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The Department of Defense (DoD) tasked the Institute for Defense Analyses (IDA) to
assess claims of irnproved product quality at lower costs and shortened product development
) time through the use of roncurrent engineering. Specifically, IDA was tasked to determine
whether the publicized benefits were typical of those achieved by others who tried concurrent
engineering; whether DoD could expect sumilar results if defense contractors implemented
concurrent engineering in the weapons system acquisition process; and what had to be done
to encourage defense contractors to use concurrent engineering.

3 The IDA study team reviewed publisl:ed reports and papers oa concurrent engineering
and its implementation in industry; held discussions with manufacturing experts in
government, industr., and academia; conducted workshops to learn about the varicus
approaches being taken to apply concurrent engineering in industry. The team visited and
held technical discussions with fourteen major U.S. corporations.

o The report that follows documents the IDA study team’s assessment of the views that
were expressed. This report is based on a “case study” approach. Therefore, it does not
provide an unbiased quantitative assessment of costs and benefits. The report’s qualitative |
assessment and vecommendations provide a first step in developing such information. f

WHAT IS CONCURRENT ENGINEERING?

2 The basic principle of concurrent engineering—the integration of product and process
design—is not new. As a common sense approach to product development, it has been
known for some time. Modern techniques have facilitated the use of concunent engineering,
but iis application within the Uniied States is still in its infancy.

9 This report provides an initial description of the practice, and reported tenefits of
concurrent sngineering. It is anticipated that more complete models describing the functions
and information exchanges of concurrent engineering will be developed in subsequent
studies. The following definition of concurrent engineering is used in this report:

Concurrent engineering is a systematic approach to the

» _ integrated, concurrent design of products and their related

processes, includine manufacture and support. This
approach is intended to cause the developers, from the
outset, to consider all elements of the product life cycle from
conception through disposal, including quality, cost,
schedule, and user requirements. .

2 This management, engineering, and business approach integrates the design of a procuct and
its manufacturing and support processes. Its implementation takes a variety of forms and
uses different methods and techniques; however, there are generic elements:

e Reliance on multifunction teams to integrate the designs of a yproduct and its
S manufacturing and support processes.
v
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e Use of computer-aided design, engineering, and manufacturing methods
(CAD/CAE/CAM) to support desizn integration through shared product and process
models and data bases.

e Use of a variety of analytical methocds to optimize a product’s design and its
manufacturing snd support processes.

The IDA study team observed industry using concurrent engineering on products rarging
from digital communication switches to mainframe computers to mobile missile launch
vehicles.

WHAT IS CONCURRENT ENGINEERING’S VALUE?

Companies reported that over a pericd of years, procedures that were originally
instituted to identify and solve problems tocame so complex that their effect was to impede
preduct development.

The President’s Blue Ribbon Commission oz Defense Management (Packard
Commission) notes the increasing complexity of federal law governing acquisition, the
growing bureaucracy of the acquisition system, and the decreasing productivity of acquisition
management as a result of greater encumbrance. Starting in the late 1950s and early 1960s,
the DoD instituted a variety of initiatives, procedures, specifications, and policies designed
to improve weapons system quality whiie controlling budget and schedule risk. The result
today is a system that the Commission characterized as beset by duplicative functions,
excessive regulations, and fragmented responsibility. Concurrent engineering is one of the
tools that can be used to improve the DoD acquisition process.

Reported benefits attributed to concurrent engineering included:

¢ Improving the quality of designs which resulted in dramatic reductions of engineering
change orders (greater than 50 percent) in early production.

¢ Product development cycle time reduced by as muci as 40 to 60 percent through the
concurrent, rather than sequential, design of product and processes.

¢ Manufactwing costs reduced by as much as 30 to 40 percent by having multifunction
teams integrate product and process designs.

e Scrap and rework reduced by as much as 75 percent through product and process design
optimization.

Collectively, the concurrent engineering disciplines that require the early consideration
of a product’s manufacturing and support process while shaping the user’s requirements into
a product’s design were reported to result in a higher quality design.

PRINCIPAL FINDINGS

¢ Companies that have implemented concurrent engineering report that they are producing
higher quality products at lower cost and in less time than they were able to previously.

vi
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e Ciznificani cultural and mar~~+ment chacges ucderiy the successful lmplcmentanon of
corcurrent engineering. As. .onsequence, coasiderable time (24 years) is often ceeded
before beneiits are realized from concurrent engineering.

Concurrent engineering requires top-down leadership and involvement to succeed with
continual reinforcement through training, backing, interest, and dialogue throughout the
total weapons system acquisition process.

While the understanding of concurrent eagireering is continuing to emerge, and its
boundaries are not yet fully defined, many of the methods and technologies to implement
its central elements exist today.

Significant differcnces exist between the commercial marketplace and the DoD domain.
Despite these differences, case studies of the implementation of concurrent engineering by
several defense contractors suggest that concurrent engineering can be successfully
applied in the DoD environment.

There are DoD policies, management procedures, contracting methods, and regulations
that could inhibit the successful implementation of concurrent engineering within DoD.

DoD participation in the devclopmcnt or improvement of enabling methods and
tcchnologu:s of concurrent engineering can assist in ensuring that it can be apphed to the
unique aspects of weapon system procurements.

RECOMMENDATIONS

The Department of Defense should take positive steps to encourage the use of concurrent
engineering in weapons system acquisitions. Approgriate steps include:

— OSD’s principal acquisition managers should adopt concurrent engineering as a key
implementaticn mechanism for total quality management (TQM). (A starting point
for a policy letter is presented in Appendix E of this report.)

~— DoD’s principal acquisition managers should make concurrent engineering a
prominent part of their dialogue with their contractor base.

— DoD and the Services should jointly identify pilot programs for the purpose of
demonstrating ways to implement concurrent engineering in Wweapons system
procuremients, to identify and eliminate barriers to concurrent engineering within
DoD, and 10 evaluate the benefits.

In parallel with the above, DoD should take steps to support the cultural and management
changes necessary to gain the full potential benefits of concurrent engineering. These
supporting steps include:

— DoD should implement an education and training program that starts with the senior
OSD acquisition managers and progresses to all levels of DoD’s acquisition
organization.

— DoD should develop and improve the methods and technologies specifically required
to support the use of concurrent engineering in wcapons system acquisition programs.

vii
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— The DoD shculd expacd upon the beneficial aspects of existing DoD manufacturing
improvement initiatives to incorporate and support the concepts of concurrent
engineering. These initiatives include, but are not limited to, MANTECH, IMIP,
MANPRINT, ard Transition-To-Production Templates.

— OSD acquisition managers should initiate a process that invelves DoD contractors
and subcontractors to identify the policies, rules, regulations, directives, procedures,
and practices that act, or are seen to act, as barriers or inhibitors to industries’ use of
concurrent engineering in weapons system procurements. Unless overriding
considerations exist, OSD should take the necessary actions to remove or lessen the
impact of such barriers.
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PRIFACE _ , .o,

Task Order T-B35-602, under contract MDAS03- 3C-<£45%, directs the Institute for
Cefense Analyses to identify critical information and factors associated with the use of
concwrTent engineering in weapons system developraent as well as DoD and industry eiforts
that are potertially spplicable to this eficrt. Tiiis repoit responds to a subtask that calls fora
report based on the drdings of a study of coccurrent engineering including site visits t=
companies practicing it and is intended to be part of a larger effort. It contains a straw man
approach to achieving concurrent engineering in weapons system development (Appendices
D and E).

This report has been prepared by an IDA study team (the authors of this document)
based on a preliminary study of concurrent engineering. The practice of concurrent
enzireering in the United States is an emerging discipline and validated models describing the
functions and information requirements have not yet been developed. This report represents
an initial attempt to define a conceptual framework for concurrent engineering, to describe
the methods and techniques being used by those practicing it, and to list reported benefits of
those attempts. It i3 anticipated that more complete models describing the functions and
information exchanges of concurrent engineering will be developed in subsequent studies.

In preparing this report, the study team gathered information from individual industrial,
academic, and corporate experts and from experienced corporations. The study team
organized the information and made judgments about the validity and applicability of data
and expert opinion. This report is based con those judgments.

The report was reviewed by internal and external panels whose members are listed
Appendix H. Workshop participarts are listed ip Appendix F. The contribution of
participants and reviewers has been substaatial, but inclusion of their names should not be
construed as an endorsement of this report.

The authors acknowledge the contributions of many who helped to produce this report:
the companies who provided success stories, the speakers at the workshops, and the
workshop atiendees who helped to shape the ideas presented in this report. This report
would not be possible without their assistance and the support of their parent companies.

The study team especially acknowledges the contributions of Gary Ammerman, Charlie
Bernstein, George Box, Don Clausing, Travis Engen, Alan Fulton, Larry Griffin, Istvan
Gorog, George Gregurec, John Halpin, Bill Haney, l.eo Hannifin, Bill Heary, Stuart Hunter,
Ed Istvan, Chuck Laurenson, Vern Menker, James Nevins, Mike Patterson, Madhav
Phadke, Jim Pratt, Homer Sarasohn, Bob Sch-li, Gene Seefeldt, John Sheridan, Russell
Shorey, Don Snyder, and Michacl Watis.

The authors also express their thanks for the help they received from FHelen Singl ‘on,
Diane Eason, and Chloie Boelte, as well as the editing assistance from Ellen Pennell and

Katydean Price.
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Tie Role of Concurrent Envineering
ia “Yeapens Systzm Acquisition

1. INTRODUCTICN AND SUMMARY

This report provides information for senior Departmert of Defense executives on how a
management and engineering philusophy called concurrent engineering might be applied to
the task of improving the quality, decreasing the cost, and reducing the time to develop and
deploy weapons systems. It describes changes in engineering and management procedures as
well as critical information handling methods that have been used in thiiteen diverse
companies® to simultanecusly achieve these goals. It provides recommendations for using
concurrent engineering in the weapons system acquisition process® to promote corresponding
results. Although the reported results are encouraging and the improvements anpear to be
necessary, reports indicate that carrying cut the recommended changes will b= a demanding
challenge.

The President’s Blue Ribbon Commission on Defense Managerment noted that weapons
systems take too long to develop, cost too much to produce, and often do not perform as
promised or expected.® Similar prcblems in automobile and electronics industries resuited in
a crippling loss of market share by United States producers to offshore competition.
Surviving companies in affected industries respcaded to competitive pressures by modifying
their management, engineering, production, and customer support processes. Many of the
modifications included a more systematic method of concurrently designing both the product
and the downstream processes for producing and supporting it. This systematic approach is
the fundamental theme of concurrent engineering.

In response to initial reports from several companies, the Under Secretary of Defense
for Acquisition (USD(A)) directed that the Institute for Defense Analyses (IDA) investigate
concurrent engineering and its pessible application to weapons system acquisition. This
report presents the results of the first phase of this analysis and is based on the IDA study
team’s irpitial contact with companies that have claimes success in using concurrent
engineering or elements of it.

1. Case studies of the application of slements of concurrent engineering within AT&T, Aerojet Ovdnance,
Boeing, Deere, Grumman, Hewiett-Packard, I8M, ITT, McDoonell Douglas, Northrop, and Texas
Instruments are included in Appeadix A. Information about FFord and Allied-Signal is cited in the body
of the report.

2. In this report the terms ‘‘weapons system acquisition process” and “acquisition process” are used
synonymously.

3. A Quest For Excellence, Final Report to the President by the President’s Blue Ribbon Commission on
Defense Management, June 1985, p. xxii.
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The claims are impressive. The products considered ranze from mainframe computers
and digital communication switches to missile-launch vehicles and construction equipment.
Reported results inciude reduction of development cycles by as much as 50 percent. Savings
of 20 percent frcm part-count improvement, better use of existing facili.ies, and reduction of
scrap and rework have been documented. In addition to electronics, vehicles, and
construction equipment, reports of significant improvemeats in nuclear power programs,
miscile production, missile launcher design, pyrotechnics, and aircraft design and
manutacture were also presented. The quality of the dssigns (as measured by the number of
engineering changes in early production, and changes caused by design errors) has improved
by a factor of two. Production quality improvements are reflected in the cost of inspection,
scrap, and rework. The study team relied on data gathered from reports from members of
these companies, published reports of similar successes, and personal visits. This study relies
on the team’s assessment of this data and judgments abcut the validity and apglicatility of
data and expert opinion. Table 1 shows a sample of the reported benefits of using new
methods in six companies.

Each situation cited in this report has unique features and may be described within the
individual company by diiferent names. There is a common theme of systematic, concurrent
activity among several engineering disciplines, and the term concurrent engineering is used to
describe it. Concurrent engineering is defined as follows:

Concurrent engineering is a systematic approach to the
integrated, concurrent design of products and their related
processes, including manufacture and support. This
approach is intended to cause the developers, from the
outset, to consider all elements of the product life cycle from
conception through disposal, including quality, cost,
schedule, and user requirements.

People from industry who participated in IDA’s workshops and whose companies
experienced success with concurrent engineering are enthusiastic about their newly found
eugineering and production rethods. They report improved quality of their products and
services, decreased costs, and improved adherence to shorter schedules. They claim that
their companies are becoming more competitive and more confident. They acknowledge *hat
their accomplishments are the result of hard work and emotionally difficult changes—
organizational realignment, new concepts in evaluation of people and functions, and
rediscovery of the paramount role of product and process quality to name but a few. The
changes are sometimes described as corporate renewal. Two years is about the time needed
to begin to produce results from such efforts. After four years, participants frequently
predict even greater improvements lie ahead. They admit to mistakes and false starts, but

™ SESSisatrademark of AT&T.
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TAZLE 1. Cost, Schedule, and Quality Benefits

Case Cost Echedule Cuality
Study
MoDosnedl Douglas W% avings Sigrifcmst sevings Scrap redeced S5%,
oa bid {or resctor sad (radwction trom 43 weeks rework cost reduced
miacile projects. 1o 8 howrs) in omn phase 2%, aad sosconior
of Xighv-speed vebicie nances recaced J8%;
preliminary deaiga; weld delacts per wait
18 month saving on TAV-48 decressed 70%;
desiga. 68% fewar changes
om reactor; 68% lewer
o3 TAV-ES.
Boeinsg Ballistie Radaced labor reies Fart sod matarials Floow iaspection ratio
Systems Divisioa by $i/howr; savings laad-time redwsced Jdscressed by over 273;
30% below bid. b 30%; one part matsrin shortages
of design sualyeis rodeced from 12% 10 0; 4
reduced by over 50% 99% defact-free operation. :
X
ATaT Coet of repair for Total process time Deafects reduced by
26w circuit pack redeced to 6% cf 0% to 8T%.
production cut st basaline fcr SE38.™
loont 40%.
Deare & Compeny 0% acteal 0% savisgs a Nuzabaer of inspectors
savings in development development time. reduced by 2/3.
cost {or onstrection
squipment,
Hewlott. domufsctaring costs Raduced development Product feld
Packard Co. redsced Q%. cycle tims 35%. faitere rate reduced
lastroment 6%, Scrap and
Lrvislon rework reduced 73%.
=11 Prodwet direct Signifcant reduction Fewer engineering chamges.
asgembly lsbor i longth of PMT Quarsatesd producidility
hours reduced 45%. daesiga cycle. and teatabiliry b
40% redacton ;
tn alectronie desige .

they are convinced that their company’s survival depends on such continued improvement.

The importauce of improving quality is a iecurring theme among the companies visited.
Quality is no ionger seen as something to be added onto a product, or something achieved
through inspection at the end of the line. Quality is now seen as a driver for achieving lower
costs and shorter schedules. Companies repcrt that improving quality allows them to
eliminatc many inspections, reduce scrap and rework, improve performance and reliability, ]
and reduce unit as well as life-cycle cost. 4

Some of the concurrent engineering success stories are taken from actual weapons
system development projects. Based on evaluating this evidence and considering the range of
other applications, the study team believes that concurrent engineering can be applied in the
acquisition process and that it will provide better quality goods and services in less time and
at lower cost. The study team also believes that now is an opportune time to use industry’s
enthusiasm for improved practices and the public perception that change in the acquisition
process is needed, in order to supply the motivation to improve the acquisition process.

. ‘";jmfé‘.‘..; L
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A view commonly held by those whe reported success with concurrent engineering is that
successiul chane depends oo custained upper management leadership. They assert that this
leadership must estatiish a total quality management environment. In such an environment,
quality improvement is reported to drive down both unit and life cycle costs and to shorten
schedules. This counterintuitive result has been achieved through the reduction of test
analyze and fix, inspecticn, rework, and scrap.

Given these results and in response ¢o the task ozder for this study, this report presents
recommendations regarding the adoption of concurrent engineering in the weapons system
acquisition process.
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2. APPROACH
2.1 Dackzroand

The Department of Defense maintains a continuing interest in the competitiveness of the
industrial base because that competitiveness aifzcts the ability of the Department to equip
the military forces. Within the last decade, the ability of some U.S. industries to compete has
been questioned. Since the early 1950s, several companies have reported that they have been
able to compete more erfectively because they have implemeated a range of new practices,
including concurrent engineering.

The Under Secretary of Defense for Acquisition (USD(A)) directed that the Institute
for Defense Analyses investizate conciurent engineering aad its possible application to
weapons system acquisitions. This report presents the results of the first phase of that
analysis and is based on the (DA study team’s contact with the companies that claimed
siccess in using concurreant engineering, or elements of it.

2.2 Cbjective

The study team organized the information gathered during the first phase of the study
and made judgments about the validity and applicability of data and expert cpinion. This
report is based on those judgments. In response to the tasking, it presents a recommended
approach for achieving concurreat engineering in weapons system development.* To support
the recommendations, this report describes what is meant by concrrrent engineering and
shows how it should help the DoD meet its goal of simultaneously decreasing unit and life-
cycle costs, decreasing time to deployment, and increasing adaerence to desired functionality
of weapons systems. Subsequent phases of the task will address the remainirg task
objectives.

2.3 Scope

This study has concentrated on engineering approaches, technologies, and related
management practices that can support or enhance concurrent engineering. In terms of the
acquisition process, the report addresses those activities that normally occur with Milestone 0
(Program Initiation) ard continue through the life of the weapons system.

A range of activities is needed to improve the weapons system acquisition process.
Concurrent engineering relies on many of them for its success. For example, continued
support i3 needed in areas such as basic research in science and engincering; improved
mansgement and leadership; revitalized industrial capabilities; and improved cooperation
among the military in defining operational needs. While recognizing the importance of these ,
activities, the present report is primarily concerned with coucurrent engincering. .

The workshop participants identified many perceived barriers within the acquisition ' 5
process to the adoptica of concurrent enginecering. The study group did not make the ;i

4. Subtask 4.e of the statement of work coniained in the task order.
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identificaticn or elimination of such barriers a major topic of the report because a related
efort is addressing the barrier question. The IDA study team followed the prozress of a
clcsely related group that presented insizhts from a cross section of industrisl osficials
rz21arding concurrent engineering, particularly senior management’s perception of barriers
and incentives to implementation.’ The curreat report, while acknowledging the importance
cf such etforts, focuses on a narrower segment of the problem, namely the engineering tasks
associated with coacurrently designing the product and related processes.

Cne particular related effort, Total Cuality Management, was frequeatly mentioned by
participants. The study team belicves that an effort to deploy concurreat engineering in
weapons system acquisition is consistent with the Total Quality Management Initiative
(TQM).® The TQM initiative can be viewed as an umbrella effort under which concurrent
epzineering is a key implementation mechanism. Without the emphasis on quality that
characterizes TQM, concurrent engineering will not achieve its goals. In fact, every
ccmpany visited during this study has either begun to implement its own TGM program or has
developed aa in-house quality improvement program that is basically equivalent.

2.4 Methodology
2.4.1 Overview

This report describes concurrent engineering in terms of success stories that appeared in
the literature, were presented at workshops, or were discussed during site wvisits.
Presentations of various researchers describing efforts designed to facilitate the practice of
concurrent engineering and technical working groups from government, academia, and
industry helped the study team form a conceptual framework for relating technology needs to
LoD goals. The study team organized th: information gathered during the study and made
judgments about the validity and applicability of data and expert opirion. This report is
based on those judgments.

The IDA study team investigated reports of companies that simultaneously improved
quality, decreased cost, and reduced development time through the application of concurrent
engineering. Workshops of moderate size, 60 to 8) participants,’ were convened to discuss
concurrent engineering. The participants wers chosen to obtain a cross section of
engineering, production, computer support, research, and government perspectives.
Participants with business interests in the commercial cector, the defense sector, and in both
sectors were invited.

At the initial meeting, several speakers presented descriptions of successful approaches
within their companies. The presentatious were informative, but indicated the need for more

5. Industrial Insights on the DoD Concurrens Engineering Program, The Pymatuning Group, Inc. (October
1988).

6. Secretary of Defer-e Memorandum of 30 March 1988, Subject: “Copartment of Defense Posture on
Quality.”
7. Appendix F provides z listing of the participants and their affiliations.
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detailed discussions berween the IDA study group and the raspective companies.
Accordingly, site visits were arranged to provide the study g.oup with a better under-tanding
of the various approaches to concurrent enZineering. Tae success steries that resultzd from
those visits are included in Appendix A and (alcng with the results of severai workshops,
research, ard follow-up discussions) form the basis for the findings and recommendations.”

There are no stories of failures of concurrent engineesing because none were presented
by any of the participants either publically or in private discussions. Therc were initial
failures associated with attempts to apply some of the methods or technologies associated
with concurrent engineering. However, the companies that reported the ‘nitial probiems said
that they analyzed the causes of the difficulties, revised their approaches, and went on to
achieve their goals. Despite requests by the study team, no one came forward with a case of
concurrent engineering being tried and failing to recuce cost, improve quality, or shorten the
schedule. This does not imply that failures do not exist, but rather that tl:e study team did not
find specific examples.

2.4.2 Method of Investigation—Details

The findings and recommendations presented herein are based on the first-hand accounts
of people who used some elements of concurrent engineerirg and experienced a significant
measure of success. Tte study of concurrent enginesring began with a review of the pertinent
literature to identify the issues and the experts in the field. The IDA study group reviewed
the results from the Defense Advanced Research Projects Agency (DARPA) Concurrent
Engineering Workshop of December 1987. The study group contacted many of the experts
and sponsored several workshops in which they presented ideas connected with concurrent
engineering. In addition, representatives from various DoD organizations either made
presentations or participated in panels to describe their thoughts on thie subject.

From these workshops, the IDA study team identified a list of corporations9 where
further discussion of concurrent engineering experiznce was expected to be profitable.
Teams from IDA made one or two-day visits to these companies. There were also continuing
discussions with industrial and academic experts and interested parties in DoD. The study
group applicd their own expertise and judgment in exploriag concurrent engineering. On the
basis of this, the study group gained useful insights into the use of concurrent engineering, its
applicability in weapon system acquisition, and the surrounding issues piesented in this
re jort.

Some critics point out that favorable results in commercial ventures do not ensure similar
effects in the DoD domain. Their objections are based on four significant differences
between commercial products and weapons systems: 1) weapons systems are more complex,
2) the requirements for weapons systems are not well defined, 3) weapons systems

8. The data presented by the companies during the visits is taken at face value. A separate task to evaluate
cost/benefit measures related to concurrent engineericy nas been assigned to [DA.

9. IDA visited McDonnell Douglzs, AT&T, Texas [nstruments, ITT, Boeing, Deers, Northrop, and IBM.
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incorporate the !atest advances in technology for which vaiidated models of behavior do not
exist, and 4} contracting methods and acquisition regulations that control weapons system
precutem=nt are the result of political as well as economic processes (there are fewer
incentives to reduce costs or to deliver a product eariy).*? Critics also poirt out that while all
proyram managers ostensioly want to reduce costs and deliver earlier, they are pressured by
rick avoidance 10 extend development life cycies as long as possibie.

A previous study of weapons acquisition used computers, electronic switches, and
commezcial aircrait as examples of products with cowplexity that is comparable to that of
wweupons systems.’! This analysis adopts the same paradigm regarding the question of
complexity. Analyses to date show that concurrency of system design with desigu of processes
for production and sapport will identify requirements features that are candidates for trade-
off, but the decision to make those trade-offs (conflicting requirements) is beyond the scope
of this report.

The study teaun acknowledges the unique problems of defining requirements for weapons
systems as compared to requirements for commercial products. However, the methods used
by the Services to determine and validate requirements are not within tke scop:: of the current
task. '

2.4.3 Workshops

IDA convened two = “rkshop: during May 1988. The first was = 1d on 11 aad 12 May.
Participants met to define concurre.at engineering and to describe how companies were using
concurrent engineering techniques. A second warkshop ou 25 and 26 May served to provide
additional examples and to identify specific management and technology issues. Appendix E
lists the titles of presentations at both workshops an. the names and affiliation of the
presenters.

The final ptase one workshop was held September 14 and 15, 1988, to provide a review
of a draft version of this repoit by the people who helped gather the information.

2.4.4 Site Visits

During June, July, and August, team members from DA visited eight locations for
additional discussions concerning concurrent engineering. The discussions focused on
reasons for introducing improved engineering and production methods, problems
eacountered in introducing the changes, and the results. The case studies in Appendix A are
drawn from these discussicns. Becaiise they are based on actual experiences ot companies
engaged in competiive markets, not on responses to directed DoD programs, the case
studies may seem to be only partially related to coacurrent engineering. Despite this, they

10. Otlier differences include long-term responsibility for the cost of support and maintenan..e and the need
for configuration management.

11. See A Quest for Excellence, Final Report to the President by the Blue Ribbon Commission on Defense
Management, June 1986.
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are descriptions of the elements of concurrent engineering being applied by some of the most
successiul companies in the United States.
2.3 Ciroctore of tae Report

Section 3 is a discussion of concurrem engineering: what it is—and is not. It includes the
characteristics of the process, beneiits, applicability to the acquisiticn process, aad its
relationship to existing initiatives. Several issues are raised in this section. Secion 4
describes a conceptual fremework for concurrent engineering. Section § contains the
principal findings and discusses key issues. Section 6 sets forth recommendations for
deploying concurrent engineering and sustaining continucus improven:ents in the ¢ngineering
of weapons systems.

The appendices contain supporting details. Appendix A describes the case studies that
form the basis for many of the findings. Appendix B is a hizh-level description of the
techniques cited in the case studies. Appendix C precents a detailed description of the
conceptual framework introduced in Section 4. This detail can bs used to develop a
technology develcpment and deplovment plan. Appendix D provides a more detailed
mapping of concurrent engineering onto the acquisition process. Appendix E is a sample
policy statement regarding concurrent engineering within the DoD. Appendix F is a listing of
workshop participacts and reviewers of this report. Appendix G is a catalogue of the titles
and speakers from the first two workshops. Appendix H lists the internal and external
reviewers for this report.

9
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3. CONCURDENT ENGINEZRING

This section sets forth a definition of concurrent engineering, describes the
characteristics of companies that practice it, sunmarizes their reported accomplishments,
shows how it fits in the acquisition process, and relates it to other DoD initiatives.

3.1 Deflnition

Participants at the first DA concurrent engineerinug wourkshop discussed concurrent
engineering practices in several U.S. companies. They described thie use of methods that
ircluded traditional system engineering practices and new engineering and management
apprecaches. DoD and Air Force initiatives to improve the acquisition process were also
preseated. Based on the discussion at that workshop, on further contributions from
participants, and consultation with various reviewers, the following definition was developed:

Concurrent engineering is a systematic approach to the
integrated, concurrent design of products and their related
processes, including manufacturs and support. This
approach is intended to cause the developers, from the
outset, to consider all elements of the product life cycle from
conception through disposal, including quality, cost,
schedule, and user requirements.

Concurrent enginesring is characterized by focus on the customer’s requirements and
priorities, a conviction that quality is the result of improving a process, and a philosophy that
improvement of the processes of desizn, production, and support are never-ending
responsibilities of the entire enterprise. The philosophy of concurrent engineering is not new.
The terms “system engineering”, ‘‘simultancous engineering”, and “producibility
engineering” have been used to describe similar approaches. In fact, a number of authors
have described similar technigues and hundreds of companies have applied them
successfully. Nevertheless, many companies have not adopted concurrent engineering
because of the “fundamcntal, wrenchiu, far-reaching transformations that are required
throughout the enterprise.”2

The integrated, concurrent design of the product and processes is the key to concurrent
engineering. Figure 1 compares a sequential approach to product development at the top,
with a concurrent approach in the lower half. In the sequential method, information flows
are intended to be in one direction, from left to right as shown by the arrows. In the
concurrent approach, information flows are bi-directional and decisions are based on
consideration of downstream as well as upstream inputs. The companies studied in this
report found that achieving this sharing of informaticn required both organizational and
technological change.

12. Robert H. Hayes, Steven C. Wheelwright, and Kim B. Clark, Dynamic Manufacturing, The Free Press,
New York (1988), p 344.

11
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Sequential Engineering

Requirement Preduct Development Progess Development Prototype

Concurrent Engineering

Requirement

N .
. \ Product Development

\ Process Development

\‘\ Prototype

Figure 1. A Comparison of Sequential and Concurrent Engineering

Where changes were made, concern for survival in the face of increased competition,
particularly from Japanese manufacturers, often provided a new incentive for companies to
improve the quality of their products and increase the efficiency of their product development
processes. As the pressure to improve quality and efficiency increased, new computer-based
design and analysis tools gave specialists from different engineering disciplines the freedom
of working with the same description of the design to evaluate the effects of particular design
features. The companies that have been successful in concurrent engineering have embraced
the philosophy of continuing improvement, and they are using new tools as well as traditional
techniques *o implement this business philosophy.

Although the study team found examples of companies that are moving in the direction
of concurrent engineering, none of them claimed to have developed ‘““the one best way”. The

12
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people aifected by the changes say that progress has been diificult, that mistakes have been
made, and that eathusiastic advocacy and support by top management have been essential.
None of ihe companies said that concurrent engineering, in isolation, is capable of producing
the type of improvements needed to remain competitive. Concurrent engineering is part of
an integrated corporate competitiveness plan. Nevertheless, they are pleased with their
accomplishments and they are actively looking for additional improvements.

3.1.1 Claszification of Activities

The study team identified three complementary classes cf activities among the initiatives
described:

1. engineering-process initiatives such as the formation of multidisciplined teams;

2. computer-based support initiatives such as improvement of computer-based design
tools, including giving the user an environment that integrates separately developed
software; and

3. use of formal methods including application of special purpose tools for desizgn and
production support.

The first class of actions are initiated by management and seem to te the first elements
implemented. There are cultural barriers to these initiatives, but with management support
they can be overcorne. Getting an integrated computer-based support environment is a
difficult technical challenge. DCeveloping a culture that takes continual advantage of
observation and problem solving to create knowledge is a never—cndmg challenge. The thuee
classes of initiatives are discussed in greater detail bclow

Engineering process initiatives are management actions to improve the organization and
the procedures used to develop a product. Leadership at the highest corporate and
government levels driving continuous quality and procuctivity improvement is a prerequirsite
for successful implementation of concurrent engineering. Changes to the status quo,
especially the cultural changes required for concurrent engincering, are not likely to be
successful or to encdure without top management leadership and support.

Early involvement of representatives of manufacturing is a minimal step in this direction.
Most of the case studies show that companies form teams which include marketing,
production, engineering, support, purchasing, and other specialists. Team members are
selected for their ability to contribute to the design effort by early identification of potential
problems and by timely initiation of actions to avoid bottlenecks. This is noi equivalent to
forming committees where members often delay decision making; instead design teams get
faster action through early identification and solution of prcblems. In some cases, the
effectiveness of design teams can be traced to recent advances in management disciplines
and information system developments.  Most of the companies visited during this study

13
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have undertaken substantial education efforts in this area.’® Other managemewt initiatives
include the following:

e erxphasizing attenticn to customer needs and quality improvement,

¢ improving horizontal integration of the organization,

¢ promoticg employee involvement in gencrating new ideas for improvement,

¢ requiring engineering comparisons of proposed products anu competitive offerings, and

e establishing closer relationships with suppliers to include suppiier involvement during
conceptual design.

Computer-based support initiatives cover a range of computer-aided tools, database
systems, special purpose computer systems that improve design verification, and computer-
based support of product design, production planning, and production. The companies differ
in the sophistication of their systems, but those companies making advances in this area share
a goal of using a single data object as a source for many engineering functions including
design synthesis and verification as well as planning production processes. This use of a
shared, common data object by specialists throughout an enterprise provides a mechanism
for concurrently performing the product and process design tasks.

A solid model* of the object being designed is frequentily used ‘as the single data object
that allows automated systems to be integrated. In many cases, several companies
comprising a development team are sharing access to the same solid model. Among
companies doing electronic design, simulation is a critical tool. Mechanical design, tooling,
machining, and assembly need accurste soiid models. Feature-based design and group
technology are approaches to creating order and imposing regularity on the design process.

Aircraft companies use finite element models (FEM) and computational fluid dynamics
(CFD) to support design. In attempting to provide rule-based design systems, several
companies® are developing practical applications of expert systems.

Formal methods®® are difficult to categorize. This class includes process control
techniques that date to the 1930s, such as statistical process control (SPC),Y design of

13. Boeing, Deers, IBM, ITT, McDoanell Douglas, Northrop, and Texas Instruments. Sources of education
include local colleges and universities, special purpose institutes, consultants, and in-house education
programa.

14. Robert Wolfe et. al. “Solid Modeling for Production Design,” (BM Journal of R&D (May 1987).
Describes use of solid modeling for both mechanical and semiconductor design and evaluation. The
systems described are GDP for mechanical applications and OYSTER for semiconductor applications.

15. Litton Amecom, McDonnell Douglas Astronautics, Deere, IBM, AT&T, Texas Instrument, ITT,
Northrop, and Hughes all mentioned some initiative in expert system or rule-based design.

16. See Appendix B for further discussion of the formal methods.

17. Statistical process control is sometimes thought of as applying t¢ manufacturing processes and not to
design or service activities. There is abundant evidencs that SPC provides direct benefit; for improving
a wide range of processes, including design and that it aiso provides indirect beneiits to the design
process when it is used in manufacturing. The indirect benefits resuit from feedback of more relizble
information about manufacturirg process capabilities and limitations. This information is used to design

14
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experiments, newer tools (such as design-{or-assemtly developed ty Boothroyd Dewhurst
Izc.), and a ranze of quaiity engineering techriques for managing complex system trade-oifs
acd for finding optimum design and production process parameters. These inciude statistical
tools for data analysis such as design-of-cxperiment, robust engineering principles as
proposed by Taguchi, quality function deployment (QFD), and the techriques used by
Puzh.!8 Other methods that have been useful in problem solvirg include Ishikawa’'s seven
tools,’ response surface methods, group technology, exploratory data analysis, and fault-
tree analysis.”® These metheds are used for different purposes, but they are all designed to
help people understand the behavior of processss, products, mechanisms, and so forth,
which otherwise could aot be understood a3 thoroughly. If used properly, the methods and
tools are a tremendous aid in design, procuction, and engineering, yielding sharply reduced
lif= cycle costs, shortened dezign cycles, and improved quality.

The apparent diversity of the formal methods sometimes masks the more important
process that takes place when they are used properly. This underlying process is the scientific
approach to prcblem solving. For a company to be successful using the approach, its
employees must develop the habit of identifying problems and solving them so as to improve
the company’s processes. Once problems are identified and analyzed, the choice of a
particular formal method will depend on the situation. Appendix B contains a more detailed
description of the formal methods, but the following paragraphs are provided for brief
introduction. '

An SPC standard was developed for the War Department in December 1940 by the
American Standards Association. It is a technique for using statistical sampling methods to
determine the regularity of a process. The original standard was revised and the use of SPC
is described in ANSI Z1.1-1985, Z1.2-1985, & Z1.3-1935. A brief description of SPC is
included in Appendix B.

Design of experiments or experimental design was invented and developed in England in
the 1920s by Fisher. it has beea used in agriculture, medicine, and biology. In manufacturing,
design of experiments provides tools for designing and conducting experiments in an efficient
way so that optimum values for product and process parameters can be identified. Deere and
Company reported using traditional methods for design of experiments.

Design-for-assembly software is commercially available to help designers evaluate the
benefits of using fewer parts, better fasten=rs, and more efficient assembly techniques. Ones

products with characteristics that match a company’s ability to produce them.
18. Pugh, S., “Concept Selection—A Method that Works,” Proceedings 1.C.E.D., Rome (Msrch 1981),
WDK 5 Paper M3/16, pp 497-506.

19. The tools are: histograms, cause-and-effect diagrams, check sheets, Pareto diagrams, graphs, control
charts, and scatter disgrams. Kaoru Ishikawa, Guide o Qualizy Control, Asian Procuctivity Organization,
Tokyo, 1982.

20. A more complete listing can be found in Appendix B.
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product was develcped by Boothroyd Dewhurst, Inc.! and has been licensed by
approximately 3C0 companies in the United States and Europe. Many dramatic product
irzprovements huve been reported through its use, particularly in the automobile and
consumer products industries. Ford Motor Company recently reported total savings in
excess szf $1 billion through widespread application of the Bocthroyd Dewhurst software
system.

Puzh is a proponent of encouraging creativity during the conceptual design stage and
using unbiased evaluation criteria to develop the strongest concepts.

Robust design® has come to be associated with Taguchi. His engineering innovations
and statistical methods, however, can be addressed separately. He has introduced some new
and very important quality engineering ideas. Fe stresses the importance of closeness-to-
target rather than within-specification objectives. He recommends usirg statistical design to
formulate a product or process that operates on target with smallest variance, is insensitive to
environmental disturbances and manufacturing variances, and has the lowest possible cost.*

Robusi design is achieved through syste.a design, parameter design, and tolerance

design. System design is a search for the best available technology, parameter design selects

opiimum levels for design parameters, and tolerance design establishes the manufacturing
tolerances.”
Although there is general agreement that the principles of robust engineering are an
important contribution, the question of the selection of statistical methods for conducting the
experiments and analyzing the results remains open within the scientific community.® The
terms “Taguchi Experiments”, “Taguchi Methods”, and “Design of Experiments” are

21. Design for Assembly Handbook, Bonthroyd Jewhurst, Inc., Wrkefield (1985).
22. Poter Dewhurst, unpublished correspondence (Sepiember 20, 1988).

23. The terms robust design, robust engineering, and robust product design refer to an engineering
philosophy that seeks to reduce variability of some important characteristic of a product in the presence
of varinbility in the manufacturing and use environments. It does not, unless specifically noted, refer to
the robustness of an experimental design or of the inferences that can be drawn from an experiment.

