussian)

With one instrument, the assumption is the truth is
known.

Equation 3. Scenario 1: MLM Step 1—Define
measurement and truth and error

X~XM{XT ~dXzmX

X is the error variable, dX is random error, mX

represents a systematic error, XM is the measure-
ment, and XT is the truth. With an assumption of a
Gaussian distribution of random error, the well-known
probability model is (Bevington and Robinson 2002,
28).

Equation 4. Scenario 1: MLM Step 2—Define the
probability model

PG Xð Þ~PG X ;sX ,mXð Þ

~
1

sX

ffiffiffiffiffiffi
2p
p exp {

1

2

X{mX

sX

� �2
" #

,

in which sX and mX are the unknown distribution
parameters. Given a set of N measurements, indexed by
i, the likelihood function for this scenario is the
product of all the individual probabilities:

Equation 5.

L~ P
N

i~1

1

sX

ffiffiffiffiffiffi
2p
p exp {

1

2

Xi{mX

sX

� �2
" #

~
1

sX

ffiffiffiffiffiffi
2p
p

� �N

exp
XN

i~1

{
1

2

Xi{mX

sX

� �2
" # !

,

or
Equation 6. Scenario 1: MLM Step 3—Define the

(log of) likelihood function

lnL~{
1

2
N ln 2pð Þ{N lnsX{

XN

i~1

1

2

Xi{mX

sX

� �2
" #

:

To find the probability parameters, maximize the log of
the likelihood function by setting the derivatives to zero.

Equation 7. Scenario 1: MLM Step 4—Maximize
the likelihood function to solve for unknown
parameters

L lnL
Lm

~0~
1

sX
2

XN

i~1

xi{mXð Þ, solve for mX

L lnL
LsX

~{
N

sX
z
XN

i~1

Xi{mXð Þ2

sX
3

~0, solve fors:

This leads to the familiar forms for the arithmetic
mean and the sample standard deviation that are
widely accepted.
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Equation 8.

mX ~ 1
N

PN
i~1

Xi

sX
2~

1

N

XN

i~1

Xi{mXð Þ2

Scenario 2. Three dimensions,
one instrument

For this scenario position is measured in three
dimensions, call them X, Y, and Z. Similar to the one-
dimensional case, the truth is assumed to be known.

Equation 9. Scenario 2: MLM Step 1—Define
measurement and truth and error

X~XM{XT ~dXzmX

Y ~YM{YT ~dY zmY

Z~ZM{ZT ~dZzmZ

Then with an assumption of a Gaussian distribution
of random error for each dimension, the three-
dimensional extension of the probability model is

Equation 10.

PG X ,Y ,Zð Þ~P X ,Y ,Z;sX ,mX ,sY ,mY ,sZ,mZð Þ

~PG X ;sX ,mXð ÞPG Y ;sY ,mYð Þ

PG Z;sZ,mZð Þ
Equation 11. Scenario 2: MLM Step 2—Define

the probability model

PG X ,Y ,Zð Þ~ 1

sXsYsZ 2pð Þ3=2

exp {
1

2

X{mX

sX

� �2

z
Y {mY

sY

� �2

z
Z{mZ

sZ

� �2
" #" #

,

in which sY, mY, sZ, and mZ are the obvious extensions
of the probability parameters in Equation 4. Given a
set of N measurements, indexed by i, the likelihood
function is

Equation 12.

L~
1

sXsYsZ

ffiffiffiffiffiffi
2p
p

� �N

exp
XN

i~1

{
1

2

Xi{mX

sX

� �2
" 

z
Yi{mY

sY

� �2

z
Zi{mZ

sZ

� �2
#!

Equation 13. Scenario 2: MLM Step 3—Define
the (log of) likelihood function

lnL~{
3

2
N ln 2pð Þ{N lnsX

{
XN

i~1

1

2

Xi{mX

sX

� �2
" #

{N lnsY {
XN

i~1

1

2

Yi{mY

sY

� �2
" #

{ . . .

To maximize the likelihood function, again set the
derivative to zero. Since X, Y, and Z are independent
variables, the derivatives are all the same as Equation 7,
with Y and Z substituting for X. Consequently
Equation 8 can be replicated for both Y and Z as well.

Equation 14. Scenario 2: MLM Step 4—Solve for
probability parameters

mX ~
1

N

XN

i~1

Xi mY ~
1

N

XN

i~1

Y

mZ~
1

N

XN

i~1

Zi

s2
X ~

1

N

XN

i~1

Xi{mXð Þ2 s2
Y ~

1

N

XN

i~1

Yi{mYð Þ2

s2
Y ~

1

N

XN

i~1

Zi{mZð Þ2

Scenario 3. Three dimensions, two
instruments, same coordinate system

The two-instrument scenario is an acknowledge-
ment that there may be no known truth source.
Consequently the uncertainties in both instruments
should be considered. If the two instruments have the
same coordinate system, the extension to Equation 9 is
Equation 15 in which the 1 and the 2 indicate the
different instruments. Note that the truth variables,
XT, YT, and ZT, are eliminated from the equation so
there is no calculation that can discover them.

Equation 15. Scenario 3: MLM Step 1—Define
the measurement and error (no truth)

X~X 1M{X 2M~ XT zdX 1zmX 1ð Þ

{ XT zdX 2zmX2ð Þ

Y ~Y 1M{Y 2M~ YT zdY 1zmY 1ð Þ

{ YT zdY 2zmY 2ð Þ

Z~Z1M{Z2M~ ZT zdZ1zmZ1ð Þ

{ ZT zdZ2zmZ2ð Þ
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We expect each of the instruments to have Gaussian
distributions about each axis. Specifically for X,
standard error propagation of dependent variables
defines a combined random and systematic error,

Equation 16.

mX ~ mX 1zmX 2ð Þ=2

sX ~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sX 1

2zsX 2
2

p
This leads to a probability distribution

Equation 17. Scenario 3: MLM Step 2—Define
the probability model

PG X ,Y ,Zð Þ~ 1

sXsYsZ 2pð Þ3=2

exp {
1

2

X{mX

sX

� �2
""

z
Y {mY

sY

� �2

z
Z{mZ

sZ

� �2
##
:

The alert reader will note that Equation 17 is exactly
the same as Equation 11, although the definitions for
X, Y, and Z are different. Consequently the equation
for (log of) the likelihood function is exactly the same
as Equation 13, and the solution for the ms and ss is
exactly the same as Equation 14.

Scenario 3: MLM Step 3—Define the (log
of) Likelihood function

Same as Equation 13.

Scenario 3: MLM Step 4—Solve for
probability parameters

Same as Equation 14.
It should be noted that the probability parameters

that are recovered are mX and sX and similar for Y and
Z. With the two instruments in the same coordinate

system, there is no way to resolve mX1, mX2, sX1, or sX2

(or their extension to other dimensions) individually.
However, as shown in the next scenario, this does not
hold since the two instruments are natively in different
coordinate systems.

Scenario 4. Three dimensions, two
instruments, differing coordinate
systems (Cartesian-spherical)

To be concise in this scenario, the systematic errors
m are combined into the measurement in the native
coordinate system. To recover the systematic error for a
specific independent variable, it can simply be
subtracted out. For example, EC R EC 2 mEC

or wC

R wC 2 mwC
. The difference in positions in the ENU

system defines the measurement delta. The measure-
ment delta consists of one measurement from the
native ENU instrument and two or three measure-
ments from the AER system.

Equation 18. Scenario 4: MLM Step 1—Define
the measurement and error (no truth)

E~EC{ES~EC{RS coswS sin hS

N~NC{NS~NC{RS coswS cos hS

U~UC{US~UC{RS sinwS

The C and S subscripts in Equation 18 refer to
measurements from Cartesian and spherical instru-
ments. As in Equation 15, the left-hand side is a
dependent variable and the right-hand side is a
function of independent variables. In this case we
expect a standard deviation of the form

Equation 19.

s2
E~

LE

LEC

� �2

sEC

2z
LE

LRS

� �2

sRS

2z
LE

LwS

� �2

swS

2

z
LE

LhS

� �2

shS

2

and similarly for the other dependent variables (E and
N). Specifically, this works out to

Equation 20.

s2
E~sEC

2z cos2 wS sin2 hS

� �
sRS

2

z RS
2sin2wSsin2hS

� �
swS

2z RS
2cos2wS cos2hS

� �
shS

2

s2
N~sNC

2z cos2 wS cos2 hS

� �
sRS

2

z RS
2 sin2wS cos2hS

� �
swS

2z RS
2 cos2wSsin2hS

� �
shS

2

s2
U ~sUC

2z sin2 wS

� �
sRS

2z RS
2 cos2 wS

� �
swS

2

The partial derivatives are calculated for the case of
constant systematic errors. If the systematic errors are
functions of the independent variables, they must be
accounted for in Equation 20. The consequent
probability model, again with the systematic errors
(m) hidden, is

Equation 21. Scenario 4: MLM Step 2—Define
the probability model

P E,N ,Uð Þ~ 1

sEsNsU 2pð Þ3=2

exp {
1

2

E

sE

� �2

z
N

sN

� �2

z
U

sU

� �2
" #" #

And the likelihood function for a series of N
measurements is
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Equation 22.

L~ P
N

i~1

1
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sNi

sUi
2pð Þ3=2

exp {
1

2

Ei

sEi
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z
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� �2
" #" #

,

or
Equation 23. Scenario 4: MLM Step 3—Define

the (log of) likelihood function

lnL~{
3

2
N ln 2pð Þ{
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lnsEi
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i~1
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{
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lnsUi

{
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1

2
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� �2

z
Ui
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� �2
" #

in which the explicit dependence of the uncertainties on
the index i (e.g.,sEi

) is maintained because they explicitly
depend on the ith position. This index dependence related
to position in space is how the benefits of using two
different geometries can be exploited.

Scenario 4: MLM Step 4—Solve for
probability parameters

Because of that dependence on i, there is no
analytical solution, as in Equation 8. The probability
parameters have to be determined by algorithmic
maximization of the equation for ln L.

For our model GPS as the Cartesian system, the
symmetry of the east and north GPS uncertainty was
used to fix sEC

equal to sNC
. With a little foresight the

systematic error of the radar was held fixed at zero, but
the systematic error of the GPS was allowed to vary.
The differing treatment was to speed up the analysis,
since, given the accuracy of the GPS, it should be
relatively easy to find fixed offsets for the AER data.

The method of using random sets
It was discovered that minimizing the full set of data

with different iterations of randomized data produced
differing results. The results were generally pretty close
to the model data probability parameters, but there was
still some variation. To characterize that variation, a
method was developed to randomly sample a portion of
the data and evaluate it. This process was repeatedly
iterated with a different random sample of the same
data and repeated multiple times. Consequently an
ensemble of randomized subsets was evaluated. For the
results presented here, the portion chosen was 50
percent, and it was evaluated 100 times. This is a

method that may be used with experimental data as
well as modeled data.

Results
Baseline model trajectory

As a preliminary validation effort, the MLM was
evaluated with modeled data, which was randomized
with known probability parameters. All the random-
ization parameters were chosen to mimic radar and
GPS parameters at ATR. These same results hold for
any Cartesian and/or spherical instrument, but the
results here are designed to mimic typical GPS and
radar.

The modeled trajectory consists of a ‘‘big’’ loop and a
‘‘little’’ loop. The big loop is a circular track centered at
10.5 km east with a radius of 10 km so its range was
65 km north and ranged from 0.5 km to 20.5 km east
of the radar installation. The altitude increased from
500 to 1,000 meters during the course of the full circle,
as shown in Figure 4. The big loop serves to measure
radar accuracy parameters. A smaller loop (0.5-km
radius) is centered closer (1 km east) and is used to
provide data to more accurately evaluate the GPS
parameters. Taken together, this is the ‘‘truth source’’
trajectory that is used as a base for the randomized data
for GPS and radar data sets.

For GPS, a sigma is chosen for each ENU
coordinate, and then a normal distribution is created
from that sigma and added to the truth-source
trajectory. For radar, the baseline truth trajectory is
converted into AER coordinates, a normal distribution
is created from the azimuth, elevation, and range
sigmas and added to the trajectory in the AER system,
and the results are converted back to the ENU system.
A delta is calculated in the ENU system and then used
in an MLM analysis. Figure 5 shows a histogram of

Figure 4. Test trajectory with large loop to establish radar

parameters, and smaller loops to establish GPS parameters
more accurately.
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these delta calculations. These correspond to the
measurements in Equation 18. It is noteworthy that
the east and north histograms are not identical, even
though they are generated with identical uncertainty
parameters. The root cause is that the trajectory is not
symmetrical with respect to east and north, and the
geometrical differences between ENU and AER cause
the different delta distributions.

Baseline results
The input parameters for the model and the result of

the MLM measurement technique of Scenario 4,
above, are shown below in Table 1. With these model
parameters and the specific baseline test trajectory of
Figure 4, the fidelity of the MLM minimization is very
good, to within a few percent of the actual value.

