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ABSTRACT

Post-Cold War shifts in the balance of macioeconomic power have substantially altered the global
market forces for the aerospace and electronics industries in the United States. This evolutionary
change in world order has induced a period of intense industry competition characterized by
strategic growth through mergers and acquisitions among a few major piayers, particularly for
companies which rely on defense prime contracting as chief contributor to retum on sales.
Emerging from the highly dynamic and often chaotic state cf this business environment are
strategic initiatves to achieve unprecedented efficiency in the design, development, manufacturing,
operation, support, and disposal of advanced systems. This thesis explores the impact of these
changes on the U.S. aerospace and electronics industries and presents a model for achieving
sustainable competitive advantage as the United States transitions from a manufacturing-based
economy to a knowledge-based economy in the global marketplace.

Objectives of this thesis:

¢ Present a market force analysis for U.S. defense prime contracting in the new world order;

e Establish the concepts of dual-use, technology transfer, and product commercialization,

¢ Introduce the multi-product adoption model and too! set for system design and management;
e Provide an approach for cost-efficient revolutionary growth in enabling technologies;

[ ]

Ilustrate thesis concepts using control and sensor system design examples.

Two technology areas have been selected to illustrate the viability of the multi-product adoption
model framework and tool set-—optimal robust real-time multivariable control and state-of-the-art
radar and infrared sensor systems. Both of these technology areas have broad presence in a variety
of defense systems, and both have found multiple product applications in a diverse spectrum of
commercial markets. By emphasizing cross-market insertion and embracing the concept of
process-centered organizations, the model leads very naturally to the concept of core technology
development teams (CTDTSs) based on the widely recognized integrated product team paradigm.
This thesis suggests that CTDTs are an essential element in preserving U.S. leadership in
developing advanced technologies, and that CTDTs are most effective by sharing a collective
allegiance to a particular technology or family of technologies, but should very rarely be dedicated
to a single product.

Thesis Supervisor:

Professor Edward F. Crawley

Co-Director, System Design and Management Program
Head, Department of Aeronautics and Astronautics
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EXECUTIVE SUMMARY

Demands for enabling technologies in the aerospace and electronics industries have shifted focus to
higher emphasis on cost of ownership and on the design of advanced surveillance systems for
achieving total electronic awareness. Changes in customer needs will continue tw evolve based on
the balance of economic power in the global marketplace. An assessment of the impact that
reductions in defense spending have made on aerospace and electronics firms indicates that
companies must be realigned with a market-driven business strategy model. Research for this
thesis suggests ihat one approach for achieving sustainable competitive advantage is to adopt a
policy of developing dual-use technologies under the guidelines of a multi-product adoption model.
Specifically, this thesis suggests:

Aerospace and electronics ixdustries have evolved considerably due to extermnal factors.
Organizations are rapidly responding and adapting appropriately to these market forces.
Continued change is required on two fronts—technical redirection and strategic policy.
Management of these changes causes stress across intra-organizational boundaries.
Improved efficiency is achievable through the multi-product adoption model.
Efficiencies from multi-product adoption strategy and tool set are scalable.

mmoOow»

Each of these top-level findings is described in detail in this thesis. Items (E.) and (F.) represent a
proposed model approach of this thesis and are specifically included in this summary.

E. Improved efficiency is achievable through the multi-product adoption model.
Multi-product technology adoption is an engineering-based approach to leverage modem technical
advancements and emerging information systems infrastructure res.urces to respond competitively
to evolutionary changes in the global economy. The model introduces a distinction between core
technology development teams (CTDTs) and integrated product teams (IPTs). This distinction is
captured in the two different missions each of these teams—IPTs are the customers to CTDTs.
1. Three Tiers for Achieving Sustainable Competitive Advantage
i. Strategy

o  Focus on selective dual-use technology development for defense and commercial markets

e Recognize all opportunities for technology insertion, capture most promising candidates through
assessment based on corporate core competencies and existing customer types
Maintain a deliberate distinction between the roles and missions of IPTs and CTDTs
IPT mission: deliver quality, reliable, cost-efficient products which house core technologies
CTDT mission: develop highly modular, easily tailorable technologies for multiple IPTs
Leverage the information revolution to facilitate vertical partnering
Develop a philosophy of balanced 360-degree product-technology integration
ii. Structure

e  Maintain/establish “permeable boundaries™ with flexible interface between CTDTs and IPTs

e Balance new development efforts with existing product upgrades

e Align technology/product development with interpreted technical needs/customer “types”

¢ Incorporate joint product-technology working groups with IPT and CTDT representatives
iti. Implementation

e  Multi-product adoption tool set for advanced system design and management
Modemized information system infrastructure and computer networks
Core R&D led by CTDTs with rotating [PT members encourages high level of interaction
Vertical integration of key subcontractors using modemn information sysiem technologies
Participation in selective government-industry-university partnerships



2. Beyond Product Diversification

The multi-product adoption model concept extends far beyond a strategy of basic product
diversification or portfolio management. Multi-product adoption is a strategic response to
achieve the efficiencies iitended by integrated product teams while preserving the unique
environment which has cast the United States as a world leader in technological innovation.
The model embraces the concept of IPTs, but suggests that core enabling technology
development must be protected from total absorption into product-dedicated processes. In the
quest for developing cost-effeciive dual-use technologies and technical innovation suitable for
transfer across multiple markets, the processes which have been so successful in the past
should not be completely abandoned.

F. Efficiencies from multi-product adoption strategy and teol set are scalable.

One fundamental intention of the multi-product adoption model is that the efficiencies sought can
be quantified and measured, ang that increases in efficiency are scalable to multiple technologies
and diverse industries This thesis uses the aerospace and electronics industries to identify the
utility and potential valuz of the multi-product adoption model. Once application in the given
context is established, it is straightforward to extend many aspects of the model to other
technology-based industries. For example, in the development of large-scale network software
systems such as those developed by AT&T [85], the concept of IPTs and CTDTs applies directly
to the software development process. New non-dedicated telecommunication software modules are
developed by technology development groups (the equivalent of CTDTs) and the actual code for
customer use is integrated and implemented by product/service groups (or IPTs). The concepts of
the multi-product adoption model can also be extended to altemative optimization contexts such as
balancing profitability and market share with socio-economic responsibility.

Conclusion

Successful product development efforts during this phase of rapid and dramatic change in the
aerospace and electronics industries requires technology leaders and corporate decision makers
with the vision to pro-actively redirect strategies and dynamically allocate resources to remain
competitive in today’s global marketplace. Dual-use technologies and innovative technology
transfer complemented by an eventual convergence of commercial best practices and military
standards can catalyze the tremendous cultural change necessary to gain cost efficiencies and
maintain the United States as a technology development world leader. Organizational restructuring
and process reengineering must not neglect to recognize the elements of an existing system which
have supported the proven successful development of core enabling technologies in the United
States in the past.
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SUMMARY OF THESIS RESEARCH AND SUPPORTING ANALYSIS

As indicated in the Executive Summary, technology demands for the aerospace and electronics
industries will continue to change based on dynamics in the global economy. The research findings
presented in the Executive Summary outlined six basic areas repeated below as items (A.) through
(F.). Items (E.) and (F.) have already becn introduced. In this section, a basic description of the
findings in items (A.) through (D.) is given.

mmgu 0w

- >

B.
1.

Aerospace and electronics industries have evolved considerably due to extemal factors.
Organizations are rapidly responding and adapting appropriately to market forces.
Continued change is required on two fronts—technical redirection and strategic policy.
Management of these changes causes stress across intra-organizational boundaries.
Improved efficiency is achievable through the multi-product adoption model.
Efficiencies from multi-product adoption strategy and tool set are scalable.

Aerospace and electronics industries have evolved considerably due to external factors.
New World Order

Since the end of the Cold War, emphasis of U.S. defense technology has shifted to a model
reminiscent of commercial markets, where cost is a significant parameter in the equation
governing product success. The security that cost-plus contracts provided in the past to fund
high technology research and development has been reallocated to a more equitable sharing of
cost and risk between customer and contractor. This paradigm shift forces movement toward
leaner and more agile process-centered business practices for defense prime contractors.

In today's post-Cold War world, the United States no longer faces a single galvanizing
threat such as the former Soviet Union. Instead, there is increased likelihood of our forces
being committed to limited regional military actions—coalition operations—in which allies
are important partners... placing a high premium on interoperability ... and focusing on
fielding superior operational capability and reducing weapon system life cycle costs [42].

Dr. Paul G. Kaminski
Under Secretary of Defense for Acquisition and Technology

Market Consolidation

U.S. aerospace and electronics companies are experiencing a period of widcspread mergers and
acquisitions. The inevitable result of these consolidations for efficiency is a reduction in the
labor force. For existing players, those which survive the drastic cutbacks in defense spending
will ultimately find U.S. defense procurement moderately attractive, with a nearly monopolistic
structure to remain when the industry eventually experiences the next growth phase.

Organizations are rapidly responding and adapting appropriately to market forces.
Mergers and Acquisitions

The mergers and acquisitions period is bringing greater efficiency to business operations in the
defense sector through a movement toward “right-sizing” the labor force and pro-active
alignment of operations to the changing needs of the customer. Consolidation of operations
and a focus on integrating distinctive complementary core competencies under one roof brings
greater affordability to new product development to meet evolving needs in the defense sector.
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The trend toward greater internationalization of aerospace markeiing and production will
continue through acquisitions abroad by U.S. companies and partnerships with foreign
manufacturers. Such arrangements offer the advantages of cost and technology sharing,
bearing in mind that the U.S. is no longer sole custodian of the world's aerospace
technology. But there is an even greater advantage: Teaming with a foreign partner can
provide access to a market that might otherwise be closed to the American company. It is
an economic fact of life that 50% of something is better than 100% of nothing (18].

Don Fuqua, Aerospace Industries Association (AIA) Pres.dent

2. Process Reengineering and Organizational Restructuring
Emphasis on product life cycle cost has triggered adoption of many commercial be t practice s
by defense contracting organizations. Examples of these best practices include lean and
flexible manufacturing, design for six sigma, and platform-based design. Organizational
restructuring to models which support integrated product design and facilitate vertical
parinering continue to make major improvements in operational efficiency at many firms.

3. Leveraging of the National Industrial Base

Over the past several decades, global competition in the commercial sectors for high
technology industries has resulted in a strong U.S. national industrial base. Commercial
technologies such as high throughput microprocessors and high density data storage devices
which are suitable for incorporation in military systems have induced major acquisition reform
and a streamlining of U.S. military standards. As a result, significant second order market
force effects will continue to emerge in the commercial sector based on the increasing level of
demand for commercial technology insertion in future military systems.

C. Continued change is required on two fronts—technical redirection and strategic policy.

1. Technical Redirection
Technologies required to maintain U.S. national security are shifting to greater emphasis on
surveillance and information systcms, creating a segment of relative growth in an otherwise
downsizing industry. Because substantial commercial market demand exists for such enabling
technologies as advanced image compression and high bandwidth wireless telecommunications,
there is a natural desire to develop these and others as dual-use enabling technologies. A one-
target one-weapon policy has become the goal of defense technology development with a focus
on precision-guided weaponry and electronic warfare supported by advanced sensors and an
elaborate information system infrastructure.

Today, we must cope with an expanded range of ambiguous threats. The coming decades
promise a quantum shift in the evolution of armed conflict. We are moving to a situation of
one target one weapon. One of the key pillars of the revolution is the need to achieve
something called “dominant battlefield awareness.” It means knowing everything going on
in a battlefield... much more than knowing the static location of forces. Commanders will
need to know the combat readiness status or “state vector” for each force element (40)].

Dr. Paul G. Kaminski
Under Secretary of Defense for Acquisition and Technology
2. Strategic Policy
Massive labor force consolidation, especially in manufacturing and mid-level management in
U.S. aerospace and electronic firms, has led to stress and cynicism among many remaining
employees, and animosity among many of those who have been forced out. A necessary future

12



strategic policy change includes maintaining a well-trained work force by encouraging, if not
forcing, employees to gain transferable and portable skill sets. Management of the change to
the new model process-centered organization must shape industrial culture by blending the
strengths of “new school” and “old schooi” philosophies, educating all employees in all
significant aspects of product development and business management processes.

“It's not my job" is the most commonly heard phrase in a traditional company. In a
process-centered company, nobody says that. Even if they're not doing all the tasks, they
understand them all [33].

Michael Hammer, President of Hammer and Company

Co-author of “Reengineering the Corporation” (1990s best-seller)

D. Management of these changes causes stress across intra-organizational boundaries.

As organizations continue to consolidate operations and adjust corporate strategies to align with
the changes in future technology needs, massive labor force reductions and major organizational
restructuring has left many employees with perceptions of reduced career growth opportunities.
This situation can lead to morale problems throughout almost all organizational levels. From the
rank and file up through mid-level management, even the most capable engineers and managers sce
fewer growth opportunities as organizations become flatter, flexible, and more networked to meet
the chatlenges of today’s truly global business environment.

For those employees who do continue along career paths with strong steady growth, the situation is
still perceived as less than optimal. Incentive systems which have traditionally relied on
percentage-based annual salary increases linked to employee performance assessments can no
longer maintain the levels which were commonplace during the high inflation period of the 1980s.
Retirement incentive packages have forced many highly experienced employees to be replaced by a
new generation of highly capable younger leaders, a generation which has assumed all of the
responsibility and accountability but has generally not been awarded the premium salaries
commanded by many of their predecessors. As a result, dichotomous schools of thought have
emerged, segmented largely along boundaries of age and experience with tension stemming from
policies for allocating a very modest annual raise pool.

Identification of root causes for the resulting morale problems leads to a solution which parallels
the model most organizations are adopting for their production operations. As with the movement
to flexible manufacturing and platform-based design for products, employees must too be given
transferable skill sets and portable competencies which are modular and compatible across multiple
career applications to ensure that their value wil! continue to grow independent of market forces in
asingle industry. Giving employees transferable skills also increases corporate flexibility.

General Conclusions

Research for this thesis reveals that in the aerospace and electronics industries are experiencing a
major transitior to increased cost efficiency through product-dedicated design team practices. This
transition is due in large part to the evolutionary global economic changes resulting from the end of
the Cold War. In the movement toward new business models characterized by integrated product
and process design teams, *his thesis identifics key areas for continued change and strategies for
sustainable growth based on the development of dual-use core enabling technologies. The multi-
product adoption mode! and tool set are posed as a candidate approach rur affordably meeting the
changing technology demands of this highly dynamic era.

13
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CHAPTER 1. MOVING FORWARD BY UNDERSTANDING THE PAST
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1. INTRODUCTION

1.1 Motivation for Thesis

Motivation for this thesis comes from a recognition of the impact that the substantial changes in the
world economy continue to have on the technology demands for the next generation of products in
defense and commercial markets, particularly in the acrospace and electronics industries in the
United States. Because advanced technology products require extensive development time and
major financial commitment, a remendous amount of research has been dedicated in recent years
toward achieving improvements in life cycle affordability for complex products. In order to remain
successful, companies that develop high technology products must be responsive to the changes in
customer needs and values as the United States transitions from a manufacturing-based economy to

a knowledge-based economy in the global marketplace.

A comprehensive investigation of the recent dynamics in the aerospace and electronics industries
reveals a movement toward the development of dual-use technologies and structured system
engineering best practices in response to the increasing demand for reduced life cycle costs and
accelerated product development. For aerospace and electronics, the massive financial backing of
the U.S. Department of Defense (DoD) exerts significant influence in directing technology
evolution and in steering the development of enabling critical technologies for future product
applications. In response to the changes in technologies needed to maintain national security and
sustain military superiority, there have been major structural modifications to U.S. Govemment
procurement practices and policies for funding scientific research. A second order effect of these

defense sector market forces resuits in significant impact to the commercial sector as well.

As a result of today’s post-Cold War military environment, the U.S. defense business strategy,
force structure, and infrastructure have been reformed to align with a very different set of needs
than those of recent past history. Prior to the end of the Cold War, the Soviet Union was intact and
held significant military and economic power, creating a situation in which technical superiority
was the primary goal of United States defense initiatives. In addition, U.S. intelligence information
helped to form an environment in which the technical capability of the opposition was in large part

known and was evolving at a reasonably predictable pace. Since the downfall of Soviet power and

16



divergence of the Soviet republics, emphasis of U.S. defense technology has shifted to a model
more reminiscent of commercial markets, where cost is a significant parameter in the equation
goveming product success. Today’s maintained U.S. security is manifested in the ability to defend
against much smaller scale conflicts with higher uncertainty and more variability, requiring rapidly
deployable assets and cost-effective high precision technology. As indicated in Exhibit 1.1-1, the
end of the Cold War marks a major redirection of U.S. defense technology development.

Sustaining Flight Through the Power of Knowledge [42]

Ira C. Eaker Distinguished Lecture on National Defense Policy
Address of The Under Secretary of Defense for Acquisition and Technology
Dr. Paul G. Kaminski
1 the United States Air Force Academy
May 2, 1996

America’s armed forces are going through a dramatic transformation—everything from objectives and
strategy to weapons and force structure to doctrine and tactics. The world is changing, and just like the
larger civilian society that we protect and serve, so to must we adapt to the changes driven by the
information revolution. In the post-Cold War world, the United States no longer faces a single
galvanizing threat such as the former Soviet Union. Instead, there is increased likelihood of our forces
being committed to limited regional military actions—coalition operations—in which allies are important
particrs.  Deploying forces in coalition operations with the forces of other countries places a high
premium on intercperability—that is, ensuring that U.S. and allied systems arc¢ compatible and can be
sustained through a common logistics support structure.

I would sum up our current national security in statistical terms by saying that the mean value of our
single greatest threat is considerably reduced. But the irony of the situation is that the variance of the
collective threat that we must deal with, and plan for, and must counter i5 up. This gives us some pause
in trying to plan inteiligently. In response to reduced mean value of the threat, the United States has cut
end strength by about a third from 1985 levels. But at the same time, the increase in variance has caused
deployments of 1].S. forces to go up by a third. In the defense acquisition and technology program, this
means we are focusing on fielding superior operational capability and reducing system life cycle costs.

A chess analogy is useful for explaining what this means for the changing nature of warfare. Today,
precision weapons have now made it possible to take any piece on any square of the chessboard with no
collateral damage to adjacent squares. Given this one target one weapen capability, commanders now
need to know where all one’s forces are and where all the targets are on a 100 x 200 kilometer battlefield.
This is analogous to seeing all the pieces on the chessboard-—something we take for granted when playing
chess. Imagine how fast you would win the game if you could see all the pieces on the board, but your
opponent could see only his major pieces plus a few of your pawns. This is what is meant to have
Dominant Battlefield Awareness. To secure an overwhelming advaniage, commanders will need C?
(Command, Communications, and Control) and planning tools to achieve something I call Dominant
Battle Cycle Time—or the ability to act before an adversary can react. Back to the chess analogy,
dominant baule cycle time would be, well, gaining an unfair advantage by breaking the rules—it means to
keep moving your pieces without giving your opponent a chance to move his.

Exhibit 1.1-1: United States Defense Technology Redirection
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As the United States transitions into the next century, two conclusions can be drawn from the
recent reports and press releases from the U.S. DoD. First, there is an unprecedented emphasis on
reducing life cycle costs for next generation defense systems. No Ionger is it sufficient to rely
solely on technological superiority in order to compete effectively in the defense sector in the
United States. Affordabiiity has emerged as the driving parameter in maintaining market share
through new contract awards in a period of shrinking defense procurement and research funding.
Second, probably the largest relative growth segment of defense research, development, and
procurement for the near futuie involves information technologies such as integrated surveillance
systems and optimized battlefield command, communication, and control (C*). Surveillance system
technologies are a natural fit to the dual-use strategy of multi-preduct adoption as presented in this
thesis. These technologies include both the design of the hardware and enabling components as

well as the development of very large scale software systems to support automation and operation.

The significance of these evolufionary changes in the development of enabling technologies for
defense systems is that there is a substantial second order effect which impacts the commercial side
of the aerospace and electronics industries in the United States. Recognizing the gains in efficiency
made by commercial companies in such technology-driven industries as automobiles, aircraft, and
microprocessors, the United States DoD procurement practices are undergoing revolutionary
reform characterized by a streamlining of military standards and an adoption of many
commercially proven best practices. This attempt to leverage the strengths of a highly effective
U.S. commercial industrial base has introduced the opportunity for increasing use of commercial-
off-the-shelf (COTS) components in new miliiary system designs. As a result, the competitive
playing field for the aerospace and electronics industries has changed slope and the traditional

distinction of defense versus commercial business continues to diminish.