24. Georgs E. P. Box, Discussion Section, Journal of Quaiity Technology, Vol 17, No. 4, (October 1985) p.
189.
. Genichi Taguchi, Introduction to Quality Engineering, Asian Productivity Organization, Dearborn, MI,
1937
25. For an example of such discussions see: Raghu N. Kacker, “Off-Line Quality Control, Parameter Design
and the Taguchi Method,” Journal of Quality Technology, Vol. 17, No. 4, (October 1985), pp. 176-209;
Myron Tribus and Geza Szonyi, “The Taguchi Methodology: An Alternative View,” (December 1987);
Romon V. Leon, Anne C. Shoemaker, and Raghu N. Kacker, “Performance Measures Independent of
Ad;ustment: An Explanation and Extension of Taguchi's Signal-to-Noise Ratios,® Tecknomerrics, Vol.
29, No. 3, (August 1987), pp. 253-285; Ge:-rge Box, “Signal-to-Noise Ratios, Performance Criteria, and
Trensformations,” Technometrics, Vol. 30, No. 1 (February 1988), pp. 1-40; Ikvro Kusaba, *“Statistical
Methods in Japanese Quality Control,” Societds Qudlitdtis, Vol 2, No. 2, (May/June 1988), Union of
Japanese Scientists and Eangineers; and Genichi Taguchi and Madbav Phadke, “Quality Engineering
Through Design Optimization,” Conference Record, IEEE Globecom 1984 Conference, Atlanta,
Georgia, IEEE, pp. 1106-1113.

&
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4




™

UNCLASSIFIZD

scicetimes used interchangeably by practitioners. This report uses the terms that are applied
by the person who performed the experiment.

Participants in the concurrent engineering workshops were clearly opposed te any
initiative that imnoses some rigid suideline for using cne or more of the formal methods.
They belicve that each company should be free to decide which technicues are most useful in
a particular situation. Moreover, one group of participants coacluded t: .t individual formal
methods could be used independently of other methods.

Reported use of the methods varied considerably. Only three of the companies studied {
(AT&T, Aerojet Ordnance, and ITT) reported making extensive use of of robust engineering 4
and Quality Function Deployment (QFD). Boeing described an initiative to restructure their
systems engineering process to perform many functioas included in QFD. IBM described a
tep~Jown design method that sounded very similar to QFD.

This initial study does not include a survey of which methods are most widely used in the
United States. A recent article from Japan® describes the statistical methods mentioned in
the presentation to the annual quality circle conference. The most wideiy used methods were
the Ishikawa tools, design of experiment, and tree anslysis (QFD). Table 2 lists the ,
frequency of use of various methods at the 1987 Japanese quality circles conference. ! /

EJ3 o=

27. Ikuro Kusaba, “Statistical Methods in Japanese Quality Control,” Societds Qudlitdtis, Vol 2, No. 2,
(May/June 1988), Union of Jepanese Scientists and Engineers.
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TABLE 2. Use of Formal Methods

Jrevuency | Mdeited

78 eraph

43 design of experiment
40 Pareto chart

tree analysis &z QFD
39 cause & eifect diagram :
36 histcgram {
22

13

scater diagram

FTA _

18 correlation & regression
13 controi chart

10 ANCVA ¢
10 computer techniques
statistical test & estimation
others

muitiple regression

relation chart

FMEA

process capability

Weibull distnbuticn

simulation

principal compconent analysis
discriminant & cluster analysis
quantification theory

time series

£~
=

#52
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Table 3 shows the extent to which the case studies*3 identified the use of one or more of
these approaches. The meanings for the tabie entries are given below:

Arproach Key Defnition
Engineering Process Initiative G  Approach was
Computer-based Support used.

- Approach not used.
Formal S Statistical process control
Methods

D  Design of experiments

T Taguchi methods

A Design for assembly

Q  Quality function deployment

TABLE 3. Concurrent Engineering Themes

Approaches to Concurrent Engineering
Case Engineering Computer Formal
Study Process Based Methods
Initiatives Support
Asrc jat Ordamoe Q e sTQ
AT&T o] (<} soT
Boeing a aQ
Ceere [+] (<] O ]
EM a a AsQ® 1
Hewlon- Q a spaQT o
Packard
T [¢] a sTQ
McDongell [+ ¢} T
Dovuglas
Txzas Q a AST
lsatrusments

28. See Appendix A for the complets case studies.

O S R R A R N o O A A S 2 it o




UNCLASSIFIED

3.1.2 Cigracteristies of Companies

Several common characteristics have been found in the companies that successfully

deployed concurrent engineering:

1.

2.

0.

Urper management supported the initial change and continued to support its
implementation.

Charges were uvsually sudstitutions for previous practices, not just additional
preceduzes.

The memters of the organization perceived a need to change. Usually chere was a
crisis to be overcome. Often the motivation seemed to center around retaining or
regaining market share.

Companies formed teams for product development. Tearss included representatives
with different expertise, such as design, manuiacturing, quality assurance, purchasing,
marketing, field service, ard computer-aided design support.

Changes included relaxing policies that inhibited design changes and providing greater
authority and responsibility to members of design teams. Companies practicing
concurrent engineering have become more flexible in product design, in manufacturing,
and in support.

Companies either started or continued an in-place program of education for employees
at all levels.

Employees developed an attitude of ownership toward the processes in which they were
involved.

Cempanies used pilot projects to identify problems that were associated with
implementing new concurrent engineering technigues and to demonstrate their benefits.

Companies made a ccmmitment to continued improvement. None of the companies
said it was prepared to freeze the latest process as the ultimate solution to design and
production.

In addition to the common characteristics, different approaches were used to actually

deploy concurrent engineering in the organization, in the product realization process
(development thrcugh production and support), and in the rate of deployment. These
differences are discussed brieily in tne following paragraphs.

3.1.2.1 Organizational Deployment Differeaces

None of ths companies studied implemented new concurrent engineering techniques

simultaneously throughout the entire organization. Each company deployed new techniques

30. IBM uses CUSUM and EWMA in addition to Shewhart charts, and their comprehensive, top-down
system design method is similar to GFD.
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by stages. Some companics taught key people in diferent parts of the organization how to
use the new methods. These key people were then expected to demonstrate the tenefits of
the tzchniques in their immediate eavircoment, thus winning wider acceptance of change.
Ancther approach to deployment focused on changirg a smaller group, usually for some pilot
project. A smaller zroup received ecucation in the cew tecaniques, established new metiiods
of work, and epplied the new approach on an actual project. The smaller group acted as a
rcle model for further deployment of concurrent engine<ring. Both methods have worked
well. The largest single group reported to have implemented new methods as a group was
approaimately 409 people.

3.1.2.2 Introduction Point Differences

Once a decision had been made to pursue concurrent engineering, most companies
introduced it at one end of the product realization process and then expanded its use either
upstream or downstream. Several companies revised thzir use of SPC on the production
floor and then intrcduced more new techniques as they moved upstream in the design
process. Others concentrated on introducing concurrency in the product development by
starting in the design process. There was agreement that improvements in design have
zreater payoid over the lifecycle than improvements in production, but production
improvements yield an immediate return. In either case, successful companies tend to
disperse improvements throughout the process of designing, producing, and supporting a
product.

3.1.2.3 Rate of Change Dierences

Companies differed in the rate at which they impiemented change. Typically, companies
that were experiencing the most sericus crisis were willing to implement change at a faster
rate. Successful companies implemented gredual changes as part of their long-standing
improvement process.

3.1.3 Misconceptions

There are misconceptions about concurrent engineering. To help overcome them, it is
helpful to describe what concurrent engineering is nof.

First, concurrert enginecring is not a magic formula for success. The best system cannot
compensate for a lack of talent. The companies studied have hired and trained engineers
who are able to identify important design parameters, and who are capable of creating
solutions to problems. At least one of the companies said that a significant part of their
success was the fact that people worked harder. Concurrent engineering is an approach for
improving the efficiency of good people who work hard; it provides no guarantees of success.

Next, concurrent engineerinyg is not thie arbitrary elimination of a phase of the existing,
sequential, feed-forward eugineering process. For example, it is not the simple, but
artificial, elimination of a test-and-fix phase or of full-scale engineering development.
Concurrent engineering does not climinate any engineering function. In concurrent
engineering, all dcwnstreain processes are co-designed toward a more all-encompassing,
cost- effective optimum design.




Mext, concurrent engineering is not simuitaneous or overlapped Jesign and pcoduction.
Corcurrent engineering enteils the simultaneous desiga of the product and of th:: downstream
processes. It dees not entail the simultaneous desisn of the product and the execution of the
prcduction process, that is, beginmnz high rate prodstion of an item that has not completed
its test, evaluation, and fix phase. That approach is very risky. On the contrary, concurrent
engineering exphasizes completion of all desizn efforts prior to production initiation.

Cn a somewhat less dramatic, but equally importaat note, concurrent engiceeriag is not
just design for producibility, or design for reliability, or for mazintainability. Corncurrent
engineering inciudes all of these with the added requirement that the objective is for the
design optimization to integrate these domains within a cost-effective engineering process.

Also, concurrent engineering is not the same as conservative design. Conservative
desizn seeks robustness®! ty using derated parts, redundancy, extremely close tolerances,
etc. Thus, both conservative design and concurrent engineering may entail robustness but by
different approaches. In conservative design, higher cost perts, that is, those that are bztter
than apparently required or those that are buiit to a very high tclerance, are routinely used to
achieve high quality. In concurrent engineering, robustness is sought by attempting to
optimize over a larger set of processes and by determining how to achieve the resulting target
values with the lowest cost parts. The evidence found in this study shows that concurrent
enginecring does not necessarily iead to more conservative design. Instead, concurrent
engineering leads to procucts being tolerant of use and manufacturing variation and at less
cost than sequential design.

Concurrent engineering also does not imply conservatism with respect to the
ircorporation of new technologies in the product.

Finally, concurrent engineering dces not require conservative testing strategy, a
completely different approach to high quality. Here, conservative testing means a strategy in
which robustaess is achieved by plarned, repeated test-and-fix cycles (refining the design
through testing). Concurrent engineering tries to approach one-pass designs in place of
repeated test-and-fix cycles.

Becausc concurrent engineering is dependent on a total quality management philosophy,
skeptics sometimes confuse it (concurrent engineering) with a misapplication of quality
improvement, conservative inspectica. Concurrent engineering does not imply conservative
inspection strategies. Instead, it seeks to achieve manufacturing repeatability through
product rcbustness and by designing a manufacturing process that includes the means for
monitoring and controlling itself (either manually or automaticaily). There was widespread
acceptance among the workshop participants of the axiom that inspection alone does not
improve quality, dces not avoid problems, and does not improve profits. Conservative
inspection strategies are necessary only in a few application domains®? and th: ;e can be

31. Informally, robustness is the extent to which an object or class of objects exhibits high quality in the
presence of manufacturing differences or environmental noise and wear.

32. For exampls, in some applications, such as communication satellites, the extremely high cost associated
with failure during product use justiiies 100 percent inspection during production.
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identiied early in advanced design. In the typical situation, concurrent engineering
technicues seek to eliminate the nced for conservative inspection. Test-and-fix cycles can te
wizwed as the conservative inspection strategy for engineering.
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Ceveral compaaies presented evidence of how their application of onc or more of the
clemenis associated with concuwitent enginerring helped them to achieve the goals of lower
cost, higher quality, and snorter development times. Altbough the stories scmetimes
represented only one part of concurrent engineering, they give an indication of what can be
achieved. Application of concurrent enginecring methods, as descrihed in the case studies,
achieved precisely the categories of benefits that are needed in the acquisition process: lower
cost, sho.ter dovelonment cycles, and imoroved quality For example, IBM Poughkeepsie
Levelopuent Laboratory vsed a team approach caled the “Total Concept Facility” (TCF)
for Jarze computer system mecianical/power/thermaal desizn. ‘they did oot use the term
ccocurrent epgineericy, but their approach is an exceilent example of concurrent
ensineering. They attribute imoroveiaents as shown in Table 4 (pormalized) to 3-D desizn
and analysis toois as well as to the TCF. They did not separate the contribution of the
&erent elemens to their overall success.

TADLE 4, IBM Poughieepsie Development Lacoratory Larze Systems Mechani-

cal/Power/Thermal Design
Traditional | Total Concept | Future
Approach | Facility Projection
Improvement
Unique 1.0 .30 29
Part Numbers
Engineering 1.0 41 .18
Changes
zzemoty 1.0 35 TBD
Hours

The next .hree subsections present reported® beuefits by category: qualitv, cost, and
schedule.

3.2.1 Rzported Quality lmprovements

Several of the comparies visited during the study rcported that their ~ecision to use
concurrent engineeri.; procedures can be traced to corporate quality improvement

33. The data presented oy the companies were accepted at face value.
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pregrams. When these companies pursued a vigorous qun.Lty program to improve their
competitive capabilitics, they often found that concurrent engineering was a natural part of
such a program. U.S. companics are accepting the view of quality that the Japanese learned
frcm Sarasohn, Deming, and Juran. Coerporations are sending senior executives to U.S.
quality seminars and courses. They are learning that improving quality does not have to drive
prices up, but if quality is improved through attention to the system (or process) then costs go
down. The cost savings result from reductions in scrap and rework (the elimination of the
so-called “hidden factory”), reduced warranty costs, elimination of inspections, and the
resulting improvement in production efficiency. The view of quality as a driver for
competitiveness improvements is gaining wider acceptance.

3.2.1.1 Qaaiity and Robustness

For the purposes of this report, the quaiity of some subject (i.e., ot some product or
process) means the extent to which the subject satisfies the expectations and needs of its
users in operational environments over a period of time.>* A subject may have higher or
lower quahty Higher quahty may occur by either closer satisfaction of the users’ needs and
expectations during a givea period or by satisfaction at a certain level over a longer period.
This means that specific measures of quality must be defined if one wants to compare the
quality of one subject against that of another. Such a measure must account consistently for
the actual user expectations for the subject, the operational environment, and the duration of
operation.

This definition of quality may be extended to a class of subjects, for example, the
collection of F/A-18 fighter aircraft produced to date. Measures of quality may be easier to
apply to a class of subjects than to an individual subject because of the applicability of
statistical techniques. In either case, quality of a subject or of a class, the precision of the
idea of quality depends on the precision of the ideas of ‘‘expectation”, ‘“needs”,
“environment”, and ‘“duration of use”. That is, if one does not know how an objert is to be
used or over what period of time, one cannot know its quality (by our definition).

Given this definition of “quality”, there is a closcly related term in use in the quality
engineering community: robustness. For the purposes of this report, robustness is the extent
to which an item or class of items exhibits high quality in the presence of manufacturing noise
or environmental noise and wear. The relationship between the notions of quality and
robustness as used in the quality engineering community seems to be more a matter of
specificity than of important substance. Given a requirement and intended useful life,
robustness can be used as a measure of product quality. Sometimes robustness (hence,

34. A weapons system is designed for use in a combat environtaent, but may be used for long periods in a
peacetime environment. Both eavironments are included in the category “‘operationai”. Naturally,
satisfactory operation in the former is mors critical. :

35. This is only one of several possible definitions of quality, but is the most appropriate for the purposes of
this study. For a further discussion of the different dednitions of quality, see chapter 3 of David
A.Garvin, Managing Quality, The Free Press, New York (1988).
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guality) is captured as the reduction of performance variation about a target value in the
presence of variations in the operational environment and over the duration of use. Thus, if a
riffe fires when the trizger is pulled (the target value) in hot, medium, and cold weather, when
clean or covered with mud, sard, or ice (environmental noise) over many years following a
reasonable maintenance schedule (intended duration of use), it is robust with respect to
firing. This robustness is an exhibit, or possibly measure, of the high quality of the rifle.

Companies visited usually associate quality of their design with fewer engineering
changes after the product being designed enters high volume production and use. They use
reduction of scrap and rework as a measure of the quality of their production processes.
Some companies that have adopted more strenuous efforts to reduce their process variability
use other measures of quality such as Taguchi’s loss function.*

3.2.1.2 Reported Quality Improvements—Examples
Examples of reported quality improvements are listed below:

o Aerojet Ordnance salvaged 400,000 pyrotechnic pellets that would have been discarded
because of insufficient burn times. The pellets could be used because Aerojet redesigned
the loading parameters on the basis of Taguchi experiments. They improved the
consistency of tracer rounds as measured by w/o (riean/standard deviation) by a factor of
5. Their support on the ADAM program identified correct design parameter seitings so
that yield was improved from approximately 20 percent to 100 percent, a 400 percent
improvement.

o AT&T achieved a fourfold reduction in variability in a polysilicon deposition process for
very large scale integrated (VLSI) circuits (1.75 micron design rules) and achieved nearly
two orders of magnitude reduction in surface defects by using Taguchi methods.

o ATGT reduced defects in the SESS™ programmed digital switch up to 87 percent through
a coordinated quality improvement program that included product and process redesign.

e Boeing reduced engineering changes per drawing from 15 to 1 through improved
teamwork and use of computer-based support. Their inspection-to-production hour ratio
improved from 1:15 to 1:50 because of improved teamwork and use of process control
methods.

e Deere reduced the number of inspectors by two thirds by emphasizing process control and
by linking design and manufacturing processes.

o [TT performed over 3000 Taguchi experimeants in the past 3 years. Most (90 percent)
involved no company capital investment. A few of the savings that resulted from using
robust designs and robust manufacturing processes include $500,000 by reducing rejects,
$125,000 savings on tool costs, $1,100,000 savings on a solder process, 28 percent
improvement on a power supply product losses, and $97,000 annual savings in a

36. See Appondix B for a discussion of formal methods.
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traveling-wave tube process.

¢ McDonnell Douglas reduced rework costs 29 percent, scrap costs 58 percent, and non-
conformances by 33 percent through a corporate renewal effort that incorporated
improved teamwork, better computer support, and renewed emphasis on process
controls. They reduced defects per unit in a weld process by 70 percent.

o Hewlett-Packard reduced its company-wide field failure rate for all products 83 percent
over the past 7 years. Scrap and rework have been reduced by as much as 95 percent in
some operations. Thousands of factorials, fractional factorials, centicl composite, and
response surface experiments have been conducted over the past few years. Very few of
these experiments (less than 7 percent) have required any capital investment. Results of
these experiments have led to millions of dollars in savings. A few examples inclnde
$1,000,CC0 in one year warranty savings for one product, $260,000 per year savings in a
gold-plating process, 83 percent decrease in labor and material cost in another chemical
plating operation, $650,000 savings on a solder machine, 75 percent error reduction in an
automatic component insertion process, and 35 percent reduction in process development
time for a product.

A more complete description of the actions taken and results achieved is found in
Appendix A.

- 3.2.2 Reported Cost Reductions

| Reports of cost reduction include the following classes of cost savings:
e Reduced bid in company proposals.”’

o Reduced costs in the design phase.>®

e Reduced costs during fabrication, marufacrure, and assembly.?

e Costs reduced by parts reduction and inventory control.¥

o Costs reduced by reducing scrap and rework.*!

37. McDonnell Douglas had a 60 percent reduction in life~cycle cost and 40 percent reduction in production
cost on a short range missile proposal. Boeing reduced bid on mobile missile lsuncher and is realizing
costs 30 to 40 percent below bid.

38. AT&T and IBM reduced the number of passes and made extensive use of computer-aided design
verification during design ssving money and time. Deere reduced product development cost 30 percent.

39. Boeing reducad labor rates by $28 per hour. (BM reduced direct labor costs in system assembly by 50
percent. ITT saved 25 percent in ferrite core bonding production costs. Allied Signal saved more than
$3,000,000 annually in a bulk chomical process as a result of experimental design.

40. Boeing reduced parts lead time by 30 percent. AT&T reduced parts by 1/3 on SMT packs and reducad
costs to 1/9. AT&T Denver Works decreased in-process inventory 64 percent. Deere reduced the
number of parts to fabricated 2nd stocked by 60 to 70 percent. Hewlett-Packard Instruments Division
recognized inventory reductions of 62 percent and a productivity increase of 250 percent.

41. Deere reduced scrap and rework costs by 60 perceat. Using a Taguchi experiment, ITT saved $400,000
by reducing rejects on one product. Aecrojet Ordnance salvaged an entire lot of pyrotechnic peilets
through use of a Taguchi experiment. ITT saved $1,100,000 annuaily by imiproving a soldering process
based on a Taguchi experiment.
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3.2.3 Rcported Decreases in Development Cycles

There were many reports of shortened development cycles. The reports are so
impressive that a reader is cautioned to avoid expecting that concurrent engineering methods
will eliminate all the bottlenecks and long lead-time items in a ‘veapons system development.
Nevertheless, the repcried savings indicate substantial improvements were achieved.
Samples are listed below:

o AT&T reduced the total process time for the SESS™ Programmed Digital Switch by
46 percent in 3 years.

e Boeing’s Ballistic Systems Division reduced parts and materials lead times 30 percent.
Cne part of design analysis reduced from 2 weeks (with three to four engineers) to 4
minutes (with one engiceer).

o Deere and Company reduced product development time for construction equipment by
60 percent.

e ITT reduced the design cycle for an electronic countermeasures system by 33 percent, and
its transition-to-production time by 22 percent. Time to produce a certain cable harness

was reduced by 10 percent.

e McDonnell Douglas cut 18 months from one step of a fighter aircraft development. They
are now able to perform a preliminary concept redesign for a high-speed vehicle in 8 hours
instead of 45 weeks. They reduced cycle time 20-25 percent by using Computer-aided
Acquisition Logistics Support (CALS) digital data instead ot paper methods.

3.2.4 Interactions

Although the approaches to concurrent engireering exhibit the three themes described
above, there are strong interactions among them. Some of these interactions are discussed

below.

e Mutifunction teams. The proximity and interaction of personnel from the different
disciplines have a major positive effect by itself. Azsignment of decision responsibility to
the team allows big improvement in problem resolution which improves product and
process development times.

o Svstems engineering. Analysis of design features and their relation to observed reliability
and preducibility is a prerequisite to cross trzining personnel so that they achieve a
systems pcrspective. The analyses and training are essential to quantitative predictions of
producibility and reliability. Computer support has proven useful in performing these
analyses without delaying the desigu process.

e Computer support. A parts database is vaiuable in conceptual design in terms of
evaluating options. Product definition and shai»d common product design databases aie
enabling forcss for a variety of concurrent engineeriug functions. Feasibility analysis,
simulations, integration management, design release, and transfer to automated
production processes all support decision making throughout the engineering process.
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o Complexity management. The level of program integration and complexity affects the
leverage of concurrent engineering methods and techmiques. For complex systems,
systems inteqration must address both management and desizn systems. Product and
process simuiations are important at the systems level. At the component level, process
and product optimization to achieve robust design may be of more immediate value.

o Integration. At the component level, concurrent engineering can be implemented by
integrating the design system with a flexible manufacturing cell. Given that the design and
marnufacturing systems employ features with known variability, cost, performance, and
quality cbjectives are met.

3.3 Pithalls

The benefits cited in this report are encouraging, but they have not been achieved easily.
One of the companies encountered in this study related some of the mistakes and lessons
learned in their implementation of concurrent engineeriug.

Top management commitment in the form of learning, understanding,
and leading the concurrent engineering efforts with & communicated,
unwavering purpose and management involvement is absolutely vital to
long-term success. The many improvements and cost savings we have
recognized thanks to concurrent engineering are due mostly to the
application of the powerful statistical and quality improvement techniques
at the small, local level (for example, a particular machine or
manufacturing process). Granted, these have been very important and
worthwhile. But the really impressive savings (hundreds of millions of
dollars) remain largely unrecognized because they result only from
improvements of the larger “systems” over which only top management
has control. These larger systems include policies of the company;
training that people receive; actions of management; policies for
purchasing parts; barriers between departments, between divisions, etc.;
emphasis on short-term thinking and profits; policies for never-ending
improvement; the way employees are evaluated; fostering of teamwurk;
and so forth. To date, most top managers have failed to comprehend, or
at least execute, their critical responsibility. Their verbal “support” is
simply not sufficient. The concurrent engineering effort must be led. Even
at the small, local levels, the successful efforts have been led by the are
discussed respective low-level or middle mangers. To quote Myron Tribus,
part of management’s responsibility is to work on the system that the
people underneath have to work within.

Our corporation’s lack of leadership for concurrent engineering has
resulted in an effort without any clear direction or guidance both within
many divisions and between the divisions. This fosters the widespread
perception that concurrent engineering is a fad that will eventually go
away. In contrast, the efforts underway at Ford Motor Co., Florida Power
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& Light, and a few other companies are well-directed and guided Lecause
of tcp manazement leadzrship, starting with the Chairmaa of the Beard.

Mcst divisions placed too much emphasis or the techniques of cop surrent
eazineering (S¥C, QFD, Design of Experiments, stc.) and pot suongh
emphesis on the critical management philosophy underiying ihe
application of the techniques. Tuis partly explans the lack of top
management understanding and involvemenat. Top menagement vicws
concurrent engineering as something the lower levels learn and appiy.
Ccacurrent engineering is more a philosophy of mansgement than a bag of
techniques. Granted, the techniques are crucial to the execution of thz
philosophy, but without the guiding philosophy the techniques are not as
eifectively used at zll levels, nor are the great poteatizl improvemerts fully
realized. Our company has ushered tarough continuous “wsuves” of
techniques over the past several years fueling the perception that
concurrent engineering is a coming-and-going fad. These techniques nave
included SPC, Quality Control Circles, and many others. People are
confused about what they ought to be doing today.

We should have focused more on the management philosophy ia our
initial training, then followed with the techniques. This would have
“grounded” and guided the effort. Because we did not do tkis, many
people still view concurrent engineering as a bunch of technigues they may
or may not apply in their “same old way” marcagement eavironment. So
far, the fact that the techniques are powerful is not sufficient 10 ensure their
successful proliferation. We missed our chance to teach top managetment
properly the first time. ‘“Rework”™ training has been only marginally
successful.

Most divisions begin teaching low- and middle-level managers before
teaching top management. Consequently, lower-level management tried
to apply the techniques with little upper management understanding and
guidance. Upper management did not know how to support the eiforts,
what was their responsibility, what questions to ask. The ecd result was
that many attempts sputtered along then stopped, leaving a bad taste with
people. If we were to start completely over agair, we believe the best
approach would be to have top management take whatever time was
necessary (a good year probably) to learn and understand the principles,
philosophy, zind some simple tools of concurrent engineering; understand
their respons.ility; develop their purpose, direction, anc plan for
implementing ti & effort companywide (pilot efforts); and then execute the
plan with appiopriate leadership.

We have found that massive “generic” training of employees at all levels
on SPC techniques is far less efiective than similar training tailored and
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tzught to speciic small groaps (10-15 people). When we train a specific
2tuup, we iequrs the manager and supervisor of the group to be present
acd actually do some of the training.

Similar opinions ere voiced by many participants and they led the study group to
in:"de a speciic recomendation urging that senior OSD executives avoid the the seme
mustakes.

A sccond pitinil was desctibed by members of one division of a larger company. This
division Lad a contract witk a Service program office that was acting in the role of system
integrator. The conivect requircs tie engincering and manufacturing branches of the
company {0 ma.utaia separuts relationchips with the program office. For example, when
tac enginsering bianch is fuled to decign improvements or modifications for the weapon
system, the ouruut of this activity is an engineering change proposai (ECP) that
coustitutes a full technical chacge of the technical data package. Depending on the
nature and scope of the ECP, the reswiting marufacturing s uccomplished by the same
company or else by another vendor. Final assembly is accomplished by the

" manufacturing division of th# firsi company.

This contracting methed separates engineering from manufacturing and, wken
coupled witl a ized price production contract, has several disadvantages for concurrent
engineering. First, to reduce cost, improve quality, and reduce scrap, the company is
limit=d to prcduction process changes. Engineering changes can only be made if
siynificant cost reductions can be demonstrated, at which tiaie a value engineering change
1 proposal (VECP) is processed by the engiuecring branch and submitted to the program
manager [or epproval. The cesult is that erginsering changes in procuction are limited to
recurring cost reduction items whese the cost savings outweigh the implementation costs
cn a 3 year payback. Second, some engineering changes arc designed by competing
engineering hcuses, so that the produc.don orzanization and processes are unknown to the
desi ners. Thus, continuous improvement is stifed and procuction is decoupled from
design. in this case, the program office, while intending to serve as an integrator, was
actually a barrier between dierent divisions of the same company.

3.4 Applicability

The goal tc reduce life-cycle cost (LCC) through use of concurrent engineering during
the systems acquisition phase has the potential for generating large returns on DoD’s and
industries’ concnrrent enginecring investment. The earlier in the acquisitioa cycle that
concurrent engiucering is introduced, the greater the poter” -l rost savings. One of the
workshop participants related an experience where the use of concurrent engineering
metkods of muitifunction teamwork among both the gover._.nent and contractors before ,
contract award had a significant payoff in improved design. %

As systems decisions that affect a preduct’s design are made, costs become defined.
Therefore, the earlier in a systera’s dusign definition that the user’s requirements can be
sddressed by the product design and associated manufacturing process, the greater the
possibility of producing a robust design that can be produced quickly and at the lowest
cost.




A series of studies by the Westinghouse Corporation showed the percentage of a
prcduct’s life cycle cest (LCC) that cculd be affected by decisions made at varicus points
in the defense acquisition cycle. For exampie, by ibe time a new product’s operational
scenario has been deiined (concept definiticn phase), decisions aifecting 20 percent of its
LCC have beea made. By the time a prototype design has been developed, 75 percent of

the procuct’s LCC have bteen decided. And, once a 2pmdur,t goes into production, oniy
ebout 10 percent of its LCC remaics to be iniluenced.?

However, concurrent engineering requires a change to the basic way some companies
conduct business. For examplc, new product designs historically have beea the property
of a company’s engineering department. When the design and engineering analyses are
completed, the design is passed to manufacturing for tool and process design.
Maopufacturing impasses resulted in a request for an engineering change and the design
matured through an iterative sequential process. Concurrent engineering requires that
manufacturing and tooling personnel be part of the design team. 3

Wheare does concurrent engincering map into the DoD acquisition cycle? Appeadix
D describes how concurrent engineering can be applied in the acquisition process. It
shows the method that is used, in theory, when weapons systems are developed.

If one believes that listening to the “voice of the user” by a design team is part of the
process to develop a product’s design requirements, then concurrent engineering would
affect all system procurement activities from Milestone 0 to the start of Milestone III, or
from concept definition to the end of full scale development (FSD).

3.5 Related Eforts

An observer of the acquisition process can becorie confused by the variety of DoD
and Service initiatives to improve some part of the acquisition process. An objective of
the IDA concurrent engineering task force is to define a structure within which the
engiaeering organization, management, and technology initiatives can be placed so that
gaps and overlaps can be identified. A first attempt at such a structure is presented in
Section 4, but a mapping of programs into the structure has not been made. A listing of
some of the related programs follows.

The DoD has ten strategies for improving weapons system acquisition.¥ The

42. From a slide presented by James Nevins at the DARPA Concurrent Engineering Workshop, Key Wes?,
Florida (Cecember 1987).

43. Making manufactaring and tooling personnel part of the design team is not, by itself, sufficient to satisfy
the criteria for copcurrent engineering.

44. The strategies are 1) bolstering indnstrial competitiveness; 2) improving the effectiveness of the
acquisition work force; 3) conducting acquisition regulatory reform; 4) developing a strategy for
international technolegy scquisition and logistics proyrams; 5) influencing how DoD manages special
programs; 6) emphasizing commitment to smsll and smsll disadvantaged businesses; 7) forging a new
relationship betweon DoD and industry; 8) instituting a new acquisition technique cailed “could cost”; 9)
reducing the lead time for the introduction of new technology; and 10) total quality management.
Concurreat engineering is an implementation mechanism for total quality management.
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Defense Manufacturing Board and Service manufacturing technology (MANTECH)
programs are trying tc improve the manufacturing capabilities of the industrial base.

3.5.1 Dlonagement Initiatives

The management initiatives include DoD and Service programs. The Computer-
aided Acquisition and Logistics Support (CALS) initiative has the objectives of
integration of contractor design and logistics databases, paperless delivery of technical
data, and integration of support activities (e.g. relability and maintainability) with
computer-aided-engineering software. DoD 4245.7-M, Transition from Development to
Production, strives for disciplined engineering that includes the tasks of design, test, and
preduction. It facilitates that engineering discipiine by providing “templates” to show
where decisions and actions fall within the boundaries of an effective and efficient, low-
risk program.*’ The Department of the Navy publishes a series of documents (for
example, NAVSO P-6071) that describe the best engineering practices, including The
Transition from Development to Production.”® The Air Force R&M 2000 Process spans
management and technical initiatives. It provides twenty-one*? building blocks that can
be tailored to individual programs to provide increased combat capability by improving
the reliability and maintainability of weapons systems.

The Aeronautical Systems Division (ASD) of the USAF has several initiatives to
improve the acquisition process. The Mil-Prime System Specification communicates to
offerors the development requirements stated only in performance terms with specific
values “blank”. Product integrity programs for aircraft structures, engine structures,
avionics and electronics systems, mechanical equipment and subsystems, and software
integrity programs are organized, disciplined approaches to the design, analysis,
qualificatioa, production and life-management of acronautical systems.

Military Standards are also concerned with improving the acquisition process. MIL-
STD-490A, Specification Practices; MIL-STD-499A, Engineering Management; MIL-
STD-1388-1A, Logistic Support Analysis; and MIL-STD-1521B, Technical Reviews and
Audits for Systemns, Equipment, and Computer Software are just four of the important
standards that affect the acquisition process.

45. DoD 4245.7-M, Transition from Development to Production (September 1985), Preface.

46, NAVSO P-5071, Best Practices, How to Avoid Surprises in the World’s Most Complicated Technical
Process, Department of the Navy (Msrch 1986).

47. The building blocks are can be grouped into four classes: 1) motivation [source selection, performance-
bassd progress, and incentives and warranties); 2) requirements [clear requirements, technician
transparency, simplification, mo  ..rity, R&M plans, and company policy and practices]; 3) design and
growth [systems engineering p  <ss, allocation and prediction, analysis, growth maragement, parts
selection, derating, computer-aided tools, and test analyze aad. fix]; and 4) preservation [variability
reduction, environmentai stress screening, system lesting, and feedback].
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3.5.2 Technology Initiatives

Leading the technology initiatives, the [Mefense Advanced Research Projects Agency
(DARPA) sponsored a workshop on concurrent design in December, 1587, and is
sponsorieg an initiative in concurrent engineering to meet the challenge of refurbishing
U.S. product competitiveness. .

The purpose of the 3 day workshop was to explore the concept of concurrent
engincering and how it can be used to strengthen the United States defense and
commercial industrial base. The numerous presectations by participants from industry,
government, and academia addressed concurrent design techniques, industrial

experience, and research issues and priorities. Following the presentations, the

participants convened intc working groups to identify research areas that should receive
attention in a prospective DARPA program.

Some of the specific recommendations by the presenters and working groups
included:

o Establish a design including a unified representation capability for requirements,
materials, processes, features, reliability, serviceability, scheduling, costs, capital
resources, ambient conditions, etc.;

e Develop design decision aids including the capability for modeling processes, solids,
assembly, costs, schedules, production, organizaticnal impact, etc.;

e Develop computer-based design tools and tool eavironments (i.e., tools aware of
tools) to support concurrent engineering;

e Generate and meintain databases on materials, processes, tolerances and process
versus cost, methods and costs; and

o Develop better ways to manage, store, retrieve, and transmit data.

Within the Air Force alone, there are at least three CALS projects developing
computer-aided design environments. The Integrated Design Support System (IDS)
project is developing and prototyping an integrated system whereby design and
engineering information will be made readily available to USAF logistics and operating
personnel. The Very High Speed Integrated Circuit (VHSIC) program office is using the
Engineering Information System (EIS) to develop standards and a prototype environment
that includes cost-efective integration of user’s new and existing tools and databases;
management, exchange, and error-free use of engineering information; consistent user
interfaces; and implementation and enforcement of local polivies. The Unified Life-
Cycle Engineering (ULCE) program is developing technology for an intelligent
workstation which supports concurrent engineering.

3.6 Issues

People from industry who participated in this study raised several issues about
concurrent engineering. Some of the issues are listed below:

3
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¢ Assuming that concurrent engineering is a good philosophy for product development,
kow can DoD encourage its use without imposing a particular solution? Senior DoD
executives can, by including discussions of tctal quality manageraent and concurrent
enziceering as part of their continuing dialogue with industry executives, show their

rest aud support for improving the development process. Beyond demonstrating
an interest, a directive that states a DoD policy on concurrent engineering, without
being overly restrictive, is needed. A sampie is included as Appendix E.

How can the acquisition process be simplified and changed while encouraging use of
concurrent engineering? Both industry and government participants expressed a
belief that creation of additional new programs or publication of more regulations
without eliminating or modifying current practices is not the best way to improve the
acquisition process. They expressed a strong preference for consolidatiion,
siteplification, and coordination of existing standards and regulations, including
updating the “templates” to include concurrent éngineering methods.

How can the many research and development programs that are related to improving
the design and production processes be coordinated? The conceptual framework
described in Section 4 and in Appendix C gives a means of assessing which building
blocks are aeeded to support concurrent engineering. This framework can be used as
.a vehicle for creating a research and developmeant agenda.

How can improved customer-supplier relationships be developed in the acquisition
process? This issue remains open. The benetits of establishing closer relationships
with suppliers are well known among followers of Ceming and practitioners of just-in-
time manufacturing. At the same time, the benefits of competition cannot be
overlooked and support for competitive policies is very strong in the Congress. There
are no obvious simple answers to this issue, but continued analyses is called for.

How can the DoD acquisition organization be improved to support concurrent
engineering? There have been periodic studies of the weapcns system acquisition
process including the Blue Ribbon Commission cited earlier. Their recommendations
for streamlining the management of the acquisition process are being implemented
and these changes will aid the practice of concurrent engineering. Beyond these
streamlining initiatives, workshop participants expressed an opinion that steps to
implement muitifunction teams within the various program offices, including allowing
the team members to speak for their functional areas, will encourage contractors to
form and use similar teams.

Are new skills needed for DoD personrel to manage acquisition programs? The
discussion of pitfalls makes it clear that new skills are needed in both the governmeunt
and industry beginning at the highest levels. These skills include an awareness of the
paramount importance of quality, the presence of variation, the importance of
thinking in terms of the process, and an array of problem-sclving tools. The
recommendations section includes further discussion of the need for education and
training to supply the needed skills.

,_,w;‘,,.ﬂ -




UNCLASSIFIED

e How can DoD managers e¢valuate a company’s claims about concurrent engineering
without imposing a sclution? Workshop participants from the defense industsial base .
expressed concern about their company’s continued ability to compete for DoD T
contracts. They are readv to make the changes thet they believe are aeeded to become
more competitive, but they do not want to start an internal improvement program, E
only to find that DoD will later impose some slightly different program. Neither did
they want to implement some improvement whese benefits wiil be discounted by E
proposal evaluators. The recommendations section addresses these concerans by
focusing on the need to evaluate a compaay’s ability to improve its processes.
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4. A CONCEPTUAL FRAMEWORIX FOR FURTHER EVOLUTION

4.1 The Role of Technolngy in Evolving Concurrent Eugineering

There are alrcady many valuable organizadonal, cultural, management, ard
technical methods and support technologies that can be used to carry out concurreat
engineering. Effective deployment of these wi'l result in a substantially more efficient and
effective weapons system acquisition process.