Random subsets to define a
quality measurement

To get an idea of the repeatability of the MLM
process, a method evaluating an ensemble of random-
ized subsets was implemented. The method is:

1) Create a test set of data with a baseline model
trajectory like that in Figure 4 and with a single set of

randomized ENU (GPS) and AER (radar) deviations
from the baseline model. This data set represents a set
that could be collected experimentally during one flight.

2) Select a random subset of 50 percent of the data
and perform an MLM minimization to evaluate the
uncertainties of the GPS and radar instruments.

3) Perform 100 repetitions of Step 2 with different
randomized subsets to get a set of 100 values of each
GPS and radar uncertainty.

4) Obtain a mean and standard deviation of those
100 values for each uncertainty. This leads to a
somewhat confusing nomenclature: the uncertainty of
the uncertainty—that is, the spread in values we are
measuring for the GPS and radar uncertainty. We can
symbolize this as ss. The mean of that distribution can
be symbolized as ms. The MLM results of Table 1 are
ms 6 ss. As an example the distribution of the results
for the horizontal (east and north) GPS uncertainty is
shown in Figure 6.

For this set of baseline parameters the MLM
method successfully retrieved the values of the model.
We know it is successful, however, because we know
the parameters of the model (since we made the
model). The question is how an engineer in the field
can test to see if the values calculated by the MLM are
valid. The answer is to use the ss, which can be
calculated from experimental data. If ss is too big, the
MLM result is invalid. If it is small enough, then the
MLM method is valid.

Given the remarkable results of the baseline model, the
question becomes how far those results can be extended
to increasingly more accurate GPS. The answer, it turns
out, is maybe a little bit further but not too much—
perhaps 5 centimeters with this set of radar parameters.

Table 1. Baseline probability parameters used to randomize

test data and the MLM results.

Instrument
Coordinate

system Coordinates

Model
input
smodel

MLM
result
sMLM

GPS ENU East (m) 10 10 6 0.3

North (m) 10 10 6 0.3

Up (cm) 20 21 6 2

Radar AER Az. (mRad) 0.1 0.100 6 0.001

Elev. (mRad) 0.1 0.100 6 0.000

Range 3 2.99 6 0.01

Figure 5. Histogram of ENU deltas derived from differences

between normal errors in ENU and AER systems. Figure 6. Histogram of GPS horizontal uncertainty using

baseline results.
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How small should ss be? To answer this question, a
series of tests was run with the same parameters as the
baseline model, except the GPS uncertainty was varied
over a wide range. The horizontal GPS accuracy was
varied logarithmically from 1 millimeter to 50 meters.
The vertical GPS accuracy was always maintained at
double the horizontal accuracy.

For these tests, a quality factor (QF) is proposed to
determine the validity of experimental results. The
proposed QF is

Equation 24. Quality factor.

QF~
ss

ms

It is important to realize this QF does not rely on any
knowledge of the underlying truth data or a priori
knowledge of measurement uncertainty, and that it can be
evaluated directly from experimental data. An examina-
tion of the data in this paper indicates a QF of less than
0.3 separates good measurements from bad ones.

The result of various GPS accuracy is shown in
Figure 7. The range of MLM measurements of that
uncertainty is shown by the vertical blue bar (ms 6

ss). The red and green circles indicate what the MLM
measurement should be, i.e., the ideal measurement.
The green circle indicates a criterion of the QF , 0.3;
the red is when QF . 0.3. For most of the green
circles, there is a very tight range of MLM measure-
ment—so tight it is hidden behind the green circle
marker. When the blue bar representing the range of

measurements is too large, the QF is large and that is,
consequently, indicated by the red circle.

This data shows an accurate measurement of modeled
GPS uncertainty as low as 5 centimeters. It is interesting
to note there is a ‘‘sweet spot’’ of green circles where the
MLM technique is accurate. Points to the left of the
sweet spot indicate GPS accuracy too small to measure.
Points to the right of the sweet spot indicate the GPS
data is too uncertain to characterize the radar uncer-
tainty effectively. It is unlikely real-world tests will be
run to the right of the sweet spot, so any real-world
measurement of GPS uncertainty can probably be
labeled as ‘‘accurate’’ or ‘‘too small to measure.’’

Conclusion
An MLM has been developed to exploit the

geometrical differences between ranging instruments
and GPS instruments for the purpose of assessing GPS
accuracy. Using a randomized data model with
uncertainties of typical radar instruments at ATR, it
has been demonstrated that it is possible to assess the
accuracy of very accurate GPS. This is important
because there is no other method to measure airborne
GPS accuracy. A quality metric has been proposed that
can be evaluated independently of the underlying true
trajectory and that can determine whether a GPS
accuracy measurement, using this MLM method, is
valid. C
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Figure 7. Results from varying GPS accuracy (sH is the
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red and green circles represent the ideal MLM result. Red

indicates the MLM-measurement QF failed; green indicates it

passed. The blue vertical bars represent the range of the actual

MLM result. For most of the green (passing) results, the blue
bar is smaller than the green circle.
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Multipath Fading Cancellation: Using a Tap Delay to
Improve Signal Spectrum

William Chen, James Brownlow, Ph.D., Erich Brownlow, Jerry Phibbs, Charles D. Lane,

Andrew Thornburg, and Jeff Tartaglini

Air Force Flight Test Center, Edwards Air Force Base, Edwards, California

Multipath fading affects communication and telemetry signals. Multipath propagation distorts

receive signal characteristics, primarily signal amplitude. This distortion is the result of path

length differences, physical changes in the transmitting medium, reflection, and diffraction.

Multipath fading is the sum of these effects—it can be ‘‘fast’’ or ‘‘slow’’ fading. Multipath fading

reduces the signal-to-noise ratio, resulting in degraded communication or data link capability.

An example of this phenomenon on the battlefield is unclear video pictures and subsequent loss of

target identification capability. In this article, we investigate the feasibility of using a two-tap

delay signal-processing approach to improve signal spectrum purity and illustrate it on example

data. This test method is ‘‘digital’’ tap delay; all data has been digitized. The primary emphasis

of this article is to develop the concept.

Key words: Fading; digital signal processing; multipath; radar communication.

M
ultipath fading (Barton 1988;
Bertoni 2000; Sklar 2001; Willis
2007) is a common problem
encountered in telecommunica-
tions. Multipath signal interfer-

ence can cause fading in communication systems;
examples of slow fading (Huo 1996) and fast fading
(Willis 2007) are presented in Figures 1 and 2,
respectively. Various techniques to reduce multipath
interference and hence reduce fading have been
investigated. Examples include an adaptive array
approach (Zenter and Zenter 2004), a smart transmit-

ting antenna array (Denidni and Delisle 1992), and the
constant modulus conjugate gradient technique (Gray
1992). None of these techniques have yielded com-
pletely satisfactory results. In this article, we demon-
strate a tap delay method to reduce the signal-to-
interference ratio. We propose to reduce multipath
signal interference (Chen et al. 2010) by using a time-
domain-sampled tap delay technique.

An example we consider is a single-channel-based
receive system, receiving transmitted waves Tx #1 and

Figure 1. Example of slow fading (from Huo 1996). Figure 2. Example of fast fading (from Willis 2007).
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Tx #2, as shown in Figure 3. The ground-based receive
system can be in a control chamber environment or use
outdoor receivers. As shown Figure 3, in addition to the
direct signal communication path, there are multiple
(reflected) signal paths from transmitting antennas.

Formulation of the problem
Figure 3 shows the signal paths received include the

direct path and a set of secondary paths from a transmit
antenna. When the receive gate is open long enough to

collect information from various paths, then the basic
multichannel receiving process may be expressed as

PiR~Hi,j � Si,tzNir , ð1Þ
where

PiR is the received power (in decibel-milliwatts) in
the ith receive channel;
Hi,j is the channel response density matrix, or
contribution to channel i from element j in the
adaptive receive array;

Figure 3. Multipath scenario: direct and multipath signal.

Figure 4. Three-dimensional plot using ‘‘R.’’
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Si,t is the signal power presented to the ith receive
channel (both in decibel-milliwatts) at time t; and
Nir is receive noise in the ith (in decibel-milliwatts).
For the single-channel receiver case, i 5 1.

With multipath signal interference, the signal
spectrum is altered in phase, or the time of the
multipath signal’s arrival to the receive path. An
example of a direct line-of-sight (LOS) signal and
multipath signals, after being digitized, is shown in
Figure 4. Here, multipath signals arrive at the receive
path at different strengths, angles, and time delays.
The plot shows examples of main and multipath
signals. We propose a tap delay processing system to
work with the single-channel receiver, as shown in
Figure 5.

The purpose of using tap delay processing is to
better isolate the receive signal by reducing the effects
of multipath fading and boosting the signal-to-
interference ratio. This technique can be applied in
an indoor chamber or outdoors to cancel unwanted
echo signals.

Tap delay application
A multipath signal is delayed relative to the direct

signal at the receive gate; hence, a tap delay line may be
used to isolate and cancel the multipath interference.
The concept of tap delay line canceling is shown in
Figure 6. Tap delay methods have been widely used in
both hardware and software design. There are both
‘‘analog tap’’ and ‘‘digital tap’’ delay methods. The basic

delay chain element (Oppenheim and Schafer 1989) is
shown in Figure 7, where

z{M1 is the delay operator;
b(i) is the delay weighting factor;
x(n) is the input data at time n; and
y(n) is the output data at time n.

Multipath fading cancellation
Figure 7 shows a tap delay line set up to cancel

unwanted multipath interference. The tap delay
weights’ bMs are determined dynamically to minimize
the difference between the desired signal (usually
transmitted) and the processed signal. A tap delay line
is essentially a finite impulse response filter with
dynamically derived weights.

We begin by modeling the output signal as

y nð Þ~b nð Þ � x nð Þ~
X?
k~0

b kð Þ � x n{kð Þ, ð2Þ

the usual convolution operator.
The adjustable B(z) is then

B zð Þ~
XM
k~0

bhatð Þ kð Þz{k ð3Þ

for a ‘‘kth’’ order filter. The problem is to derive the bhat

values in real time.
In a least-squares sense, the problem is to minimize

the mean square estimation error:

Figure 5. Receive channel with digital tap delay signal flow.

Figure 6. Tap delay canceling of multipath fading technique.
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E e 2 nð Þ
� �

~E y nð Þ{x nð Þ
�� ��2

~
1

2p

ðp
{p

Sx½ � exp jvð Þð Þ B exp jvð Þð Þj

{Bhat exp jvð Þð Þj2 dv

~min
X?
k~0

b kð Þ{bhat kð Þð Þ2
 !

ð4Þ

Here,
S~E x � d vð Þ½ �, ð5Þ

where

S is the expected value of x and d(t) and can be
interpreted as the antenna steering vector;
x is the test data; and
d(t) is the desired pulse.

This is done using typical least squares as follows:
For an mth order tap equation, minimize

B zð Þ{
XM
k~0

bhatð Þ kð Þz{k

 !�����
�����

2

~

min
XM
k~0

bk{bhatk kð Þ2
	 
 !

z
X?

k~Mz1

b2
k

ð6Þ

so that the first m coefficients of the mth order tap
delay line are

min B zð Þ{
XM
k~0

bhatð Þ kð Þz{k

�����
�����

 !
: ð7Þ

So, given the frequency response of x(n) (the desired
signal), we compute the b(n) as

b nð Þ~ W ’Wð Þ{1W ’x nð Þ: ð8Þ

In general, W9W 5 R, the expected value of test the
signal covariance matrix from the tap delay operation.
This gives the least squares estimates of the coefficients
to be used in the tap delay filter.

In mathematical form, the output of the tap delay
canceler (Compton 1998), Y, is

Y ~bT X , ð9Þ
where

Y is the output of the receive channel (in decibels)
after cancellation;
X is the input receive signal (in decibels) in the
receive channel; and
b is the cancellation weighting function for the
receive channel.

Equation 9 represents the collection of tap delay
weighting factors to be used for the proposed
multipath cancellation. In general, the weight is built
up by a steering beam S that consists of a replica of the
desired receive signal, which is expressed as Equation 5;
b is given by the least squares solution in Equation 8.
Using the preceding equations, the covariance matrix R

can be constructed by a sliding data cube average, tap
delay cancellation can be applied to reduce the unwanted
multipath signal and indoor or outdoor echo, as well as
to improve signal spectrum purity.

Application of the multipath fading
cancellation method to experimental data

An experiment was set up to simulate the direct and
the multipath effects of the receiving signal. Commu-
nication set data were collected using an identification
friend-or-foe signal at 1.03 GHz generated in a
laboratory, as shown in Figure 8. Intended multipath
signals were introduced by optical delay line during the
collection process. Data were recorded using an
Aeroflex broadband signal analyzer.1

For digital tap delay application, our first step is to
build data cubes for tap delay processing. These were
generated by Matlab, as shown in Figure 9. This is
used to keep a running average of the signal covariance
matrix R to establish the delay weight factor, as shown
in Equation 4.