Common manufacturing lines share the responsibility of producing components for a wider range
of end products—commercial and military. Information technologies provide the infrastructure to
facilitate efficiencies from subcontractor vertical partnering. Firms can leverage emerging
capabilities to achieve greater economies of scale while simultaneously sharing fixed capital
investment and equipment costs across a wider spectrum of end products. The crux of this thesis is
to identify how an understanding of these realizable production efficiencies can be valuable in

guiding decisions for the conception and development of future enabling technologies.
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1.2 Scope

The scope of this thesis begins with an industry-wide analysis of the impact that recent changes in
world order have made on the technology demands for next generation aerospace and electronics
products. Increasing levels of detail are presented by stepping the focus down from global
economics to U.S. Govemment initiatives, then finally to a single company’s strategic response to
the evolutionary changes. A strategic multi-product adoption model is introduced in Chapter 3
based on a set of guiding principles and best practices for the successful design and architecting of
complex technological systems. Particular emphasis is placed on the facilitated development of
dual-use enabling technologies and the encouraged use of multiple market insertion to gain scalable
production efficiencies for core technology components. The model strategy attempts to address
the challenges of defense spending reductions through the development of innovative dual-use
technologies and increased international partnerships. Optimized supply chain management,
leveraging of existing customer types, and full utilization of established disiribution networks are
discussed with respect to the multi-product adoption strategy. Extension of multi-product adoption
concepts is applied to corporate-level decisions for balancing short-term and long-term trade-offs.

The multi-product adoption strategy clements attempt to illustrate the significance of finding an
optimal balance between achieving exceptionally high technical performance and meeting specific
cost targets. A fundamental element of the mode! is an emphasis on accurate and credible
identification, quantification, estimation, and prediction of costs, risks, and schedule milestones.
Cost efficiencies are sought at every level of product design, forcing engineers to be responsible
and accountable for the economic consequences of their decisions. Streamlined military standards
and encouraged adoption of world-class accepted commercial quality standards such as the ISO
9000 series marks the beginning of the evolutionary convergence toward a single military and
commercial set of accepted best practices. Recognizing the product design and cost-efficiency
benefits of integrated product teams (IPTs), this thesis investigates the potential parasitic cffects

that an over-restructuring to IPTs can cause on the elemental technology development process.
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1.3 Introduction to Thesis Chapters

Chapter 1 serves as the thesis introduction, establishes the motivation and scope, and provides a

definition of terms.

Chapter 2 presents a comprehensive aerospace and electronics industry analysis used to provide
supporting data for establishing the merits of the multi-product adoption model presented in
Chapter 3. A case study analysis of Raytheon Company, a firm which has achieved a successful
balance of defense and commercial operations, provides a glimpse into one organization’s actions

in response to the changing climate of the new world order.

Chapter 3 introduces and describes the multi-product adoption model as an analysis framework
and set of flexible guidelines for achieving sustainable competitive advantage in today’s high
technology industries. Consideration is given to the significance of strategically building from
proven core competencies and exploiting existing customer types, marketing channels, and
distribution networks in optimizing the probability of successful new market penetration. Further
discussion includes identifying and meeting latent needs of customers with entirely new

technologies which present unknown beneficial value in revolutionary new producis.

Chapter 4 concludes with a corporate level abstraction of the multi-product adoption model. The
issue of balancing profitability and market share with socio-economic responsibility is discussed.
A brief summary is presented which outlines a distinction between aitaining multi-industry
competitive advantage for sustainable growth through multi-product adoption versus basic product

diversification through conventional portfolio management.
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1.4 Definition of Terms

This section presents a consolidated set of the terminology used in developing the concepts in this
thesis. These terms are defined here for the specific context used in this thesis and are listed

roughly in their respective order of appearance from the main body of the document.

Core Technology Development Teams (CTDTs)

A distinction is made in this thesis between CTDTs and integrated product teams (IPTs). The
distinction is significant and is a fundamental part of the multi-product adoption model. CTDTs
represent a central element for continuing revolutionary growth in the development of enabling
technologies. In contrast with [PTs, CTDTs should very rarely be dedicated to a single product.
CTDTs act as the supplier to IPTs—providing value added through development of dual-use
enabling technologies and delivering technologies to IPTs for product insertion. In the examples
used in this thesis, the technologies are the underlying components, devices, subassemblies, or
processes, which combine to create the final product application. The role of CTDTs is to develop
technologies to a production-ready state, and to promote multiple market insertion.

Integrated Product Teams (IPTs)

IPTs are the internal “customers” or “users” of core technologies developed by CTDTSs within an
organization. IPTs are generally dedicated to a single product or family of related platform-based
products. They represent the customer-focused implementation arm of a company, the strategic
mechanism by which core enabling technologies become end-user products. In the multi-product
adoption concept presented in this thesis, IPT members periodically rotate into CTDTs and are
encouraged to provide directive interaction for the CTDT efforts.

Defense Sector

This thesis defines the defense sector as the collective set of business transactions between
contractors and the United States Govemnment for end-use products desigiied to maintain national
security. Specifically, defense sector products and technologies are those which have primary use
in military applications. The defense sector also includes foreign sales of military technology
products.
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Commercial Sector
The commercial sector is the collective set of business transactions which do not include the

procurement of military weapons by the U.S. Government or any foreign party.

Multi-Product Adoption Model

The multi-product adoption model is the term used to describe the analysis framework and
operational guidelines introduced in Chapter 3 of this thesis. The main objective of the mult-
product technology model is to provide a mechanism for promoting the development of dual-use
technologies and catalyze the transfer of technologies inciuding product commercialization.

Competitive Advantage

When a firn performs considerably better than average in an industry, it usually has some special
feature, capability, or property which is difficult to imitate that allows it to out-perform its rivals.
Michael Porter refers to such assets as competitive advantage [65,69]. This term has become
common in strategic management to describe the benefit of acquiring distinctive competencies

which provide an edge over competing firms in an industry.

Dual-Use Technologies

Dual-use technologies are generically defined to be those enabling devices or iechnical processes
which are suitable for multiple market insertion across defense and commercial product lines.
Examples of dual-use technologies presented in this thesis are optimal robust real-time
multivariable control and advanced radar and infrared sensor systems. The product applications
for such technologies have found demand in commercial and defense markets such as missiles,
surveillance systems, automated highway, air traffic control, and medical ailment diagnosis. Note
that the full scope of dual-use technologies and product applications extend far beyond the few

examples presented in this thesis.

Technology Transfer

Technology transfer is a term used to describe the process of inserting specialized technologies.
usually developed to meet a specific or unique requirement, into new and diverse product
applications. Often this process results in developing new markets and relies on meeting the latent
needs of customers in emerging markets. Examples of technology transfer may include such
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products as commercial global positioning systems in automobiles, or wireless telecomraunications

for residential use such as the capability presented by the Intemet and world wide web.

Product Commercialization

Product commercialization is similar to technology transfer. Products which have been developed
to meet one set of customer needs (typically military) can often find emerging markets in the
commercial sector with minimal tailoring or repackaging. For example, thermographic cameras
which house infrared focal plane arrays (IR FPAs) developed for military target tracking systems
and space exploration by NASA have recently also found market demand as medical screening
instruments, components in automated thermal signature access systems, and high fidelity bridge

fault inspection devices.

Vertical Partnering

Establishing value-added subcontractor or supplier relations as a strategic means of gaining
competitive advantage is often referred to as vertical partmering. In contrast, horizontal partnering
would be an appropriate term to describe the situation where two peer companies decide to form a
cooperative partnership to compete more effectively against a common third competitor.

ManTech

The ManTcch initiative is a “Manufacturing Technology” program under the direction of the
United States Department of the Air Force with a mission to identify key cost-savings areas for
streamlining with a focus on subcontractor-related processes and supply chain management.
Specifically, ManTech searches for processes which can be made more cost-efficient by using
computer-aided design/manufacturing/fengineering (CAD/CAM/CAE) resources and centralized
integrated product design databases.

Affordable Multi-Missile Manufacturing (AM®) Program

The AM?’ Program is an Advanced Technology Demonstration (ATD) project sponsored by ARPA.
The objective of the program is to demonstrate advanced missile design and manufacturing
concepts for the future incorporation of systems which can substantially reduce the cost of United
States DoD procurement and research for advanced technology defense systems.
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Balanced 360-Degree Product-Technology Integration Philosophy

This term is introduced as one of the elements of the strategy for multi-product adoption. It refers
to a system design and management perspective which takes into account more than a single
product or technology. The suggestion of this aspect of the muiti-product adoption model is that
there is an optimal balance between developing new products with new technologies and upgrading
existing products with the insertion of new technologies. The proper balance of objectives should
be maintained to mitigate the technical, cost, and schedule risks of developing next generation high-
tech products.

Porter’s 5-Forces Analysis

A powerful strategic management analysis model has become standard practice in assessing the
attractiveness of the current state of an industry. This model can be used to comprehensively
analyze industries from the perspective of five distinct forces—competitive rivalry, buyers,
suppliers, substitute products, and barriers to entry. The model was first introduced by Michael
Porter in the 1980s [69] and has gained wide acceptance in the strategic management community

for analyzing almost any industry.

Cross-Functional Integrated Design (CFID)

CFID is Boeing’s new process prototyping concept which can be used to assist managers of
complex engineering projects to “design the design process.” The CFID concept is a departure
from traditional function-driven design, resulting in a data-driven reengineered design process
which has been shown to yield greater cost efficiency over conventional methods in the design,

development, and production of commercial aircraft.

Massachusetts Economic Situation

The Massachusetts Economic Situation, as used in this thesis, is phrase coined by Raytheon
executives to describe the competitive pressures of maintaining defense manufacturing operations
in Massachusetts during the significant decline in U.S. Department of Defense spending. By 1995,
in order to escape the burden of operating in other high cost states, many of Raytheon’s principal
competitors in the defense electronics business segment moved to states offering lower cost

operations through tax-based incentive programs designed for attracting manufacturing enterprises.



Technology Reinvestment Project

The Technology Reinvestment Project, sponsored by the Advanced Research Projects Agency
(ARPA), is a unique virtual organization which spreads across many agencies and offices in the
United States Government. Its central mission is to stimulate a merging of defense and commercial
industrial bases to assure Department of Defense access to critical defense-related technologies at a

cost kept low though simultaneous commercial interest.

Parametric Cost Estimation

Parametric cost estimation is a methodology which develops and uses mathematical expressions
relating cost as the dependent variable to one or more independent cost driving variables. These
relationships are generally referred to as cost estimating relationships, or CERs. Although these
techniques treat cost as a dependent variable, they are not necessarily in conflict with the school of

thought to incorporate cost into the design process as an independent variable.

Cost as an Independent Variable (CALV)

CAIV means making technical performarce capability and development/production schedule a
function of available (budgeted) resources. CAIV does not mean trading cost, performance, and
schedule equally, but rather picking the correct affordable cost goal and sticking to it. If the true
customer needs cannot be met after exhausting the design trade space, then the program must either
revisit the budget allocations and raise the cost targets, or be canceled as unaffordable [41,/3].

Activity-Based Costing

Activity Based Costing (ABC) is a departure from traditional cost tracking and estimating
techniques. The ABC approach avoids lump summing general administrative and overhead costs
as fixed uniformly distributed costs across an organization. ABC atiempts to track costs more

accurately in order to more precisely identify inefficiencies in a system.

Integrated Master Plan & Integrated Master Schedule (IMP/IMS)

IMP/IMS is a comprehensive milestone-driven system tool which integrates all significant aspects
of a project in an attempt to ensure greater coherency in design and production. The detail of this
tool, when constructed properly, is sufficient to replace the traditional work breakdown structure
associated with engineering design projects. The IMP/IMS must include expected values for
availability of specialty test equipment or long lead items from key suppliers. Early notification of
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schedule/plan deviations maximizes the recovery soluticn space for program maragers and project

engineers when program events do not meet planned/scheduled completion milestones.

Design for Manufacturing & Assembly (DFM/DFA)

Design for manufacturing and assembly represent two particular aspects of the “design for ..."”
family. The significance of DFM/DFA has emerged rapidly since the introduction of quantifiable
and traceable structured methods and metrics by Bocthroyd and Dewhurst [6,7]. The DFA index,
as it is often referred, presents a powerful producibility metric for determining the relative ease of
assembly for key components, inherently and continuously identifying areas or design features

most suitable for relative improvement.

Quality Function Deployment (QFD)

QFD and the House of Quality [11,12,34] provides a structured process of incorporating customer
values directly into the system engineering design process. The deployment of system requirements
is driven by a series of matrices which develop a flowdown of top-level customer values and

product attributes through detailed engineering specifications on subassemblies and components.

Design of Experiments

Taguchi methcds for robust design provide a structured process for optimizing efficiency for
experimentation using principles of signal-to-noise ratios and quadratic loss functions. The Design
of Experiments methodology exploits properties of linear spaces and employs confounding to

achieve systematic analysis to minimize total cost.

Design for Six Sigma

Design for Six Sigma has grown out of Motorola’s “Quality Renewal Process” initiative [60] to
achieve measurable improvements in customer satisfaction. By setting manufacturing
specifications which target the variability in component tolerances, systemic improvements are
achievable in producing components which are compatible with each other. Assuming Gaussian
probability density functions as a model for the yield characteristics of manufactured components,
standard deviations can be used as a metric for improvement. As variation decreases, capability
increases, and consequently, the standard deviation is reduced. As a result, the probability of a
defect is decreased and component reliability goes up.



Platform-Based Design

Platform-based design implies that a large percentage of core components in a particular product
are shared across a family of products. By sharing components across multiple product lines,
efficiencies are gained in terms of economies of scale at the component level, and efficiencies are
facilitated at the assembly level through production balancing and reduced setup costs. The

concept of platfrrm-based design has roots in the Japanese automotive and electronics industries.

Supply Chain Management

Supply chain management provides a natural formulation for multidimensional optimization.
Coordinating issues for constructing an optimal supply chain policy include balancing of many
resources and operation choices. Examples include outsourcing versus vertical integration;
choosing between altemative supply sources, technologies, and equipment; scheduling production
activity; plant loading and location of plants and distribution centers; inventory positioning and
holding levels; and, vehicle routing and crew scheduling [52]. Optimization can be applied on
multiple levels—operations, tactical planning, and strategic planning.

Material Requirements Planning (MRP)

MRP is a means of converting (forecasted) demand for a final product into a requirements schedule
for the various components comprising that product, accouating for variability in demand and
across multi-stage production processing times. Using this requirements schedule, a complete
production plan including order select sheets and weekly promise sheets can be constructed for a

given finite planning horizon [61].

Just-in-Time (JIT)

JIT is a philosophy that grew out of a Japanese approach to organizing manufacturing operations,
originally intended to gain cost-efficiency in moving material through a plant. The core element of
the JIT philosophy is to eliminate waste. JIT uses small frequent deliveries from a few selected
suppliers based on long term negotiated prices and purchasing agreements. Geographic proximity
promotes frequent communication and information exchange in order to gain cost advantages over

conventional purchasing procedures [61].
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CHAPTER 2. INDUSTRY ANALYSIS
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2. AEROSPACE AND ELECTRONICS INDUSTRY ANALYSIS

From a broad perspective aerospace and electionics represent iwo diverse industries. For the purposes of
this thesis, the intersection of these two industries is treated collectively as a single dynamic eatity with
reasonably stable product boundaries which include such complex systems as guided military weapons,
wide area surveillance, commercial air traffic control, personal rapid transit, advanced radar and
infrared sensor technology, wireless telecommunications, satellite technology, global positioning systems,
and the associated requirements, planning, algorithm development, and software and hardware
realizations to house and support these technological products.

2.1 Key Industry Trends

This section begins with a detailed analysis of the United States defense industry, specifically the
U.S. Department of Defense (DoD) research and development and procurement budget histories,
followed by discussion of expected changes in customer needs for the defense system technologies
in the near future. A Porter’s Five Forces strategic management analysis model is constructed to
serve as a fundamental framework for understanding the present state of defense contracting in the
United States. Reports, statements, and press releases from the DoD agencies and the Office of the
Undersecretary of Defense for Acquisition and Technology provide insight into the expected near-
term future defense system technology customer needs. Next, an analysis of recent trends in the
commercial side of the aerospace and electronics industries is presented, including 2 comparative
assessment of the United States and Japan in electronics manufacturing and optoelectronic systems
development. Movement toward the development of dual-use technologies and the development of
strategic initiatives for innovative technology transfer are used as a basis for modeling the present
state and future direction of the aerospace and electronics industries in the United States, for both

the commercial and defense sectors of the market.

A cross-reference mairix of critical technologies based on sources of demand is presented in
Exhibit 2.1-1. Analysis of the demand for technologies reveals a direction for expected growth for
industry. By selecting complementary technologies, companies can gain competitive advantage
through developing diverse products in multiple market segments which share common core
technological ccmponents. By recognizing a company's core competencies and strategically
aligning investments in selective technologies which have known demand, probability of successful
product development is increased. For example, a company with a core competence in designing

military target tracking systems might invest resources to develop enabling technologies in state-of-
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the-art sensor devices, high throughput computing, and advanced signal processing. Revolutionary
growth in these core technologies could then be leveraged to expand product applications to include

air traffic control, wide area surveillance, or access recognition sysiems.
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Exhibit 2.1-1: Assessment of Enabling Technologies and Demanding Agencies
Source: MIT 16,870 Lecture Notes

2.1.1 The Defense Sector
2.1.1.1 United States Defense Spending History and Acquisition Strategy

Over the past four decades, defense procurement spending has been cyclical with a 0.7% sustained
growth, most recently experiencing a period of severe decline. There is an expected leveling off
over the next several years to approximately 60% of 1985 values [3]. In response to the market
forces induced by the cutbacks in federal procurement, large defense contractcrs have adjusted
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through massive reductions in the labor force and fierce consolidation of operations. Refer to
Exhibit 2.1.1.1-1. These labor force reductions have been coupled with enginecring wage freczes,
intense union negotiations, and major tax reform, leading to economic pressures in the surrounding
communities and hardship for middle-class working families, even though many corporations have

simultaneously achieved record leve! profits.

Exhibit 2.1.1.1-1: Labor Force Reductions in Major Uniied States Defense Contractors

Company 1985 1990 1994
Raytheon 73,000 76,700 60,200
Lockheed 87,800 73,000 82,500 (’93)
Texas Instruments 71,872 70,318 56,333
General Dynamics 101,000 95,100 24,300
GM/Hughes (with GD) 120,000 (1989) 95,000 79.000
Loral 81,000 23,750 28.900
Martin Marietta 66,600 62,000 92,000

* Note: In 1994, Lockheed merged with Mariin Marietta to produce the largest U.S. aerospace firm. In
1995 Lockheed Martin merged with Loral's defense electronics facilities creating a $30 billion
aerospace and electronics giant. Massive consolidation of operations and work force continue in 1996.

Soutce: Company Annual Reports

As illustrated in Exhibit 2.1.1.1-2 and Exhibit 2.1.1.1-3, the time history of the United States
defense spending profile is chiaracterized by cyclic changes. This appears to be due to changes
along two axes. First, t} ere is variability in supply and demand which results in irwentory buildup
for fielded weapons. Military products typically have long life cycles, 10 to 20 years or more,
depending on the particular system. The technologies housed in these products are characterized
by much shorter life cycles, so the slightest over-capacity of fielded system inventory runs a risk of
becoming obsolete. The second significant aspect which causes cyclic spending is the crisis nature
of the situations where weapons are used has also become highly variable in recent times. As a
result, fielded technology usage is largely random and highly influenced by external factors such as
third world volatility or coalition armed force activity. Ultimately, a type of limit cycle appears
between procurement and the ability to respond effectively with production. The solution for
contractors seems to reside in accelerating product development times and reducing system life
cycle costs while maintaining military superiority in terms of technology and intelligence.
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There are five fundamental elements of the DoD strategy to maintain technical superiority in the
development and acquisition of high technology defense systems while simultaneously achieving
greater affordability and accelerated product development, refer to Exhibit 2.1.1.1-4 [3]. The
impleinentation of these five initiatives has induced transient effects in industry characterized by
consolidation of operations and scaling back of the skilled labor force throughout the United States

acrospace and electronics industries,

Exhibit 2.1.1.1-4: United States Department of Defense Strategy €lements [3)

¢ Right-Sizing of the Infrastructure: Defense spending is expected to level off at approximately 60
percent of the 1985 budget appropriations.

* Reduce Cost of Weapon System Ownership: Emphasis on reduction of life cycle costs and total
cost of ownership, not just unit production cost.

e Acquisition Reform: Streamlining of military standards, adoption of commercial best practices, and
increased commonality of components to achieve cost efficiencies.

* Leverage National Industrial Base: Microprocessor technology, advanced composite materials,
telecommunications, and software development are segments of the commercial industry that can be
used to capture advantages for military products.

o Leveraging Allies’ Industrial Base: Improvements in international cooperation for system
compatibility are essential in meeting the demand for coalition operations.

