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TECHNICAL PAPER

WORKING ON THE BOUNDARIES: PHILOSOPHIES AND PRACTICES
OF THE DESIGN PROCESS

I. INTRODUCTION

“There are three great sources of help to the designer. Thefirst is practice, what has
been done aready, in living organisms, or most often by other designers. The second is
principles, of design, derived by reflection or by abstraction from a wide knowledge of
practice or both. The last is the philosophy of design, which manifests itself as a single
strong thread of sometimes rather abstract reasoning running through certain designs,
usually having an apparent inevitability. It is rare, but perhaps should be more common;
certainly, it isdifficult to explain, even with examples, but can be recognized.” “Invention
and Evolution, Design in Nature and Engineering,” by Michael French.1

The title “Working on the Boundaries” is borrowed from a Harvard business journal citing the
complex interfaces managers must face in our current culture, in not only dealing with international bound-
aries, but also with organizational boundaries and delegations. And so is the design process complex! The
design process interactions are seemingly endless: systems, subsystems, disciplines, techniques, tools,
facilities, training, etc. Their interfaces are compounded through a hierarchy of organizations, leadership,
specialists, customers, schedules, financing, etc.23

It is recognized that each of these interfaces has been bounteously discussed and reported sepa-
rately and in combinations by numerous and excellent authors in a variety of industries and institutions.
However, this document is aresult of special requests from several members of the aerospace community
for an overview of al major interaction and interface fundamentals experienced in the design process of
some of the largest aerospace projects.

The design process is a blend of classical procedures and evolving philosophical principles and
practices in the ever-changing and challenging environments of customer expectations, new technologies,
and constraining economics. An engineering product builds on those consistent and proven practices and
philosophies selected in the design process. This report endeavors to identify and illuminate a few recur-
ring design process principles published, experienced, and observed that lead to successful aerospace
products.

Basic to the design process is the overall understanding of the product’s missions life-cycle and its
partitioning into manageable critical parts. Launch vehicle and spacecraft design and devel opment exem-
plify the processes. Figure 1 depicts the design process decomposition into a hierarchy of systems, sub-
systems, and implied disciplines analysis and design tasks requiring clear definitions of interfaces and
requirements flowdowns. As depicted in the figure, the integrity of the system can only be determined
when the decomposition is reversed, combining the elements back into the system and determining its
integrated characteristics. The design of alaunch vehicle, spacecraft, or satellite illustrates the application
of this processto avery complex aerospace product incorporating space unique design processes in com-
bination with many standards and innovative design techniques emerging from the aerospace and com-
mercial industries. The emphasis of the processis to ensure that the highly interactive element and compo-
nent products satisfy their mission role as a part of the space system through design criteria, interdis-
ciplines and interface performances robustness, and costs. Leadership, human skills, innovations, and
creativity that is brought to the process are the backbone of the design methodol ogy.
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Figure 1. System design process.

Design of aerospace systems is much more challenging today due to global competition, shifting
design emphasis from performance to cost and operations. Total design must deal with at least six factors:
quality, operations, reliability, cost, performance, and usefulness. In other words, the customer’s needs
must be understood and met, which may not be mutually exclusive; cost affects quality, quality affects
reliability, and so forth. Introduction of cost and operations into the process creates problems for designers
that they are not accustomed to dealing with, and often there are not many adequate metrics available for
making their judgments. The process of design is, therefore, a series of trades between conflicting
reguirements imposed on a competitive product. The complexity of thisinteraction is depicted in figure 2
for aliquid propulsion system illustrating many of the tightly coupled interactions.

There is no black and white approach to the design process. In general, each organization must
develop its own approach that is most compatible with the end products. However, some general princi-
ples may be tailored to help devel op the process. The overriding principle seen throughout the design pro-
cessin figure 1 is the dynamics of a systems focus, which must permeate the total process, becoming evi-
dent at each level of the design from the total hardware system to the smallest component, from concept to
operations, and from design to manufacturing. These dynamics require leadership, communications, inte-
gration, empowerment, and customer expectations. Results should be alow-cost, high-performance, reli-
able, robust, and operable product.

As the design process emphasis and flow are product specific, the presentation topics selections
and sequences are arbitrary to the design procedure. Topics were chosen for their common occurrence in
successful aerospace products, from many referenced texts and documents, and from authors experi-
ences, investigations, studies, and general observations with some of NASA’s largest carriers, payloads,
and facilities. Examples are biased in mechanics because of its dominance and phenomenal progression in
most aero products and because of the authors' roots in that discipline.
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Figure 2. Interacting design requirements.

General philosophies and criteria of the design process are discussed. Their influences are woven
through the various systems and disciplines analyses and interactions (fig. 2) throughout all design phases
of the systems engineering process, and particularly noted in the design cycle section. The design process
is briefly illustrated on experienced aerostructural systems with the expectation that the interested reader
may pursue the referenced documents. Many authors have greatly influenced design methods of which
Pyein “The Nature of Design,”4 and Pugh in “ Total Design”> are outstanding examples.
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1. PHILOSOPHY

“Philosophy is the set of the sails and the rudder that determines the path and the
port (product). People are the prime resource that determines the set of the sails. Thus, the
philosophical statements implement the design process which in turn creates the product.
These philosophical statements start at the top governing the overall program, becoming the
navigational lights for the derived philosophies developed by each element, component,
design, and operations teams. The statements not only deal with the technical side, but they
encompass organizational life, manufacturing, and operations aswell.” Robert Ryan

A. Organizational Philosophy

The organizational culture (paradigm) determines the outcome of the product. Therefore, the
organizational philosophy must first deal with empowerment. Are decisions made only at top management
levels, or are they pushed to the lowest working levels, thus empowering people? If decisions occur at the
top, then hierarchy structures are set up in the general pattern of the past. Mintzberg® discusses the many
different forms of organizational structure and their underlying philosophy. Empowerment to the lowest
level isthe most powerful. It opens opportunities to many innovative and creative designs that not only
release the potential to reduce management levels, but is afertile bed for the use of teaming (section XI1).
Organizational philosophy must also address growth patterns, education, future directions, etc.

B. Philosophy of Design

Prevalent today is a philosophical concept coming out of the Japanese quality movement which
emphasi zes up-front penetration and costing. This concept rings out the system design and comprehends it
in order to reduce cost and problems downstream, thus building in product quality and reliability. The
quality lever shown in figure 3 illustrates this philosophy. The ideaisto place the money and effort where
it has the greatest payoff. Early in a program, the payoff can be as high as 10 to 1. Later in development, it
is no better than 1 to 1. In operations and production phases, the leverage is negative, which creates large
cost factors. Implied is a change in the awards system that awards for problem prevention instead of
problem solutions,

Attached to this design philosophy is the concept selection philosophy. Pugh® states that the
approach of concept selection is most critical. The best engineering effort cannot totally right a poor con-
cept selection. An interesting example occurs in the Russia Energomash liquid rocket engine company
where a design is not started or afinal concept is not selected until a thorough exploration program has
been completed. The design philosophy isto use physical models that are directed toward some perform-
ance or concept goal derived from current systems. These models are highly instrumented and are first
tested over arange of conditions, and are then tested to failure. Only when several of these models have
made it through the test program is the design of the new engine system started. Pugh’s® philosophy
selects the concept of converging and diverging studies, which narrows, combines, expands, and narrows
again. The process continues until the combined concept selection converges to the best solution. As Pye#
has so aptly said, “All designs are acompromise, you must take some of what you do not want to get what
you want.” The essence of the design process is how one makes this compromise.

Another design philosophy has to do with the considerations of variations and unknowns and to
what extent they are considered. Is the design a deterministic or probabilistic statement? Also criteriaare
fundamental to design, as well the philosophy of cost and reliability. One very important design philoso-
phy is the role that failures play. Petroski expounded this philosophy in his book “Design Paradigms’’
and states that the design process must consider indepth all potential failure modes. This is
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Figure 3. Quality lever.

true even when the new product is a moderate scaling up of a current successful system where the dightest
design change can introduce effects that lead to failure totally unexpected. Therefore, all designs must
consider all potential failures and their consequences. Is this objective best accomplished through failure
effects and modes analyses (FEMA) and critical items list (CIL) analysis? Inherent in failure avoidance
design is the redundancy philosophy. If a design has redundancy, is the design fail safe, fail operational,
fail safe, or fail operational, fail operational, fail safe? Undoubtedly many parts of a design cannot be made
fail safe and require more indepth considerations of failure drivers and margins. Most primary structures
fall into this design domain.

Fundamental to design philosophy are the philosophies that are really co-dependent; the philosophy
of sensitivities, and the philosophy of robust design (section V). Sensitivity philosophies are in two cate-
gories: (1) the need to assess and quantify sensitivities of a system to parameter variations within specified
standard deviations, or to the extreme values; and (2) the philosophy of designing the control response of
the system to sengitivities (parameter uncertainties).

C. Design Tools

In this age of information explosion and implosion, the use of physical and analytical tools are
even more important than ever. The large amounts of design information must be collapsed or reduced to
symbols or top-level parameters for digestion, understanding, and communication. This process, how-
ever, means that detailed information is replaced by top-level symbols and parameters in order to effi-
ciently engineer projects. Two resulting philosophies are: (1) engineers must be well grounded in the fun-
damentals of their special discipline, continually thinking in terms of the detailed physics of the problem
(computer black-boxes can never replace this), and (2) engineers must thoroughly understand a wide
scope of available tools (physical, anaytical, and computational), and they must further appreciate atool’s
potential application and modification into other disciplines. The process requires a constant verification of
the underlying assumptions, constraints, etc., in order not to improperly apply design tools; a major

5
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problem among cookbook engineers blindly using tools and accepting results. This problem applies to
analysis, computation test, and manufacturing.

D. Operations

Operational philosophy is integrated throughout the design process. Examples include shipping
parts and assembly at launch site, automatic checkout and health monitoring, robustness, or detailed
inspection. The decision of the operations philosophy hasits greatest effect on design, cost, and reliability.
Robustness implies first understanding the sources and effects of sensitivities, and then designing to con-
trol or reduce the response to them. Robustness also implies designing away from the performance cliff
such that complex analyses and detailed inspections are not required, thereby reducing costs and opera-
tions.