Here, R (the average of R1, R2, and R3) is the
expected value of the covariance matrix used in the data
string. Using more taps increases the statistical stability

Figure 7. Basic tap delay line data flow.
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of the ‘‘average’’ R and results in more smoothing of
the received signal (Widrow 1985). The recorded
output signal, shown in Figure 10, is the desired direct
path plus simulated multipath delay at the time plot.
Figure 11 shows how the lobe spectrum was destroyed
by the effect of a multipath signal. In this case, we
simulated one multipath delay alone because of the
optical delay line availability at the time of measure-
ment.

From the data with the simulated multipath, we also
examined the direct path and multipath signal
spectrum, as plotted in Figure 12. It shows the uniform
main- and sidelobe spectra without multipath inter-
ference in the blue spectrum, and the unwanted lobe
shows the multipath signal interference in red
spectrum, which introduces the fading effect at the
identification friend-or-foe link. More multipath
signals are expected to introduce more effect at the
main and sidelobe.

By using Equations 2 to 9, a least-squares minimi-
zation process is proposed to estimate the sequence of
tap delay digital signal weights. Signal processing using
this approach was applied to the experimental data
shown in the test setup of Figure 8. The results are
shown in Figures 13 to 19.

To exercise digital tap delay signal processing, our
experiment was applied to the test ‘‘one multipath +
desired direct path’’ signal. The covariance matrix and
delay weight were constructed according Equations 5
to 9. The delay weight was applied to the test data via
Equation 9. The measured data, from Figures 17 to 19,
show the improved multipath interference reduction
after two-tap delay processing. In this ‘‘fixed scenario’’ condition with known

parameters, the tap delay processed signal shows
improved signal strength and sidelobe reduction.
Although this case includes experimental data gener-
ated in a controlled laboratory, similar results would be
expected in actual applications. The optimal number of
taps, time delays, and number of receive channels all
play roles in optimizing a reduction in the signal-to-
interference outcome, as indicated in Compton 1988.
The optimization of tap delay for our application
requires more experimental data to implement it.

Figure 8. Simplified experiment setup for identification friend-or-foe (IFF) test.

Figure 9. Data cube to generate covariance matrix R at digital

tap delay application.

Figure 10. Recorded direct and one-delay multipath amplitude

signals. IQ 5 in-phase quadrature.

Figure 11. Spectrum of direct and one-delay multipath signals.

The undesired lobe is the result of multipath interference.
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Conclusion
Use of a tap delay to reduce multipath fading

interference was demonstrated. Tap delay processing
with three-tap delays on a single receive channel was
demonstrated. There are constraints to exercising our

tap delay processing technique at this time: (1) this
experiment was done in a controlled laboratory as a
special static state case, and (2) processing was done
with a single pulse-repetition interval. This technique
appears to be promising as a way to improve test and
communications in a controlled laboratory setting. A
potential benefit would be the ability to cancel the

Figure 12. Direct signal with (red) and without (blue) multipath

interference from lab-measured data. Blue shows the desired

direct path signal.

Figure 13. Time sequence data, as shown from experiment.

Figure 14. Magnifying one of the signal bundles from
Figure 13.

Figure 15. Examining phase transition of both signals.

Figure 16. Time signal of before and after tap delay digital

signal processing.

Figure 17. Signal magnifying from left plot.
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‘‘unwanted radio frequency echo’’ in the chamber or in
an outdoor environment, which would improve radar,
communications, and telemetry after data processing at
the chamber and other areas at Edwards Air Force
Base.

The implementation proposed in this article was
done in Matlab coding. ‘‘Automatic’’ determination of
the tap delay weights designed to minimize multipath
interference can be developed. A more aggressive
method, such as canceling every perturbing signal
without tapping, is under consideration. C
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On the Performance of Serially Concatenated Continuous
Phase Modulation-Orthogonal Frequency Division

Multiplexing (CPM-OFDM) Schemes for
Aeronautical Telemetry

Marilynn Wylie, Ph.D. and Glenn Green

Gem Direct, Inc., Irving, Texas

We investigate the performance of a serially concatenated, convolutionally encoded Continuous

Phase Modulation (CPM)-Orthogonal Frequency Division Multiplexing (OFDM) scheme in

various frequency selective fading environments. CPM-OFDM is a novel modulation

technique that assigns the sampled, complex outputs of a CPM to a set of orthogonal subcarriers

for a discrete Fourier transform (DFT)-precoded OFDM-style transmission. This approach

maintains much of the power efficiency of CPM while incorporating the spectral efficiency of

OFDM. At the receiver low-complexity frequency-domain equalization techniques can be

applied to mitigate the impact of the radio channel. The serially concatenated scheme is

comprised of an inner code and an outer code. The inner code is generated from the discrete-time

samples of a pulse code modulation (PCM)-frequency modulation (FM) while the outer code is

derived from a nonrecursive convolutional code. Performance is evaluated over the additive

white Gaussian noise (AWGN) channel as well as in frequency-selective fading environments

typically found in aeronautical telemetry.

Key words: Continuous phase modulation; OFDM; serially concatenated codes;

telemetry; spectral efficiency; coding.

C
ontinuous phase modulation (CPM)
forms a class of constant-envelope,
continuous-phase signaling formats
that are known to be efficient in both
power and bandwidth (Anderson,

Aulin, and Sundberg 1986). The constant-envelope
property results in a peak-to-average power ratio of
unity, thus making it ideal in aeronautical telemetry
applications where restrictions on device size and
weight warrant efficient power amplification. Advances
in modern telemetry-system complexity have driven
operation to larger bands in order to accommodate data
rates on the order of 10–20 Mbits/s in the spectrum
allocated to aeronautical telemetry in the United
States. Consequently spectral efficiency has become
an important criterion for system design and perfor-
mance.

While pulse code modulation-frequency modulation
(PCM-FM) has been the dominant form of carrier
modulation in aeronautical telemetry for over 40 years,
it lacks the spectral efficiency of other CPMs that are

also used for telemetry such as shaped offset QPSK
(SOQPSK-TG) (Hill 2000), the Feher-patented
QPSK (FQPSK) (Law and Feher 1997), and the
Advanced Range Telemetry multi-h CPM Tier II
waveform (Range Commanders Council Telemetry
Group 2004).

In this article we describe a spectrally efficient
implementation of PCM-FM that is based on the use
of CPM-Orthogonal Frequency Division Multiplexing
(OFDM). CPM-OFDM is a modulation scheme that
combines power efficient CPM with spectrally efficient
OFDM. This scheme implements the discrete-time
equivalent of a continuous-phase modulator. Those
samples are then discrete Fourier transform (DFT)
spread and mapped to the available subcarriers for an
OFDM-style transmission. Thus, the contribution of
the CPM is to create a serial stream of constant-
envelope symbols that maintain the high power
efficiency of CPM. Use of OFDM enhances the
spectral efficiency and facilitates the use of low
complexity-equalization techniques at the receiver.
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Other approaches to combining CPM with OFDM
have been reported, and we briefly discuss some of those
results here. An alternate approach involves the trans-
formation of OFDM signals into constant-envelope
waveforms by phase modulating the OFDM waveform.
In Thompson et al. (2008) an OFDM waveform is used
to phase modulate a single carrier, and the result is a
constant-envelope waveform (i.e., the resulting signal
has 0 dB PAPR). In Tan and Stuber (2002) a similar
approach is taken whereby the encoded data is first
applied to a discrete cosine transform and then passed
through a CPM unit. Although both approaches are
novel and result in a constant-envelope waveform,
neither approach retains the orthogonality of the
subcarriers. This implies that some of the advantages
of using OFDM—such as low-complexity frequency-
domain equalization and frequency multiplexing of user
data on the uplink—are lost.

In this article we focus on PCM-FM as the
underlying CPM modulation for the CPM-OFDM
waveform, and we demonstrate that good performance
can be obtained by sampling the PCM-FM only once
per symbol interval. This is the most spectrally efficient
implementation of PCM-FM/CPM-OFDM. In ad-
dition we also investigate the receiver performance of
serially concatenated, convolutionally encoded PCM-
FM/CPM-OFDM in several frequency-selective fad-
ing-channel environments. Different coding rates are
investigated, particularly higher-rate codes, as spectral
efficiency remains a key concern during telemetry
testing and evaluation exercises. Our simulation results
show that good bit error rate (BER) performance can
be obtained by the use of low-complexity frequency-
domain equalization techniques at the receiver, just as
in OFDM.

The remainder of this article is organized as follows.
A brief discussion of the CPM-OFDM signal model is
given in the first section, and then we discuss serially
concatenated, convolutionally encoded CPM-OFDM.
The groundwork for performing low-complexity
frequency-domain equalization is shown, and the
following section contains a description of the
frequency-selective fading-channel models used in this
study. A discussion follows, and finally in conclusion,
we analyze the outcome of our simulation studies.

CPM-OFDM signal model
In CPM-OFDM an underlying CPM is sampled Ns

times per symbol interval, and the output is treated as a
serial stream of encoded symbols. The symbols are then
mapped to the frequency domain via the DFT
operation, and the DFT coefficients are mapped to
the available set of subcarriers for an OFDM style of
transmission. In this article we consider the most

spectrally efficient case (Ns 5 1), which corresponds to
one sample per CPM symbol interval. This selection
minimizes the number of subcarriers used to convey
information through the radio channel.

Over the OFDM symbol period T a complex-
baseband CPM-OFDM signal has the following
representation

s tð Þ~
XN{1

k~0

Sk bð Þe j2pkt 0ƒtvT ð1Þ

where the data symbols Sk(b) are the DFT coefficients
of a constant envelope encoder Sn(b). The DFT
transformation

Sk bð Þ~ 1

N

XN{1

k~0

sn bð Þe j2pkn=N ð2Þ

maps the output of the constant-envelope encoder

sn bð Þ~e jwn bð Þ ð3Þ

to the frequency domain. The encoder phase is of the
form

wn(b)~2ph
Xn

i~n{(L{1)

biqn{izph
Xn{L

i~0

bi: ð4Þ

bi M{61, 63, …, 6(M 2 1)} is the ith M-ary (possibly
coded) symbol, and h is the (rational) digital modu-
lation index.

The phase response qn is defined as the sampled
output of a continuous time integral of a frequency
pulse F(t) with area 1/2, i.e.,

qn~

0 nv0ÐnTs

0

F (l) dl 0ƒnvL

1=2 n§L

8>>><
>>>:

ð5Þ

where the integer L denotes the pulse duration
expressed in symbol durations Ts.

The second term on the right-hand side of Equation
4 is called the cumulative phase and represents the
contribution to the carrier phase from all symbols that
have worked their way through the time-varying
portion of the phase response and thus contribute a
constant value to the overall phase. Since the
modulation index h is a rational number, it is drawn
from a finite alphabet. In this case the CPM-OFDM
signal can be described as a finite-state machine, with a
corresponding trellis diagram and maximum likelihood
sequence detection scheme can be implemented using
the Viterbi algorithm (Anderson et al. 1986).

This article focuses on the implementation of a
serially concatenated, convolutionally encoded CPM-
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OFDM that is based upon the manipulation of a
PCM-FM waveform. Since PCM-FM is binary, it
follows that M 5 2. Furthermore in this case, the
frequency pulse is a raised cosine

FLRC(t)~
1

2LTs
1{ cos 2pt

LTs

� �� �
0ƒtvLTs

0 otherwise,

(
ð6Þ

the signal memory L 5 2, and the modulation index h
5 7/10.

Serially concatenated, convolutionally
encoded CPM-orthogonal frequency-
division multiple access (OFDMA)

We focus on a serially concatenated, convolutionally
encoded implementation of PCM-FM/CPM-OFDM
where the symbols bi are convolutionally encoded and
interleaved, as depicted in Figure 1.

In serially concatenated, convolutionally encoded
schemes the outer code is nonrecursive while the inner
code is recursive. This implementation facilitates the
interleaver gain. It can be shown that the samples in
Equation 3 can be expressed as the concatenation of
two devices: the discrete-time equivalent of a contin-
uous-phase encoder and a memoryless discrete-time
modulator. Thus, it can be modeled as a rate-1
recursive code. Hence, a coded and interleaved
CPM-OFDM can be formed by substituting the
discrete-time constant-envelope output of the CPM-
OFDM for the recursive (inner) convolutional code in
a serially concatenated scheme.

Here we have investigated a rate 1/2 convolutional
code as the outer code with constraint length k 5 2 and
octal generator (5, 7) (Lin and Costello 2004). This
outer encoder is nonrecursive with a free distance of
dfree 5 5. The outer code and inner codes are separated
by an S-random interleaver. Since high spectral
efficiency is a key concern in telemetry applications,
we have investigated the performance of different rate

codes by using puncturing. This provides a low-
complexity method of achieving higher rate codes
from the base rate 1/2 convolutional code. Table 1

specifies the coding rates along with the associated
number of input and coded bits for each case under
study.