Source: Ayoob, Aerospace Defense Contracting in the 1990s, August 1995

In order to provide insight into the operations of competing in the defense sector, it is valuable to
understand the structure and organization of the main customer, the U.S. DoD. A top-level
organizational structure of the U.S. DoD is illustrated in Exhibit 2.1.1.1-5. In addition to the four
major divisions—the Army, Navy, Air Force, and Office of the Secretary of Defense—there are
agencies staffed by business management specialists and service officers which are emerging as the
decision makers for steering the next generation of defense technology development. Typical
defense technology contract awards are categorized into one of several basic types—technology
development and insertion, engineering manufacturing and development, low rate and full rate

production, product maintenance and upgrades, and operation and training.
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Figure 2.1.1.1-5: United States Department of Defense Organizational Structure
Source: Report from the Secretary of Defense io the President and Congress, February 1995

The Ballistic Missile Defense Organization (BMDO) is a DoD agency which emphasizes the U.S.
theater missile defense (TMD) initiatives to meet the existing missile threat to deployed U.S. and
allied forces, and to provide a hedge against the emergence of long-range ballistic missile threats.
BMDO is empowered to manage research and production contracts with a focus on the ability to
defend against the ballistic missile threat. Another DoD agency, the Advanced Research Projects
Agency (ARPA), has the mission to develop imaginative, innovative, and often high-risk high-
payoff research ideas offering a significant technological impact that will go well beyond the
normmal evolutionary development approaches. The ARPA mission is t0 pursue these revolutionary

ideas from the demonstration of technical feasibility through the development of prototype systems.
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Both ARPA and BMDO have some degree of control in steering the development of enabling
technologies by virtue of their vested interest in producing highly effective electromechanical
weapon systems. In order to gain an understanding of the characteristics of operating in the
defense prime contracting industry in today’s business environment, a Porter’s Five Forces Model
has been developed from the perspective of the contractors and is presented in Section 2.1.1.3.
BMDO and ARPA are considered the “‘buyers” in the Five Force Analysis. A top-level overview

of major contract types used in defense acquisition and procurement is given in Appendix 3.

2.1.1.2 Department of Defense Acquisition and Procurement Reform

In response to pressures to reduce defense spending in the U.S., the Department of Defense (DoD)
has initiated significant changes toward institutionalizing the acquisition reform agenda. Moving
from the conventional rule-based disciplined management approach for acquiring systems to meet
military requirements, the DoD has recently adopted many of the tenets of business process
reengineering which have proven to significantly reduce development cycle time and marketing

costs in the commercial sector.

The U.S. DoD acquisition reform agenda includes a major revision of many military specifications,
directives, and detailed instructions. A major rewrite of the Federal Acquisition Regulations (FAR)
and Defense FAR Supplement along with several legally adopted initiatives such as the Federal
Acquisition Streamlining Act (FASA) have marked the beginning of the end of an era of business
practices which have proven inefficient in today’s modem competitive economy. U.S. defense
procurement practices are following suit by requiring contractors to operate in integrated product
teams and permitting, even motivating, the extensive use of commercial off-the-shelf (COTS)
technology components and non-developmental items (NDI). Many recent Requests for Proposal
have tied a direct link between substantial contractual incentive and award fees to a contractor’s
ability to meet predicted target cost values.

2.1.1.3 Porter’'s Five Forces Model for Defense Prime Contracting

A Porter’s Five Forces Industry Analysis Model [69] is often useful to assess the attraciveness of
a particular industry. The Five Force Analysis provides a powerful framework for understanding

the interactions among competitors, suppliers, buyers, substitute products or services, and barriers
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for new entrants. The general conclusion that can be drawn from the mode! presented in thic
section is thai the curreiit siate of the aerospace and electronics defense contracting industry is
rather unattractive, especially for new entrants. Initial investments are high and a key element of
success is to have a previous history of proven high-quality on-schedule production capability. For
the existing players, those which survive the drastic cutbacks in defense spending will ultimately
find the industry moderately attractive, with a nearly monopolistic structure to remain when the
industry eventually experiences the next growth phase [3]. Because electronic warfare technology
is advancing so rapidly worldwide, including increases in threat capability, it is reasonable to

expect that there will be eventual growth in new military weapon system procurement.

Competitive Rivalries

From the perspective of competitive rivalries, analysis indicates that for companies with intentions
of continuing to compete in the defense sector, a strategic response to the evolutionary changes in
world order and DoD procurement needs must include innovative measures for achieving cost
efficiency. Due to the specialized nature of government procurement practices and the relatively
complex technological development involved, defense systems have frequently offered higher unit
contributions than many commercial products. Recent changes in customer needs have induced a
period of increased competition and reduced profitability for many contractors. In tum, the
industry is experiencing a phase of strategic mergers and acquisitions as major players jockey for

position through product focus, complementary diversification, and consolidation of operations.

Suppliers

Suppliers to major defense contractors are vast in number and very diverse in size and scope
relative to each other. Value chain control has generally been dominated by prime contractors who
bring key technologies to product design and also provide the critical elements of system
integration, test, and evaluation. The information revolution has introduced new mechanisms for
reducing costs through innovative vertical partnering and strategic alliances between prime
contractors and subcontractors allowing for equitable cost sharing among the major entities of the
product value chain. Since prime ccniractors can leverage buying power to provide capital
resources to support cost reductions through improvements in engineering services, this perspective
suggests that the prime contractors hold more power than subcontractors and suppliers in
developing, producing, and seiling the final product to the end user. These issues indicate that the
defense industry is moderately attractive for existing players with regard to supply chain
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management and control, as long as sufficient resources exist to remain competitive through the

transition to drastically reduced defense spending levels.

Buyers

Buyers in this analysis represent the major procurement and research funding bodies in the United
States DoD and foreign governments. In many instances, dual-use commercial avenues for defense
technologies exist which also influence collective buyer power. Buyers have substantial control
over steering the future of technology development and the purchase of products which house these
technologies. The collective financial strength of buyers coupled with evolutionary changes in
technology demands pose challenges to competing effectively in the aerospace and electronics
industries, at least from the perspective of defense prime contracting. One strategic response to
this situation is to explore uie possible synergistic combinations offered by actively competing in
both the commercial and defense sectors under the guidelines of the multi-product adoption model.

Substitutes

Influence of substitute products is relatively low since the industry is dominated by specialized
products, long product life cycles, and wnany follow-on contracts and continual product generation
upgrades. There is a high level of interaction among the forces presented by substitutes and rivalry
of competition ir the Five Force analysis because many companies chocse to enter partnerships to
avoid losing continued development of large scale projects. Even companies which are typically
fierce competitors often choose to become allied partners on selective project ventures. These
circumstances provide for a very unique corporate decision making structure and intensely

competitive operating environment.

Barriers to Entry

Since the costs of doing business are extremely high, and because capital expenses required for
research and development often do not yield significant payback until many years in the future,
defense contracting is not generally attractive to new firms. In addition, fielded systems and
inventory levels already are at capacity levels. Major procurement is dropping steadily and a focus
has been developed for “build, demonstrate, and shelf’ technologies. These contracts are not
nearly as profitable in the long term as major procurement for production contracts. It often takes
production contracts to recover the internal investments to develop a defense technology product.
New entrants lacking established track records would have difficulty in diminishing a perceived
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risk in delivering production lots given the amount of resources required to actually build and test
such large-scale systems. On a smaller scale, new competitors can enter the industry through the
supply chain, specializing in required hardware or software and developing a niche in which o
provide added value to a particular product. Actually, with the defense reform agenda presently
underway, a door has been opened to commercial firms for integrating commercial-off-the-shelf
(COTS) components into furure military designs.

General Conclusions from the Porter Five Force Analysis

The current state of defense contracting is rather unattractive, especially for new entrants. Because
the industry has faced significant downturn and is only beginning to approach leveling-off, existing
players continue to maneuver for position in an environment v/hich appears to be entering a type of
maturity plateau. Due to the intense merger and acquisition process currently characterizing the
industry, it is expected that as the market forces reach steady state equilibrium, industry control
will fall onto a few powerful players with specialized customer relations. Finally, the significance
of maintained national security and the dominant role U.S. military superiority has in the ultimate
balance of global economics suggests the existence of an eventual growth phase for the defense

sector, leading to a future period of increased attractiveness in this industry.

The 1990s mark the beginning of a new era for defense contracting in the United States, with
streamlined procurement practices and strategic initiatives which demand unprecedented efficiency
in the design, manufacture, operation, support, maintenance, and disposal of complex systems.
Dual-use technologies, information systems technology, flexible and automated manufacturing, and
agile business practices are setting the technology development direction for the U.S. industrial
base as the end of the 20” century approaches.

Customer needs are evolving toward knowledge-based systems, where high bandwidth information
transfer technology is linked with wide area surveillance and high resolution imagery. A focus for
military technology is to eliminate any possibility of friendly fire in times of battle by knowing in
real-time where the opposition forces reside and how to most effectively use precision system
guided weapon technologies to capture a strategic battlefield advantoge. Future technology
development should focus on achieving optimized resource allocation and a one target one weapon

capability. Refer to Sxhibit 2.1.1.3-1 for an illustrative summary of the Five Force Analysis.
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Figure 2.1.1.3-1: Porter Five Forces Analysis for Defense Prime Contracting in the 1990s [3]

Source: Adapted from Ayoob, Aerospace Defense Contracting in the 1990s, August 1995
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2.1.2 The Commaercial Sector

Analysis of the defense industry provides one perspective in determining a direction of competitive
advantage in aerospace and electronics. The commercial sector represents another substantial
piece of the story. Examples of commercial applications for aerospace and electronics technologies
include a wide variety of products, from satellite telecommunications and air transport systems to
spacecraft design and consumer electronics. A general divergence between traditional market force
analysis in the defense and commercial sectors resides in the fact that traditional technology
demands ir the commercial sector have lagged the performance capability demands required by
many military products. With the explosive growth of consumer electronics such as the
revolutionary advances in desktop computer processing power, the present generation of high-tech

systems continues to witriess a closing of the gap between the technical demands of the two sectors.

As established in the previous section, changes in technology demand from the defense sector are
resulting in a major movement toward developing innovative dual-use technologies and increasing
opportunities for incorporation of commerzial-off-the-shelf components in future military systems.
This section addresses the market force analysis in the commercial sector from two perspectives,
with an intention to describe the present U.S. situation in terms of several objcctives required to
remain competitive on a national level. The first discussion presents the United States aggregate
market position in electronics production, emphasizing electronics packaging and manufacturing
and using optoelectronics as one direction for future growth. The focus on general producibility
issues and optical systems ties directly back to the proposed multi-product adoption strategy of
investing in dual-use information technologies and advanced sensor systems. A second perspective
is presented which takes a more microscopic level view into modem trends in system engineering
and management in the aerospace and electronics industries. The second discussion presents recent
developments at Boeing in business process reengineering, introducing a system design and
management concept which has been highly successful in reducing the non-value added time from

Boeing’s product development process for commercial air transport.

In this section, the selected exanples from process-oriented system engineering, product
development, lean manufacturing, and technology insertion are intended to provide sufficient
background in commercial aerospace and electronics to establish merit for the multi-product

adoption model strategy presented in Chapter 3.
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2.1.2.1 U.S. Competitive Position In Electronics/Optoelectronics Technology/Productlon

As the world enters a period of unprecedented growth in global high-technology markets, the
United States has fallen behind Japan in almost every electronics production technology [38,39].
Japan has achieved distinct advantage in electronics production and process technologies through a
strategy to develop low-cost high-volume consumer products. U.S. electronics manufacturers have
lost market share to foreign-owned or foreign-based manufacturers while U.S. Government funded

research and development has dwarfed that of foreign governments.

The Japanese Technology Evaluation Center (JTEC) is a collaborative effort to created to assess
the position of the United States relative to Japan in certain key technology areas. The competitive
analysis presented in this section stems from several investigations of Japanese and U.S.
technologies and capabilities by JTEC panel experts in conjunction with four U.S. Govemnment
agencies: the Advanced Research Projects Agency (ARPA) of the Department of Defense, the
Department of Commerce, the National Aeronautics and Space Administration (NASA), and the
National Science Foundation (NSF). A brief synopsis of the findings of the JTEC panel studies is
useful to develop motivating forces behind the multi-product adoption model strategy.

Exhibit 2.1.2.1-1 presents a summary of principal conclusions of the JTEC panel on electronics
packaging and manufacturing. These conclusions suggest that the United States must not only
fight to accelerate cost-efficient production capabilities, but also must take appropriate measures to
re-secure a leadership position in developing innovative enabling technologies in selected critical
areas. Optoelectronics is considered a critical technology for future defense-related products, and
is also a key technology area for dual-use application. Products which use optoelectronic
components include data storage devices and infrared imaging arrays. Exhibit 2.2.1.1-2 presents a
synopsis of conclusions drawn from an evaluation of United States competitive position relative to
Japan in optoelectronics. The significance of these findings resides in U.S. capability to maintain
national defense superiority and remain a world-class competitor in developing electronics

technologies.
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Electronic Packaging and Manufacturing in Japan [37]

Principal JTEC Panel Conclysions

L.

2.

Japan leads the United States in almost cvery electronics packaging technology.

Japan clearly has achieved a strategic advantage in electronics production and process technologies.

e Because process technology improvements allow for quality improvements and cost
reductions in end products, Japan’s continuous perfection of its electronics manufacturing
systems has enabled it to take market leadership away from technology innovators in the
United States.

e Itis apparent that due to successes in process improvement, Japan will be a primary world
supplier not only of electronics products and components, but of electronics manufacturing
equipment.

Japan has established this marked competitive advantage in electronics as a consequence of
developing low-cost, high volume consumer products.

e Japan’s success is not a consequence of major technological breakthroughs, but rather a
process of continuous and incremental improvements in the technologies of mass
production—driven by products such as camcorders and ceilular telephones, for which the
empbhasis has been on miniaturization, low cost, lighter weight, and portability. Those same
features are now apparent in notebook and subnotebook computers and in personal and
wearable digital assistants, which further demonstrate Japan's product “portability” strategy.

Japan’s infrastructure, and the remarkable cohesiveness of vision and purpose in government and
industry, are key factors in the success of Japan's electronics industry.

Although Japan will continue to dominate consumer electronics in the foreseeable future,
opportunities exist for the United States and other industrial countries to capture an increasingly large
share of the market.

e The United States in particular controls much of the technology that will drive the future
consumer electronics: telecommunications, computers, microprocessors, and software.

The JTEC panel identified no insurmountable barriers that would prevent the United States from
regaining a significant share of the consumer electronics market; in fact, there was ample evidence
that the United States needs to aggressively pursue high-volume, low-cost electronic assembly,
because it is a critical path leading to high-performance electronic systems.

¢ The United States has the technological edge, ... Japan has the edge in production
technology. The country that excels in both new technology and production technology will
lead the world in consumer electronics.

e Advanced technology continues te be the heritage of the United States; if a similar focus can
be placed on production technology, the United States can capture a dominant share of the
consumer market. Continuous corporate reengineering, an emphasis on concurrent
development, partnering between suppliers and customers, and further commitment to
enhancing the skills of the workforce are critical success factors that must be addressed.

Exhibit 2.1.2.1-1: Principal Conclusions from JTEC Panel Study on Electronics Manufacturing

Source: JTEC Panel Report on Electronic Packaging and Manufacruring in Japan, Februery 1995




Relative Status of U.S. and Japanese Optoelectronics Technologies [39]
Five topical areas that are believed to be most economically strategic to both Japan and the United States:

Optoelectronic systems; emphasis on telecommunications, networks, and optical interconnections
Optical storage technology

Waveguide devices and optoelectronic packaging techriology

Photonic devices and materials, with emphasis on laser and optoelectronic integrated circuits
Optical sensor technology

el A

The overall assessment is that Japan clearly leads the United States in consumer optoelectronics, both
countries are competitive in the areas of communications and networks, and the United States holds a
clear lead in custom optoelectronics.

o The largest area of new opportunity for growth in the U.S. optoelectronics industry appears to be
optical sensor technology. Japanese R&D posture in this field lags behind the United States and is
expected to remain behind for some time. It also appears that the sensors field has tremendous
growth potential that U.S. industry is well-positioned to exploit.

¢  One other area where the United States might succeed in capturing a significant market share is
optical storage. At present, Japanese photonics industry is ahead in both manufacturing and R&D for
optical storage, but several opportunities exist for major advances in read/write devices and in storage
media technology. Thus, the United States has several realistic opportunities to gain market success
on the basis of rapidly evolving technologies.

Japan now dominates some 90 percent of the world’s optoelectronics markets and can be expected to
continue its dominance for a number of years. The current size of the Japanese optoelectronics industry is
$40 billion; that of the United States is $6 billion. Obviously, Japan has had enormous success with its
development strategies for optoelectronics.

Japanese technological and business success in the field of optoelectronics has been based primarily on
telecommunications and consumer products. In particular, the strong, long term commitment to large-
scale, low-cost manufacturing has provided Japan with the means to dominate the fields of optoelectronic
displays, fiber-optic gyros, and compact disk players. Announcements by Pioneer, TDK, and Idemitsu
that they will be introducing the first organic light-emitting flat panel displays in early 1996 also indicate
the ability of the Japanese R&D establishment to retain innovative edge in high-volume, consumer-based
products targeted by U.S. industry as having fundamental strategic and economic importance.

Exhibit 2.1.2.1-1: Principal Conclusions from JTEC Panel Study on Electronics Manufacturing

Source: JTEC Panel Report on Optoelectronics in Japan and the United States, 1996
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Japanese strength in the industries such as electronics (and automobiles) appears, at least partiaily,
to be due to a major cultural difference from the United States. Japanese industry reientlessly
pursues continuous improvement in both products and processes, developing high-volume
international markets to fuel their high technology projects. “Once a netd is identified and a
technology is brought to a suitable stage of development, Japanese companies invest the resources
and infrastructure needed to bring cost and capacity within their projected requirements. This level
of forward planning appears to be well developed in the Japanese photonics industry and largely
absent in the United States [37,38,39].”

If U.S. high-tech industries intend to remain a world-class advanced technology leaders, drastic
cultural change is required on at least two dimensions.

(1) Electronics manufacturing and packaging systems must be designed which are lean and
efficient, and which provide sufficient mechanisms for quality control with minimal rework.

(2) Core technology development must be treated as separate from integrated product design
with managers who recognize the different missions and needs of the teams who execute
each process.

As the boundary which segments commercial and defense components manufacturing begins to
fade, the U.S. industrial base must recognize that the next generation of world-class technologists
will not solely be the innovators and “dreamers” of what could be, but rather will be those who
collectively find an optimal balance of commonality and standardization with flexibility and
specialization. Multi-product adoption is one school of thought on how to stimulate and manage
the process of this inevitable required change.
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2.1.2.2 Designing the Design Process—Boeing’s Approach to Process Reengineering

In December 1995, Dr. David L Grose from Boeing visited MIT to describe a system-oriented
approach to aerospace product development that provides a more comprehensive assessment of
both advanced technologies and feature parameters that characterize a new design. It has been
suggested that future product competitiveness will require fast response to customer necds,
minimum life cycle cost, and high production quality. For commercial transports, these demands
translate into minimum product development cycle time, low cost of ownership, high dispatch
reliability, low maintenance, and the elimination of manufacturing rework. While functional
organization of the design process has served well in the traditional performance requirements
dominated project environment, it is likely flawed when applied to projects which are more
time/cost-dominated. To address this challenge, the Boeing Commercial Airplane Company has
been investigating the potential of restructuring the aircraft design process based on information
flow as opposed to functional organization of the design process.

Boeing has developed a new process prototyping concept cailed Cross-Functional Integrated
Design (CFID) which can be used to assist managers of complex engineering projects to design the
design process. CFID objectives at Boeing include:

reduce design cycle time by 50% over 3-5 years

accomplish process re-engineering to a data-driven process rather than the traditional
functionally driven design process

focus on practical issues of implementation and execution

improve management of the exchange of information across functions and tools
capture 50% of all non-value-added time in the product development process (note: the
estimated non-value added time represents approximately 80% of the total effort time,
locked primarily in the collection of data, interfaces between functional groups, etc.)

In order to identify areas for improvement and to facilitate the process of implementing the
organizational and cultural changes required to achieve the CFID objectives, a software tool has
been created by Boeing called Integrated Computer-Aided Design (ICAD). ICAD facilitates the
CFID effort through knowledge-based tools to incorporate concepts of design, manufacturing, and
finance systematically at the engineering design level. Engineers work in an integrated product
team environment where multiple disciplines are represented simultaneously. Refer to Figure

2.1.2.2-1 for a top-level motivation for the CFID process reengineering objectives at Boeing.
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Current Approach Problems with the Consequences of the
____(Functionally Organized) Functional Approach Functional Approach
e  functional relationships, e technical design, o design cycle time is too lung
historical "asis, traditional manufacturing and
heritage driven vertical marketing support are o  design process is schedule
integration isolated instead of integrated driven
e task oriented: individual e introduction of new o early performance focus does
understanding of entire technologies needs to be not uncover the cost risks
system is lacking refocused for recent shift in
objectives (i.e. cost) e fragmentation of
e airplane performance responsibility
dominates the design o if design specifications
process, inappropriate for (SFC, weight, payload, e legacy software, tools and
design-for-cost projects range, etc.) are not met then methods focus on single
Boeing pays the price for the perspective, lacking
o manufacturing is addressed entire life cycle of the “system” view
only in downstream detailed vehicle
designs

Figure 2.1.2.2-1: Motivating Factors Behind Boeing’s CFID Approach to Process Reengineering

A system design process defined by “flow of data” as opposed to “flow of tasks” can be
accomplished using centralized computer-based methods. In developing these universal changes to
system engineering practices and product development tools, several general communicagion issues
must be considered. In order to implement a data-driven integrated process, vocabulary across
functional disciplines is required. The backbone interface for connecting and integrating all the
individual engineering tools used by the different functional groups must correcldy “translate™ to
the common vocabulary to ensure full compatibility and tractability. Using this approach, a shared
database can be constructed to facilitate engineering design and minimize change orders and

rework.

