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Once a hot topic, systems engineering has received very little attention over the past decade, lead-
ing some to conclude that the passing systems engineering fad no longer holds much relevance. Or,
perhaps experts have so completely mastered this discipline in the last 30 years, that it is now an
integral part of system development, operating in the back plane of big programs and needing lit-
tle attention. Neither scenario is true, and both are dangerous paradigms. In fact, signs now indi-
cate that systems engineering actually is experiencing a renaissance. Adherence to its principles is
again a prerequisite to successfully fielding today’s complex systems, just as it was in the 1960s.
The difference now, however, is systems engineering’s absolute dependence on rigorous test and
evaluation. This paper explores that partnership, focusing on the three primary challenges—
requirements evolution, program-wide commitment and skill mastery—that these two disci-

plines face in modern acquisition programs.

n the 1960s, experts institutionalized systems
engineering to fill the need for an organized, dis-
ciplined approach to developing increasingly
complex systems. Systems engineering principles
have proved themselves over time. Programs that have
adhered to those principles have yielded some incred-
ible products, and those that have not have paid a
price, either through outright failure or through
falling substantially short of desired performance.
Some experts have defined systems engineering as
the effective application of scientific and engineering
efforts to transform an operational need into a
defined system configuration. And, this is accom-
plished through top-down iterative process require-
ments definition, functional analysis, synthesis, opti-
mization, design, test and evaluation (T&E). An
opposing approach calls for developing a system from
the bottom up without a well-recognized, higher
order structure. In such programs, integration usually
occurs through the application of “brute-force” meth-
ods, using a trial-and-error approach (Blanchard
1991).
In each development program, systems engineer-
ing’s biggest challenge historically has been found at
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the edge of the technological advance’s frontier, and
many great challenges have been met at each system
level. Over the last 25 years, the frontier in Navy ship
acquisition has moved from the combat system inte-
gration level in the 1970s to the total ship level in the
1980s. Currently, in the 1990s, that unexplored terri-
tory can be found at the battle group interoperability
level.

T&E also finds its greatest challenges at the battle
group interoperability level, for it is there that limita-
tions in proven measurement and analysis techniques,
as well as the elusiveness of “ground truth,” can
undermine its effectiveness. Not only do systems
engineering and T&E have the same frontier, they
also have come to depend on one another for success.
No authoritative text on systems engineering exists in
which T&E is not described as integral to its process-
es. This author has coined the term “T&E engineer-
ing,” which refers to applying systems engineering
principles within T&E planning and execution. In a
previously published work, this author also noted
that, “Today, successful systems engineering in a
development program involves much more than the
aggregate of engineering of the individual subsystems



plus a phase of integration of the subsystems. So too,
T&E engineering at the overall program level must be
more than an aggregation of subsystem T&E engi-
neering.” (Reynolds 1997)

The critical and interdependent natures of systems
engineering and T&E now are more pronounced. One
reason for this new prominence is
that the definition of what consti-
tutes a system has been expanded
dramatically. In Navy ship design,
for example, what were considered
relatively stand-alone sensor and
weapons “systems” 25 years ago
were incorporated into combat sys-
tems in the 1970s. The process
began as a relatively loose integra-
tion at first and then was tightened.
In the 1970s, construction of the
two USS California (CGN 36)-
class nuclear powered cruisers
included installation of the first for-
ward-fit digital fire control system
for the surface-to-air missile sys-
tem. However, its antisubmarine
warfare fire control system was ana-
log.

Four USS Virginia (CGN-38)-class cruisers were
built immediately afterward. The Virginia-class was
outfitted with a digital antisubmarine warfare fire
control system, as well as closer systems integration to
achieve quicker reaction times. One full decade—and
several ship classes and much technology advance-
ment later—the USS Ticonderoga (CG-47)-class
cruisers began entering the Navy’s fleet. At this junc-
ture, the combat system was truly integrated, and the
individual sensor, fire control, weapons and other
components became its subsystems.

The USS Arleigh Burke (DDG-51)-class destroyers
joined the Navy fleet in the early 1990s. These new
destroyers took design to the next step. Optimized at
the total ship level, this class had the best surface ship
design to date. Even ship and crew survivability were
designed-in at the total ship level to the point where
the ship could “fight hurt” much better than any pre-
vious class of surface combatant. Emphasis on this
capability was heightened both in response to “live-
fire T&E” legislation introduced in the late 1980s, and
as a result of much work done by the Office of the
Secretary of Defense and the Navy as well.