The iterative decoder for serially concatenated,
convolutionally encoded CPM-OFDM consists of
two a posteriori decoders, one for the inner CPM-
OFDM and the other for the outer convolutional code.
The demodulators for these codes are based on the
soft-input soft-output (SISO) algorithm (Benedetto,
Divsalar, and Pollara 1997; Moqvist and Aulin 2000)
where the extrinsic information is exchanged between
the two decoders for a few iterations before the final
estimate of the information symbol sequence is
determined. The two SISO modules implement the
‘‘max-log’’ variant of the SISO algorithm. Hence, the
soft probabilities are in the form of log-likelihood
ratios. The CPM-OFDM SISO demodulator takes
the received signal and a soft input on the probability
of the coded symbols b and updates the probability of
the coded symbols. This output is then deinterleaved
and used as a soft input into the convolutional SISO
decoder. This outer SISO decoder produces updated
versions of its inputs. One output is interleaved and fed
back into the CPM-OFDM SISO module. After
several iterations, the final output of the convolutional
SISO decoder is hard coded to become the final
estimate of the information bits a.

Figure 1. Serially concatenated, convolutional coding with CPM-OFDM.

Table 1. Coding rates.

Coding rate Information bits Coded bits

1/2 1024 2048

2/3 1024 1536

7/8 1022 1168

8/9 1022 1152
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Low-complexity frequency-domain
equalization

When the CPM-OFDMA signal passes through a
frequency-selective channel, the receiver must take the
additional step of equalizing the received signal prior to
decoding the information bits. This is facilitated at the
transmitter side by first adding a cyclic prefix to the
post-inverse discrete Fourier transform (IDFT) se-
quence by copying the last Tg seconds of the OFDM to
the beginning of the waveform, such that what is
transmitted across the channel becomes

~ss(t)~
s(tzT ) {Tgƒtv0

s(t) 0ƒtvT :



ð7Þ

After reception the first Tg samples corresponding to the
guard interval (i.e., cyclic prefix) are discarded. The
received waveform is sampled, and the signal samples
that are to be processed can be modeled as the circular
convolution of the channel with the signal received in
the presence of additive white Gaussian noise (AWGN)

rn~hn6snzwn ð8Þ
where hn is the discrete-time equivalent of the channel’s
impulse response. It is well known that frequency
domain equalization (FDE) for cyclic channels can be
performed with low-computational complexity. We
present here a frequency-domain equalizer for CPM-
OFDM. Assuming that J CPM-OFDM symbols are
sent per frame and that there are Ns samples per CPM
symbol interval, we can model the DFT of the received
(sampled) signal as follows

Rk~HkSkzWk k~0, :::, JNs{1 ð9Þ
where Hk denotes the DFT coefficient of the channel
impulse response, Sk is the DFT of the signal sn, and Wk

denotes the DFT coefficient of the AWGN.
The frequency response of the minimum mean

square error (MMSE) equalizer is given by

Hk~
H �k

Hkj j2z1= Es=N0ð Þ
ð10Þ

where Es/N0 denotes the symbol energy to noise-power
spectral density (PSD) ratio. In the frequency domain the
received signal is multiplied by the equalizer coefficients to
yield the equalized signal

R̂Rk~ĤHkRk, k~0, :::, JNs{1: ð11Þ
The equalized signal is then transformed back to the time
domainusingtheIDFT,whichisthenappliedtotheViterbi
algorithm for maximum likelihood sequence detection.

Frequency-selective fading-channel
models

Here we consider CPM-OFDMA performance in a
class of wide-band channel models, which feature

arrival/take off and parking situations. Based on a
published set of measurement results and empirical
data, the models that are expressed in Haas (2002)
cover a range of telemetry-channel models that are
suitable for use in channel emulators to validate the
performance of schemes that are used for aeronautical
links. A detailed discussion of the selected parameter
values is provided in Haas (2002) for a typical set of
aeronautical simulations. A subset of the results is
summarized in Table 2.

In the exposition to follow, we offer a brief
explanation of the parameters. It is important to note
that we have investigated channels and aeronautical
scenarios wherein the Doppler is negligible or zero.
Haas (2002) actually considers the full range of
scenarios (including an en-route scenario wherein the
vehicle speeds are expected to be hundreds of m/s).

The time-domain representation of the frequency-
selective fading channel is given by

h(t,t)~
cffiffiffiffiffi
Lc

p
XLc

n~1

gn
: sin p t{tnð Þð Þ

p t{tnð Þ ð12Þ

where gn denotes a complex Gaussian random variable
with mean 0 and unit standard deviation; tn indicates
the excess path delay. We note that in this model tn ?
0 m n. Lc denotes the number of taps used to represent
the channel. A Ricean (i.e., nonfading, line of sight)
component can be modeled by introducing a constant
to the Rayleigh fading process. The complex-valued
direct line of sight component is modeled as

hLOS tð Þ~ad tð Þ: ð13Þ
The parameters a and c are related to the Ricean factor
KRICE and normalized to conform to the following
constraints:

a2zc2~1

a~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KRICE

KRICEz1

r

c~
1

KRICEz1

ð14Þ

The first constraint, Equation 14, normalizes the
channel to have unit power. This implies that the
throughput power of the signal remains unchanged

Table 2. Set of typical aeronautical scenarios for simulations.

Parameter Parking scenario Arrival scenario

Aircraft velocity v (m/s) 5.5 (0 … 5.5) 150.0 (25 … 150)

Maximum delay tmax (ms) 7.0 7.0

Number of echo paths 20 20

Rice factor (dB) - 15.0 (9 … 20)

Slope time tslope (ms) 1.0 1.0
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because of the presence of the channel. In the limit as
KRICE R 0, this becomes the Rayleigh fading channel
where a 5 0 and c 5 1. Conversely, in the limit as
KRICE approaches infinity (AWGN), one obtains a 5

1 and c 5 0, respectively.
In all cases the values of the delay are obtained using

a one-sided exponentially decreasing power-delay
spectrum, which is defined as

tn~{tslope ln 1{un
:e{tmax=tslope

� �
: ð15Þ

un denotes a random variable that is uniformly
distributed over the interval (0, 1). Based on measure-
ments, two different scenarios that are relevant to
aeronautical communication are investigated in this
study. These are the parking and arrival (takeoff)
scenarios, which are briefly discussed in the upcoming
sections.

Parking scenario
In this scenario the line of sight is presumed to be

blocked, which results in a Rayleigh fading model.
This is actually the worst case assumption. However, it
models the channel that can exist when there is not a
direct line of sight between the ground station and all
areas where aircrafts may be taxiing or parking.

Because of the fact that the aircraft is parked at the
terminal or traveling at a very low speed, the vehicle
speed is very low (typically speeds range from 0 to
5.5 m/s). Thus the Doppler has minor influence, and
in this study it has been neglected. The maximum
delay is tmax 5 7 ms. The distribution of the delays is
exponentially decreasing with a slope of tslope 5 1 ms.

Arrival scenario
The arrival and takeoff scenarios can be applied

when the aircraft is engaged in ground-air communi-
cations, has already left its cruising speed and altitude,
and is about to land (and vice versa). During this time,
it is assumed that the line of sight path is present
during the arrival when the vehicle is still airborne.
The scattered-path components that may arise from
interactions with the buildings at the ground station
may be modeled as a Rayleigh process. The result is a
Ricean channel model, wherein the Ricean factor is set
equal to KRICE 5 15 dB, which presumes a very strong
line of sight component. Since the aircraft is still some
distance away from the landing area, excess delays up
to tmax 5 7 ms are assumed, as seen in Dyer and Gilbert
(1997).

Numerical results and discussion
Here we present simulation results to show the

coded BER performance in various environments. In

all of the reported cases a PCM-FM waveform is
sampled once per symbol interval (Ns 5 1) to produce
a PCM-FM/CPM-OFDM modulation. In this case
(and commensurate with the definition of PCM-FM)
we define L 5 2, h 5 7/10, and M 5 2. The number of
iterations of the SISO modules is set equal to 20, and
in all cases the simulation halts once 50 packet errors
have been detected, where one packet contains J 5

1,024 (or J 5 1,022 information bits), depending on
the coding rate.

Coded BER performance in the AWGN channel
We first present the coded BER performance for

PCM-FM/CPM-OFDM in the AWGN channel.
Figure 2 illustrates the results. As indicated, the
performance of uncoded conventional PCM-FM
achieves a BER of 1025 at the highest signal-to-noise
ratio (7.8 dB in this case).

Clearly, the rate 1/2 code provides excellent BER
performance, achieving the same target BER at a
signal-to-noise ratio of 2 dB. This represents a 6-dB
gain in performance over conventional, uncoded
PCM-FM. Even the rate 8/9 code is able to achieve
a 2-dB gain over uncoded PCM-FM, thus exhibiting
the advantage of using high-rate coding with CPM-
OFDMA over the AWGN channel.

Coded BER performance in the Aeronautical
Arriving (Take Off) environment

In this section we report the performance of coded
CPM-OFDMA/PCM-FM in the Aeronautical Ar-
rival channel. Recall that this environment has a strong
line of sight component with some scattering off of
buildings in the vicinity of the ground station.

Because of the presence of the wideband channel, we
have applied the MMSE single-tap frequency-domain

Figure 2. Coded and uncoded bit error rate (BER) performance

for CPM-OFDMA/PCM-FM.
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equalizer to the channel-impaired waveform. As shown
in Figure 3, we have achieved excellent performance,
even for the rate 8/9 code, which attains a BER of
1025 at an Eb/N0 of 7 dB. The rate 1/2 code achieves a
BER of 1025 at an Eb/N0 of 3.2 dB.

Coded BER performance in the Aeronautical
Parking environment

Here we present the BER performance when the
CPM-OFDMA/PCM-FM signal is passed through a
frequency-selective fading channel that is representa-
tive of the Aeronautical Parking environment. As
mentioned previously, this environment captures a
worst case situation wherein the aircraft is parked and
does not have a line of sight path to the ground station.
Hence, the channel is marked by Rayleigh fading.

As with the Aeronautical Arriving (Take Off)
environment, we have applied MMSE FDE to the
channel-impaired signal. The results are provided in
Figure 4 where we illustrate how the rates 1/2 and 2/3
codes provide good protection to the CPM-OFDMA/
PCM-FM waveform. In summary, the rate 2/3 code is
able to achieve a BER of 1025 at an Eb/N0 of 9.2 dB,
while the rate 1/2 code achieves the same BER at an
Eb/N0 of 6.2 dB. Even in this severe fading channel,
the coding is able to reduce the impact of the channel
using a low complexity-equalizer strategy.

Conclusion
In this article we have presented a spectrally efficient

CPM-OFDM modulation, which takes just one
sample per symbol interval of a PCM-FM waveform
and uses the resulting stream of signal samples as the
input to an OFDM modulator. We have demonstrated

that this scheme can also be used as the inner code in a
serially concatenated convolutionally encoded scheme
that can be used in frequency-selective fading-channel
environments. As demonstrated, a 6-dB gain in
receiver performance can be achieved in the AWGN
channel by using rate 1/2 code over uncoded PCM-
FM. Furthermore a 2-dB gain can still be achieved in
the same environment using a rate 8/9 code. We have
also demonstrated the use of low complexity FDE
techniques at the receiver. In particular, in the
frequency-selective fading environment, the serially
concatenated convolutionally encoded PCM-FM/
CPM-OFDM scheme provides very good immunity
to the impairments that are introduced to the
transmitted signal. C
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Over the past 6 years, the instrumentation and diagnostics team at the Arnold Engineering

Development Center, with cooperation from University of Tennessee Space Institute personnel,

has utilized a sea-level-static turbine engine test stand for low-cost, flexible-schedule testing of

developmental propulsion diagnostics systems, instrumentation, and measurement techniques.

The test stand engine, a J85-GE-5 turbojet with afterburning capability, provides the necessary

high-velocity, high-temperature exhaust gas (representative of larger augmented gas turbine

engines) for diagnostics hardware demonstration and validation. This article presents the test

stand capabilities and a cross-section of the test efforts accomplished to date. A second test stand,

the J85 Full Annular Augmentor Rig, is currently under construction at the test site and is also

discussed in this article.

Key words: Development; gas turbine engine testing; hardware demonstration and

validation; instrumentation; J85-GE-5 turbojet; measurement techniques; propulsion

diagnostic systems.

R
ecent interest in advanced turbine
engine development for programs such
as Versatile Affordable Advanced Tur-
bine Engines (VAATE), Augmentor
Design Systems (ADS), and the Joint

Strike Fighter (JSF) has clarified the need for more
robust diagnostics systems, instrumentation, and test
techniques. Examples of these diagnostics include exit
plane traversing probe/rake assemblies (diagnostic
system), Microelectromechanical System (MEMS)
sensors for gas species detection (instrumentation),
and extracted combustion gas species analysis (test
technique). Information provided by these diagnostics
is needed for engine component durability evaluation,
combustion code validation, and engine performance
assessment.