Current industrial experience indicatez that cultural and managemeat change is
harder to deploy than technical change. If the difficult task of effecting the underlying
cultural and management changes succeeds, technological i \provements promise to
increase dramatically the eifectiveness of engineers faced with the complexity of
integrating the design of weapons systems and iheir associated downstream processes.
On the other hand, if ihe cultural and management changes for concurrent enpineering
are not implemented, it is unlikely that any highly effective tecnnological solution will
emerge.

There are opportunities for significant improvements in the technological support for
concurrent engineering. Some of these improvements can be based on the application of
understood technologies to the concurrent engineering process. Others require varying
amounts of research or exploratory development.

A conceptua! framework has been created to aid in the understanding of and
programmatic planning for the evolution of the technical aspects of concurrent
engineering. It provides a structure within which researchers, developers, sponsors and
practitioners can discuss the issues, barriers, and opportunities of concurrent
engineering. The framewcrk provides a ‘“how” and ““why” relaticnal structure that can be
used to demonstrate how specific technological projects flow from the goals of quality
improvement, cost reduction, and schedule reduction. Section 6 contains a technology
recommendation geared to this with the intent that the framework be used for organizing
a coherent technical program in support of concurrent engineering. The conceptual
framework is detailed in Appendix C.

The four components f{ the framework (Figure 2) are (1) DoD Objectives,
(2) Critical Functions, (3) Required Capabilities, and (4) Technical Building Blocks.
Each component describes how concurrent engineering addresses the requirements
described within the compone:  with the next lower number. Turning this around, each
component describes why the next higher numbered component is required. Figure 3
adds detail specific to concurrent engineering, but note that the Components 1-3 are each
intended to be taken as a whole. Component 4 is intended to be taken as a whole at the
level of detail shown in Figure 3, that is, areas of building blocks.

4.2 DoD Design Cbjectives '

Component 1 consists of DoD’s design objectives: to acquire the product which has
the highest quality, at the lowest cost, within the shortest time. Quality, as defined eariier
in the report, incorporates elements of both product performance and reliability. The cost
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WHY? HOW?
D‘?;‘;n Critical _ Required gﬁg‘;‘:
Chjectives Functions Capabilities Blocks
1 2 3 ' 4
COMPONENTS

Flgure 2. Framework Structure

here includes both design and production cost as well as all other costs during the product
life cycle. The time relates to both the time to gvailability for a new weapons system and
the time for delivery in response to demand for current systems. While these are the
objectives of any design process, the concurrent engineering process offers unique
opportunities to achieve designs that are: responsive to real user needs, provide explicit
and objective trade-offs between conflicting objectives, and provide for coatinuous
improvement.

4.3 Critical Functions

To achieve the Component 1 objectives, it is necessary to function in new ways with
regard to the timing, process, and philosophy of engineering. Component 2 describes
these functions. With regard to the timing, there must be an early understanding of the
needs of all customers (buyers and users) and the requirements of all phases of the life
cycle. This is accomplished by having an open and active dialogue between customer and
vendor. This dialogue would, over time, transform a fairly vague set of requirements into
the best specific set of time/cost/performance values available at the time. Along with
the evolution of the understanding of requirements, there must be an evolution of a
verification procedure that will check the eventual product against the requirements.

The process must change to ensure an effective and timely contribution of all respon-
sible participants in the design/manufacture/use cycle and the objective identification and
evaluation of trade-offs. The design process must allow, encourage and, in fact, assure
that

e all requirements of the life cycle are considered and evaluated,
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e e e

o the cross-impact of varicus functional decisions are understood and evaluated (with
appropriate trade-off analysis),

e critical risks of various design options are identified and addressed early in the
process, and

1 2 e those responsible for the various functional areas within the development and
[ manufactaring enterprise participate with appropriate levels of respoasibility and
i ‘ authority.

! To achieve these objectives, concurrent engineering suggests four specific functions.
» First, there must be an integrated and continuing participation of muitifunction teams in
1 the design of product, process and support. Secoad, this process of integrating multiple
f engineering and management functions must provide for efficient iteration and closure of
| product and process designs. Third, the system must identify conflicting requirements
i and support their resolution through an objective choice of options based upon a
. quantitative or qualitative comparison of trade-offs, as appropriate. Fourth, the
{ D concurrent engineering process must incorporate an optimization of <he product and
ﬁ process design. [Note: The optimization here should not be interpreted as any theoretical
optimum of any individual design objective, such as system performance (for example,
aircraft speed), but a very best possible combination of the most desirable objectives as
defined by the customer.] This optimization can be based on either empirical or
analytical (theoretical) knowledge (or both).

-
‘ The philosophy of the entire enterprise must be one of continuous and aggressive
) improvement against current and projected product and process baselines. This, in turn,
{ leads to a change in corporate focus from one of reaction to problems, to one of problem
; prevention.
. ) There are four specific functions which contribute to this continuous improvement.

i First, open and continuous communication is necessary. This communication links the

[ customer and the vendor and it also unites the many specialists involved in developing,

N producing, deploying, and supporting a product. Second, a complete (necessary and

sufficient) and unambiguous statement of the users’ requirements must be developed,

. including the priorities of various requirements to be applied in the case of trade-off

3 analysis. Third, a complete and unambiguous description of the product and related
processes must be provided to allow concurrent engineering to occur. Fourth, a baseline
product and process evaluation must be established.

These three functional area changes, timing, process, and philosophy, are elements
u which characterize concurrent engineering. They are the differences between concurrent
{® engineering and “good engineering practice”, as it is executed in the U.S. today. All
E - three elements are esseatial and of equal prioa.ty.

. - 4.4 Required Capabilities

1 Component 3, Required Capabilities, describes requirements placed on the
19 engineering, production, and support processes as a result of Component 2. These
capabilities are present in most engineering and production processes, but concurrent
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engineericg places a unique set of requirements on them.
4.4.1 Data Deilnlilon and Capture, Design Synthesds, Trade-CfH, end Validation

Early, complete, and continuous undarstanding of customer requirements and
priorities requires ready access to knowledge and data and interconnections between
sources of knowledge and data not currently available. This understanding has two
principal clements:

o the capture of historical data, and
o the capture of data on new designs, tools, msthods, and materials.

Heze “capture” means not only the acquisition of detailed data, but intelligence (artificial
or naturai) that would allow ready access and review of this data by both highly skilled as
well as less skilled peogle. Of course, in order for the data to be captured, it must exist or
be discoverable. A significant required capability, therefore, is the set of mechanisms
which generate the historical data necessary to concurrent engineering. An example
would be mechanisms for gencrating feature-by-feature reliability and maintenance data
on weapons systems in ways that are pot used for manipulation for non-engineering
purposes (for example, budgetary purposes).

Similar statements are sppropriate for the definition of data on and synthesis of new
designs, tools, methods, and materials. Here the intelligent use of data allows visibility
into the trade-offs and allows the examination of constraints in a larger context which
includes product and process issues, manufacturing as well as field support issues. This
improved visibility further supports a centinuous review process.

The availability of such tools would offer a more flexible procurement system, with
shorter concept-to-deployment time, with greater visibility into the process for the
designer, manager, and procuring agency.

4.4.2 Information Management, Dissemination, and Delivery

The management, dissemination, and delivery of product, process, and support
information become somewhat more complex problems in a concurrent engineering world
than in existing practice. Managing engineering information is difficult in the presence of

- integrated and continuing participation of multifuaction teams in the design of product

and processes. The requirement for flexibility to evolve the engineering, manufacturing,
and support processes place an added burden on information management. This burden
is increased by two factors: widely distributed teams and the size and complexity of
weapons systems. Another function placing requirements on the product, process, and
support information management capability is that of open and continuous
communication between customer and vendor. All of this indicates a need for evolvable,
tailorable, interoperable, secure, distributed, and high performance enterprise
information management systems, starting with engineering and production. A -
discussion of the building blocks for such systems is in Component 4 under the heading
Information Frameworks.
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In particular, within the management of engineering and production information
there must be intelligent oversight for impact assessment of changes and proactive
availability of desizns. In the ideal desizn process, every change should be evaluated for
impact on all functions and the cost of the entire life cycle. In practice this is difficult to
assure. Within concurrent engineering, change evaluation is enabled and encouraged by
the continued multifunctional team approach. Even then, systems must be introduced
which assure that evaluation. There are two steps to that assurance. First, there must be
an intelligent oversight to assess the impact of changes. This assessment can be based on
models of product performance, manufacturing process (including schedules), and cost.
Second, to assure attention to changes and assessment of their impact by the relevant
functional responsibilities, there should be a proactive availability of these designs to
various functions.

4.4.3 Raopid Represeatoiive Prototyping

While product and process modeling provide valuable knowledge of their
performance and adequacy, at some point there must be a “first unit production” which
creates the first physical version of the product. However, the prototype is often not
representative of the quality which will eventually be acnicved in production. This often
leads to delavs and added expense in the iterative design process and invalid decisions
based on prototype testing. Oge way to combat such problems is to achieve linkages
between design systems and manufacturing systems which rapidly create representative
prototypes. Some of the necessary capabilities include:

o feature-based design representations incorporating features which have
manufacturing meaning

e eagsy (perhaps automated), quick transformation of design descriptions into hard and
soft tooling or software

¢ flexible machinery and fixturing which allows an inexpensive and rapid changeover
from current production to prototype production

e task level programming of manufacturing devices, including numerical control (NC)
machine tools, robots and inspection systems.

These cagabiiities, taken as a whole, with the integration of the appropriate
intelligence, information structures, and communication systems, could provide a system
which automatically transforms feature-based designs into task-level manufacturing
programs and rapidly delivers them to the manufacturing floor for production of tooling,
fixtures, and representative prototynes.

4.4.4 Process Robostne:s

Robustness can be thought of as the insensitivity of the product quality to product and
process noise. Noise is variability introduced either intentionally by design changes in
product or process, or unintentionally through drift in process or exterral factors that
cannot reasonably be controlled. Product changes msy include the production of a variety
of models over one line or the continual improvement of product design. Noise may
include such factors as temperature, humidity, or variability of human performance
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levels. In any case, it is desirable to minimize the variability of the units produced by
making the process insensitive to changes.

4.5 Technical Cuilding Blocks

Component 4, Technical Building Blocks, contains five areas of specific efforts
required to improve the technical and methodological support for the capabilities at
Comporent 3.

The first Component 4 arca, Data, describes the kinds »f information that needs to
be bruught to the design process for concurrent engineering. It also raises the
requirement for a common information architecture so that information users (e.g.,
designers) and information suppliers (e.g., maintenance organizations) can have a
common underctanding of the m=aning of the information.

The second Component 4 area, Information Frameworks, describes the requirement
for a structure of specifications and standards for establishing, storing, executing, and
evolving information-based policies and tools. An information framework aiso has
capabilities to organize, access, and evolve the data used by the policies and tools. Using
a conventional or standardized framework that has been designed for evolvability and
tailorability allows for easier interaction among tools, amcrg engineers, among teams,
and among organizaticns. DoD has several information framework sfforts underway.
These include systems driven by the needs of airframe specialists, electronics specialists,
logisticians, and software engineers. It is important that DoD integrate the vision of
these efforts.

The third Component 4 area, Tools and Models, deals with improving the tools
directly required to support the engineer. The report discusses a broad array of
empirical, simulation, and analytical models. These include process models, assembly
and cost models, and manufacturing system models.

The fourth Component 4 area, Manufacturing Systems, describes improvement
cfforts in integration of the design systems in manufacturing cells and systematic
techniques for acquiring and analyzing data that describe the capabilities and capacities
of the manufacturing systems. This includes matters related to flexit.e manufacturing
cells, production process technologies, and design of experiments and other statistical
methods.

The last Component 4 area, Design Processes, describes work that nceds to be done
to improve urderstanding of the design process itself. This concerns the process of design
synthesis by the individual and group and the psychological and sociological phenomena
in the execution of a team design process.
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5. PRINCIPAL FINDINGS AND ISSUES

Based cn the evidence presented during the study, the published reports cited herein,
the expert opinion, and the discussion of the issues identified during the study, the study
team organized ihe information, made judgments about its validity and applicebility, and
reached ten findings. Issues for which findings could not be reached are listed. Both the
findings and issues are discussed in the following paragraphs.

Finding 1:
The methods and techniques of concurrent engineering have been used to
raise the quulity, lower the cost, decrease the deployment time, and increase

~ the adherence to desired functionality of a variety of products.

These proaucts have incorporated technologies such as traveling wave tubes and
pyrotechrnic devices for which precise models of operation or production have not beea
developed. Some have been highly complex (for example, mainframe computer) and
others have had very high reliability requirements (for example, large programmable
telephone switch). Some products have been designed for low production runs (for
example, mobile missile launcher) and others for high production runs (for example,
cars). Examples also include military systems such as missile launchers and tactical
aircraft.

Concurrent engineering has been used for applications that range from simple
components to complex systems. The success of concurrent engineering over this variety
of applications as we:! s the study team’s understanding of how and why concurrent
engineering works leads .o the secend finding.

Finding 2:

Concurrent eng: :cering has been used in the DoD acquisition process and its
use was reported to have helped provide weapons systems in less time, at
lower cost, and with higher quality.

Concurrent engineering meth>ds are being used in weapons system projects at
demonstration/validation, full-scale development, and in production. Nine® of the
companies contacted during this study provided information that they are using
concurrent engineering on weapons system programs. They are convinced that further
progress toward a fuller implem.. ntation of concurrent engineering is possible, not only in
their companies, but throughout t'.e DoD contracting eavironment.

In this study substantial expert opinion and evidence support the following finding:

48, The companies invoived in weapons system development and production are: Aervjet Ordnance, Bell
Hoelicopter, Boeing Aircraft (Ballistic Systems Division), General Dynamics, Grumman Aircraft,
McDonnell Douglas, Northrop, ITT Aviosics, and Texas Instruments. -
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Mluding 32
There are systemic and individual inhibitors to the use of concurrent
en7ineering in weapons system acquisiticns.

The inhibitors to using concurrent engineering are found in the contractors’
orzanizations and practices as well as in DoD’s practices and policies. Capital
‘nvestment decisions,* poor Lorizental communication, local optimizations, and
misunderstanding of the importance of quality are some of the barriers that must be
overcome by contractors. Unrealistic cost and schedule constraints, excessive reliance
on specifications and standards, and contract language that assumes an adversarial
relationship between the customer and the developer are examples of government
barriers to using concurrent engineering.* ,

Despite the existence of barriers, some contractor and DoD personnel are aware of
the need for change and are enthusiastic about being given better tools for accomplishing
their jobs. On the basis of the receptive attitude of the people involved, the study team
finds:

Tinding 4:
The circumstances are right for DoD to encourage the further deployment of
concurrent engineering in weapons system acquisitions.

This follows from an observation that commercial industry and, to some extent,
defense industry have already bcgun to demonstrate success using concurrent
engineering. Basic methods of concurrent engineering exist wad are in use and
technological support exists. Also, the need for developing weapons systems in less time
at lower cost and with the assurance that they will operate satisfactorily when they are
fielded is heightened by budget realities.

During conversations with contractor representatives and DoD experts the following
was repeatedly stressed:

Finding §:
Industry experts believe that if “concurrent engineering” becomes a new area
of specialization instead of a systematic approach applied across engineering
disciplines, then the deployment effort will be counterproductive.

A broad vision is needed, one which can lead to continuous, sustained improvement
in the engineering processes applied to all DoD weapons systems.

Issne: How can DoD avoid forcing some particular approach to concurrent
engineering on its industrial base? There is a temptation to seize new concepts and to try

49. Robert 1. Hayes, Steven C. Wheelwright, and Kim B. Clark, Oynamic Manufacturing, The Free Press,
New York (1988), pp 61-90.

50, For further discussion of berriers see Industrial Insights on the DoD Concurrent Engineering Program,
The Pymatuning Group, Inc. (October 1988).
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to apply them, even where they are not ~opropriate. Although one company’s approach
to improving their competitive siation might be successfil because of some concurrent
cagineering method, that same method might not be appropriate for another company or
for ancther product. Nevertheless, DoD has a strong interest in encouraging companies
to continually examine their own processes and to look for ways to improve them.

Iz=ne: Should the DoD encourage vendors to use Taguchi methods? There is broad
agreement that Taguchi has made significant contributions to the practice of engineering
through his concern for closeness-to-target objectives rather than within-tolerance
objectives, through his identification of the need to create designs that are robust in the
presence of manufacturing variations and effects of wear, and through his emphasis on
the use of statistically designed eaperiments. On the other hand, vigorous debate about
statistical methods shows that mandating use of some proper subset of statistical tools
(use of certain orthogonal arrays, signal-to-noise ratios, ANOVA, accumulation analysis,
response surface methods, or particular graphical presentations) is not appropriate now,
and may never be appropriste. The debate concerns the following issues:

a. Should experimenters perform a group of experiments (for exampie, as defined by
an orthogenal array) before making an inference, or should they conduct
experiments one at a time making sequential infererces from some intermediate
number of experiments? '

b. Should the signal-to-noise ratio be used, or should other metrics such as
experimental mean and variance be used to analyze the experiment?

c. Should engineers expect interaction between parameters, or is such interaction an
indication of a need to redefine the parameters?

d. Is analysis of variance the best way to identify significant parameters, or are other
methods such as Daniel plots and Bayes plots more effective?

e. Should the engineer expect to anticipate the optirr um values for parameter settings,
or will a response surface analysis show where local maxima or minima can be
found?

f. Are there simpler tools such as Ishikawa’s seven tools that should be used first?

g Should companies focus on the fundamentals, such as team building and the
scientific approach to problem solving, rather than adopting some cook book
approach to improvement?

Although the differences between these statistical approaches may secm unimportant
to a novice, there is a danger of severely impeding the effectiveness of empirical research
if engineers and scientists are rigidly forced to use certain statistical tools to analyze their
results. Practitioners who have learned some statistical technique that improves cost,

quality, and schedule shculd not be criticized for using such a technique, even when the -

scientific justification fcr its use is not yet understood. One would expect that these
practitioners would be receptive to suggestions for improving their experimental
techniques, provided that the suggested improvements are easier to use and produce
beiter resulits.
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This type of situation reinforces the concern that DoD not establish any rigid
checklist that associates using certain formal methods with the practice of corcurrent
enyineering.

Tading &
Continued eifort is needed to develop the methods and technology necessary
for advances in concurrent engincering.

The need for continued improvement in solid modeling, process-planning techniques
acd computer support, FEM, CFD, simutaticn, CAD/CAE/CAM system integration,
and standardization of product description semantics was stated at many of the sites
visited. Techniques are needed to support application of multiple specialized
CAD/CAE/CAM tools using a single representation of the product or process. The
CALS iritiative has encouraged cooperative efforts to develop unified databases and
ictegrated design tools, but the results are not yet ready for deployment in a commercial
market. Many companics are capturing !essons learned in the rule and knowledge bases
that support their design eavironments.

Finding 7:
Several companies reported that funding for IR&D projects interded to
provide an infrastructure for concurrent engineering is no longer available.

Companies that implemented elements of concurrent engineering did so - ’ther
bacause they were faced with a crisis or elsc they were companies with a tradition of
contiiuous improvement and concurrent engineering is another such improvement For
companies in the first category, the crisis provided motivation, but changing the way
people worked was a challenging task. Companies ia the second group have established
programs for encouraging people to re-examine their work conticually to find
improvements. In either case, based ~n the reports of participants the study team finds:

Finding 8:
Implementation of concurrent engineering requires top-down commitment
across different company functions. It takes several years before company-
wide benefits are apparent. Early success with pilot projects helps promote
acceptance of the new methods.

In each case described to us, a company implemented changes by first trying new
methods on pilot projects. The pilot projects serve to identify elements of a new plan that
need improvement and they demonstrate benefits of using new techniques. They also
served to develop the initial cadre of corporate members skilied in the new methods.
This observaiion is consistent with publish<d reports of key elements for effecting change.

Finding 9: _
Pilot projects have been useful in demonstrating the benefits of concurrent
engineering. ‘

With respect to technology, the study team considered whether there were domains
that should be avoided.
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Flading 102
In this study, concurrent engineering was found to be useful in a range of
applications that diifered in terms of the maturity and type of technology used

in the product and the production process.

There are some methods, for example, that are particularly well suited to
applications where the technology ‘s poorly understood or hard to control. An example
of this is the application of design of experiments to the design and production of
traveling wave tubes at [TT.
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6. RECOMMENDATIONS

This section contains the recommendations that follow from the findings of the first
rhase of the study The study team belicves that a successful strategy for exploiting
concurrent ¢ngineering should build on existing successes, encourage further innovation,
foster competitive pressures for prouress, and avoid rigid procedural guidelines.

Qecommendadon 1t Top-Down Implemantation

That the Secretary of Defsnse and OSD’s principal acquisition managers act
to eccourage the use of concurrent engineering in weapons system
acquisitions.

Companies that have successfully implemented concurrent engineering stress that the
initiative for change must come from the very top. The most powerful mechanism for
accelerating change is example. Therefore, OSD’s acquisition managers should instill
the proper management philosophy by providing ieadership rather than implementation
exclusively through directives.

Recommendation 2:  Executive-Level Commitment

That DoD principal acquisition managers establish a policy to use concurrent
engineering as an implementation mechanism for total quality management.

Top management commitment to concurrent engineering in the form of learning,
un lerstanding, and leadership with a communicated, unwavering purpose and
involvement is absolutely vital to long-term success. As a first step, such management
support requires a policy statement. A proposed acquisition policy statement expressing
this commitmeat is contained in Appendix E. Management support, however, cannot
«ad with the simple issuance of a policy statement and must be continually visible in the
rianagers’ actions. Making concurrent engineerin< a recurring theme in the dialogue
between senior DoD and contractor executives ior every weapon system will be a
powerful stimulus for change. Also, DoD needs to develop a mechanism for
1nderstanding how well concurrent engineering is being implemented.

Recommendation 3: Pilot Projects to Accelerate Methodology and Technology
Deployment

That OSD should encourage the establishment of pilct programs whose
objectives are to demonstrate that concurrent engineering, when deployed in
defense industries and applied to DoD procurements, has the potential to
yield higher quality products at a lower cost and in a shorter period of time.

One of the more frequent recommendations surfaced during Phase [ was the need to
select and conduct demonstration programs. The programs would be used to identify:

e Concurrent engineering benefits to DoD (convince the Services that the benefits are
there);
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e What had to be done to facilitate the use of concurrent eagineering (show by example
how to employ concurrent engincering); and

e The DoD institutionalized inhibitors to deploying concurreat engineering in DoD
acquisitions.

At the onset of each program, concurrent engineering benefit objectives should be
established that appear to be realistically achievable based on evidence observed in
commercial U.S. applications. For example, improving quality, while reducing cost and
cutting the procuct development and design cycle in half, appears to be a realistic goal.
To soften the perceived risk, some projects could be run as shadow projects until a level
of confidence is reached with the concurrent engineering approaches that would allow
sequential design processes to be discontinued.

The first step is to appropriately define, in general terms, the kinds of efforts to be
attempted. Since there tends to be confusion caused by the labeis given a program, the
accepted commercial definitions for the types of programs described were reviewed:

Pilot Program: A program used to prove that a concept works to the
organization running the program.

Demonstration Program: A program used to prove to people or organizations other
than those running the program that a concept works.

The process of selecting and conducting pilot programs would be to:

¢ Review available data from ongoing and completed concurrent engineering projects
(for example, those in Appendix A) to identify products, disciplines, and industrial
sectors that may be more amenable to concurrent engineering;

» Select at least one project per Service with multi-Service application that has
components or subsystems that are on the critical path of the next higher assembly or
system, and that do not repeat the proof of application existing in commercial
programs;

e Conduct pilot projects to identify benefits achievable from using concurrent
engineering in a DoD procurement and where DoD investments in product and
process design technologies can lead to greatest payoffs (investment menus).

Recommendation 4:  Build onto Existing Programs

That OSD, in encouraging the implementation of concurrent engineering,
build upon the beneficial aspects of existing DoD, national, state, and private
manufacturing improvement initiatives.

DoD should take advantage of the progress made by various existing programs and
efforts that relate to concurrent engineering. For example, the Manufacturing Techuolegy
(MANTECH) program should be expanded in scope to include support for early design
of a product’s mauufacturing and support processes. The transition-to-production
templates should be updated, expanded, and used as appropriate, to accelerate the
deployment of concurrent engineering. The Malcolm Baldridge Award guidelines could
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1.3
! be used as a starting point for incustrial improvement initiatives and the defense
: industries should be eacouraged to participate in that program. The CALS initiative
: efforts to promote cooperative development of PDES should continue, with DoD playing
! a leadership role in resolving disputes among different disciplines.
{
b 3 Recommendation 5:  Education and Training

That DoD implement an education and training effort that starts with the
senior OSD acquisition managers and then progresses to the lower levels
; through the acquisition chain. Once started at the top, lower levels can be
1 trained concurrently.

‘ Companies that have implemented concurrent engincering made a significant
commitment to concurrent engineering education and training. Education and training
have proven to be critical elements of the concurrent engineering deployment process and
must start at the top, i.c., with the corporate officers. Any DoD effort to implement
concurrent engineering similarly must have an integral training and education program

{

O

i that starts at the highest levels of DoD management and flows down to all levels of
j personnel. Since personnel spanning a broad cross section of backgrounds, expertise
| levels, educational levels, and responsibilities are involved, education and training
i curricula targeting a wide range of audiences will have to be developed and implemented.
0 As a siep towards implementing this recommendation, OSD could create a task

force that includes representatives from industry, academia, national laboratories, the
Services (including military academies, graduate education programs, and occupational
specialty schools), and professional groups io develop a coordinated concurrent
engineering education and training action plan.

3 Professional societies and universities have already begun to develop education
programs and texts in related fields.! Similarly, the Federal Quality Institute was
established in June 1988 fcr the purpose of introducing top executives in government to
TQM concepts and benefits. The DoD can take advantage of these and other resources>2
and expertise that are available in the private and public sector when planning its own
curricula. '

51. For example, in his summary of Workshop II: New York University Conference on Making Statistics More
‘ Effective in Schools of Business (19-20 June, 1987), Harry V. Roberts of the Graduats School of Business,
! University of Chicago, summarizes the curricula of the graduate courses in quality and productivity at the
University of Iowa, Fordham Uaniversity, Columbia University, University of Wisconsin, and the
leo University of Chicago. His summary also includes an extensive reading list. A report on the prior
k workshop (Workshop I) appeared as G. Easton, H. V. Roberts, and G. C. Thiso, “Making S* -tistics
5 Mgm Effective in Schools of Business,” Journal of Business and Ecomomic Swatistics, April 1988, pp.
247-60.
I 52. For example, Solicitation OPM-RFP-88-2795, Federal Supply Schedule Contracts for Total Quality
Management Implementation.
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Industry’s experience has shown that both purchasers and suppliers must be educated
in the varicus aspects of concurreat engineering. Contractors and lower-tier
subcontractors will init:ally have to be convinced to invest in the education and training of
their personnel. Competitive market pressures will play an important role, but DoD can
promote the contractor base education and training effort by striving for a more
conducive contracting environment.

Recommendation 6: Method and Technology Development

That DoD encourage industry to develop and improve the methods and
technologies specifically required to support the use of concurrent 2ngineering
in weapons system acquisition programs.

A pumber of methods and technclogies have evolved that support the application of
concurrent engineering. Some of the more commcnly used ones are described in
Aprendix B and case studies describing their application by industry are found in
Appendix A. However, there inay be application domains that are critical to DoD
weapons system development for which support methods and technologies will have to be
developed to do concurrent engineering. These critical sectors need to be identified and
analyzed for required technology for concurrent engineering.

The conceptual framework presented in Section 4 and Appendix C of this report
provides a structure for relating methods and technologies to DoD objectives. Although
the list of methods and technologies appearing in the framework structure is not
exhaustive, it provides a starting point for structuring a technical program. The fve areas
listed in the recommendation are the areas within “Component 4” described in Section 4
of this report. Within this framework, R&D efforts should consider an appropriate
balance of near-term and longer-term projects using all applicable mechanisms for
funding including current and new weapons systems procurements, IR&D, cooperation
with the National Science Foundation and others, and contracted R&D with corporations
and universities. These applicution-specific technologies will fit into the conceptual
framework and their analysis could be used to guide investment decisions.

Recommendation 7:  Identify and Reduce Barriers and Inhibitors

That OSD acquisition managers should initiate a process to identify and
analyze statutes, rules, regulations, directives, acquisition proccdures, and
management practices that act as barriers or inhibitors to the adoption and
use of concurrent engineering. Based on the analyses, the acquisition
managers should take appropriate action to remove or lessen the effect of the
barriers.

The application of concurrent engineering methods to the DoD weapons acquisition
process faces a number of barriers and inhibitors of both an insiitutional and “usiness
natare that exist within the DoD and within the defense industrial base. The DoD.
barriers arise from statutes, regulations, specifications, standards, acquisiiion
prccedures, management practices, and cultural factors. While the existing system has
sufficient latitude for DoD organizations to effect concurrent engineering withcut waiting
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for new siatutes, regulations, and directives to be promulgated, it does require that the
government program manager and contracting officer be willing to assume some risk and
allow the contractor a higher than normal degres of project management latitude. Thus,
the use of concurrent engineering in the DoD weapons acquisition process ccn begin
immediately and, in some situations, already has. The widespread use of pilot projects
across weapons systems is one raechanism for addressing barriers and inhibitors. DoD
senior acquisition managers’ active involvement in the reducing barriers and inhibitors
will increase the rate of adoption of concurrent engineering.

Contractor business practices also are responsible for a number of barriers. -

Although many contractor barriers fall outside the direct control of DoD, some can
readily be affected by the DoD since they originated in response to DoD acquisition
regulations and practices. In many situations DoD can use its influence to effect changes
within the contractor community that will create an environment more conducive to
concurrent engineering.

In Phase I, tue study team noted several classes of barriers to concurrent engineering:-

which are identified below. This listing includes only some of the significant barriers and
is not exhaustive.?

Fractionated DoD acquisition organizations and deliverables. Functionally
specialized requirements have resulted in functional areas, or “ilities™** being treated as
separate product areas within a procurement. The tendency of each “ility” to optimize its
own functional area has led to the formaticn of stovepipe™ organizations, to manage
cach “ility” and its resultant product (e.3., specification, report, analysis, etc.). A strong
systems engineening approach to integrated product and process design should replace
separate “ilities” in the deliverables, and would prevent concurrent engineering itself
from becoming just another “ility.”

Funding profiles that preclude early production process development. The present
procurement system does not allow the expenditure of research and development dollars
for production design, which in concurrent engineering is done at. the front end of a
project. Therefore, OSD must advocate a change in funding profiles.

Overly detailed specification of product and process. Present procurements define
the deliverable through a series of detailed product and process standards and
specifications. These standards and specifications frequently act as bounds which

53. For additional discussion of barriers, see Induswrial Insights on the DoD Concurrent Engineering
Program, The Pymatuning Group, Inc. (October 1988).

54. The term “ilities” derives from functional areas such as testability, reliability, supportability, etc., whose
consideration is required as part of most DoD contracts.

55. The term “stovepipe” refers to the existence of groups of people, usually specialists in some discipline,
who communicate almost exclusively with. equivalent specialists across organizational boundaries.
Members of such groups, who fail to communicate within a team that is responsible for developing a
system, have bsen cited as a reason for late changes and delays in schedules.
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constrain the coatractors’ ability to use new and innovative technologies and processes
and tend to act as a ceiling rather than a floor on quality. Existing process definitions
coatained in technical data packages should be advisory, but optional, information. The
solicitation package should allow bidders to propose unique designs which meet the
performance and form, fit, and function requirements of major subassemblies. Standards
and specifications relating to processes should be advisory rather than mandatory.
Performance specifications may be supplemented by form, fit, and function requirements
of major subassemblies to ensure interchangeability for field repair and to minimize the
number of new parts entering the supply system.

Lack of economic incentives for contractor investment in productivity improvement.
In the existing DoD procurement envirorment, contractors have few economic incentives
to invest in capital equipment and engineering implemen*ation for contitued product and
process enhancement. DoD practices that act as a disincentive to contractor investment
include short-term contracts with uncertain quantities and restrictive profit policies. By
contrast, in the commercial sector, a contractor’s willingness to invest in concurrent
engineering methods is driven by the opportunity for a higher profit margin and an
increased market snare.

Process improvement is not recognized and rewarded during the source selection
process. Currently, competitive proposals are evaluated principally on a product
performance and cost basis. When a contractor proposes a significantly better price,
shorter delivery schedule, or lower level of effort than that proposed by the other offerors,
his bid is considered suspect. Evaluators sometimes conclude that the offeror either did
not understand the requirements completely or that the proposal constitutes a mejor
overrun waiting to happen. To overcome such inequities, the evaluators should examine
the contractor’s plan for improving the process and assess his credibility on the basis of
his prior performance.




Appendix A UNCLASSIFIED v

A. CASE STUDIES

This appendix relates scme reports of success in using concurrent engineering. Several of the
cases report limiled initiatives withing larger corporations. The stories do not, unl:ss
specifically stated, indicate that an entire corporation is using similar methods. Finally, the
case studies are success stories, they iuclude application of elements of concurrent
enginesring. If some of the applications are viewed in isolatiun, the connection to concurrent
enyineering taay bs weak. Taken as part of a company’s plan to improve quelity, reduce cost,
and cut the schedule, they cun be considered as part of concurreat engineering if the plan
emphasized early consideration of downstreai processes. o

Several of these initiatives were started independently of any concurrent engineering
program. They are included because they represent elements that contribute to achievement
of the goals of concurrent engineering.

A.1l Aerojet Ordnance Company ¥
Company Aecrojet Ordnance Company .

Situation Based on recognition that the issue of “quality” had to be addressed throughout
the company, the President and Executive Vice President attended the 1 week
American Supplier Institute (ASI} course. They enthusiastically embraced ;
statistical process control and other new management and ergiueering tools. i

Immediately thereafter, the company top management staff was exposed to the 1
day introductory course, after which all menagers and supervisors attended 1,3,
or 5§ day ccarses.

Approach Aecrojet Ordnance looked at quality in five categories—management, products,
operations, methods and tools, and cost of poor quality—and adopted the 3
following seven elements of a Total Quality Management Program: : 5

e Leadership, g |
e Management by policy, 5
o Use of traditional/new quality tools,
o Statistical process control (SPC), ; &
o Concurrent design/engineering, :
e Quaiity function deplovment (QFD)/teamwork, %a
o Taguchi methods of designing experiments. f

Resuits  Aerojet Ordnance is making a cultural change, the new culture emphasizes
~ statistical thinking with more emphasis on leadership. SPC was used extensively
in the factory. As a resuit of extensive application of SPC and its TQM program,

inspection will soon be eliminated on many processes and the in-plant role of :
government Defense Contract Audit Service (DCAS) groups will be significantly i
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redeced. Aerojet wiil then be recognized by the Army as a fully certified
contractor. Three Taguchi experiments were described during the workshop.

Toperiment 1

The first experiment involved pyrotechnic products (tracer ammunition). A
25mm projectile (tracer) has functional requirements for ignition and
continued burning. Aerojet was receiving pyrotechnic components for the
rounds which satisiied the purchase specification, but when asserbled into a
tracer projectile provided unreliable burn times. There was a problem;
400,000 pellets were on hand but the burn time for the pellets was too short.
The company looked at the process for loading the pellets into the
projectile. They looked at the punch, the levels of pressure, the type of
pellet, the interaction between them, and bwe-time data. Thaey used
signal/noise ratio a3 a figure of merit. They ran four tests.

Result for Experiment 1
By doing a Taguchi experiment on the loading process, they were able to
salvage the lot of pellets. The initial savings was $500,000. There are
continued savings above this figure and Aerojet continues to use the same
components.

Experiment 2

The second experiment involved a generic product area of pyrotechnic
devices to establish a product technology database. Using the normal
Taguchi progression, that is system design, followed by parameter design
and tolerance design, Aerojet looked at the entire tracer pyrotechnic
business across all product lines. They did a preliminary investigation as
part of exploratory development and designed a set of experiments to
identify critical parame.2rs. The experiments looked at several conditions,
and included noise factors. Aerojet didn’t analyze the resuits for a specific
product, but they built a broad technical database. When a product came
along they used the technical database to develop it. Ar exhaustive
experiment of the factors considered would have required 1.6 million
experiments. Using orthogonal arrays, Aerojet did just 27 experiments.

Result for Experiment 2
Developing a new round using their traditional methods, normally costs over
$2,000,000, takes over 2 years, and provides a product that is not robust.
Three new products developed with the new method. Using the new
technology database (developed with the Taguchi experiment) required only
1 month of verification testing (a 98 percent improvement) for the new
products. A measure of the quality improvement of the new products is an
improvement of the mean/(standard deviation) quotient by a factor of 5.
The present value of the tectnology database is calculated as $60,000,000,
based on expected future sales of products similar to those now in
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production.

Experiment 3

The third experiment invelved poor production quality from GCCO plants
which were making the ADAM mine for the Army. Nonconforming product
was a provlem. Nineteen out of 25 lots were rejected (40,000 rounds per
lot). A joint team of government and industry had been trying without
success to find the cause of the problem. Although Aerojet had not
developed this product, Aerojet was called in to apply Taguchi experiments
to the testing. They took 3 months to prepare for and conduct experiments
to identify critical parameters. They identified 13 controilable factors and
set three dificrent levels for each factor (all except one were within
tolerance). They fired six rounds for each experiment. They identified four
factors of greatest improvement and identified how building the round with
those factors at the best levels would provide virtually 100 percent good
rounds. :

Result for Experiment 3

These predictions were validated in field testing. Using the parameters
identified in the experiments, 54 rounds were produced and tested without a
failure. This was the first time in the history of the product that 100 percent
yield had been observed over a reasonable time period. Anotker 54 rounds
were produced using parameter setting where the experiments predicted a
yield of 50 percent. Twenty-seven of the rounds failed the test. Production
lines are now working to capacity building good product. There have been
no reported problems in 8 months. The tech data package is being revised.
The other nine factors were not important and they could be relaxed. The
plants had previously been under SPC and had a cs™ of 2.0.

Aerojet uses SPC and they are working to become a certified contractor. Based on
their experience with the ADAM mine, Aerojet concluded that SPC alone is not
enough. They use Taguchi experiments to find correct target values. If they are
certified, the DCAS people will leave the plant and Aerojet will produce products
_ under warranty. '

Remarks The Total Quality Management effort must come from the top down. It takes
several years to establish a company-wide habit of quality improvement. The
return on investment in quality improvement is among the highest available to
wnanagement. Quality has to be the first priority for improvement.

