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NASA Systems Engineering Handbook

Foreword
By Francis T. Hoban
Program Manager, NASA Headquarters

When NASA began to sponsor agency-wide
classes in systems engineering, it was to a doubting
audience. Top management was quick to express
concern. As a former Deputy Administrator stated:
“How can you teach an agency-wide systems
engineering class when we cannot even agree on how
to define it?” Good question, and one I must admit
caused us considerable concern at that time. The
same doubt continued up until the publication of this
handbook.

The initial systems engineering education
conference was held in January 1989 at the Johnson
Space Center. A number of representatives from
other Centers attended this meeting and it was
decided then that we needed to form a working group
to support the development of appropriate and
tailored systems engineering courses. At this
meeting the representatives from Marshall Space
Flight Center (MSFC) expressed a strong desire to
document their own historic systems engineering
process before any more of the key players left the
Center. Other Centers also expressed a desire, if not
as urgent as MSFC, to document their process.

It was thought that the best way to reflect the
totality of the NASA systems engineering process
and to aid in developing the needed training was to
prepare a top level (Level O) document that would
contain a broad definition of systems engineering, a
broad process outline, and typical tools and
procedures. In general, we wanted a top level
overview of NASA systems engineering. To this
document would be appended each Center’s unique

systems engineering manual. The group was well
aware of the diversity each Center may have, but
agreed that this approach would be quite acceptable.

The next step and the most difficult in this
arduous process was to find someone to head this yet-
to-be-formed working group. Fortunately for NASA,
Donna Pivirotto of the Jet Propulsion Laboratory
stepped up to the challange. Today, through her
efforts, those of the working group, and the skilled
and dedicated authors, we have a unique and
possibly a historic document.

During the development of the manual we
decided to put in much more than may be
appropriate for a Level O document with the idea
that we could always refine the document later. It
was more important to capture the knowledge when
we could in order to better position ourselves for
later dissemination. If there is any criticism, it may
be the level of detail contained in the manual, but
this detail is necessary for young engineers. The
present document does appear to serve as a good
instructional guide, although it does go well beyond
its original intent.

As such, this present document is to be
considered a next-to-final draft. Your comments,
corrections and suggestions are welcomed, valued
and appreciated. Please send your remarks directly
to Robert Shishko, NASA Systems Engineering
Working Group, NASA/Jet Propulsion Laboratory,
California Institute of Technology, 4800 Oak Grove
Drive, Pasadena, CA 91109-8099.
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Preface

This handbook was written to bring the fundamental
concepts and techniques of systems engincering to NASA
personnel in a way that recognizes the nature of NASA
systems and the NASA environment. The authors readily
acknowledge that this goal will not be easily realized. One
reason is that not cveryone agrees on what systems engi-
neering is, nor on how to do it. There are legitimate differ-
ences of opinion on basic definitions, content, and tech-
niques. Systems engineering itself is a broad subject, with
many different aspects. This initial handbook does not
(and cannot) cover all of them. The authors fully recog-
nize that perhaps no topic will be covered to the satisfac-
tion of all.

The content and style of this handbook show a
teaching orientation. This handbook was meant to accom-
pany formal NASA training courses on systems engineer-
ing, not to be a stand-alone, comprehensive view of NASA
systems engineering. Systems engineering, in the authors’
opinions, cannot be learned simply by starting at a well-de-
fined beginning and proceeding seamlessly from one topic
to another. Rather, it is a discipline that draws from many
traditional disciplines and intellectual domains.  The
boundaries are not always clear, and there are many inter-
esting intellectual offshoots. Consequently, this handbook
was designed to be a fop-level overview of systems engi-
neering as a discipling; brevity of exposition and the provi-
sion of pointers to other books and documents for details
were considered important guidelines.

The material for this handbook was drawn from
many different sources, including Center systems engineer-
ing handbooks, NASA Management Instructions, Center

bricfings on systems engineering processes, non-NASA
systems engineering textbooks and guides, and three inde-
pendent systems engineering courses taught to NASA audi-
ences. The handbook uses this material to provide only
top-level information and suggestions for good systems en-
gineering practices; it is not intended in any way to be a
directive.

By design, the handbook covers some topics that
are also taught in Project Management/Program Conirol
(PM/PC) courses, reflecting the unavoidable connectedness
of these three domains. The material on the NASA Project
Cycle is drawn from the work of the Inter-Center Systems
Engincering Working Group (ICSEWG), which met peri-
odically during 1991 to construct a strawman project cycle.
Inclusion of this material does not imply that closure was
reached on the project cycle; it reflects only the state of
that work at the end of 1991.

This handbook consists of four core chapters: (1)
systems engineering’s intellectual process, (2) the NASA
Project Cycle, (3) management issues in systems engineer-
ing, and (4) systems analysis and modeling issues. These
core chapters are supplemented by appendices, which can
be expanded to accommodate any number of templates and
examples to illustrate topics in the core chapters. The
handbook makes extensive use of sidebars to define, refine,
illustrate, and extend concepts in the core chapters without
diverting the reader from the main argument. There ate no
footnotes; sidebars are used instead. The structure of the
handbook also allows for additional sections and chapters
to be added at a later date. The authors in fact are plan-
ning an additional core chapter on the techniques used in
specialty engineering disciplines.
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1 Introduction

1.1 Purpose

This handbook is intended to provide information
on systems engineering that will be useful to NASA sys-
tem engineers, especially new ones. Its primary objective
is to provide a generic description of systems engineering
as it should be applied throughout NASA. Field Centers’
handbooks are encouraged to provide Center-specific de-
tails of implementation.

For NASA system engineers to choose to keep a
copy of this handbook at their elbows, it must provide an-
swers that cannot be easily found elsewhere. Conse-
quently, it provides NASA-rclevant perspectives and
NASA-particular data. NASA management instructions
(NMIs) are referenced when applicable.

This handbook’s secondary objective is to serve as
a useful companion to all of the various courses in systems
engineering that are being offered under NASA'’s auspices.