A key element in the development of turbine engine
diagnostics is the demonstration and/or validation of
the diagnostic technologies in a relevant or operational
environment prior to their transition to complex
engine test programs. Evaluations during development
of the diagnostics on complex test programs are less
desirable because such programs are generally held to a

schedule and an operational environment not condu-
cive to diagnostics development, and typically the
access to the engine components or flow-field region of
interest is difficult. In order to facilitate transition of
engine diagnostics to complex engine testing, the
instrumentation and diagnostics team at the Arnold
Engineering Development Center (AEDC) at Arnold
Air Force Base, Tennessee, with cooperation from
University of Tennessee Space Institute (UTSI)
personnel, established a sea-level-static turbine engine
test stand on the UTSI campus in 2005.

This article presents a description of the turbine
engine test stand and cites several examples of engine
test efforts in the 60 test programs accomplished since
the test stand’s inception. In addition, it discusses the
status of a second J85 test stand, the J85 Full Annular
Augmentor Rig, which is currently under construction
and is expected to provide a test platform for embedded
augmentor diagnostics in the near future.

Background
AEDC houses a large collection of aerospace

ground-test facilities, including a number of propulsion

ITEA Journal 2011; 32: 356–366
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test cells. In addition, AEDC’s broad range of expertise
has enabled extensive contributions to the development
of nearly every high-performance military aerospace
system, National Aeronautics and Space Administra-
tion (NASA) flight systems, and many commercial
aircraft.

The instrumentation and diagnostics team at
AEDC is responsible not only for providing routine
ground-test flow-field instrumentation but also for
developing new diagnostics, techniques, and analysis
tools to meet unique customer requirements. The
simplicity of early flow-field diagnostics systems
required for relatively low-temperature environments
allowed hardware and techniques to be evaluated in
concurrent test programs in the existing AEDC
ground-test facilities. It is noted in the following
paragraphs that this method of hardware evaluation is
no longer economically attractive.

Recent gas turbine engine development efforts,
including VAATE, ADS, and JSF, have highlighted
the need for advanced diagnostics for high-tempera-
ture flow streams. These diagnostics include charac-
terization of droplet patterns from the augmentor fuel
injectors, flow geometry around flameholders, lightoff
detection, combustion stability, species concentrations
in combustion zones, screech and rumble onset,
augmentor nozzle inlet conditions, augmentor liner
temperature distributions, engine exhaust emissions,
and a host of other measurements. The advanced
diagnostic approaches, particularly those in which the
hardware requires supplemental cooling for high-
temperature environments or the use of techniques
involving laser-based optical systems, have required
more rigorous evaluation in the relevant environments
of interest. When combined with the complexity of
more modern propulsion-system test programs, the
evaluation of these advanced diagnostics in the large
AEDC test facilities became less attractive because of
issues such as limited access to test article components
and flow-field areas of interest and fixed test matrix
and run schedules as well as the sensitive nature of the
resulting data generated by the diagnostics. Prior to
establishment of the J85 test stand, these diagnostic
hardware and technique evaluations were typically
limited to laboratory bench configurations or off-site
rigs during development efforts.

UTSI, a dedicated graduate-level engineering school
and research center located less than 10 miles from
AEDC, has a unique history in high-temperature flow
research and experimental propulsion evaluation, and
extensive expertise in aerospace engineering disciplines.
The need for a relatively economical, easily accessed
turbine engine test capability for diagnostics evalua-
tions provided an opportunity for AEDC and UTSI to

jointly establish the J85 turbojet test stand on the
UTSI campus.

The J85 standard turbojet test stand
The J85-GE-5 turbojet was selected for the test

stand because of its relatively economical operation and
readily available spares, as well as its capability of
providing a high-temperature exhaust stream repre-
sentative of larger augmented gas turbine engine
configurations. The J85 engine is a high-thrust,
lightweight turbojet engine currently used in several
aerospace propulsion applications, most notably the
U.S. Air Force (USAF) T-38 Talon aircraft. It has an
eight-stage, high-lift, axial-flow compressor driven by
a two-stage turbine rotor. The engine incorporates a
through-flow, annular-type combustion system, con-
trolled compressor interstage bleed air, and an
afterburner with a variable-area exit nozzle. The basic
hot engine dimensions are 280 cm (109 inches) in
length and 50 cm (20 inches) in diameter. Engine dry
mass with afterburner is 265 kg (584 pounds). The
engine thrust at standard-day, sea-level-static condi-
tions is 2,680 pound-force at military and 3,850 pound-
force at maximum afterburner. Nozzle exit exhaust gas
temperature ranges from 480uC (900uF) at idle to
1,760uC (3,200uF) at maximum afterburning condi-
tions.

The A/M37T-20 portable thrust frame, control cab,
and fuel trailer equipment were selected to be the
primary support hardware. Electrical power to the cab/
fuel trailer and starter air for the J85 are provided by an
A/M32A-60 starter/generator. Current efforts are
underway to replace the control cab and starter/
generator with permanent systems and are discussed
further in the section entitled ‘‘The J85 Full Annular
Augmentor Rig’’. The J85 is positioned on the thrust
frame such that the nozzle exit plane is slightly
downstream of the T-20 frame. This allows a flow-
field rake traversing mechanism or other exit plane
diagnostics system to be positioned as close to the
nozzle exit plane as possible. Four flexure plates
support the floating portion of the thrust frame, and
two 5,000-pound-force compression load cells are
incorporated to measure scale force. A standard
General Electric (GE) bellmouth provides a smooth
transition for engine inlet flow, and a protective screen
on the forward lip of the bellmouth prevents debris
from ingestion while also providing support for inlet
pressure and temperature instrumentation. A standard
nozzle extension is installed at the nozzle exit to
provide additional cooling air to the variable-exit
nozzle leaves necessary for sea-level-static operation
at afterburning conditions. The J85 positioned on the
T-20 thrust frame is illustrated in Figure 1.

Test Stand Capabilities
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In addition to the engine controls, the cab houses
the engine health–monitoring data system and addi-
tional engine instrumentation indications, including
compressor/turbine vibrations and a suite of temper-
ature and pressure displays for various engine stations,
the fuel system path, critical oil system locations, and
test-unique hardware and equipment. Typically, the
engine operator, test engineer, and observer are present
in the control cab during engine operations.

The 9,500-L (2,500-gallon) fuel trailer is capable of
supplying 740 L/min (195 gal/min) of hydrocarbon
fuel at up to 60 pounds per square inch (psi) to the
turbine engine, although an inline regulator is used to
reduce the fuel supply to the conditions required by the
J85 (nominally 30 psi and up to 75 L/min [20 gal/min]
at maximum afterburner). The fuel trailer typically
contains Jet-A used for the J85 test stand, but smaller
1,800-L (475-gallon) fuel tanks are available for
alternate fuels.

The A/M32A-60 starter/generator provides 115-V,
400-Hz power to the control cab and test stand, and
separate 480-V, 60-Hz power is used for data systems,
surveillance cameras, and diagnostics systems. Because
the J85-GE-5 does not incorporate an electric starter,
the A/M32A-60 starter/generator is used to provide
air at 150 lbm/min at 50 psi for impingement starting
at the engine turbine section.

The Propulsion Research Facility (PRF) at UTSI,
shown in Figure 2, houses the aforementioned equip-
ment, with the buildings and surrounding area
accommodating the necessary engine inlet airflow
requirements, positioning of diagnostic systems, and

downrange exhaust plume dispersion. The PRF
(formerly the Coal-Fired Flow Facility) provides not
only a large test building and control room but also a
fenced area to prevent intrusions during test runs and
enough isolation from the main campus and surround-
ing areas to prevent engine noise from disturbing
classes or the neighboring community. The test
building has approximately 230 m2 (2,500 square feet)
available for engine stands and supporting equipment.
A schematic of the test building, control room, and
adjacent emissions room is shown in Figure 3. The
lobby of the PRF control room adjacent to the test
building currently serves as the primary data room,
where video surveillance and customer test-monitoring
equipment can be located. Those personnel and
equipment, along with personnel and controls in the
control cab, are expected to be relocated into the
renovated main control room in fall 2011. Personnel
and/or equipment can also be located in the emissions
room approximately 12 m (40 feet) from the engine
exhaust when close-proximity positioning of supporting
diagnostics equipment, such as gas analyzers, is required.

Cooling water up to 190 L/min (50 gal/min) and
1,000 psi for diagnostics hardware is provided by
portable pumps and a test area potable water system;
however, future plans provide for a permanent cooling
water supply system. In addition, purge/dilution gas
and calibration gases are required by various diagnos-
tics systems and are provided by either K-bottles or
high-capacity trailers (up to 500 ft3/min and 500 psi).

Surveillance cameras are used both to supplement
the test observers and to record engine operation.

Figure 1. The GE-J85-5 turbojet test stand.
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Multiple data systems allow for additional instrumen-
tation monitoring and recording as needed and, along
with the surveillance camera images, can be synchro-
nized with an Inter-Range Instrumentation Group
(IRIG) timing signal.

Testing examples
The J85 standard turbine engine test stand has been

utilized in nearly 60 test programs over the 6 years it
has been in service. Those programs have included a
number of diagnostic and instrumentation objectives,
including the evaluation of water-cooled exhaust
hardware and complex laser-based optical measure-
ment systems. Test conditions have varied from ground
idle to maximum afterburner, with the current
limitation of nearly 5 minutes on continuous operation
at the latter condition. A selection of diagnostics test
efforts illustrating the flexibility of the test stand are
discussed in the following paragraphs.

Augmentor nozzle exit intrusive diagnostics
An extensive number of intrusive and nonintrusive

diagnostics systems, instrumentation, and techniques
have been evaluated at the augmentor nozzle exit.
Because the engine exhaust temperature exceeds
3,000uF at maximum afterburner operation, provisions
for cooling the intrusive diagnostics hardware (such as
flow-field probes and supporting struts/rakes) are
imperative. High-pressure, high-velocity water, flow-
ing through conformal cooling channels just below the
surface of intrusive hardware, typically is used to
transfer the high heat load from the diagnostics
hardware structure to ensure thermostructural integri-
ty. In many cases, the transition of the forced
convection cooling process to multiphase flow provides
enhanced cooling through elevated heat-transfer coef-

ficients. In most configurations, an electroformed
nickel shell provides the high-conductivity outer skin
while isolating the individual cooling channels (Beitel,
Catalano, and Edwards 2004).

An example of a nozzle exit probe routinely
incorporated in diagnostics evaluation in the J85 test
stand is the augmentor imaging periscope (Figure 4).
An optical system, either a small video camera or a
coherent fiber-optic bundle, is inserted in the bore of
the periscope; this system includes right-angle mirror
components to image upstream into the augmentor.
Gaseous nitrogen purge eliminates the requirement for
a fixed-aperture lens to prevent contamination of the
image and leakage of the high-temperature exhaust
into the bore of the periscope (Hiers and Hiers 2002).
A miniature camera and a high-speed digital camera,
imaging in the visible wavelengths, have been used in
the past to observe augmentor lightoff, flame propa-
gation, and combustion uniformity. An example image
is shown in the inset of Figure 4. An Ultraviolet (UV)-
grade quartz coherent fiber bundle and hyperspectral
imager have been demonstrated in the J85 test stand
using the periscope configuration, allowing for the
detection of different gaseous species by their UV
emissions (Savage et al. 2006). Other test efforts have
included the evaluation of an illumination system for
low-light environments (pre-lightoff) and multi-aper-
ture periscopes for simultaneous low- and high-speed
imaging and stereoscopic imaging.

Various flow-field probes have undergone extensive
testing in the J85 exhaust stream and have included
specialized configurations for measurement of temper-
ature, pressure, gas chemical species sampling, and flow
velocity/swirl. Figure 5 illustrates a flow-field rake with

Figure 2. The University of Tennessee Space Institute

Propulsion Research Facility.

Figure 3. Layout of the University of Tennessee Space Institute

Propulsion Research Facility test area.

Test Stand Capabilities
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stagnation temperature probes fabricated of silicon
carbide and retained in a water-cooled holder. The
temperature probe configuration is of the classical self-
aspirated design, with a central thermocouple sheath
and outer radiation shield. Various coated refractory
metals and ceramics, including carbide, have been
evaluated for vibration/thermal shock durability and
oxidation resistance. In addition, tests have been
performed with a temperature probe configuration,
where the sheathed thermocouple was replaced with an
optical light pipe, and the sheath bore served as a
pyrometric blackbody.