With the Navy’s newest engineering focus on inte-
gration at the battle group level, new systems now
enable ships in a battle group to communicate more
efficiently. They also are capable of detecting and
engaging targets in a coordinated manner, thus greatly

Figure 1. Interoperability among Navy battle group ships is the frontier in SE/TE today

increasing their ability to perform their missions and to
protect themselves (Figure 1).

Not only do the new integration and interoperabili-
ty levels serve as drivers in new ship designs, but they
are being back-fit into existing ships as well. However,
it is difficult to perform systems engineering and T&E

—

for such back-fits, particularly because substantial
changes occur over a relatively short time. When the
Aegis weapon system, for example, became operational
in the early 1980s, it had five million lines of computer
code—more than the Space Shuttle or the B-2 bomber.
Upgrades since have greatly increased the system's com-
puting power. The current Baseline 6 upgrade alone
adds 15 million lines of code (Meyer and Geary 1998).

The systems themselves were complex, and the func-
tions considered an inherent part of those systems con-
tinued to expand. In the 1970s, systems engineering
focused on interfacing and integrating hardware and
computer software. As system complexity increased,
supportability and operator training needed to be “engi-
neered in” at the outset to ensure optimal system per-
formance. Later, man-machine interfaces and man-in-
the-loop were more formally considered. In many cur-
rent systems, tactics, information handling, and even
politics, must be considered as part of the systems engi-
neering process. Underscoring the significant new
emphasis on battle group interoperability, Admiral Jay
Johnson, USN, Chief of Naval Operations, has called it
“a fundamental shift from what we call platform-centric
warfare to something we call network-centric warfare.”
(Johnson 1998)

The same basic principles of systems engineering
have enabled the Navy to advance so quickly from total
subsystem, to total combat system, to total ship, and
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now, to total battle group integration. The principles of
systems engineering remain the same and are as appli-
cable today as they were decades ago. What differs now
is the level of systems integration to which the princi-
ples must be applied.

Experience shows that today’s complex systems face
three major challenges in successful development, and
they are the same for both systems engineering and
T&E. These challenges include difficulty defining the
requirements; forging a total program-wide commit-
ment to the requirements; and applying the proper
experience and tools. To underscore the inextricable
partnership between the disciplines of systems engi-
neering and T&E, hereafter they will be referred to as
SE/TE.

Evolving the requirements
“Beginning with the end in mind,” according to
Stephen Covey, is one of the seven habits of highly effec-
tive people and organizations (Covey 1989). In the
acquisition business, the end in mind is a new mission or
capability. A system’s successful performance in full-scale
developmental and operational T&E is proof that the
end in mind has been achieved. Program requirements
are of paramount importance to SE/TE. This is
demonstrated by the fact that more than 50
percent of mission-related deficiencies
uncovered during full-scale T&E are
traceable to ambiguously written

acteristics would be considered pass/fail T&E criteria
for the program. What these proposals stated, in effect,
was that good T&E required that the noble, simple
objective of reducing crew size could not be held as the
single, paramount, overriding objective, with the other
parameters being dependent variables.

The acquisition process itself has a direct impact on
the bureaucracy’s sometimes apparent tendency to con-
spire against a proper hierarchy of requirements evolv-
ing in a systematic, timely manner. Michael O’Neill of
the Georgia Tech Research Institute observed that the
U.S. Defense Department’s regulations prescribe a
sequential development process with established peri-
odic milestones supported by major program progress
reviews. This has been referred to as the “relay
approach,” wherein the entire program is forced to pro-
ceed at the pace of its slowest element (Figure 2).

As a natural consequence of this situ-
ation, some have come to
view the test and
evaluation
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Figure 2.
Evolution of the
product develop-
ment process
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requirements. Such ambiguity ‘ |

often is borne of requirements
that come too early or too late, or
that are too numerous, too few, too high or

too low. When those problems occur, good SE/TE is
undermined. In fact, it never has a chance.

An example of what could have been too many
requirements at a program’s top level is a Navy exper-
iment launched several years ago. This initiative,
known as Smart Ship, sought to evaluate whether or
not ship crew size could be reduced, primarily through
automating tasks and functions that previously
required significant human intervention. The experi-
ment was tremendously successful, and leaders agreed
to implement a program to buy and install new sys-
tems and equipment on several ship classes to observe
these results.