Recommended Reading

See the Bibliography for full reference data and further
reading suggestions.

in
Systems Engineenng and Analysis (2nd ed.), B.S.
Blanchard and W.J. Fabrycky.

Systems _Engineering, MIL-STD-499B.
Systems Engineering Management Guide,
Systems Management College.
Systems Engineering Management, B.S. Blanchard.
Systems Engineering Methods, Harold Chestnut.

Systems Concepts, Ralph Miles, Jr. (editor).

Defense |

Sys i d Modeli

Systems Engineering Tools, Harold Chestnut.

Systems Analysis for Engineers and Managers, R. de
Neufville and J.H. Stafford.

Space Systems Design

Space Vehicle Design, Michael D. Griffin and James R.
French.

Space Mission Analysis and Design, James R. Wertz
and Wiley J. Larson (editors).

Design of Geosynchronous Spacecraft, Brij N. Agrawal,

1.2 Scope and Depth

The subject matter of systems engineering is very
broad. The coverage in this handbook is limited to general
concepts and generic descriptions of processes, tools, and
techniques. It provides information on good systems engi-
neering practices, and pitfalls to avoid. There are many
textbooks that can be consulted for in-depth tutorials.

This handbook describes systems engineering as it
should be applied to the development of major NASA sys-
tems. Systems engineering applies both to the system be-
ing developed (the product system) and to the system that
does the developing (the producing system). Conse-
quently, the handbook’s scope properly includes systems
engineering functions regardiess of whether they are per-
formed by an in-house systems engineering organization, a
program/project office, or a system contractor.

While many of the producing system’s design fea-
tures may be implied by the nature of the tools and tech-
niques of systems engineering, it does not follow that insti-
tutional procedures for their application must be uniform
from one NASA Center to another.
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2 Fundamentals of SyStems Engineering

2.1  Systems, Supersystems, and Subsystems

A system is a set of interrelated components which
interact with one another in an organized fashion toward a
common purpose. The components of a system may be
quite diverse, consisting of persons, organizations, proce-
dures, ‘software, equipment and/or facilities. The purpose
of a system may be as humble as distributing electrical
power within a spacecraft or as grand as exploring the sur-
face of Mars.

A Hierarchical System Terminology

The following hierarchical sequence of terms for suc-
cessively finer resoiution was agreed upon by the
NASA Inter-Center Systems Engineering Working
Group: :

Program
Project
-System
Segment
Element
Subsystem
Assembly
Subassembly
Part

The word system is used within NASA both gen-
erically, as defined in the text, and rather specifically, as
the level of resolution below project. 'Which use is in-
tended is generally clear from context.

Every system exists in the context of a supersystem,
which has a broader scope. It is in that context that the
system must be judged. Thus, managers in the supersys-
tem set system policies, establish system objectives, deter-
mine system constraints, and define what costs are rele-
vant. They often have oversight authority over system de-
sign and operations decisions.

Most NASA systems are sufficiently complex that
their components are subsystems, which must function in a
coordinated way for the system to accomplish its goals.
From the point of view of systems engineering, each sub-
system is a system in its own right — that is, policies,
requirements, objectives, and which costs are relevant are
established at the next level up in the hierarchy. Space-
craft systems often have such subsystems as propulsion,
attitude control, telecommunications, and power. In a

" PRE®ET M0
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large project, the subsystems are likely to be called ‘“sys-
tems™’. ‘

The word system is used within NASA both generi-
cally, as defined in the first paragraph above, and rather
specifically, as the level of resolution below project. In
this handbook, the word “‘system’” is generally used in its
generic form.

The NASA management instruction for the acquisi-
tion of ““major’’ systems (NMI 7100.14B) defines a pro-
gram as ‘‘an organized set of activities directed toward a
common purpose, objective, or goal undertaken or pro-
posed by an agency in order to carry out responsibilities
which have been assigned to it.’’ The similarity to the
above definition of system is not accidental,

In the NASA context, a project encompasses the
design, acquisition and operation of a major system, and is
generally managed by a NASA field Center. A program,
on the other hand, is what NASA Headquarters manages,
and may encompass several projects. Headquarters’ man-
agement concerns include not only the engineering of the
system, but all of the other activities required to achieve
the desired end. These other activities include ‘explaining
the value of the system to Congress and enlisting interna-

The Technical Sophistication Required to do
. Systems Engineering Depends on the Project

» The system’s goals may be simple and easy to
identify and measure — or they may be techni-
cally comphcated requiring .a great deal of in-
sight about the environment or technology within

_ or with which the system must operate.

e The system may have a single goal — or muilti-
ple goals. There are techniques available for
determining the relative values of muitiple goals
— but sometimes goais are truly incommensu-
rate and unquantifiable. -

e The system may have users representing fac-
tions with conflicting objectives. When there are
conflicting objectives, negotiated compromises
will be required.

e Alternative system design concepts may be
abundant — or they may require creative genius
to develop.

e A “back-of-the-envelope” computation may be
satisfactory for prediction of how well the alter-
native design concepts would do in achievement
of the goals — or credibility may depend upon
construction and testing of hardware or software
models.

e The desired ends usually include an optimization
objective, such as “minimize life-cycle cost’ or
“maximize the value of returned data”, so selec-
tion of the best design may not be an easy task.

PAGE BLANK NOT FilLMeD



Page 4

NASA Systems Engineering Handbook
Fundamentals of Systems Engineering

tional cooperation. The term mission is often used for the
system’s purpose; its connotations of fervor make it par-
ticularly suitable for such political activities, where the
emotional content of the term is a desirable factor.