Several flow-field rake assemblies, typically consist-
ing of an array of flow-field probes, have been utilized
in mapping the exit plane of the J85 such as that shown
in Figure 5. In the same manner as the periscope
described above, high-pressure water flowing at high
velocity through subsurface channels provides the
necessary structure cooling of the rake and gas
extraction probes, enabling the system to survive the
high exhaust temperatures (MacKinnon, Beitel, and
Hiers 2004; Beitel et al. 2004, 2008; Beitel, Moeller,
and May 2011). A variable-speed traverse mechanism
is used to sweep the flow-field rakes across the exhaust
or to position the hardware at specific stations. A
number of these flow-field rakes have been developed
for chemical gas sampling at the engine exit plane
using gas extraction probes. Exiting the rake, heated
sample lines maintain the extracted gas samples at
150uC (300uF) to prevent condensation. Each heated
sample is introduced to a Multi-Gas Analyzer (MGA)
approximately 15 m (50 feet) from the extraction point
in the exhaust to minimize measurement lag. An
example of the measured species data is shown in
Figure 6. For several gas sampling test programs,
MEMS sensors developed to be sensitive to various

gaseous species were oriented in the extracted gas path
within the flow-field rake. Comparative data were
successfully obtained using the MEMS sensors and the
MGA units. Additional gas extraction systems have
been used to validate quick-quench probe configura-
tions, where nitrogen or argon dilution and/or
aerodynamic expansion at the probe tip essentially
‘‘freeze’’ the chemistry from further reactions. A recent
J85 test employed a standard SAE International (SAE)
extractive smoke measurement system with a flow-field
probe/rake assembly to validate a laser-based, nonin-
trusive smoke measurement system run in parallel.

Because a similar economical test stand for evalua-
tion of high-speed, high-temperature probes is not
available, the J85 test stand has been used for limited
testing of ramjet/scramjet and hypersonic flow facility
diagnostics hardware. Included in this group of probes
were the pyrometric temperature probe mentioned
above; a stagnation pressure probe based on an
isentropic ramp configuration; and an optical species

Figure 4. Augmentor imaging periscope in the J85 test stand.

Figure 5. Flow-field rake/probe positioned behind the J85.

Figure 6. J85 exit-plane emissions profile for CO2 with throttle
at 60 percent.
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probe, which incorporates a fiber-coupled, Laser-
Induced Fluorescence (LIF) measurement technique
(Plemmons, Catalano, and Beitel 2007).

Current probe efforts include miniaturizing various
configurations using laser sintering fabrication tech-
niques and combining multiple sensors or measure-
ment techniques in a single probe geometry. In
addition, current efforts seek to acquire additional
transient measurement capabilities by fibercoupling
laser-based measurement techniques to the probe
configurations.

Augmentor nozzle exit
nonintrusive diagnostics

A number of nonintrusive diagnostics systems have
also been evaluated at the augmentor nozzle exit in the
J85 test stand. Although component cooling does not
play as great a role with these systems as with intrusive
probes or rakes, the environment in the immediate area
around a turbine engine remains harsh owing to
elevated temperature, excessive vibration, and severe
acoustics. For these reasons, a significant number of
nonintrusive diagnostics development efforts have
included J85 testing as part of the system validation
process. Nonintrusive techniques investigated to date
in the J85 include LIF, Planar Laser-Induced Fluo-
rescence (PLIF), Tunable Diode Laser Absorption
Spectroscopy (TDLAS), Laser-Induced Breakdown
Spectroscopy (LIBS), and Hydroxyl Tagging Veloci-
metry (HTV).

The TDLAS technique demonstrated at the J85 test
stand exit plane utilizes a low-power laser beam
oriented across the exit plane to a receiver on the
opposite side of the exhaust stream. Different wave-
length lasers matched to the absorption spectrum of
CO, CO2, and water vapor have been used to measure
the amount of the species in the exhaust stream (Suits
et al. 2006). Various signal processing techniques have
been used to resolve flow temperature from TDLAS
water vapor measurements, including a tomography
system (Figure 7) funded by Air Force Research
Laboratory (AFRL), developed by Spectral Energies,
and demonstrated recently in the J85 test stand.

A LIBS system, developed under a Small Business
Innovation Research (SBIR) effort, has also been
demonstrated in the test stand, identifying the
presence of metallic particles in the exhaust stream.
The beam of a high-power Nd:YAG laser was oriented
across the exhaust into a beam dump and a detection
system was configured to monitor the presence of
metallic particles in the exhaust. To simulate the type
of metallic particles in the exhaust that would indicate
a deteriorating engine component, a solution of
magnesium chloride was injected into the afterburner

diffuser section through an existing fuel injector port.
Different concentrations of the solution were used,
showing that the system could detect very low levels of
magnesium in the exhaust.

A PLIF system used to make hydroxyl radical (OH),
nitric oxide (NO), and unburned hydrocarbons mea-
surements has also been evaluated at the J85 nozzle exit
plane (Figure 8). The Infrared (IR) Nd:YAG laser
beam was frequency doubled, run through a dye laser,
and then the frequency was doubled again to a
wavelength of green that fluoresces the species
molecules of interest. The resulting output was
processed through optics to generate a sheet of light
parallel to the axis of the exhaust, and a high-speed
digital camera triggered by the laser pulses captured the
fluorescing molecules in the exhaust (Figure 8).

An effort to characterize the exhaust flow velocity
field was jointly investigated by AEDC and Vanderbilt
University (Perkins et al. 2009). A pulsed laser grid
at staggered time intervals was incorporated in a
Hydroxyl/Tagging Velocimetry (HTV) system in
order to determine instantaneous, spatially resolved
velocity gradients from the grid displacements. The
data provided turbulence information for computa-
tional models as well as engine performance evaluation.
Figure 9 shows the equipment installation in the test
stand, and example results are shown in Figure 10.

Embedded diagnostics
Initial development at AEDC of embedded diag-

nostics for turbine engines began with a miniature gas
extraction probe that was positioned within the
combustor (Beitel et al. 2008). Measurements from a
close-coupled pressure transducer and gas species
measurements from close-coupled MEMS sensors

Figure 7. Air Force Research Laboratory/spectral energies

tomography system.
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were successfully obtained from the embedded probe
configuration. Follow-on efforts for embedded probes
have included combustor and augmentor imaging
probes for proximity imaging (Beitel et al. 2007).
These probes take advantage of relatively easy access
into the interior flow paths of an engine through
existing ports such as lightoff detector bosses or
inspection ports.

In 2005, an extensive design effort was initiated to
develop a traversing embedded augmentor probe
assembly for flameholder proximity measurements in
F100-class turbine engines. A joint effort between

AFRL, AEDC, Pratt & Whitney, and Stanford
University resulted in unique diagnostics hardware
(Figure 11). The program made use of the J85 test
stand throughout the hardware development process,

Figure 8. Overhead view of planar laser-induced fluorescence system in J85 test stand.

Figure 9. Flow tagging system in J85 test stand. Figure 10. Sample flow tagging system data.
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including final probe hardware and measurement
technique validation and demonstration. The initial
probe configuration developed for the assembly was a
gas extraction probe, but follow-on efforts included an
optical gas species probe. An emerging area of
diagnostics development is the application of intrusive
probe and nonintrusive optical technologies to gas path
measurements within the confines of a turbine engine.
To this extent, initial work with the miniature
embedded combustor probe discussed earlier was
applied to a more complex probe geometry incorpo-
rating sapphire prism tips as part of a laser diode
absorption measurement technique. The resulting
optical probe (Figure 11 inset) was demonstrated in
the J85 test stand and has been shown to adequately
provide dynamic measurement of water vapor.

Other evaluations
Other types of testing in addition to the aforemen-

tioned diagnostics testing are possible in the J85 test
stand. For example, the Center for Laser Applications
(CLA) at UTSI has refined a Laser-Induced Surface
Improvement (LISI) technique for metallic surface
wear improvement and corrosion resistance and a two-
dimensional bar code labeling process for identifying,
inventorying, and managing high-temperature struc-
tures. The durability of a multi-sample LISI array
bonded directly to a leaf of the J85 variable exhaust
nozzle (Figure 12) was pursued as part of the project,
and a significant number of thermal cycles from idle to
maximum afterburner have accrued to date with no
significant degradation in scanning selected LISI
coded marks.

The UTSI Test Bench program, accomplished
under both University Task Order and SBIR efforts,
was tasked with demonstrating a real-time engine

health and performance-monitoring system that in-
corporates a data archival scheme and plug-in algo-
rithm capability. A number of J85 test efforts have
been conducted to date with the Test Bench platform
interfaced with the J85 data acquisition systems, and
these tests demonstrate that simultaneous algorithm
processing of archived and real-time engine perfor-
mance data is possible.

Another unique effort utilizing the J85 test stand
involved a self-cooled jet blast deflector system for
application in the design of advanced blast deflectors
for aircraft carrier flight operations. The project, a joint
effort between the U.S. Navy, the Defense Advanced
Research Projects Agency (DARPA), and Virginia
Tech, accomplished a significant number of power
excursions up to maximum afterburner with the jet
blast deflector positioned in the J85 exhaust plume
(Figure 12).

The J85 Full Annular Augmentor Rig
The J85 standard turbojet test stand has proven

useful for initial embedded diagnostics development
and validation; however, the production configuration
of the engine limits its accessibility to internal areas of
interest, particularly the augmentor fuel injector and
flameholder regions. In addition, new engine compo-
nent technology directly affects the component geom-
etry and, in turn, the necessary diagnostics hardware
geometry. For these reasons, a second J85 test stand,
designated the J85 Full Annular Augmentor Rig, is
under construction adjacent to the J85 standard
turbojet test stand as shown in Figure 3. The new
Test Stand will incorporate a standard J85 engine core;
however, the diffuser section and augmentor assembly
will be custom hardware. The apparatus will utilize an
A/M37T-20 portable thrust frame much like the

Figure 11. Air Force Research Laboratory traversing

augmentor probe.

Figure 12. Laser-Induced Surface Improvement markings on

J85 nozzle leaf.
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standard turbojet test stand, but provisions will be
included to permit a broad range of fuel and bleed air
requirements to the test stand. Fuel distribution to
various engine components will have a range up to
115 L/min (30 gal/min) and up to 200 psi. An
adjustable bleed flow system will permit clean air
supply to the stand up to 2 lb/s at up to 340uC (650uF),
and up to 2.7 kg/s (6 lb/s) of clean air at room
temperature. This bleed flow system will eliminate the
need for a separate starter air system. Independent
control of fuel flow and nozzle positioning for the
augmentor is planned.

Because of the proximity of this second test stand to
the control cab for the existing J85 test stand, a
renovated control room adjacent to the PRF test
building will be utilized for all future J85 testing,
thereby eliminating the need for the control cab. The
new control room will include an enhanced data
system, which will be initially configured for 128
channels for pressure, temperature, flow rates, force
loads, etc., and 12 channels for accelerometers. The
data system will be configured with future expansion in
mind.

Initial operations of the new test stand are planned
for late summer 2011 and include baseline engine
testing and exhaust stream mapping. Initial operations
with the augmentor rig assembly in place are planned
for spring 2012.

Future plans
A number of diagnostics systems are being readied

for evaluation in the J85 standard turbojet test stand
and the J85 Full Annular Augmentor Rig. Over the
coming year, tests are planned for advanced particulate
measurements systems, miniature swirl probes, a
particle image velocimetry endoscopic probe for fuel
spray characterization, an enhanced optical species
probe, a coherent IR imaging fiber bundle for the
augmentor periscopes, an embedded probe assembly
for the Augmentor Rig nozzle inlet, an advanced
coherent anti-Stokes Raman scattering system for
velocity measurements, and an enhanced exit plan
tomography system. These programs are funded by
AEDC, SBIR, Test and Evaluation / Science and
Technology (T&E/S&T), Air Force Research Labo-
ratory (AFRL), and various commercial and govern-
ment organizations.

In addition to the proposed diagnostics evaluations,
several enhancements to the UTSI PRF are planned
for the near future. These include the addition of a
larger, permanent water cooling system and installation
of an automated fire suppression system. Long-term
upgrades to the J85 test stands include providing
optical access to the first few stages of the compressor

for blade structure diagnostics and expanded access to
the combustor region for advanced combustion diag-
nostics.

Summary
The UTSI/J85 test stand has proven itself to be a

versatile, economical, and effective tool both as an
evaluation platform and for providing a transition path
from development to production of newly developed
diagnostics systems, instrumentation, and test tech-
niques. A number of diagnostics evaluations performed
in the J85 test stand over the past 6 years are cited in
this article. These test efforts support a broad range of
aerospace programs, including Air Force technology
efforts, SBIR projects, T&E/S&T activities, and a
number of other commercial and government pro-
grams. In addition, near-term establishment and
operation of the J85 Full Annular Augmentor Rig is
discussed. The J85 test stands are expected to play a
key role in the development and transition of gas
turbine engine diagnostic systems, instrumentation,
and related test techniques for the foreseeable future,
and they are available to qualified customers who wish
to perform turbine engine studies of a similar scale. C
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ITEA Announces  
Newly Formed 

Penn State Chapter

ITEA is pleased to announce 
the recent formation of the Penn 
State Chapter, located in State 
College, Pennsylvania. The Chapter 
currently has twelve members 
who are affiliated with the Applied 
Research Laboratory at Penn 
State University, but is open to all 
in the area’ s Test and Evaluation 
Community.