But, when participants applied the old acquisition
process paradigm, some called for a significant specifi-
cation of quantitative thresholds and pass/fail thresh-
olds for the sake of “good T&E.” They wanted top-level
Smart Ship program documents to specify requirements
for such issues as number of crew members, their rank
and rating, and from what ship departments they would
be taken, as well as what new systems/equipment char-
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community as empha-
sizing its gatekeeping responsi-
bilities at the expense of its duty as cre-
ator of knowledge. Exceptions to the relay
approach have been necessary in the case of command
and decision systems, wherein an evolutionary, piece-
meal approach to SE/TE, known as the “Sashimi”
approach, has been accepted. But it appears that the
U.S. Defense Department increasingly is moving
toward the more holistic “rugby” process—an industry
staple since the mid-1980s—in which a team tries to go
the distance as a unit, passing the ball back and forth, to
foster a fast, flexible process for new product develop-
ment. (O’Neill 1997).

This change in approach makes imminent sense, and
officials should accommodate and legitimize this
process in defense acquisition directives. However, this
approach creates both a challenge and a heightened
need for adherence to basic, time-proven SE/TE prin-
ciples and practices. Interoperability requirements at
the Navy battle group/network-centric level are difficult
to define. As with combat system integration 25 years
ago, a common set of interoperability design require-
ments at the battle group/network-centric level does
not yet exist.



Defining requirements is a more difficult task at
today’s frontier, because the acquisition process is
geared toward producing systems. Users, however, do not
want system-level performance: They want warfighting
capabilities. The process of translating from system
level to actual capabilities defines SE/TE at the battle
group level. That process involves several discreet steps
conducted iteratively:

(1) understanding the design environment;

(2) establishing system boundaries;

(3) identifying attributes that support program
objectives;

(4) establishing the functional baseline by decompo-
sition, data management, interprocess communications,
user communications and internal/external communi-
cations; and

(5) conducting system requirements reviews. Those
involved should never underestimate the importance of
each of those steps.

A program-wide commitment

It is crucial that program managers and their gov-
ernment/industry teams share the belief that systems
engineering and T&E are not just tools. Together,
these two disciplines provide the framework for get-
ting the job done right. Because of current, widespread
fiscal constraints, many programs have experienced
funding instability. As a result, organizations find it
difficult to keep dedicated teams of experts together
and focused on worthy projects. Pressure is intense to
stay within budget and on schedule for the sake of
program survival. In this situation, the discipline of,
and commitment to, good systems engineering and
T&E suffer greatly.

Unfortunately, shortcuts and other expedient techni-
cal and management decisions easily have taken prece-
dence over the iterative process of stepping back in the
systems engineering process, where the proper balance
of system design is re-optimized. Government and
industry program managers can convince themselves
that the proof of having met the program requirements
lies in demonstrating the system tests’ key parameters.
They rationalize that this demonstration also will prove
that the resulting capabilities will satisfy user needs, and
they turn the system over to operational testers and to
the user with embarrassing results.

Most striking is that, more than once in the last
three years—and despite a stellar 20-year record—
some major systems revealed limitations when first
operated in a true warfare environment. The reason for
these shortcomings, researchers found, was the lack of
commitment to good systems engineering and effec-
tive, rigorous T&E. Never before has such a large gap
existed between what the results of system T&E typi-

cally demonstrate and what the actual, full capabilities
and limitations of the system prove to be. These results
become apparent in fully networked, fully loaded test-
ing of the entire system, when the people, equipment
and software operate under true combat conditions.

Perhaps the single most evasive mystery in new sys-
tems and capabilities development is determining the
necessary amount of SE/TE. The proper level of
SE/TE is difficult to ascertain for new capabilities, but
it is much more difficult to determine for piecemeal
upgrades to existing capabilities. It must be difficult,
because results borne of developmental and operational
T&E illustrate that it is frequently underestimated.

The justification commonly offered for less-than-
appropriate SE/TE is that the program’s funding level
precluded it. That is somewhat of a non sequitur
because SE/TE planning and execution should encom-
pass systematic, continuous evaluation of resources.
Somewhere along the line, experts involved should have
recognized that the programs were not executed in
accordance with SE/TE principles and that they should
have been canceled or corrected.