2.2  Definition of Systems Engineering

Systems engineering is a robust approach to the de-
sign, creation, and operation of systems. In simple terms,
the approach consists of identification and quantification of
system goals, creation of alternative system design con-
cepts, performance of design trades, sclection and imple-
mentation of the best design, verification that the design is
actually built and properly integrated, and post-implemen-

Systems Engineering per MIL-STD-499B

Systems engineering is “an interdisciplinary approach to
evolve and verify an integrated and life-cycle balanced
set of system product and process solutions that satisfy
customer needs. Systems engineering: (a) encom-
passes the scientific and engineering efforts related to
the development, manufacturing, verification, deploy- |
ment, operations, support, and disposal of system prod-
ucts and processes, (b) develops needed user training
equipments, procedures, and data, (c) establishes and
maintains configuration management of the system, (d)
develops work breakdown structures and statements of
work, and (e) provides information for management de-
cision making.”

tation assessment of how well the system meets (or met)
the goals. The approach is usually applied repeatedly and
recursively, with several increases in the resolution of the
system baselines (which contain requircments, design de-
tails, verification procedures and standards, cost and per-
formance estimates, and so on).

Systems engineering is performed in concert with
system management. A major part of the system engi-
neer’s role is to provide information that the system man-
ager can use to make the right decisions. This includes
identification of alternative design concepts and charac-
terization of those concepts in ways that will help the sys-
tem managers first discover their preferences, then be able
to apply them astutely. An important aspect of this role is
the creation of system models that facilitate assessment of
the alternatives in various dimensions like cost, perform-
ance, and risk.

Application of this approach includes performance
of some delegated management duties, such as maintaining

| often convenient to express these values in common

| of the degree to which the system’s purpose is

1 -of successfully injecting a payload onto a usable trajec-

control of the developing configuration and overseeing the
integration of subsystems.

2.3  Objective of Systems Engineering

The objective of systems engineering is to see to it
that the system is designed, built, and operated so that it
accomplishes its purpose in the most cost-effective way
possible, considering performance, cost, schedule, and risk.

A cost-effective system must provide a particular
kind of balance between effectiveness and cost: the system
must provide the most effectivencss for the resources ex-
pended or, equivalently, it must be the least expensive for
the effectiveness it provides. This condition is a weak one
because there are usually many designs that meet the con-
dition. Think of each possible design as a point in the
tradeoff space between effectiveness and cost. A graph
plotting the maximum achievable effectiveness of designs

Cost

The cost of a system is the foregone value of the re-
sources needed to design, build, and operate it. Be-
cause resources come in many forms — work per-
formed by NASA personnel and contractors, materials,
energy, and the use of facilities and equipment such as
wind tunnels, factories, offices, and computers — it is

terms by using monetary units (such as dollars).
Effectiveness

The effectiveness of a system is a quantitative measure

achieved. Effectiveness measures are usually very de-
pendent upon system performance. For example,
faunch vehicle effectiveness depends on the probability

tory. The associated system performance attributes in-
clude the mass that can be put into a specified nominal
orbit, the trade between injected mass and launch ve-
locity, and launch availability.

Cost-Effectiveness

The cost-effectiveness of a system combines both the
cost and the effectiveness of the system in the context
of its abjectives. While it may be necessary to measure
either or both of those in terms of several numbers, it is
sometimes possible to combine the components into a
meaningful, single-valued objective function for use in
design optimization. Even without knowing how to
trade effectiveness for cost, designs that have lower
cost and higher effectiveness are preferred.
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available with current technology as a function of cost
would in general yield a curved line such as the one shown
in Figure 1. (In the figure, all the dimensions of effective-
ness are represented by the ordinate and all the dimensions
of cost by the abscissa.) In other words, the curved line
represents the envelope of the currently available technol-
ogy in terms of cost-effectiveness.

Points above the line cannot be achieved with cur-
rently available technology — that is, they do not represent
feasible designs. (Some of those points may be feasible in
the future when further technological advances have been
made.) Points inside the envelope arc feasible, but are
dominated by designs whose combined cost and effective-
ness lie on the envelope. Designs represented by points on
the envelope are called cost-effective (or efficient or non-
dominated) solutions.

Design trade studies, an important part of the sys-
tems engineering process, often attempt to find designs that
provide a better combination of the various dimensions of
cost and effectiveness. When the starting point for a de-
sign trade study is inside the envelope, there are altcrna-
tives that reduce costs without decreasing any aspect of ef-
fectiveness, or increase some aspect of effectiveness with-
out decreasing others and without increasing costs. Then,
the system manager’s or system engineer’s decision is

There are no designs that
produce results in this
portion of the trade-

off space.

All possible designs with
currently known technology
produce results somewhere
in this portion of the trade-
off space.

Effectiveness

Cost

_Figure 1 — The Enveloping Surface of Non-domi-
nated Designs.

easy. Other than in the sizing of subsystems, such “‘win-
win’’ design trades arc uncommon, but by no means rare.
When the alternatives in a design trade study, however, re-
quire trading cost for effectiveness, or even one dimension
of effectiveness for another at the same cost, the decisions
become harder.

The process of finding the most cost-effective de-
sign is further complicated by uncertainty, which is shown

A, B, and C are
design concepts
with different

Effectiveness

risk patterns.

Figure 2 — Estimates of Outcomes to be Obtained
from Several Design Concepts Including Uncertainty.

in Figure 2 as a modification of Figure 1. Exactly what
outcomes will be realized by a particular system design
cannot be known in advance with certainty, so the pro-
jected cost and effectiveness of a design are better de-
scribed by a probability distribution than by a point. This
distribution can be thought of as a cloud which is thickest
at the most likely value and thinner farther away from the
most likely point, as is shown for design concept A in the
figure. Distributions resulting from designs which have lit-
tle uncertainty are dense and highly compact, as is shown
for concept B. Distributions associated with risky designs
may have significant probabilities of producing highly un-
desirable outcomes, as is suggested by the presence of an
additional low effectiveness/high cost cloud for concept C.
(Of course, the envelope of such clouds cannot be a sharp
line such as is shown in the figurcs, but must itself be
rather fuzzy. The line can now be thought of as repre-
senting the envelope at some fixed confidence level — that
is, a probability of x of achieving that effectiveness.)