56. See Appendix B for s definition of ¢py..
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A.2 American Telephone and Telegraph

Company

LCivision

Prodoct
Approach

Situation

American 1ciephone and Telezraph (AT&T)

A bread ranze of quality improvement methods are used at AT&T, including
robust product and precess desizn, traditional design of experiments, failure
mode anaiysis, reliability prediction and analysis, fault tolerance, the seven basic
tools, hardware and software design reviews and inspections, and process
management and improvement.

The following examples summarize a few applications of these methods. They
are not a cross section of the applications at AT&T.”

Two divisions were reported:
Desizn AT&T Bell Labs, Indian Hills West, Naperville, IL
Vanafactoring Oklahoma City Works, Cklahoma €City, OK

Circuit Pack Design for the 3B series computer.

Process Management Get control of the process and then find ways to improve it.
Total Quality Control. Process ownership - someone owns the process
independent of the product.

Technology Develop a family of computer-aided design (CAD) and computer-
aided design verification (CADYV) tools. Use the tools early in the design
process to ensure designs are functionally correct, suitable for the
manufacturing process, and testable.

Muitifunction Team All circuit pack physical design, support library, component
engineering, CAL Tool and System development are in one departmeat.
The process owner is a member of that department.

AT&T experienced a cultural shock during divestiture, but that was not cited as a
reason for the process improvement effort. They were experiencing problems
with low yields in the production process, notably during a transition from design
to production. Typical first pass yields for circuit packs at system level test during
early production runs were S50percent. Furthermore, it took a considerable
length of time to achieve 90 percent test pass rates. During the first 18 months, the
multi-layer printed circuit boards usually went tiarough three art master design

57, Anm; Shoemaker, Supervisor, Quality Engineering Research & Technology Group, (September 29,
1988). )
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cycles.

AT&T performed a number of crganizational and process changes aimed at
reducing variability The model building facility was dismantled and the initial
units were buiit with the equipment that was to be used later for volume
production. They discovered that although the first units took a little longer to
produce, they were able to ramp up to full-scale production much faster. The
result was a 90 percent acceptance at the first production run, sharply reducing
the effort needed for further yield improvement. The pumber of printed circuit
board art masters dropped to two. One-pass design is the goal of design process
improvement.

CADYV located errors and design bugs, some of which would not be detected in
laboratory testing. These errors include timing problems, untested parity and
block transfer circuits, missing pull-up resistors, and timing margin problems.

Standard capacitor filtering strategy for surface mount technology (SMT) packs
reduced the number of parts to 1/3 and reduced the cost to 1/9. On the basis of
analytic studies they were able to take advantage of the physical properties of
SMT and standardize on high frequency capacitors resulting in savings through
purchasing and other efficiencies.

AT&T adopted 100 percent SMT strategy on all new products and uses one
manufacturing process for SMT.

Concurrent CADV and laboratory testing of factory prototype is used for design
validation.

The AT&T quality standard on SMT circuit packs is to be totally free of white
wires. They have achieved that goal on 90 percent of the circuit packs.

Other Locations

AT&T Bell Labs™®

o Applied Taguchi experiment to selection of parameters to improve the
operating system response for a UNIX™ on a Digital Equipment
Corporation VAX™ 11/780 computer. Response times were improved
by 60 percent to 70 percent and variability was reduced by a similar
amount.

58. Madhav S. Phadke, Quality Engineering Using Robust Design, to be publishied by Prentice Hall, Inc.
(January 1989).

™ UNIXis a trademark of AT&T. .

™ VAXis s trademark of Digital Equipment Corporation.
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¢ An experiment was conducted to improve the polysilicon deposition
process for producing silicon wafers for very large scale integrated
circuits (1.75 micren desizn rules). The experiment was part of a class
project (an internal Robtust Desizn clase) and yielded a fourfold
recuction in variance of the thickness of the poiysilicon layer, nearly two j
orders of magnitude reduction in surface defects, a major yield-limiting 3
defcet that was virtually eliminated. 1

o The window photolithography application®® was the first application of
Taguchi methods in the United States and resuited in fourfold reduction J
in process variance, threefold reduction in fatal defects, twofold Do :
reduction in processing time (inspections could be dropped), early 5.
transition from design to production, and easy adaptation of the process 5 ;
to new technology (going from 3.5 micron to 2.5 micron).

Deaver Works® Power Unit Assembly Shop: Just-in-time and Total Quality Control
¢ Productivity/employee increased 233 percent.

¢ Product velocity increased 750 percent.
e Work in process inventory decreased 64 percent.
o Process down time decreascd 61 percent.
Cilahoma City Works SESS™
o Cost of quality decreased by half to less than 10 percent.

s Total process time reduved to 46 percent of the 1984 baseline in 3 years.
Planned reductions to 25 percant by 1989.

o Defects reduced by 30 to 87 percent.

e First production run yields up from a base of 20 percent to
approximately 90 percent in 2 years.

Scurce  Presentation by Alan Fulton at IDA Concurrent Engineering Workshop and site
visit by IDA.

59. Phadke, M. S., Kacker, R. N., Speeney, D. V., and Greico, M. J., “Off-Line Quality Control in
Integrated Circuit Fabrication Using Experimental Design,” The AT&T Bell System Technical Journal,
Vol. 62, No. 5, Msy-June 1583, pp. 1273-1309, .

60. Laurence C. Seifert, “Design and Analysis of Integrated Electronics Manufacturing Systems,” Design
¢(md Analysis of Insegrated Munufacturing Systems, Nationsl Acedemy of Engineering, Washington, DC

1988) pp. 12-33. '
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o Taguchi method, also known as robust design method, is extensively applied in
integrated-circuit process engineering and component design both in AT&T
Beil Labs and in the manufactvring facilities.

o Concurrent engineering at Indian Hills West is part of the advanced
development ;-ocess.

o All projects at Indian Hills West (Naperville circuit pack) are committed to
CADYV, ofien doubling®! up-front circuit design staff.

o CADV is absolutely necessary to meet R&D quality® goals.

61. Although more pecple are needed for part of circuit design and simulation effort, total effort is S
decreased. That is, the shortened development time campensates for the added people.

" 62. AT&T has a goal of improving quality by a factor of 10 in 5 years.
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&.3 Doeing Aerosuace Corporation

Coompany
Lillcn

Sization

Appreach

Boeing Aercspace Corporaticn
Ballistic Systems Divisicn

In the years 1978 thrcugh 1935, Boeing failed to win a number of Full Scale
Development procurements. Although Boeing consistently scored high on
technical merit and product quality, its cost was not sufficiently competitive. In
Octcber 1985 Boeing executives met and initiated a coordinated BA-wide effort
to reduce operating costs and improve efficiency. As the cornerstone of its
strategy, Boeing focused on improving the eifectiveness and ecfficiency of iis
process.

BA calls its approach to simplifying developmental practices Developmental
Operations (DO). DO is defined, in part, as a “renewal” process whereby
marginai ‘“value-added” process is replaced with process that enables step-
function improvements in efficiency. A complete end-to-eud examination of their
current developmental process resulted in display of their baseline “as-is”
approach. Using quality improvement “process management” evaluation
techniques, they isolated “barriers” and marginal ‘“valued-added” effort to aid in
creation of the new desired ‘“should be” process. The DO approach features (84)
internal improvemsnt “initiatives”—changes in current practices, process, and
dzsmplmc suited to ui.versal program application whﬂe permitting flexibility for
any given contract.

At the heart of the DO a7 roach is the Product Development Teaa (PDT)
initiative. The PDT is a multifunctional team with a common goal of developing a
specific product. Typically, a PDT includes representatives from Enginecring,
Logistics, Manufacturing, Matericl, and Quality Assurance. Other expertise is
brought on-board as required, and all customer representatives have an cpen
invitation to attend meetings. Each PDT representative has the authority to
commit his or her functional organization. The PDTs “own” all contract
requirements. Each member of the PDT participates and authorizes the release
of drawings, requests for procurements, and other implementation
documentation.

A typical development effort will have muitiple PDTs. PDTs are created as the
need arises to address major sub-elements of the development effort. The PDTs
set their own meeting schedules, but at a minimum meet biweekly. All team
members are required to attend or to notify the team leader that they will be
absent. Emphasis is placed on short lines cf communication, real-time visibility,
and consensus management. All meetings are kept brief to maximize group
effectiveness. More iavolved problems are resolved at side meetings with only the
necessary people present. The meetings follow a predetermined agenda and
minutes are kept of the matters discussed and decisions made.
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All PDT members undergo teain training and each PDT has a team leader. The
team leader is responsible for team administration and represents the tesm during
management reviews. The team leader may change as the progtam progresses.

- For instance, during requirement development, the team leader is usually frcm

System Engineering or Logistics. During the desizn stage, the leader is from
Dezign Engineering. During fabrication, from Manufacturing or Materiel, and
during the test phase from Test Engineering or Muality Assurance. The team
leaders meet monthly to exchange ideas, reaifirm team interfaces, and generzily
learn from each other.

Process and product quality is heavily embedded in the DO approach. A
balanced quality program exists and is derived from the premise that all
individuals share in the responsibility of assuring product integrity, quaiity, and
configuration control. Emphasis is placed on the fact that people, not systems,
are responsible for their cutput. Line inspection requirements are limited to
criiical product and process elements as defined by the Quality Assurance
engincer working within the PDT. The responsibility for gnality of routine
manufacturing operations, procurements, and engineering design is placed with
the appropriate functional organization using self-audit 2 d mangemen. indicator
t:chniques, and overseen by the PDT as it relates to team assignments.

BA supports the PDTs with extensive training and equipment inve-tment. Every

member must undergo an eight-hour training course which emphasizes team-
building concepts. Boeing has acquired new computer and data-processing
equip:nent to further automate engineering, drafting, manufacturing, and business
system needs.

The implementation of DO required a major cultural change at Boeing. The
difficulty of this task was recognized and Boeing elected to retain United
Research Company (URC) as consultants for this effort. URC assessed Boeing’s
current culture, organization behaviors, etc., and determined an appropriate
course of action. URC, working with Boeing, devoted seven man-years of effort
to helping Boeing manage the cultural change within the Ballistic Systems
Division (BSD). Boeing found that continued upper management commitment to
DO was essential to its successful implementation.

Developmental Operations have enabled Boeing to recapture its competitive
position within the market. Labor rates have been reduced by as much as $28 per
hour. Boeing has been awarded several major developm=ntal contracts since
1985. Furthermore, it is realizing 16 percent cost reductions below bid (and the
bids were 30 percent lower than traditional for this work) on three new programs
to which the DO concept was applied. Some areas show reduction of up to 50
percent.

Overall process quality has greatly improved. Team usage of a computer-aided

tool, Verified Item List System, has permitted early error capture and correction.
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Ciiteal inspection features are now identified directly on all drawinzs. Boeing is
dovn to about crne engineering drawing changs per drawing saeet {rom previcus
izhs of 15 to 20 corrective changes. The idoor inspection ratio dropped from
about one hour of inspection per 15 hours of labor to one hour per 50. The cost of
quality is 60 percent less than that within a standard operating environment while
maintaining $9 percent defect-fiee hardware performance.

Parts and materials lead time has been reduced by 30 percent. Seventy percent cf
all needed parts 2nd materials are available in the factory within five days of a
request, compared with 60 to 90 days previously Material shortages have been
reduced from 12 percent to less than 1 percent. New relationships with suppliers
bave miven Boeing access to real-time information about suppliers’ stock.

Automation reduced the time necessary to iterate designs. The design analyses,
which originally tock three to four engineers two weeks to determine each data
point for doing trade-offs, is now accomplished in 38 minutes using an Apollo
550.™ The newer Apollo 10,000™ will further reduce the time to four minutes.
These sophisticated tocls permit designers to begin considering “ility”
ireplications much earlier in the design cycle.

™ Apollo 550 rad Apollo 10,000 re trademarks of Apoilo Computer Company.
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A.4 LCeere and Company

Couwrpany

Division
Sitnation

Approach

Deere & Company

Deere & Company is the world’s largest producer of agricnitural equipment and a
major producer of construction and forestry equipment. Deere & Company is
headquartered in Moline, Illinois with domestic factorics in Iowa, Illinois aud -
Wisconsin. Management is stable, developed primarily by promotion from within
the company, and the production workers are unionized, represented by the
United Auto W.orkers. The company spends 6.5 percent of gross sales on
research and cevelopment, and 0.5 percent of gross sales on education and
training. The John Deere Dubuque Works are located in Dubuque, Iowa and
manufactures construction and {orestry equipment. This case study is based on a
site visit to the John Deere Dubuque Works.

John Deere Dubuque Works

Deere & Company initially embarked upon a program of chang’ng its design and
production methods in an eifort to siuplify a design process and production
facilities that had become overly complex. New products ook 7 yea:« to develop,
a time too long to resuit in competitive products. Material flow patterns within
the facility had become overly complicated and long and the in-process inventory
was too large.

Although the roots of the ckaageover can be traced back to managers in the mid
197Cs who had a vision of the role of quality in the future, the effort was sharply
focussed by a worsening financial situstion in the 1980s. At its peak in 1980,
Deere & Company had annual sales of $5.5 billion, and employed 61,000. By
1986, sales had slipped to $3.6 billion, and the number or emyloyees had been
reduced to 37,000. Earnings dropped from a profit of $228 million in 1580 to a
loss of $229 million in 19856.2 Deere & Company’s worldwide competitive
position had eroded in the face of stiffer domestic and foreign competition.

Deete & Company instituted a revised design and production svstem, the John
Deere/Group Technology System (JD/GTS). Group Technology recognizes that
many aspects of manufacturing share similar characteristics. By grouping these
characteristics, JD/GTS aims to maximize the utilization of equipment and
meanpower, to minimize work-in-process, and to enable high volume economies in
low-volume situations. This involves moving away from large functional, process-
based departments and divisions to individual smail departments and operating
units. These manufacturing cells perform nearly all of the operations on their

63. This reflects impact of a striks.
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assined part families and eliminate ireflicient cross-low among departments.
Tue ceils are flexible and allow the production line to rapidly react to changes in
marlket and internal needs.

In addition to JD/GTS, the Dubuque Works also changad to just in time (JIT)
materials management and undertook competitive benchmarking. Competitive
benchmarking involves the disassembly and analysis of competitors’ products to
determine what it costs the competitor to produce these products. Tte extent of
information sharing among competitors in this product field ailows competitive
teachmarking to function.

The management at the Dubuque Works found that to successfuily implement
JL/GTS, the utiiization and attitude of the personnel and the role of technology
had to change. The required organizational changes were identified and
ecccmplished almost completely using intemal resources and without outside
consultants. Reaction to the changes was mixed. Upper management and the
production line workers, including unionized labor, supported the changes.
Middle management, on the other hand, resisted the changes. Some middle-level
managers had o be reassigned or encouraged to take early retirement. A

significant re-education effort was necessary across the whole plant.

Computer technology was installed and integrated across design, production and
customer service. The Dubugue Works are linked throughout by a sophisticated
ccmputer network that Lnks a wide variety of transmission media (that is
broadband, Ethernet, twisted pair) that operates at diifering transmissicn speeds
and interface a variety of computer types. The network connects all the facilities,
inciuding the factory floor, power generating station, administrative offices, and

- design areas. Soltware and processes can be sccessed throughout the system.

Furthermore, the network is tinked to petworks at other Deere facilities.

The extensive networking allows a concurrent approach to product design and
ecgineering. Production engineers designing tooling fixtures access the same
databases as the design engineers who design the components to be assembled on
the fixtures. Changes by one engineer are instantly available to the other
engineers.

The Deere & Company approach recognizes that changes are inevitable. Rather
than imposing carly design freezes that resist change, only limited aspects of the
design, such as the fixture clamping points, are frozen. In this way, fixture design
and tooling can begin much earlier in the development process. Changes in
product design have mininal effect on tooling requirements. For example,
computer-controiled sheet metal cutters fashion components based directly on
CAD-developed design drawings.

Tooling fixtures are designed to be usable across product iines. In this way, a
production ceil can process more than one product variety without retooling. In
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the course of a day, subassemblies for different products can be mixed in tandem
on the line with no problem.

Deere & Company has developed an in-house, rule-based expert system to create
manufacturing data and numerical control (N/C) part programs for rotational
parts. The system runs on a UNIX ™-based cngineering workstation and uses
part geometry form product enginecrin as its input. Information from the
knowledge base determines the manufacturing method, selects the tooling
required from a tooling database and starts to create the N/C program. Operator
intervention is minimal and only required to override the method computed by the
expert system. The resulting data is automatically loaded to databases for access
by production personnel and the DNC system.

The Dubuque Works offer telephone-based customer support. Service shops and
dealers throughout the country can call in with questions that are fielded by a
cadre of Deere technicians. Customer concerns, problems and questions are
resolved and also entered into a database that is cross-indexed and available for
future reference. This database also feeds to the design and production engineers
who monitor it for possit:le design problems in existing product lines. The flexible
marnufacturing configuration permits a very rapid correction of most problems
flowing from a design flaw. In many situations, once the source of a problem is
identified, the production line can be immediately modified. The very next item
off the production line can incorporate the customers’ feedback.

The extensive use of networking and databases has permitted the almost
complete elimination of hardcopy drawings as the means for managing
component specifications. The information is stored and updated electronicaily.
The system automatically identifies all the drawings that are affected by any
change and that may need updating. This has resulted in fewer errors per
drawing, particalarly the errors that were caused by improper copying of numbers
between drawings or the failure to update all the drawings affected by a change.
Hardcopy drawings are generated only as needed.

The Dubuque factory has taken a cautious approach to the introduction of
oroduction 'ine automation. Rather than embarking on a whclesale transition to
robotics, thcy have targetesi the introduction of from four to six robotic systems
per year for the Dubuque. 'Works over the next 4 to § years. They avoid using new
products to introduce autorated tooling. Every modemization feature has to be
justified on its own, not simply because it will be used to fabricate a new product.

As a result of these changes, the development time for new products has been
reduced by 60 percent. The associated cost saviags were 30 percent. They
reduced =ugineering builds from 3 plus pre-production to pre-production only.
The ratio of indirect to direct employees is the best it has ever been.

BNCHNER - S BN & SN
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Standardization across product lines and homogeneous production and assembly
recuced setup time, changsover time, and parts in inventory. The number of
dilerent parts that had to be fabricated and stocked was recuced by 60-70
percent. The amcunt of work in process dropped so drasticaily, that the Dubuque
VWorks no longer use the acres of parts racks they previously nceded.

Some aspects of quality have improved. Products are more responsive to user
needs. Production line workers have assumed more responsibility for ensuring the
quality of their work. The company found that with multiple iterations of
inspection people tended to get sloppy. The early inspectors assumed that the
subsequent inspectors would catch defects, while the subsequent inspectors
assumed that the defects had been caught by the prior inspectors. The number of
inspectors has been reduced by two thirds. Cuality assurancs has taken on the
rcle of a preblem sclver rather than of a policeman. At abeut 1980, scrap and
rework costs decreased about 60 percent. Beginning avout 1982 quality standards
(for example finish, fit-up, tolerances) have been raised significantly while Lolding
scrap and rework costs level. Deere plans achieve further reductions through
design of experiments and SPC. After-delivery costs of quality (warranty and
service) have been constant. Programs to reduce these costs include the Dealer
Technical Assistance Center (DTAC) a center linked to the electronic design
database. Surveys of backhoe loader customers reveal expectations of an
additional 50 to 100 percent service life for Deere products compared to some of
the ccrmpetitors.
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A.5 Grumman

Company
Division

Location
Situation

Approach

Grumman Corporation
Grumman Aerospace Division
Bethpage, New York

Grummean formed a “task teaming” arrangement for the McDonnell Douglas C-
17 Control Surface subcontract. Teams were established by structure function as
opposed to individual control surface, e.g., Cover Team, Hinge Fitting Team,
Spar Team, etc. In other words, a team was not assigned to each end item
produced but worked on the same function for each end item.

Each team consisted of permanent members and part-time members as shown
below.
Permanent Members Part-Time Members
Design Weights
Stress Finite Element Analysis
Teoling Dynamics :
Numerical Control Materials & Processes
Drafting Methods
Master Dimensions Quality Control
Support
Reliability & Maintainability
Procurement

In addition a “team” of group leaders was formed to ensure communication and
to provide personnel handling and reporting required by Grumman’s matrix
management system.

The permanent members were seated around CADAM/CATIA work stations;
the part-time members and group leader team were scated in nearby central area
ard joined permeanent teams as required to input and approve designs. A central
area for drawing approval and release was also in the area.

Grumman is pleased with the results and feels that task teaming has helped keep
the FSED schedule on time and reduce the development risk. Benefits that have
accrued to date include:

e Reduction of engineering changes due to error by a factor of ten.
o Increased responsiveness to customer changes.

o Increase in morale of program personnel.

n
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Production benefits are not known at this stage of the contract tut no preduction
prcblems are expected.

Problems that arose and their solutions were:

a.

Preblem Insufficient direction of inexperienced personnel because of
dispersal of disciplines throughout various teams.

Sclution Teams were consoiidated to minimize the number of disciplines
with one or two members. Inexperienced personnel were placed in larger
teams and group leaders and lead people made an effort to maintain contact
with inexperienced personnel.

Problem No one person has knowledge and understanding of the overall
control surface because teams rotate to all surfaces to wozk on similar tasks.
Sciation Key members of the Cover Team were assizned to each control
surface ard were respousibie for overall coordination of tasks relating to
that surface.

Problem Potential for tedicus repetition of tasks.

Sclation Team members were required to communicate with other teams
and participate in the design and analysis of interfacing structure in addition
to primary tasks. Solutions to a variety of problems were required during
the 6 moath design phase.

3
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A.6 Hewiett-Packard Company
Ccuapany Herwlett-Packard Company .

Livision
Product

Sitoation

Action

All divisions, worldwide

HP designs, manufactures, and services clectronic products and systems for
measurement and computation. These products include computer products, test
instruments, analytical instruments, and medical products.

HP has typically enjoyed a good reputation for designing and manufacturing
quality products which meet the needs of its customers. Nonetheless, over the
years they have experienced rising customer expectations, excessive costs of poor
quality and increasingly strong quality competition. These forces have increased
HP’s attention to quality the past 10 years.

Several years ago, HP began implementing its new approach tc improving quality,
called Total Quality Control (TQC). HP defines TQC as a management
philosophy and operating methodology that is totally committed to quality. It
focuses on continuous process improvement through universal participation,
resulting in increased customer satisfaction. TQC means that quality control
efforts begin with the design of the product and are complete only with the
customer’s satisfied use of the procduct. Thus every function is involved in quality
control: the marketing group in providing an analysis of the need for the product;
the designer of the product; the vendor and buyers of materials; the
manufacturing and testing of the product; handling, storing, packing, shipment
and delivery of the product, the maintenance, reliability, and repairability of the
product; the market analysis of the user’s satisfaction with the product; and finally
the subsequent design and redesign of new products—the whoie cycle again.

There are five main components of TQC which join togeth.er to create a syacrgy of
continuous process improvement. If any one of the main components is missing or
lacking, the remaining efforts are fur less effective. Thess main components
include:

Management Commitment
Custnmer Focus

Statistical Process Control
Systenatic Problem Solving Process
Total Participation

Top management commitment in the form of Ieaming, understanding, and leading
the TQC efforts with a communicated, unwavenng purpose and management
involvement is critical.

Customer focus includes defining quality in terms of the customer’s needs,
listening to the voice of the customer, and transforming that voice into desired
prcducts and services. In addition, everyone and every job has a “‘customer”
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whose needs must be met.

The use of QFD to help transform cust ‘er requiremeants into better desicned
products is spreading thrcughout parts of bue with successful results.

SPC invoives the applicaticn of a wide range of powerful statistical tools and
techniques to help people understand, manage, and econemically improve their
processes and systems throughout the crganization. These tools include simple
tools such as process flow diagrams, Pareto charts, control charts, etc., to more
sophisticated techniques such as statistically designed experimests, reliability
analysis, ARIMA model forecasting, simulation, variance components analysis,
and others. Without these tools, TQC results would be severely limited.

A systematic problem solving process provides a mechanism for solving problems
in a sequential, systematic fashion. It is the pathway of continuous process
improvement. HP follows the Deming “Plan, Do, Check, Act” (PDCA) cycle.
Cther problem solving processes such as Xepner-Tregnoe also have been useful.
Further, standardized approaches to process documentation, review, and
traceability are used.

Total participation means everyone within the organization and everyone outside
of the organization who interacts with the company, such as suppliers, plays an
active role. This is accomplished through group training, conventions, publicity,
promotion, and so ferth.

As part of its TQC efforts, HP is working more closely with its suppliers. A
revised endor quslification program is being used. The TQC effort is underway
in various stages throughout al! divisions of the company. It begins with
management commitment, intensive training, application of the principles and
tools usually on a pilot project basis, and gradual spreadicg and reinforcement
throughout the organization. '

Management has begun applying the TQC tools to the process of management,
using the technique called Hoshin Kanri. In particular, Hoshin Kanri significantly
helps with the organization and execution of strategic planning issues throughout
all levels of the organization.

Many positive resuits have been recognized from the TQC efforts. There has
been a large increase in quality awareness and customer focus. Untold
improvements have been reccgnized throughout all departments and divisions of
the company. For example:

¢ The composite field failure rate of all HP products has decreased 83 ...cent
over the past 8 years.

o Scrap and rework costs have been drastically reduced in many divisions. One
wave scldering process reduced its defect rate from 4000 parts per million
(ppm) to 3 ppm. Gther areas have experienced reductions of §0-95 percent.
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e Manufacturing costs have been reduced as much as 42 percent.

o Parts inventories have been reduced as much as 70 percent.

e Manufacturing cycle times have been reduced as much as 95 percent.
¢ Product development times havz been cut up to 35 percent.

o Procuctivity has increased as much as 300 percent.

o Physical plant requirements, including floor space, have veen reduced
significantly in many cases. One division reported that it has increased
shipments 400 percent over the last several years without having to add any
fluor space.

e One fleld repair station reported reducing its repair turn-around time
&percent.

e The finance department at one division trimmed its financial close cycle
33percent.

o TQC applications in field sales operations have improved sales effectiveness.

The widespread, continuous use of the simple SPC tools has been critical to
achieving the gains cited above. In addition, the application of statistically
designed experiments has resulted in millions of dollars in savings. HP has
conducted thousands of factorials, fractional factorial, central composite, and
response surface methodology designed experiments over the past several years.
Very few of these experiments (less than 7 percent) have required any capital
investment. A few examples of documented savings include $1,000,000 in one
year warranty savirgs for one pruduct; $260,000 per year savings in a gold plating
process; 88 percent decrease in labor and material cost in another chemical
plating operation; $650,000 savings on a solder machine process; 75 perceat error
reduction in process in an automatic component insertion process; 35 percent
reduction in process development time for a product. HP has found that these
classical designs for conducting experiments do an excellent job of catalyzing and
rapidly advancing engineering knowledge, leading to faster technological
brecakthroughs and process improvements.

Throughout HP there is an increasing use of JIT (Just-Ir-Time) and Kan-Ban
methods of manufacturing. These methods have sharply increased manufacturing
quality and responsivencss to chang’~.g order quantities, and reduced scrap,
rework, inventory, floor space needs, and manufacizring cycle times.

Also, there is widespread use of New Product Introduction (NPI) Teams. These
teams include representatives from R&D, marketing, materials engineering,
manufacturing, production control, purchasing, production engineering, etc.
Their use has greatly improved the transition of products from development
through production and sales, resulting in far fewer manufacturing problems,
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fewer engineering change orders, and more consistent product performance for
the customer.

e Top manoyement leadership is absclutely vital to a successful concurrent

engineering eifort. Top management must educate tself first on the
pailosophy, prirciples, and some tools before it can effectively lead the effort
throuzh their orrsnization. Verbal support only will bring only minor
improvements. The quality management philosophies of Deming and Juran
have been excellent sources for HP.

Major improvements are obtainable almost immediately, but the really
monumental gains take several years of hard work and perseverance. At that
point, the rewards become very impressive.

The small, incremental improvements made everyday, with the help of
widespread application of the simple tools and an untiring focus on continuous
process improvement are what lead to the big, lorg-term gains.

It is easy to place too much emphasis on the tools and techniques when getting

_ started. The philosophy and principles are far more important to learn and

understand first as these provide the guidacce for applying the tools.

Many, if not most of the benefits and rewards are not measurable or visible on
the bottcm line. These benefits are unknown and unknowable, yet are
extremely importact to the visible gains, They include improved
(ommunication, increased ability of people to work together, enhanced
morale, more eifective use of people’s knowledge for the benefit of the
company, the multiplying effect on sales of a satisfied customer, the
multiplying effect that improved materials, procedures, processes, tools,
maintevance, training, etc. have on the production lines, and so forth.

The application of TQC is rot only bencfizial to manufacturing areas but
equally beneficial to administrative areas as well.
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A.7 Internetional Business Machines

Ccmpany
Locations

International Business Machines (IBM)
Poughkeepsie, NY and East Fishiill, NY

Psoughkeepsie, NY

Prodact
Function

Sitaation

Approach

Mainframe computers (IBM 30XX product line)

The Poughkeepsie mechanical packaging group provides design and packaging of
system power, mechanical, and thermal (PMT) for the 3090 product line. The
product development took place at the Poughkeepsie laboratory, the
manufacturing operations were accomplished at the Poughkeepsie plant.

The IBM 3090 has been, and continues to be, a successful product line. The
design group, however, was concerred about the high level of continuing prod:nct
engineering support needed for enginecring changes (EC) after the design was
released to manufacturing and the product passed the general availability (GA)
milestone (high rate production). (ECs can consume an effort equivalent to
redesigning the product several times after it enters production.) High cumbers of
ECs occurred despite a well established corporate policy of early manufacturing
involvement (EMI) in product development. The process was serial;
communication at the boundaries (between laboratory and macufacturing) was
not as effective as possible.

The Poughkeepsie laboratory, working in conjunction with the plant, established a
facility called the Total Concept Facility (TCF) where a team made up of
specialists from different disciplines concerned with designing, producing, and
supporting a product could work together throughout all the phases of product
design. The team included approximately 70 people, with heaviest participation
from development and manufacturing. Other representatives from marketing,
quality assurance, and field engineering complete the team.

Formation of a team was not a radical departure from previous practice. There
has been an ongoing practice of cross-assignments between management in
development and manufacturing.

Product development team memberz are co-located at the TCF and the
cooperative process is institutionalized. With the TCF, teamwork is more
continuous; manufacturing representatives participate in the product’s
requirements definition and conceptual development. At the TCF, team
members use three-dimensional (3D) digital models of the product so that
manufacturing representatives can visualize the design and plan the assembly
process.

Team members work together to establish requirements (the equivalent of before A
Milestone 0 for DoD). Requirements are the result of concurrently analyzing
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customer needs, lessons learned from IBM and competitor’s existing products,
and the results of an engineering analysis of “best cof the breed” capabilities.*
Rezquirements included firm targets for performanre, cost, and schedule. Factors
aifecting ease of installation, and goals for reliability,® availability, and
serviceability (RAS) are established. Performance cbjectives include firm targets
not only for traditional performance measures but also for part count reduction,
and lower assembly times and costs.

The process of establishing rcquirements is top-dowa both for the targets and for
the “best of the breed”. Desired functions are compared to product features,
manufacturing capabilities, and cost estimates. The process is not new with the
TCF, but it was donc with greater precision and to a greater level of detail than
ever before. Within the TCF, the first two phases of design, requirements
definition, and conceptual design, consumed approximately 25percent of the
eifort. Independent of the TCF, supplier/customer rclationships are established
early in .ae design cycle.

The laboratory established a CAD-tool development group to provide computer
support for the design and release functions. Conordination between the tool
developers and tool users (product dcsigners) was encouraged by having both
report to the same manager. '

The tool development group tailored a solid modeling system which had been
developed at IBM’s Yorktown Heights Research Facility. The tool developers
work closely with their customers (the development team) to support a de.”'n
system taat includes

o three-dimensional (3D) solid modeling,
o two-dimensional (2D) design and drafting,
-~ cable design und routing, and

packaging design (including databases that reflect experiences gained in
corzponent and part selection).

64. The “best of the breed” is a set of targets for quality, performance, price, e4se of installation, reliability,
svailability, and serviceability (RAS). The values are the -esuit of analyring individual features of
competitors’ products, projecting the expected advances during tue lifs of a product, and creating a
Lypothetical product which combines the best features from several sources.

65. Reliability of a new product at GA is required to equal or exceed the reliability of the product being
replaced. Firm fzed times for system irstallation (less thaa 6 hours) is viewed as an important customer
requirement.
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The design system has interfaces to manutacturing through soft-copy release, to
materials management through bill of material generation, and to a corporate
central file (CCF) that can be queried by engineers for daia on parts usage
throughout the corporation. The TCF developinent support system also provides
information for management tracking and support.

The proximity of the tool suppliers to the users allows rapid development and
tailoring of toolc. The first priority was to tailor design system to support PMT
design and packaging. Improved visualization resultiny irom use of solid
modeling had a significant impact on design quality. Development of feature-
based design support has been a major advance. Feature-based design systems
include knowledge about the attributes of generic components of a design and
rules that can be applied to select specific parts based on the values of their
attributes. Feature-based systems may also support the noticn of a hierarchy of
pieces and parts.

Using a feature-based system, designers synthesize a design by selecting generic
components and describing their attributes. The system screens its database and
presents the designer with a list of specific parts which perform the desired
function and satisfy the requirements.

For example, a feature-based system captures some sense of the verb “to fasten”
which includes a model of parts being fastened, an item to accomplish the
fastening, parts of the fastening item, their order of assembly, their relationship to
the parts being fastened (such as thers must be a hole for a bolt), and any
attributes of the parts that are important (diameter of a hole, diameter of a bolt,
corrosive properties of bolt and part being fastened, etc.).

Using feature-based design, an engineer might select some desired product
feature such as a fastener. The design system searches the database and provides
a list of all approved fasteners that could be used at a certain point ip the design.
The parts list will usually include only those parts satisfying some sez of design
rules. The engineer has the capaovility to query the system for information about
important astributes of the items on the parts list. Once the engineer selects the
items (bolts, washers, nuts, etc.) to accomplish the fastening function, copies of
those items become logically grouped as a fastener.

Tools are now being developed to provide process design support for the
production planners including early validation of the design and the process data
(including assembly and test processes). The principal use of the 3D product
modei is to allow the manufacturing repiesentatives to valiCate the engineering
design-for-assembly tcols such as these developed by Boothroyd and Dewhurst.

All design actions involving a particular preduct component are performed using
a single object in the database to re:yreseat that object; therefore change effects
are reflected throughout the system. For example, with power harness cables, the
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electrical design, the physical design, and the bill of material are ail linked to the
same object in the database.

COther changes at the TCF include assigning the team leader responsibility for
developing component manufacturing support for the product, prohibiting the
engineers who designed a component from assembling the prototype of that
compoaent, and requiring all prototypes to be assembled, using the proposed
release instructions, by a team which includes representatives from
manufacturing. Product design rules empheasize modularity and others
characteristics that simplify manufacturing, minimize the difficulty of
incorporating changes and improvements, and support tailoring system
configurations to meet customer demands. Manufacturing responsibility includes
fabrication, assembly, and test.

There is greater awareness of shared goals, successes, and problems. Efforts are
coordinated more effectively. The resultaat reduction in ECs led to a significant
reduction in the number of engineers supporting a product after GA. The time
from the start of the design cycle to product announcement has been reduced as
well. The time from the beginning of design until completion of product
engineering support has been greatly reduced. Fewer people were needed for the
design; product direct-labor costs were reduced 50 percent, and the process time
devoted to customizing products is down by 65 percent.

Although 3D representations are available, the team has deciced not to adort a
3D design product release. Although 2D design information is transmitted to
manufacturing via digital release, they believe paper, 2D design drawings will
continue to ve used on the production floor. Team members said that continued
research is needed for solid modeling, data structures, and algorithms for
handling very large (20-40 megabyte) models with reasonable interactive respons

tume. '

East Fishkill, NY

Product

East Fishkill produces common elements (masterslices) and components that
become the building blocks for devices, circuits, chips, and the first level of
packaging {substrate). A group at East Fishkill provides the requisite electronic
design system (EDS) tools for engineers to design customized applicatious for
masterslices and substrates. Other EDS capabilities (software tools) for card,
thermal conduction module (YCM), aad Clark Board (a board about ove meter
square with approximately 2000 connections) design are provided to IBM labs
world wide by teams from Poughkeepsie and Endicot. East Fishkill provides the
physical and logical techrnology and rules for designing circuits that will become
chips and substrates. At East Fishkill, computer-controlied manufacturing lines
produce Very Large Scale Integrated (VLSI) logic circuits. In the eariy 1980s, a
“quick turn-around” (QTAT) manufacturing line usiag more than 100 custom
designed tools was put in place. Currentiy, using a new state-of-the-art facility
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and EDS, users can convert an electronic design to # 1500 circuit custom
manufactured chip in § days. Designers at 25 locations throughout the world use
EDS to create design instructions which are sent to East Fishkill (and other sites)
where customized chips and substrates (and TCM’s and Clark boards) are

produced.

A team at East Fishkill supports the corporate-wide use of the segment of the
EDS that is used for masterslice and substrate customized design. They provide
normal system updates twice each year and, if necessary, they can provide very
rapid (3 cays) modification of the system. EDS supports logic-design capture and-
verification, test data genera‘*ion, physical design, and creation of release
interfac: to provide a complete acd unambiguous product description to

manufacturing.

Much of the design and production process has been automated. IBM has a
number of special application programs which operate on the electronic product
description to support design synthesis and design verification. There are also
application to provide an interface to the manufacturing facilities for

semiconductors from chip through system ievel.

Complexity in digital electronic design at every level from chip to system exceeds
the unaided abiliry of designers to cope with it. The production process involves
many steps, each adding cost and vaiuve. Design verification relies on software
tools and hardware testing; hardware testing alone is not suificient.

IBM began investigating automated d=sign environments in the 1950s. The
architecture for their present system, Electronic Design System (EDS), was
defined in 1970. They have a compreheasive set of tools to support both design
synthesis and verification. The physical architecture relies on a high performance
computer for data storage and detailed computation. A special purpose
computer that executes system-level simulations which are compiled from design
descriptions is used for simulations of large systems. Workstations, text-only
terminals, and intelligent displays are also included.

EDS provides for capture of the logic design and subsequent concurrent physical
(piacement and routing) and test design. EDS had its own language for design
description, but is migrating to EDIF and VHDL. Logic designs are created by
engineers using rule libraries. When test and physical designs are complete, they
are integrated into a release interface tape (RIT) that contains all the information
needed to wmanufacture and test the product. If all procedures are followed, the
RIT can be translated into production instructions within one day.