At the first meeting of the Penn 
State Chapter, officers were elected.
They are: Bruce Einfalt, President; 
Steven Harp, VP; Steve Betz, 
Treasurer; and Kathy McClintic, 
Secretary. The Chapter’s initial 
goals are recruitment of members, 
administrative details, developing 
the Chapter By-laws, and planning 
their next meeting to be held on 
September 6.

Thank you to all of the Chapter 
officers and members who worked 
diligently to bring this to fruition.

■  ■  ■

Atlanta Chapter

On May 18th the Atlanta ITEA 
Chapter held a meeting with a 
presentation on Applications 
of Optical Fiber Delay Lines 
in Test and Evaluation by Joe 
Mazzochette of Eastern OptX, 
Inc based in Moorestown, NJ. 
Mr. Mazzochette discussed the 
use of optical fiber delay lines in 
radar applications including radar 
target repeaters, communications 
links, remote antenna/receivers, 
and propagation path simulations. 
The presentation then discussed 
phase noise, its sources, and 

how to make measurements of 
extremely low phase noise with 
a cross-correlation process. The 
air interface tester system was 
explained as a means to simulate 
multiple transceivers at various 
locations which would be far 
less costly than actually fielding 
the equipment on the different 
platforms for an exercise. An 
example Radar Target Repeater 
EOX test system was brought in 
for demonstration.

The turnout for the local 
Atlanta ITEA chapter was good 
and most all of the free pizza 
and soda was consumed! Mr. 
Mazzochette fielded various 
questions pertaining to the 
optical test systems provided by 
Easter OptX. At the end of the 
presentation Mr. Mazzochette was 
presented the book Voices from 
the Moon, a history of the Apollo 
moon missions with accounts by 
most of the astronauts. 

■  ■  ■

Central Florida Chapter

ITEA-Central Florida Chapter 
(ITEA-CF) has resumed active 
status with a flurry of recent 

activity. The first Chapter meeting 
in several years was held jointly 
with the International Council of 
Systems Engineering (INCOSE) 
Orlando Chapter on May 19. The 
Chapter approved its bylaws on 
June 15, which established the 
ITEA-CF Board of Directors to 
propel Chapter activities forward 
at a more rapid pace. A plant 
tour cohosted with the University 
of Central Florida’ s Business 
Incubation Program and the 
Medical Technology, Training, 
and Treatment Network is planned 
for July 13. The tour will be held 
at .decimal (pronounced dot-
decimal), which is a Sanford, 
FL firm specializing in the rapid 
conversion from simulation and 
visualization based technology to 
automated production of hardware 
in a rapid (18 hour) fashion. The 
firm builds attenuation devices for 
cancer treatment customized to 
each individual patient’s biology 
and condition. The Chapter 
is also working on an August 
luncheon joint with the local 
Armed Forces Communications 
Electronics Association (AFCEA)’s 
local Chapter, and supporting 
the September ITEA Annual 
Symposium. The National Center 

Chapter News

Mr. Joe Mazzochette gives a presentation at the GTRI Cobb County 
Research Facility for the local Atlanta ITEA Chapter.
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for Simulation is working with 
the Chapter to establish the golf 
tournament for that event.

■  ■  ■

Emerald Coast Chapter

The Emerald Coast ITEA Chapter 
hosted a Membership Social on 
5 May 2011 at the Eglin AFB 
Bowling Alley (see picture below). 
The Officers and the Board of 
Directors saw the opportunity to 
encourage membership to get to 
know each other on a personal level, 
thus strengthening relationships 
within the local T&E community. 
President Bob Guidry summed it 
up well. “Our membership is very 
diverse. It spans so many different 
organizations... government, 
academia, and industry... both 
on and off base. Many of these 
professionals might never interact 
and this will be a great opportunity 
to do so.” While not originally 
conceived as a membership drive, 
during the planning of the event, 
officers decided to encourage current 
members to bring a friend or two. As 
a result, there were a handful of new 
recruits. Gaining new recruits was a 
real benefit but the main benefit was 
bringing T&E professional’s together 
for some fun and camaraderie. The 
casual format worked quite well. 
There was no agenda, guest speaker, 
or complicated setup... simply a date 
and time for free bowling, pizza, 
and drinks. This format allowed 
membership to mingle, making new 
connections and strengthening old 
ones. Feedback was very positive 
from all those in attendance, and it is 
sure to become a regular event.

In other news, the Emerald Coast 
Chapter is pleased to announce that 
the 1st quarter winner of “Tester 
of the Quarter” was “Distributed 
Common Ground Station (DCGS) 
Test Team” of the 46 TS. The DCGS 

Test Team pioneered new T&E 
processes validating tomorrow’s 
Command Control Communications, 
Computers, Intelligence, 
Surveillance, Reconnaissance 
(C4ISR) system-of-systems 
architectures meet performance, 
services, and interoperability 
standards throughout DoD, 
combining detailed functional testing 
with operationally relevant thread 
evaluation. 

■  ■  ■

Tidewater Chapter

We are pleased to announce the new 
officers who were instated on March 
17 of this year: President: Jeanine 
McDonnell; Vice President: Kevin 
Long; Treasurer: Jim Spinelli; and 
Secretary: Erwin Sabile.

Congratulations to all.

During the Spring of 2011, 
the Tidewater ITEA Chapter 
has had some exciting speakers! 
In February, we had Ms. Amy 
Markowich, the Deputy, 
Department of the Navy Test 
& Evaluation Executive.In 
this role she is responsible for 
integrating T&E across the Navy, 
enhancing the T&E workforce 

and infrastructure, and ensuring 
programs plan and complete 
adequate testing to demonstrate 
well-qualified and effective 
operations in the joint battlespace.
Ms. Markowich’s presentation 
focused on the way she is changing 
the Navy’s approach to testing. In 
March, we had Mr. Don Timian, 
the Director of the Army Test and 
Evaluation Command’s (ATEC) 
Test Technology Directorate, who 
is responsible for the management 
of ATEC’s Test and Evaluation 
Policy, Modeling and Simulation 
(M&S), Instrumentation, Threat 
Representation, Data Mart, and 
Continuous Process Improvement.
He talked about the Test Technology 
Directorate (TTD) Common 
Instrumentation Vision, its benefits, 
and the way ahead.In April, we 
had RADM David A. Dunaway, 
the Commander, Operational Test 
and Evaluation Force in Norfolk, 
VA. He discussed the principle 
of making sure systems work 
as a system of systems to create 
warfighting capability. In June, 
we had George Rumford, the 
Program Manager for the Test and 
Evaluation/ Science and Technology 
(T&E/S&T) Program under the 
Test Resource Management 
Center (TRMC), managing an 

Emerald Coast ITEA Chapter Membership Social.
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annual budget of approximately 
$100M. His discussion centered 
on successful LVC Integration and 
the development of technologies 
required to test future warfighting 
capabilities. Additionally, Mr. 
Rumford emphasized that T&E is 
actively accepting proposals for 
the increased development of the 
program.

The Tidewater Chapter also held 
a Golf Tournament at the Sewell’s 
Point Golf Course this Spring.The 
16 registrants formed four teams 
in Captain’s Choice “Best Ball” 
competition. Longest drive honors 
went to Mr. Chuck Brewton, while 
Mr. John Bolino won the closest 
to pin competition. Lowest score 
(61) honors went to the SRC “A” 
Team of Bob Gibson (Captain), 
Tom Howard, Jerry David, and 
Colin Tippins. Proceeds from 
the tournament were added to the 
Chapter’s scholarship fund.

We are pleased to announce 
that on September 28, 2011, 
the Tidewater Chapter of ITEA 
has invited Admiral Harvey, 
the Commander of Fleet Forces 
Command, as our speaker. We will 
also have Mr. Ed Greer, DDTE, on 
October 11, 2011. Please RSVP now 
to Erwin Sabile at sabile_erwin@

bah.com if you are interested in 
attending either luncheon!

■  ■  ■

Antelope Valley Chapter

“ITEA Workshop produces 
great results for second time 

at Las Vegas Tuscany”

By Miriam Horning, JT3

The 15th Annual ITEA Test 
Instrumentation Workshop was 
held May 9-13, 2011 at the Tuscany 
Suites and Casino in Las Vegas, 
Nevada.  For the second time, the 
Antelope Valley Chapter of ITEA, 
working alongside the China Lake, 

Ridgecrest, and Southern Nevada 
Las Vegas Chapters had another 
great workshop. “The 2011 ITEA 
Workshop was another success, 
thanks to the hard work from a lot 
of volunteers,” said Mike Berard, 
AV Chapter President for 2011. 
“Everyone involved did a great job, 
and the hotel did a fantastic job.”

The workshop was jam packed 
with tutorials, keynotes, seminars, 
and an annual golf tournament, 
which kicks off the workshop. In 
fact, 35 people signed up to compete 
in the golf tournament, which 
happened to include a nice day of 
weather at the Las Vegas National 
Golf Course. 

Despite economic conditions, 
the workshop attracted over 300 
attendees and participants. The 
newest thing this year, is that anyone 
who attended the workshop (and 
previously was not a member) 
automatically became a member of 
ITEA. 

AV’s Chapter President, Mike 
Berard and ITEA’s National 
President, Stephanie Clewer 
opened  the workshop on May 10th  
with a welcome address, which 
led into the first keynote speaker 
of the conference, Mr. Thomas 
Berard, the Executive Director for 
the Air Force Flight Test Center 
at Edwards Air Force Base, Calif. 
Mr. Berard discussed “Maturing 
Weapons Systems at AFFTC.” 
Keynote speakers for the following 
days included Mr. Chip Ferguson, 
Joint Mission Environment Test 
Capability Program Manager for the 
Test Resource Management Center; 
Mr. Derrick Hinton, the Principal 
Deputy Director for the Test 
Resource Management Center; and 
Mr. John ‘Jack’ Benzie, Technical 
Director for the Pacific Missile 
Range Facility.

“The attendees walked away 
with more information on how 
and what to test in our changing 

Pictured here from left to right: Tournament Director Bob Alexander, Chuck 
Brewton and John Bolino

Pictured here is our chapter 
President, Jeanine McDonnell, 
giving RADM Dunaway a gift to 
thank him for being our speaker.
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acquisition programs,” Mike Berard 
said. “Many experienced personnel 
were there showing the ropes on 
how instrumentation can work in 
the technology that is on the pointy 
end of the spear. Lively discussions 
indicated that the information in the 
tutorials as well as the workshop 
was on the mark.”

Nine sessions were given May 
10 and 11 of the workshop week, 
with three on the final day of the 
actual technical sessions. For those 
that signed up, a site tour was given 
May 13 of the Nevada National 
Security Site (formerly the Nevada 
Test Site). Thirty people attended the 
tour, where they visited historical 
locations and got to see where the 
mission focus is currently. The site 
was established for the testing of 
nuclear devices.

Forty-six exhibitors, like SA-
TECH, SEMCO, and JT3 to name 
a few, were also at the workshop 
to display and discuss what their 
company was about to those that 
attended. “The vendors that took 
time to be there indicated that the 
venue and interest of participants 
was over the top,” Mike Berard 
added.

While there was not a closing 
ceremony this year, Mr. Benzie 

did a great job of highlighting the 
different technical sessions of the 
workshop, according to Berard. 

Nearing the end of the workshop, 
the ITEA Southern Nevada Chapter 
awarded a $2,500 scholarship to 
the East Career and Technical 
Academy. “The funds will be used 
to purchase test equipment and 

Antelope Valley ITEA Chapter 
president Mike Berard, left, and 
keynote speaker Tom Berard, 
Executive Director for the AFFTC 
at Edwards AFB, Calif., right.

Southern Nevada ITEA Chapter 
president Steve Moraca, left, awards 
a $2,500 grant check to East Career 
and Technology Academy teacher 
Jacquie Moreira, right.
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materials to support the technical 
labs,” Southern Nevada Chapter 
president, Steve Moraca said. 
“Working with the local university 
[UNLV] on engineering recruiting 
drives we find sparking interest 
early in high school is critical to 
get kids engaged in preparing for 
engineering careers.”

“Next year, you can bet you will 
find me at the Tuscany for another 
ITEA program,” Mike Berard said.

■  ■  ■

2011 ITEA Annual Technology 
Review

By J. Michael Barton, Ph.D.
The 8th Annual ITEA Technology 
Review was held 19–21 July in 
Annapolis, Maryland in what 
far exceeded balmy weather and 
challenged the air conditioning 
of the host hotel. One hundred 
thirty four attendees braved high 
temperatures and humidity, travel 
budget cuts and latent impact of 
continuing resolution to enjoy one 
afternoon of tutorials and two full 
days of technical conference. This 
year saw something of a return to 
basics with the Technology Review, 
which had begun to morph into a 
mini ITEA Annual Symposium. 
Refocused on technical issues, 
technology development, maturation 
and transfer, and partnering within 
and outside the Department of 
Defense, the closely coupled 
tutorials, invited speakers, panel 
discussions and tracks ranged 
outside the beltway and closer to test 
and technology issues at hand.