The philosophy or role that manufacturing and operations play in the design processisreflected in
the quality and cost of the product. It is imperative that these elements be a fundamental part of the design
process so that the product can be built and operated successfully. In other words, do not design a new
product then pitch it over the fence and expect efficient manufacturing and operational design phases. Inte-
grate the knowledge of operations up front in the design process. Adjusting the design for operating at a
later date results in high cost, lower quality, and complex operations. Design for simplicity is a great
philosophy.

E. Verification

Verification philosophy is broad in scope and embodies both the development analysis and testing
and the final verification of each system and component. Because verification cuts across all disciplines,
system, subsystems, elements, components, and design data, philosophy can have many facets applicable
to each specific area. Elements of verification philosophy are not standard, but should at least address
testing and analysis.

Testing includes prototype versus protoflight, proof, off-nominal, failure modes, sensitivities,
analytical model variations, response characterizations, etc. The merits and demerits of each are well
documented and are not repeated here. However, every project or discipline must carefully consider all
design essentials and form applicable testing philosophies. Testing to failure identifies basic failure modes
and margins and is avery prudent philosophy. Additionally, it is very important to adopt the philosophy of
modeling the expected response prior to the test to guide the test design, instrumentation, monitoring, etc.,
and to correlate and correct the model using the test findings for future applications. This step is so funda
mental and essential to the mission and to learning that it should never be compromised. Also, test
assumptions and boundary conditions must be constantly challenged and verified. The use of constancy
and similarity isapart of this philosophical statement.

Analysis includes the role and philosophy of analysisin the design and verification, and it estab-
lishes, not only the people resources required, but also the facilities, equipment, and software codes. With
the current capability of computers and engineering codes, reliance on computational engineering is
becoming a primary force in design, verification, and operations. The elements that must be dealt with are:
(1) accuracy, (2) penetrations, (3) role, (4) verification benchmark to other codes or to test, etc., and (5)
commercial or private specialized codes. For example, if one of the design goals isto minimize analysis,
then the design must be simple and robust enough to reduce the level of penetration required. Regardless
of the philosophy chosen, analysisis no better than the assumptions used and the data inputted. Assump-
tions must, therefore, be constantly challenged and evaluated. The following is a quote from an unidenti-
fied publication, yet the basic philosophy is profound.

“The essence of modeling as we see it, is that one begins with a nontrivial work
problem about the world around us. We then grapple with the not always obvious problem
of how it can be posed as a mathematical question. Emphasis is on the evolution of a
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roughly conceived ideainto amore abstract but manageable form in which inessentials have
been eliminated. One of the lessons learned isthat thereis no best model, only better ones.

The model is only a suggestive metaphor, afiction about the messy and unwieldy
observations of the real world. In order for it to be persuasive, to convey a sense of credi-
bility, it isimportant that it not be too complicated and that the assumptions that are made be
clearly in evidence. In short, the model must be simple, transparent, and verifiable. We
have allowed ourselves to be guided by these precepts in choosing the examples.”

Input data fall under the same sensitivity. The classical cartoon infigure 4 illustrates the concept.

Figure4. “So that decimal point was afly speck.”

There are many other philosophical statementsin the design process. For example, what isthe role
of cost, operations, and performance? If the philosophy is performance driven, then in all likelihood cost
will increase and operations will become more complex. Conversely, if the philosophy is operations, and
is cost driven, then performance can suffer. It isimportant to understand that once a philosophy is chosen,
then the task becomes one of identifying all the driversthat influence it.

Another needed task is fracture control. Is it ignored or a fundamental part of design? Fracture
control drives not only design, but manufacturing quality and operations (maintenance). Also thermal pro-
tection system (TPS) design isamajor part of any space vehicle design. Isit passive or active, part of the
basic structure or added? Control is another fundamental task. If the design is alaunch vehicle, should it
be stabilized aerodynamically (fins, etc.), or stabilized through active control ? The same type of question
follows for control load relief. In this case, induced additional failure modes are traded for structural
weight.

Many other tasks require philosophical statements. Many are derived from top-level philosophies.
Each program must list the tasks, then define the philosophies. Eventually, philosophies may be captured
as requirements. It should be pointed out, however, that some philosophies cannot be defined up front,
but must evolve as the devel opment phase unfolds and become derived requirements.
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1. ROLE OF CRITERIA IN DESIGN AND MANAGEMENT

“Optimal performance needs administration for order and consistency (formal), and
leadership (informal) so asto mitigate the efforts of administration on initiative and creativ-
ity and to build team effort to give these qualities extraordinary encouragement. The result,
then, is atension between order and consistency on the one hand and initiative and creativ-
ity and team effort on the other. The problem isto keep thistension at a healthy level that
has an optimizing effect.” “ Servant Leadership,” by Robert K. Greenleaf.

A. Criteria: Definition and Scope

The design, verification, and operation of space systems are extremely challenging, emphasizing
on one side, manned flight safety, on the other long duration spacecraft, many with very stringent pointing
accuracy or other specific requirements.8 Requirements specifications and standards must be devel oped to
accomplish these many faceted programs that technologically push the state-of-the-art in all aspects of the
project. In general, these vehicles and spacecrafts are one-time or limited items driving toward unique
craftsmanship versus routine design and manufacturing, which greatly complicates the design process.
The philosophy, definitions, and scope of these technical legally binding requirements significantly
influence quality products.

A companion set of documents, designated “guidelines,” that provides the lessons learned is very
important to project development, but is not legally binding. Figure 5 is an attempt to flow down these two
different types of criteria essential to project design and operation. (Note: the term “criteria’ designates the
combined set of formal requirements and informal guidelines. Sometimes the term is used in a more
narrow sense to mean “discipline requirements,” but is used here in the broader sense.) The left-hand side
of the figure encompasses al the legally binding requirements (what’s), while the right-hand side shows
the nonlegally binding information (how’s). The legal requirements separate initially into three categories.
First is performance requirements (mission peculiar). They are the “what’s’ that spell out such things as
manned, unmanned, reliability, payload, orbits, mission profiles, lifetime, reusability, etc. Performance
requirements drive the configuration selection, size, thrust, etc. The second set is classified as design
requirements. Design requirements have two categories, standards (industry approved hardware or pro-
cesses) and discipline requirements that include special processes, margins (stability, safety factors),
redundancy, fracture control, and response limits. The third group of requirements are normally called
derived requirements. These are the requirements that evolve during design and operations that are neces-
sary for the system to meet the performance requirements. Load relief control is one example of this
group. All these requirements are flowed down into the contract controlling documents: contract end items
(CEI's), interface control documents (ICD’s), data requirements documents (DRD’s), certificate of qualifi-
cations (COQ’s), and verification requirements. Because the final product must meet all legal require-
ments, they must be verifiable. Requirements become the basis for the design reviews (audits) and opera-
tions.

The right-hand side contains al the lessons-learned documentation that contains technology, data
bases, handbooks, procedures, tools, etc., that greatly enhance communication and knowledge transfer,
which is so important to space project success. These informational documents are not legally binding, but
serve as guidelines.

Legaly binding criteria are therefore defined as the requirements governing the design, verifica-
tion, and operation of a project. Programmatically, the system must meet these requirements or awaiver is
required for acceptance. Figure 6 shows this approach and how the requirements are not only used to steer
the design, but become the standard governing the project verification and acceptance. During verification,
the product must be shown to meet or exceed these requirements.
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Legal requirements must be simple, unambiguous, concise, and direct, providing order to the
engineering process; but not overpowering to where the requirements stifle creativity and remove respon-
sibility. The balance between legal requirements (formal organizational structure) and creativity (informal
organizational structure and leadership) is probably the most challenging task engineering faces. Lega all-
encompassing requirements produce order but, if excessive, remove responsibility, kill innovation,
suppress opportunity to find the best solution, and stifle creativity.

The model developed has a sharp line of demarcation between legally binding requirements and
informal guidelines, providing the basis for the healthy-level tension that optimizes. Greenleaf © stated the
case well in emphasizing the creation of teamwork. Teamwork is the method for insuring the quality prod-
uct. It is mandatory that government and industry, project, and engineering work as ateam. If any group
becomes the priest (the judge) excessively binding the othersin alegal manner, the team effort is destroyed
aong with creativity. Space engineering is aways pushing the edge of technol ogy, requiring the optimum
development of creativity in order to meet the combined performance, risks, and cost goals. Hence, a
constant awareness and struggle is required to balance between the legal requirements and creativity
(informal) of the individual. Thistask isone of the highest priority tasks. Requirements and standards are
needed for all facets of the project. They start with the general performance requirements and evolve to
include management, finances, all design disciplines, manufacturing, operations, and maintenance. In
summary, they tell the “what” and the “when” of the project, defining what the customer desires, while the
informal ensures communication and information transfer without repeating the mistakes of the past.

The content, structure, and philosophy of criteria have far-reaching influences on the evolution and
success of the project. It is easily recognized that design parameters, margins and robustness, are directly
affected by the criteriaimposed. Less apparent is the pervasive effect that criteria have on the relationships,
teamwork, balance, and management within the project framework.

Criteriaquite naturally set the technical design point—the balance between performance, reliability,
and operability. Furthermore, beyond directing the technical evolution of a design, the philosophy and
content of the criteria used can enhance or retard the nature of the relationships among the engineering and
project manpower elements.

Also, the tone of contractor-customer relationships can be greatly influenced by the method in
which the criteria are deployed; ranging from an at arms-length adversarial relationship to that of a coop-
erative, teaming effort. Discussions of these influences are given in subsequent sections.

B. Misuses of Criteria

Requirements can be misused in several ways. In one extreme, they are so loose and ill-defined
that they do not provide order to the process. In the other extreme, they are too restrictive, specifying not
only the necessary requirements, but including procedures, guidelines, codes, and many times, undue
constraints such as geometric, mass, cost, and schedule. In the first case, there are no order or standards,
hence the product has no form, may become very costly, and may not meet the customer’s needs. The
over-specified case also resultsin a costly product that ends up compromising the customer’ s performance
goals because proper trades cannot be accomplished and the system optimized. Features not accounted for
in the design must be covered in maintenance and operations. This not only increases the cost and com-
plexity, but generally increases operations turnaround time as well.