The logic design is distinct from the technoiogy design. Design synthesis uses
rules (that may be technology dependent) which are qualified and certified so
that, if a design conforms to all rules, then the RiT is “guaranteed” to produce a
functionally correct and manufacturable produrt. EDS produces a verifiable
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design but it is not cptimized. Designers generally do not optimize designs by
manually “tinkering” with the EDS cutput. They reiax or change tane restnctions
they had imposed on the cystem and resubmit the iogic design and relaxed rules to
EDS which produces a cew placement and routiny solution.

Design verificaticn is the most time-consuming part of automated design.
Simulation, timing verificaticn, and static analysis are used for verification.
Hardware simulators, special purpose computers that execute a compiled design
description, execute simulations 1,000 times faster than traditional software
simulations cn a general purpose cowaputer. As a rule-of-thumb, software
simulations require 1,000 hours to simulate ore second of system operation;
hardware simulators do the same in 1 hour. Test vector generation for fault-
detection is aided by a policy of using Level Sense Scan Destect (LSSD)) design
rules. These rules allow designers to overcome the complexity of testing
sequential circuits. Virtually 100 percent fault coverage is required for highly
complex, dense circuits.

Computer-aided design verification is used to detect over 90 percent of all design
errors. Manual inspection and kardware debug are used to detect the rest.

EDS is vpdated oa « routine basis twice each year. If errors are discovered in the
rules or if some charnge is needed, changes can be incorporated and implemented
on the produciion floor in 3 days. EDS is aa evolving system, both it and the
design process it supports are continually improved as I3M takes advantage of its
impressive in-house research capabilities.

When the 3080 was designed, the design process typically requirzd three passes.
Today, design is planned for two passes, and the goal is one-pass design. The
overall (digital electronic) design cycle has been reduced by 40 percent.

Although EDS has been developed internally to satisfy IBM’s needs, some
laboratories decided to use commercially available CAD tools. Some
commercially produced tools are admittedly superior within specialized domains.
EDS is migrating to a UNIX™-like operating system. EDS had its own language
for design description but is migrating to EDIF and VHDL.
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Company ITT Corporation

Division
Location

All
Worldwide

Approach The ITT Corporation formed a small corporate statistical group that researched

Japanese management methods, including true statistical process control,
Taguchi Quality Engineering including design of experiments, quaiity function
deployment, and multi-function teams. This group spearheaded a corporate-wide
effort of advocacy, education, and deployment of these methods. They initiated
pilot projects that won support from the CEO.

ITT has a continuing education program using in-house assets from the Statistical
Prcgrams Group. The engineer’s course consists of two sessions, each of one
week length. The first week prepares engineers to apply the methods. They
return to their regular jobs zfter the first session and prepare a project to
demonstrate the techniques learned. When they return to the second training
session, ti:ey present the results of their application to the rest of the class for joint
critique. :

The training program rclies on consultation from Taguchi tc develop hands-on
experience. ITT estimates that 2 years are needed to train someone to become
proficient in the new methods. They do not overly emphasize the theoretical
aspect of Taguchi Quality Engineering. The focus is on the practical: they teach-
tools and their use.

ITT reported that training engineers was not enough. Technology couldn’t be used
effectively if management philosophy was not supportive. Management came to
understand the role of variability in understanding the process. Eventually, both
management and the work force had to be re-educated.

A 2 day foundation course teaches the need for new ways of thinking about the
customer base, the association of quality and variability reduction, the control of
quality, fact-based improvemert strategies, the importance of supplier
integration, and management/work force relationships.

The cultural charnge that ITT is attempting to accomplish is difficult to achieve. It
has beeu particularly difficult to get middle management invclved in the change.
Continuous persuasion by top management, pushing—but not demanding—
acceptance of new ideas has been most effective. There have been skeptics. but
when convinced, skeptics have also been the most effective proponents of change.

The foundation techniques are the following:

o QFD to focus resources,
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o True SPC to manage processes, and

¢ Taguchi methods to reduce cost, meet schedule, and improve quality.

In 1982, cost analyses showed a 30 percent cost advantage for Japanese
automobile manufacturers. Ford Motor Company studied the Japanese
management methods and mandated that its suppliers, including ITT, adopt new
methods. In response to Ford, ITT started a pilot effort in the automotive group.
This effort lasted from 1982 until 1984. Based on the results of the pilot,
corporate headauarters decided to expand the trial of new methcds to include a
mixture of high and low technoloygy and volume applications. Several additional
five-month piots were started. The resnlts were favorable, and ITT formed a
small statistics group to promote the new methods throughout the corporation.

In the past 3 years, there have been 3000 Taguchi experiments. Ninety per cent of
these required no investment, and the results have been improvements of up to
50percent. There have been no true failures. Statistical process control has led
to the reduction and elimination of inspection with attendant improved yields.
The design cycle time has been reduced significantly.

These methods do not eliminate the need for skilled engineers, workers, and
managers. SPC and Taguchi methods are tools for controlling capital investment.

At ITT Avionics, producibility engineers and design engineers work closely
togcther. In mid-1986 they formed a new design engineering organization to focus
on product design and transition to producticn (this was about the same time the
Willoughby templates appeared). In May of 1986 they recognized cultural
problem in engineering when trade-offs i performance were needed.
Producibility, testability, reliability, and supportability (PTRS) initiatives were
defined. Operations and manufacturing formed a producibility organization.
Engineering and the producibility group formed a stable team. The team followed
a product from design to production by moving from the engineering spaces into
the manufacturing area as the procduct entered production. On one project m
early 1987, product engineering transition engineering teams were formed, they
injtially co-located in the design engineering facility The PTRS continued,
forming a detailed database. The design review process expanded to inciude
manufacturing, quality, logistics—all with veto power. Because people were
involved earlier, they cid not act as policemen.

Although electronic interconnection among engineers was possible, the team
made extensive use of personal interaction. Electronic teleconfereacing was used
for off-site meetings.

A communications network has been developed to link the design activities. It
will include local area networks and high spe=d data links between sites.
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Capture of desizn rules so they could be incorporated in design tools became a
~oal. Freezing on tocls was not a goal, stabilizing for 3-S year periods was
sufficient. Controlled tocl evolution was preferred.

The PTRS design guidelines were coupled with the product erngineering/ transition
team and the transition time was cut by 20-25 percent from an initial 24 month
schedule :

Manufacturing has aiso been expanded to include quick reaction manufucturing
(QRM). This activity will also involve the design team. The design team gets
experience on the preduction floor.

Process control is applied on the production floor. Critical parts of the process
now have on-line process control data capture and display. Process yields are
high. Eliminating or reducing inspection is the goal. ITT Avionics has been
selected by a tri-service group to be one of the defense companies att.1apting to
meet stringent DoD 200/WS6536 soldering specification on printed circuit beards,

threugh the use of SPC, thus eliminating the need for 100 percent inspection. Use
of SPC has shown a decrease of more than an order of magnitude (4800 to 40v)

defects per million.

Defect free manufacturing is essential to concurrent engineering and this
information is fed back into the design rule base.

Representative samples of Taguchi experiments resulted in:
e $500.000 savings by reducing rcjects.
e $12!,000 savicgs on tool costs.
¢ $1,100,000 annual sevings on a solder process.
e 28 percent improvement in power supply product losses.
¢ 397,000 per year savings in a traveling-wave tube (TWT) process.
» 25 percent reduction in ferrite coe bording production costs.

Cither gains from new methods are a 33 percent reduction in the design cycle for
an electronic countermeasures (ECM) system.

One study of QFD concluded that FSED could be eliminated, but there are
problems getting the voice of the customer.

IDA workshop and site visit

ITT Avionics experiences (quite typical for the defense industry) a £-15 year lag
between initial concept development and full production and field deployment.
They want to reduce this to 2 years.
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The fundamental coucepts of concurrcnt engineering (namely, cooperatior,
teamwork, trade-ofi of design features to achieve full life~cycle geals) are not
new; they have been used for 30 years or more. The problem has been caused by
cther factors and pressures resulting in desisn becoming a differentiated process
insiead of an integrated one.
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A.? NicDonnell Douglas Corporadcn

Compazy
Division
Locaton
Approach

Produoc:
Stwation

Resuits

McDonnell Deuglas
Adircraft and Astronautics
St. Louis, MO

McDonnell Douglas has a corporate renewal program that has been underway
since the early 1530s: they make extensive use of automation for information
storage and retrieval, design support, logistic support, and manufacturing
mmprovements. They use “‘natural work groups” (multi-furction iea:ns), piscess
control, csupplier performance measurement system, flexibie manufacturing,
computer-aided manufactaring (CIM). They have printed wallet-sized cards with
important facts about SPC, Deming, and Juran pius identification of the geals of
.FD and Taguchi methcds. They are sanding people to American Supplier
Institote for training.

Aecrospace, services, and defense products.

There was no mention of the type of severe personal event thut motivated raany of
the other companies. Instzad, the corporate renewal program was iciiiated by
the CEQ’s personal interest it continued corporate excellence. More cecently,
iritiatives frcm oD customers such as the Transition to rroduction (templates)
and R&M 2€60 provided additional motivatica for coucurrent cngineerirg.

McDonnell Douglas coinpiled a rsport of significant inprovements during 1987.%
Some of the results are reported below:

Auiomation Improvements

o TAV-8B Graphics Developmrent Fixture completed 18 months faster
than AV-8B. This savings was the resilt of using an electronic mock-up.
After 30 months, changes per Cumulative Drawings reduced by over 2/3
on TAV-8B compared to AV-8B. Imrproved engineering gquaiity is the
resclt of coordination possible with the electronic development fixture
and working with computer-aided design tccis. GR MX.5 Nosecone
preduced S months carlicr thaa original schedule also as a resuit of usiug
an electronic development fixture, T<45 (at Dougias) using the electronic
development fixture aind continuous checking of all reieases against the
electronic mock-up and had approximately 30 perceat fewer changes as
compared to paper drawings.

65. (Point of contact Susan Stitch E120/107/3/C1/233-0247.)
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e DPicliminary design for hijh-speed vehicles in 8 hours instead of 45 weeks
using a marual process.

¢ Reduced time to prepare the Approved fource/Quality Verified Prodact
List for NAVAIR from 511 hours to 148 Lours.

e Saved 50 percent in creating over 500 drawings for the Nuclcar
Technology Progran.

¢ Reduced depot turc-around time by 6-8 weeks by ciiminating papervork
in a system for customer initiated trouble reports.

¢ Automuted “Mcdular Power Subsystem Frogram” (NASA contract)
testing and saved $357K net. Parts traceability program seved
$G9K/year on the same effort.

¢ Consoligated Conipany Policies (CP) and Standard Practices (SP)
reducing CP’s by 51 percent and SP’s by 2.5 percent. The consolidated
system was brought on-line.

¢ Developed front-end for structural analysis psogram (NASTRAN) that
allows savings of 58 percent 1a przparing the data fer structural analyses.

o Use digital data according to the CALS concept is reducirg costs 25 to
3) percent and cycle time 20 to 25 percent in comparison to manusl
design and documentation systems.

e The automated composition system (ACS) when completely
implemented will eliminste ibe need for 64 preduction support people
and reduced procuction cycle time for document preparation and
publication bty a significant amouat.

e Support asset management systern {SAMS) spares ordering through
delivery reduced the need for 30 people in supply support department.
(There ure additional savings in other divisions.)

e Ccmputer-aided technical illustratious (CATI) for tecunical manuals
when completely implemented will reduce illusiration preparation times
by 2/3.

Teleconferencing Saved $40CK ir travel costs on the Tomahawk Program by

using teleconferencing.

Process Cotitrol Use ~f Applied Process Control on the Tomahawk Production

facility resulted in reduced failure rate for wire harnesses at the AUR level
from .85 perceat in 1535 to .21 percent in 1987 (3Q). Material Review
Records per parts compieted, raduced from 11.7 percent in Jan 37 to 1.4
percent in September 1987.
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Manufpcturing Control Svstem Improved maragemeant metheds reduced paper
costs by 50 percent on two manufacturing reports.

Sabcontract Natural Work Groups $5.4M anaual savings on Tomuhawx, 30
percent reduction 1n subcontract mansgement work force, 73 percent
reduction in paid overime, 20 percent reduction in hardware discrepancics.

Hidden Factory Costs Scrap and rework cost reduction efforts—compared to
1986—reduced rework costs by 29 percent, scrap costs by 58 percent, and
non-conformances by 38 perceant.

Procedurs! Improvements Improved system for processing Design Change
Notices (DCN’s) saved 34 percent of the time to process a DCN, using
natural work group suggestion for improvements to the Process Specification
System will save approximately 2000 manhours per year.

Expert System Using an expert system and participation by reliability and
maintainability specialists for reliability and maintainability trade-offs
during conceptual design gave improved producibility, reduced development
cost, and reduced life-cycle cost. Potential savings of operation and support
costs—60 percent. The effort was not any more expensive than traditional
methods. '

Other Gains

e Concurrent engineering (integration of reliability, maintainability,
producibility, aud Integrated Logistics Support (ILS) with design on-
project) resulted in the F/A-18 Hornet, which is demonstrating twice the
reliability and 1/2 the maintenrnce in the fleet compared to its
predecessors, the F4 and the A-7.

e V/e1d yield improved by 300 percent, defects per unit decrcased by 70
percent, reduced set-up time.

e One-of-a-kind reactor project using CAD system reduced bid price by
60percent, schedule by 18 percent, 63 percent fewer changes, reduced
scrap by 87perceni.

e High speed vehicle trade study using synthesis technology it less than 1
percent of the time for manual effort.

o Applied Taguchi methods to IR problem and reduced schedule by 83
percent
Site visit, briefings at the workshops and data provided by McDonnell Douglas.
McDonnell Aircraft Company developed a sofware package (MAS) under a

contract to V/right Fieid wiich provides an in-memory repcsitory for digital
n.odels and a eans of data manipulation to support CAD/CAM traasletion.
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Tty have also developed another concept called “parametric evaluation” that
allows them to store and integrate sarfuce end curve digital representaticns
created in any other CAD system. They use it for extructiig the necessary
properties frem Northrop’s NCAD system, Dassault’s CATIA system, and from
their own curve creation system. It al'ows manufacturers to access the original
data defirition. They believe that MAS and parametric evaluation are itaportant
clenents in enabling deta transfer and product information exchange.
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A.10 Northrop Corporatica

Compuny
Civision
Locaiicn
Sitcaticn

Approach

Northrop Corporaticn

Several

Various

Northrop seeks to achieve continuous improvemeni in the productivity of its
operations and the quality of its products. Database management has become an
increcasingly important part of this process as projects become more corzpieX and
as staffs are more dispersed. Decades ago, all the neople who were involved in
designing an airplane could work together in cae room. Since then, increasingly
demanding and complex requiremeats have caused enormcus growth in design
teams and resulted in increasing specialization—and physical separaticn 2nd
dispersion of the design team. Onc of the objecives of managing a cocmplex
project with a dispersed staff is assuring the use of a common database. No one
should be wasting time or materizl because of late or cutdated information.

Previous processes of desizn, manufacture, and support were essentiaily ma.aasl
ars clow in responding tu changes. Information was passed manually on paper
between major departments, and this process allowed error to propagate threugh
the data. Even with the best drawing and checking systems, des'gn flaws have
existed on cvery weapon system, and remained until confronted in munufacturing,
lab and field test, and, worst of all, after deployment. The later in the process that
filnws were detected, the higher the costs of correction. Mauy flaws and errors
would cost so much to correct that they are left uncorrected—with accumulaled
major adverse impact on R&M, readiness, and life-cycle cost.

With all the dispersion of the design teams, they still can and must obtain the
benefits of integrating all the various life cycle requirements into the initial desin.
R~cent advances in computer technology enable Northrop to do that oy bringing
everyone back together under one roof, electronically.

Northrop’s approaches to achicving continucd improvement in quality and
productivity have included three important thrusts: electronic product definition,
phased parallel release, and statisticai process control. The first two of these had
to be dzveloped in beuse to ensure timely availability to meet the needs of

company programs.
Electronic product definition consists essentially of developing a ccmputer
darabase with all the information needed to build and support a product. Taere

are several advantages to such ap approach, e.g., extreme accuracy, but perhars -

the ruost important advantage is the reduction in errors and wasted effort. This is
brought about by having a sipgie, integrated database so that everyone—
dasigners, manufacturing ecgineers, lugisticians, etc.—can work with a cormon
databass from the teginning. Because this database is being updated ccntinnaily,
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the latest versior s available almost immediately to all users.

The object of phased parallel release s to introduce considerations of
‘ B menufacturing, material, quality and iogistics support into the front end of the
$ : design process, along with engineering. Representatives of these disciplines,
collectively and in parailel as members of tiie product definition team, develop,
exchange, investigate and completely define tiie data required to produce and
5 support the desired procuct. This collective effort creates an eavironment
1 enabling cnntinuous improvement of the processes iavclved in developing and
I maintaining & weapon system.

e i arn

Resuits

Example 1

Through the parallel release meetings, it was realized that the manner in
which buikhead designs were being prepared could be streamlined. It was
noted that before implementing parallel release, the standard approach to
preparing bulkhead designs was to prepare an assembly design and a wire
frame model. After reviewing this apnroach it was decided that these two
activities could be combined into one detail activity design. This change in
design methodology, combined with applying the parallel release approach
throughout the product definition process, resulted in a total reduction in
bulkhead design time from approximutely 13 weeks to 6 weeks. The overall
average savings for direct and indirect organizations totaled approximately
30 percent.

Example 2
All of Northrop’s manufacturing divisions have used statistical process

controls, in some cases routinely for decades. We have found them to be
esseatial tools with significant payoffs in improving the yields of company
processes, as well as improving the quality of the material we procure from
subcontractors and vendors. One division achieved a 41 percent
improvement in the quality of material procured from subcontractors and
vendors over the past several years, and they project a further improvement
of 47 percent.

Statistical Process Control (SPC) Taguchi techniques for process
improvements are now being formally taught to Northrop engineers in
several divisions, and we expect significant expansion of the use of these
techniques in routine development and stabilizaton of certain types of
manufacturing processes.

The benefits derived thus far from examination of statistical process
control, Taguchi methodology and quality function development have been
integral to the prime objective of increasing quality at least cost to both
customer and contractor. Northrop implemented variability reduction

$2)
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orogram (VRP) techuigues in commercial and military projects. Special
empuasis is being directed to advanced aircrait and missile programs.

Tae foilowing are some examples cf benefits realized to date at Northrop
Aircraft Division:
o In central fabrication Nortiuco applied SPC to a aluminum quench oven
operations. The automation provides precise data acquisition and
immediate access and control of all phases of the process.

o SFC application in a new lubrication system precludes heat build-vp and
increases tool life. ln stretch forming, disc sanding, and drilling, a 50
percent quality improvement has been realized.

¢ Ar automated machins tool cleaning process with SPC eliminates debris
ard defects on cutters, resuiting in production of conforming machined
parts.

e Several SPC pilot projects are currently in operation at the Aircraft

Division. They include boring mill cperations for side-orace and wing
attach holes, fuselage center section skin preparation and composites.

Exampie 3

To reduce the variatilities associated with the design and manufacture of
advanced ECM equipment, Northrop’s Detense Systems Division (DSD) is
employing techniques ranging from integrated computer aided
design/computer aided manufacturing (CAD/CAM) systems to SPC
techniques.

These projects fit an integrated manufacturing strategy which is to integrate
proven flexibie manufacturing systems for cmall lot size and £.equent design
changes. The division’s systems approach has been developed in line with
the Air Force’s integrated computer aided manufacturing approach of top-

“down planning and bottom up implementation.

Computerized models develop system requirements and aid the process of
defining appropriate architectures and circuit elements to satisfy customer
requirements with reducea design variability Other models are
preprogrammed with detailed design rules (piece part derating, part
tolerances, part parametrics, etc.) to prevent, at the earliest possibie stage,
design variations that would affect net only first time success but design,
bmild and performance repeatability.

The major thrusts cf DSD’s efforts include:

o A new CAD/CAM system in place to provide automated work
instructions to the factory door. This integrated computer system
standardizes the format for process documentation in manufacturing
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engineering. The ccmbined test and color grarhics of work instructions
are validated for accuracy ard configuradon contrel and then sent to the
] factery floor terminats. Operators nse this paperiess system to build
) j’ avionics equipment.

e Paperless systems incorporating bar coding and or-line computer
teporting are being introduced to the factory flcor. The data coilectizd at
ihe cell controller level are tue basis of cur SFC plaa. Tae systems
redice variati~os in data collection and reporting through improved data
inicgrity. Caly validated 2nd current information is made availatle for
preduction materials trocessing.

; Exampls 4

j Studies showed that implementation of a prednct detinition enabling
: tecinology could reduce engineering cheugz activity es well as change
activities in the areas of NC part and teol prograznming, tool design, tool
fsbrication planning, and materal ordering. After anslyzing recductions
associated with the direct charnge activity, other support crzanizations
realized indirect savings in the operation of their functions. Exampies of
savings include 16 perccnt in part and tool fabricatica planzing, and 24
percent in configuration management.

Example § :

The major benefits of electronic produst definition include 100 percent
ckange incorporation. the ability to make charges mere quickly, increased
precision, better firs: tits of structure, tubing and wiring, simpiification or
ciimination of meck-ups, faster pumerical controlled machine
programming, etc. Electronic product definition has resulied in a 40 percent
reductioa in the time required for NC programming on a control surface. it
has also decreased, for exampie, the defect rates on tubing fit in
mancizcturing from as high as 40 percent to 3 percent, a 13 to 1
improvement.

Summary Phased parallel reicase, electronic product definition and, statistical process
control are being applied on several Northrop programs. As & result of the majcr
benefits already achieved, Northrop is working to eahance these and other
concurrent engineering processes and extead them to additional programs and
products. Through these and similar processes, Northrop is committed to
continued use, and «xpansion cf, concurrent engineering concepts and tcois to
achieve continuous improvement in productivity and quality.
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A.11 Texas Instroments
Co.npany Texas Instruments

Division

Sitnation

Defease Systems & Electronics Group, Plave, Texas. Provides electroric
systems for classified anc uaclassified weapcns system programs. System
integrator for HADM missiic aad other systems.

Texas Instruments has been pursuing a strat¢gy thst integrates design and
manufacturing automatioa, qaality and producibility objectives. The drivers are
the need for competitiveness, cost reduction, and customer satisfaction.

Approach Texas Instruments repo.ted cight initiatives that are closely related.

o Thzir qualily and reliability assurance i{uncticn has progressed from

traditional imspecdon as a means of sepernting good parts from bad to a
svstem of contrul ‘o ensure the stability of the process. They now use
Statistical Process Control (SPC), quality improvement teams, and work with
their suppliers to improve the quality of inconiing parts.

They instituiad an education program consisting of sending 800 managers to
Phil Croeby’s course in Florida. These managers monitor in-house courses
based on the Juran Tapes to all exempt employees. Five years later, they
started a series cn Taguchi methods using both Americap Supplier Instimte
(ASI) and iniernal scurces. They are familiar with the concepts of Cuality
Function Deplcyment but recognize the difficulty discerning the DoD
customer’s requirements. They supported The University of Texas at
Arlington in developing a graduate course in Design for Quality and
Psoducibility in respease to the Willoughby initiatives as one example of their
academic invoivement.

They expended their instituted pelicy of providing representatives from
engineering specialty arcas to inclede Producibility and Testability with the
already established disciplines of Reliability, Maintairability, etc. as part of
the Product Design Team. These members perform three functicns:
conclusive advice regarding their functional specialty, education for other
desizn-team members ebeut their fanctional specialty, and automated tool
design for computer-based tocls to assist in performing design support telated
to their functional specialty.

They bave internal R&D initiatives to provide automaticn support for
integrated enginesring. Their strategy and weli-developed plan have been in
place for some time.

They have implementsd a master parts library and an integrated perions!
werkstation to support concurrent design.
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o They have invested, and will conticue to invest, in improved hardware for
rroduction and test so as to be able to include advanced technology such as
surface-moust technologies in their designs.

e Expert system for many design support functions are being developed.

o The JTAG boundary-scan design architecture is being adopted and Texas
Instruments will include hierarchical testing as a design concept.

The cost of quality prgrams has decreased significantly. Exact data is
proprietary, but the relative improvement is about 80 percent. There Leve been
improvements in purchased parts (39 percent), number of chunges in microwave
modules (75 percent), and metal fabrication prices (72 percent). The
incorporation of Design for Producibility engineers saved $3,000,000 in one
program over the first three production lots. There have been reductions in
engineering change notices (ECN’s) per drawing (estimated 1/drawing) and an
8:1 improvement in analysis time for producibility time for producibility
evaluation of printed circuit boards and componeats through the use of a local
automated Component Analysis System (CAS). Based on MIL-STD-275E, CAS
is a fully integrated analysis program and component database containing
physical dimensions, producibility, and layout/shape code data vn 25,000 part
numbers. It bas been used on 1,000 analyses. There is a goal of reducing design
time for the advanced microelectronics packaging cycle from the present 25
weeks to 19 weeks in 1950 through application of system integration techniques,
including in-circuit test integration, part data ioad, factory interface, and data
control.

Regulations and Specifications It is estimated that redundant or unnecessary
government quality regulaiions and audits add significantly to the cost of
Guality engineering at TI. In one example the flow-down of first and second
level specifications from one contractually rsferenced source was 1,300
specificaiions whose average age was 11 years.

Requirements Difficulty in ectablishing a dialogue concerning requirements
(voice of the customer) is the princip:1 reasou QFD is not used more in TI.

Opinions on T2chnology The mere existence of design automation tools does not
meen that useful results will occur. There needs to be a design automation

methodology along with the toolset in order to achieve the potential of the
toolset capability.

Miscellaneocs

o Premature drawing release often results from unrealistic contract
schedules or late changes in system requirements.

96
UNCLASSIFIED




@l

Appendix A UNCLACSIFIED

e TI has a family of design guides including 12 producibility guides and
7checklists.

o Wave soldering is a topic that is drswing a lot of attention. Texas
Instruments is partiziniting in a Tri-Service effort to climinate 100
percent inspectior: requiremsrts trom DOD-STD-2000.

¢ Surface mount technoiogy is not incotporated into more designs because
engineers perceive it as risky tased on cost and capability delta 2s more
convertional methods remain competitive.
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3. METHCDS AND TECANOLCGY

The methods and technolcgies of concurrent engineering are described in this appendix.
The level of detail of the presentation is intecded to provide an introduction to the concepts.
The discussion follows the format established in the body of the report: engineering proc=-s
initiatives, computer support improvements, and fermal methods.

Informative in nature, this appendix is not a recommended plan for the DoD or for any
particular company. Each company should be free to develop its own plan for improving
their product develcpment, production, and support processes. As a customer, the DoD’s
primary concern is that the plan provide systems in less time, at lower cost, and of higher
quality. These are ways that other companies have achieved these goals.

B.1 Engineering Process Initiatives

The first requirement for achieving success in concurrent engineering is support of
management. Concurrent engineering involves the integration of contributions from diverse
specialists. Where it has been successful, much of the credit is attributed to the involvement
of seaior management in establishing the goals of improved quality, cost and schedule; in
forming the teams of qualified people; and in providing the teams with the necessary tools.

B.1.1 Multifunction Teams

Multifunction teams are one method of facilitating the optimization of all important
measures of a product’s function—performance, producibility, case of maintenance,
reliability, cost, and quality. Management forms a team of members who have specialized
knowledge in differsnt portions of a product’s life cycle to concurrently engineer both the
product and the downstream processes for production and support. Involvemext of these
pecple in the design, particularly in the early stages, has been'shown to reduce the time for
total prcduct realization. For example, the participation of repres~ntatives nf the
manufacturing or production branch has resulted in designs that can be produced with iewer
modifications. In one company, even the prototypes are produced by the produciion facility,
not by a prototype shop.

Formation of the multifunction teams varies among different companies. Some
organir .ions form prccess-oriented multifunction teams, and others product-oriented
multifunctior: teams. Membership on the teams may remain fixed or it may vary over the life
of a product. Teams are usually co-located, but the locaiicn can change as a product moves
from design to production. Because personal communication is such an important feature of
this mel..od, the teams are usually small (fewer than 12 peoplc) Multifunction teams have
been used on weapons systems for at least the last 15 years.’

In oce case, [3eifert [1! ] teamwork was evaluated by the participants as being the most
important factor in one large company’s successful productivity improvement program. In
some organizations, team members who represent production divisions are selected directly

67. Multifunction task teams were used to design the F-15.
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from those divisions. Other companies have created a new specialist, the producibility
engineer who patticipates with the design team. One company using such a specialist said
that communication skills were one of the most important qualities for a person to be
considered for such a position. A common observation is that use of multifinction teams
improves the ability of designers to create subsequent designs that incorporate from the start
features reflecting down-stream considerations.

B.1.2 Design Documentation Menagement

This section provides a description of the method of design documentation management
and its relation to concurrent engineering. Design documentation management refers to the
procedures used to specify how designs are created, analyzed, verified, modified, and
approved. Design documentation management is a necessity for any design effort, but with
concurrent engineeriny it becomes more challengirg. Because concurrent engireering allows
people who have a functional specialty other than traditionai design to participate in the
design process, it must also allow them to have access to the collection of information called
the design.

A design is created and refined over some interval. The process cf creating a design and
recording it as the design includes some amount of trial-and-error experimentaticn. Different
alternatives are tried and discarded until a solution is achieved. The challenge of design
documentation management is that the process must allow freedom for the engineer to try
pew alternatives while maintaining control of who is allowed tc alter the design and when
they are allowed to do so. It also concerns procedures to select one version of the the several
optious that are being evaluated and to designate it as the design. During concurrent
engineering, design documentation management must resolve the tension between allowing
team members to have access to the several alternatives versions of the design so that they
can evaluate its features with respect to their special concerns and the need to avoid
generating excess work by members who may be evaluating alternatives that will only be
discarded at a later stage.

 Design documentation management is included as a method, not as a technology,
because it is needed independently of whether the design process is automated. If the design
process is automated and the design is maintained in a CAD/CAE databace, then there will
be a requirement for . technology to implement the techniques of documentation
management. In any event, the method described here must include a specification of
procedures to be followed by the individuals who are participants in the design process.

B.1.3 Tracking the Requirements

This section provides a description of the methods used to associate weapon system
(product) and process features with the requirements (the customer’s voice). We sketch the

- issues and briefly describe one systematic technique of capturing the requirement and

mapping it into the early design.

Implicit in the preceding discussion on methods to measure, design, cptimize, form
teams, and manage the data is the assumption that the developer understands what is
needed—the requirement. In practice this assumption is not always satisfied. For weupon
system development, in particular, the “customer” has many diverse interests. Procurement
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agencies, operating commands, support organizations, ard research facilities all have stiztly
different objectives. Although various acquisition reform initiatives may attempt to improve
the ability of these diverse communities to seach -ouscnsus of the common goal, the methods
discussed here assume that the process is operating in th= existing mode.

The first requirement is 10 capture the “voice of the custormer” (VCC) in terms that the
engineer can understand. This is not the same as translaung the engineer’s concept of the
reed into a presentation intended to arouse the customer’s desire for a better system. During
the several workshops that were part of this task, participants clearly voiced the opinion that
capturing the VOC is both necessary and difficuit.

Multifunction teams may be used to capture the VOC, but represertatives of marketing
will usual'v take the lead role. Although surveys may be used at this stage, evidence exists
that surveys may capture information that is somchow biased. The “Blue Two” program
sponsored by the Air Force allows enginee:ss to spend time in the field performing
maintenance on ficlded systems. Seveiral companies that participated in this program report
that it is an excellent vehicle for communicaticg scme of the user’s needs to the engineer. At
least one company is conducting supportability ewareness training for designers who wust
perform maintenance tasks whilc wearing chemical warfare protective suits.

One formal technique for capturing the user’s requiremeats and mapping them into
product and process paraweters .s called quality function deploymeunt. Cuality function
deployment, or QFD, originated in Japan and has been practiced there since the mid-1970s.
It consists of techniques for creating and completing a series of matrices shcwing the
association between specific features cf a prodrct and statements representing the VOC. It
is taught in several versions, notably Macabe’s four matrices chowing product planning, past
deployment, process planning, and production Iplam:ing; Fukahara’s House of Quality
approach; and Akao’s matrix of matrices. [King (]

QFD uses teamwork and creative ‘‘brainstorming” as well as market research to identify
customer demands and design parameters. The correlation between the demands and the
design parameters is ranked and pormalized. Parameters of competitor’s products are also
identified and ranked. The top-down design process continues as functions, mechanisms,
failure modes, parts and subassemblies, new concepts, and critical manufacturing steps are
identified and traced to critical custcmer demands and competitor’s p--oducts. Matrices are a
means of recording the information to show correlations. If the customer demands are the
rows of a matrix and product features are the columns, it is possible to show positive and
negative correlations among the product features in a triangular table above the matrix. The
triangular table, atop the matrix resembles a roof, hence the term “house of quality”.

In the United States, QFD techniques are taught by several organizations including the
American Supplier Institute {ASI) and GOAL/QPC. The House of Quality technique is
more widely known among U.S. ccmpanies. [Heuser (3, Sullivan 1 | One of the reported
advantages of using QFD is that it reduces changes as a design enters production and it
decreases the time needed to get a design into production. In one widely reported case,
[Hauser 1] a Japanese automaker using QFD was able to reduce start-up costs by 20 percent
in 1977, by 38 percent in 1978, and by 61 percent in 1984 when compared to their experience
before they began using QFD. One of loyota’s suppliers reduced the number cf ¢ngineering
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changes during producticn deployment by more than half.

Some U.S. companies have developed their own techniques for estudiiching the
r-quirement and tracslating it into prodact features. Responding to the streng gnidance
contzined in R&M 2000, McDonnell Douglas Astronautics recently formed a multifunction
task team for the SRAM I competition. Using locally derived natural work grcups they
translated reliability ard maintainability requirements (topics that had been traditionally
viewed by many engineers as ‘“‘emotional issues”) into identifiable and measurable design
characteristics.” At least one company is reported to have created a special facility where
potential customers can validate their requirements in a system that is designed to capture
and compare needs independently of the rank or seniority of the proporent of a particular
statement.

Both QFD and ad hoc techniques are being used. Companies tta: -1se OFD in the U.S.
are gaining experience by progressively applying that technique to more complex design
problems, i.e., part, assembly, subsystem and system designs. Although QFD appears to
offer substantial benefits ia the design of complex systems such as military systems, the
application of QFD to such tasks has not been publically reported. Whether QFD can be
applied to such systems is an issue to be resolved.

B.1.4 Process Design

This section presents methods of designing and deploying a process. Each company
contacted has historically defined various steps to be performed in the production process.
The detailed description of the production process can be traced [King [ ] to Frederick
Taylor’s studies of manufacturing in the early 1900s. Engineers, particularly industrial
engineers, dcsigned procedures used in manufacturing processes. Once these procedures
were translated into steps that the supervisors and workers could uaderstand, the task of
managing and improving the process became feasible. In many successful organizations
manufacturing processes are described using what Deming calls “operational definitions™.
Operational definitions tell the workers what is to be done in unambiguous terms that provide
a way io verify whether or not the procedure is correctly followed.

The adoption of formally specified steps for the design process has been a mcre recent
developinent. Design process has been more difficult to describe. Not only do design
methods vary among companies, they also differ between different divisions in the same
company. Because design has been perceived as an inherently creative process, there has
also been some resistance among practitioners to reducing the process to anything that might
resemble ar automatic procedure. In some instances there is insufficient knowledge and tools
for manufacturing design, lack of accurate data on field failure modes, and inadequate
performance models of the product and production systems. [Whitney 1] Although tools to
support product design synthesis and analysis (at least parts thereof) are available,
describing a process 0 concurrently design the product and its production process (much less

68. “The McDonnell Dougles Concurrent Design Experience, A White Paper,” prepared by the McDonnell
Douglas Astronsutics Company, St. Louis Division, identification code 2604D, p. 5.
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its support sysicm) is a formidable challenge.
ppo ) g

Despite the obstacles, both government and industry have made progress in discovering
better design methods. The DoD and the Services bave provided some guidance in DoD
4245 7-M, Transition from Develocpment to Production, NAVSO P-607! 3est Practices, and
R&M 2000. The rescarch community has several initiatives (e.g., Merchant (1 | and
DARPA (1) for improving  roductivity ad many of these are concerned with the problem of
improving the design process. The Strategic Approach to Product Design [Whitney (1] and
various company initiatives both to implement the “Best Practices” and to improve on exiting
procedures are further examples of efforts in this area.

One company’s experience, as presentz=< to a workshop, was particularly informative.
They discovered that althongh a written procedure for system design was avaiiable,
adherence to the written procedurc was so isconsistent as to make improving the written
procedure an impractical task. Instead, upon deciding the best way to accompiish the design,
they recorded the new procedurc as their baseline. Incidently, they are pleased with the new
procedures.

AT&T developed [Ackerman ¥ | u set of simple management guidelines, Process

Quality Management and Improvement (PQMI), to simplify the iask of crganizing the
improvement activities. Central to the PQMI guidelines is understanding one’s own process,

customers, suppliers, and ihe related inputs and outputs (see figure B.2). The guidelines -

show how a varicty of comron techniques, such as block diagram, cause and effect diagram,
control charts, and Pareto diagram, can be used for defining the processes, the inputs and
outputs.

AT&.T has applied the PQMI guidelines in a variety of “white-collar” processes, such as
voucher processing, billing, accounting, and management of haxdware and software
development projects. The structured approach of PQMI has led to reduced “fire fighting”.
clarification of work priorities, rad prevention of problems.5’

The PQMI guidelines include a seven-step process and list the tools and techniques that
have been found ¢o be most useful at each step. The seven steps are:

1. Establish process management responsibilities.

Define process and identify customer requirements.
Define and establish measures.

Assess conformance to customer requirements.
Investigate process to identify improvement oppcertunities.
Rank improvement opportunities and set objectives.

A o

69. We are indebted to Madhav Phadke for this informaticn. “Fire fighting” is AT&T's term for crisis
managcment.
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7. improve precess quality.

There is cousiderable divergence among cempunies recardiug how they describe their
design wrocess, but the companies renorting success in concurrent cagineerieg have made a
conscious effort 1o examine their process, to establish a measure of its effectiveness, and to
couvince at least scine of ti.e key people to continue to improve thai process. All of these
cowpanies are practicing at least some of Deming’s 14 points. [Demirg[©]

An issue concerning the process design is the degree to which the DoD, in pursuit of
legitiinate concerns abont poor'v designed or controlied processes, should specify kow a
contracter should design and control its internal processes. The consensus of experienced
iudividuals both in DoD and industry is for DoD to avoid sp-cifving #ow and imprcve its
ability to define wkat is needed.