In order to reduce development costs and accelerate product development, the engineering design
process must be reengineered to be more overlapping in nature. For extremely complex projects
such as the design of commercial air transport vehicles, this introduces a notion of *“concurrent
engineering in the large [26,99].” To date, the data flow process has shown very promising results
at Boeing, yielding a 40 percent reduction in design cycle time over previous generations based on
historical data.
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There has been considerable resources invested in developing scalabie technologies for applying
fundamental concurrent engineering concepts to very complex highly integrated projects. The
results have introduced the birth of the integrated product team paradigm. Much of this theoretical
research will become more common in practice as computer information systcms become more

aligned with the operational needs of technology-based companies.

In Boeing's commercial air transport business, making decisions on production go-ahead with
incomplete or inconsistent data currently results in approximately 40% rework after initial design
is complete. The current functional approach forces engineers to pass on incomplete work to next
functional task if a project milestone must be met and the work is behind schedule. The CFID
process manages the data better by passing on work implicitly with indicator of degree complete
using color-coded on-line simulation which is accessible by every engineer and manager on the
project. Everyone involved in the project, whether collocated or not, can log into central database
and view the progress and status of the entire project. Individual task items are color coded in an
integrated master plan and schedule. The colors indicates a level of completeness for every task.
Therefore, mechanical design engineers are able to post preliminary analysis and tradeoffs, and
update the status of these items as the system evolves. Downstream tasks with precedent
relationships, such as avionics and flight control system design, can proceed with greater ability to
overlap predecessor tasks. This system has been shown to be an effective means to optimizing
management decisions, ultimately leadir.z to an ability to accelerated product development
requiring less rework.

The conclusions from the Boeing system engineering case study are straightforward. In the most
pessimistic case, even if using the CFID process results in similar development cycle time,
significant reduction in required rework is expected, which yields reductions in time and moncy
needed to complete the project. The real value of methodologies such as the data-flow process
computer implementation of CFID can only be established and measured if mapped into a context
of shareholder value in terms of finance and manufacture advantages. The message behind these
efforts is one of reduced costs and higher profitability or pricing advantages to the company.
Design-for-cost using CFID can provide insight into optimal allocation of resources in systems,

finance, and structures and mariufacturing. In reengineering the design process, there must be an
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attempt to upgrade the corporate policy to a new organizational model, one which is fiat, flexible,
networked, diverse, and global.

Re-organization presents a new challenge to the engineering community, a tradeoff between power
and influence. In the traditional model, individuals gain power with experience; in the new model
power is replaced by influence due to design team unified actions to achieve common goals.
Practical considerations to accommodate the existing infrastructure of management and mitigate
the risk of completely replacing proven legacy software suggest an incremental transition to a new
system which supports multidimensional optimization is required. CFID “embeds” existing legacy
programs, rather than attempting to completely replace a functional structure, to allow a slow
paced low-risk transition to the new model. Ultimately, the intention of CFID is to have the

corporation migrate to the process-orienied new organizational model on a macro level.

Several conclusions can be drawn from the CFID initiative at Boeing:

e Improving competitiveness cannot rely on technology advancement alone.

¢ A system-oriented data-driven approach offers cost and development time advantages over
conventional functional-driven approaches for commercial aircraft design.

e Focus should be placed on reengineering the design process arcund the flow of information.
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CHAPTER 3. MULTFPROBUCT TECHNOLOGY ADOPTION
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3. STRATEGIC TECHNOLOGY DEVELOPMENT THROUGH MULTI-PRODUCT ADOPTION

Multi-product technology adoption is an engineering-based strategic approach to leverage modern
technical advancements and emergins information system infrastructure resources o respond
competitively 1o the evoiutionary changes in the global economy. Using this model to capture an
understanding of the present and future state of today's technology-based industries, a direction for
optimizing future growth and profitability can be identified. This model builds from fundamental guiding
principles for strategic managerment and system design to establish key indicators for successful
technology development through cost-effective multiple product insertion.

3.1 The Multi-Product Adoption Model
3.1.1 Three Tiers—Strategy, Structure, and Implementation

Strategy
The main objectives of the multi-product adoption model are to provide an analytical framework
for understanding dual-use technology development, and to establish a set of flexible structured
guidelines for implementing and managing the multi-product adoption process. In principle, the
success or failure of technology ventures may be determined by two related factors, assuming that
the commitment to developing the technology has been made:

(1) technical feasibility given curreni theoretical and practical constraints;

(2) resource sufficiency and allocation—staffing, capital, equipment, etc.

Technical feasibility is most appropriately treated on an individual case-by-case basis. But
resource sufficiency and more specifically, strategic allocation and management of resources, can
be handled more generally in an optimization context. The multi-product adoption model strategy
optimizes technology development efforts in terms of cost-efficiency and payback period. System
engineering and strategic management theory suggest existence of an optimal configuration of
resources which most effectively handles the parameters govemning the process of cost-efficient
enabling technology development. The multi-product adoption model addresses this strategic
resource allocation problem by directing operational actions to achieve short-term tactical
objectives while maintaining a consistent commitment to corporate longevity and future growth.
Figure 3.1.1-1 illustrates some of the main themes of the multi-product adoption model.
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Production,
Service, &
Upgrade
IPTs®

Technology

Development Structure

Implementation

New Product Concept
Design & Developmens
1PTs*

* [PT: Integrated Product Team
CTDT: Core Technology Development Tenm

Sirategy

« Focus on Sclective Dual-Use Technology Development for Defense & Commercial Markets

* Recognize All Opportunities for Technology Insertion, Capture Most Promising Candidates through
Assessment Based on Core Competencies and Existing Customer Types

 Maintain a deliberate distinction between the roles and missions of IPTs and CTDTs

« IPT mission: deliver quality, reliable, cost-efficient products which house core technologies

« CTDT mission: develop highly modular, casily tailorable technologies to multiple IPTs

« Leverage the Information Revolution to Facilitate Vertical Pertnering

* Develop a Philosophy of 36)-Degree Product-Technology Inwegration

Structure

+ Maintain/Establish “Permeable Boundaries” with Flexible Interface Between CTDTs & IPTs*

» Balance New Development Efforts with Existing Product Upgrades

» Align Technology/Product Development with Interpreted Technical Needs and Customer “Types”
« Incorporate Joint Product-Technology Working Groups with IPDT and ITDT Representatives

Implementation
 Multi-Product Adoption Tool Set for Adcanced System Design and Management
» Modernized Information System Infrastructure and Computer Networks
+ Core R&D Led By CTDTs with Rotating IPDT Members Encourages High Level of Interaction

« Vertical Integration of Key Subcontractors & Suppliers Using Modern Information System Technologics
« Participation in Selective Government-Industry-University Partnerships

Figure 3.1.1-1: Multi-Product Adoption Model—Strategy, Structure, and Implementation
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Acs indicated in Chapters 1 and 2, current market forces in the aerospace and electronics industries
demand high quality technical perfomnance and simultaneous substantial reductions in product life
cycle costs. In response to this demand, research in industry and academics has focused on
establishing *best practices” for product development. One key result of this research has been the
widely adopted integrated product and process design team concept. In the struggle to achieve high
cost efficiencies through integrated product design teams (IPTs), high-technoiogy industry in the
United States should not fail to recognize the process elements of an existing sysiem which has
produced generations of Nobel Prize winners in the scientific community.

Structure

A basic tenet of the multi-product adoption model is to preserve the innermost core technology
development from being completely absorbed into product-dedicated IPT structures. This
approach is not intended to isolate IPTs from the technology development process, but rather to
have IPTs act as “customers” to core technology development teams (CTDTs) in a fully networked
hub-and-spoke organizational structure. See Figure 3.1.1-2.
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This networked hub-and-spoke organizational concept serves as a set of flexible guidelines for the
implementation which supports the struciure concept of maintaining “permeable boundaries”
between IPTs and CTDTs. As Tiustrated in Figure 3.1.1-2, some IPTs incorporate more than one
core enabling technology. The interfaces between the IPTs and CTDTs, shown as two-directional
arrows, are explicitly intended not only to indicate the transfer of producible technologies to
products, but also to illustrate a structured process of rotating IPT members periodically inte
CTDT processes in order to ensure maintained alignment of core technolcgies with existing
customer values. The rotating membership scheme encourages a high level of interaction among
core technology development efforts and integrated product design. In doing so, direction is given
to CTDTs in terms of developing dual-use technologies for multiple product insertion, and IPT
members are exposed to future technological capabilities allowing the solicitation of informal

customer feedback in an attempt to identify latent customer needs for revolutionary new products.

The multi-product adoption model rotating team member approach assumes that customer needs
and values are sufficiently understood by all IPT members, an assumption which is completely
valid if onc considers a fundamental element of the IPT concept is to incorporate the voice of the
customer into the product development process using a tool such as Quality Function Deployment,
or QFD [12]. This entire discussion assumes that the reader is familiar with the widely recognized
concept of IPTs, and specifically that there is a major difference between IPTs and multi-discipline
engineering teams. A product team only becomes an IPT by including representatives from
marketing, manufacturing, integrated logistics, engineering specialties, and if at all possible, the
customer. IPTs promote an environment which fosters team leamning through aii members of the
team becoming intimately familiar with the issues of all major aspects of the system design
Routine informal meetings integrate the design process to inform all team members about overall
program status as well as individual subsystem designs. Rigid functional boundaries to
responsibility segmented along system interfaces are highly discouraged. This team-based
approach is a radical departure from “old school” system engineering design methods.

The multi-product adoption approach encourages IPTs to incorporate producible technologies
developed by CTDTs with as minimal “tailoring” as required in order to facilitate flexible
manufacturing through product modularity, platform-based design, and multi-industry vertical
integration. A significant distinction is made here between what is meant by *“product modularity”
and the product development concepts of “modular versus integral design functionality.” Product
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modularity in this context is intended to mean commonality of key technology comporents or
processes across multiple product lines. A product can simultaneously support integral design
functionality and consist of a highly modular physical design architecture. This thesis suggests
that it is this balance of technological modularity and functiona1 integration which can be exploited
to yield synergistic benefits in reducing life cycle cost and improving producibility and
serviceability. The ability to share technology across products is dictated in large part by decisions
made by CTDTs. The decisions involving modular versus integral design functionality reside with
the IPT development processes and are, as they should be, left as highly dependent on the
particular product being designed by the IPT.

It is well recognized that the fundamental strengths of IPTs reside in the interactions of team
membe:s from disparate fields to combine areas of expertise to achieve systemic improvements in
product design efficiency. In the industrial movement toward organizational structures which
support integrated product design practices, the interactions among different IPTs can be explicitly
structured and leveraged in order to strengthen core technology development efforts. The concept
of CTDTs attempts to maximize the value added by each IPT, and capture additional synergistic
effects by rotating IPT members into core technology development efforts led by teams of CTDT
specialists. By having representatives from different IPTs participate in technology development,
two complementary opportunities are seized—the ability for several IPTs and their associated
product and process designs to simultaneously influence the direction of core technology evolution,
and the realization of accelerated multiple market insertion for production-ready core technologies.

Implemeniation

Many tools have been introduced by industry and academics to facilitate concurrent engineering
and accelerate product development to achieve early market penetration and capture “first player”
advantage. A selected set of such system design and management tools serve as one component of
the implementation tier of the multi-product adoption model. The multi-product technology
adoption model presents one possible approach for enhancing the ability for a high-tech
organization to continue to pursue quantum leaps in technology development while simultaneously

maximizing affordability of integrated product and process design.

The implementation tier of the multi-product adoption model consists of a tool set for complex

system architecting and strategic managenent of resources. A tremendous amount of literature has
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published for many of these types of techniques. Discussion of some specific tools suitable for the
multi-product adoption model is given in Section 3.1.2. Since the rulti-product adoption model
has been constructed in response to the evolutionary changes occurring in the aerospace and
electronics industries in the United States, it should not be surprising that many of the tools are
parallel to those which have proven to hold high value from integrated product design practices for

aerospace and electronic systems.

With the challenges of competing in today’s global marketplace, supplier management and vertical
parmering have become increasingly significant for achieving competitive advantage. Integrated
technical information systems play a key role in developing high technology products, especially
when engineering design is divided across two or more company sites or multiple subcontractors.
By fully utilizing currently available networking capabilities, a secured system can be constructed
to achieve efficiencies in subcontractor relations through centralized engineering database access
and integrated customer-contractor-supplier information systems. One of the multi-product
adoption model tenets is to maintain a modemized information resources system inf. istructure,
providing the capability to capitalize on the cost savings achievable from using electronic
information technology and computer networking resources to manage revolutionary change in key

subcontractor vertical partnering. Vertical partnering issues are discussed further in Section 3.1.3.

Participation in govemment-industry-university parmerships is becoming a key process element in
today’s technology development business models. Several initiatives have been implemented by the
United States Government to stimulate partnerships which gain benefits from establishing a formal
link between industry and academic research. Many manufacturing-based companies have reduced
the size of in-house research laboratories, focusing investment on immediate problem solving as
opposed to long-term basic scientific research. Industry has become the short term “producer”
while universities have emerged, or perhaps remained, the long term “research performing”
institutions. Investment from industry and the govemment can fuel the “outsourcing” of rescarch
to universities with industry serving as a technology “steering committee” while primarily focusing
on production objectives. The long-term benefit of this type arrangement is a coordinated
alignment of industry’s technological needs with basic academic research and development, leading
to the convergence of the demand for a well-educated and highly skilled work force surrounding

business centers of excellence with sustainable growth and corporate longevity.
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Discussion of Model Concepts
Using a set of general guiding principles for

complex systems architecture as a point of

departure, the strategic tier of the multi-product

Structure adoption model focuses on preserving (and

enhancing) the ability of a company to develop

core enabling technologies through scientific
Implementation research. Strategic intentions are linked with

structure and implementation. The structure

tier provides flexible guidelines for architecting
the most effective organizational structure to support the multi-product adoption strategy, and the
implementation tier incorporates modemn systems engineering and management tools to best achieve
the model objectives. In conjunction with the advances in modem information systems technology,
the multi-product adoption model leverages the explosive growth of computer processing resources
to achieve distinctive advantages toward achieving cost-efficient core technology development.
Each tier in the hierarchy is essential in achieving the model objectives.

The three tiers of multi-product adoption are linked together through common short term and long
term goals. Strategic objectives of the model are to provide the technological growth demanded by
the customer base at an affordable cost, and to attain sustainable competitive advantage through
innovative system design and management practices. By focusing on core competencies and
selective well-matched dual-use enabling technologies, short term and long term goals can be
balanced to achieve efficiencies through cost reductions for development and production shared

across multiple products.

In order to fully exploit the advantages of developing dual-use technologies, a comprehensive
search of potential product applications must be performed. Attempts rust be made to identify
latent needs as weil as immediate needs of existing customers and emerging markets. Afier
considering commonality among customer types and existing product sales distribution networks, a
selection process narrows down the product applications to a linked set. IPTs work with CTDTs
to bring the technology to a “tailored” production-ready state appropriate for system integration.
For example, the production of high resolution Infrared Focal Plane Array (IR FPA) detectors
represents a modermn technology candidate for multi-product adoption. IR FPAs produced on the
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same manufacturing lines can be used in missile seeker systems and commercial infrared imaging
cameras. The IR cameras can be marketed in diverse product applications ranging from improved
night vision to state-of-the-art thermographic analysis for medical screenings. Several detailed
case studies of candidate technologies for multi-product adoption are given in Section 3.2.

A major element in the multi-product adoption model is the intention to account for the value in
recognizing common “customer types”. In this context, customer type is defined as segmentation
and aggregation of an existing customer base along lines of comnion procurement practices and
production lot scope. For example, a company which typically has a major proportion of sales to
govemment agencies, such as a prime contractor for the development and production of defense
systems, can expect to achieve a greater probability of success in expansion of products and
services to other customer bases which share common procurement practices to the U.S. DoD.
When new market penetration includes risk, possibly hidden risk, due strictly to the fact that it is
new, one strategy is to partner with an existing player for product introduction. In order to
maximize the probability of success with the development and application of dual-use enabling
technologies, the multi-product adoption model strategy recognizes the significance of exploiting
similarities in customer type and the ability to leverage existing sales distribution networks.

Although this strategy may appear trivially obvious, it is worth noting that many tactical product
diversification efforts seem to lose sight of fundamental business principles. As discussed in
Appendix 2, Raytheon’s strategy to become a high technology commercial corporation while
remaining a top-tier competitor in defense has been very successful in evolving core competencies
in the development and quality production of radar systems and other military technologies from
defense applications to new commercial markets. Examples include wide area surveillance, air
traffic control, transportation systems, weather monitoring, and wireless communications. Most
successful large scale product diversification efforts for Raytheon have been focused on
“government-like” customers. In making the transition from a defense contractor to a multi-
industry commercial company with strong defense operations, Raytheon has had to be very
selective in the process of transferring defense technologies to commercial applications. Coupled
with foreign sales of military technologies, these ventures have collectively launched Raytheon into
a position as a Jeading global competitor in many of these areas.
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A concept of 360-degree integrated product-
technology development balancing new product
development with tactical upgrade production
is one of the main philosophies central io the

multi-product technology adoption model.

This philosophy suggests that technology

Technology

Development development should be a directed semi-

(CTDTs) independent process from integrated product

design, with performance criteria which include

New Product Concept feasibility, cost, quality, future growth/payoff

Design & Developmeni
IPTs*

probabilities, producibility, systemic issues,
licensing, etc. It is indicative of the existence
of an optimal point in strategic resource allocation, where there is a balance between new product
concept development, system demonstration and validation, and service/upgrade programs. This
strategy is somewhat similar to hedging practices for mitigating risks in financial markets, or finite

horizon multidimensional nonlinear optimization problems in optimal control/estimation theory.

Since life cycle affordability and cost of ownership are driving elements in determining the success
of complex products, the multi-product adoption model incorporates mechanisms for balancing
technical performance metrics with producibility cost metrics. Cost is treated as an independent
variable, and engineering decisions made early in the concept design include producibility issues
and pro-active measures for reducing life cycle costs. IPTs are encouraged to design products
suitable for future upgrade, especially for products which house multipie technologies with
different expected growth and maturity rates.

It is important to realize that the design decisions made throughout the initial stages of a product’s
life cycle have a substantial effect on the performance-cost tradeoffs made further downstrecam.
Figure 3.1.1-3 illustrates the life cycle development process for a typical aerospace/electronics
product or system. The cumulative design-for-affordability payoff is achieved over the life of the
product and can be maximized by making well informed design decisions early in the development
precess. The figure iilustrates a generic scenario in which producibility issues are stressed in the

early phases of product design—during concept development and demonstration, and engineering
and manufacturing development (E&MD).
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Figure 3.1.1-3: Substantial Life Cycle Cost PayofT is Achieved Early in the Design Process

Pause for Reflection

In the aerospace and electronics industries, there is a tremendous need for accelerated development
of advanced systems. With govemment procurement practices under significant reform to reduce
costs, opportunities exist in the aerospace and electronics industries to position strategically for
maximum growth potential, profitability, and sustainability. The structure ticr of the multi-product
adoption model is develcped to align technology and product development efforts with the voice of
the customer. Joint product-technology working groups and continuous improvement of products,
processes, and employee training are a means of maintaining a high-skilled labor force during this

period of evolutionary economic change.
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In this multi-product adoption model, the unique environment in which pure scientific research and
development has historically flourished in the United States is preserved. Because it is recognized
that some level of technology growth and evolution naturally resides within product-dedicated
design teams, the model structure is flexible. However, it is the intention of the multi-product
adoption model that core enabling technologies are developed which can be shared across multiple
product applications. The significant issue from research in this area is that because the rate at
which individual technologies evolve is different, products which house multiple technologies with
different growth rates can be specifically designed with hooks for future upgrade. For example,
because the life cycle for a microprocessor is only about 36 months while other peripheral
equipment may last several years beyond, the perscnal computer industry has used highly modular
designs to accommodate for future upgrade of individual components. Monitors, printers,
modems, disk drives, etc., can all be updated separately if desired.

A more specialized system, such as a dedicated missile digital computer architecture, can be
designed to be highly modular and adaptable to many target host products (e.g., other missiles).
These architectures can be designed with flexibility for interrupt prioritization and sequencing such
that they are easily “tailorable” to multiple operational environments. In addition to the benefits of
facilitating re-use of software and increased compatibility, commonality of core components can be
used to gain cost efficiencies through economies of scale. Furthermore, since commonality leads to
increases lot size demands, vertical partnering and strategic long-term negotiated contracts with
provisions for generationat upgrades on short life cycle components are attractive to subcontractors
as well as primes. As a result, suppliers get more accurate, longer-horizon demand fcrecasts, and

prime contractors acquire greater leverage in negotiating price through larger production orders.

Multi-product adoption embraces the concept of integrated product and process design teams for
achieving design efficiencies in cost and function for production-ready technologies. A strategic
balance is sought in balancing future research projects with current technology insertion into new
products and upgrading existing products. Both the multi-product adoption model objectives and
the underlying need to develop duai-use technologies must influence corporate strategy in the
United States, with tactical operations and organizational structures re-matched to the evolving
needs of today’s changing global marketplace.