Both effectiveness and cost may require several de-
scriptors. Even the Kcho balloons obtained scientific data
on the electromagnetic environment and atmospheric drag,
in addition to their primary mission as communications
satellites. Furthermore, Echo was the first satellite visible
to the naked eye, an unquantified — but not unrecognized
— aspect of its effectiveness. Costs, the expenditure of
limited resources, may be measured in the several dimen-
sions of funding, personnel, use of facilities, and so on.
Schedule may appear as an attribute of effectiveness or
cost, or as a constraint. Sputnik, for example, drew much
of its effectiveness from the fact that it was a ‘‘first”,
while a planetary launch to Venus that missed its launch
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window used to have to wait two years for another oppor-
tunity. Risk results from uncertaintics in realized effective-
ness, costs, timeliness and budgets.

Sometimes, the systems that provide the highest ra-
tio of effectiveness to cost are the most desirable. How-
ever, this ratio is likely to be meaningless or — worse —
misleading. To be useful and meaningful, that ratio must

The System Engineer’'s Dilemma

e To reduce cost at constant risk, performance
must be reduced.

e To reduce risk at constant cost, performance
must be reduced.

e To reduce cost at constant performance, higher
risks must be accepted.

e To reduce risk at constant performance, higher
costs must be accepted.

In this context, time in the schedule is often a
critical resource, so that schedule behaves like a kind of
cost.

be uniquely determined and independent of the system
cost. Further, there must be but a single measure of effec-
tiveness and a single measure of cost. If the numerical
values of those metrics are obscured by probability distri-
butions, the ratios become uncertain as well; then any use-
fulness the simple, single ratio of two numbers might have
had disappears.

In some contexts, it is appropriate to seek the most
effectiveness possible within a fixed budget; in other con-
texts, it is more appropriate to seek the Jeast cost possible
with specified effectiveness. In these cases, there is the
question of what level of effectiveness to specify or of
what level of costs to fix. In practice, these may be man-
dated in the form of performance or cost requirements; it
then becomes appropriate to ask whether a slight relaxation
of requirements could produce a significantly cheaper sys-
tem or whether a few more resources could produce a sig-
nificantly more effective system.

Usually, the system manager must choose among
designs that differ in terms of numerous attributes. A vari-
ety of methods have been developed that can be used to
help managers uncover their preferences between attributes
and to quantify their subjective assessments of relative
value. When this can be done, trades between attributes
can be assessed quantitatively. Often, however, the attrib-
utes seem to be truly incommensurate; managers must
make their decisions in spite of this multiplicity.

2.4  Disciplines Related to Systems Engineering

The definition of systems engineering given in Sec-
tion 2.2 could apply to the design task facing a bridge de-
signer, a radio enginecr, or even a committce chair. The
systems engineering process can be a part of all of these.
It cannot be the whole of the job — the bridge designer
must know the properties of concrete and steel, the radio
engineer must apply Maxwell’s equations, and a committee
chair must understand the personalitics of the members of
the committee. In fact, the optimization of systems re-
quires collaboration with experts in a varicty of disciplines,
some of which are compared to systems engineering in the
remainder of this section.

The role of systems engineering differs from that of
system management in that engineering is an analytical,
advisory and planning function, while management is the
decision-making function. Very often, the distinction is ir-
relevant, as the same individuals may perform both roles.
When no factors enter the decision-making process other
than those that are covered by the analyses, system man-
agement may delegate some of the management responsi-
bility to the systems engineering function.

Systems engincering differs from what might be
called design engineering in that systems cngineering deals
with the relationships of the thing being designed to its
supersystem and subsystems, rather than with the internal
details of how it is to accomplish its objectives. The sys-
tems viewpoint is broad, rather than deep: it encompasses
the system from architect to user, from mission objectives
to design details, and from cradle to grave.

System engineers must also rely on contributions
from the specialty engineering disciplines, in addition to
the traditional design disciplines, for functional expertise
and specialized analytic methods. These specialty engi-
neering areas typically include reliability, maintainability,
logistics, test, production, transportation, human factors,
quality assurance, and safety engincering. Specialty engi-
neers contribute throughout the systems engineering proc-
ess; part of the system engineer’s job is to see that these
functions are coherently integrated into the project at the
right times and that they address the relevant issues.

In both systems analysis and systems engineering,
the amounts and kinds of resources to be made available
for the creation of the system are assumed to be among the
decisions to be made. Systems engineering concentrates
on the creation of hardware and software architectures and
on the development and management of the interfaces be-
tween subsystems, relying on systems analysis to construct
the mathematical models and analyze the data to evaluate
alternative designs and to perform the actual design trade-
off studies. Systems analysis often requires the use of
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tools from operations research, economics, or other so-
called decision sciences, and systems analysis curricula
generally include extensive study of such topics as prob-
ability, statistics, decision theory, queucing theory, game
theory, linear and non-linear programming, and so on. In
practice, many system engineers’ academic background is
richer in the engineering disciplines than in the decision
sciences. As a consequence, the system engineer is often a
consumer of systems analysis products, rather than a pro-
ducer of them. One of the major objectives for Chapter 5
is to develop an understanding and appreciation of the state
of that art.

Operations research and operations engineering
confine their attention to systems whose components are
assumed to be more or less immutable. That is, it is as-
sumed that the resources with which the system operates
cannot be changed, but that the way in which they arc used
is amenable to optimization. Operations research tech-
niques often provide powerful tools for the optimization of
system designs.

Within NASA, terms such as mission analysis and
engineering are often used to describe all study and design
efforts that relate to determination of what the project’s
mission should be and how it should be carried out.
Sometimes the scope is limited to the study of future pro-
jects. Sometimes the charters of organizations with such
names include monitoring the capabilities of systems, en-
suring that important considerations have not been over-
looked, and overseeing tradeoffs between major systems
— thereby encompassing operations research, systems
analysis, and systems engineering activities.