Planning for Technology for 
Rapid Acquisition and Test started 
with a small team of two Technical 
Chairs, Dr. Catherine Warner and 
Dr. Michael Stokes, and Tutorial 

Chair, Mr. Fred Merchant. The 
Committee rapidly grew with the 
additional of six Track Chairs, 
Col Joe Puett, Commander, Joint 
Interoperability Test Command; 
Mr. Brian Weiss, National Institute 
of Standards and Technology; 
Dr. Jeffrey Sanders, Trideum 
Corporation; Mr. Craig Schlenoff, 
National Institute of Standards and 
Technology; Dr. Laura Freeman, 
Institute for Defense Analyses; and 
Mr. Mike Landers of the Office of 
Project Manager, Instrumentation, 
Targets and Threat Simulators (PM 
ITTS).

The conference kicked off 
Tuesday afternoon with two 
tutorials, Introduction to Agile and 
Test Driven Development led by Mr. 
Jeffrey Payne, CEO of Coveros, 
Inc., and TENA and JMETC 
Enabling Interoperability Among 
Ranges, Facilities, and Simulations 
instructed by Mr. Gene Hudgins, 
TENA Event Support Team Lead 
from BAE Systems.

The Wednesday morning 
plenary session opened with 

welcoming remarks from the ITEA 
President, represented by Dr. 
Steven Hutchison in the absence 
of Ms. Stephanie Clewer. Keynote 
speaker, Dr. James Reuther of 
the NASA Office of the Chief 
Technologist, described the slip of 
NASA technology and the current 
mandate to reclaim a position of 
technological preeminence. He 
challenged attendees to respond 
to NASA data calls for innovative 
ideas for space technology. Mr. 
Robert Baker, Deputy Director 
of Plans and Programs for the 
Assistant Secretary of Defense for 
Research & Engineering, followed 
with a discussion of Department 
of Defense science and technology 
priorities and challenges for the 
test and evaluation community. The 
morning concluded with a panel 
discussion on rapid acquisition, 
chaired by Mr. Michael Zwiebel, 
Director of Test Management at 
the US Army Test and Evaluation 
Command. Panel members 
Mr. Steve Lopes, Office of the 
Assistant Secretary of Defense, 
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Looking into the Atrium from the hotel lobby. Breaks and meals were held 
in the Atrium and the exhibitors set up there. The doors on the far side of 
the Atrium lead to the ballroom where we held the plenary sessions. The 
ballrooms were divided into three meeting rooms for the afternoon tracks.
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Developmental Test and Evaluation, 
Dr. Tom Clutz, Joint Test Board, 
and Mr. Robert Franceschini, 
SAIC Vice President and Technical 
Fellow, opined that not only is a 
robust acquisition process necessary 
but it must encompass legal and 
contracts considerations, which 
now require many months and are 
foreign to the notion of “rapid”. 
It must also include a system-of-
systems approach with well defined 
standards, common testing among 
multiple organizations, and shared 
data. Joint involvement must be 
accounted for, and warfighters 
included early and often. A 
“platform” approach to rapid 
acquisition could allow identifying 
commonalities among systems 
tested and promote reuse of test 
data and accelerate test programs. 
The panel also noted that not only is 
rapid component testing crucial but 
integration testing is as well.

Three technical Tracks ran 
concurrently Wednesday afternoon: 
T&E in Cyberspace, Emerging and 
Intelligent Systems, and Real Time 
Hyper-spectral Scene Generation. 
T&E in Cyberspace was led by 
Colonel Joe Puett with excellent 
presentations and subsequent 
discussion by Mr. Daniel Knodle, 
Mr Kevin Holmes, Mr. Richard 
Delgado, Mr. John Casebolt, 
Mr. John Emerson, Dr. Gail 
Joon Ahn and Dr. David Minton. 
Mr. Brian Weiss organized and 
chaired Emerging and Intelligent 
Systems with Mr. Michael L. Curry, 
Mr. Brian Weiss, Mr. Stephen 
Balakirsky, Mr. Miles Thompson, 
Mr. Jeffrey Schleher and CDR 
Matthew A. Carr delivering 
exceptionally strong presentations. 
The Real Time Hyper-spectral Scene 
Generation Track, led by Dr. Jeffrey 
Sanders, held its theme through 
hardware, algorithms, software 
and hardware-in-the-loop scene 
projectors with presentations by Dr. 

Joseph Rice, Mr. Elton Freeman, 
Dr. A. J. Baker, Dr. Michael 
Stokes, and Dr. Gary McMillian. 
All three tracks were well attended 
and the afternoon concluded with 
a reception where the attendees 
and participants gathered to relax, 
socialize and network.

Thursday morning began with 
presentation of the Best Paper 
award to Michael L. Curry, 
Noe B. Duarte and Nancy M. 
Sodano of Draper Laboratory, 
Inc. for their paper “Intelligent 
Test & Evaluation Infrastructure.” 
The conference theme continued 
with invited presentations by Mr. 
Jeffrey Payne, CEO of Coveros, 
Inc., and Mr. George Rumford, 
Program Manager for the Test and 
Evaluation / Science and Technology 
(T&E/S&T) Program under the Test 
Resource Management Center. Mr. 
Payne described the agile software 
development process, its strengths 
and weaknesses and how it can be 
applied for development and testing 
of secure applications, particularly 
noting that security can’t merely 
be “tested in”, it must be designed 
in. Mr. Rumford announced the 
addition of two new technical 
areas to the T&E/S&T Program - 
Electronic Warfare Systems and 
Cyberspace Operations – tying 
the new areas to the science and 
technology priorities presented 
the previous day by Mr. Baker. 
Mr. Rumford also announced a 
T&E/S&T Industry/Academia Day 
for October in Atlanta to inform the 
community of program changes and 
needs, and to connect technology 
developers and testers with the 
T&E/S&T Program.

The plenary session concluded 
with an outstanding panel on agile 
information technology led by Dr. 
Steven Hutchison, DISA T&E 
Executive. Academia, Industry and 
Government panelists Prof. Mark 
Gillenson, University of Memphis, 

Mr. Jeffrey Payne, Chief Executive 
Officer, Coveros, Inc., and Mr. 
Chuck Campbell, DCMO, IT 
Acquisition Reform Integration 
Lead noted that test driven 
development, typified by the agile 
process, pulls test and evaluation 
to the left side of the systems 
engineering “V”. It also involves 
testers in requirements reviews 
and analysis document reviews as 
independent agents.

Thursday afternoon saw three 
more strong technical tracks. 
The first was Autonomous and 
Cognitive Systems, led by Mr. 
Craig Schlenoff, where insights on 
technology, human interactions and 
military operations were presented 
by Mr. Al Sciarretta, Mr. Craig 
Schlenoff, Mr. C.J. Hutto, and Mr. 
Raj Madhavan. The second track, 
Statistical Rigor in Test Design, 
chaired by Dr. Laura Freeman, 
echoed the initiative of Dr. Michael 
Gilmore, Director, Operational 
Test and Evaluation, for rigorous 
and objective test and evaluation. 
Applications in developmental and 
operational testing were presented 
by Mr. Greg Babich, Ms. Eileen 
Bjorkman, Mr. Todd Remund, 
and Mr. Jeff Berger. The final 
track on the challenges of the 
urban environment was chaired by 
Mr. Mike Landers and addressed 
technology and testing issues in 
presentations by Mr. Edward 
Mayhew, Ms. Stefanie Jessop, 
LTC (R) Kenneth McAllister, Mr. 
Barry Sharp, and Mr. Frederic 
Case. The final tracks concluded 
the eighth gathering of testers and 
technologists and brought emphasis 
close to the roots of marrying test 
needs with technology development, 
a major stride in creating new test 
capability.

I would like to extend our 
gratitude to Gold sponsors EWA 
Government Systems, Inc., Georgia 
Tech Research Institute, Sierra 
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Lobo, Inc., Scientific Research 
Corporation, and STG, Inc.; and 
to Silver sponsors ACRA Control 
and Trideum Corporation. I thank 
our exhibitors, volunteers, and the 
ITEA staff for their support and 
dedication. I also want to thank all 
of the attendees who took the time to 
submit feedback that will allow us to 
make the 2012 Technology Review 
even better. Dr. Steven Hutchison 
will chair the event in 2012. Plan to 
attend next July and offer Steve your 
support now.

■  ■  ■

ITEA Welcomes  
New Corporate Members

Command Post Technologies, 
Inc. Command Post Technologies, 
Inc. (CPT), is a service disabled 

veteran owned (SDVOSB) small 
business that delivers high quality, 
professional services in the 
areas of program management, 
engineering, and test and 
evaluation to commercial and U.S. 
Government customers.  CPT 
supports Joint and Service training 
activities, irregular warfare, system 
interoperability assessments, 
capability development, and 
emerging initiatives for cyberspace 
and information operations.

Power Ten, Inc.  is a service-
disabled veteran-owned small 
business (SDVOSB) that provides 
professional, technical, engineering, 
and information technologies 
services to government and industry 
customers. Power Ten, Inc. was 
founded and is managed by former 
Marines with extensive operational 
and management experience who 
share common proven leadership 

and business principles—QUALITY 
PEOPLE, WHO DELIVER 
QUALITY PRODUCTS, AT 
A FAIR AND REASONABLE 
PRICE. Our people, our partners, 
and our customers share a bond of 
trust, confidence and a commitment 
to actionable products.

Our current services center 
around the United States Marine 
Corps in the areas of Command, 
Control Communications, 
Computers, Intelligence, 
Surveillance, and Reconnaissance 
(C4ISR), Marine Air Command 
& Control, Test & Evaluation, 
tactical and operational Unmanned 
Systems (UxS), and the Marine 
Aviation Training System. We are 
an industry leader in these areas due 
to the performance, reputation and 
expertise of our people.

■  ■  ■

ITEA Corporate Members

Last updated: September 2011

Advanced Test Equipment Rentals
ACRA CONTROL, Inc.
Advanced Sciences and Technologies
Advanced Systems Development Inc. (ASD)
AEgis Technologies Group, Inc.
Agency for Defense Development
Air Academy Associates
AI Signal Research, Inc.
Alion Science and Technology
AMERICAN SYSTEMS
AMPEX Data Systems Corp.
Applied Resources, Inc.
Arcata Associates, Inc.
Argon ST, Network Systems
ARINC, Inc.
Astro-Med, Inc.
Avion Solutions, Inc.
AVW Technologies, Inc.
BAE Systems, Aerospace Solutions
Battelle
Boeing Company, The
Booz Allen Hamilton, Inc.
CALCULEX, Inc.
Calspan Corporation
COLSA Corporation
Command Post Technologies, Inc.
CETEST-Test and Analysis Centre
CSC, Applied Technology Group (ATG), Training 

and Range Support Services
Cubic Defense Applications
Data Systems and Technology, Inc.

Defense Acquisition University (DAU)
Department of Defence – RANTEAA
Dewetron, Inc.
DRS Training and Control Systems, LLC
Dynamic Science, Inc.
Epsilon Systems Solutions, Inc.
ERC, Incorporated
EWA Government Systems, Inc.
Fabreeka International, Inc.
General Dynamics C4 Systems
Georgia Tech Research Institute
Glacier Technologies, LLC
Herley Industries, Inc.
Imagine One Technology & Management, Ltd.
InDyne, Inc.
ITT Test & Support Systems
Jacobs Technology
JT3, LLC
L-3 Global Security and Engineering Solutions
L-3 Telemetry – West
Life Cycle Engineering
Lockheed Martin Corporation
MacAulay-Brown, Inc.
ManTech International Corporation
MEI Technologies, Inc.
MIL Corporation, The
NetAcquire Corporation
NMSU/PSL, 21st Century Aerospace
Northrop Grumman Corporation
Photo-Sonics, Inc.
Power Ten, Inc.

PURVIS Systems, Inc.
QinetiQ North America – Systems Engineering 

Group
QUADELTA, Inc.
Qualis Corporation
Rockwell Collins, Inc.
RoundTable Defense, LLC
RT Logic
Sabre Systems, Inc.
SAIC
Science Applications International Corporation
Scientific Research Corporation
Sierra Lobo, Inc.
SPARTA, Inc. d.b.a. Cobham Analytical  

Solutions
Spectrum Sensors and Controls
Spiral Technology, Inc.
SRA International
SURVICE Engineering Company
SYMVIONICS, Inc.
System Development Center – CSIST
Syzygy Technologies, Inc.
Tactical Information Exchange Integration Office
TASC, Inc.
TRAX International Corporation
Trideum Corporation
U.S. Army Developmental Test Command
Weibel Scientific A/S
Westech International, Inc.
Windmill International, Inc.
Wyle
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