B.2 Computier and Ciher Technology Support

This section contains information about technologies that are essociated with concurrent
engineering. Although several companies were very clear in saying that new techaclogy is not
needed to practice concurvent engineering (or to achieve the fourfold goals), this sacticn
focuses on twoe classes of tectinoiogical improvements: those associated with information and
communication, and the class of technologivs that cailed production technology. These
technologies :nay already exist but with Jess than desired capability, or they may be research
tepics. Concurrent eagiaeering isn’t deperdent on their deployment. Their development and
deployment wiil, however, promcie more rapid acceptance of concurreni ergineering and will
improve the efficiency with which it is practiced.

B.2.1 Information Management and Communication

The first class of technology includes the means to capiure, represent, present,
maaipulate, and integrate information about the product design and tae design of the process
used to produce it. It may include information about the process used to design both the
product and tae process. This class also inclndes technology needed to deploy the
information to the design team member’s workplace.

3.2.1.1 Information Capture

Information-capture technology includes software and hardware that the designer uses to
represent the original design concept and all its derivatives. It includes the means of
capturing information about the process used to produce a product, information about design
rules, and information aboui dowastream effects of various design alternatives. It also
includes the technology needed tc filter and condition the data that produces this
information.

Information capture technolegy has been recognized [NCMS ], Merchant 191 as a high

priority research topic.”™® At least one of the companies that pacticipsted in the workshops

70. Sepsor-based control of manufacturing equipment and process was ranked s the highest priosity
research topic at the March 11-12, 1987 National Science Foundation Workshop.
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telicves the devclomment of lessons learned databaces is one of the racst important
improvernsnts necded fcr concurrent engineerics,.

infermaticn capture includes real-time captre of informetion by szosors ss nart of
measurivg process capability and ais~ on-line data capiwe. Aiter raw daia has been
collected, it must be filtered and conditioned to be usefu! ‘or many decisicn processes.
Techniques of £iltering data so as to ereaie a knowlcdge base are research topics.

A current example of inforrastion cepturs sofl. -are is the Desizn for Assembly Toolkit
by Boc throyd Dewhurst, Inc. This software swstoo3 is used to carture the structure of a new
prodnct concept 1n crder to ussess the peasiSiviizs for pait esuat reduction aed to identify
future problewns in assembly proceases.

B.2.1.2 Iclormation Represcntation

After information has tesn captired and Gltered it must be stored in a form tha: germits
it to te used by a varicty of software tools end cn a rumber of diderent hardware dsvices. .
Stendards for representing data sipport this capability. Amceng the types of standards that ;
have been helpful {or data representation are such weli-known standards as the ASCH '
characte: codes, standards {or desizning devices such as the JTAG boundary scan or LSSD,
and standards {or represcnting data that are exchanged such as ASN.1, ' %

- e B s s

Additional work is needed to develop common standards for representing engineering
information. Several workshop participants descrized the DoD Computsr-aided Acquisition y
and Logisucs Support {CALS) initiative and the Product Data Exchange Specificution :
(PDES) eifort as very promising programs in this area. Standardization efforts are al-o teing
concucted among inicrnational bocies, for example 1SC TC124/SC4/WG1 (International
Standards frganizaiicn Techaical Committee 184, Snbcomumittee 4, Working Grouwp 1) is
developing a tolerance ziodsl. Their July 1987 worldrg psser (Document 2.1.1.0) notes that
as coninuaication of product definition data comes to rely con digital com:runication instead
of enginesring drawicys, the impo:tance of providing unambigucus digital medels increass=s.

Closely related to staadards iur represeating, but at a slightly more abstract level, the
concept of modeling provides a techainue for supplying cemantic meaning for an item of
information. Mcdeis of producis ard processes may be represznted as conceptual schema,
or taey may appear as mathematical expressions. Accurate models promote understanding
of the process and simplify creation of integrated systems. Creation of information wuodels is
more difficult than defiring two-way exchange st2adards between systems that already share
tbe same information mcdel. Consequently, many r2searchers consider it to be an essential

first step. i
B.2.1.3 Presentaiion '

After information has been centured, assuming it can be represeated in a useful form, it
must be presented to the members of the design team in a clear {ocrmat. Presentation
technologies include graphic displays ard their soitware, 3-D and solid modeling languages,
color displays, paper, and telecoaference facilities. They also include standards that support
development of distributed and transportable presentation packages. The X Window
[Scheifler 1% ] system is gaining acceptance as a standard for a window system that can be
implemented on different computer systems in a retwork. It zilows applications programs to

ky

i kil Sl
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develop a common interface to windows throughout the network.

Teleconferencing has also been used to support the prescantation of information to
geographically distributed members of a design team. One company thst has used
teleconferencing is pleased with the results but they do not believe teleconfereacing will
eliminate the need for face-to-face meetings.

Effective presentation must also extend to hard copy printouts of design or process
analyses. In some cases, paper or simple voice communication can be more effective than
electronic transfer. One large manufacturer reported that although :lectronic transfer of
design data to the factcry was possible, paper was used because it was easier for the people
who inad to use the information.

One software package” produces a structured print-out of the product design,
illustrating the relationship between final assembly, subassemblies, sub-subassemblies, eic.
The structure forms the basis for illustrating the distribution of assembly and manufacturing
costs asd also for identifying possibilities for product simplification.

B.2.1.4 Munipulation

The design process requires mure than just capturing, storing, and retrieving
information; it requires that some vaiue should be added to the information. The value
added may take the form of design synthesis, functional decomposition, or analysis of design
objects. During concurrent engineering, the value also includes creation of models of the
downstream processes that produce and support the product. The ability to simulate
complex downstream processes remains a limitation to full concurrent engineering in scme
domains.

The procedure for adding value to design objects involves manipulation cf the object.
The macipulation can take several forms:

~— finite element modeling to assess the behavior of the object;

— continuous fluid dynamics for evaluating the interaction of an object with a flcid
environment;

~— discrete event simulation or applxcatxon of heuristics to predict partially understood
implications of desiga options;

~— some simple translation of data.
In any case, the manipulation is usually performed on some computer, using dcs:gn support
software.

Concurrent engineering is implemented more easily when the manipulation routines are
easily used, computationelly efficient, and accurate. The information that the rcutines
provide should be presented in a form that *he design team can easily use.

71. Design for assembly software.
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Manipulation tecknologies are being advanced rapidly, but individual software routines
are not always developed in such a way that they work together. The next section addresses
the technology associated with ensuring that manipulation and other computer technologies
arc integrated so as to support concurrent engineering.

B.2.2 intesrating Technologies

Concurrent engineering teams up specialists who typically address designs using their
own methods, representations, and manual and automated tools. Given the trend toward the
use of automation for synthesis, analysis, and capture of designs, multifunction design teams
will require tools and repres-ntations that work together easily. Integrating tecnnologies are
aimed at reducing the cost of evolvable, tailorable tool interoperability. At the same time,
they have the possibility of drastically reducicg the DoD cost of receiving and inaintaining
engineering data. While this is an extremely important issue for DoD, it is a secondary issue
from the point of view of ccncurrent engineering.

Within the class of integrating technologies, two are of great importas.ce: environment
frameworks and description languages. The first holds the possibility of ens. )ling a process of
evolvable, tailorable, and universal automated tool integration. The econd holds the
possibility of standardized, antomated communication of product designs.

B.2.2.1 Eavironment Framework Development and Standardization’

In several meetings of groups concerned with the technological asy ects of concurrent
engineering, the groups clearly indicate:] that engineering environment rameworks are a
significant facilitating technology for concurrent engineering. This agrees with the team
member’s experience on the subject.

An engineering environment framework is a response to the fact that as design
complexity increases, the use of automated tools increases, but that as the use of automated
tools increases, complexity is added to the engineering process. Thus an effort to manage
compiexity of designs increases complexity of the engineering process. This point is
exacerbated when desigas are decomposed and addressed in highly interrelated subtasks or
when specialists are required to address various aspects of a design. Such an approach
requires the following characteristics and requirements:

¢ integrating and accessing automated tools easily;

e controlled sharing of design information;

e tracking of design information;

o tracking of design dependencies and changes, and propagation of their effects; and

¢ monitoring of the design process.
These are characteristics and requirements that increase as the use of concurrent engineering
increaccs. The fact that teams are usuaily geographically distributed makes this problem

¢ven wors: because information sharing and control, process control, and perhaps even tool
integration and access must occur over long distances.
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To respond to these requirements, a framework is needed for tool integration based on
information sharing. It should offer a standzrd, extensible set of sesvices and interfaces to be
used by applications. It should control and allocate data resources, provide concurrency
controls, archiving, and a query capability.

The basic functions of an engineering environment framework that would support
concurrent engineering are:

o tool integration—the ability to operate, efficiently and uniformly, tools with different data
and hardware requirements; -

e data exchange—the ability to translate and to communicate data among different hosts
and tools not only withing the the environment but also between the environment and
external systems;

e engineering and manufacturing management and control—the facilities to monitor the
design and manufacturing process and to impose eutomatic and manual controls on
accessing and modifying data;

¢ information management—the facilities to describe and to control globally available
environment data including the creation and manipulation of data, the imposition of data
validity and constraint checking, version and configuration management, concurrent
transaction control, and backup and archive management; and

e ciaviivoment administration—the tools and speciications for managing the data
dictionary, tools, workstations, user profiles, and control rules.

It is important to understand that the DoD needs standardization of such environment
frameworks at the service and specification level. DoD does not require, and should avoid,
standardization at the implementation level. The standards must cffer a means for tailoring
to mest the requirements of u large number of differsnt organizations. They must be able to
evolve to meet the challenges of new design processes and tools. They must be
implementable to create environment instances that function efficiently on distributed,
heterogeneous platforms. The specifications and services must be implementable with
reasonable efficiency on many different kinds of hosts. [ Linn and Winner!!l ]

There are several government and industry engineering environment framework
activities. Unfortunately they are not prccecding from a common vision. This would be
acceptable if these efforts were intended as research. ‘The basic environment is no longer a
research issue. If the drive toward standards is to occur based on these efforts, a greater
commonality of vision will have to be reached.

B.2.2.2 Description of Engineering Designs and Characteristics

Some of thie participants in this study assert that a necessary requirement for concurrent-
engineering is the ability to represent the object being designed in an accurate, unambiguous
language. In addition, moving from total reliance on design drawings to electronic
representations that can be accessed by many team members is an important advance in
design techaology that allows teams to be more productive and provides an opportunity for
concurrent, integrated execution of different design tasks. Other participants point to the
existence of successful concurrent engineering efforts of many kinds and infer that a common
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unambizucus representation of the desizn objsct is pot necessary. It seems clear that such a
representation or family of representstions is desirsble. DoD, through the CALS iritiative,
participates iu the eifort to develop such a representation and foster its implementation.

There cxists now a national efort to develop such a specification.” There is a national
voluptary group, supgorted by the CALS initiative, whose goal is to develop Product Data
Exchange Specification (PDES). An industrial cooperative has formed to accelerate
iraplementation of the technciogy.

The PDES endeavor suprorts industrial automation in its broadest sense. The resulting
standards would deal with thc entire ranze of product data and is intended to represent the
US position internetionally in the quest for a single standard for product data. The term
product data derotes the totality of data :lements which comrletely define a product for all
applicaticns over the product’s expected life cycle. The data include nct only the geometry,
but tolerances, material properties, surface finishes, and other attributes and features that
completely define a component part or an assembly of parts.

PDES must provide the capability of exchanging data among the muitiple computing
systems that will be involved in the product life. There is a particular necessity for arcaived
models that will be interpreted at a future date by an unknown system. Incustry has found
that the ability to exchange product data among a variety of different vendor con:putcr
systems is critical to its cxtemal relationships with contractors and customers.

It is importart to understand that the conceptual schema of the PDES model, viiile built
to support application areas, is supposed to be independent of both the physical
implementation and the applicaticos making use of the information. The PDES model is
referred to as the Integrated Procduct Data Model (IPDM).

The plan of the volunteer group is that PDES will be developed incrementally. For
PDES versica 1.0, the intended scope encompasses geometric curves and surfaces, solid
geometry, product structure and coniizuration management, form feature, shape, tolerances,
inite element modeling, drafting, electrical, and presentation (for graphics). The stated
objective is to develop, approve, and publish version 1.0 of PDES during 1539.

There are four broad implementation levels, or categories, that encompass different
computer architectures and implementation technologies that have been defined for PDES:
Level 1 is a passive file exchange (computer to computer); Level 2 is an acdve file exchange
(systems exist to interface applications with the file to allow on-line access), Level 3 is a
shared database access approach; and Level 4 is an integrated product knowledge base.

In order for PDES to beccme a reality, there must be a convergence of several activities:

o aresearch base of implementing technologies,

72. Howurd Bloom of the Nationa jastitute of Standards and Technology contributad to this section.
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¢ development of a specification for product data representation in digital form,
¢ implementations in software,

» validity checking and testing methodology,

o guidslines for usage in identified applications areas, and

¢ use in production.

PDES is an extremely large undertaking. The recent formation of an industry-funded
cocperative, PDES Inc., to sccelerate implementation is a major step toward solving the
probleins and is attracting wide DoD and industry support.

B.2.2.2.1 PDES Iscre

A mejor issue concerning PDES has been raised by the community of elecironic
engineers. They view PDES as totally driven by the needs of airfrsme (mechanical)
designers and have expressed dissatisfaction with the direction of the resulting proposed
standard specifications. They feel that electronic design, by the pature of the designs
themselves and by the nature of the design process, is furdamentally different from structural
design and that these diiferences place radically different requirements on the information
representations. Electronic epgineers contacted have expressed frustration with failed
attempts to get the PDES cocmmunity to understand these differences and take appropriate
action.

DoD, throuzh the CALS initiative, is in a position to provide leadership in getting this
issue addressed. In addition to the CALS initiative, DoD is an important customer of many
of the companies that are involved in the PDES development. Because of the highly
integrated, electro-mechanical nature of many of DoD’s systems, DoD has a compslling
interest in resolving the issue of getting PDES to be able to capture electronic designs in a way
that satistiss the requirements of electronic engineers. ‘

B.2.2.3 Computatien

As an example of corcurrent engineering presented during the workshops, many
companies use computers tc support the design process. At some stages, however,
particularly the cariiest conceptusl design stages, computers may nct be used, even by teams
that are practicing concurrent ergineering. Some very simple designs msy also be conceived,
refined, and transiticned to production using manual techniques. The exceptions
notwithstanding, computers are widely used in contemporary design processes and their use
is closely associated with concurrent engineering.

Concurrent engineering places additional demands on computing support. 'Members of
the multifuniction team analyze the effects' of design features and plan the production
processes at an earlier stage in the design cycle. To avoid imposing delays on the schedule,
team members use computer simulations and other maunipulation techniques as previously
discussed.

The computation needed for concurrent engineering includes database management,
expert systems, graphics, simulation, numerical computation, translation and compilation,
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acd data comunication. These manipulations frequently consume substantial computer
resources (memory and cpv cycles). The depioyment of certain classes of computer
hardware continues to be closely associated with the ability to perform concurrent
engineering without imposing unreasonable schedule delays.

Specific examples of this class of technology include: supercomputers, parallel
architecturcs, RISC architectures, and advanced workstations. Improvements in these
technologies support concurrent engineering, but appear to be happening independently of it.

B.2.3 Production Technologies

Although the scope of this study concerns the design phase of weapons system
development, at least one class of production technology that can be considered using
concurrent engineering was fcund. The ability to remove unnecessary constraints on the
decision space and to delay making premature decisions contributes to an enbanced
concurrent engineering process. Production technologies that allow greater flexibility in
planning the production process and production technologies whose capabilities are known to
the designers provide this ability.

A variety of research and development efforts in flexible manufacturing with direct
capability to couple the manufacturing cell to the design environment has recently emerged.
These efforts need to be coordinated, particularly to ensure thzir application to concurrent
engineering.

The methods of on-line quality control such as SPC were first applied on the production
line and produced information that was fed back upstream into the design process, so can the
flexibility and informatioa provided by better manufacturing technologies known as flexibie
manufacturing sysicms (FMS), be fed back into the product and process design to support
concurrent engineering. In some cases new production techniques give the designers new
options for materials and functions. The ability to use these options in ways that achieve the
goals of concurrent engineering would be impossible without many of these new devices. This
relationship of production technology back to the design function is a natural complement to
the forward focus of design on production and life-cycle support.

B.3 Formal Methods

This section describes some of the formal methods used in concurrent engineering.
Companies reporting significant progress in achieving the goals of concurrent engineering
typically use one or more of these methods.

The listing is not exhaustive and use of these methods without the engineering process
initiatives will not guarantee successful implementation of concurrent engineering. These
methods should be considered tools that can be applied in support of a scientific approact. to
problem solving. The study ieam did not establish a ranking by which one method could be
considered “better” than another. At this stage the study indicates that companies reporting
caccess in reducing cost, improving quality, and cutting time-to-market often use some of
tnese methods. At the September workshop, the participants developed the foliowing list of

methods.
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Quality Function Deployment

Threat Analysis

Technology research and transfer

System Design, Parameter Design, and Tolerance Design (Taguchi Method)
Testing Methods

Problem History Feedback

Design for Simplicity

Design for Assembly

Rule-Based Design

Simrulation (Soft Mock-up)

Common Parts Database with Reliability, Maintainability, and Producibility
Information

12. Pugh Concept Development

13. Fault Tree Analysis (FTA)

14. Failure Mode Effects Analysis (FMEA)
15. On-line Quaelity Coatrol

16. Design of Experiments

17. Response Suiface Methods

18. Evolutionary Operations (EVOPS)

19. Exploratory Data Analysis

Statistical Graphics

¥ L N, R WD

(S
Ll
.

Group Technology
Value Engineering
Measurement Methods
Operational Definitions

Ishikawa’s Seven Tools (Graphs, Histograms, Cause-and-Effect Diagramé, Check
Sheets, Pareto Diagrams, Control Charts, Scatter Diagrams)

26. Foolproofing

A ranking of the importance of thess methods was not developed. Even if such a
ranking could be developed for a narrow sector of the defense industry, there is no assurance
that a particular engineer or manager could rely on it for guidance when faced with a
particular problem. In many domains, familiarity with some minimal set of tools is seen as
entry-level qualification and experts are the individuals who understand a wide variety of

BRBBRBES
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methods acd can apply the correct approsch to the prot' 7 at hand.
Figure B.1 shows the number of times that use of some tool was mentioned during a 1587
: Japanese conference on Quality Circles.” It confirms that many different methods are used
i by successiul companies. -

B ::D
'
) o
o

o
i - I
iy
P
g
|
HE B
73. Ikuro Kusaba, “Statistical Methods in Japanese Quality Control,” Societa’s Qua'lite'sis, Vol 2, No. 2,
j (May June 1983), Union of Japanese Scientists and Engineers.
a
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graph

design of experiment

Pareto chart

tree anclysis & QFD

cause & effect diagram

histogram

'JMLJJ

scatter diagram

FTA

correlation & regression
control chart

ANOVA

computer techniques
statistical test & estimation
others

multiple regression

relation chart

FMEA

process capability

Weibull distribution
simulation

principal component analysis
discriminant & cluster analysis
quantification theory

time series
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- Figure B.1 Keported Use of Methods in the 1987 Annual Quality Circle Conference
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Next, the mothods that were most frequently mentioned during the workshops are
presented. Iley are described in a sequence that roughly approximates thoir ordes of
Listonical introduction.

B.3.1 Process Mleasureinent and Control

This section describes the methods used to cvaluate an existing process. Although
pro<ess control methods are widely used ia manufacturing areas, there is no intrinsic reason
to restrict their application to manufacturing. Many notewc by improvements have resulted
from applying process control to service sectors and to design problems. To make it clear
that ths discussion is nct restricted to manufacturing, the notior. of a generic process and the
:ole of variability in a process and its products are introduced. The discussion inciudes a
sketch of the progress in this arca. The scction concludes with a summary of the principal
process measurement and control techniques and the issues associated with their use.

A process is an intuitive concept representing some collection of people, equipment, and
operating procedures that is intended to provide some product or service for an organization.
A process accepts inputs from suppliers and transforms them into a product for a customer.
We allow a brosd interpretation of the terms supplier and customer and they can include both
internal and external (to an organization) relationships. Similarly, the input and product can
be raw material and finished product or value enhanced transformation of the raw material,
In a service organization, both the raw material and the product cen be some form of
information.

Figure B.27* shows a process as a “black box”. It shows the relationship among a
procuss, its supplier, and its customer. 1t is intendcd to imply that the internal details of the
process are not important to the cvaluation of the process.” In fact, it is customary to
suppose that the internal contr=ls remain fixed during an evaluation. Controls are adjusted
only after an evaluation produces some information about the output of the process.

74. Roger Ackerman, Roberta Ccleman, Elias Leger, and John MacDerman, Process Quality Managemens
and Improvement Guidelines, Publication Center, AT&T Ball Laboratorias (1987}, p. 8. ,

75. We assume that mechanisms exist to adjust the operation of the process and thess mechanisms are called
controls.
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Requirements N Requirements
and Feecback and Feedback

Flzare B.2. Process Model

An evaluation consists of measuring one or more attributes of the product and comparing -

those measurements with their ideal values. The ideal values are the target values that have
been found to satisfy the customer’s requirements. A product’s quality is a measure of the
difference between its actual attributes and its ideal or target values.

It is axiomatic that an observer who is willing to perform sufficiently precise
measurements will always find variability among prodicts produced by a process.
Wheeler!!?] notes that in manufacturing, the earliest approach to dealing with variability was
the introduction of specifications. Specifications were upper and lower control limits for
acceptable varisbility of a product. Products either satisfied the specifications, or they did
not. Those meeting the specification were shipped to the customer while the failures were
either reworked or scrapped. Inspection was introduced to determine which products met the
specifications. Disagreements between suppliers and customers frequently arose as
manufacturers sought to relax the specifications to reduce costs of scrap and rework, whereas
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customers wanted tighter specifications to improve product performance tarough reducing
variability. He points out that this cortiict obscured the important issue of how to
manufecture parts with as little variation as possible. The work of Waiter Shewhart as
extended by W. Edwards Deming provides a new perspective on the importance of reducing
the causes of variation. Based on experimental data, Slewhast concluded

“‘while every process displays variation,
some processes display controlled variation,
while others display uncontrolled variation.””¢

Controlled variation is equivalent to a prccess whose internal controls and input are fixed. If
nothing changes, the output of the process will exhibit variation, but the statistical
distribution of the product characteristics will be constant. Controlled variation permits one
to make statements about the protability that the product characteristics will fall within some
range of values. Uncontrolied variation does not permit such prediction. Shewhart
postulated that special factors,”” usually associated with scme inconsistancy in the process,
are the cause of uncontrolled variation.

In order to reduce variability in the product, macagement must first identify and remove
the special causes of inconsistency in the process and then institute a policy of continually
improving the process so as to reduce its controlled variation.

Management has found that using the Shewhairt concept of variation is a powerful
method for controlling and improving processes. In the United States, American Nationa!
Standard, ANSI Z1.1-1985, Guide for Quality Control Charts, Z1.2-1985, Chart Method of
Analyzing Data, and Z1.3-1985, Control Chart Method of Controlling Quality During
Production, are available for the American Society for Quality Control. In Japan,
manufacturers have used these methods since the 1950s. There is extensive literature
concerning these methods (see Deming [, Juran (M | and Ishikawa!’5l).

Managers in the United States and Japan bave uscd techniques of statistics to measure
performance and they have implemented management techniques that are consistent with the
Shewhart concept. The resuits have been reduced product variability, improved product
quality, and reduced cost of nonproductive activities such as inspection and rework.

The first step in improving performance is to evaluate the current process. The
techniques of evalaating a process to learn if the variability is controlied or uncontrclied are
called statistical process control.

Statistical process control is based on the hypothesis that if a process is stable, then one
can measure a product characteristic that reflects the behavior of the process and the

76. Dopald J. Whoeler and David Chambers, Understanding Statistical Process Consrol, Statistical Process
Cortrols, Inc., Knoxvills, TN 1986, ». 5.

77. Special factcrs are ceuses of variability assuciztad with some change of process controls that aiters the
process. Special factors are often calied special causes. Some cxamples cf special causes are changes in
the quality of supplies, wear and aging of tools, now personnel, cr new procedures.
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measured characieristic will have a common distributicn (in a probabilistic sense). That is,
different sample groups of the product from the process will have the identical statistical
distribution of the characteristic.

Statistical process control selects sample groups and conducts simple stu:tistical tests to
verify the hypothesis. As long as the tests do not show that samples Lave different
distributions, one assumes that the proczss is stable and concentrates on incremental
improvements for the process. If a test indicates that the distributions are not identical, then
oue looks for the spccial causes of variability When such causes are fouad, they are
eliminated. This slgorithm is repeated until the process becomes stable. When a process is
stable, further improvement can only be achieved by changing the process.

The most common type of test is based on a series of sample groups. For each group, a
group average and group range are recorded. After a sufficient number of sample groups
have been drawn, the average of the group averages and the average of the group ranges are
couputed. If the original hypothesis of common distribution is correct, then the group
averages will be approximately normally distributed with an average that is approximately
the same as the average of averages, and a standard deviation that has a known relatinnship
to the average range. From the properties of the normal distribution, it is known that the
variation of the sample averages and ranges will tend to cluster ebout the grand averages and
only in very rare occasions diverge by more than three times the standard deviation. For this
reason, the most common indicator of a special cause is a sample average that is more than
30 (where o is the symbol for the standard deviation) away from the grand average.’®

A stable process that yields products which satisfy the customer’s aeeds may, at some
time, become unstable. Instability may arise from special causes as previously noted.
Continued monitoring of the process through statistical process control can detect the
transition to an unstable state; hence management may infer the presence of special causes.
A process.that continues to pass the tests isn’t always a stable process, but the probability is
very small that a unstable or chaotic process will continue to produce output that passes the
tests.

Several different charts are used in statistical process control for conducting these tests.-

Wher the ~alue of the charactezistic can be measured, the ¥ and R charts are used; when the
fraction of defective products is the characteristic being measured, the p chart is used; when
the overall number of defects is being measured, the ¢ chart is used; and when the overall
number of defects per unit is measured, the u chart is used.

Although the Shewhart approach to variation focuses on the process instead of
conformance to spscification, practitioners of process control do not ignore specifications.
Engineers and designers continue to define specifications and statistical tolerances as part ¢f
the design effort. A production process is said to have a process capability index, cpk,
defined as follows:

78. Other tests are elso available including measuring runs of samples on one side of the average, but they
share a common teread—namely that if *he hypothesis is true, then a test failure is a very rare event.
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Let

~

Z
Cpk = —3';
where
Z = min{| (}:{- - lower specification limit),(upper toleraxice limit -X )}

and X is the grand average.

The process capability index is a measure of the ability of a process to produce quality
products. 4

In addition to statistical process control charts, Pareto diagrams, cause and effect
diagrams, ard PERT charts are used to evaluate how processes can be improved.

Alihough process measurement methods were first intsoduced for manufacturing
processes, their use in not restricted to manuiacturing. SPC has been used to evaluate and
evertually improve engineering processes. It is also a means to gather accuraie information
that can be fed back into the product snd producticn design processes. It can be uczed to
support achievement of the fourfold goais of concurrsnt enginecring.

The CUSUM? chart provides an alternative method of recording observations and it has
the advantage of helping identify changes in the process mean output. Observations, y; can
i

be plotted by their currulative sum, Yy, cgainst time f. Alternatively, one can use the
t=1
cumulative sum of the deviations from the target vaiue

dg=y,-C

T
where C is a constant (presumably the target value) The CUSUM chart plots 3] d; against
t=1

time. It allows one to easily see when a process mean begins to vary from the target.

The CUSUM control chart was first introduced in England by Page.® Other important
early contributors are Barnard,®? Ewan and Kemp® and Johnson and Leone.™ Ewan®

79.J. Stuart Hunter, “The Exponentially Wdighted Moving Average,” Qualizy Technology, Vol. 18, No. 4
(Octobsr 1986), p. 204.

80. Page, B.S., “Continuous Inspcction Schemes,” Biometrika, 41 (1954), pp. 100-115.

31. Barnard, G.A. “Control Charts and Stochastic Processes,” Journal of the Royal S:atiszical Sociery, Series
B 21 (1959), pp. 239-271.

82. Ewan, W. D. and Kemp, K. W., “Sampiicg Inspsction of Continuous Processes with no Autoccrraiaticn
Between Successive Results,” Biometrika 47 (1960), pp. 363-330.

83. Johnson, N. L. and Leone, F.C., “Cumulative Sum Control Charts, Parts I, I, & Til,” Indusmrial Qualisy
Control, 18 (1962), pp. 29-38.

84. Ewan, W. D., “When and How to Use CUSUM Charts,” Technometrics, 5 (1963), pp. 1-22.
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providss sn cxcellent expository article on the CUSUM, and a small text elucidating
CUSUM procecures was authored by Wocéward and Goldsmith.

The process control metheds discussed previously have proven beneficial in numerous
applications, but they have ooe disacdvantage: they report historical data. Hunter®
describes a technique for mazntaining control charts that can be used as a predictive tool.
The technicque, exponentially weighted moving average (ETvMA), is a statistic that Jives less
and less weight to clder duta. A plctted point oa an E'ViVIA chart can be given a memory
that contrcls the rate at which its importance is diminished. The EWMA plot equais the
aresent predicted value, y, plus some constant A timmss the present observed error of
prediction. Thus,

EWMA =y,01 =y + s

~ontrol limits on the predicted values are used to show when the predictions beccme
unreliable. When predictions fail outside the coatrol limits, preventive action can be tzken
with prccess coatrols.

As more information beccnmies available in real time in the factory, rescarchers and
practicners are b2rnning to measure a0t only tae preduct parameiers but also the changes in
process coairol parameters. Such applications ere similar to contzol eagineering.

B.3.2 On-Line Process Control

Walt. r Shewvhart developed the statistical quality cortrol cherts ip ihe 1530s. In the L.te
12503, Poge and 3armerd introduced Cumulative Sum Char:s which respend mors quicki to
changs in mean level. (DuPont boasts of currently using more than 15,680 of these che *s.)
In the 1930s and 1973s, Box and Jeckins ard later MacGregor aud Hunter heiped to relaiz
statistical time ceries analysis and autcmatic feedback-izedforward contrel. In the 1¢70s,
Box and Jenkins showed how to take account of the cost of adjusting the nrecess and' the cost
of being off-targst in the design of an optimal scheme. In 1973, Kartha discurseu how a
contro! system could he optimized ‘wita respect to the cost of freguency surveillance.®’
Taguchi® catlines four steps to achieving on line process control. He provides recomxmondzd
formulae for determining the ontimum correction interval, the prediction of the chzactzristic
value, and the amount of correction. Hayes!!l describes four levels of process coatrol:

eactive, preventive, pregressive, and dynamic. Progressive control is applies to changes in
existizg processes, including product design, and it requires partnership with product and
pro~ess engincers. Dynamic control applies to the science of process and it involves

85. Woodward, R. H. aad Foldsmith, P. L., Cumnulazive Sum Technigues, Oliver & Boyd, London (1964).

86. J. Stuart Hunter, “The Exponentially Weighted Moving Average,” Journal of Quality Technology, Vol.
18, No. 4 {October 1986), pp. 206-210.

87. Gecrge Bux, Center for Quality end Productivity Improvement, University of Wisconsin, August 1983. -
38, Ceasicai Tagucki, listroduction 1o Qualiry Zngineering, KRAUS [nternztional Publications, White Plains,
NY (15885), p. 38.
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scientists and advar-<ed engineering departments.
B.3.3 Design of Experiment

Experimental design was invented and developed in England by Sir Rorald Fisher und
his colleagues and students in the 1920s. In particular, Fisher pointed out how encrmous
gains in the efficiency of experimentation could be achieved by changing factors, not one at a
time, but together in a factorial design. He introduced the concept of randomizaticn, s that,
for example, trends due to unknown disturbing factors, would not bias results, the idea that a
valid estimate of experimental error could be cbtained from the design, and blocking to
eliminate systematic differences introduced by using different lots of experimental material,
for example. He also invented and developed methods for analyzing such experiments via
the Analysis of Variance and Student’s t-test. Fisher’s ideas although originating in
agriculture were quickly adopted in medicine and biology throughout the world and for the
last 50 years have been the standard means of experimenting there.

In the 1930s Fisher’s ideas were also introduced into industry. At that time, The
Industrial and Agricultural Section of the Royal Statistical Society was inaugurated in
Londcn aad papers fromn industry on applications to manufacture of glass, light bulbs,
textiles, etc., were presented end discussed. This led to new statistical methods: fractional
designs were first used ‘by Tippett in 1933 to improve a spinning machine and variance
component analysis was developed by Daniels in 1935 to reduce variation in texiiles. '

During World War II the need for designs which could screen large numbers of factois
led to the introduction of fractional factorial designs and cther orthogonal arrays respectively
by D. J. Finney (a student of Fisher) and by Plackett and Burman, two statisticians working
in Britain’s Ministry of Defense. In 1947, orthogonal arrays were named and further
developed by C. R. Rao. Further notable work on these designs were performed in this
country by Kempthorne, Sieden, Adde!man, Box, Hunter, and others.

These designs have been widely applie< in industry and many successful industrial
examples are described in papers and books dating from the 1950s and, in particular, by a
highly respected engineer and statistician, Cuthbert Daniel. Daniel also invented a very
simple but important and effective way of analyzing the designs using normal probability
plots.

In the early 1950s, Box, who was then working for the Imperial Chemical Industries
developed new techniques called response surface methods for the improvement and
optimization of industrial processes experimentally. Initially when systems may be far from
optimum conditions, fractional factorial designs and other orthogonal arrays were used to
estimate a path of steepest ascent to increased response. Once the maximum was
approacied, second degree approximations were used with new types of designs, intrioduced
by Box and Hunter and others, to estimate the necessary coefficients. Further analysis was
used to study ridge systems which might allow simuitaneous maximization of more than one
response (e.g., maximum yield with minimum impurity). Response surface methods are
routinely used by such companies as 3M, DuPort, General Electric, Allied Signal, and Dow
Chemical to improve and optimize their processes, and many successful industrial
applications have becn described in numerous papers and books published over the last
30years.*
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B.3.4 Robust Product Design

This section briefly describes the robust product design® methods developed by Genicki
Taguchi. Rotust product design starts with a concept that quality can be viewed as a loss to
society associated with a product. This loss can be minimized if some characteristic of the
product has an ideal target value and the loss increases as the square of the distance as the
characteristic varies from the target value. Using this concept, it co longer suffices to
produce items that are ‘“within specification”. Taguchi recommends use of statistically
designed experiments to help designers find the parameter settings that will result in a
product whose important characteristic is consistently close to the ideal target despite the
presence of manufacturing variations or the effects of age. Moreover, he recommends that
these values be selected using the least expensive materials.

The design steps involved are system design, parameter design, and tolerance design.
System design is used to find the best technology for a product. Parameter design finds the
parameter values which optimize the product loss. It reduces the effects of variability.
Tolerunce design sclects the tolerances that must be used in manufacturing to assure
minimum loss after the product is manuiactured and is being used by the customer. It reduces
the causes of variability in a product.

The term:parameter refers to any aspect of the product or process design that is subject
to control by the respective designer. A parameter might be the composition of the materials
used in a process, the shape and number of parts in an assembly, the temperature setting for a
particular thermostat or some other factor that can be controlled. Parameter design counsists
of selecting the set of parameter values for both a product and tae process used to make it so
that some particula: measure of success will >e improved. The improvement will not aiways
be an optimization i1 the mathematical sense.”!

Parameter acea. i, including the use of statistical experiments, has been part of the
design process (parameter values are determined by engineers) but it has traditionally been
practiced when the goal was some improvement in a performance measure. It has only
recently been used in the United States to reduce variability. It is now used to provide
increased quality and lower cost. Although parameter design to reduce variability may be
accomplished by a variety of ad hoc methods,” Genichi Taguchil'”] uses the term Quality

89. We are indebted to Dr. George Box, Center for Quality and Productivity Improvement, University of
Wisconsin-Madison, for contributing the information in this section.

90. The terms “robust design® and “robust engineering” are used interchangeably with “robust product
design”™.

91. There are at least three reasons why mathematical optimization may be impractical: 1) the function
describing the effect of variation of the parameters is usually unknown; 2) best engineering judgment
might be inadequate for identifying the correct range of parameter values containing the value that
achieves the optimum result; and 3) the optimum result may lie in a region where the function is not
stable (that is small changes in a parameter could cause large variation in the output).

92. Jeffrey A. Morrow, “An Investigation of the Penetraticn cf Taguchi Quality Engineering in Five U.S.
Corporations,” June 1988, p. 58. The author notes Xerox technical staff developed techniques for
engineering design cptimization called “Stress Testing/Operating Windows” or “Design for Latitude”
and these were philosophicaily similar to Taguchi’s approach.
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Engineering to describe an approach (o achieving both low cost and improved quality. Other
orzanizations havs adorted the term “robust dzzizn” and this report follows that convention.

The Lenefits of robust design have been demonstrated in autcmobile marufncturing,
electronic ccmponent production, computer cperating systems, engine ciesign, optimizatica
of IC chir bonding process, ultrasonic weld process optinuizauon, and degign of disc brake
systems. The swiay wom newnsd sopoiis Sf many appiications of this technique and in almost
every case the results have been impressive.

Robust design involves the following principal steps:*

1. Plan an experiment.
a. Identify the main function.
b. Identify side effects, and failure medes.
c. Identify noise factors and testing cenditions for evaluating quality loss.
d. Identify the quality characteristic 1o be observed and the objective function to be
optimized.
e. Identify the controllable parameters aud their most likely settings. (This step
relies heavily on engineering judgment.)
f. Design an experiment and plan an analysis procedure.
2. Perform the experiment.
a. Conduct a statisticaily controlled experiment enid coliect the data.
3. Analyze and verify the results.
a. Analyze the data.

b. Determine the important parameters and their best settings, and predict the
performance under these settings.

c. Corduct a verification experiment to confinn tke resuits at the optimum settings.
B.3.4.1 Comments on Robast Design
The issues concerning robust design are:
1. Do these methods offer promise during the design process?

2. If the techniques can be used during design, are they useful in the design of systems as
complex as weapop systems?

3. Isthe loss function a meaningful concept when evaluating weapon systems?

93. Madktav S. Phadke, Quality Engineering Uzing Robust Design, 15 be published by Prentics Hall, Inc.
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4. Are the teciinigues used to conduct and 2nalyze experiments independeat of tihe goals
of variability rzducticn (that is, is the dosginer free o chese differesnt metrics {or the
objective function)?

5. YWhat are the known limits of parameter optimizatior using Taguchi or other
techpiques?

What new techniques can be developed to improve oa these tzchaiques?

Should one consider alternative approachss to experimentation rather than a single
experiment?