Although the space shuttle exemplifies many correct uses of criteria becoming the world' s greatest
space system, it is also a prime example of constraints misused. The complexity and cost exceeded all
predictions along with some performance compromises. The performance requirements, manned, reuse,
etc., in conjunction with early geometric, weight, and cost constraints drove the design to very high
derived performance requirements. For example: 55-mission life, 109-percent engine thrust, etc., dictated
high-performance structures (welded, light weight), high-energy concentration, and the like. The result is
a very costly maintenance and operations system. Inspections are numerous, as well as the hardware
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change-out, and the refurbishment required to maintain safety is immense. In other words, the space
shuttle evolved into a performance-driven instead of a cost-driven design, which resulted in costly main-
tenance and operations in order to maintain reliability and safety.

An ever present trap in using criteria is the dependence on criteria to accomplish a good design
while relaxing sound engineering practice. In the final analysis, skilled personnel applying good engineer-
ing thoughts and practices are the roots of quality products. Thisis especially true in the aerospace indus-
try where technology is pushing state-of-the-art, requiring innovation and creativity of the highest order.

C. Proper Use of Criteria

Pugh, in his book “Total Design,” speaks of the role of the product design specifications (PDS),
which corresponds to the “ specifications’ block of figure 5. He saysthat “the PDS is the mantle envel op-
ing the whole design core activity. It is the document or documents that unambiguously delineate all the
legally binding requirements. It is dynamic rather than static. It is an evolutionary, comprehensively writ-
ten document which, upon completion of the design activity, hasitself evolved to match the characteristics
of thefinal product. It (PDS) must be comprehensive and unambiguous, otherwise the designer will fill in
the gaps based on feeling and experience.” Pugh further states that, “at the end of the design activity, the
product must be in balance with the PDS. It sets the design in context, representing as it does a compre-
hensive set of constraints that are always in a unique combination.”

Criteria then are of two types. First and foremost, as Pugh says, it is the legally binding mantle
developed to make the product conform to the customer’s needs and good engineering practices. The
second set is not legally binding. The “informal” (guidelines) are used to properly evaluate the trades for
concept selection and, during detailed design, drives out the formally derived requirements. They are very
important because these criteria become the standards against which decisions are made and guide the
design, etc., by providing the lessons learned, handbooks, and other communications gathered through
practical engineering and past space programs.

All organizations use criteria in these two roles; however, as was discussed above, many times
criteria are misused, creating problems. If criteria can be misused, then the question that arisesis: What is
the proper role and use of criteria? Criteria must provide the balance between order and control and free-
dom to draw out creativity and innovation (fig. 7).

CONSISTENCY RESPONSIBILITY
ORDER CREATIVITY
CONTROL INNOVATION

Figure 7. The balancing act.

In accomplishing this task, criteriamust also balance the product optimally between performance,
cost, and reliability. Criteria must be derived and selected for each while maintaining political viability,
also a balancing act. Space vehicles, by definition, are aways performance-critical and performance can
overdrive the product. Great care must be exercised to devel op a balanced set of criteriain these areas.

11
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jointly derived by al disciplinesinvolved (fig. 8).

On the surface, it appears that these diverse areas can be treated separately. However thisis not the

case. In fact, these areas are highly interactive, often in a contradictory way. They must be balanced
together properly to produce the appropriate product (fig. 9).
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Figure 8. Triangle of product design.
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The most optimum product is determined by conducting proper trades between the potential con-
figuration concepts (for example, liquid versus solid propellants), materials potentials (steel versus
aluminum versus composites, etc.) and the manufacturing/fabrication possibilities (casting, extruding,
etc.). This relationship must be considered simultaneously requiring properly defined, balanced criteria
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Figure 9. Proper use of criteria
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When considered in this manner, proper use of criteria performs many functions:
1. Management tool

2. Setsthe design boundaries

3. Setsthe verification limits

4. Enhances communication and technology transfer

5. Controls the design optimization, trades, and concept selection

6. Setsoperational constraints and procedures.

In order to properly perform these functions, criteriamust cover all aspects of the product. Criteria
includes, but is not limited to:

Performance Shelf life/storage
Environments Servicelife
Maintenance Standards
Transportation Processing
Manufacturing Tedting/verification
Assembly Documentation

Size, weight Operations

Materias Rdiability/availability
Finish Schedule

Cost.

The management approach must be consistent with the criteria. The criteria controls the product
design, thus management must provide the framework and business control within which the design
operates, providing resources, common objectives, understanding, and project direction. Managers are
responsible for organizing and planning design reviews, operational plans, etc. The next subsection will
deal with the philosophy and approach for the management concept.

D. Project Management asInfluenced by Criteria

The management approach for a space project can be reflected in, or can be areflection of, the
philosophy adopted in establishing its criteria. The content of criteria and the methods used in their devel-
opment can set the tone for relationships among the various parties involved: project management,
engineering, and business management on both sides of the customer-contractor interface.

Excessive criteria, which over-specify the “how-to’s,” not only short-circuit creativity in the
attempt to arrive at the best design, but can also drive a wedge between engineering and project manage-
ment groups. Over specification resultsin excessive waiver and traffic deviation, and leads to “lawyering”
versus good engineering. Under specification, while less common, is likewise to be avoided to preclude
major downstream shortfalls. The proper balance of criteria enhances a heathy and productive relationship
between engineering and project management.

13
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If criteria are developed unilaterally and are imposed arbitrarily on the contractor, the two parties
are set at odds from the beginning. In its extreme form, this arbitrariness encourages an adversarial
customer-contractor relationship. At best, it promulgates a “throw-it-over-the-fence” approach, where
problems are not addressed as a team, but wait on the formulation of a design review or other major legal
milestone.

A much more proactive approach isto make criteria development ajoint effort between contractor
and customer. In this effort, both parties work together to tailor the specifications to the needs of the par-
ticular project with agoal of achieving the ideal balance of control and innovation described earlier. The
joint effort produces joint ownership of the criteriaand lays the groundwork for teamwork and communi-
cation. This relationship leads to a proactive approach to project evolution, with early problem identifica-
tion and resolution. Teamwork brings al available resources to bear toward successful project maturity.

A healthy teamwork environment is not without disagreement and tension. Rather, tension isto be
expected because of the different emphasis and subgoals of each participant. When all parties are com-
municating and working toward the overall objective, there is room for disagreement. One must draw a
distinction between creative and destructive tensions. A tension exists between the subgoals of perfor-
mance, reliability, cost, and schedule. If openly recognized, communicated, and dealt with in ateamwork
environment, this tension can be creative tension, which in fact directs the evolving design to its ideal
balancing point. Likewise, tension is natural between engineering and project management, or between
customer and contractor. Dealing with these natural tensions in a teamwork approach can provide the
creative balance to direct the evolving project to its ideal operating point.

E. Proper Development of Criteria

Proper development of criteriais based on two fundamental concepts: (1) breadth, which coversall
necessary areas, and (2) minimum, to produce the optimum design. This subsection will deal with the
breadth question while section VI will deal with ways of achieving the minimum required set.

1. Performance Requirements. The performance requirements identify how a product is to func-
tion. Since the origin of the basic performance requirements is the customer, the performance demanded
should be defined. Space systems have many performance requirements, most of which are unique to that
particular system such as aperture and pointing accuracy for atelescope, payload size and weight to speci-
fied orbits, manned or unmanned, cogt, reliability, reuse (how many times), operational turnaround, to
name a few. Quality function deployment (QFD) is an excellent tool for developing and flowing these
reguirements down throughout the project.

These requirements are very critical to the design because they determine what is to be done.
Overly tight requirements may drive the economics of the system out of the range of affordability. Yet, if
the requirements are necessary to accomplish the job, then technology must be considered as well as cost.
Space projects as arule require the extension of some technology to meet the performance requirements. A
general applicableruleis: do not start a project that requires the devel opment of more than one major tech-
nology.

2. Derived Requirements. In the process of concept selection and detail design, performance
requirements or criteria dictate additional requirements necessary to meet the project’s goals. These are
commonly called derived requirements because they occur as the project evolves. Examplesinclude launch
vehicle load relief control trades between structural weight, performance loss, and cost, and the Pogo sup-
pression system that stabilizes the vehicle from launch propulsion structural dynamics coupling. The list
goes ad infinitum and evolves from all design disciplines such as manufacturing, transportation, assembly,
and operations.

14
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Derived requirements are, therefore, mandatory for the product success, however, they should
include only those that are mandatory; not nice to have, overly complex, or of a patchwork quilt design.
Derived requirements should evolve to be a coherent part of the design. In other words, they must buy
their way in. Great care must be taken in properly testing, evaluating, and baselining these requirements.
Once baselined, derived requirements must be designed and verified as all other subsystem and component
requirements.

3. Design Requirements. Design requirements fall into two basic categories: (1) the standards, and
(2) discipline requirements. They are the controlling factorsin the design.

Design requirements spell out, in unambiguous terms, the marginsin all disciplines (safety factor,
lifetime, performance, etc.), the process controls, environments, documentation, and probability required
to produce an acceptable product. They flow down into the documents such as ICD’s, CEl’s, etc. Pugh
states that design requirements detail the performance demanded or likely to be demanded and should fully
define all aspects of design. Design requirements not only play the role of providing the standards by
which the product is verified and operated, but they also serve as a management tool. Performance, in this
case, is not just how fast, how slow, or how much, but includes all the specifications for the product,
including but not limited to, verification, testing, environments, margins, life, maintenance, transportation,
manufacturing, assembling, materials, and reliability. In summary, design requirements function in two
roles: (1) a management tool and (2) legal controls for the design boundaries. As stated earlier, design
requirements bring order to the process without killing creativity, and ensure that the product achieves the
goals assigned it.

4. “What's” Versus“How-To's,” Lessons L earned, Guidelines. The “what’s” spell out the neces-
sary conditions that must be met in a design, such as how long, when, speed, cleanliness, environments,
etc. These are in general mandatory and legal, setting the basics for a design. Good design dictates that a
comprehensive set of “what’s’ be established and adhered to. As was stated earlier, these “what’s” should
be binding on the project and enforced by the management.

“How-to’'s” are the history, the lessons learned, technology, and procedures. Generally, the “ how-
to's’ are not a part of the contractually binding requirements; however, they serve avery useful purpose
both to enhance communication and document good things to do. Their influence is not to be discounted,
in that “how-to’s’ are a voluminous source of information that has a profound influence on the project
design cycle. There are some cases when the “how-to’s” are so overriding that they must become a part of
the contractual requirements. The sources of these lessons are contained in handbooks, technical papers
and reports, monographs, and—more importantly—in the experience base of the individuals making up
the organization.