Total quality management (TQM) is the application
of systems engineering to the work environment. That is,
part of the total quality management paradigm is the reali-
zation that an operating organization is a particular kind of
system and should be engineered as one. A variety of spe-
cialized tools have been developed for this application
area; many of them can be recognized as established sys-
tems engineering tools, but with different names. The in-
junction to focus on the satisfaction of customer needs, for
example, is even expressed in similar terms. The use of
statistical process control is akin to the use of technical
performance and earned value measurements. Quality
Junction deployment is a technique of requirements analy-
sis.

The systems approach is common to all of these re-
lated ficlds. Essential to the systems approach is the rec-
ognition that a system exists, that it is embedded in a su-
persystem on which it has an impact, that it may contain
subsystems, and that the system’s objectives must be un-
derstood — preferably explicitly identified.

2.5 The Doctrine of Successive Refinement

The realization of a system over its life cycle results
from a succession of decisions among alternative courses
of action. I the alternatives are precisely enough defined
and thoroughly enough understood to be well differentiated
in the cost-effectiveness space, then the system manager
can make choices among them with confidence.

The systems engineering process can be thought of
as the pursuit of definition and understanding of design al-
ternatives to support those decisions, coupled with the
overseeing of their implementation. To obtain assessments
that are crisp enough to facilitate good decisions, it is often
necessary to delve more deeply into the space of possible
designs than has yet been done, as is illustrated in Figure
3.

_ It should be realized, however, that this spiral repre-
sents neither the project cycle, which encompasses the sys-
tem from inception through disposal, nor the product de-
velopment process by which the system design is devel-
oped and implemented, which occurs in Phases C and D
(sce Chapter 3) of the project cycle. Rather, as the intel-
lectual process of systems engineering, it is inevitably re-
flected in both of them.

Figure 3 is really a double helix — cach create con-
cepts step at the level of design engineering initiates a ca-

Figure 3 — The Doctrine of Successive Refinement.
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pabilities definition spiral moving in the opposite direction.
The concepts can never be created from whole cloth,
Rather, they result from the synthesis of potential capabili-
ties offered by the continually changing state of technol-
ogy. This process of design concept development by the
integration of lower-level clements is a part of the systems
engincering process. In fact, there is always a danger that

As an Example of the Process of Successive
Refinement, Consider the Choice of Altitude
for a Space Station such as Freedom

e The first issue is selection of the general loca-
tion. Alternatives include Earth orbit, one of the
Earth-Maon Lagrange points, or a solar orbit. At
the current state of technology, cost and risk
considerations made selection of Earth orbit an
easy choice for Freedom.

e Having chosen Earth orbit, it is necessary to se-
lect an orbit region. Alternatives include low
Earth orbit (LEO), high Earth orbit and geosyn-
chronous orbit; orbital inclination and eccentricity
must also be chosen. One of many criteria con-
sidered in choosing LEO for Freedom was the
design complexity associated with passage
through the Van Allen radiation belts.

e System design choices proceed to the selection
of an altitude maintenance strategy — rules that
implicitly determine when, where and why to re-
boost, such as “maintain altitude such that there
are always at least TBD days to reentry”, “colli-
sion avoidance maneuvers shall always increase
the altitude”, “‘reboost only after resupply flights
that have brought fuel", “rotate the crew every
T8BD days".

e A next step is to write altitude specifications.
These choices might consist of replacing the
TBDs (values to be determined) in the altitude
strategy with explicit numbers.

e Monthly operations plans are eventually part of
the complete system design. These would in-
clude scheduied reboost bumns based on predic-
tions of the accumuiated effect of drag and the
details of on-board microgravity experiments.

e Actual firing decisions are based on determina-
tions of the orbit which resuits from the momen-
tum actually added by previous firings, the at-
mospheric density variations actually encoun-
tered, and so on.

Note that decisions at every step require that the
capabilities offered by available technology be consid-
ered — often at levels of design that are more detailed
than seems necessary at first.

the top-down process cannot keep up with the bottoms-up
process.

There is often an early neced to resolve the issues
(such as the system architecture) enough so that the system
can be modeled with sufficient realism to do reliable trade
studies.

When resources are expended toward the imple-
mentation of one of scveral design options, the resources
required to complete the implementation of that design de-
crease (of course), while there is usually little or no change
in the resources that would be required by unselected alter-
natives. Selected alternatives thereby become relatively
even more attractive than those that were not selected.

Consequently, it is reasonable to expect the system
to be defined with increasingly better resolution as time
passes. This tendency is formalized at some point (in
Phase B) by defining a baseline system definition. Usu-
ally, the goals, objectives, and constraints are baselined as
the requirements portion of the bascline. The entire base-
line is then subjected to configuration control in an attempt
to ensure that successive changes are indeed improve-
ments.

As the system is realized, its particulars become
clearer — but also harder to change. As stated above, the
purpose of systems engineering is to make sure that the
development process happens in a way that leads to the
most cost-cffective final system. The basic idea is that be-
forc those decisions that are hard to undo are made, the
alternatives are carefully assessed.

The systems engineering process is applied again
and again as the system is developed. As the system is
realized, the issues addressed evolve and the particulars of
the activity change.

Most of the major system decisions (goals, architec-
ture, acceptable life-cycle cost, etc.) are made during the
carly phases of the project, so the turns of the spiral (that
is, the successive refinements) do not correspond precisely
to the phases of the system life cycle. Much of the system
architecture can be “‘seen’ even at the outset, so the turns
of the spiral do not correspond cxactly to development of
the architectural hierarchy, either. Rather, they correspond
to the successively greater resolution by which the system -
is defined.

Each of the steps in the systems enginecring proc-
ess is discussed below.

Recognize Need/Opportunity. This step is shown in Fig-
ure 3 only once, as it is not really part of the spiral but its
first cause. It could be argued that recognition of the need
or opportunity for a new system is an entrepreneurial activ-
ity, rather than an engineering one.
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The end result of this step is the discovery and de-
lincation of the system’s goals, which generally express the
desires and requirements of the eventual users of the sys-
tem. In the NASA context, the system’s goals should also
represent the long term interests of the taxpaying public.