3.1.2 The Multi-Product Adoption Toolbox

Many tools have been introduced to the modem system design and managemernt community which
are valuable to implementing the changes to the multi-product adoption model. Literature on these
tools is widespread and the particular combination which best meets the user needs depends on the
specific products and/or technologies being developed. Figure 3.1.2 indicates some of the
suggested methodologies for implementing the multi-product adoption model. One common aspect
of the implementation tier of multi-product adoption is the need to maintain 4 modemized
information system with high bandwidth computer networking capability in order to facilitate
vertical partnering and strategic supply chain management using multi-objective optimization. In
determining the optimal configuration of product development, design, production, and upgrade
projects that a company undertakes, the integration of systems engineering tools for planning and
managing large projects can not be understated. Material requirements planning, manufacturing
system line balancing, inventory planning, and optimal lot sizes are all facilitated by accurate
market forecasts and integration of key suppliers. In the long run, it is economically beneficial to
share demand forecast information with suppliers and electronically link subcontractors to prime
contractor resources including computer-aided tools. Costs for establishing such a system must be
tracked in order to manage an equitable sharing of costs and benefits between contractor and
supplier.

Figure 3.12-1: A Sample Muiti-Product Adoption Implementation Tool Set

Integrated Master Plan & Integrated Master Schedule (IMP/IMS)

Design for Affordability; Design for Manufacturing/Assembly (DFM/DFA)
Computer-Aided Design/Manufacturing/Engincering (CAD/CAM/CAE)
Supply Chain Management, Lot Sizing Optimization, Economic Order Quantity
Material Requirements Planning (MRP), Theory of Constraints, Just-in-Time (JIT) Practices
Integrated Technical Information Services

Taguchi Methods, Total Quality Management, and Design of Experiments
Parametric Cost Estimation & Activity-Based Costing

Design for Six Sigma Quality

Statistical Process Control & Statistical Quality Control (SPC/SQC)

Quality Function Deployment (QFD) and the House of Quality (HoQ)
Competitive Benchmarking

Pareto Analysis, Pugh Charts, and Structured Concept Selection Matrices

Focus Groups; the Voice of the Customer

Team Dynamics and Organizational Processes Analysis
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3.1.3 Impact of the Information Revolution
3.1.3.1 A New Way of Doing Business

With the growing capacity for virtual teaming through the expansion of the telecommunications
infrastructure in the world, there is great opportunily to exploit information technology for
reducing development costs for new products and technologies. Video-teleconferencing, wireless
communications, electronic mail, computer networking, standardization of file transfer protocols,
and the resources of the world wide web have provided a revolution in the mechanisms available
for performing many conventional business operations with increasing levels of cost efficiency. In
addition to the potential new avenue for marketing and advertising existing businesses, there is
tremendous opportunity for growth in many markets connected to the information revoiution—the
on-line services industries, computer network hardware, software programming, and system

support to name just a few.

This section is intended to motivate further future investigation of the opportunities that the
information revolution provides to enhance a company’s ability to develop dual-use enabling
technologies. Integrated product/process design teams are becoming commonplace in today’s
business practices, but the relative disadvantages of non-collocation are diminishing due to the
emerging capabilities of the information-based infrastructure in the United States and the
evolutionary growth of “virtual collocation” through integrated information technical services.

Two specific initiatives are presented in this section:
1. Vertical partnering through integrated technical information systems;
2. Govemment-industry-university partnerships.

The significance of these two initiatives is that scalable advantage can be captured by leveraging
emerging resources from the emerging global information infrastructure. Revolutionary changes in
supply chain management include sharing computer-aided resources and the innovation of a near-
paperless proposal and bidding process. Electronic communication media should be exploited to
capture the vast opportunities for efficiency which exist in today’s age of sireamlining military

standards and implementation of processes for continuous improvement.



3.1.3.2 Vertical Partnering through Integrated Technical Information Systems

Vertical partmering by itself is not a very new concept but with the capabilities being introduced by
the information age, the advantages of electronically facilitated vertical partnering have become
critical to ensuring cost-effective engineering development and manufacturing. Companies rely on
strategic alliances along industry/product value chains to achieve competitive advantage, maintain
profitability, and capture sustainable growth. Coupled with the mass movement toward developing
the information superhighway and computer integrated technical information services, strategic
initiatives for reducing subcontractor relations costs have been investigated through feasibility
studies and prototype demonstrations. For example, the ManTech (Manufacturing Technology)
initiative under the direction of the United States Department of the Air Force has made progress
toward identifying the cost savings potential by streamlining subcontractor-related processes
through shared computer-aided design/manufacturing/engineering (CAD/CAM/CAE) resources
and centralized integrated product design databases. Figure 3.1.3.2-1 illustrates the concept of
vertical partner facilitization through electronic information systems

Vertical Partnering Facilitization though
Integrated Technical Information Systems Technology

Prime Contractor

On-Line Integrated Subcotractors

Figure 3.1.3.2-1: Vertical Partnering Facilitization
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Many of today’s prime contractors for defense technology products serve a value added role in
product development in the form of capital investment, computing rescurces, a few distinctive core
technologies, and system integration. In an efficient manufacturing-based economy, much of the
unit production cost is accountable through materials and components typically supplied by
vendors and/or developed by subcontractors. One major step in reducing development costs for
products includes reducing the amount of reengineering required for system integration. In order to
simultaneously achieve reduced cost of ownership and accelerated product development,
compatibility and producibility issues must be addressed early during concept development and
system architecture design and continue throughout the product life cycle. Electronic media and
the resources emerging from commercially developed information systems can be leveraged to
maximize efficiency in subcontractor alliances. The ManTech initiative is designed to meet these
challenges through the innovative utilization of advanced information system technology and
through use of the global telecommunications infrastructure.

In order to quantify the extent of savings that the facilitating subcontractor related processes can
expect to achieve by utilizing information-based resources such as ManTech, a cost analysis
methodology must first be defined. Current processes must be studied and understood, then
reduced to distinct actions and events. Unnecessary redundancy can be isolated and removed.
Quantifiable cost, performance, and quality metrics must be assigned to the remaining distinct
activiies to optimize efficiency and to provide a mechanism for evaluating continuous
improvement as the optimized process evolves in the future. Using this type of activity-based
structure, processes are forced to evolve with the available resources and technologies and should
result in maintainable efficient operation. A metric-based efficiency model also results in bounding
the achievable benefits of adopting advances in technology which result in early identification of
points of diminishing retums to the investing company.

Benefits from the vertical partnering initiatives in the defense contracting manufacturing business
are expected to have impact in increasing efficiency in subcontract procedures and operations
management. Unique attributes of next generation vertical parmering systems which use the
resources of the electronic data transfer and paperless transmission for many of the communication
and documentation required to complete tasks in the product development, manufacturing, and

assembly process.
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Items and concepts for consideration in the transformation to electronic inforrmation exchange for
achieving greater cost efficiency include:

3-dimensional manufacturing drawings;

electronic engineering change orders;

the concept of the “paperless” factory;

documentation for structured and standardized proposal processes;

automatic routing of design changes or problems to responsible engineer;
shared CAD resources and integration of change orders into baseline models;
electronic purchase orders with electronic receipt of notice.

Other significant areas for continuing improvement in manufacturing processes include automated
toolpath generation for CNC-machined parts using different software support systems. “Even with
the most powerful programming languages, this process is tedious, error prone, and very time
consuming. In most cases the probability of error is so high that the subcontractor must cut a
sample part to identify errors which must then be re-coded manually [73].” Perhaps the biygest
impact resides in an ability for subcontractors to use the prime contractor 3-dimensional solid
modeling databases resulting in avoidance of manual reentry of the design or correction of interface
program errors between the two sites. A common system would not only maximize compatibility
across contractor-subcontractor boundaries but ensure correct communication of specifications.
The elaborate programs used by prime contractors generally offer higher levels of automation, they
are faster, and are less error prone than lower costing systems used by many subcontractors. Most
of the more elaborate packages include error checking and graphical displays to catck: machine
errors without the need to cut a proof part. The savings to the subcontractor should be significant
while offsetting costs to the prime to provide these facilities should be minimal. Later, data could
be also be automatically reported to the prime as a significant enhancement to SQC processing.

A Note on Virtual Factories

Research and development for implementing new capabilities in manufacturing electronics and
electromechanical devices are leading to realizable software packages which can be used for the
design, planning, and partner selection process. “Virtual factories” is a term used to describe an
emerging capability to analyze and optimize business decisions before ever entering into contract
negotiations. Since multi-enterprise partnerships are a fast growing element of United States
industries, resources are being invested to provide software tools which serve as a backbone for

integrating existing legacy systems and databases. The motivation for these efforts is to develop a
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system which can assist program managers and project planners in making decisions involving the
concurrent performance of design critiquing, process planning, detailed production planning, and
parmer selection. Development efforts at the University of Maryland Institute for Systems
Research (ISR) have developed a system which will “aid industrial competitiveness by providing
ways to rapidly access the cost, performance, and time-to-market of proposed electromechanical
designs.” The ISR system extends previous work on microwave transmit/receive modules for
classification, indexing, and retrieving of process plans. The toolkit incorporates aggregale level
evaluation and optimizes over a parameter space including information on each partner’s

responsiveness, equipment availability, product quality, cost, and lead time.

detziled level s
factory level ' e S
sggreagate lovel — > partner selection
process | production
planning planning
designs
o feedback:
A : merits of system
design a.ll;ll':a;:ve alternative operation
critiquing plans
systems — .
et p Y
- - predictions an . i
inte gration R ageations evaluation o 2 manufacturing
framework [ altemnative plansfd sclected system
production plan
Figure 3.2.2-3: Institute for Systems Research Integrated Virtual Factory Toolkit Model
Source: Virtual Factories for Electro-Mechanical Device Manufacturing, NASA Tech Briefs, July 1996.
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3.1.3.3 Government-Industry-University Partnerships—The TeleCom™ City Project

Government-Industry-University Partnerships are a significant component of the new initiatives to reduce
costs through innovative infrastructure reform. Currently in it’s birth stage, the TeleCom™ City Project
is an example of the type of joint venture which will bring the technelogy interests of the government and
industry in line with the resources of universities and society.

TeleCom ™ City is 2 $750 million collaborative regionai technology development initiative which
will combine the resources of Massachusetts industry, universities, and govemment to establish the
region as a major entity in the telecommunications arena. Its mission is to support to companies,
universities, and govemment institutions engaged in research, development, and production of
cutting-edge telecommunications and related technologies, products and services [53]. Currently,
TeleCom™ City is in its initial concept stage and has received widespread support and substantial
financial commitment from Massachusetts government. Rapid advances in digital voice, image,
and data transmission have begun to blur the distinction among the types of telecommunication
services and the companies responsible for providing them. TeleCom™ City is aimed at providing a
central utility to accelerate product development through high value-added advanced design,
testing, prototyping, and manufacturing.

Located just a few miles from the campus of MIT, the TeleCom™ City project will occupy over
200 acres overiapping three Massachusetts communities—Everett, Malden, and Medford—and is
expected to establish a new model of cost-efficient socially-aware business operation. Refer to
Exhibit 3.1.3.3-1. The project will eventually bring 10,000 permanent highly skilled jobs to the
region. TeleCom™ City is uniquely focused to provide a parmership among university research
and the interests of the private sector in applied research, product development, and
commercialization. Through a collaborative effort, TeleCom™ City will serve as a chief resource
for bridging the gap between expertise of university faculty and graduate research with current and
future industry needs. The project supports cost-efficient outsourcing of basic research for
advanced telecommunications technology product development from companies to universities,
introducing a higher degree of corporate flexibility for committing capital resources to short-term
endeavors. Plans include 3,000,000 square feet to be developed during an initial phase with
facilities for research and development laboratories, offices, manufacturing and assembly, fiber
optic infrastructure, and KU and C band intemnational and domestic satellite stations.
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Senator Kerry, MIT Officials Join Mayors on TeleCom™ City [29]

Massachusetts Senator John F. Kemry was responsible for initiating one of a series of recent strategy
meetings to discuss the TeleCom™ City project, bringing together representatives of Senator Edward
Kennedy and Congressman Edward J. Markey; the Mayors of Malden and Everett Massachusetts; and a
distinguished group from MIT that included President Charles Vest, Provost Joel Moses, Dean of the
School of Architecture and Planning William Mitchell, Dean of Science Robert Birgeneau, Dean of the
Sloan School of Management Glenn Urban, Director of the Laboratory for Computer Science Michael
Dertouzos, and Media Lab Director Nicholas Negroponte.

Senator Kerry discussed the changing role of federal research and its impact on universities and industry.
He addressed the opportunity to attract new industrial research and expansion into the technology base of
the Massachusetts economy through TeleCom™ City. Kerry also talked about MIT's possible
collaboration and shaping of this important regional economic development initiative as a part of their
mission of education and entrepreneuralism. City of Everett Mayor John R. McCarthy discussed the role
of TeleCom™ City in revitalizing older urban communities, such as Everett, Malden and Medford. He
said that TeleCom™ City is a unique regional technology development initiative with state and national
implications. “TeleCom™ City will be a mode! of how mature urban areas collaborate to expand their tax
base and create jobs.” An action plan was presented in the meeting that included the suggested role of
MIT, the appointment of an MIT/TeleCom™ City liaison, and MIT’s participation in a Scientific Advisory
Committee and the TeleCom™ City Development Task Force.

Exhibit 3.1.3.3-1: TeleCom™ City—A Model for Government-Industry-University Partnership

Source: “Senator Kerry, MIT Officials Join Mayors on TeleCom™ City, Evererr Leader Herald, 1 August 1996
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3.2 Candidate Technologies for the Multi-Product Adoption Maodel

“To enable” means to make possible, practical, or easy. A “technology” is an applied science or a
technical method of achieving a practical purpose. “Enabling technologies,” therefore, are the scientific
advancements which are directly responsible for providing a practical ability to gain measurable
increases in operation, functionality, efficiency, or performance from physical systems. A natural
aggregation of enabling technologies yields two fundamentally distinct types—those which enable
products, and those which enable processes.

In the examples presented to illustrate the multi-product adoption model, a particular enabling
technology has been selected from each of the two types—products or processes. Modem
multivariable control theory enables the “process” of designing practical controllers to achieve
unprecedented high precision performance from physical systems. Advanced radar and infrared
sensor technology provides the “product” components which offer significantly enhanced signal
integrity and noise isolation over previous generations. The objective of this section is to indicate
the significance of modularity, portability, and transferability in developing dual-use enabling
technologies.

3.2.1 Optimal Robust Real-Time Multivariable Control

Developments in advanced mathematics, operator theory, multi-dimensional optimization methods,
neural networks, fuzzy logic, and applied optimal control theory have introduced the present
generation of control system technologists to a world of new options over conventional servo-based
design techniques. A wide range ¢ applications for control system synthesis and optimization
exist in today’s marketplace. General examples of products with controllers include home
appliances, heating and cooling systems, computer disk drives, stereo components, automobiles,
aircraft engines, indvstrial process control systems, and factory automation, among many others.
Virtually all electro-mechanical devices have some type of control system which governs the state
of the machine during operation. A general discussion and several case study examples are used to
illustrate the application of the multi-product technology adoption model to practical real-time
control system design. This discussion emphasizes the development of structured and automated
control system design processes with specific application to missile flight dynamics, steering
control system design for an automated highway system, and robust process control for distillation

systems.
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Beyond the evolution from classical servo-control systems design to multivariable state space
approaches, there now exists a wide spectrum of techniques and approaches which can be selected
depending on the nature of the specific objectives for the control problem. Feedback linearization,
model-reference adaptive nonlinear control, and the so-called “post-modem” approaches to robust
control system synthesis/design present powerful mathematical approaches to optimized solutions
of control and estimation applications. Using many of these recent techniques and the numerical
methols which have been realized in many commercially available software packages, the control
system designer has the ability to incorporate robustness to parametric uncertainty directly intc the

controller synthesis problem formulation and design optimal real-time controllers.

In short, today’s control system designer is presented with a comprehensive toolbox of methods and
approaches to solving almost any physical dynamic controls problem assuming the dynamics can
be mathematically modeled, states can be measured or estimated in real-time, and sufficient
resources are allocated for synthesis, analysis, integration, and test of the physical system. A
general process for control system design includes concept development, detailed design,
simulation, hardware-in-the-loop testing and validation, and final implementation. Accelerated
development and cost efficiencies can be achieved by reducing the total time and/or resources

required to complete these steps.

Using case study examples, this thesis illustrates how the same technical methodologies for
developing a missile autopilot control system can also serve as the model for designing controllers
for a wide set of applications. What is being treated here as a candidate for dual-use technology is
the control system synthesis methodology, not the actual microprocessor-based controlier
implementation itself. So, this section introduces a technology which enables the “process” of
achieving robust control design, and the next section intreduces an enabling technology which is a

“product” component which can be directly inserted or tailored to particular target applications.

In the development of the control system design examples, the selection of linear quadratic and H-
Infinity/Mu-Synthesis methodologies represents just two of the many techniques available. The
choice of control system design approach is left to the designer and should be based on the
particular type of application and specific objectives of the system to be designed.
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3.2.1.1 Optimized Muitivariable Autopilot Control System for a Highly Agile Interceptor

The ability to defend an asset area against current threat capability, including tactical ballistic
missiles and low-altitude cruise missiles, represents a paramount challenge for present military
applications. Next generation missile interceptors require technology tc defeat faster, more
maneuverable, extremely low-observable targets. Figure 3.3.1.1-1 illustrates a representative
engagement geometry for the missile interceptor problem. The common analogy for this type of
precision flight control for guidance to intercept is the “bullet hitting a bullet” scenario. With the
simultaneous demand for reduced life cycle cost and a *‘one-target one-weapon” direct-hit
philosophy, structured methods to automate “batch-designing” high precision optimized controllers
are very desirable and have been demorstrated with a high degree of success [24,55,57]. This case
study analysis presents the application of modem control theory methods to the missile interceptor
problem. Technical details of the controller architecture and target maneuverability have been
neglected to avoid proprietary and security classification issues. A functional block diagram of the
missile-target intercept flight control strategy is illustrated in Figure 3.3.1.1-2.

Representative Missile Interceptor Target

Engagement Geometry

1
’
1
4
)

Intercept
Point

Interceptor

Figure 3.2.1.1-1: Missile Interceptor Control Problem Represcntative Engagement Geometry
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Missile flight dynamics are described by a set of coupled differential equations based in a three
axis orthogonal system—pitch, yaw, and roll. Representative dynamics can be modeled using
traditional missile airframe derivations outlined in [27]. The complexity of the control problem is
dictated by the 3-plane geometric flight mecharics relationships. Cross-coupling effects result
from the inertial linking of the missile rectilinear motions and rotational dynamics and aerodynamic
coupling inherent to the airframe. In this formulation, the section of the flight control system which
stabilizes the airframe and provides omni-directional lateral acceleration command tracking while

simultaneously controlling roll orientation is defined as the autopilot. Refer to Figure 3.3.1.1-2.

One general approach employed by many classical skid-to-turn flight control designs is to inciude a
disturbance rejection roll autopilot which attempts to decouple the lateral airframe dynamics from
roll with fast roll response and higher bandwidth in roll than in pitch/yaw. Laterally induced roll
rates are forced to zero before being fed back to the pitch/yaw axes. Since classical designs do not
directly address cross-coupling, stability considerations limit roll bandwidth which constrains
pitch/yaw bandwidth so performance and robustness inevitably suffer. In response to increasing
threat maneuverability, reduced homing timne, and low observable targets, this design methodology
combines recent developments in digital sensors and signal processing with a multivariable
autopilot to collectively stabilize the airframe and achieve direct cross-coupled control of the flight
dynamics. Because the multivariable concept exploits cross-coupled control, pitch/yaw bandwidth
is not necessarily dictated by the roll channel and enhanced cross-coupling compensation is implicit

to the control structure.

Although missile dynamics are nonlinear and the actual flight control implementation includes mild
nonlinearities such as limiters and switching logic, linear design techniques and gain-scheduling are
generally applied for autopilot synthesis primarily due to the extensive powerful mathematical
methods available for linear control system design. The basic advantage behind the application of
optimal linear multivariable control theory to autopilot design is an exploitation of achievable
stability in a multi-loop sense. It is the implicit stability that leads to potential improvements in
system tracking performance. Since every physical control system presents a fundamental trade-
off between stability and performance, the level of achievable stability defines a bound on
realizable performance. Modem multivariable methods optimize performance by delivering robust
multi-loop stability with the capability for tighter tracking than classical designs of the same
bandwidth. Gain-scheduled linear control of nonlinear systems has been demonstrated with
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classical designs as an effective means of goveming complex physical system behavior
[24,44,55,57,62,83]. Modem control approaches generally include a performance index or cost
functional which introduces a notion of optimality to the control system design problem
formulation (actually, a more appropriate term perhaps is suboptimality for the case of restricting
synthesis methodologies to linear control of nonlinear systems).

Multivariable control system design presents the capability to widen the operational performance
range of tail-controlled missiles. Optimal linear multivariable autopilots can stabilize missile
dynamics at higher angles of attack, and wider regicns of operation, than classical servo-feedback
designs. Therefore, comparing multivariable autopilot characteristics to existing classical designs
not only includes enhancements in missile response time, stability, and robustness, but also must
include discussion about additional measures of autopilot performance sometimes considered io fit
outside the functional scope of the autopilot design—maximum g-limit acceleration before stress
shear of the airframe, command slew rate limits, gravity compensation, and kinematic coupling

compensation.