F. Restructuring Criteriato Full Potential

Requirements and guidelines are the foundation for good products. It is imperative that the
requirements (legally binding) particularly be derived in a meticulous and thorough manner. Require-
ments/criteria not only control the design but, in the end, become the specification for the product, provid-
ing the basis for operations (use). This dictates that requirements must be verifiable. A good designisa
rule-based design. The prime question is, how isthis correct set of criteria developed?

Clearly, the derivation of requirements must be based on lessons learned, standards, project man-
agement approach, performance requirements, and technical requirements. It must cut across all areas of
design and operation concerns for all disciplines involved in the project. Consideration should be given to
FMEA'’s, robustness, redundancy, margins, cost, and schedules.
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Further, requirements/criteria definition should be a product of joint effort between the customer
and the contractor. Pugh devotes one chapter in “Total Design” to the derivation of the PDS, recognizing
the importance of criteria. Requirements are usually written to include guidelines, procedures, and imple-
mentation schemes. This approach is not correct. Requirements should be very concise and specific with-
out justification or guidelines, and should be based on sound engineering understanding. However, there
isaneed for guidelines, procedures, and implementation schemes including engineering equations, com-
puter codes, instrumentation plans, test approaches, etc. These “how-to’'s’ should be produced as separate
documents and not as part of the requirements.

Thus, al criteria must be based on basic principles and tools, using teamwork of government and
contractors, being a project that has true joint ownership, and utilizing sound systems engineering, concur-
rent engineering, and continuous process improvement. All areas from materials, concept selection, fabri-
cation, to operations must be approached in this evolutionary manner. Therole of criteriaisthen to provide
order to the process without stifling creativity and innovation—the main ingredient of space system
design. Criteria developed in this manner should satisfy al the pervasive influences, without binding
creativity, to produce the order required to achieve a low-cost, quality product. As important as criteria
(requirements) are, it should be warned that there is also a balancing of criteria and good design engineer-
ing. The best criteria without sound engineering produces poor products, as does sound engineering with
poor criteria. Space product design is a multifaceted process that requires great skill in balancing between
them. Criterion is only one facet of design engineering and must not exist in a vacuum, but consider all
dimensions of the product.

IV. SYSTEMSGUIDELINES

“It is only when we understand (or feel we understand) a system in depth, when
our model is extremely adequate, that we can sometimes grant ourselves the luxury of con-
fusing the model with the modeled system. Thisis precisely what we require from a good
theory, that it allows us to replace the system with the model, so that we can theorize rather
than experiment.” “The Philosophy Behind Physics,” edited by Luis Ocla Pena and Peter
Hodgson.

This section applies modern quality management principles to a conventional systems design
analysis processtO 11 to provide least life-cycle cost, efficient operability, and high reliability designs.
Suggested quality techniques include Steward’ s systems information flow matrix method, quality leverage
principle, quality through robustness and function deployment, Pareto’s principle, Pugh’s selection and
enhancement criteria, and other design process procedures. Quality performance at least-cost can be
realized through the systems engineering process, competent concurrent engineering teams and the bril-
liance of their technical leadership. The systems design process develops options to satisfy firm user
reguirements and progresses down to component design for low-cost quality performance, manufacturing
and operations. This section briefly identifies applications of atotal vehicle system design, while the load
cycle (section XII) primarily discussesin more detail the design process of structural systems.

A. SystemsDesign Process

Design is conceived of ademand for a product that performs a need—easily, reliably, and afford-
ably. From this concise premise evolve design processes and analytical techniques to translate demands
into engineering requirements and solutions. The systems design process provides an orderly transforma-
tion of payload objectives into a detailed vehicle systems design through three continuous and correlated
phases in the systems engineering process:12 13 concept, definition, and design (fig. 10).
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Figure 10. Systems design process.

A total system decomposes into tiers of systems, elements, and components throughout these
phases. Each tier decomposes further into design parameter tasks that expand and interact with systems,
elements, or components in each respective tier. Tasks identify design parameter requirements, develop
design options to satisfy requirements, perform tradeoffs, and formulate criteria to select the best option
leading to final design, specifications, and plans of systems, elements, and components. The focus in the
processis to discover where and how total quality management (TQM) techniques!4 may be adapted in a
vehicle configuration design analysis, and extend the similar techniques to vehicle systems, elements, and
components. For brevity, only one application of each technique will be identified and discussed in the
design process.

B. Systems Concept Phase

In designing launch vehicles, the concept phase is a first-order development of payload require-
ments and vehicle systems options to satisfy these requirements. The concept phase also represents the
greatest quality leverage,1> as previously discussed in section Il. In the scale of quality leverage, the
earlier the control of critical requirements, the more timely and efficient are the solutions and modifications
(fig. 4). The more congruously and completely the options are analyzed, the more effective and successful
are the concept selection and development. A missed superior option or poorly selected concept resultsin
costly back-tracking or in remedia technology bottlenecks.

C. Payload Requirements

Because the front-end phase is so crucial to converging on a successful minimum cost program,
the user needs must be thoroughly researched, understood, and evaluated. Sometimes designers’ concepts
that are technically brilliant are at variance with market needs. Many methods exist for evaluating user
needs leading to solutions. Flugel’s conversion stepsl6é provide understanding and help to differentiate
between users' true demands and other quality requirements. User demands are defined into potential
payload packages by commonality of orbital altitude, inclination, and insertion requirements, and by
weight, size, shape, maximum ascent accel eration, readiness, and missions traffic. The QFD method!’ isa
team effort using flow matrices to convert user demands into standard payload package sizes and
characteristics.
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Figure 11 isabasic matrix format used to make more orderly and visible the behavior of partsasa
function of the behavior of other partsin a system. Applied to QFD, payload demands are decomposed
into rows of “what” functions to be satisfied. “How” and “how much” columns represent independent
payload package accommodations. “How much” a payload demand is satisfied in a given package may be
traded across the rows to reduce and optimize the number of payload packages. Extra columns may be
added to compare the findings with delivery competition.

HOW

HOW

Ny
S
Oisve(‘f’

WHAT

HOW MUCH

Figure 11. QFD process.

Payload requirements further define mission, schedule, and launch readiness reliabilities, which
trandate into cost to the customer. Also, reliability of delivery successis directly related to insurance cost.
Slipping a delivery schedule may deny the experimenter an observation opportunity, which degrades the
effectiveness of the experiment and increases the cost of personnel staffs, inventory, and storage to the
user. Delaying launch countdown may degrade biological experiments and may require refurbishment.

Innovations to reduce the time and cost of integration and inspection reviews of payloads, and
simplifying vehicle mission planning and preparations are invaluable marketing assets. For example, inte-
grating experiments into a family of containers, or shrouds, independent of the launch vehicle site and
finally stacking the containers on a ready-to-go vehicle provide a quick change-out capability to the pay-
load. The concept reduces the launch vehicle integration time, which decreases the operational turnaround
time.

D. Vehicle Concepts

Payload package requirements that drive vehicle systems requirements include payload sizes, mass
characteristics, reliabilities, and orbit insertion conditions. By assuming a common reference low-Earth
orbit (LEO) and a standard ascent trajectory, performances of a wide variety of launch vehicle concepts
delivering the total set of payload packages may be evaluated. Payloads may be accommodated by a com-
mon vehicle or through evolutions of a core vehicle. Core vehicle concepts are developed in three steps
(loops), each successive step generating more design parameters and tasks, introducing new vehicle sys-
tems and elements, and providing more information and interactions.

Thefirst step combines propellant systems and staging schemes into awide variety of vehicle con-
cepts to satisfy payload delivery energy requirements. The difference between LEO injection velocity and
the Earth launch site velocity establishes the propulsion energy, deltavelocity (DV), that the vehicle must
provide the payload to achieve LEO. The vehicle model assumes a point mass and a kick-impulse method
with various staging schemes, mass fractions, and propulsion specific impulses (Isp) as a function of the
required DV. Each assumed value is a source of iteration that interacts with other design parameters and
must converge through the design process. Providing generous sacrificial margins to each initial assump-
tion will reduce the iterations of product performance design with increasing system demands.
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The propulsion system selection is the most critical driver of vehicle performance, size, and relia-
bility, and it dominates the development, manufacturing, and recurring operational costs. Choices of
propulsion systems and staging options include hydrocarbon, hydrogen, solid fuels, and combinations in
a single or more stages burning in parallel or in series. Vehicle stages may be reusable or expendable.
Variations in each of these options provide a wide spectrum of propulsion Isp, propellant-to-payload mass
ratios, and combinations producing many vehicle concepts. A matrix format of figure 12 may provide the
visibility of the combinations with each “how” column defining an independent vehicle.
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ﬂehicle Sys.
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Figure 12. Propulsion system selection options.

While concepts are generated by individuals, best selection and enhancement are accomplished by
concurrent engineering teams. Concurrent, or Simultaneous engineering is ateam composed of all essential
disciplinesinvolved in the analysis and selection of design concept, materials, manufacturing, processes,
and major operations. It is the focus and integration of related design disciplines, knowledge, and experi-
ences drafted into mixed team assignments. Concurrent engineering develops selection criteria to assure
quality performance, reliability, and operations at low life-cycle costs.

Of the many available option selection techniques, one suggested by Pugh compares one option
with another and enhances it in the process. The technique uses a simplified matrix of criteria versus
options for complete visibility and scoring. It uses one option as a datum to compare all other options,
with a“plus’ or “minus’ compliance with selection criteria. All evaluated concepts are then reviewed for
possibly modifying them to pass the criteria. Weak options are eliminated until one strong concept
persists.