Identify and Quantify Goals. Before it is possible to
compare the cost-cffectivencss of alternative system design
concepts, the mission to be performed by the system must
be delineated. The goals that are developed should cover
all relevant aspects of cffectiveness, cost, schedule and
risk, and should be traceable to the goals of the supersys-
tem. To make it easier to choose among alternatives, the
goals should be stated in quantifiable, verifiable terms, in-
sofar as that is possible and meaningful to do.

It is also desirable to assess the constraints that may
apply. Some constraints are imposed by the state of tech-
nology at the time of creating or modifying system design
concepts. Others may appear to be inviolate, but can be
changed by higher levels of management. The assump-
tions and other relevant information that underlie con-
straints should always be recorded so that it is possible to
estimate the benefits that could be obtained from their re-
laxation.

At each turn of the spiral, the goals should be docu-
mented in a way that makes them traceable to the next
higher level. As the systems engineering process contin-
ues, the system’s goals become documented as functional
requirements {what must be done to achieve those goals)
and as performance requirements (quantitative descriptions
of how well the functional requircments must be done). In
later turns of the spiral, further ¢laborations may become
documented as detailed specifications or design require-
ments.

Create Alternative Design Concepts. Once it is under-
stood what the system is to accomplish, it is possible to
devise a variety of ways that those goals can be met.
Sometimes, that comes about as a conscquence of integrat-
ing available subsystem design options. Ideally, as wide a
range of plausible alternatives as is consistent with the de-
sign organization’s charter should be defined, keeping in
mind the current stage in the process of successive refine-
ment. When the bottoms-up process is operating, a prob-
lem for the system engineer is that the designers tend to
become fond of the designs they create, so they lose their
objectivity; the system engineer often must stay an ‘“‘out-
sider’” so that there is more objectivity.

On the first turn of the spiral in Figure 3, the sub-
ject is often general approaches or strategies, sometimes
architectural concepts. On the next, it is likely to be func-
tional design, then detailed design, and so on.

The reason for avoiding a premature focus on a sin-
gle design is to permit discovery of the truly best design.
Part of the system engineer’s job is to ensure that the de-
sign concepts to be compared take into account all inter-
face requirements. “‘Did you include the cabling?’’ is a
characteristic question. When possible, each design con-
cept should be described in terms of controllable design
paramefers so that each represents as wide a class of de-
signs as is reasonable. In doing so, the system engineer
should keep in mind that the potentials for change may
include organizational structure, schedules, procedures, and
any of the other things that make up a sysfem. When pos-
sible, constraints should also be described by parameters.

Owen Morris, former Manager of the Apollo Space-
craft Program and Manager of Space Shuttle Systems and
Engineering, has pointed out that it is often useful to define
design reference missions which stress all of the system’s
capabilities to a significant extent and which all designs
will have to be able to accomplish. The purpose of such
missions is to keep the design space open. Consequently,
it can be very dangerous to writc them into the system
specifications, as they can have just the opposite effect.

Do Trade Studies. Trade studies begin with an assess-
ment of how well each of the design alternatives meets the
system goals (effectiveness, cost, schedule, and risk, both
quantified and otherwise). The ability to perform these
studies is enhanced by the development of system models
that relate the design parameters to those assessments —
but it does not depend upon them.

Controlled modification and development of design
concepts, together with such system models, often permits
the use of formal optimization techniques to find regions
of the design space that warrant further investigation —
those that are closer to the optimum surface indicated in
Figure 1.

Whether system models are used or not, the design
concepts are developed, modified, rcassessed and com-
pared against competing alternatives in a closed-loop proc-
ess that seeks the best choices for further development.
System and subsystem sizes are often determined during
the trade studies. The end result is the determination of
bounds on the relative cost-effectivenesses of the design
alternatives, measured in terms of the quantified system
goals. (Only bounds, rather than final values, are possible
because determination of the final details of the design is
intentionally deferred. The bounds, in turn, may be de-
rived from the probability density functions.) Increasing
detail associated with the continually improving resolution
reduces the spread between upper and lower bounds as the
process proceeds.
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Select Concept. Seclection among the alternative design
concepts is a task for the system manager, who must take
into account the subjective factors that the system engineer
was unable to quantify, in addition to the estimates of how
well the alternatives meet the quantificd goals (and any ef-
fectiveness, cost, schedule, risk or other constraints).

When it is possible, it is usually well worth the
trouble to develop a mathematical expression, called an 0b-
Jective function, that expresses the values of combinations
of possible outcomes as a single measure of cost-effective-
ness, as is illustrated in Figure 4, even if both cost and
effectiveness must be described by more than one measure.
When achievement of the goals can be quantitatively ex-
pressed by such an objective function, designs can be com-
pared in terms of its value. Risks associated with design
concepts can cause these evaluations to be somewhat nebu-
lous (because they are uncertain and are best described by
probability distributions). In this illustration, the risks are
relatively high for design concept A. There is little risk in
cither effectiveness or cost for concept B, while the risk of
an expensive failure is high for concept C, as is shown by
the cloud of probability near the x axis with a high cost
and essentially no effectiveness. Schedule factors may af-
fect the effectiveness values, the cost values and the risk
distributions.

The mission success criteria for systems differ sig-
nificantly. In some cases, effectiveness goals may be
much more important than all others. Other projects may
demand low costs, have an immutable schedule, or require
minimization of some kinds of risks. Rarely (if ever) is it
possible to produce a combined quantitative measurc that
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Figure 4 — A Quantitative Objective Function, De-
pendent on Life-Cycle Cost and All Aspects of Effec-
tiveness.

relates a/l of the important factors, even if it is expressed
as a vector with several components. Even when that can
be done, it is essential that the underlying factors and rela-
tionships be thoroughly revealed to and understood by the
system manager. The system manager must weigh the im-
portance of the unquantifiable factors along with the quan-
titative data provided by the system engineer.