Modem multivariable linear optimal control theory offers alternative formulations to achieve
different objectives depending on the particular application. Associated with each design approach
is an optimality condition based upon a weighted combination of system parameters (typically
including measured outputs, estimated states and/or control authority). A number of approaches
exist, but the two techniques chosen for presentation of the missile autopilot control system design
presented here are linear quadratic (LQ) and H-Infinity/Mu-Synthesis. For a top-level assessment
selected autopilot design techniques, refer to Figure 3.3.1.1-3 and Figure 3.3.1.1-4.

These brief discussions are intended only to define the fundamental concepts used in developing the
optimal control problem formulation and are by no means a rigorous mathematical treatment of the
underlying theory. It is assumed that the reader is familiar with signals and systems, control
theory, and finite dimensional vector space mathematics. For a more detailed presentation of this

material the reader is directed to the attached lis: of references.
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A Historical Perspective of Control System Design

» Classical Control (Pre-1960s)

- Single Input Single Qutput

- Frequency Domain Formulation of the Control Problem
- Analysis Techniques Include Nyquist, Bode, Root Locus, etc.
- Controllers are generally of pre-specified order/structure (e.g. PID)

» Modern Control (Early 1960s to Present)

- Multiple Input Muitiple Output

- Time Domain Formulation of Control Problem
- Analysis and Synthesis Techniques Include a Notion of Optimality
- Linear Quadratic Methods, Loop Recovery, etc.

« Post-Modem Control (Mid-1980s to Present)
- Input / Output Approach to Control System Analysis and Design

- Exploits Properties of Signal and System Nomms and Induced System Gains
- Introduction of Functional Analysis, Small Gain Principle, Coprime Matrix
Factorization, and Operator Theory to Robust Optimal Linear Control System

Analysis, Synthesis, and Design

Uncertainty (H-infinity/p)

Development of H2, H-infinity, p, Mixed H2/H-infinity, L1 Control Theory
Rigorous Mathematical Handling of Linear Time Invariant Complex/Rea! Parameter

Figure 3.3.1.1-3: Control System Design Evoluticn

» Natural framework for directly
accounting for time-varying or other
parameter uncertainty during synthesis
procedure

+ Optimal stability/performance and
robustriess to expected worst case
perturbations and/or uncertainty,

Control Advantages Disadvantages

Methodol

Classical * Stabilize plant dynamics « Single loop design

Methods » Command tracking capability « Limited cross-channel control/stability
Linear + Guaranteed multi-loop stability « Additional controller complexity
Quadratic » Accurate muiti-command tracking » High throughput/memory requirement
| Regulator * All implementation issues resolved relative to classical designs
H-Infinity/p- | * Achieves multi-loop stability « Additional controller complexity
Synthesis « Accurate multi-command tracking » High throughput/memory requirement

relative to classical and LQR designs

« Desired constraints on time response
characteristics must be approximated by
mapping to frequency domain

« Some implementation issues unresolved

Figure 3.3.1.1-4: Top-Level Assessment of Selected Autopilot Design Approaches
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An Automated LOR Design Process Using Multidimensional Optimization

Linear quadratic regulator (LQR) design has been developed as a practical means of multivariable
autopilot design and implementation for many years in academics and industry. LQR control
design can be used to achieve desired low frequency performance, then augmented by digital gain-
stabilizing structural/noise filters to achieve high frequency stability to flexible body characteristics
and unmodeled dynamics and to provide attenuation of noise transmission to control actuators.
Linear Quadratic (LQ) optimal control minimizes an infinite tiine integral cost functional in which
the relative importance of the system states and controls are traded off against one another. In the
context of the missile autopilot design, the trade-off is formulated among lateral acceleration rise
time and overshoot, actuator rate limits, bandwidth and stability margins, cross-coupling
disturbance rejection, and sensor-to-control noise propagation. Inherent properties of LQ full-state
feedback include guaranteed closed loop asymptotic stability with ample gain and phase margins
for digital implementation. Although LQR asymptctic properties rely on full-state feedback while
the actual system will inevitably have unmodeled dynamics which may reduce stability margins,
proper bandwidih limitation can ensure a robust feedback control implementation [24,44,55].

Most fundamental to achieving desired closed loof: <ommand following response from an LQR
controller is the selection of state and control weighting matrices. As opposed to conventional
singie loop design methods which typically employ pole placement techniques or other heuristic
methods, the LQR formulation is analytically solved in the time domain and the state and control
weighting matrices define the relative scaling among system parameters. Due to the high
dimensionally of the problem, weighting function selection is most efficiently solved using
automated optimization techniques. Possibilities include grid-search, trial and error, steepest
descent gradient techniques, and even neural networks. One of the most promising techniques for
automating the LQR gain design process for missile autopilot controller synthesis has been
developed from a nonlinear multi-dimensional constrained numerical optimization approach using
functions from the MATLAB® Optimization Tooibox. Once appropriate weighting parameters
are selected, the LQR controller is generated, discretized, and evaluated using full-spectrum (over
full range of Nyquist frequency) high fidelity discrete linear/tolerance analysis tools.

Trim Point linearization is the process of determining an equilibrium point in the nonlinear
differential equations which describe the missile flight dynamics. At a fixed instant in tine, a

combination of fin displacements can be determined which results in zero net sum moments on the

78

A ERNERIR O AN OOER e o @5



body. The equilibrium point is referred to as a trim condition and small perturbations of the
differential equation state variables yield a set of linear dynamic equations representative of the
local nonlinear operating condition. Using this linearization approach, gains can be calculated over
sets of operating conditions and scheduled during flight to accomplish robust control of the missile
trajectory dynamics. A Coupled Linear Dynamics (CLD) program solves for a combination of fin
displacements to achieve trim. A standard 5-state linearized airframe state space model [27] is
calculated at trim by the CLD program. The airframe model is augmented with first order lags
representative of the actuator delay over the autopilot bandwidth. A transformation of measwed
outputs from inertial instruments to modeled states completes the construction of a full-state
feedback LQR formulation for the low frequency state components of the control system.

Fuli-spectrum discrete linear time and frequency response analysis of the autopilot implementation
is evaluated with the CLD airframe and high fidelity simulation models of the flexible body
dynamics, tail-wags-dog effects, actuators, sensors, and digital gain stabilizing structural/noise
filters. LQR can thus be used as a design methodology with actual implementation not truly
requiring full-state feedback (excluding states which are either unavailable such as the high
frequency flexible body dynamics or are accompanied by excessive measurement noise such as the
achieved fin angular deflections/rates). Although the implementation is not actualiy full-state
feedback, the derivation presents the practical application of a powerful LQR optimal design

approach to enhancing missile system stability, robustness, and performance.

The LQR gain design optimization procedure is illustrated in a flowchart in Figure 3.3.1.1-5. This
nonlinear multidimensional constrained optimization procedure has been developed using quadratic
sequential programming techniques to converge to a locally optimal solution. Comparison of the
local optimal to benchmark nonlinear results which bound true system performance yields a
process metric to guide decisions on acceptable optimization solution convergence. A similar
procedure has received company-wide recognition for realized cost reductions through acceleration
and automation of a major contributor to the nominal product development cycle for missile flight
control systems. Perhaps the most significant contribution is the portable and transferable nature
of the design process. The same process can be applied to any number of control problems which
can be treated similar to autopilot synthesis, including industrial process control and automated

highway system steering control.
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Inittaizo LQR Gain Design Frocedure
« Define fiight condition

« Define/Upda®e state/control weights
- Construct linear analysis models

+ Specify design goala/constraints

+ Set convergence tolerances

Resat inital Qand R

Manual intsraction is possible

Resat Q and R from nelghboring
fiight condition If possible

|

no Maximum

w*

Fine tune initial control weights
 achleve desired bandwidth

1

« Design LOR con%oler
« implement in discre® system
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Figure 3.3.1.1-5: LQR Multidimensional Optimization Process Flow

* 1-D: 1-dimensional
" one of the optimization constraints

is step size curwerging © within some

preset tolerance

L= I

=%

P

ﬁ’
E




Relating H-Infinity/u-Synthesis to Conventional Control Systemn Design

Classical methods for control system design achieve satisfactory stability and robustness to time-
varying properties by inevitably sacrificing time response performance. Advances in digital sensor
technology have aided the successful design and implementation of classical controliers to provide
adequate stability and control over multivariable physical systems. Developments in applying
finite dimensional vector space mathematics and linear systems theory to practical control
problems have yielded modem time domain state space tools for control system design. Employing
state space techniques, there is a straightforward generalization of single command tracking
systems to multiple command tracking systems with complex interactions between modeled

dynamics and competing design objectives.

In crder to apply classical methods to a multiple-input multiple-output (MIMO) problem, the
physical system dynamics and design objectives are typically decoupled with independent classical
controllers designed to provide single-input singie-output (SISO) stability and performance. The
SISO designs are implemented in parallel and evaluated with the coupled MIMO system model. If
the plant dynamics are significantly coupled, the classical design implementation may require
cross-coupling compensation or increased bandwidth to maintain the intended robust stable
performance and to achieve satisfactory disturbance rejection. Modemn multivariable control
theory attempts to solve the MIMO problem by impticitly addressing plant cross-coupling with

multivariable cross-coupled control.

With the development of modem control theory and practical design/implementation of
multivariable controllers, a need arises for expanding the classical notion of stability. Classical
SISO stability analysis can be characterized with fair completeness by either Bode responses or
any of a number of classical tools, all of which are based on the Nyquist stability criterion. MIMO
systems have introduced higher dimension to the concept of linear stability. Typically, the stability
of a SISO control system can be characterized by breaking the feedback loop(s) at the control
input(s) and evaluating gain and phase margins, crossover frequency, and the level of high
frequency attenuation where unmodeled dynamics exist and noise transmission is intended to be
suppressed. Although it is still useful to measure single loop stability with MIMO systems, there is
an additional issue of breaking more than one loop simultaneously and evaluating multi-loop
stability. This issue has been addressed with a vector generalization of classical Bode magnitude
stability analysis developed from a multivariable version of the Nyquist stability criterion known as
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singular value analysis. Singular value analysis is essential in the development of the H-Infinity/p
control problem; derivation of concepts can be found in [4,19,20,21,22,51].

Recent developments in H-Infinity/p-Synthesis linear control theory have provided a means of
designing controllers which minimize the weighted maximum Structured Singular Value (SSV or
p) of linear systems. The methodology is based on input/output signal relationships and controllers
are synthesized using a weighted system romm approach. The H-Infinity/p-Synthesis control
problem formulation is developed and solved analytically in the frequency domain, reminiscent of
classical design techniques. A driving theoretical conclusion and necessary foundation for the
derivation H-Infinity/p-Synthesis control is the Small Gain Theorem—a muiti-loop vector
generalization of the single-loop traditional Nyquist stability criterion, the basic premise behind all
classical control theory including the analysis methods of Bode, Hurwitz, and Nichols. In this
respect, H-Infinity/p control revisits some fundamental frequency domain concepts and involves

multi-loop generalizations of many classical design techniques.

One distinct advantage of the H-Infinity/p-Synthesis formulation is its natural framework to
parameterize uncertain characteristics in the system with robustness to such perturbations
accounted for directly by the controller design methodology. However, increased robustness to
parameter varations is typically achieved over other approaches at the cost of additional
compensator complexity and increased throughput requirements. For some applications,
particularly if the system dynamics are well known, achieving robust stability in the presence of
unmodeled or time-varying dynamics may be accomplished at the expense of an inability to
maintain nominal time response characteristics including closed loop overshoot and damping over
multiple simultaneous perturbations such as those encountered with maintaining missile

stability/performance over regions of neighboring operating conditions.

The H-Infinity approach is complimented by a natural extension to linear fractional
transformations (LFTs) and structured singular values (SSV or p) which provide a framework to
rigorously treat system perturbations in the optimal linear controller synthesis. Advancements in
applying LFTs to the H-Infinity problem formulation and numerically calculating bounds on p has
brought H-Infinity/p-Synthesis from a post-modem frequency domain analytical design framework
to a practical design tool. In the H-Infinity problem formulation, a pair of algebraic Riccati

equations similar to that of Linear Quadratic theory is derived whose non-unique solution can be
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parameterized by a scalar value (y) which results in an upper bound for the weighted system
maximum unstructured singular value over all frequency. Using this derivation with an extension
to structured singular values, a scheme has been developed to iteratively solve for the minimization
of the maximum weighted structured singular value p [4]. The p-Synthesis and Analysis Toolbox
developed by MUSYN® for MATLAB® has functions implemented to compute the centralized

solution of the Youla-parameterization of all dynamic compensators which satisfy the H-Infinity
optimization. As with LQR theory, H-Infinity/p-Synthesis techniques are applicable to the
analysis, synthesis, and design of multivariable control systems inclnding application to missile

autopilots.

Steps in solving any practical control problem include modeling relevant system dynamics and the
formulation of stability, robustness, and performance objectives to produce a design approach
which yields numerically solvable equations. H-Infinity/p-Synthesis control system design is
formulated by constructing a generalized plant model which incorporates weighting functions to
characterize desired closed loop behavior of selected system signals. Weighting functions are
designed as a direct mapping of system stability, robusiness, and performance objectives by
assigning scaled frequency dependent penalties to selected signals. For simple systems with few
objectives such as low order SISO systems, weighting function design is very straightforward. For
highly dimensioned systems with multiple competing (sometimes conflicting) objectives and
constraints, the complexity involved in design of weighting functions grows quickly, analogous to

any multi-objective constrained optimization problem.

In the H-Infinity/p-Synthesis context, weighting functions are used to impose performance
specifications, model physical limits of the CAS, bandlimit expected disturbance signals, and
characterize airframe parameter uncertainty. Weighting functions generally belong to the set of
stable rational proper transfer functions to be consistent with assumptions made in the Algebraic
Riccati Equation solution to the H-Infinity control problem. A generalized plant model for H-
Infinity/p-Synthesis multivariable autopilot design is given in Figure 3.3.1.1-6 followed by an
explanation of the perturbation mode! included in the figure.
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H-Infinity/u-Synthesis Perturbation Model Discussion

In the block diagram iliustrating the generalized plant model given in Figure 3.3.1.1-6, a 5-state
realization of the linearized rigid body airframe dynamics plus a 6th state representing integrated
roll rate is augmented with second order dynamics for three effective tail fin actuator models—
pitch, yaw, and roll. Weighting functions are used to reflect command tracking performance
objectives and impose constraints representative of mechanical saturation of the control actuators.
Additive uncertainty is modeled to represent real and complex parametric changes in the linearized
airframe state matrix elements. High frequency stability to unmodeled flexible body structural
dynamics is accomplished with multiplicative input and output uncertainty. For practicality, the
additive uncertainty can be treated as a complex valued full block structure summed across the

entire nominal state model of the airframe.

The perturbation model includes the modeled parametric uncertainty, requirements on stability and
robustness, and desired command tracking performance objectives. Nominal design requirements
include performance objectives and physical constraints on the state and control variables.
Specifications for the H-Infinity/u-Synthesis design have been defined based on the requirements
and constraints outlined in the introductory sections of this report. Basic requirements as
summarized below can be used to establish weighting functions for H-Infinity/p multivariable
autopilot synthesis. Related H-Infinity/p optimization weighting functions referred to in Figure

3.3.1.1-6 are given in parenthesis for each performance/design objective.

Performance Objectives:

Provide robust stability and performance over a specified region of operation (collective sct)
Optimize time responses in achieving lateral acceleration and roll angle commands (Wp)

Maintain less than 16% overshoot in lateral and roll step responses (Wp)

Achieve lateral acceleration steady state tracking error to within 1% (Wp)

Achieve roll angle steady state wracking error to within 1% (Wp)

Induced transient roll rate due to lateral maneuver constrained to not greater than 15 deg/sec/g (Wp)

Design Constraints;

Achieve simultaneous pitch-yaw-roll command following without control saturation (Wu)
Constrain system bandwidth for high frequency stability and noise attenuation (Wu, Wmgn, Wp)
Fvovide single loop phase/gain margins of 6 dB and 30 degrees at controls and sensors (Wmgn)
Account and compensate any unmodeled high frequency dynamics (Wu, Wmgn)

Minimize kinematic and aerodynamic cross coupling disturbance effects {light mancuvers (Wp)
Maintain vehicle operation to within inertial instrument measurement dynamic range limits (Wp)
Sufficiently limit body rates to avoid excessive disturbance to seeker torque moiors (Wp)
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Nominal linearized rigid body airframe dynamics are defined by the state model equations
described in the equations below. Effects due to uncertainty in any of the elements of the state
equations can be included by augmenting the state matrix equations as inaicated.

dx(t)/dt = Ax(t) + Bu(t) Nominal Plant
y(t) =Cx(t) + Du(t)

dx(t)/dt = [A+[W5al[AAI[Wsa0lIx(t) + (B+[WsB][AB][WsB0llu(t) Generalized Plant
y() = [C+{[Wscl[ACI[Wscollx(t) + [D+[Wsp][AD]I[W Do) ]u(t)

A comprehensive additive uncertainty block structure can be defined generically as A which incorporates
all of the elements of the perturbation state matrices AA, AB, AC, and AD and the associated weighting
function matrices [W5a). [W5a0), etc. This structure conservatively represents the perturbation model at
neighboring conditions or under time-varying environmental/hardware changes such as actuator heating.
Since most nonlinear aerodynamic models have been generates based on comprehensive wind tunnel test
data, the force and moment coefficients are assumed to be known with fair certainty. Paramecter
uncertainty is modeled mainly to represent perturbations in operating condition and/or fin effectiveness.
Since all of ‘he acrodynamic stability derivatives in the linearized state equations change value with
respect to dynamic pressure, angle of attack, and wind angle, these perturbations about the nominal are
modeled as well. Together with the design objectives for nominal stability and performance, the
uncertainty model is incorporated to encompass the most parasitic combination of parametric variation
expected during operation. This design methodology accounts for all of the modeled phenomena. A
graphical interpretation from a multivariable Nyquist perspective is given in Figure 3.3.1.1-7.

A Imaginary
Disk Bounding All ax1s
Stability and Performance,
Objoctives Specificd by \
Weighting Functions critical
pr'mt
T ol
-14j0 Real
axis
Family of Open Loop
Frequency Response
(L=PK Nyquist Plots;
Disk Bounding All Modeled
Perturbations (SISO or MIMO)
and/or Signal Combinations (MIMO)
in the Open Loop Frequency
Responses of L=PK

Note: H_/p design objective is to insure that no member of the complex-valued frequency responses bounded by
the perturbation disk intersects any region bounded by the stability/performance specification disk.

Figure 3.3.1.1-7: Graphical Interpretation of H-Infinity/u—Synthesis Autopilot Design
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Example weighting functions are illustrated in Figure 3.3.1.1-8 and Figure 3.3.1.1-9. A tailored
QFD House of Quality analysis compares LQR and H-Infinity/p in Figure 3.3.1.1-10.

Sensitivity & Complimentary Sensitivity Weightings

Rl IS AN N 11T R R L O L A AR AL R R
Sensitivity Weighting Function Complimerxary Sensiivily Weighting Function
Represerts Clossd L Tracking Objectives Represants Closed Loop Bandwidth Constrainis

R |
L '-L/
e

g N V" l
| b d
2 0 ’ [~ Closed Loop Crossover Fraquency
§ b N
| FN..“ |

[Tlaclu'ng Responsoe Damping & Qvershoot

_w i A ’
102 10! 10° 10' 102 10° i0*
Frequency (rad/sec)

Figure 3.3.1.1-8: Sensitivity and Complimentary Sensitivity Weighting Functions

Multiplicative Uncertainty at Control Input
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Figure 3.3.1.1-9: Muitiplicative Uncertainty at Control Input Weighting Function
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3.2.1.2 Vehicle Lateral Controller for Automated Highway System

The intention of this section is to very briefly introduce a new application for the control system synthesis
procedures developed for the missile control problem. This discussion proposes the portability of these
synthesis methods and identifies the dual-use nature of combining advanced control theory with
automated numerical optimization processes.

A need has been identified to develop intelligent transportation systems which promise to increase
capacity of existing highways by safer and more efficient use of available space. Future product
development for integration with the infrastructure upgrades to support such a system includes the
design of automatic steering control systems for automobiles. Controllers for this application will
track the center of the lane of present travel and be capable of performing an unassisted lane
change maneuver based on available information. Specialized sensors can be incorporated in
future vehicle design such that accurate information can be collected about neighboring vehicles in
real-time. The vehicle components and steering control system are actually local systems within a
much larger possible implementation of an integrated intelligent highway system. Application of
the “batch-processed” control system synthesis processes introduced with the missile autopilot to
the automated steering system design is straightforward. Sensors are used for measuring outputs
and estimating states in real-time and controllers are designed using automated procedures using
multidimensional optimization. A study performed at Johns Hopkins University has investigated
the possible application of H-Infinity control to the problem [64].

Future growth to such a system could include the incorporation of,data from a central backbone
which supplies information conceming current traffic patterns and congestion, road construction,
delays due to collisions, etc. The development of such a system shares much common ground with
many operations management techniques from production scheduling and material requirements
planning for manufacturing systems to optimal networking policies for telecommunication systems.
Development of core competencies in the areas of optimal control and estimation theory are

directly applicable to the design of the “local controllers™ required for each vehicle.