User requirements and their accommodations represent one side of the balance; cost to implement
them represents the other. Designers have a unigque responsibility to minimize overruns by completing
design analyses at each design phase, controlling requirements buildup through all design phases, reduc-
ing sources of engineering bottlenecks, and managing costs through models based on historical cost fac-
tors. Weight is a design parameter routinely calculated and available through most of the design process.
Weight may be correlated to size and performance and is the most often used metric to estimate cost.18
Thrust, power, and flow rates also characterize size and performance of specific systems that may be
related to systems cost. Facility costs are related to space and equipment. Cost varies inversely with pro-
duction quantities. Complexities directly increase cost. Advancing state-of-the-art increases the costs of
learning new phenomena, potential bottlenecking, and new facilities. Cost models change with time
because of inflation and technology improvements, and they are scaled accordingly. Cost factors are diffi-
cult to quantify in the earliest phase, but become increasingly more definable with each subsequent phase.
Though cost estimates based on system similarity are often sufficient for a concept phase, costing in the
final design phase begins with the lowest component and accrues to assembly level.

The second step assumes a vehicle stick model for each selected concept, having lumped masses,

point thrust, and an aerodynamic envelope ascending through a standard trajectory and worst case space
environments. Using figure 11, vehicle systems are distinguished by the “how” columns as flight,
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propulsion, structures, avionics, and facility systems. These systems may be orderly decomposed into
interacting design parameters and listed as “what” parameters. The matrix intersection of the “how” system
and the “what” design parameter identifies tasks. Narratives address “how much” requirements, solution
options, cost analyses, operations scenarios, and criteria and rationale for selection. Each “how” column

defines avehicle system.

As systems decompose into more design parameters, their interactions across the systems are
visible, as shown figure 13. However, parameter interaction within each system and their feedback flow
and order of analysis become more difficult. Steward!® devel oped a method for managing the interaction
of tasks and the information flow in a system. The decomposed tasks are listed and numbered in the order
in which they must be completed before the next task may begin. Predecessors of each task are listed in
two adjacent columns. In one column are the sensitive predecessors whose estimated errors cause large
effects on the tasks that follow, and the second column lists insensitive predecessors. This same informa-
tion is charted into a precedence matrix with rows and columns numbered by tasks. Tasks are then
reordered in the sequence in which they are to be accomplished through a procedure of partitioning and
tiering. The process can be computerized and the matrix further developed into change control and verifi-

cation tools.

VEHICLE SYSTEMS
pr:l/rgm(felteers Flight Propulsion Structures Avionics Facilities
Reliability Mission Start Stress Phase Turnaround
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Cost Budget Budget Budget Budget Budget
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Orbital orbit, impulse tank GN&C launch
launch site (delta vel.) volume command
Optimum Propellent Tank Cut-off Assembly
Staging delta V systems vol's. Separation Stacking
Interstage Start-up
Distribution Propellents Tanks / Computers Handling and
Weights Loads staging | Engines interfaces TVC launch
Residuals mounts data sys. equipment
Accelerations | Engines: Load paths Engine: Launch
Thrust Lift-off Sizes - Thrust control- release
max flight numbers stru. monitor Flame bucket
Aero. drag Engine Vehicle TVC stab. Transport
Diameter C.P. stability | arrangement length Slosh freq. limits
Propellent Residuals NPSP heat End-closure | Monitiorand | Launch start
pressures exchanger weights control pressurization
Mixture ratio Delta vel. Isp Tank Sizes | M.R control Storage fil
Tank arrange C.P.&C.G. Fuel and lox | Shell crit. Slosh freq. Fill, geyser,
stability NPSP load paths TVC vent

Figure 13. Vehicle parameters and interacting systems matrix.

Stick model configurations are derived and constrained by systems interactions/boundaries.
Propellant tank diameters are restrained by logistics, payload size, or first stage engine arrangements, but
are otherwise optimized for minimum inert weight. Stage lengths are approximated from propellant
mixture ratio, volumes, and diameters. Tota vehicle length is estimated from stage stacking arrangements
and payload sizes. Masses are lumped at stage centers of gravity. The vehicle envelope is modeled with
cones and cylinders to estimate aerodynamic drag and center-of-pressure. The total lift-off thrust is
determined from the total vehicle weight and an assumed lift-off ratio acceleration to control launch pad
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clearance during ground wind disturbances. The final stage thrust is limited by the payload maximum
ascent acceleration requirement. The most critical single driver is the propellant system selection, which
sizes major structural components and defines overall vehicle configurations, facilities, and operations.
The engine is the single most expensive element to manufacture and operate. This step concludes with
upgraded requirements and selection of third step candidates through criteria formulated by concurrent
engineering using QFD techniques.

Thisthird and final concept step iterates and upgrades al vehicle systems and elements of selected
concepts based on step two upgraded requirements and interactions leading to one or two candidates for
the definition phase. Ascent DV losses are converted to propellant masses, and tanks are resized and
arranged to optimize load paths. Stage configurations and weights are refined through limited structural
analysis. Vehicle control laws are incorporated into standard trajectories to define loads and thrust vector
rates. Dynamic load drivers, such as structural interfaces, attachments, and stiffness at |oad concentration
points, are identified and optimized. Engine sizes are estimated from numbers required to satisfy lift-off
thrust and acceleration. Arrangements and base heating are addressed. Engine out and throttling require-
ments are also considered. Preliminary wind tunnel results are incorporated into aerodynamic, aeroheating,
and thermal protection concepts in the final performance iteration. Vehicle systems and elements are
detailed to alevel appropriate for identifying operational facilities and life-cycle costing.

E. SystemsDefinition Phase

The definition phase is a continued development of selected vehicle concept systems and elements
through the progressive decomposition of the elements into components and design parameters. Tasks are
identified and flowed through figure 13 matrices and Steward’s techniques as before. Tasks suggest
requirements that generate solution options, tradeoffs, and selections, using similar TQM and QFD
methods addressed in the concept phase. Requirements defined in this phase are documented as specifica
tions that must be verified by final analyses and preliminary tests. Concurrent engineering is expanded to
recognize interacting issues and develop criteria, in all design disciplines, with increased awareness on
operations, reliability, and costs.

Operations and associated facilities are the most often underestimated accommodations.20 Design
schemes and scenarios to reduce recurring operations costs should be traded, firmly established, and
incorporated into vehicle systems, elements, and components in this phase. Reliability of vehicle
performance and of ground and flight operations is cost correlated. It costs to increase reliability, but
marginal failures cost even more. Pareto’ s principle?! is an effective approach to improve reliability at least
cost. Pareto observed that 20 percent of parameters cause 80 percent of the results. The top 20 percent
most significant parameters may be identified through histograms of their relative sensitivities to the ideal
expectation and risk.

Among the many tradeoffs performed in this phase, liquid propulsion system simplicity and
robustness are the premier challenges. Increasing the engine size will reduce the number of engines per
stage and reduce the complexity of integrating multiple units, al of which increase reliability and reduce
operations costs. High Isp and thrust-to-weight ratio are primary considerations for reusable engines.
Moderate margins and high manufacturing costs are traded with low operating cost and durability.
Expendable engines trade large design margins to provide high reliability and low manufacturing costs.

Structural elements must accommodate all propellant and pressurant gas requirements. Additional
tank volume is required for propellant consumed during engine startup before launch release, for residual
fuel bias to avoid depletion before the oxidizer, and for minimum pump head required to prevent pump
cavitation. Tank pressure trades the heat exchanger energy increase required to increase the pressurant
flow rate and pressure with the benefit of increased pump suction head. Increased pressurant increases
residual weights.
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The avionics system consists of electronic devices, instruments, and software that sense and affect
guidance, navigation, controls, communications, and monitoring. Monitoring should include engine
startup, shutdown, thrust, thrust vector control, propellant and pressurant management, and thrust valve
controls. Health monitoring checks temperatures, pressures, accelerations, and electrical services. Selec-
tions should consider performance, reliability, labor, and operations improvements and costs. Standard
interfaces, hardware, and software reduce operations costs.

Facilities and vehicle systems interactions and tradeoffs are mission-specific and include special
handling equipment, hazardous materials treatment, seal and connection leakage prevention and testing,
robustness, and automation.

The definition phase should provide complete sets of preliminary design definitions of launch
vehicle systems and interfaces, el ements of each vehicle system and interfaces, components, and schemes
for payload and stage attachments and separations. Definition sets should show positive marginsin per-
formance, weights, costs, and systems preliminary test results. This phase should include natural and cal-
culated induced environments, systems tradeoffs and rationale, and systems and elements electronic
mockups. It should project cost estimates to develop and maintain major supporting technologies, skills,
facilities, inventories, logistics, specia handling equipment, data links, operations scenarios, €etc.

Preliminary design definition should include centrally stored el ectronic layout drawings and speci-
fications, and standard references. Specifications are legally binding and are the basis for managing per-
formance, reliability, schedules, and costs. The balance between legal documents and creativity is an
implied objective of the design process. Standard documents should be condensed and tailored uniquely
for each specific program, and not left to contractors to legalistically interpret applicability which often
resultsin undue protectionist conservatism as discussed in section I11.

F. Design Phase

The design phaseisthe final system analysis phase and the most comprehensive. It is aso the low-
est in design quality leverage and most consequential. The analysis must penetrate all final component
designs for compliance with all tiers of specifications and requirements, and must assess and assure that all
integration conflicts and issues are identified and resolved through all levels of components and systems. It
must further analyze and modify detailed component designs and their integrations for high quality per-
formance, manufacture, verification, and operations at lowest cost. Quality analysis goes beyond specifi-
cations. It looks to design effects on these four hardware applications downstream and exercises the final
quality leverage on hardware design.

G. Quality Performance

Quality requires performance to be robust and least sensitive to environmental fluctuations.22
Phadke' s robust design method may achieve that goal by specifying the ideal performance and identifying
quality characteristics, which is the difference between the output and the targeted performance values.
Joint leakages are a common source of quality lossin launch preparations and delays, having asmaller-is-
better characteristic target. Response time, structural weight, material flaws, and corrosion are other
examples. Material strength and specific impulse are larger-is-better examples with naturally limited tar-
gets. Normal-is-better may be characterized by a fixed target for static problems and an output-propor-
tional-to-input moving target for dynamics problems. Conditioned power source, sensors, and servo-
motors are common examples where the standard deviation is minimized first and the mean isthen
adjusted to the target value.

Three of the most common types of design parameters that influence quality characteristics are sig-
nal, noise, and control. Signal parameter levels are set by the user to produce the desired functional
response, such as speed, thrust, and frequency. Noise parameters are difficult or expensive to control.
They deviate from target values through unit-to-unit variation resulting from manufacturing processes and
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through deterioration from aging and wear. Control parameters are specified by the designer to minimize
noise parameters that may or may not change the cost of the product. Tolerance factors are control parame-
tersthat affect costs.