Technical reviews of the data and analyses are an
important part of the decision support packages prepared
for the system manager. The decisions that are made are
generally entered into the configuration management sys-
tem as changes to (or elaborations of) the system baseline.
The supporting trade studies are archived for future use.
An essential feature of the systems engineering process is
that trade studies are performed before decisions are made.
They can then be baselined with much more confidence.

At this point in the systems engineering process,
there is a logical branch point. For those issues for which
the process of successive refinement has proceeded far
enough, the next step is to implement the decisions at that
level of resolution (that is, unwind the recursive process).
For those issues that are still insufficiently resolved, the
next step is to refine the development further.

Increase the Resolution of the Design. One of the first
issues to be addressed is how the system should be subdi-
vided into subsystems. (Once that has been done, the fo-

Simple Interfaces are Preferred

According to Morris, NASA’s former Acting Administra-
tor George Low, in a 1971 paper titled “What Made
Apollo a Success”, noted that only 100 wires were
needed to link the Apollo spacecraft to the Saturn
launch vehicle. He emphasized the point that a single
person could fully understand the interface and cope
with all the effects of a change on either side of the
interface.

cus changes and the subsysfems become sysfems — from
the point of view of a system engineer. The partitioning
process stops when the subsystems are simple enough to
be managed holistically.) As noted by Morris, “‘the divi-
sion of program activities to minimize the number and
complexity of interfaces has a strong influence on the
overall program cost and the ability of the program to meet
schedules.”’

Charles Leising and Armold Ruskin have (sepa-
rately) pointed out that partitioning is more art than sci-
ence, but that there are guidelines available: To make inter-
faces clean and simple, similar functions, designs and tech-
nologies should be grouped. Each portion of work should
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be verifiable. Pieces should map conveniently onto the or-
ganizational structure. Some of the functions that are
needed throughout the design (such as electrical power) or
throughout the organization (such as purchasing) can be
centralized. Standardization — of such things as parts lists
or reporting formats — is often desirable. The accounting
system should follow (not lead) the system architecture. In
terms of breadth, partitioning should be done essentially all
at once. As with system design choices, alternative parti-
tioning plans should be considered and compared before
implementation.

If a requircments-driven design paradigm is used
for the development of the system architecture, it must be
applied with care, for the use of ‘‘shalls’’ creates a ten-
dency for the requirements to be treated as inviolable con-
straints rather than as agents of the objectives. A goal, ob-
jective or desire should never be made a requirement until
its costs are understood and the buyer is willing to pay for
it. The capability to compute the effects of lower-level de-
cisions on the quantified goals should be maintained
throughout the partitioning process. That is, there should
be a goals flowdown embedded in the requirements alloca-
tion process.

The process continues with creation of a variety of
alternative design concepts at the next level of resolution,
construction of models that permit prediction of how well
those alternatives will satisfy the quantified goals, and so
on. It is imperative that plans for subsequent integration
be laid throughout the partitioning. Integration plans in-
clude verification and validation activitics as a matter of
course.

Implement the Sclected Design Decisions. When the
process of successive refinement has proceeded far
enough, the next step is to reverse the partitioning process.
When applied to the system architecture, this “‘unwinding”
of the process is called system integration. Conceptual
system integration takes place in all phases of the project

cycle. That is, when a design approach has been selected,
the approach is verified by ‘‘unwinding the process’’ to
test whether the concept at each physical level meets the
expectations and requirements. Physical integration is ac-
complished during Phase D. At the finer levels of resolu-
tion, pieces must be tested, assembled and/or integrated,
and tested again. The system engineer’s role includes the
performance of the delegated management duties, such as
configuration control and oversceing the integration, verifi-
cation, and validation process.

The purpose of verification of subsystem integration
is to ensure that the subsystems conform to what was de-
signed and interface with each other as expected in all re-
spects that are important: mechanical connections, effects
on center of mass and products of inertia, electromagnetic
interference and connector impedance and voltage, power
consumption, data flow, and so on. Validation consists of
ensuring that the interfaced subsystems achieve their in-
tended results. While validation is even more important
than verification, it is usually much more difficult to ac-
complish.

Perform the Mission. Eventually, the system is called
upon to meet the need or seize the opportunity for which it
was designed and built.

The system engincer continues to perform a variety
of supporting functions, depending on the nature and dura-
tion of the mission. On a large project such as Space Sta-
tion Freedom, some of these continuing functions include
the validation of system effectivencss at the operational
site, overseeing the maintenance of configuration and lo-
gistics documentiation, overseeing sustaining engineering
activities, compiling development and operations ‘‘lessons
learned’” documents and, with the help of the specialty en-
gineering disciplines, identifying product improvement op-
portunities. On smaller systems, such as a Spacelab pay-
load, only the last two may be needed.
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3 The Project Cycle for Major NASA
Systems

One of the fundamental concepts used within
NASA for the management of major systems is the project
cycle, which consists of a categorization of cverything that
should be done to accomplish a project into distinct
phases, separated by control gates. Phase boundaries are
defined so that they provide more-or-less natural points for
go/no-go decisions. Decisions to proceed may be qualificd
by liens that must be removed within a reasonable time. A
project that fails to pass a control gate and has enough re-
sources may be allowed to “‘go back to the drawing
board” — or it may be terminated.

NASA management instructions (NMI 7100.14B)
define the phases of a major system acquisition as:

e Phase A — Preliminary Analysis

e Phase B — Definition

e Phase C/D — Design, Full-Scale Development, Op-
eration.

When considered in the context of phased project
planning designed to encompass the entire life-cycle of a
system, this list is rather truncated. One reason is that ac-
quisition activities (which bound the scope of the NMI) do
not include the pre-proposal part of the process, and tend
to emphasize the remaining early phases to the exclusion
of the later portions of the life<ycle. In the NASA con-
text, operations are often treated as a new beginning —
sometimes even the name of the project is changed (e.g.,
the Mariner-Jupiter-Saturn 77 project became Voyager af-
ter the spacecraft were on their way).