During the course of the study the team became aware of differences of cpinion
regarding the best approach to paramecter optimizaticn. One school favors use of Taguchi
methods, another group favors use of other statistical tools. The controversy is not limited to
the United States.™ IDA cannot, at this time, make a determination regarding the superiority
of either approach. There are objections to the statistical techniques recommendsd by
Taguchi. The various cxamples from industry demonstrate that when experimenis are
properly designed and when they yield measzures on both the mean and the variance, the
insights which accme can be used to improve dzsigns. Good results have been reperted by
companies using Taguchi methods as weli as classical methods.

In some industries, particularly the chemical industry, there is a tradition extending over
several decades concerning the use of statistical methods including design of experiment. In
other industries, statistical methods have only recently been rediscovered. It is possible that
there is a correlation between use of different design-of-experiment methods and the type of

- industry using a particuiar method.

It clear that DoD should not impose eithzr approach on its suppliers. Contractors who
must decide which method is best for their particular situation can be evaluated on the results
of their own choice. -

B.3.5 Evolutionsry Operaticn

Process control methods seek to improve process consistency by finding and removing
special causes of variability. Robus. design improves process resistance to noise by finding
parame! :r settings for product and process design that are less sensitive to noise.
Evolutionary operation (EVCPT; uses a process as a continual source of experimental data.
The process is disturbed in a controlled fashion during normal cperations and the resuits are
carefully recorded and acalyzed. [Box[*! ] The analysis shows how the process can be
adjusted for evolutionary improvement. :

94. Myron Tribus reports that Japaness companies he visited on a tour of Deming Prize winning companies
did not use Taguchi methods slthough they were awara of them. He quotes Ikuro Kusaba, “ths basic
useage of the orthogonal array hss been widely adopted since the 1950s as a type of the design-of-
experiment method. By coatrest, its complicated usages represented by the pseudo-factor method, and
the concepts of SN-ratio and on-line QC are the choicz of oniy a small number of people.” Myron Tribus,

unpublished correspondence, 1988.
124
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Evolutionary operations raise an interesting challeuge for DoD contractors. if the
cus:omer has entered a contractual agreement that includes a detailed description of the
prc..ction process, is the company free to vary that process slightly in order to conduct
EV(OP?, and thereby potentially improve the quality of the outgoing product?

B.3.6 Questions

This study raised several issues that are associated with concurrent engineering during
the discussion of methods. These issues are the result of both discussions during the various
workshops and the authors’ judgment. Two concerns about concurrent engineering were
shared ty many of the workshop participants: 1) Will “concurrent engineering” become
another specialty that generates a new reporting system, new terms, new class of “experts”?
and 2) Are particular Japanese methods being forced cn U.S. manufacturers?

Some workshop participants questioned the level of detail with which some method
might be specified by DoD. DoD 2000 was cited as an example of both overspecification and
technological progress. SPC was also mentioned as an area where overspecification by DoD
was a concern. Several participants said that although many companies recognize the
benefits of using SPC, their unique circumstances might lead them to select some particular
method of collecting and analyzing the data. They did not want DoD to xmpose a particular
technique that might not be appropriate for their situation.

In the judgment of the study team, the concerns raised by these questions are legitimate.
If concurrent engineering initiatives merely generate another specialty with its associated
layer of new reports, then the DoD will have missed an opportunity to achieve significant
improvements. Furthermore, thzre is evidence that DoD and military specifications are
often obvolete. This implies a slow process for creating and mzintaining such information. If
that is the situation, then overspecification will impose suboptimal methods on future defense
contracts, even if the methods specified are optimal today.

The resistance to adopting Japanese methods was clearly evident in many discussions.
There were several reasons given for the resistance. The following arguments are
representative of the objections raised to adopting Japanese methods:

i. Japanese methods are dependent on unique aspects of the Japamese culture
(homogeneous society, greater loyalty, less individual competition, etc.) and will not
work with U.S. workers;

2. there are better methods available that were developed in U.S. (the Japanese methods
being merely adaptations of U.S. techniques from the sturt); and

3. resistance to copying external behavior of another organization. The third rcascn can
be argued as follows: “Successful methods are merely a manifestation of internal
vitality in a company; they did not create that vitality.” Of course, many organizations
resist adopting any new coucepts that were not originated locally, that is the so called
“not-invented-here syndrome”.

Not all U.S. companies share the same resistance to adopting these methods. Some
companics have achieved notable success that they attribute to use of the same
methods.
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Cur observation of different companies leads us to conclude that although DoD may
wish to avoid imposing any of the Japanese metheds, companies electing to undertake a
significant cultural renewal in order to gain competitive advantage should carefully
consider using SFC, quality engineering principles, and a well-defined systems
engineering process such as QFD. There is no compelling evidence that such methods
are the ultimate solution to system design, but they have yiclded impressive results when
applied as part of a broader company effort to attain excellence.

Although the question of whether to adopt particular Japanese methods is arguable,
there is consensus that “concurrent engineering” should not become another specialty.
The problems that concurrent ergineering initiatives are trying to solve are, in large
measure, the result of a proliferation of functional specialties within government an-
industry. These specialists tend to form communities that are called “stove pipes”.
Communication teads to be confined to the different communities and they extend from
the DoD through the contractor and subcontractor. Horizontal communication is less
effective when the influence of “stove pipes” is strong. Because horizontal
communication is essentiai for concurrent engineering, any initiative that tends to
create a new “‘concurrent engineering” specialty will be a fundamental contradiction of
its goals.
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3 C. A CONCZEPTUAL FRAMEWORK TCR CONCURRENT ENGINFERING

Concurrent engineering as defined in this report is an idea just now evolving in ierms of
its theory and practice. As concurrent enginesring methods and technologies allow people to
perform new forms of anzlysis aad synthesis, enginzering functions are being redefined and

» design theories and methods are being revised. In order (o aid in the understanding of and
> programmatic planning for the evolution of concurrent engineering, a conceptual framework
has been created. This framework provides a structure so that researchers, developers,
sponsors, and practitioaers can discuss the issues, barriers, and opportunities of concurrent
engineering. [t provides a relational structure for answering many of the “how” and “why”

questions of ccncurrent engineering. '

2 The conceptval framework could be detailed for the evolution of cultural,
organizational, msnagement, or techaicul issues. The detailed version presented here is
aimed at technical issues. The r=ader must realize, however, that the success of methods and
technology depends on the effectiveness of the related management and culwural changes.

Also, it is very important that the reader understand that many useful concurrent
engineering methods and techaolozies =xist now. There is every reason to proceed now 'o
effect concurrent engineering in the DoD and its industrial base. Tkere is no reason to await
the evoludion of further meshods and technologies.

Given that this section details the frawework in terms of methods and tecanology, it

could i‘eal cither with current methods and technology, evolving methods and technology, or

Q both. Since the section is aimed at people planning technical research and development
efiorts, the framework has been detailed only in the area of evolving methods and technology.

Aa

The framework structure, thown in Figure C.1, relates resources to objectives, and vice

versa. The design objectives (Component 1) are related to the critical functions (Coraponent

Z) of concurrent engineering necessary to achieving those objectives. To achieve these

D functions, they, in tumn, require specific capabilities (Compoaent 3). Finally, these

capabilitics are coastructed from technical bui'ding blocks (Component 4). This framework

incorporates such causal relationships. That is, if one moves from left to right across the

framework, the question “how” is answered. If one moves from right to left, the question

“why” is answered. For example, how do we achieve the design objectives? The answer is:
by providing the critical functionality.

Figure C.2 applies this frameworx structure to the field of concurrent engineering. The
design objectives are simply to acquire the product which has the highest quality, at the lowest
cost, within ihe shortest time. The cost here includes both design and production cost as weil
as all other costs during the product life cycle. Quality, as defined earlier in the report,
incorporates elements of both product performance and reliability The time relates to both
® the time to availability for a new weapons system and the time for delivery in response to
demand for current systems. While these are the objectives of any design process, the
concurrent engineering process offcrs unique opportunities to achieve designs that are:

e responsive to the field cperator’s aeeds,

D e provide explicit and objective trade-offs between conflicting objectives, and
‘ 129
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WHY? HOW?
D‘Z‘;‘; Critical Required g"zﬂhgl’:z’
Objectives Functions : Capabilities Blocks
1 2 3 4
COMPONENTS

Figure C.1. Framework Structure

e provide for continuous improvement.

These opportunities are provided by three critical functional improvements in the
concurrent engineering design process. These cntical functions are presented in Component
2 (Figure C.2) and relate explicitly to the timing, process, and philosopny of design
accomplished through concurrent engineering. Within concurrent engineering, the timing
provides an early and continuous dialogue between customer and vendor functions. The
process provides a simultaneous participation of all functions and the concurrent product and
process optimization. The philosophy is one of continnous improvement against current and
projected product and process baselines.

In order to effect these functions of concurrent engineering, organizations and their
customers must achieve certain capabilities within all functional areas from design through
manufacture to use, service/maintenance and disposition). Nine of the capabilities are listed
in Component 3.

Finally, these rpecial capabilitics are based on technical building blocks. These include
data structures and data processing, concepts and systems, frameworks and architecturcs,
tools and models, manufacruring systems, and design processes. The technical building
blocks are presented in Component 4. They exist at varying levels of maturity, ranging from
concepts in research laboratories to working hardware and software systems and
manufacturing companies. This framework provides a system within which leaders from
government, industry, and academia can focus their efforts on investments in order to provide
additional knowledge required in the various technical areas, and hardware and software
systems built upon this knowledge. By moving from right to left across the entire framework
they can also justify investments in research, development and hardware and software in
terms of their provision of new capabilities and functions necessary for the effective pursuit of
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DcD objectives.
C.1 Cowponent 1 —DoD Desitn Chjectives

The overall objectives of the DoD acquisition process are the subject of considerabie
dizcussion in other parts of this report. A short summary of the key objectives follows:

¢ High quality as reflected in
— High product performance levels
— High utility and reliability in a variety of operaticnal environments
e Low cost '
—~— Of product manufacturing (purchase pricz)
— Of product use
— Of product maintenance/service
— Of product disposal
e Short time
— For development of new product designs and manufacturing précesses
— For delivery of current products

It follows from the definition earlier in the report that concurrent engineering is 2 system
for the achievement of (or, at least, the engineering approximaticn of) the best possibie
combinaticn of these objectives. It provides the opporturity for leaders to assess trade-offs
and decide among them based on timely, accurate, and objective analyses. To do so,
concurrent engineering requires fanctions related to processes, timing, and philosophy of
design. ‘

C.2 Component 2 — Critical Functions for Concurrent Engireering

To achieve the Component 1 objectives, it is necessary to function in new ways with
regard to the timing, process, and philosophy of snzineering. With regard to the #iming,
there must be an early understanding of the needs of all customers and the requirements of all
phases of the life cycle. The process must charge to ensurc an effective and timely
contribution of i responsible participants in the design/manufacture/use cycle, and the
objective identification and evaluation of trade-cifs. The philnsophy of the entire enterprise
must be one of continuous and aggressive improvement. This, in turn, leads to a change in
corporate focus from one of reaction to problems, to ore of problem prevention.

These three functional changes, timing, process, aad philosophy, are critical elements
which characterize concurrent engineering. They are the differences between concuireat

engi~eering and “good engineering practice”, as it is executed in the U.S. tcday. All three -

elements are essential, and of equal priority.
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C.2.1 Tining— Early, Comnlete, and Continuing Understanding of the Castomer
Requirements and Prioritics

To provide effective designs, the team must £irst understand the customer’s real
requirements and prioritics. Whea resolving and placing priorities on requirements, the
customer and developer must define ard evaluate trade-offs. For example, what are tie
operational esvironments and performance levels which are an absolute necessity for this
systemm? With regard to priorities, given the choice, would the customer prefer 100 aircraft
that perform at Mach 3, or 150 that perform at Mach 2.77 Or, is the availability of a weapons
system in one year more important than improving its performance 10% and providing it in
13 months?

There arc an iztermicable number of such questions relating to the trade offs between
product perfermance/reliability, cost, and timuing/schedule. In the i'eal scenario, there
would be an cpen and active diaiogue between customer and vendor. This dialogue would,
over time, transformn a fairly vague set of iequirements into the best specific set of
time/cost/performance values available at the time.

To achieve the necessary urderstanding between the customer and the vendor, the
customer must include both those who are “buyers” and those who are “users”, including
those responsible for the installation, operation, and .naintenance of the systems. The
vendor must include those responsivle for the design, manufacture, and service/repair of the
systzms. Through the involvement of all these, the tzam can identify the various required and
desired characteristics that wiil form the basis of the trade-offs of the design process.

In the ideal environment, tie needs of the customer {or example, performance levels of
the vroduct) would be translated into increasingly more specific characteristics and features
of the procduct. These, in turm, weuld be related directly to the process operations and
capabilities which aifect those specific preduct features. In this way, the ‘voice of the
customer” would remain consistent and be heard by oll these defining the preduct and
orecess, and at all stages of the design process. To accomplish this, there must be both feed-
forward and feed-back of information among various functional orzanizations (for example,
the product<issign laboratory, the manufacturicg-engineering group, and the production-
planning section, etc.} and feed-forward between the varicus time phases of the design
process. ‘

Similarly, there must exist a process whereby the castomer and vendor can verify that the
product, process, and support processes meet the requirements. Lile the transmission and
tzanslation of these requirernents just described, this must first occur at a “macro” level, with
some subjective evaluations or objective evawaticns which incorporate a significant degree of
estimstion and uncertainty. As the prodact and processes become further defined, ther the
level of certainty and exactzess of this verification will increase.

€.2.2 Process—"Translation of Requirements

Requirements must be transiated concurrently and in an integrated fashion into optimal
preduct definitions, manufacturing processes, and support procssses. Here the key elements
cof improved functionality relate to the concurrency and integration of the creation of product
and process definition, and the concurrent consideration of all phuses of the product life
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cycle. The design process must allow, encourage and, in fact, ensure that
e all requirements of the life cycle are considered and evaluated,

e the cross-impact of various functional decisions are understood and evaluated {with
appropriate trade-off analysis),

e critical risks of various design options are identified and addressed early in the process,
and

e those responsibie for the various functional areas within the development and
manufacturing enterprise participate with appropriate levels of responsibility and
authority. :

To achieve these objectives, concurrent engineering suggests four specific functions.

First, there must be an integrated and continuing participation of multifunction teams in
the desizn of product, process, and support. As the product designers define geometries and
tolerancss, others must simultane~usly define the manufacturing process to achieve them
(and the costs and adequacies of t.ese processes). Still others must evaluate the subsystem
accessivility and ease of service. In a fully operational system for concurrent product and
process design, the information system should have automatic access to the current
capzbilities and capacities of the corporate manufacturing facilities. This would allow an
intelligent system to project the inpact of specific product tolerances and volumes on the
manufacturing system, and the adequacy of that system to provide the requisite accuracies
and volumes. Based on this knowledge, the desizners of product and process can project
costs at various levels of product/process performance, allowing informed decisions
regarding the trade-offs of cost, quality, performance, and timing.

Second, this process of integrating multiple engineering, manufacturing, and
management tunctions must provide for efficient iteration and closure of product and process
designs. Each iteration should again involve each of the relevant functional areas for review
of the impact of the changes made. This may be done manually through a “marked up blue-
line” process, digitally through a process of automatic “iiag raising” which notifies affected
functions, or even with automated analysis which projects the impact of design changes on
the adequacy and/or projected performance and cost of the various life-cycle elements
(product capability, manufacturing process, service, reliability, etc.).

Third, the system must identify conflicting requirements and support their resolution
through an objective choice of options based upon a quantitative or qualitative comparison of
trade-offs, as appropriate. The analysis and modeling described above often lead to the
identification of conflicting impact of desiga alternatives. Obviously, any one change can
increase product performance, but also increase manufactering cost and time to production,
and simultaneously decrease reliability. It is critical that any concurrent engineering process
explicitly identify, record, and analyze such conflicts and the resultant trade-offs.

Finally, the concurrent engineering process must incorporate an optimization of the
product and process design. [Note: Th optimization here should not be interpreted as any
theoretical optimum of any individual design objective, such as system performance (for
example, aircraft speed), but a very best possible combination of the most desirable
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objectives as defined by the customer.] This optimization can be based on either (or both)
empirical or analytical (theoretical) knowledge. Empirical knowledge can be derived from
experts in the field who call upon their experience to project the impact of design
aiternatives. Also, empirical knowledge can be systematically < zrived from data collected
] and statistically analyzed from current products and processes which are in some ways
i Q9 similar or identical to those being considered for a current or proposed system.
Alternatively, theoretical knowledge and scientific/engineering analysis can be applied to the
evaluation of alternatives. While many examples of such models exist, such as finite element
structural models or manufacturing process models, the concurrent engineering objectives
will be met only when their application is assured and achieved with speed and ease. '

19 C.2.3 Philosophy — Contingyous Review and fmprovement of Product, Process, and Support

The improved timing and process of design do not alone achieve the promise of
concurrent engineering. T1he philosophy of the design process must be changed from a one-
time effort to achieve an acceptable level of the cost, quality, and time trade-offs, to one of
: sustained, continuous improvement. Most designs are created through a sequence of phases
.19 which occur over a targeted period of time, and involve a series of transfers from “concept
people” to “detailers”. Thus, when the sequence is finished, the design effort is finished, and
the value of the design is determiz.ed. Changes after that time are considered undesirable
engineering changes. While change as a reaction to unfcreseen problems and trade-offs is
indeed undesirable, and usually costly, the philosophy of sustained, continuous improvement
Do o can lead to many changes in the early design stages. These chaages each lead to some net
* , improvement in the overall collection of trade-offs.

There are four specific functionalities which contribute to this continuous improvement.

First, it is necessary to have open and continuous communication. This communication
exists both between customer and vendor as well as within the customer’s and vendor’s

{0 organizations.

Second, a complete (necessary and sufficient) and unambiguous statement of the users’

] requirements must develop, including the priorities of various requirements to be applied in

‘ ‘ the case of trade-off analysis. This can be attempted in the initial statement of requirements,

! i but that is extremely difficult to finalize so early in the design process. These requirements

o and specifications would better evolve as greater knowledge and certainty emerge through the

j concurrent engineering process. In fact, the very nature and objectives of concurrent

engineering encourage the continual evolution of requirements and priorities based on
improved knowledge.

§

. ~
3 ‘ Third, a complete and unambignous description ¢f the product and related processes
!

|

o must be provided to ailow concurrent engineering to take place. The meaning of “complete”
and “unambiguous” will be determined by the stage of design. A description that could be
considered “complete” during conceptual design may be incomplete and ambiguous during
detailed design. One of the challenges of concurrent engineering is to begin performing
design tasks earlier 1n the process when certain details of a design are more flexible than they
would be in a purely sequential process.
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Finally, there need to exist a baseline product and process evaluation. This can be either
a single product or process which is considered the best available (or “best-of-breed”), or
some theoretical combination of systems which is deemed achievable within the projected
envelope of techy dlogies.

C.3 Component > — Regrired Capsbilities

Component 2 function impiementations require capabilities listed at Component 3.
These capabilities are present in most engineering processes, but concurrent engineering
places a unique set of requirements on them.

C.3.1 Data Deiinition and Capture, Design Synthesis, Trade-off, and Validation

Early, complete, and continuous understanding of customer requirements and priorities
requires ready access to knowledge and data and interconnections between sources of
knowledge and data not currently available. This understanding has two principal elements:

e the capture of historical data, and

e i e e e s

o the capture of data on new designs, tools, methods, and materials.

To reach the required understanding of customer requirements and priorities through this
data capture requires capturing the detail data on comparable products and processes, as
well as their field support expericnce. Typically, knowledge of this data resides in the heads
; of a very few highly skilled, expcrienced people. Taus, ‘“capture” means not only the
! 3 acquisition of detailed data but intelligence (artificiai or aatural) that would allow ready
i ; access and review of this data by both highly skilled as well as less skilled people. The cost of
achieving this without imposing some structure on the data and associated intelligence would
be prohibitive. Thus methods of structuring or compressing data are supportive research
issues.

Of cousse, in order for the data to be captured, it must exist or be discoverable. A
significant rejuirea capubility, therefore, is the set of mechanisms which generates the
historical data necessary to concurrent engineering. An example would be mechanisms for
generating feature-by-feature reliability and maintenance data on weapons systems in ways
that are not used for manipulation for non-engineering purposes (for example, budgetary

purposes).

Similar statements are appropriate for the deﬁmtxon of data on and synthes'xs of new
designs, tools, methods, and materials. Bat it can be argued that the prime purpose of
intelligence (again, perhaps artificial) in the capture of new designs is to allow the integrated
translation of the new requirements into all aspects of the design in a concurrent manner.

The real goal is to allow visibility into the trade-offs and to examine the constraiats in a
‘larger context which includes product and process issues, manufacturing as well as field
support issues. This improved visibility further supports a continuous review process which
includes everything from design validation to more efficient management of the entire
weapons system procurement cycle.

The availability of such tools wonld offer a more flexible procurement system, with
shorter conc:pt-to-deployment time, with greater visibility into the process for the designer,
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manager, and procuring agency as well as providing all the supporting data to the various
concerned partics.

C.3.2 Luformation Mansgement, Dizceminution, anc Delivery

The management, dissemination, and delivery of product, process, and support
informatgon become 2 somewhat more complex proslem in a concurrent engineering world
thar ia current practice. Managing engineeiing data is difficult in the presence of integrated
and continuing participation of multifunction icams in the design of product and processes.
The requirement for flezibility to evolve the engiaeering, manufacturing, and support
processes places an added buzden on data management. This burden is increas~d bty two
factors: widely distributed teams and the size and complexity of weapons systems. Another
fuaction placing requirements on the product, process, and support data management
capability is that of open and continucus communication between custcmer and vendor. Ail
of this indicates a need for evolvable, tailorable, interoperable, secure, distributed, nigh
performance enterprise information management systems. A discussion of the buildirng
blocks for such systems is in the section on Component 4 under the heading Information
Frai..eworks.

In particular, within the management of engineering and preduction information there
must be intelligent oversight for impact assessment of changes and proactive availability of
designs. In the ideal design process, every change should be evaluated for impact on all
functions and the cost of the entire life cvcle. In practice this is difficult to assure. Within
concurrent engineering, change evaluation is enabled and encouraged by the continued
multifunctional tzam approach. Even then, systems must be introduced which assure that
evaluation. There are two steps to that assurance. First, there must be an intelligent
oversight to assess the impact of changes. This assessment can be based on models of
product performance, manufacturirg process (including schedules) and cost. Examples of
such models are provided in the Tools and Models discussion (Component 4).

Second, to assure attention to changes and assessment of their impact by the relevant
functionsl respensibiiities, therz should be a proactive availability of these designs to various
functions. For example, if one individual makes a design change in the product, another
person, who has designed the process, should not cnly have access to that change, but also be
forinally notified that a change has been made that affects tooling (or other process elements)
in some way. Further, the iatter individual shonuid be required by the system to formally assess
the impact on toolirg design and tooling cost, and either change the design accordingly or
provide suggestions for product design aiternatives which minimize the impact on the varicus

design objectives.

The capabilities described in the previous paragraph are examples of policy
enforcement. Automated policy enforcement, tailored to the policies of each organization,
can be implemented within the engineering information system. Ways of appropriately
expressing organization-specific policies for such areas as change and configuration control,
version management, methodology enforcement, timely notification, as well 28 others, so that

sneric mechanisms can enforce them, are now appropriate issues for advanced

development.
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C.3.3 Repid Representative Prototyping

tWhiie modeling the product and process provides valuable knowledge of their
performarnce and adequacy, at some poiut there must be a “first unit production” which
creates the firct physical version of the product. In many manvfacturing enterprises, this first
unit of production (protutypicg) has several drawbacks. First, its prcduction is usually slow
and expensive, often requiring special tocling (both hardware and software) and perhaps
interrupdons of the current product’s production system. Second, because parts are
fabricated in tool rooms and job shops or on current preduction lines, the accuracy of
prototype parts may be much better or much worse than those ultimately achieved when the
product is prcduced in volume oa machines and tools created specifically for this product.
As a result, the prototype is often not representative of the quslity which wili eventually be
cchieved in production.

These dificuities often lead to delays and added expense in the iterative design process
and iavalic' cecisions based or prototype testing. One way to combat such probler=s is to
achieve linkages between design systems and manufacturing systems which rapidly create
representative prototypes. Sonie of the necessary capabiiities include:

o feature-based design representations incorporating features which have manufscturing
meaning; :

o easy (perhaps automated), quick transformation of Jesign descriptions into hard and soft
tooling or software;

e fexible machinery and fixturing which allow an inexpensive and rapid changeover from
currzot production to protoiype production; and

o task level programming of manufacturing devices, including numerical control machine
tools, robots, and inspection sysiems.

These capabilities, taken as a whele, with the integration of the appropriste inteiligence,
data structures, and communication systems, could provide a system which avtomatically
transforms feature-based designs inte task-level manufacturing programs and rapidly delivers
them to the manufacturing floor ror production of tooling, fixtures, and representative

prototypes.
C.3.4 Process Robustness

Robusiness can be thought of as the insensitivity of the product quality to product and
process vaniability introduced either intentionally by design changes in product or process, or
unintentionally threugh noise, such as drift in process or external factors the manufacturer
canpot reasonabiy control. Prcduct changes may include the production of a variety of
models over one line or the continual improvement of product design.

Noise may include such factors as temperature, humidity, or variability of human
performance leveis. In any case, it is desirable to minimize the variability of the units

- produced by making the process inseasitive to changes.

-
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C.4 Corponent 4 — Technical Esilding Blocks

Component 4 consists of the tesanical building blocks recessary to create the capabilities
described in Component 3. Tihese icclude foundaticn concepts and underiying techpical
Enowledss of the desizn system’s hardware, software, processes, and manzjement. They are
srouped into five areas: data, information frameworks, tools and models, manufacturing
syatems, and design processes. Most of ths technical areas listed in Compenent 4 both
support and are required by multiple capabilities in Component 3. The technical building
tlocks of Component 4 are shown in Figure C.3.
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COMPONENT 4

TECHENICAL BUILDING
BLOCXS

DATA
Operational and support processes and environments data

P Design process data

Manuwacturing process data

Information architecture (model)

IHFORMATION FRAMEWORKS
Eaterprise information management system (including information architecture)

Information distribution system

Requirements, specification, design, and descripticn languages
Requirements and specifications metrics

Simvlation framework (including analysis of results)

TOOLS AND MODELS
" Product, process, porformance, and support models

‘ Assembly models

Solid models

Cost models

Tools for analysis of simulations

Design rules that integraie performence and all the *“lities”
Problem identificatic .: £ad schutica teckaiqu.s

High performance ccmy uters

MANUFACTURING S{STEMS
Integration of desiga systems and msnuficturing cells

Production process tuchnolcgies

s e, e e e

DESIGN PROCESSES
Design team dynan:ics

Figrre C.3. Corceptual Framework Component 4
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Comproneat 4 contains many buildirg blocks that have yet to be organized by priority and
by horizon (nesr, mid, auad long term). The next phase of the study will include such an
orzanization.

C.4.1 Daia

The Data Area describes the cpecific kinds cf data required to create and evolve the
Component 3 capabiiities. Tiis area can be viewed in several dimensions including: life-
cycle phase (concept, design, manufacturing operation and support, disposal), requirement
attributes (performance, cost, time/schedule factors), time (existing, new), and product
(F16, SS21, LHX, etc.). For zxampie, to evolve the Component 3 capability to capture data
on comparable products, processor, and support for use in concurrently desizning a new
fighter feature, one weald need, ameng other things, maintenance cost and time data on
cimiler features in existing, similar products.

Oce way to orgauize the effort to start capturing this data ir usable form (as well as the
eforts to develop the policies, procedures, and technology related to the capture and
maeintznance of the data) is to develep first an architecture for the information conveyed by
the dsta. Withcut an information architecture (sometimes referred to as an information
model) commonly accepted by zall tae services and support industry, a designer will not have
suificient confidence in the data to use it in making design tradc-offs. The information
architecture (or informanion raode!) has the effect of defining a common mapping between
the syntax and szrentics (i.2., the form and meaning) of the information. in this way, the
many people developing the mformaucn and the person using the information have a
common descriptioa of the meaning of the informaticn. Since face-to-tace interaction
between the informaticn developers and the information user is unlikely, therc must be such a
preordained commoa information architecture (model).

This architecture must be more than a dictionary in that it must employ an organization
that allows for agzregation of information in‘o (perhaps overlapping) classes and must allow
for (perhaps classed) relations among classes and pieces of information. Otherwise, the
process of arriving at a consensus will be extremely inefficient anc will probabily fail. A non-
aggregatzd or jlat architecture is almost impossible for people to understand.

It must be vnderstood that such an architecture is not & data model. A data model is
concerned with the crganization of the data within the computer system in order to support
efficient query and update of the stored information.

This architecture must be evolvable to allow for the addition of new classes and
modification of existing ones. In this way, the architecture can be developed and used in
parts rather than requiring compleiion prior to use. The same characteristic that allows the
architecture to be evolvable also allows it to be extendibl: and tailorable. Extendibility and
tailorability are necessary because the information architecture will be adapted in company-
specific ways. For example, a particilar organization’s integration of design and
manufacturing information may be basea on a group-technology approach (as in the case of
jobn Deere, Appendix A). This will drive part of the information architecture for that
cocmpany but not cecessarily for other companies or for DoD.

The process of arriving at consensus on this architecture will be difficult. The barriers
are social and political rather than technicai. In order to integrate the engineering effort, the
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parts of the architecture for different specialties (for example, electronics and structures)
must proceed from a common vision of the architecture and must be represented in a
common format. In parailel with the architecture development, the policies and procedures
for capturing data must be developed, reviewed, and established. Cnce parts of the
architecture have been set and relevant policies and procedures are in place, the data to fill
in those parts can be gathered.

C.4.2 Izformation Frameworks

The second area of building blocks is that of information frameworks. An information
framework (hereafter, simply framewurk) is a structure for establishing, storing, executing,
and evolving information-based policies and tools. Within a framework, there are usually
capabilities to organize, access, and evolve the data used by the policies and tools. Using a
conventional or standardized framework that has been designed for evolution and tailoring
allows for easier interaction among tools, among engineers, among teams, and among
organizations. a

Such a framework is itself not a physical system but rather a set of standards and"
specifications. This allows a marketplace for systems to develop such that the systen-s all
share the attributes set in the standards and specifications. At the same time, the phyuical
systems may be tailored to specific applications or organizational needs, may be relatively
larger or smaller, and have all the other characteristics of being available in an open market.
Furthermore a framework-based approach allows for competitive tools to be deveioped for
specialized aspects of the engineering and production problems. Also, since the frammework
is extensible and evol/able, completely new classes of tools and information can be
accommodated into systems built to the framework specifications. An analogy is the
common household electric drill. First, a drill is built to a specification that is consistent with
conventions and standards for drill bits. Thcre are tremendous ecopomies gained from the
fact that a special drill for each bit size uses rot need to be bought. Also, there are
economies realized from the fact that bits from oue supplier fit other suppliers’ drills.
Another part of the analogy is that cor promises exist in the generality of the specifications:
there are 3/8-inch drills and 1/2-inch w.ills ezcn supporting its own set of available bit sizes.
One should expect and aliow such compromises with au‘omation frameworks as well. Still
another part of the ansiogy is that the user of a drili can be faced with a cost-effectiveness
decision on whether to use an integrated tool such as a sanding disk or whether to buy a
special-purposc, non-integrated tool such as an electric sander. For some classes of
automated tools, this phenomenon should also be expected but it can be mitigated by
allowing tools to be attached to the framework via a well-defined interface. This also allows
an evolution path from the current situation where DoD suppliers buy non-integrated tools
aud pay for their ad hoc integration or are forced to buy a vertically integrated package from
a single vendor and become captive to that vendor.

No company would bey a drill requiring non-standard bits without a very serious cost-
-effectiveness evaluation. Yet it is remarkable that contractors’ standard practice is to buy
non-integrated, standard-purpose, automated CAD, CAE, and CAM tools with nop-
standard, proprietary interfaces and furthermore, that they have not effectively banded
together to force the creation of frameworks for the support of the required standard
interfaces.
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Each major DoD weapons systems is designed and built by large numbers of
organizations. It is clear that concurrent crzineering places a relatively large burden on the
systems which manage enterprise informaion and the automated tools that use that
informaticn. W:'hout conventional or standardized framsworks for this purpose, DoD will
repeatedly incur the costs cf integration of its suppliers’ data, ovject, and knowledge bases.
This expense will include the costs of evolution of inforwation systems not designed for
evolvability, for repeated solution of the problems of integrating design and manufacturing
information systems, and for repeated transfcrmation of data and kncwledge bases to the
formats required by the infcrmation systems of second-source vendors.

The general notion of information frameworks is connested to the ideas expressed in the
previous remarks about data. The information managed by a framework for the engireering
and production enterprise includes the data described in the previous section. Therefore, the
infor.1: tion architecture described above can and should be used as an organizing factor in
the enterprise information frammework. This allows the common understanding about the
syntax and semantics of the information that is required among the developers of the
information (for example, the maintenance organizstions) and the users of the inforraaticn
(for example, the design engineers, to be embodied in and facilitated by the enterprise
information system. This syste.a can facilitate the required common naderstanding because it
realizes the standards and specifications of tne framework includiag the common information

_architeciure or model. Further details on frameworks can be found in the appendix on
methods and technologies.

The idea of enterprise information frameworks is not new and there are efforts which
claim to be addressing the technical problems arising in the discussion above. This itself
raises a significant DoD issue. The technology working groups that inet at the workshops

leading tc this report very stiongly recommended that DoD assist in the creation of standard

frameworks for computer aided engineering, manufacturing, and logistics. There are,
however, several efforts, usuvally differentiated by engineering domain of the sponsors, all
addressing this problem and yet nct proceeding from any sort of common vision that we can
discover. These include systems driven by the needs of airframe specialists, electronics
specialists, logisticiars, and software engineers.

It is very important that DoD integrate tke vision of these cfforts. DoD, its supplier
industries, and the CAD/CAE/CAM/CALS hardware and software veadors must make sure
that the common visicn be based on ideas chosen for their technical merit and their
achievability rather than on the basis of the political capabilities of their DoD advoceates. It
will take a commitment and involvement of high-level DoD and industrial management to
ensure this. Otherwise, DoD and 1ts suppliers could waste a great deal of money (hundreds
of millions of dollars) addressirg the frameworks issue in the wrong way. The CALS
initiative office intends to address this problem.

C.4.2.1 Information Framework Building Elocks

Within the area of frameworks and in addition to the considerations discussed
previously, there are several, more detailed technical efforts that should be uedertaken. The
order of discussion of these does not imply a priority mapping of them; such & reapping is yet
to be done. :
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Cue of tte framework areas needing further research and development has to do with
languages that capture requirements, specificat'zus, designs, and product descriptions.
These languages are likely to be cpplication domain specific (for example, specific to
electronics or, perhaps, analog electronics). They are also likely to be intended use specific
(for example, specific to product description). An example language with great promice is
the VISIC (Very High Speed Integrated Circuit) Hardware Description Language (VHDL).
This can be us=d to describe the function, behavior, and structure of electronic circuits and
potentially can be licked to physical descriptions, for example in the language EDIF
(Electronic Design Interchange Format). If this idea could be applied to the mechanical and
other enginecring domains, many benefits would ensue. For examrple, a separation between
techrology-dependent and technology-independent design characteristics could be made.
Also, the irtent of the top-level designer might be easier to capture in the flow down to the
detail designer. These, in turn, woua'd make technologically upgraded reprocurements easier
and less risky.

Another exampie language would be one which captures an unambiguous, complete
product description that can be passed among product and process designers and then on to
production facilities and the customer for archiving. Such a language might incorporate
other, domain-specific languages like VHDL. It appears that PDES is intended to be such a
langnage. PDES is discussed in Appendix B.

The connection between languages and concurrent engineering relates to several of the
Component 3 capabilities. Requirements and specification languages have the potential for
decreasing the cost and increasing the effectiveness of complex trade-off analysis by
encouraging less ambiguous requirements and specifications. Further, they hold the promise
for increasing the automation of the mundane part of the design effort. By making the design
cycle dramatically more efficient, the added complexity of bringing the many downstream
considerations to bear on the design becomes much easier. Also, if partiaily automated
synthesis is achieved, then it becomes far easier to enforce design rules that relate to
production, maintenance, reliability, etc. An example of automated synthesis from a
language description is happening in the integrated circuit domain where so-called silicon
compilers are being developed to translate behavioral descriptions in VHDL into tapes that
directiy drive the fabrication process. Having a language description of a design and a
language description of & specificaticn adds ic the possibility of increasing the accuracy and
decreasing the cost and time of design validation. Finally, the existence of such languages
changes the way that interelated design and downstream information gets delivered to the
DoD and maintained for future use.

Within the crntext of requirements and specification languages, the technology working
groups in this study raised the issue of the adequacy of existing metrics for requirements and
specifications related to downstream proceszes. It was felt that adequate metrics for product
performance exist but that adequate metrics for reliability and maintainability do not. In this
case, “adequacy” refers to usefulness in makirg design trade-offs. Thus, it has been asserted

that measures such as mean time between failures and meap time to repair are not sufficient

for doing detailed design trade-offs. The same sort of siatements could be made about
producibility metrics.

Ancther part of a framework for managing zute:piisc wformation is the information
distribution system. These are the mechanisms ihat provide noiification of engineering,
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production, or design changes to the appropriate people, including other designers. The
information distributicn system is the building olock that provides the capability described at
Component 3 under “Information raanagement, dissemination, and delivery” as “proactive
availabiiity of ... designs.” The information distribution system can be viewed as the zot of
mechanisms that enforce the policies set by organizations. Enterprise information
frameworks should have the gener:d capability of exccuting the policies set by organizatioas.
A policy here is simply a set of actions that must oconr in case some event occurs, for
example notification of appropriate engineers in case a design change occurs. Ia order for
this to happen, development work and perhaps standards development need to be pursued on
how to represent policies in aa automated framework and how to implement - generic
mechanisms that will execute v-hatever policies an organization sets. The impertance to
concurrent engineering is that tihe complexity and integratior of DoD systems demands, at
the same time, both large numbers of enmincers and = great dea! of cooperation among them.

Concurrent engineering increnses the burden on this iutegration of effort over a distributed

enterprise information framework.

A special-purpose frariework for simulations has been suggested as very important to
the concurrent engineering process. To make the synthesis and comparison of designs more
efficient and at the same time expand the scope of the target optimization function to include
more downstream processes, companies tuildicg comyplex products increasingly depend on
simulation. The same argument spplied to generic enterprise information management
systems and the requirement for frameworks applies to simuletion systems as well. There
would be large increases in the efficiency of gereraiing resw similations i simuiation
frameworks were ja place. If these frameworks {not the syctems themselves Lut rather the
specifications and services provided by the systems) were standardized, then the government
could easily receive the results of zsimulations and, mors importantly, the simnlai‘on modzls
of the products as deliverables. In this way, the joverament cculd compare competing
designs, make underlying assumptions visible, and use the simulstion models in planning and
reprocurements. Without a simulaticn framework in which the simulations resitde, the
government must pey for the development of whele new simulations and precusz urnique
support hardware and software for each simulaticn built. Also, because many {a:tors
affecting the simulation are buried in the unnecessarily unique code of each simulation, the
DoD cannot reliably compare simulation results. The need for standards related to
simulation models was expressed, for example, within AT&T where it was found that the
existence of several ways of building simulations was causing an inabi.ity to get the
simulations to work together. An example of a simulation frumework is the Stxntegxc
Defense Initiative Architecture Dataflow Modeling Technique Simulation Framework.”