Mastering the skills

Many government/industry practitioners have dif-
ficulty adhering to SE/TE because they have not mas-
tered its principles or their application. Successful
SE/TE practitioners must be competent engineers,
economists and managers. As engineers, they must
know theory, application, reliability and testing tech-
niques. In addition, they must know how to plan and
control a program’s fiscal and schedule aspects. As
managers, they must communicate clearly with both
superiors and subordinates. And, to synthesize and
evaluate an entire, complex system, they also must
know control theory, computers, modeling and simu-
lation, overall system performance, reliability, pro-
ducibility, economics, cost/value engineering, opti-
mization, and the treatment of a human in the loop
(Shinners 1967).

Building and maintaining an orderly engineering
hierarchy is a fundamental key to successfully applying
SE/TE in a program. Yet, this tenet frequently is vio-
lated, and at significant risk to a program’s success. For
example, several years ago, approval of the initial T&E
Master Plan (TEMP) for the Strategic Sealift ship
acquisition program was delayed almost a year because
one participant maintained that the two major ship
mission T&E parameters were insufficient for monitor-
ing the program’s progress.

The program’s operational requirements document
had quantified the ship’s mission in two measures: the
ship’s average sustained speed; and a 96-hour
onload/offload rate for troops and cargo. The partici-
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pant, however, requested that items such as rates and
lifting capacities for individual loading capabilities
(such as port ramps and cargo booms) be included in
certain TEMP requirements. The program office pre-
ferred to leave those specific requirements flexible,
enabling tradeoffs during design and construction. The
office did add several parameters to help resolve this
issue, but these did not distort the overall requirements
hierarchy. If the additions had distorted the hierarchy,
they most likely would have driven up program costs
and schedule, while driving down overall performance.

Since that time, several ships have been delivered.
The Commander of the Navy’s Operational Test and
Evaluation Force and the Army’s Operational Test and
Evaluation Agency have performed a successful joint,
full-scale, operational T&E exercise, and the pro-
gram’s major customers and stakeholders have agreed
that the performance requirements have been met.
That is good evidence that the SE/TE hierarchy was
the right one.

Personal commitment to SE/TE necessitates an abil-
ity and willingness to conduct some very detailed and
often tedious engineering work. Even if requirements are
well defined, and even if team members are experienced
in SE/TE and committed to a project, that commitment
can break down over the course of several years in sys-
tems development, because the discipline is very difficult
and not often glamorous. In today’s highly complex and
interdependent systems, even small changes can ripple
through a heavily integrated architecture.

Conclusions

Systems, capabilities and functions must be parti-
tioned so their designs can be analyzed, tested and
upgraded continuously at the lowest practical level.
These tasks must be performed without sacrificing
overall system performance. Before proceeding to the
next integration level, confidence in each subsystem,
each function and each capability must be ensured
through iterative modeling and testing at each previous
design level. When inevitable setbacks occur, such as
schedule delays or cost overruns, participants must steer
clear of ill-conceived shortcuts in verification testing.
The chance that egregious errors and deficiencies will
be masked over in higher-level testing is far too great—
and so are the consequences.

Just as an individual’s commitment to SE/TE can
vary over time, so too can the capabilities of organiza-
tions, and even industry in general. This fact should be
taken into account when program responsibilities are
assigned. For example, industries involved in shipbuild-
ing and shipboard combat system development histori-
cally have not been asked to invest in, nor tasked to
apply, the latest tools at the current highest levels of sys-
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tems engineering. In the Navy’s newest shipbuilding
programs, the San Antonio (LPD-17) class of amphibi-
ous assault ships and in the Virginia (SSN-774) class of
nuclear powered attack submarines, total ship integra-
tors from industry have been identified—a job previous-
ly performed inhouse by the Navy. However, because
battle-group-level SE/TE work currently involves a
large amount of doctrine and tactics the Navy is still
developing, that level of integration is still accomplished
by the Navy’s inhouse engineering community.

The SE/TE partnership is here to stay. Now, more
than ever, a program lacking good SE/TE inevitably
will lead to sub-optimized design, and probably unhap-
py customers. In the not-too-distant future, participants
will have mastered SE/TE at today’s frontiers. But
newer frontiers will be visible then, and more after that.
The Navy already is facing challenges beyond battle
group interoperability. Systems currently operating in
the joint service arena, as well as those in the interna-
tional arena, are now pushing the envelope. Perhaps the
same challenges that systems engineering and T&E
currently face will be recognized as keys to success out-
side the envelope as well. O
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