Orthogonal array techniques reduce the number of parametric variations and combinations required
to determine the most optimum control parameter adjustment. Tolerance design may be necessary to bring
the performance to target. Tolerance design trades off quality loss due to variations in performance with
cost increase to tighten manufacturing tolerance and cost of higher grade materials and components.
Parameters independent of quality characteristics are adjusted to cost, reliability, operations, or other
quality considerations.

Robust design aims for the widest operating environment, low grade components and materials,
and widest manufacturing tolerances and variations for least product cost and operation. Developing total
quality into detailed design incorporates downstream customer design expectations in manufacturing, veri-
fication, and operations.

H. Quality Manufacturing

The systems design analysis role isto integrate performance parameters resolved in the quality per-
formance application with manufacturing demands to increase yield and reduce costs through reduction in
unit-to-unit parameter variations, optimized quality control system, and reduction of rejection rates of
defective parts. If product design parameters are too complex, the product will be difficult to reproduce. If
the product is hard to assemble, then it will incur assembly errors. Manufacturing customer expectations
must be considered in the detailed design in which the customers are processors, machinists, welders,
assemblers, handlers, etc.

Akao’s QFD method may be combined with robust performance demands for adaptation to designs
for quality manufacturing. The method decomposes a product down to its parts level and generates manu-
facturing quality demands that satisfy quality performance design parameters developed in quality per-
formance application (fig. 11). The “what” required by performance demand is related in matrix form to
the “how” the product isto be manufactured. Quality “what” demands are correlated with strongest quality
“how” characteristics. “How much” precision is required of the “how” demand, to satisfy the “what”
demand, and how much is added to the matrix. Quality characteristics are configurations, dimensions,
process durability, etc. Processes or technologies that achieve manufacturing quality demands are
researched, and candidates are selected for least cost and for meeting or maximizing required precision.
Selections are compared with facility conditions and capabilities. Inspection standards are established, and
factorsthat affect control pointsin manufacturing are identified.

The assembly processis next developed, and control points for assembly are established similarly
to the parts process. Resulting quality characteristic precision achievable through selected manufacturing
techniques are expressed in engineering language and converted into design plans and specifications. Cau-
tion must be exercised throughout the quality analysisto avoid bottlenecks that limit quality and yield, and
that increase cost. Engineering bottlenecks arise when quality targets are set at higher levels than previ-
ously experienced and the levels are difficult to achieve.

Manufacturing cost reductions may be generally realized through efficient use of materials, new
processes, flexible production techniques, robots, and others. Trading a little performance for more com-
mon and reliable production materials may reduce the material cost as well as machining, welding, or
casting costs. Welds that cannot be inspected must be relocated or eliminated. Reducing the number of
unique parts reduces cost of assembly, logistics, and learning. Using wider margins assures manufactur-
ing quality, and may even achieve process control with minimum inspection. Pugh presents many manu-
facturing design standards for cost reduction.
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. Verification

This design verification application is committed to assuring that all product design details and
specifications comply with all product requirements developed through systems design analysis phases.
Designs must be simple to verify in order to avoid acceptance of defective products. The most common
verification methods are analysis and test.

The first order of verification is a thorough and refined analysis of a design’s final iteration and
updated definition of subsystems down to the components level as necessary to confirm targeted per-
formance. This verification analysisis a continuance of design analysis with focus on final configuration,
induced environments, interfaces, and refined models. Analysis methodol ogies encompass statistical and
probabilistic technigues, and many computational and simulation tools. Critical assumptions are modified
by timely off-line technology experiments, analytical simulations, and detailed design characteristics and
data derived from matured interacting elements and components. Quality assurance must consider whether
the fading quality of a product will continue to function, will affect another product function, or will not
interfere with component functions as awhole. Reliability of the parts assures reliability of the assembly.

Tests may be conducted to failure or to no-fail. A no-fail test provides limited experience on the
article’ s safety, regardless of its subsequent successful operations. Incompl ete design analyses and sneak
phenomena are what most premature test failures are about. But other compelling reasons for designing
tests in this phase are to verify performances and margins, to establish operational characteristics and
sensitivities, to determine primary failure mode and failure characteristics, to determine design deficien-
cies, to develop inspection and maintenance procedures, and to fine tune analytical models.

The performances of components and partial test articles, whose boundaries and operating condi-
tions are difficult to ssimulate in a verification test, may also be difficult to interpret and verify. Then the
operating performance design margins must be increased to allow for al-up test uncertainties.

J. Operations

Low-cogt, reliable operational characteristics of the launch vehicle and its interface with payloads
and facilities must be firmly initiated at the earliest concept phase and step, explicitly identified through
QFD techniques, and incorporated and iterated throughout the systems process. Operational characteristics
cannot be significantly modified beyond this design phase.

Theindustry’ slong-term payload processing goals are ssimilar to commercial airline operation stan-
dards where possible with respect to time, manpower, facilities, documentation, and conflict resolu-
tions.23 Payloads should be integrated into standardized containers separate from the vehicle to facilitate
processing and rapid switching. Standard interfaces and wide center-of-gravity margins should be pro-
vided to payload containers for a more versatile packaging process, and to increase the reliability to meet a
launch date. Increasing automation in payload ground handling and checkout should also reduce human
error and increase delivery reliability. Standard work stations must have data access to weather, ground
processing status, operations, equipment, and vehicle health to support launch preparations.

Multipurpose expandable facilities must accommodate a wide range of future vehicles with better
utilization of less manpower and with shorter schedules. Launch pads must have hold-down engine-shut-
down capability, be flexible and in sufficient numbers to serve different size vehicles, and assure sched-
ules and damage recovery. Preparation time should be reduced through more use of automation and elec-
tronicsto improve or eliminate checkout, and to apply multiple testing and continuous health monitoring.

Vehicles must be designed robustly to increase reliability, operability, and affordability. Simplify-
ing off-line preparations or eliminating time-consuming critical path tasks, leak checks, and verification.
Vehicles should use computerized information and communication systems and develop avionics
enhancement systems to integrate health monitoring, fault identity and isolation, adaptive guidance,
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flexible mission planning, all weather flying, and multipath redundancy. Operations should be designed to
select standard flight plans to convert payload properties, vehicle lift capacity, and orbital inclination, to
program software, autopilot, and trajectory profile. Operations should validate checking the system rather
than every element procedure.

Fundamental to the practice of systems design analysisis an understanding of the systems process
and knowledge of classical modeling techniques including optimization, decision, reliability, economy,
and management as applied to the total life-cycle of a product. This section assumed these fundamentals
and suggested many current quality management techniques adaptable to the design process for providing
quality performance at low cost.

V. PROBABILISTIC DESIGN, APPROACHES, AND STATUS

“For other concepts in physics there exist a measuring instrument—a voltmeter for
electrical potentias, athermometer for temperatures, and so on. But there is no pitanometer
for measuring probabilities, and therefore it is by no means obvious how a probability we
have calculated is to be connected to anything observable,” by Luis de la Pena and Peter
Hodges.

A. Background

The use of probabilistic analysis and design methods in space programs is steadily gaining accep-
tance within the aerospace community. To further enhance the development and application of probabilistic
methods, four actions are recommended: (1) the development of theories, codes, and tools to match the
task areas; (2) an understanding of prior applications/uses of probability and statistics, and data bases; (3)
the development of data bases, in particular structural failures; and (4) education of engineers and man-
agers on the merits and basics of probability/reliability methods. The approaches, the status, and the needs
for these actions were examined24 in terms of the current limitations of probabilistic engineering methods,
a basic approach for its application, a discussion of some specific uses, and recommendations of critical
development areas.

Probability and statistics have been used extensively on prior and ongoing space programs in spe-
cific areas, but have not had a universal focus or acceptance. Where used, probabilistic methods have
contributed significantly to the success of the programs. In recent years, the research focus has been to
extend these methods for application in design. In fact, NASA design requirements for future space
vehicles and structures will be specified in reliability terms. However, making the transition from using
probabilistics and statistics in engineering analysis to the design of structures for reliability is very difficult
due to the limited structural data bases available in aerospace, and the complexity of the dominant failure
modes of wear, fatigue, fracture, and buckling. Nevertheless, probabilistic analysis/design is becoming a
viable approach in all aspects of space programs. Many approaches are currently in use, and development
is underway on more encompassing techniques such as NESSUS and PDA. Developing strategies for
advancing the application of probabilistic methods within aerospace provided the impetus for this section.

Uncertainties in the definition of loads and environments, material properties, geometric variables,
manufacturing processes, engineering models, analysis tools, etc., and all types of testing including
development, verification, and certification lead to uncertainties in space vehicle and structural design, and
ultimately safety. Quantifying and understanding “problem uncertainties” and their influence on design
variables devel ops a better engineered, designed, and safer system. Two formats are available for charac-
terizing design uncertainties: (1) deterministic/safety factor and (2) probabilistic/reliability. The classical
deterministic analysis approach accounts for design uncertaintiesin “lump sum” fashion by multiplying the
maximum expected applied stress (load, environment, etc.), asingle value, by a factor of safety. Often,
design verification is achieved by applying a worst case loading (e.g., a three-sigma load condition
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multiplied by the safety factor) to the structure and testing to failure. In areas other than structures, the
same approach can be used. In contrast, the probabilistic format attempts to model individual parameter
uncertainty by a probability distribution. A test-constructed data base gives the best characterization. If test
data are not available, then the engineer must make assumptions concerning the parameter distributions.
Once the distributions are defined, model equations are used to combine the density functionsinto a cumu-
lative distribution function of the design variable; for example, applied stress. In this case, the design
parameter has an uncertainty that is quantified in terms of risk.

In the case of the design of aerospace structures, it isimpossible in the near future to develop an
aerospace structural design code based solely on the probabilistic format without compromising the struc-
tural safety of hardware design. This statement is especially true with respect to the currently available
probabilistic engineering analysis tools and test verification programs. In general, the analytical tools that
have been developed are difficult to understand and implement into a design procedure; and more impor-
tantly, the methods have not been test verified or universally accepted by the engineering community.
Before a probabilistic-based design code or program can be successful, design engineers must develop an
experience and education base in this field plus accumulate adequate failure data bases. Today, most
engineering schools do not offer probabilistic-based design courses as part of the curriculum. This does
not mean, however, that these approaches do not have merit. They serve as excellent tools for assessing
design concepts using sensitivity analysis and trade studies. Other design disciplines such as avionics have
substantial data bases, and therefore, are using probabilistics in many ways in the design and verification
of their hardware.