Other possibilities for application of advanced control theory include robust batch distillation
column processes, manufacturing automation systems, distributed vehicles in a high performance
material transfer system, achieving optimal air-fuel ratio for spark-ignition engines, and multi-

objective optimization of a plastic injection molding processes, among others (23,64,88].
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3.2.2 Advanced Imaging Sensors—Radar Devices and Infrared Imaging Systems

Radio frequency (RF) devices are common in many defense and commercial product technology
applications including missile seekers, air traffic control, wireless telecommunications, wide area
surveillance, and even microwave ovens. Infrared (IR) sensors can also be found in modem missile
seekers in addition to thermographic cameras for improved night vision, bridge safety inspection,
and medical product applications. Detailed discussion of radar and infrared system design has
been widely documented and can be found among many references including many listed with this
thesis [5,72,90]. Because such a wide scope of literature exists for RF and IR design and product
applications, the discussion presented in this section focuses on several general case studies to

illustrate RF and IR as dual-use or transferable technologies.

Radar systems function by detecting objects and determining their range through the reflection of
electromagnetic energy transmitted and received with radio waves. Military use of radar systems is
widespread for target detection and identification for ground-based systems and missile system
seekers. One commercial application of radar technology is Terminal Doppler Weather Radar
(TDWR) which is used to detect rapidly changing weather conditions, including wind shear and
microbursts and provide this information to air traffic controllers. Wind shear is a sudden change
in wind speed and/or direction that can cause an aircraft to stall or lose altitude rapidly. It poses a
special hazard during takeoff and landing when planes lack the speed and altitude necessary to

recover from such an encounter.

Infrared systems detect the presence of objec’s which emit or radiate heat relative to their
surrounding environment. An example of this technology is high-resolution target tracking and
identification for missiles. IR and radar have different advantages depending on the nature of the
threat and the required environment for operation. Not only are IR focal plane arrays (FPAs)
found aboard missiles, but also are frequently used in missile flight test equipment. Commercial
applications for such products have emerged in medical markets, automated secured access
systems, high-resolution bridge safety inspection, night navigation for automobiles and ships, fire
detection through walls and through smoke, night safety systems for law enforcement, and night
time oil spill and pollution detection.
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3.2.2.1 High-Speed High-Resolution Infrared Imaging Camera Dual-Use Opportunities

This section presents a series of infrared (IR) technology applications from several sources with the
intention to identify a common thread which links them all together—the core enabling IR focal plane
array (FPA) technology. These applications are given as a brief descripiion of the breadth of markets
available for such advanced sensor design systems. Refer to Exhibits 3.2.2.1-1,3.2.2.1-2, 3.2.2.1-3, and
3.2.2.1-4 for examples of the range of product applications for advanced sensor technology insertion.

New Infrared Camera Improves U.S. Navy Weapons Testing [8]

Infrared imaging has long been used in the testing of new weapon systems. A new high-resolution
infrared system now offers weapons testers the ability to find performance deficiencies sooner.

When the invitation for bid went out in 1990, the U.S. Department of Defense (DoD) was anxious to fill a
projected need for sophisticated thermal imaging systems that would allow in-depth weapon testing and
evaluation at night and in poor visibility. DoD officials realized that testing at night would protect the
classified nature of new weapon technology and maximize the efficient use and productivity of existing
'weapon ranges, the latter of which has become panticularly important in the wake of Congressionally-
mandated defense cuts and planned range closures. The DoD further determined that high-resolution
infrared (IR) imaging systerns would help spur the development of new weapons designed to operate
without visible illumination in fog, haze, smog and battlefield smoke.

IR cameras have evolved from bulky, muitiple component systems often calied mechanical scanning
systems to simple-to-use, staring focal plane array-based systems under microprocessor control. While IR
cameras have played an important role in night testing for some time, inadequate dimensional accuracy
and spatial resolution have limited their use primarily to iarget acquisition and tracking. Smog, dust,
smoke, and fog are some of the conditions that pose problems for ranges that rely exclusively on near-
infrared (NIR) or visible cameras.

With the delivery in 1995 of the last three metric infrared imaging cameras (MIRIC) manufactured by
Amber, a Raytheon Company (Goleta, Calif.), the Naval Air Warfare Center Weapons Division (NAW-
CWD) in China Lake, California is able to conduct tests that were previously impossible to perform. The
use of high-speed high-resolution IR cameras in several metric infrared imaging systems (MIRIS)
developed by the NAW-CWD promises to increase the effective test time on our nation’s weapon ranges.
MIRIS can help determine the attitude of the object under surveillance, as well as the intercept miss
distance, and may uncover potential problems early in a weapon’s development cycle, a benefit that could
amount to substantial cost savings. Moreover, by providing test support in realistic environments, MIRIS
may prevent weapon systems with undocumented performance deficiencies from being cleared for
manufacture and introduction into active forces.

To satisfactorily perform tasks now being done under ideal conditions by visible systems, MIRIS
developers determined their system must reach an angular regolution of 10 microradians—the width of a
quarter as viewed from one and a half miles. The focal plane array (FPA) is the critical key to improved
performance and is perhaps the mos: crucial component in these cameras. The 512 x 484 pixel snapshot
MIRIS FPA is integrated into a dewar and cold-shield matched to a fixed lens for 100 percent cold-shield
efficiency. The accompanying camera lens provides a 15 degree field-of-view (FoV) and can be focused
via remote control. The camera’s post processor—which outputs MIRIC image information in both
analog and digital formats—performs uniformity (offset and gain) correction for neighboring pixels,
achieving the effect of a near-perfect FPA.

Exhibit 3.2.2.1-1: Enhanced Weapons Testing Using Infrared Technology

Source: “New Infrared Camera Improves U.S. Navy Weapons Testing,” Defense and Security Electronics, May 1996
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Positive Identification Using Infrared Facial Imagery

Positive iuentification of an individual is a requirement that is a major part of the classic security, legal,
banking, and police systems. Identification can be used to grant or deny access to a secured facility, to
give authority to take action or, in police work, to establish the identity of an individual. The single
technology that offers accurate and non-intrusive identification is infrared facial recognition technology
(IR FRT). Like a thumbprint, each one of us has a unique thermal signature. The IR radiation from
relatively low-temperature objects, such as the human body, peaks at about 11 microns, while hotter
objects peak at shorter wavelengths. These bands are of interest in military applications specifically
because imaging of distant objects is the goal.

Current research in IR FRT is based on the positive attributes of basic IR characteristics combined with a
unique human facial identification capability using mathematical algorithms and a computer Since the
human face generates its emitted heat based on the individual’s vascular system and other physiological
characteristics, its elemental shapes, or areas of relative heat radiation, persist over time and are not
affected by aging or health. Additionally, the emission pattern, or thermogram, is not affected by light or
by moderate ambient temperature variations. As a result of the basic IR characteristics and the computer-
based recognition solution, the recognition effort is passive, non-intrusive, light-independent, and
invulnerable to disguises.

IR provides a unique image that cannot be counterfeited and is available under any condition with unique
advantages such as not being vulnerable to low light levels, cosmetic changes, seasonal changes in
background, or physiological alterations. Every individual is uniquely different from other humans to
such a degree that even identical twins have slight variations of features and body system structure. The
body's core temperature is higher than the heat of the exwremities. Consequently, blood is effectively
“preheated” and retains a relatively higher temperature as it circulates in the facial area. While metabolic
action is taking place in the face and heat is being generated, it is relatively less than the heat being
carried throughout the facial vascular system.

The heat in the facial area is constantly dissipating but, because the facial structure is not uniform, the
heat dissipation is also not uniform. The thermal appearance of the face is created by a combination of
thermal properties related to the underlying vascular structure and the shape and density of bone,
subcutaneous tissue, cartilage, skin and so forth, all of which are not uniform. With the large number of
properties influencing facial thermal appearance and the extremely large number of variations possible in
each of these properties, the certainty of unique facial thermal appearance among individual human
beings is virtually 100 percent.

Applications

e Cooperative Access Control Systems (high-value facility protection; would replace badge and reader)
Non-Cooperative Identification of Small Populations (police, counter-drug, and counter-terrorism)
Biometric Population Registration (prisoners and military applications)

Computer and Communications Security (high-value information systems)

Bank and Credit Card Security Systems

Exhibit 3.2.2.1-2: Individual Identification Using Infrared Technology

Source: “Positive [dentification Using Infrared Facial Imagery,” Defense and Security Electronics, March 1996
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Research for IR Application to Bridge Fault Inspection at Northwestern University

Current visual inspection does not provide accurate assessment of bridge condition and is characterized by
methods which are slow, qualitative, and potentially hazardous for the inspector. Several possible optical
inspection techniques exist, including IR Thermcgraphy and Visual Color Imaging, to support and assist
future inspections.

Thermography recognizes and measures defects and structural flaws by means of detection and
visualization of thermal gradients on the surface of the target. To date this capability has been successful
in identifying “signature-specific” types of defects. By leveraging new types of high resolution IR FPAs
which have been introduced and implemented in commercially available instrumentation, it is believed
that significant improvements can be made for this application of IR technology. Research efforts in this
area have been revitalized in order to evaluate and further expand previous attempts to use IR detection
for bridge fault inspection to identify faults such as delamination, coatings, and structural integrity of
metal and concrete components.

The goal of visual color imaging is to provide improved performance over human inspection. By using
color differentiation, detection of subsurface rust areas based on changes in hue of ihe top coating,
accurate measurements of the rusted area can be detected and measured. Field implementaticn of imaging
colorimetry is quickly becoming economically feasible. Color differentiation using this method can also
distinguish surface defects including rust spots, blistering, and delaminations.

Both methods, thermographic analysis and visual color imaging, are non-contact, non-invasive, and can
provide real-time inspection results in pictorial format. Ease of transmission in the fieid is based on the
proven experience of the medical community where routinely radiological images are electronically
transmitted for remote evaluation. For a defect-free homogeneous material, the “wavefront™ of heat passes
through the target material uniformly and the detected image is contrast-consistent. Otherwise, the image
will appear to have contour lines which indicate potential problems with the bridge structural materials.
The Basic Industrial Research Laboratory at Northwestern University has successfully used this technique
to detect loose bolts in bolted connection plates as well as the delaminations in the bridge coating system

Exhibit 3.2.2.1-3: Bridge Fault Inspection Using Infrared Technology

Source: Gary Shubinsky, Northwestem University Basic Industrial Research Laboratory

Quantum-Well Infrared Photodetectors Enhance Infrared Capabilities

Raytheon/Amber and NASA Jet Propulsion Laboratory are teamed to develop a revolutionary new infrared
(IR) camera with product applications in fields ranging from medicine to environmenial protection.
Infrared imaging uses differences in heat to “see” objects. The new camera uses highly sensitive
quantum-well infrared photodetectors (QWIPS) which are arrays of infrared detectors which cover longer
wavelengths than are possible with earlier detectors. The higher sensitivity of long wavelength QWIPS
will allow doctors to detect tumors using thermographic analysis; enable pilois 10 make better landings
with improved n.ght vision; assist environmental scientists in monitoring pollution and weather patterns;
or help defense forces in the field identify various types of rockets by their plumes. The camera also has
potential applications in law enforcement, search and rescue operations, and industrial process control.

Exhibit 3.2.2.1-4: Othker Applications Using Infrared Technology

Source: Raytheon/Amber Intemet Home Page, Infrared Products and Markets
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CHAPTER 4. STRATEGIC MANAGEMENT
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4. STRATEGY FOR FUTURE GROWTH

This chapter represents an absiraction of the multi-product adoption model strategy developed for
technology-driven decisions, with concepis extended to account for longer term strategic management
decisions for large companies with responsibility to masses of siakeholders. Sustainable growth and
profitability are two fundamental objectives of strategic management for most businesses which have in
large part contributed to the development of the multi-product adoption model described in Chapter 3.
The intention of this discussion is to identify a linkage between short and long term goals using the multi-
product adoption model.

4.1 Balancing Profitabllity and Market Share with Socio-Economic Responsibility

As the United States transitions to higher degrees of manufacturing automation in the global
marketplace, competitive edge will only be sustainable through rapid responses to changes in
customer needs and unclouded vision into future customer values. Many economists suggest that
the United States has entered a new evolutionary phase of economic development, growing from an
agriculture-based economy to one of manufacturing, and finally to a service-based economy. Often
the service-based economy is referred to as “the post-industrial economy” [13]. In accord with this
school of thought is the relative decline of manufacturing employment in the U.S., from 50 percent
of all jobs in 1950 to 20 percent now.

At several points in this thesis the concept of portable skill sets has been mentioned. The optimal
balance of profitability and market share with socio-economic responsibility is obviously highly
dependent on the specific nature of the company, its culture, and the neighboring environment, but
one aspect of this challenge is clear—the next generation of employees will require higher breadth
of more specialized skills. Whether these skills are manufacturing-oriented or service-oriented, the
source of such a highly skilled work force resides in the ability of local educational systems to
prepare future generations for the dynamic business environment of such an economy. In order for
the United States economy to continue to grow at the precedent rate set by manufacturing
competence, industry and academics must create a societal structure which supports continued

achievement toward higher-level transferable skill sets.

The U.S. must respond to the evolutionary changes in the global business environment with greater
alignment of industrial needs and academic offerings. Emphasis of government-industry-university

partmerships is perhaps the beginning of a new era of revolutionary change in the United States
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educational infrastructure. Companies should encourage and motivate, if not force, employees to
establish and maintain transferable skill sets which are modular and flexible so they can be shifted
rapidly as the company’s direction changes. Union negotiations should include streamlining of job
descriptions, requiring the labor force to be more modular, flexible, and dynamic, so that the same
people can and are willing to do different jobs. Salarizd professionals should be encouraged not
only to further their education in job-related classes, but also to other disciplines (within reason).
These cultural changes can only be realized through innovative incentive programs. By instituting
a policy of continuous improvement of the work force, industry not only provides an incentive
structure to support a strategy of growth through innovation, but also achieves an evolutionary

consistency between the production strategy and cultural norms of the company.

4.2 Expansion through Acquisition and Internal Growth

There are two fundamental ways to strategically expand a business—acquisition of firms with
complementary core competencies, and internal growth based on either growing markets or product
diversification. Both approaches seem to be effective when applied with some level of insight and
business savvy. Acquisition of companies is a often a simple and effective means to combine

businesses for increases in revenue and consolidation of operations.

One aspect of internal growth which is often overlooked is the fact that there are subtle, sometimes
hidden, benefits achievable which can be surfaced depending on the business growth strategy. In
the scientific community, professicnals are naturally motivated by technical challenges and
innovative applications of knowledge, education, and previous experience to new and exciting
products or services. In addition to the practical strategic implications of sustainable advantage
through dual-use technologies, the multi-product adoption model attempts to stimulate the creative
side of system design engineers and managers. By continuously offering new products and diverse
working situations to employees, the model implicitly addresses an underlying issue of employee
morale through targeting the motivating forces of a professional employee base with non-financial

incentives and *‘reputational cuirency.”
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4.3 Attaining Multi-Industry Competitive Advantage

By applying the basic tenets of the multi-procuct adoption model, advantages can be achieved
across multiple industries through the innovative adoption of core enabling dual-use technologies.
The relative success of the multi-product adoption model depends heavily on the specific
implementation and the ability for decision makers to recognize the significance of subtle aspects of

multi-industry penetration including the benefits of incremental growth in customer type.

Beyond basic product diversification, the multi-product adoption model attempts to stimulate
market growth, accelerate concept-to-prototype cycle time, and leverage explosive advancement in
the global information infrastructure to gain competitive advantage through innovative vertical
partnering. In every industry-forced market expansion, there will exist some level of uncertainty.
The multi-product adoption strategy attempts to exploit the notion that success is not a purely

random process, but can be characterized by eliciting intrinsic order from perceived chaos.

We cannot expect simply to maximize success, or even to maximize the number of
opportunities for achieving success; the only thing we can even partially control in the
probability of achieving success resides in maximizing our ability to recognize opportunities
as they arise, to possess the education and experience necessary to capitalize on these
opportunities, and to identify and mitigate the risks in pursuing them.

Bob McCarthy

MIT System Design and Management Program
Senior Engineer, Raytheon Electronic Systems
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A.1 Initiatives to Achieve Higher Cost-Effectiveness for Government Procurement

This section focuses on describing two initiatives under the direction of the Advanced Research Projects
Agency (ARPA) of the United States Department of Defense—ihe Affordable Multi-Missile Manufacturing
(AM’) Program and the Technology Re-Invesiment Project (TRP). These particular programs are
intended to serve as illustrative examples of a much larger scale evolutionary movement toward the
development of dua!-use technologies and successful technology transfer across military and commercial
high-technology products. Therefore, the emphasis of this section is to present an introduction to
fundamental mission of these programs, not to provide a comprehensive description of each program.

A.1.1 Affordable Multi-Missile Manufacturing Program

The Affordable Multi-Missile Manufacturing (AM®) Program is an Advanced Technology
Demonstration (ATD) sponsored by the Advanced Research Projecis Agency (ARPA). The
objective of the AM® Program is to demonstrate advanced missile design and manufacturing
concepts for the future incorporation of systems which can substantially reduce the cost of the
United States Departinent of Defense (DoD) procurement and research for advanced technology
defense systems. In contrast with many performance-oriented ATDs, the goal of this cffort is to
treat cost as the performance index and leverage increased commonality of components across
products to achieve greater economies of scale and optimie resource utilization. Critical elements
of the AM” initiative include flexible manufacturing, lean production practices, six sigma quality
initiatives, and statistical process control to simultaneously achieve reductions in development cost

and accelerated product development through rapid insertion of new technology.

The AM® Program is a collective government-industry effort to establish prototype best system
design practices from a perspective of cost-efficiency and producibility. The focus of the AM®
effort is on missile seekers and guidance and control sections which account for more than 60
percent of typical missile unit production costs. Stemming from a model of flexible manufacturing,
platform-based design, and in-line sequencing developed by the automotive and commercial aircraft
industries, the missile enterprise of the future will no longer be dedicated to a single product line.
In order to remain competitive in the world of rapidly changing demands for enabling technologies
and military system capabilities, missile production lines must become agile and modular using
automated manufacturing capabilities and platform-based design practices to achieve an ability to
respond quickly to unforeseen changes in customer needs due to changes in threat characteristics.

The DoD is revisiting it's strategies and assessing existing capacity and inventory, attempting to
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optimize across the armed forces to achieve the most cost-effective product balance for mecting the

needs of maintained U.S. national security.
Exhibit A.1.1-1 depicts a vision of the future missile manufacturing enterprise. This particular

concept was developed by the Texas Instruments/Hughes AM’ Program Team but is generally

representative of the collective objectives of the entire Government-Industry Consortium.

Exhibit A.1.1-1: A Vision for the Missile Manufacturing Enterprise of the Future [92,93]

“As Is” Enterprise “To Be” Enterprise

e Single Product Lines e  Mult-Use Production Lines
e  Process Errors o  Automated Process Controls and Assembly
o Limited Automation ¢ Commercial-Like Products
e Performance Driven Design ¢ Six Sigma Quality
e Dedicated Tool Set »  Affordability Driven Design
¢ Military Acquisition Systems e Use of Commercial Acquisition and
e  Adversarial Relations with Customer/Suppliers Management Systems
e Data not Widely Shared e  Fully Networked Enterprise
e Stovepipe Environment (customer/suppliers)
e Long Costly Development Cycles e  Shared Data Bases

(obsolete designs before release) o  Simulation and Prototyping to Reduce Risk
¢ 0Id Technology Fielded » Empowered Teams
e Depots s Factory Integrated Repair

e  Common Design, Tooling, Test Equipment

Source: Texas Instruments/Hughes AM3 Team Presentation, 1995

A fundamental element of the AM® Program is to determine the optimal balance between cost,
time, and performance—to deliver high quality missile systems which meet performance
requirements at an affordable price, developed and produced with accelerated development
schedules, but are not over-designed with non-value added features. One key to achieving this goal
is a philosophy of rapid iterative design cycles which explore alternative design options early when
the cost-impact of decisions is most critical. Selection of technologies and components should be
through knowledge-based engagement using design processes which are dependable, reliable, and
repeatable.

The “missile factory of the future” vision provides a close linkage between the factory and the
user-environment—the battlefield. Emphasis is placed on life cycle cost of ownership and ease of

downstream upgrading with new technologies for future growth. The AM® concept requires agile
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vertical integration of people, processes, and products engaged in trust-based relationships
providing world-class technology and service to every customer. Much as the automotive industry
has made efforts to design products by matching technology with “‘the voice of the customer,” the
missile manufacturing business under the AM® Program philosophy will better meet the needs of

the customer and will perform better under market-driven industry economics.