A common problem with simulations is {kat their results are so voluminous that people
cannot adequately analyze them. Concurrent engineering will make this problem worse
because it causes an increased use of simulaticns and the simulations themselves cover a

broader spectrum of ipformation. Thus, any framework for simuiations must allow for the

95. Linn, J.L., ef al. Strasegic Dejense Initiazive Archisecture Dawaflow Modeling Tschnique, Version 1.5, TOA Papee-2035,
Institute for Defenae Analyses (Alea udria, Va.), April 1588,
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tools for the analysis of simulation results.
C.4.3 Tculs and Models é

.3 designs evolve, it is important that the designers have tools and models which apply :
kno+n rules of thumb for such things as manufaciurability, evaluation of the desizn’s
“socdness” as it relates to functional objectives, estimation of product and process ]
performance and cost, and projection of the imvact of changes from one alterrative to . 4

another. To do so, a broad array of empirical, simulation, and analytical models must be
provided in a computing environmeat with sufficiently high performance and ease o use to
allow afiordzbility and usability to the manufacturing enterprise.

C.4.3.1 Frocess Models

To =sseas the impact of various product and process changes or alternatives, it is
desirable to p:ovide models of various manufacturing processes, such &s metai cutting,
forming, injection molding, casting, soldering, etc. Ideally, these models should provide the

- user the opportunity to slter easily the product geomeiry or process parameters interactively
and through various engineering, geometric, statistical and scientific analys=s, provide an
accurate projec:ica of process performance. This performance should be measured in tezms
which directly relste process performance (such as speeds, temperaturss, and accuracies) to
product measurement (such as tolerances, material integrity, strength, and surface finish). |
These together can provide an assessment of product cost, performance and reliability 3
without ever having produced a product. Further, if these r-odels are based on actual ¥
measurcments of real production systems for this product or similar products, they will allow 4
accurate assessments of impact of product and process changes in the company’s actuel 1
production facilities. '

C.4.3.2 Assembly and Cost Models

A number of systems exist for the evaluation of the “goodness” of assembly designs.
These provide some level of cost prediction and a guidance tool which directs the designer
towards design options that are more easily assembled based on heuristic rules of thumb
regarding design for assembly. Others have developed cost models based on specific
geometric models of position and path which must be executed by a human or robot in order s
to accomplish the desired assembly. Both modeling concep's have great valuc and promise o
for imprrving the design for assembly. In the concept of concurrent engineering, it is =~ < !

)

€a

important that these models be linked together with models of the fabrication process so that -
cost iz not simply driven from assembly operations into the fabrication operations of
component parts. This integration of model and projections should be accompiished through
the generation of cost models.

C.4.3.3 Mannfacturing System Models

Most of the process, asserbly, and product models assess the capability of the procuct
and process to perform at a certain level with a certain reliability. It is also important to
assess the capacity of the manufacturing system, that is, its ability to produce a certain
nuraber of produ..ts at a certain level of capital equipment and human (production manning)
investment. These ‘“flow models” of manufacturing systems may either take the form of

analytic or simulation models. Analytic models have been derived for simple systems of <1
multiple machines, fixtures, personnel, tooling, and material hardling systems. However, as N
|
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manufacturing systems beccme more compiex, it i3 oiten pecesswry to either employ
hecniiics derived from aagslytic models or to create simuletion models which ailow a greatsr
cor pizxity in their constraction.

tegration of capacity and capaoility models ir manufactiuring becomes more important
as designers extend the capability of manufacturing systems to previde an extremely srmali,
extremely accurate, or extiemely high strengty _roducts, thereby challenging the capabilities
of mawfacturing systems. A trade-off begins to emerge wheiein the designer is forced to
choose between process jield and product performarce. This is especially true in the
electronics industry, where increased levels of intepration provide higher performance of
2lectronics systems yet drive production yields lower. As yields diminizh, tihey force a linkage
of the cqowl‘iry (yield) models of precesses to the capacity medels of preduction flow. Tais
is not cniy because of lost production velumes due to lewer y‘eid vut also due tc the need to
recycle componeuts thxou,,h pravious uperations in order to repair or rework. This raqmres a
whole new approach to modeling the mannfacturing systems which incorporates reliability
and statistical yicid analysis with capacity and dow analysis.
C.4.3.4 Design of Experiments and Qther Siatistical Methods

As industry continues to search for improvements in guelity and productivity tiarough the
implewentation of programs such =s concurrent engineering, the discipline of statistics wili
play an increesingly important roe as, for examnple, signals for potential improverments
become smaller relative to the neise in the systems. Accordingly, research in applications
ranging from graphical display of duta, thrcugh design of cxperiments, *o the appiication of
time-series ansiysis in complex, feed-forward snd feed-tack systems will be needed.

Additiotal statistical toois that support process improvement and robust desizn incinde
modern statistical graphics, expioratory data anaiysis, and time-series analysis. Establishing
processes that are rotust to external dizarbances and sinmltancomly responsive to control
requires multivariate considerations of >rror tiansmission and pararaeter sensitivities.
Research in apelications should include quantification and verification of expert pnor
knowledze to crhance managerial Jdecision making, statistical studics in npon-iinear

ectimation, finite clement analyses, and stochastic disturbances in dynammic systems.
Investigations of technical topics such as optimai esiimation of dispersion effects, variation
transmittal, detecting dispersion eifects in unreplicatcd factoriais, simplirying
transformations, and tecnrclogy—damam—specxﬁc models will also continue to be important
research arcas. As signal-tc-noise analysis and ortliogonal erray techniques becoms more
widely used, extensions, refinements, aud increased eﬁﬁcicncics should be explored.

In addition to resesrch, the DoD and its contrzctors should take advantage of existing

statistical tools. These includes statistically designed expzriments: spiit-plot designs,
sequentially applied designs, dcsigns subject ‘0 consiraint, designs comnstructed from
incomplete blocks, respoese surfuce designs, bits and pieces of mixed-level fractionenis,
designs to fit and validate modeis, and dezigns rebust to time-dependent correlations and
non-homogeneocus error structures.” These expcnmcntal strategies avre widzly used ia the
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5 agricultural, medical, and chemical industries. Use of these methods can conuribute to the
; improvements that are sought through concurreat engineering.

C.4.4 Manafzctring Systems

Berides the understanding and modeling of manufacturing processes and systems
described in the Tools and Models section above, there are important systematic building
blocks ead understending which relate to manufacaring systems which niust be provided to
achieve some of the required capabilities of Compenent 3. In particular, the rapid
prototyping and process robustness capabilities described in Component 3 will require
. integration of the design systems ir manufacturing cells and systematic techniques for
b acquiring and anziyzing empirical data which statistically describe the capabilities and
1 capacitics of the manufacturing systems. (In addition, these specific capabilities of
Component 3 also raquire many of the building blocks described in earlier sections relating to
: data, frameworks znd tools and mudelizg.)

1 C.4.4.1 Flexibie Mavoraeiuring Cells

To provide a recponsive envircnment which lowers the time-to-market of new products
and tirue-io-delivery of current producis as well as providing rapid <nd representative
prototypes, there must be a heightzned level of flexibility on the manufacturing floor. Efforts
have been uader way for some time to achieve higher levels of flexible automation, especially
in the areas of material removs!, assemoly, and inspection. To link these computer
controlled devices more effectively to the design systems and more quickly and accurately
derive the requisite control prograes, it is pecessary first to automatically transform design
descriptions into manufacturing procssses and control programs. Ultimately, there should be
a “pext generation coatrolier” czpabie cf receiving only product descripticas snd
automatically interpreting tiat description and turning it into the machine motions and
control points necessary to achieve the desired product geometry, tolerances, and material
specificaticns.

C.4.4.2 Production Process Techaologies

The aggressive pursuit of advazced technologicel products requires that there exist
manufacturing technologies able to produce such products. New technological developments
are necessary in such areas as compositss processing, semiconductor manufacturing, and
ceramic materials processing. While it is not the focus of this report, these critical
production process technologies affect the ability to perform corcurrent engineering to the
extent that their lack of development overly constrains the desiga process.

C.4.5 Design Process

All of the four categories of technical building blocks described above are groups of
tools, knowledge, and environments which provide some element of, or support to, ihe
engineering process. While all are essential to achieving the promise of concurrent
engineering, it is alzo desirable that we develop an improved naderstanding of the design

A,

96. This discassica of statistical methods was provided by Prof. G. Rex Bryce, Professor of Statistics, Brigham Young
Univeraity.
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process itself. There are aspects of the design process, as typically practiced today, which
inhibit the attainment of the goals of concurrent engineering. These relate to the process of
design synthesis by the individual and group, and the psychological and sociological
phenomena which play out in the execution of a team design process.

For example, it has been observed that design teams have an unrealisticly high priority
on the early selection of one alternative design concept, rather than allowing a state of
uncertainty to exist for a longer period of time, a state which is necessary if a full evaluzation
of alternatives is to be completed. Although the evaluation of alternatives might better have
continued longer, many design teams will grasp an alternative, develop analyses which
support the chosen concept, and defend it unreasonably. There are a number of
psychological, sociological, managerial, and acquisition process elements which support this
overly high priority on early selection of design concept, and the dogged defense of the
cencept even when it might be improved. Further study of these pheromena and motivations
is desirable so that they can be improved or overcome through the development of varicus
design tools, procedures and policies. This uncerstanding would also allow teaching of better
concepts for design synthesis, especially within the team-based design process.
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Q D. CONCURRENT ENGINEERING AND THE ACQUIEITION PROCESS

D.1 Introduction

Concurrent engineering seeks to increzsz quality, reduce cosi, and decrease
4 development time. It seeks increased exficiency and effectiveuess through confiauous process
3 improvement, the elimination of non-value-added work, and practical opiuimization of tie
: system consisting of the product and its manufacturing and support processes. In thie past,
o the DoD) aitempted to achieve these objectives in a pircemeal manner. These inGividual
P effoits spawned “stovepipe” organizations with their attendant regulations, specitications,
P and standazds. These efforts were frequently successful in their target areas, but were unable
LT to achieve simultaneously the three objectives of increased quality, reduced cost, and
’ a decreased developuient time.

. Concurrent engineering seeks to achieve these objectives simultaneously by traly
' ‘ integrating diverse specialities into a unified development process. This approach Las
important implications for the DoD acquisition process. The following discussion addresses
the implications identified during this study. It is structured around generalizations of
¥ reported practices in today’s DoD acquisition process and offers potential alternatives.

D.2 Specifications

Furdamentally, a specification is a series of requirement statements which are
D quantifiable and verifiable. Collectively, specifications can be viewed as a tree, with a Type

9 A specification being the trunk, Type B the branches, and Type C the leaves. The
] development processes begin with a “Type A” systems specification that states the technical
and mission requirements for a rystem, allocates requiremeats to functional (performance;
; areas, documents design constraints, and defines the interfaces between functional
! (performance) areas.

5 Several “design-to” or “Type B” specifications are normally developed from the Type A
specification through a series of systems engineering trade studies. The Type B specifications
state tie performance requirements for the design or engineering development of each
configuration item. The specifications are sufficiently detailed to describe effectively the
expected performance characteristics of the it=m.

As development nears completion, “Type C” (Part 2) or “build-to” specifications, are
developed. In addition, while each program has its unique set of A, B, and C specifications
that define its mission needs and constraints, these program documents aiso incorporate
many government standards and specifications which define items, approaches, procedures,
or testing to be used in the development and production process. These government
standards are used so that aew programs may bznefit from lessons learned, communahty is
e promoted, and logistics costs are minimized. There are more than 40,000 military
¢ specifications and standards whose average age is 11 years (technology currency). Their

f combined sffect is to impose premature and not well understood constraints on contractor
activities.

™
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In some cases, military standards and specifications conmsist of detailed tcst and
g ] inspection procedures, or manufacturing processes which contractors must follow exactly for
| their product to be accepted by DoD’s auditors. The test, inspection, or manufacturing
processes on which the specifications were based, however, are frequeutly obsolete even
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before the countract is approved. Such “hcw-to” specifications tend to place coenformance to
canped processes ahead of all cther requirements, including those of ihe users. Many such
specificztions are imposed ca a blanket basis without any true understanding of their cifect on
the epgineering effort. A contractor’s ccmpliance with the letter of these specifications
becomes tbe DoD’s primary measure of contractor performance. As a resait, contractors

view such compliance a3 the lowest risk approach to engineering management. Since

program managers usually reject aiternatives or enaanced processes in favor of the speciiied
tasks, contractors have little incentive to improve bevsrd the specified process. Similarly,
potentiai Uidders who propose alternatives run the rish »f <. 1g found “non-responsive.”

Ia many cases, program-specific and generic : . ci‘.cations are enforced as ceilings to be
reacked (hopefully) at pregram maturity rather than as floors from which improvement can
begin, This motivates the contractor to work his trade-off processes downward {rom the
ceiling rather than upward from the floor. The contracter is discouraged from approaching
the specified ceiling because such effort decreases the prospect of showing “substantial
improvements” later in the program. Such “substantial improvements” in later phases may
lead tc additional contract funding.

Although the original intent of many of these specifications was to provide a common
baseline for accelerating the development of improved methods and processes, rigid
adherence and strict enforcement has had the oppusite effect. The standards now serve as a
commoen denominator of mediocrity. Governmert specialists whose role is to monitor
contractor progress become enforcers of the specifications. Problems are often “solved” by
adding more enforcers and svditors.

Contractors need the latitude to improve the manufaciuring processes and procedures if
DoD is to improve the efficicncy and effectiveness of the acquisition process. One method of
institutiopalizing this objective is to emphusize the progrem-specific (Types A and B)
specificaticas over general standards. General “how-to” standards should be referenced as
baseline guides rather than as absclute requirements. In this way, they can be & scurce of
lessons learned and a reference for contractor processes. The contractor should be required
to describe any proposed precess acd to provide supporting documentation demonsirating its
effectiveness. The contractor should expluin how the contract will be managed, inclading the
critical control points.

The program office should be allowed to impose a process only if its superiority over the
contractcr’s process, in terms of cost or quality, can be demonstrated. This requires that
both the contractcrs’ and government’s enginesring personnel understand their processes and
process management. Neither can be a passive observer. The program-spacific
specifications should be in a form such that “blanks” are provided for both the proposed
quantitative performance characteristics and the superior processes. Appendices to these
specifications should provide guidance and lesecns ieamned for the tailoring process. The
form of the specifications peeds to be studied prior to the initiation of esch program phase so
that the appropriate trade-off studies can be accomplished in a timely manner to quantify the
requirements.

This is not to suggest that simply deleting ail the “how-t0” specifications will produce the
desired results. Some other means to manage risk and measure contractor performance are
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g necessary. Approaches to such risk managexent and preformance measurement are
discussed in the following paragraphs.
D.3 Frzzmentation in the Specification ‘
The “lities” evelvad in response to actual or perceived needs that once were not being

¢

addressed. As each “ility” matured, a separate terminology evolved, and accepted
mathematical analysis procedures became institutionelized. The need for proficiency in these
3 procedures and terminology led to specialization. This, in turn, caused “stovepipe”
E, functional activity by the contractors as well as the government.

1a Typically, an “ility” is institutionalized through a military standard and contractually
: implemented through assigned tasking in the statement of work (SOW) portion of the
contract. It has an associated budget and requires delivery of a product, usually a report.
The standards on which the SOW tasking is based describc generalized management
procedures (as opposed to engineering functions) that are similar from “ility” to “ility” and
. often duplicative (e.g., four deliveries of Failure Effects Mode Criticality Analysis). The
1D SOW tasking generates activity that is indirectly related to the derivation of essential product
‘ characteristics.

An alternative approach is to dzfine the product characteristics that the “ility” seeks to
influence and include them in the specification. . The general rule is, if a characteristic is
important, then it skould be in the specification. To be in the specification, it must be
1D quantifiable (stated in performance terms), and verifiable. This approach would ensure the
: appropriate top-down requirements process through the specification tree.

‘ Consider, for example, if producibility and unit production cost are treated as part of the
i specification: .
‘ o Recognize cost (unit production cost) as a technical characteristic in the specification.

¥ Rationale: A better weapon system which is unaffordable does not support the objective
¥ of achizving “Best Valuz” for the user and the tax payer. Cost is a legitimate
technical constraint on design, driving both technology selection, and
; provucivilily and supportability considerations.  Producibility and
| supportability considerations become effective requircments when they are
3 guantifiable and are administered in a top-down, requirements driven process.
Consequently, these requirements must be developed within the context of
cost constraints.

|

|

f s Require capable manufacturing processes in the specification (a process capability
! index).

Rationale: Traditional military specifications and standards on manufacturing processes
i : and workmanship have an objective, to define minimum standards for these
. ' processes. They are “how-to” documents. As scch, they do not 2ncourage
'] innovaticn aud improvement. Process capability indices (such as Cp and/or
‘ Cpx ) are an alternative to tre traditional military specificatioas and standards.
N Such indices provide the same assurance of stable manufactoring procssses
‘ i with an agrced-to variabiiity and/or a variability reduction effort. They give

i B Doy
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the contractor the latitude to improve the processes. In addition, the
capasoility indices address the relationship of the specification to the variability
of the process. Process capability indices are both producibility and quality
renuirements. .

Mocst tut not all of the “ilitiec” characteristics may be treated in a similar manner.
Quaiitaiive characteristics that can not be expressed ir quantifiable terms require extensive
interaction with users, are major areas of unce-tainty to a program, and in many cases have
led to inedfic:oncies in the acquisition process.

D.4 Focus on an Integrated Development Process |

The contractor and DoD must reach mutual agrzement on the general nature of
duvelopment processes if scme of the guidance and constraints within the traditional irilitary
standaras are to e subject to tailoring and streamlining. This agcement should focus on a
structured develocpment process eixphasizing time-phased sequence of tasks, mutual
understanding, and discipline. Prercquisiizs to such an agirecment are as follows:

o Deriving vealistic systems r-quirerents from the vsers’ intended applications.
¢ Understarding operational use and environmexts.
¢ Understanding rianufacturing processes and materials.

e Understanding failure processzs and their rclationship to manifacturing and service
‘nduced flaws 2ud defects, material usage, aud environmental sensiavity.

¢ Understanding supaort processes.
o Establishing product and process design critzria based npon application.

o Designing use and manufzcturing process capavility (desigring to the quality level that
can be controlled in manufacturing and maintenance).

e Characterizing the desizn through materio! and process characterization, analysis, and
testing.

e Optimizing the system of product and processes in a systematic, phased, and practical
manner.

The structured development process would include the foilowing activities:
» Qualify product togsther with the manufacturing processes by Milestone II1.

o Control the manufr.cturizg ana depot/field maintenance processes to the level addressed
in product and process dcsign.

e Monitor actual use and adjust life management based upon deviation from initially
projected use and envircoments.

¢ Moniior aad improve the manufacturing and depot/ficld maintenance processes.

The above list constitutes a generic description of zn integrated process that is
responsive to the cbizctives of the concrrrent engineering. Thess activities are practiced in
some areas of the DoD) acquisitior process.
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D.5 Specillcation Requiremnents (Section 3) and the Verifleation of the Requirements
Sactiond)

There are two principal sections to a development specification: Secticn 3,
“Requirements,” and Section 4, “Verification/Qualification Requirements.” Each line item
in the requirements section must have a correspending line item in the verification section. A
requirement is net effective if it cannot be verified. There is no discipline if the verification
actions are not timely.

The Section 4 verification lne items should describe tasks, schedules, and success
criteria. The tasks skould be representative of items found in D.4, in the list of the nine
prerequisites. However, Section 4 requirements should not be summarily imposed on the
contractor. ‘They should be mutually determined during the contract negotiation process and
would become the tailored “process” for satisfying the requirement (see Section D.4).

The proposed approach provides a tailored work package for all of the essential product
characteristics in each of the specifications which were negotiated between the program
management officc and tlue contractor. These packages would provide the basis for
developing program cost and schedules as well as performance-based progress criteria. They
would be documented in an appendix to the specification as a Systems Engiceering Master
Schedule. The agendas of all technical reviews should be developed around the
periormance-based progress criteria identified in the verification sections of the
specificaticns, s should contract progress payme. 's.

The mutualiy-defined, time-phased verification actions contained in the Systems
Engineering Master Schedule provide the means for risk management of contractor progress.
They are comparable or superior to those currently provic.d by the system of military
specifications and standardc.

D.6 Relationship of the SOW to the Specification and the integrated Deliversbles

The SOW should define the work effort required to implement the program successfully.
Io effect, the SGW should implement the necessary tasks identified in Section 4 of the
specification. Current SOWs call oat work packages in a manner that is decoupled from the
specification requirements. This practice accentuates the separation among mainline
engineering, specialty engineering, manufacturing, and field support. Concurrent
engineering is frustrated when independent “stovepipe” activities are encouraged through the
SOW.

Tae SOW is alsc used to define the Contract Data Requirements List (CDRL) items. In
effect, these items represent written reports of functional activities. The contractor must
prepare and deliver CDRL items. They ere independent of the integrated product described
in the specifications.

Three types of contract data are used in the technical management of programs: (1)
perishable data provide information needed to accomplish the task but will not be needed in
the future, e.g., status reports; (2) histcrical data refiect program details required to manage
the program, but wiil not be needed after development is complete, e.g., test reports; and (3)
permanent data permit the support organization or a user to accomplish their mission and
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will be needed ia the future, e.g., engineering drawings and technical orders. Where
possible, CDRL items should be limited te “permanent and/or historical data.” Contractual
arrangements should be made to allow government access to the working data, in the
contractor format, for perishable and kListorical data.

D.7 Requests for Proposal and Source Sslection

Prime contractors, who will be responsible for the overall product development phase,
are typically selected in a competitive process called source selection. The information
evaluated during the source selection is provided by one or more offerors in response to an
Request for Proposal (RFP). The RFP includes model specifications, statements of work
SOWSs (Section C), instructions to the offerors (ITO) (Section L), evaluation factors for
award (Section M), and other sections as appropriate.

In the traditional RFP/Source Selection Process, the offerors’ responses to the RFP
emphasize the non-contractual technical proposal, cost, and schedule. This occurs because
the offerors perceive that to win the contract, they should respond to the government with the ;
government-developed model specifications and SOW lacguage. The non-contractual ¢’
technical proposal contains the rationale for the superiority of an individual offeror’s
proposal. If contracts are awarded on the strength of the technical proposal, then offerors
have no incentive to propose innovative solutiuns to the users’ needs or implsment improved
processes beyond those described by the government.

An alternative approach is to build the RF? around performance-based specifications.
Also, each offeror would bid detailed deveiopment specifications and a specification tree as
described in the ITO. Each offeror would bid quantitative Section 3 characteristics, Section
4 verification tasks and schedules, as well as overall development costs and schedules.
Detailed specifications may be left partially complete during early program phases, provided
there is contractual agreement on when and how they will be completed. The evaluators of
the offerors’ responses would then have evidence of: (1) the offerors’ understanding of the
user’s needs; (2) the specific character of the offeror’s propcsed solution; and (3) the quality
of the contractually binding development and verification processes, tasks, and schedules.

During the source selection process, an offeror and the system program office must
mutually define a bilateral agreement. Tke bilateral agreement would consist of the 1
understanding of the systems (including processes) essential characteristics (Section 3 of the 4
specification), the methods for verification and validation, demonstration milestcnes, and
risk reduction activities to support the decision points (Section 4 of the specifications). The
bilateral agreement would be integral to tk 2 specifications and will be contractual. Achieving
the development objectives depends on the two parties comi.:g to a mutual agreement (not
dictated agreement) on the job to be done. The source selection must focus on the
specification. The technical proposal would remain non-contractual.

The government should minimize the task-oriented engineering portions of the SOW.
The SCGW reed only state that the offeror shall accomplish all work necessary to satisfy the
specifications (requirements and verifications) and the schedules for the reason cited in D.6.
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D.3 Performance-Based Progress Criteria and Risk Management

The verification tasks of the development specifications with supporting task schedules
and success criteria should be the basis for performance-based progress criteria and risk
management. This would provide the necessary management tools to put discipline in the
systems engineering manageinent process by establishing accountsbility and ensuring
management involvement.

D.9 Developinent of Integrated Requirements for 2 New Product Development Activity

Sections D.Z thrcugh D.7 describe a set of integrated requirements. The quantification
of the requirements (to assure that they are realistic, internally consistent and timely)
depends upon the quality of the systerns eagineering process. This involves functional
analysis, identification of trades and options, allocations, etc. Sections D.2 through D.7
show that concurrent engineering demands a systems engineering process broadened beyond
functional engineering and requiring increased depth. The systems engineering process will
have to e a team activity invoiving engineering, manufacturicg, product support, and
customer (the user, the maintainer, the trainer, and the program management office).
Achieving the required level of teamwork is a demanding process which requires competent
penple with specific experience and understanding of the product line (aircraft, missiles,
ships, tanks, etc), user, technology base, acquisition process, etc.

D.10 Integrated Acquisition Strategy

The full expanse of the contractual requirements, items, and conditions conveys to the
contractor a set of priorities and an operating environment for a specific acquisition process.
The primary objective of a proposed contractual process must be to create an atmosphere
that encourages contractor icnovation to achieve the “best value” (combat capability) of the
DoD product to satisfy the users’ needs within tiine and monetary constraints. Traditionally,
the DoD has used Business Strategy Panels to review the proposed acquisition strategy.
These reviews have tended to focus on contracting, legal, and fiscal iscues. The sufficiency of
the technical process and the timing of the reviews to make sure that the program will be
ready to proceed to the next phase have nct been major foci.

Business Strategy Panels should be restructured as Acquisition Strategy Panels. By
focusing on all facets of the proposed strategy, technical as well as business considerations,
they should ensure that the system being developed is designed to meet fully the users’ needs.
Acquisition strategies should ensure that the technical approach is a correct one and that it is
reinforced by the business approach. The technical requirements, evaluation criteria,
contract provisions, and all other elements that support the objectives of concurrent design
must be integrated into the best strategy possible. Acquisition Strategy Panels should be
multi-disciplined and should be structured to provide the advice of the best talent available in
an open-minded environment.

D.11 Functionally Integrated Develcpment Teams

The existing acquisition process encourages fractionated siforts by all parties involved.
Concurrent engineering, however, requires the integration of the “ility” functions into the
activities of the design, manufacturing and product support processes. The steps cited
previously, (D.2 - D.9) establish an integrated set of requirements for each product
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confizuration item. The program management offices should establish a set of project-
oriented multifunctional teams. FEach configuration item/specification should be the
responsibility of a specific team. These teams should include representatives of all
applicable disciplines (for example, engineering, manufacturing, and acquisition logistics).

Historically, contractors’ organizatione have mirror-imaged their DoD client. The DoD
can use the contractors’ this tendency to encouraging industry adoption of this multi-
functional team concept with team ownership of each configuration item specification.

D.12 Motivation

Performance-based progress monitoring provides a positive incentive for getting
_employeces and management iavolved in establishing and meeting requirements. It should be
used to motivate employees to surface problems and issues early as well as encourage them to
develop innovative approaches to meeting the performance-oriented requirements of
specifications. Incentive pay and promotions should be linked to performance-based
progress.

D.13 Closure

The previously cited steps are intended as examples of how the concept could work
within the DoD acquisition process. As such, there are many other facets that must be
addressed. This report conciudes that the proposed concepts can work, are practical, and
that the DoD must assum= a leader-2ip role to make it happen. The advccates for the
process should be the Under Secretary of Defense for Acquisition (USD(A)) and the
Acquisition Executives of each of the Military Services. They must champion the essential
technical processes if the objectives of the concurrent engineering initiatives are to be met.
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E. CCNCURRENT ENGINEERING AND ACQUISTTVON POLICY

E.1 Chjecdve

The principal goal of the Do acquisition process is to satizfy the users’ requirements by
efficiently and eifectively developing and acquiring weapons systents. The President’s Blue
Ribbon Commission on Defense Management notes that weapons systems take too long to
develop, cost too much to produce, and often do not perform as promised or expected. A
refocusing of the acquisition process is needed to emphasize achieving the “best value”
{combat capability) in DoD products. This meeans satisfying wsers’ veeds within time and
monetary constraiats. Concurrent development and qualification pernrits multidisciplined,
timely tradoifs to be made in pursuit of the optimum balance of capability, cost, and
schedule. Concuirent engineering with its focus on practical optimizstion of the product and
its related processes, instead of just the technical performance of the product could bz a kigh
payoff initiative in DoD’s Total Quaiity Management and Could Cost strategies.

E.2 Apgpiicadon

To accelerate the application of concurrent engineering ceucepts, the DoD is committed,
under the Total Quality Management (TQM) iniiiative, to a strategy for continuous process
improvement. Ail processes, such as management, engincering, manufaciuring, apd
support, must be included under TQM. Concurrent engineering is one mcans of
implementing this strategy, specifically in the area of designing products (weapons systems)
and the processes to produce and support them. It should apply equally to DoD and its
contractors. By establishing an Interim Acquisition Policy, the DoD can take the lead in
encouragir.g industry to apply concurrent engineering concepts. The elements in the
following sub-sections are viewed as keys to the near-term implementation.

E.2.1 Interim Acquisition Policy

The focus of the Interim Acquisition Policy should be on the integration of DoD ard its
industrial base to improve quality, reduce cost, and decrease development time. It should
address the following objectives:

1. The revitalization of the systems engineering process, extending systems engineering to
include all aspects of quality, not just technical performaance.

2. The integration of requests for propossls, elimination of segmented requirements from
each specialty organization.

3. The integration of desizn reviews, structured according to specification trees instzad of
functional areas.

4. The application of performance specifications, rather than the myriad of detailed
“how-to” procedural and process military specifications and standards. “Strearciining”
should be revitalized.

5. The elimination of no-value-added effort. Staiement-of-work tasks which dictate
procedures and processes and specify deliverables should receive special attention.
The “Could Cost” approach should be applied.

i ! A .




Appendix E UNCLASSIFTIED

5. The develorment of new DoD procedures aind processes to enable DoD to satisfy its
management respeasibilities.

£.2.2 Near Term Edocsdon and Training

Dolicy implemenatation will require education and training. As a minimum, the Services
chould train a multidisciplined cadre at each product division. All acquisition personnel
siiculd receive awareness training.

¥.2.3 Longer Range Policy Revision

This process shouid begin with the revision of DoD 4245.7-M, “The Transition from
Development to Producton.” This single Jocument addresses the technical development
precess from start to finish, from design througn manufacturing and support. Many things
havz changed since the current document was developed. Taen, on a pricrity basis, the
critical specifications and standards that address top level piocedures and processes should
be revised.

£.2.4 Manufacturing Technology Program

Manuofacturing Technology Program should include concurrent engineering process
improverments. ‘

E.2.5 Focused Dol Technolegy Program

D should initiate a coordinated program that addresses the development of enabling
technologies.

E.2.6 Pilot Programs

Services should initiate programs for the purpose of exploring changes in the acquisition
process that will obtain the benefits of concurrent engineering.

E.2.7 Cazin of Command

The chain of command fzom the USD(A) to the program managers is the critical path
for making changes in the acquisition process. iEducation of the individuals in this path is a
necessity if consistency and effectiveness are to be achieved. Affecting acquisition programs
is clearly the objective. Actions taken by this chain of command are the most effective way to
influence industry and consequently the most effective way to obtain the desired resuits.
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G.1 Werkehop 1, 11-12 May 1533
Wednesday, 11 May 1583

Robert McCormack, Deputy Assistant Scczetary of Delense for Production Support
Welcoming Remarks

Don Clausing, MIT
“The Cuality Model”

Willie Hobbs Moore, Ford
“Why Ford applied the Taguchi method”

Jack Ketzen, Assistant Secretary of Defense (Production and Logistics)
Luncheon Keynote Speaker

Mike Kutcher, IBM
“Concurrent Engineering at IBM”

Jim Pratt, ITT
“Characterization of a Company Practicing Concurreat Engineering”

Thursday, 12 May 19338

Dion Clausiag, MIT
“Improved Total Development Process™

Bill Haney, Texas Instruments
“Concurrent Design at Texas Instruments”

James Kowalick, Aerojet Ordnance
“Rezults of Applying Concurrent Design at Aerojet Crdnance”

Xidar Chadsh and Don Duboise, Nortkrop
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“Concurrent Design at McDoonell Douglas”
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G.2 Watkshop 2, 25-26 IMay 1233

Workshop 2 consistad of reveral panel discussions. The panels were formed as follows: | |

Ernabling Technologics
Johr Hanne MCC Chair
Rod Julkowski Hoaeywell
Bill Henry Boeing

Sarosh Talukdar CMU * T ‘.
Gene Seefeldt Deere o/
Alan Fulton AT&T

Luncheon Address Robert Duncan, Director, Defense Research and Eagineering

Weapens System Application
Jobhn Halpin USAF Chuair
Dave Altwegg USN
John Sheridan  Boeing
Robert Schell  Aercjet Ordnance
Don Snyder McDonnell Douglas
Jim Pratt 1T
Gordon Keefe  ASI

-

Government Technologies Iritiatives

Hal Benwrand IDA Chair
Phil Parrish DARPA

Howard Bloom NB3S

Toay Woo NSF

Charles Church  Army
Nate Tupper USAF

Will Willoughby presented his views of concurrent engineering and the recent
improvements in the acquisition process within the Navy.

G.3

Two smezller working panels met during June to identify acquisitica issues and
technology chalienges related to concurrent engineering. No papers were presented at
the June sessions.
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H. JEVIEWLLS
Tius report has been reviewed oy a tcam within IDA, an expert exiernal r:view panel,
and 50 to 80 worksiiop attendecs, and uther interested parties. Theze rgrticipants are
listed in Appendix F. Tie coarributicn of participants ard reviewer: has been
substantial, but inclusion of their nares should not be construed as an endorsement of
this report.

H.1 IDA Reviewers
Cathy Linn, Jee Lian, IDavid LeVan, Bill Akin, Terry Mayfield, Jack Kramer, Bill

Cralley, Lane Scheiber, Dick Schwartz, Gary Comiort, Dave Randsll, and Gesn. William
Y. Smith.

H.2 External Reviewers _

The externai review panel was chaired by Ruth Davis. Other members of the
external review panel were Rex Bryce, Jacques Gansler, Mike Kuicher, Beb Lundegard,
Jim Pratt, Bob Schell, Don Snyder, Myron Tribus, Jim White, and Yuin Wa.
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DEFINITIONS

IDA  publishes the following documents to report the resuits of ils waork.

Repons

Reports are the most authorilative and most carefully considered products (DA publishss.
They normally embady results ol major projects which (a) have a direct bearing on decisions
altecting major programs. or (b} address issues of signilicant concern to the Executive
Branch. the Congress and or the public, or (¢) address issues that have signilicant economic
impiications. I0A Reports 2-¢ reviewed by ouiside panels ol experts 10 ensurs their nign
quality and relevance to the problems studisd, and they are refeased by the President of 1DA.

Papers

Papers normally address relatively restricted technical or policy issues. They communicate
the results of special analyses. intenim reports ar phases of a task, ad hot or quick reaction
wark. Papers are reviewed 10 ensure that they meet standards similar to those expected of
relereed papers in professional journals.

Documents

IDA Documents are used for the conveni of the sp s or the analysts to record
substantive work done in guick reaction stydies and major interactive technical support
activities: 1o maxe available pretimirary angd tenfative resulls of analyses or of working
group and panei activities; to torward inlormation that is essentiaily unanalyzed and uneval-
uated: or to make a record of conferences. mestings. or brielings. or of data developed in
the course of an investigation. Review of Documents is suitad to their content and intended

The results of IDA work are also conveyed by brietings and informai memoranda to sponso,s
and others dasignated by the sponsors, when 3ppropriats.

Approved for public teleary; distribution unfimited.

¢ 1988 Institute for Delenss Anaiyses

The Government of the United States is granted an cnlimit to reproduce this

document,
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PREFACE J/

Tark Order T-Bf-£02, under contract MDAS0O3 84 C C031, directs the Institute for
Defense Analyses to identifv critical information and factors associated with the use of
concurrent engineering in weapons system development as well as DoD and industry efforts
that are potentially applicable to this etffort. This report responds to a subtask that calls for a
report based on the fadings of a study of concurrent engineering including site visits to
compacics practicing it and is intended to be part of a larger effort. It contains a straw man
approach to achieving concurrent engineering in weapens svstem development (Appendices

D arnd V.

This report has been prepared by an IDA study team (the authors of this document)
based on a preliminary studv of concurrent engineering. The practice of concurrent
engineering in the United States is an emerging discipline and validated models describing the
functions and information requirements have not yet been developed. This report represents
an initial attempt to define a conceptual framework for concurrent engineering, to describe
the methods and techniques being used by those practicing it, and to list reported benefits of
those attempts. It i1s aaticipated that more complete models describing the functions and
information exchanges of concurrent engineering will be developed in subsequent studies.

In preparing this report, the study team gathered information from individual industrial,
academic, and corporate experts and from experienced corporations. The study team
organized the information and made judgments about the validitv and applicability of data
and expert opinion. This report is based on those judgments.

The report was reviewed by internal and external panels whose members are listed in
Appendix H. Workshop participants are listed in Appendix F. The contribution of
participants and reviewers has been substantial, but inclusion of their names should not be
construed as an endorsement of this report.

The authors acknowledge the contributions of many who helped to produce this report:
the companies who provided success stories, the speakers at the workshops, and the
workshop attendees who helped to shape the ideas presented in this report. This report
would not be possible without their assistance and the support of their parent companies.

The study team especially acknowledges the contributions of Gary Ammerman, Charlie
Bernstein, George Box, Don Clausing, Travis Engen, Alan Fulton, Larry Griffin, Istvan
Gorog, George Gregurec, John Halpin, Bill Haney, Leo Hanifin, Bill Henry, Stuart Hunter,
Ed Istvan, Mike Kutcher, Chuck Laurenson, Vern Menker, James Nevins, Mike Patterson,
Madhav Phadke, Jim Pratt, Homer Sarasohn, Bob Schell, Gene Seefeldt, John Sheridan,
Russell Shorey, Don Snyder, and Michael Watts.

The authors also express their thanks for the help they received from Helen Singleton,
Diane Eason, and Chloie Boelte, as well as the editing assistance from Ellen Pennell and
Katydean Price.
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