True reliability must be demonstrated not simply estimated from an engineering analysis. Until
failure and failure rate data bases are available from experience, probabilistic methods can best be utilized
as a design tool to help identify the sensitivities of problem parameters. Furthermore, “demonstrated
structural reliability” is virtually an impossible task due to the expense and small number of aerospace
structures that are built. Thisis not truein avionics. However, it may be feasible to develop a more consis-
tent structural design code that uses the probabilistic format in combination with the accepted saf ety factor
approach to design. The civil engineering profession has successfully used a combined format in the
development of the LRFD code for steel structures. Developing a similar concept for application within
aerospace offers a practical areafor future research. Before exploring these ideas further, it is prudent to
look at some areas in addition to avionics that have successfully used probabilistics. Three examples are:
(1) component development, qualification, and acceptance in shock and vibration; (2) liquid propulsion
engine vibration and fatigue; and (3) control, dynamic response, and loads.

B. PreviousApplications

1. Components. All aerospace system components are designed, qualified, and accepted using
probabilistic approaches. Their design in general is driven by shock and vibration environments that have
their source in mechanical or acoustical excitations. Shock is also a source of these excitations. Because
these high frequency environments are nearly impossible to analytically formulate, extensive data bases
have been developed for both the excitation and the response of basic structural types with different type
(and size) of components. Input and output responses are put in probabilistic format to serve as a base for
formulating design, qualification, and acceptance criteria. Using this criteria, shock and vibration tests are
run on each component. In specia cases, all up acoustical tests are run as further verification of the system
using the probabilistic acoustical environment as input. The shock and vibration discipline has become
very successful using this approach; however, it has been accomplished through a universal effort to
establish data bases, specia instrumentation, data eval uation, and basing techniques.

2. Dynamic Engine Data. The space shuttle main engine (SSME) has had an extensive program to
collect dynamic data (also performance), statisize it, and use it for structural durability, turbomachinery
health, and maintenance and refurbishment of hardware. This data base is cataloged by engine number,
parts number, test number (or flight), and test stand. Most firings and flight are over 500-s duration and
the frequency content of interest ranges up to 3,000 Hz. Figure 14 illustrates the basic approach for the
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statistical processing of the data. Obviously, this creates a very large data base requirement as well asthe
need for fast processing schemes and user friendly access of the data. Figures 15 through 17 are typical
plots of data outputs. By combining all test and flight data including test failures, it is possible to
statistically say what constitutes healthful hardware and is used to determine good hardware during green
runs (certification) as well as when to change out parts. In addition the engine has been mapped into
vibration zones and acceleration data acquired for use to determine loads for hardware assessment and

redesigns. These data can aso be used as a starting point for future engine system design.
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3. Dynamic Responses/L oads. Probabilistic approaches have been used extensively in determina-
tion of launch vehicle control and dynamic responses and loads. The environments that produce these
responses exists as natural and induced environments. The aerospace community has developed a natural
environments data base that is very extensive, including atmospheric density, temperature, winds, solar
pressure, etc. This statistical data base serves as one distribution into the response analysis. Propulsion
system characteristics have had the same rigor applied to its thrust, thrust rise rate, oscillations, and thrust
vector misalignments to serve as inputs for these amazes. The other induced environments such as aero-
dynamicsis based on wind tunnel testing and CFD to determine its characteristics. The resulting analysis
(loads) can be accomplished using deterministic approaches or probabilistics depending on the needs. Fig-
ure 18 isaflow diagram of how thisis accomplished for structural analysis. This data base in conjunction
with day of launch wind measurements, etc., can be used to ensure a safe launch.
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Figure 18. Generic flow for structural analysis.

C. Basic Approach

The basic probabilistic approach can be summarized as the quantification of all input data, the
model equations, and the output in a statistical manner. This requires the use of a statistical procedure to
make the model equations and the input data and to produce a statistical/probabilistic output. These tech-
niques range from pure Monte Carlo to integral solutions. Figure 19 illustrates this process for structural
assessment. The left hand side of the figure shows all of the input data indicating some statistical distribu-
tion of each. The right-hand side illustrates the various capabilities of the structure, while the center shows
the output of the process again in a statistical sense. Nothing is said of how the input or capability data are
generated nor how the model equations are solved to get the stress or capabilities distributions. Many
techniques exist to accomplish this task. The describing equations can be solved using Monte Carlo
approaches by inputting the parameters as statistical distributions then solving the equations for the various
combinations selected randomly. The output becomes a probability distribution function or statement. The
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same equations can be solved using the A-factor approach and the three-sigma limits of each parameter.
The A-factor approach allows the generation of three-sigma equivalent time response analysis by root sum
squaring the deltas for each parameter variation. A delta value is defined as the change in the output
parameter from its nominal due to athree-sigma change in a single input parameter. The root sum squared
valueis used with the individual deltas as aratio to apply to the model equation coefficients. The final out-
put is athree-sigma answer. Other techniques exist to deal with these data. Regardless, the objective isto
rate the probability of an event occurring against its capability to deal with that occurrence. This means
understanding and predicting the failure modes of capabilities. Given that these can be accomplished, then
it is straightforward to know how failures occur, etc. Whether one uses Bayesian statistics or many other
tools, key statements can be made concerning the reliability of the system when the data or good estima-
tions are available. This same sequence flow takes place for the deterministic assessment; however, no real
probabilistic or reliability statement can be made concerning the outcome. Ideally, the probabilistic state-
ment is highly desirable. In practice, this may not be possible; however, it is prudent to utilize as much
statistical information as possible about the characteristics of the system. This means that in reality a blend
between the deterministic and the probabilistic be used.
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Figure 19. Probabilistic analysis concept.

In the past, emphasis has been placed on the tools for solving the model equations to provide a sta-
tistical answer and ways to estimate the input datain some distribution sense. All of thisis needed; how-
ever, if the complete statistical approach isto become an accepted practice, data must be acquired in terms
of failures, inputs etc., as has been accomplished in the three examples given previously. In the present,
use must be made of al the available datain a combined manner as discussed.

This combined approach uses the statistical data available for the various parameters and combines
them into a mean and standard deviation, which is used in conjunction with the deterministic safety factor
concept. The other aspect of the approach uses best estimates of the parameter variations, then conducts
sensitivity analysis and trades to arrive at concept selections, design, and operational approaches. The
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assumed parameter distributions can be varied and become part of the sensitivity analysis. This approach
may be applied to the design of a system for robustness, in which the trade criteria and the product parts
are part of thistrade. Probabilistic/reliability data are key to making the right choices.

Another area of quality/safety isthe FEMA that leans heavily on the probabilistic approach. The
end assessment is always “How much risk are you taking?’ Fundamental to this analysisis the fault tree,
eventstree, or logic tree.

D. Current Limitations of Probabilistic Methods

The ultimate goal of probabilistic engineering application isto define accurately the reliability of a
given design. Although this goal is desirable, it is avery difficult one to achieve for complex structural
problems; not only in terms of engineering cost and verification, but also in terms of problem understand-
ing. The major limitations of current probabilistic engineering tools center about this basic goal. Some of
the more general ones are summarized below.

1. Many of the probabilistic analysistools that have been developed are problem specific and, to
work agiven failure problem, require software modifications. In some cases this type of approach seems
unavoidable, especially for extremely complex problems that are highly nonlinear and require several math
models and iterations simply to get one deterministic value. However, the practicing engineer isinterested
primarily in tool application for use in understanding design problems. Tool development may not be his
Specialty.

2. Generictools, like NESSUS, do not interface directly with general structural analysis software
packages such as NASTRAN, ANSY S, etc. Before probabilistic methods will be universally accepted or
even experimented with in any great detail, they must interact freely with at least one well-developed
analysis/design tool presently utilized by the practicing engineer.

3. The probabilistic format requires distribution information for analysis input. In most cases,
adeguate data bases are not available, and the engineer must make assumptions regarding the data. Guide-
lines for this phase of the process need to be developed. Always, the analysis should be checked with dif-
ferent inputs to verify the effects of distribution assumptions.

4. Anaogous to structural finite element models (FEM’s), probabilistic math models are only
approximations to the “real world.” Model inaccuracies and their effects on design must be determined.
The accuracy of any engineering analysisis only as good as the assumptions that define it.

5. Computational schemes are grouped into two categories. (1) simulation and (2) approximate
reliability methods, such as FORM, SORM, AMV, etc., that use FPI techniques. While Monte Carlo
simulation has fewer assumptions, it requires extensive and expensive computer time for large complex
models. “Efficient” Monte Carlo simulation methods have been developed, and these along with faster
computers make simulation a valuable application tool for many simpler problems. Although the approxi-
mate methods are faster and more efficient with respect to computer usage, they define explicit response
functions that can be difficult to verify, in terms of accuracy and convergence. |naccuracies can arise from
poor approximations to the true response function and nonlinear coordinate transformations.

Many of the limitations noted are accuracy related. While accuracy isimportant, it should not be the
controlling factor limiting the application of probabilistic methods. The methods themselves offer a better
approach to design, because they require that the engineer understand more details about the problem, and
even other disciplines. Not only does the probabilistic engineering approach give the designer an idea of
the risk defined by a given design, it also provides a glance at the parameter design sensitivities. In gen-
eral, probabilistic methods require more detailed analysis, which ultimately can lead to a more robust
design.
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E. Recommendationsof Critical Development Areas

It isvery difficult to make the jump from using probability and statistics in engineering analysis to
predicting the reliability of structures. First, there is alimited structural data base, and to develop failure
and failure rate data bases for general use in space programs is far too expensive. Second, the dominant
failure modes of wear, fracture, fatigue, and stability are very complex, leading to model and analysis
inaccuracies. Therefore, for the near-term, the goal should not be to replace current engineering design
practices with probabilistic methods. Rather, the goal should be to supplement current safety factor deter-
ministic approaches with probabilistic methods. For example, performing future designs using both prob-
abilistic and deterministic approaches in parallel will help to calibrate the probabilistic methods. The
emphasis should be on the gradual introduction of probabilistic methods that focus on sensitivity analysis
at the component/failure mode level: (1) to characterize and determine the effects of loads and material
property uncertainties and (2) to estimate the risk of particular failure modes, such as fatigue and crack
propagation. This approach is of relevancy to the practicing design engineer and ultimately can lead to a
more robust design. The greatest strength of the probabilistic design approach isits usein determining the
sensitivity of life drivers, and the greatest weakness is itsinability to demonstrate or verify the reliability
predictions of expensive aerospace structures.