Another reason the above list differs from the de-
scription which is about to follow is that the product devel-
opment process consists of both the decomposition and
definition of Phase C and the fabrication, integration and
verification of Phase D. Barry W. Boehm described how
several contemporary software development processes
work;, in some of these processes, the development and
construction activities proceed in parallel, so that attempt-
ing to separate the associated phases on a time line is un-
desirable. Boehm describes a spiral which reflects the doc-
trine of successive refinement depicted in Figure 3, but
Bochm’s spiral describes the software product develop-
ment process in particular. His discussion applies as well
to the development of hardware products as it does to soft-
ware.

All systems start with the recognition of a need or
the discovery of an opportunity and proceed through vari-

ous stages of development to a final disposition. While the
most dramatic impacts of the analysis and optimization ac-
tivities associated with systems engineering are obtained in
the early stages, decisions that affect millions of dollars of
value or cost continue to be amenable to the systems ap-
proach even as the end of the system lifetime approaches.
Generically, the phases can be categorized as:

e Pre-Phase A — Find a suitable project

¢ Phase A — Make sure the project is worthwhile

e Phase B — Define the project

e Phase C — Develop the system design

e Phase D — Build, integrate, test and certify the sys-
tem

¢ Phase E — Prepare for operations

e Phase F — Operate the system and dispose of it

properly

Sections 3.1 to 3.7 contain narrative descriptions of
the purposes, major activities and products, and control
gates that characterize the phases, and are based on work-
shops conducted by the NASA Inter-Center Systems Engi-
neering Working Group. Figure 5 (foldout, next page) de-
tails the activities, products and control gates resulting
from the workshops. Section 3.9 provides a more concen-
trated discussion of the role of systems engineering in the
process.

The particular categorization of project phases de-
scribed here need not be adhered to slavishly — that is,
project phases can be tailored (see Appendix B.1). In par-
ticular, it is sometimes appropriate to perform some long-
lead-time activities ahead of the time they would normally
be done to stabilize project staffing levels. Long-lead-time
activities might consist of analyses, prototype construction
and testing, or even fabrication of difficult components.
Doing things out of their usual sequence increases risk in
that those activitics could wind up having been either un-
necessary or improperly specified. On the other hand,
overall risk can sometimes be reduced by removal of such
activities from the critical path.

NASA sometimes chooses to employ contractors
for Phase A and/or Phase B, usually does so for Phase
C/D, and often does so for Phase E.

3.1  Pre-Phase A — Advanced Studies

The purpose of this activity, which is usually per-
formed more or less continually by ‘‘Advanced Projects’
groups, is to uncover, invent, create, concoct and/or devise
a broad spectrum of ideas and alternatives for missions
from which new projects (programs) can be selected.
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Pre-Phase A — Advanced Studies

Purpose: To produce a broad spectrum of ideas and
alternatives for missions from which new pro-
jects/programs can be selected.

Major Activities and their Products:

Identify missions consistent with charter

identify and involve users

Perform preliminary evaluations of possible missions

Prepare program/project proposals, which include

¢ Mission justification and objectives
e Possible operations concepts
e Possible system architectures
e Cost, schedule and risk estimates.

Develop master plans for existing program areas

Information Baselined: .

Program master plans (baselined in existing programs)

Control Gates:

Informal proposal reviews

Typically, this activity consists of loosely structured ex-
aminations of new ideas, usually without central control
and mostly oriented toward small studies. Its major prod-
uct is a stream of suggested projects, based on the identifi-
cation of needs and the discovery of opportunities that are
potentially consistent with NASA’s mission, capabilities,
priorities and resources.

In the NASA environment, demands for new sys-
tems derive from several sources. A major one is the op-
portunity to solve terrestrial problems that may be ad-
dressed by putting instruments and other devices into
space. Two examples are weather prediction and commu-
nications by satellite. General improvements in technology
for use in space will continue to open new possibilities.
Such opportunities are rapidly perceived as needs once the
immediacy of their value is understood.

Technological progress makes possible missions
that were previously possible. Manned trips to the moon
and the taking of high resolution pictures of planets and
other objects in the universe illustrate past responses to this
kind of opportunity. New opportunities will continue to
become available as our technological capabilities grow.

Scientific progress also generates needs for NASA
systems. As our understanding of the universe around us
continues to grow, we arc able to ask new and more pre-
cise questions. The ability to answer these questions often
depends upon the changing state of technology.

Descriptions of suggested projects generally include
initial system design and operational concepts, preliminary
project organization, schedule, testing and review structure,
documentation requirements, etc.

3.2 Phase A — Conceptual Design Studies

The purpose of this activity is to determine the fea-
sibility and desirability of suggested new major systems in
preparation for the seeking of funding. According to
NMI 7100.14B, the major products of this phase are a for-
mal Aission Needs Statement (MNS) and one or more
credible, feasible designs.

John Hodge describes this phase as ‘‘a structured
version of the previous phase’’, which is accurate from the
point of view of the particular system being studied. Pre-
Phase A screening is intended to pass possible projects that

Phase A — Conceptual Design Studies

Purpose: To determine the feasibility and desirability of
a suggested new major system in preparation for
the seeking of funding.

Major Activities and their Products:

Prepare Mission Needs Statement

Develop preliminary system requirements

Identify alternative operations and logistics concepts

Identify project constraints and system boundaries

Cansider afternative design concepts; include

Feasibility and risk studies

Cost and schedule estimates

Advanced technology requirements

Demonstrate that credible, feasible design(s) exist

Initiate system validation plans

Acquire systems engineering tools and models

Initiate environmental impact studies

Prepare program implementation plan

Information Baselined:

(nothing)

Control Gates:

Conceptual design review

Pre-Phase B non-advocate review

are worthwhile in terms of the resources they require. In
Phase A, larger teams, often associated with an ad hoc Pro-
gram or Project Office, readdress the project concept to en-
sure that the project justification and practicality are suffi-
cient to warrant a place in NASA’s budget. The Mission
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