VI. THE CONCEPT OF ROBUSTNESSIN DESIGN

“All design is essentially creative work and the state of mind of the creator is every-
thing; which is to say that the state of mind of the designer is likewise everything where
design is concerned.” Unknown source.

The space shuttle vehicle is one of the great achievements of our time, and yet several aspects of
the system illustrate the need for robustness: (1) the assembly and processing (including checkout) of the
vehicle requires extensive touch labor; (2) the launch constraints and problems result in many costly holds,
not the least of which is the wind loads and dynamic pressure (which has resulted in three launch delays);
(3) each launch has to be tailored, requiring detailed flight mechanics and loads analysis to accomplish; (4)
many systems such as the SSME and the orbiter heat protection tiles are designed to the edge of technol-
ogy requiring frequent maintenance and hardware replacement in order to meet safety requirements. Con-
sequently, design requirements on new products must circumvent these problems and cost overruns by
significant order of changes. Business as usual will not meet the goals. New innovative approaches are
needed in the design of aerospace systems, as suggested in section 1V, and emphasis on robustness should
be afundamental part of this design process.

Robustness is not too well understood in what it is, how to achieveit, design for it, and verify it.
Designing for robustness is further complicated by the many types of space systems that require adiversity
of materials, manufacturing, assembly, processing, checkout, facilities, operations, etc. In areal sense,
each type of system has a separate set of measurables and design requirements. Therefore, a specific
definition of robustness and the necessary design requirements is needed for each program or project. This
eliminates or restricts the ability to be generic in approach (fig. 20).

In “Robust Quality,” Taguchi and Clausing assert, “Quality isavirtue of design. The ‘robustness
of productsis more afunction of good design than of on-line control however stringent the manufacturing
process. An inherent lack of robustnessin a product design isthe primary driver of superfluous manufac-
turing expenses.” This means that to have robustness in a system, we must define: what it is, what are its
design requirements, what are the achievable characteristics that must satisfy the requirements, and what
are the measurable parameters that verifiesit.
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Figure 20. Space systems.

A. General Process
The approach will form around the items shown in figure 21, which consist of six options and
their combination for achieving the desired robustness, the concept selection, the trades, and the design, all

measured against the indexes. Obviously, the measurables related to cost, reliability, and performance are

not uncorrelated even when they are shown independently. Their correlation or interrelationship must be
understood as a part of the process.

The robustness design process starts with the visions of the program, project, or mission and ends
with successful operations through eight major coherent steps:

1. Vision into requirements
2. Reguirementsflow

3. Robustness definition
4. Robustnesscriteria
5

. Concept selection
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Figure 21. Robustness design approach.

6. Detail design
7. Manufacturing and verification
8. Operations.

These steps are to some extent sequentia, yet they are highly interactive considering al areas asthe
tasks proceed. The focus must, therefore, be from a systems viewpoint in order to achieve a balanced
space vehicle, spacecraft, or space system.14 The flow of these tasks and related subtasks are shown in
figure 22, and a narrative of each task follows.

1. Vision Into Requirements. Robust design starts with avision that istrandated into aninitial set
of requirements that generally includes philosophical and performance goals and guidelines on cost and
schedule. As noted earlier, space vehicle cost must be drastically reduced. This reduction must be accom-
plished for the launch vehicle, the payload, and operations. Robustness should reduce cost associated with
facilities, inspection, rework, maintenance, operations, etc.; but not necessarily significantly reduce the
development cost, and particularly the up-front cost.

2. Requirements Flow. The top-level philosophy and requirements must flow down to the small-
est part.2> This step includes evolving these high-level requirements into many discrete parts. QFD is one
of the new toolsthat is very effective in accomplishing this.
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3. Robustness Definition. The third step considers the system requirements and flow-down
requirements and translates them into derived requirements (characteristics) called robustness (system
focus, stepped convergence). These can be in the form of functional statements of how to, or what to,
achieve. Determining the characteristics or definition of robustness means that each of these areas must
have a set of measurables identified so that the level of robustness can be determined. At the top levd, this
can be called the definition of robustness. All areas including design, manufacturing, and facilities must be
captured in the requirements definition tasks. A part of defining robustness and capturing the characteris-
ticsisalisting and study of prior systems problems that increased cost, delayed operations, etc. This list
will serve as a basis for describing characteristics, formulating definitions, and developing functional
statements of how robustness is achieved and the requirements for it. QFD works well in tranglating cus-
tomer wants into characteristics, leading to the definition of robustness for the system under consideration.

4. Robustness Criteria. This next step derives and combines the generic criteria and the require-
ments (specifications) into a project document. To accomplish this task, documented past experience must
be brought together with the project specific characteristicsin away that tailors the total into a specific set
for the project procedures and gives the needed control without introducing excessive cost, etc. Thisis
particularly true of the design process as discussed so well by Petroski.” These criteria are the key to
achieving robustness. They must clearly define what it takes to ensure that the design is robust. Pugh calls
this the product design specifications (PDS).3

5. Concept Selection. Next, concept selection is started by listing the functions required to meet
the vision, requirements, and criteria. Using these functional statements, several viable options are formu-
lated that can potentially fulfill the visions and meet the requirements. Three tasks are now performed: (1)
conduct sensitivity analyses that identify the key areas and parameters that are important to achieving
robustness; (2) conduct trade studies between the potential concepts using the sensitivities and the measur-
ables; and (3) select a narrow set of concepts, and conduct a more indepth analysis of steps (1) and (2).
These three tasks are repeated until a single concept is converged upon for design (system focus again).
Tools available here include, but are not limited to, decision theory, optimization programs, CAD’s, cost
modeling, and integrated analysis. See Pugh’s concept in “Total Design.”

6. Detail Design. The detail design is accomplished using the concept selection as a starting point
and applying concurrent engineering approaches, TQM tools, etc., through sensitivity analysis, trades,
design, and verification—all against the set of measurables laid out from the requirements or derived dur-
ing the design process. Both the concept selection and design are evolutionary in nature, requiring several
iterations. In fact, in discrete areas during design, the originally selected concept has to be iterated, due to
added information starting the design process over in these areas. Tools available for design are numerous
and are specific for many disciplines.

7. Manufacturing and Verification. This step builds and verifies the product, testing many timesto
failure to determine limits for use in operations. Sensitivity testing is also important to determine response
characteristics. The product is built using a robust manufacturing process ensured by concurrent engineer-
ing teams up front during concept selection and design. The verification process must determine the good-
ness of robustness achieved by setting the operational procedures and identifying areas for improvement.

8. Operations. Operational procedures, constraints, etc., are based on the information generated
during development, design, and verification analysis and testing. Although operations appear at the end,
it also must be part and parcel of the requirements, concept selection, and design—a true concurrent
engineering approach. These procedures, assembly, checkout, launch and flight operations, and health
monitoring must be designed with the same degree of robustness as applied to the vehicle and payload.

The design proof task then is how one starts with a system that is decomposed into tiers of com-
ponents and parts, as required for analyses, and then rolls them back up into the total system, since every-
thing is interactive. Subsequent subsections will explore these steps as they apply to robustness as one
means of increasing reliability and reducing cost.
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B. General Characteristicsof Robustness

Establishing the desired characteristics of robustness is particularly difficult in space system
design, because the system must be quantified against design criteria and goals. The first avenue open to
accomplish thisisthe easiest to state, but is very difficult to quantify. For example, the classical dictionary
definition reads: “The state of being strong; having been strongly formed or constructed.” “Business
Week/Quality 1991” defined robust design as a discipline for making designs “production-proof” by
building in tolerances for manufacturing variables that are known to be unavoidable. The definition could
be stated as the insensitivity of the product to requirements, environment, manufacturing, or operational
variabilities. In space systems where so many requirements are in conflict, thisis not area possibility
because all designs are a balancing act, atradeoff. Gordon in “ Structures’ saysit like this: “ All structures
will be broken or destroyed in the end; just as all people will die in the end. It is the purpose of medicine
and engineering to postpone these occurrences for a decent interval.2> The question is: what is to be
regarded asa ' decent interva’ ?’

In trying to clarify the two previous statements, the classical and insensitivity, another statement
can be formulated that reads. “ A robust system is one that is designed and verified to have features that
accommodate variability (three sigma) of parameters that affect performance and margins without
unacceptabl e degradation, and achieves the optimum combination of operating costs, reliability, maintain-
ability, and performance.” This definition treats the total system from start to finish, but still has the diffi-
culty of determining measurables. The other open definition avenue is a mathematical definition that uses
deterministic and probabilistic approaches. Here performance indexes must be formulated for each area of
concern in mathematical terms, then the system verified to those values (fig. 20). The performance index
definition is stated mathematically as a design that provides a sufficient ratio between “ strength” (or capa-
bility or capacity) and “stress’ (or load state environment or operating condition) to accommodate vari-
ability of the parameters affecting stress and strength without failure inducing overlap. This ratio may then
be related to cost through arisk factor to complete the definition. For many of the areas, the indicies are
easy to formulate if treated separately; however, they interact with others, leading to the requirement for a
higher level index.

The essence of these preceding statements is required to define robustness. The final result is a
statement that is a combination of the generic statement and the multitude of mathematical indexes. The
first can be generic, as stated above. The second is specific for each space system and requires much effort
to define the sensitivities, conduct the trades, and then quantify the requirements indexes. It is often desir-
able to modify the statement such that robustness is defined only in terms of one area such as launch
operations (cost, processing, turnaround, checkout). In this case, each component or subsystem is not
optimized individually, but only to the extent it affects operations. The indexes are tailored to fit this
special case. The definition of robustness for a space system is always tailored to fit the needs and
requirements of that particular product.

C. Top Level Approaches

Using the generic definition as a base, the generic makeup, or top level, approach to robustness
can be formulated. Figure 21 attempts to flow this task. As