A focus of strategic vertical partnering for high value common missile components such as inertial
instrument suites, gimbals, global positioning systems, optics, antennas, etc., will ensure a best
value design with manufacturing flexibility for multiple system insertion. The AM’ Program
incorporates proven best practices from the defense and commercial product development
methodologies, with appropriate metrics t0 measure continuous improvements in perfermance and
efficiency. Gains in efficiency focus on characterizing existing products and processes—
identifying form, fit, and function—which can be exploited to achieve commonality among
components. By developing key enabling technologies which are modular and scalable, the factory
of the future will achieve efficiency based on economies of scale from common production lines

and platform-based manufacturing design practices which are lean, agile, modular, and flexible.
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A.1.2 Technology Reinvestment Project

The Technology Reinvestment Project (TRP), sponsored by ARPA, is a unique virtual
organization which spreads across many agencies and offices in the United States govemment.
Participating member ent.iprises include all of the ARPA Technical Offices; the Military Services;
the Departments of Commerce, Energy and Transportation; the National Aeronautics and Space
Administration (NASA); and thz National Science Foundation. The central mission of the TRP is
to stimulate 2 merging of defense and commercial industrial bases to assure Department of Defense
access to critical defense-related technologies at a cost kept low through simultaneous commercial

interest.

Technology reinvestment emphasizes dual-use innovation for a stronger defense at an affordable
cost. Under the management and sponsorship of ARPA, the Technology Reinvestment Project
ensures that technology development vital to current and future national security is maintained and
supported by innovative policies to leverage the strengths of a powerful commercial business base
in the United States. TRP addresses all significant aspects of defining innovative strategies for
developing future enabling technologies including optimized military mobility and deployment;
command, control, communications, computers, and intelligence (C*1); battlefield sensors, casualty
treatment; electronics design and manufacturing; mechanical systems and materials; and weapons

and survivability.

As the strategy of the DoD responds to meet a diverse range of threats in today’s economically
challenged business environment, what remains constant is the value of the U.S. commercial
industrial base and the technology capability for national security. The ARPA TRP initiative is an
unconventional strategy which benefits both large and small businesses by encouragement of
unilateral leverage of strengths to provide two-way technology transfer and increased economies of
scale. TRP has its own contracting authority outside the Federal Acquisition Regulations. Thus,
contract negotiations are typically accomplished in a more efficient and streamlined manner. Since
this approach encourages business from an established powerful commercial sector, maintained
military superiority will be sustained by overcoming the technological challenges posed by
uncertain threats, fiscal constraints, and revolutionary changes in the nature of modem battle.
Combining the strengths of existing defense technology companies and high-tech commercial
enterprises will lead to technology development characterized by greater affordability, availability,
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and continuous improvement. One key aspect of this strategy is to deliberately increase the amount

of dual-use research.

The TRP initiative has already begun shaping the technology development for a2 new era marked by
cost sharing, integrated product design teams, innovative agreements, and competitive selection
based on merit. TRP management is organized to be lean and effective with temporary use of
federal assets for startup without the inertia of large permanent bureaucracy. Once individual
projects are selected they are assigned to the agency best suited to manage them. Typical projects
last two years with the potential tc yield commercial products shortly after the end of TRP funding.
Two main approaches comprise the core of the TRP—Ileveraging of existing commercial
technologies into defense systems and products, and embedding new and existing defense
technologies into commercial product applications. Refer to Exhibit A.1.2-1 for a set of selected

examples of TRP individual project examples.

Exhibit A.1.2-1: Selected Examples of Technology Reinvestment Program (TRP) Projects

Advanced Autosnatic Train Control System

Advanced Picture Archiving and Communications System (PACS)

Asynchronous Transfer Mode Interoperability Testbed for the National Information Infrastructure
Automotive Collision Avoidance System

Autonomous Landing Guidance

Developing Speech Recognition for Future Digital Signal Processing in Handheld Computers
Development and Application of Advanced Dual-Use Microwave Technologies for Wireless
Communication and Sensors for Intelligent Vehicle Highway System Vehicles

Digital X-Ray System and Battlefield Applications

e TI/Raytheon “Leap-Ahead” Approach to U.S. Flat Panel Display Competitiveness

Source: TRP intemet Home Page
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A.1.3 Methods and Metrics—A Roadmap to Reduced Life Cycle Cost

Risk management is a genera! tern referring to a set of processes which can be implemented to
address several distinct risk elemenis including technical, financial, production, schedule, and
marketing, goals. This section addresses one specific area of risk managemeni for successtul
product development—technical risk management. Technical risk inciudes elements of a project
which can be effectively monitored and controlled with measurements of effectiveness (MOEs)
throughout a product development cycle. Technical risk ties back to system architecture and the
decisions made early in the design process. The significance of these early decisions is high
because they directly impact a downstream ability to manufacture, assemble, operate, and support
a particular product. This section addresses the risk items which can be continvously tracked
using structured methods and quantifiable metrics to balance performance objectives with cost and
producibility constraints.

In the defense system: development and procurement process, current acquisition efforts rely on
Military Specifications and Standards, coupled with a cumbersome level of adversarial oversight
practices intended tc assure compliance in order to achieve product success. This inefficient means
of doing business persists due the U.S. Government's belief that reliance on specifications and
standards reduces risk and because industry believes that these standards helps maintain a constant
and level competitive playing field [96]. Fortunately, the acquisition reform process is beginning to
change some of these behavioral and cultural dynamics to allow for greater freedom in gaining cost
efficiencies from proven best practices and leverage from a strong national commercial business

base in the United States.

Because the world has changed so drastically over the past decade, the reductions in defense
spending have forced a re-visitation of business practices in developing the future high technology
products which stem from defense system research and development. As a result, it is widely
recognized that the strides made in the commercial sector have resulted in accepted besi practices
and quality standards. The U.S. Government is becoming increasingly wiiling to share some of the
inherent development risk associated with new products and processes. Industry is responding to
this new challenge by striving to understand customer needs through integrated product and
process design teams which invite the customer to become an active participant in the design

process, rather than a distant skeptical spectator.

111



Companies must develop products which meet technical performance specifications, but avoid
providing additional benefits which add litiie or no real value, and deliver high quality products
which operate correctly the first time they are used. The development and production of these high
technology products must be on-schedule and on-budget, wiith mechanisms in place for assuring
continuous improvements in production efficiency throughout the developinent process and entire

life cycie for high-tech preducts.

A significant component of acquisition reform involves an approach which relies on the use of
proven best practices and established MOEs to achieve product success. Acquisition reform must
include higher levels of informal interacticn among customer, prime contractor, and suppliers in an
integrated product design team environment. This approach provides reduced risk to the
govemnment while simultaneously allowing industiy to compete on product performance and value,

not on an ability to manipulate an overly bureaucratic system [96].

Because development of new products and technologies requires exposure to unknown processes,
uncertain methods and materials, and outcomes which are variable, the notion of risk introduces the
need for risk management which is effective and deliberate. By establishing structured methods
and appropriate metrics for assessment and evaluation of program status, continuous
improvements can be made throughout the development process. The key to successful product
development is in developing a methodology which incorporates a set of metrics which are aligned
with the major objectives of the project. Risk is an expected and unavoidable part of any
revolutionary growth in product performance or technological innovation. However, knowing the
risks and tracking the progress toward mitigatiisg and reducing risk results in seldom interference
with successful product development.

A systematic approach to mitigating risk factors through technical risk management includes the
basic recognition that risk exists. Handling risks can be accomplished by exhaustively assessing the
potential sources of risk in a systern. Tracking risk must be a fundamental component of the
design and development process. A possible solution is to establish risk assessment milestones and
verify over time that risk is decreasing. This approach explicitly forces a visible risk reduction

process and reduces the possibility of surprise.
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An example mode! technique which has a natural fit to technical risk management is decision tree
analysis. Decision trees can be used to assess the probability of risk and evaluate the magnitude of
unwanted outcome due to individual failure modes. Figure A.1.3-1 illustrates a simple decision

tree analysis problem setup.

l Decision Options Event Probabilities

Ay

Risk Event Outcomes
Decision (6,

Node = . )
B calculated initially, then continuously
1 monitored for progress throughout

the development process

Option B

Figure A.1.3-1: Decision Tree Analysis for Technical Risk Assessment

Source: Adapted from Drake and Keeney, Decision Analysis, 1978

A structured technical risk management sub-process should be developed and maintained as a part
of an overall system engineering effort on each project. A company’s perceived ability to manage
.isk can often be a decision criterion for being awarded govemment contracts. A system which
seems to be effective in constructing a systematic reporting procedure to program management
includes formal risk assessment reports tied to milestones and events of an integrated master plan
and schedule (IMP/IMS). Spreadsheet models are often useful for risk assessment reporting.
Probabilities from the master decision tree and fault failure mode analysis can be tied into a
hierarchy of spreadsheet-driven models to maintain continuous monitoring of technical risk with
inputs from integrated product team empowered design engineers who are responsible and
accountable for these decisions. Other types of risk such as cost and schedule risk can be tied to

the technical risk assessment and integrated with a master system engineering plan.
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A.1.4 Cost as an Independent Variable

Cost as an Independent Variable (CAIV) is a new programmatic approach being promoted by the
Office of the Under Secretary of Defense [41,63]. CAIV is a radical departure from past
govemment procurement practices and previous atterpts at lowering unit production cost for
defense-related technological products. The key difference from predecessor programs like
“design-to-cost” resides in the emerging new acquisition reform environment, where program
managers will be empowered and “incentivizcd'; to mak: design changes based on performance-
cost trades during all phases of the program. In principle, CAIV resembles a market-driven pricing
strategies which have been successful in the commercial sector for years in such industries as

consumer electronics and automobiies.

Significant acquisition reform and streamlining of military standards and specifications provide the
necessary support for successful implementation of the CAIV agenda. Specific actions which will
catalyze the CAIV process include:

o  Stating requirements in terms of system performance and needed military capability without
intruding into detailed product design or manufacturing process domains

e  Adoption of commercial best practices and the use of commercial parts in military products
A shift to integrated product team (IPT) management

¢  Encouragement of common processes.

The objective of CAIV is to provide maximal performance at an affordable cost by setting realistic
cost targets in each program phase and optimizing realization of the design space within the bounds
of predetermined resources. Life cycle cost reduction is the ultimate goal of CAIV. If customer
needs can not be met within cost budgets after exhausting the trade space, then a major milestone
decision must be made to either raise the cost targets or cancel the program as unaffordable. Cost
goals are used as a program management tool and new contracts will provide tangible incentives
for meeting cost targets with performance capability that meets the true warfighter needs. CAIV is

the Department of Defense equivalent to best business practices in the commercial sector.

From the perspective of the govemment or contracting agent, the CAIV strategy entails setting
aggressive, realistic cost targets and managing program risks while balancing mission needs with
projected resources. In order to provide accurate technical risk identification and assessment, an

evaluation must be maintained of exiting production-ready technologies and level of matration of
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new technologies required to complete the program within the allocated rescurces and milestone
schedule.

From a prime contractor or subcontractor perspective, the significance of full traceability for costs
on existing and previous programs has increased tremendously. In addition to incentives for new
contracts which include the CAIV philosophy, future contract award selection criteria will evaluate
past performance on an ability to generate accurate and credible cost predictions based on
historical process characterization. In short, this means that companies that intend to remain
competitive in defense market segments had better establish an infrastructure that reaches beyond
basic accounting of aggregate cash flows. With the computer networking resources emerging in
the present information age, setting up the infrastructure should be the easy part. Probably the
larger challenge is educating the average defense scctor product design engineer that predicting

cosis accurately is actually becoming important.

CAIV Conceptual Approach [63]:

Setting realistic but aggressive cost objectives early in the acquisition program

Managing risks to achieve cost, schedule and performance objectives

Devising appropriate metrics for tracking progress in setting and achieving cost objectives
Motivating government and industry managers to achieve program objectives

Putting in place for fielded systems additional incentives to reduce operating and support costs

Contrary to common lore, experience has shown that products or systems developed under
the CAIV process are, more often than not, the “105% solution” rather than the proverbial
“80% solution.” CAIV-developed products are generally simpler, easier to build, more
reliable, and represent a better match to customer needs than those developed to meet
maximum performance specifications.  The dramatic-cost reduction potential that
accompanies CAIV, especially when coupled with the potential for superior systems and
products, makes this a true “win-win" approach for the DoD [63].

R. Noel Longuemare
Principal Deputy Under Secretary of Defense,
Acquisition and Technology

This strategy uses the best value approach which requires that we thoroughly scrub program
goals, not only for unnecessary mil specs, regulations, and data, bus also—and more
importantly—for marginal performance improvements that have little to do with actual

combat effectiveness, but can drive up cost and schedule through unnecessary program risk.
[41].

Dr. Paul G. Kaminski
Under Secretary of Defense for Acquisition and Technology
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APPENDIX 2. RAYTHEON COMPANY
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A.2 Raytheon Company—Responding to Evolutionary Change in Custcmer Value

A case study analysis is presented to describe one company's response to the changing technology needs
and customer values in the aerospace and electronics industries. Raytheon Company has major defense
and commercial operations and competes in multiple markets and industries. An investigation of
Raytheon's core competencies, distinctive enabling technologies, and corporate acquisition strategy is
fruitful in further describing the state of the aerospace and electronics industries from more of a bottoms-
up perspective. This brief analysis introduces Raytheon as a diversified high technology commercial
company with a top-tier defense business segment, and concludes with an analysis model for managing
organizational change.

A.2.1 Historical Perspective and Analysis of Selected Core Competencies

Raytheon Company is a 71-year old organization with corporate headquarters in Lexington,
Massachustts, and has evolved from a small start-up business committed to the manufacture and
design, production and sale of machinery, motors, and their components to an over $12 billion
international, high technology enterprise operating in four key business areas: commercial and

defense electronics, engineering and construction, aviation, and major appliances.

Today, Raytheon is a diversified high technology enterprise competing in many commercial
markets, and is among the five largest defense contractors in the United States. Raytheon employs
over 75,000 people worldwide with operations in 47 states throughout the U.S. and has offices in
24 countries around the world. Raytheon’s major financial growth periods have unquestionably
been fueled by defense system technology research, development, design, production, and support.
Diversification efforts have always been a major element in Raytheon's strategy to reduce
corporate risk during the cyclic federal spending reductions on defense systems procurement, but it
has only been recently that a significant portion of total profits can be attributed to commercial
market penetration and revenues from non-defense technology applications.

Arguably, one of Raytheon’s main core competencies is the technological development and quality
production of radar systems for military and commercial applications. Since the early years of
producing radio tubes through a period of unprecedented growth during World War II, Raytheon
has been a key contributor to the invention and advancement of microwave and radar technology in
the United States. After experiencing some difficult financial times in the 1940s, military orders
from the Korean conflict had helped to boost sales by the mid-1950s and Raytheon was once again
stable and reasonably profitable.
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A series of strategic acquisitions during the 1960s and 1970s was designed to equalize Raytheon’s
commercial and military eamings with such businesses as major home appliances, textbook
publishing, petrochemical construction and exploration, and single- and twin-engine planes (1980).
In spite of these diversification efforts, 90 percent of 1987 total earnings still Gepended on missiles,
radar, and cornmunication systems. In 1993, the company reorganized its construction business
into Raytheon Engineers and Constructors (RE&C) and merged its appliance business units into a
single Appliances Group. The 1990s have once again marked a time of many acquisitions in the

quest for stability and maintained corporate growth through strategic diversification.

In 1994, Raytheon won a Brazilian contract worth over $1 billion to build an environmental
surveillance and air traffic control system in the Amazon region—the world’s largest and most
ambitious environmental protection initiative. A team led by Raytheon wili develop, produce and
install the surveillance system, which is designed to protect the vast Amazon Basin—an area more
than half the size of the United States. Raytheon will supply air traffic control radars, automation,
flight certification, airbome and ground-based surveillance and environmental sensors, weather
radars, telecommunications, specialized software, systems engineering and logistics support, and
program management. Once again, the company was able to capitalize on a core competence in
advanced sensor technology. This time the scope of the project is larger than any other system like
it in existence in the world today. The massive hardware and software systems which are required
to support the system for Surveillance of the Amazon (SIVAM) represents a huge achievement for
Raytheon'’s diversification efforts.

The mission of the SIVAM project is “... to reduce deforestation, combat illegal mining and
drug trafficking, improve health controls, protect indigenous Indian tribes, strengthen
border security and communications in rural areas, monitor traffic on inland waterways,
and bolster air scfety (76].

James W. Carter, SIVAM Program Manager

The strength of Faytheon's competitive positioning is evident with $790 million in 1995 earnings
leading to being ranked the “‘world’s top electronic warfare company” in a February 1996 survey
published by the: Journal of Electronic Defense. In 1995, Raytheon purchased E-Systems, Inc. for
$2.3 billion. E-Systems is a maker of advanced electronic and surveillance equipment.

Organizationally, E-Systems represents a major contributor to the defense and electronics key
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business areas for Raytheon, but is a completely separate and unique entity from Raytheon

Electronic Systems which is one of the four Raytheon Company divisional business units.

The 1990s mark a period of transition for Raytheon. Under the corporate leadership of chairman
Dennis Picard, Raytheon has gained significant ground in moving from a large defense contractor
with some commercial business to a multi-industrial commercial company with a strong defense
segment. The contribution of defense operations to Raytheon's total profits declined from 67

percent in 1993 to 45 percent in 1994.

In 1995, Raytheon reported net income of $792.5 million, or $3.25 per share, compared with
1994’s net income of 596.9 million, or $2.26 per share. Total 1995 sales reached $11.7 billion, the
highest in the company’s history, compared with sales of $10.0 billion in 1994. Raytheon’s total
debt came down substantially to $2.7 billion at yearend 1995, compared with a peak of
approximately $4 billion earlier in 1995 following the acquisition of E-Systems.

The commercialization strategy orchestrated by Chairman Dennis Picard has taken Raytheon’s
commercial business groups—Raytheon Engineers and Constructors, Raytheon Aircraft, Raytheon
Appliances, and the commercial electronics group—from approximately half of Raytheon’s total
sales and one-quarter of its eamings in 1991, to nearly 60 percent of total sales and close to half of
total eamings in 1995. This shift in business mix occurred as Raytheon’s total sales increased
from $9.3 billion to $11.7 billion in 1995 and total profits rose from $591.8 million to $792.5
million. Raytheon reported record eamings for first quarter 1996 of $186.5 miliion, 7.2 percent
higher than the year-ago period.

Corporate actions over the past five years under the leadership of Dennis Picard lead have been
consistent with an executive strategy to evolve Raytheon into a high technology commercial
enterprise with continued growth as a top-tier defense contractor. Figure A.2.1-1 illustrates
Raytheon’s major business areas based on 1994 sales of $12 billion. Raytheon's competes in four
majur business areas: commercial and defense electronics, engineering and construction, aviation,
and major appliances. To compete effectively cross these areas, Raytheon is organized into six

top-level business divisional units discussed in Section A.2.2.
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Raytheon’'s Major Business Areas
(based on 1994 Sales of $12 Billion)

Aircraft Producis :
$1722M Commercial and Defensa
Major Appliances 14% Elsdironics $4068M
$1402M  12% 34%
Engineering and
Construdtion $2821M E-Systems $2028M
23% ) 17% )

Amana, Speed Queen, Calaric
Appliances

*Microwave Ovens

Electric and Gas Ranges and
Cooktops

*Refrigenators

*Washers and Dryers

*Heating and Cooling Products

Raytheon Engineers &
Constructors; Raytheon Service Co.,
Cedarapids
*Power, Manufacturing and
Petrochemical Plant

-Design

-Engineering

~Construction

-Mzintensnce
«Environmental Services
*Chemical Munitions DE-MIL
*Raytheon Services Nevada (DOE)
«Systems Support, Fidd Engineering
e0d Overhaut and Repair
*Range and Base Services

~Construction Equi pment

Raytheon Aircraft Company
« Corporate, Commuter and

Military Airczaft end Aerial » Afrcraft Modificati ons
Targets » Image Processing
« Beech » Mass Data Storage
- Beechjet, TIA “Jayhawk™ « Countermeasures
-JPATS :
- 1900 Aidiner
- King I.\" Defente Electronics
- Stanhip « Missile Systems
- Baron « Radars
- Bonamza
« rawker * Sonars
» Counterme asures
- 800 « Air Traffic Control
- 1000 « Communications
» Atrcraft Modifications
«» Image Processing
« Trapsportation

E-Systems
« Reconajssapce/Surveillance

« Environmental Monitoring

Commerdel Electrenlcs
» Commumic®ions Equi pment
* Government, Commercial and
Recreational Marine Electronics
« Electronic Components
 Textbook Publishing
(sold in 1995)

Figure A.2.1-1: Raytheon’s Major Business Areas

Source: Raytheon Company New Hire Orientation Handbook, 1995
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A.2.2 Organizationa/ Structure

is subdivided intg Raytheon Electronic Systems (RES), E-Systems, and the Commercial Group.
The other three business areas are handled by each of the three other divisional business units,
named according to the remaining key business areas in which they compete.

of this thesis is to cite some dual-use technology examples in order to provide supporting data for
illustrating the concepts of the multi-product adoption model presented in Chapter 3. Thig thesis
does reveal any key elements of Raytheon’s Corporate strategy, nor does it make any specific
recommendations conceming Raytheon’s present or future operations,

————

Raytheon Company

D.J. Picard
Chairman
Staff -~
S . Lo A , l.. I R O S
( Raytheon { Commercial I Raytheon Raytheon | | Appliances | |
Electronic i Group Engineers & Aircraft ; Group E-Systems
Systems i Constructcrs Company i
Exhibit A.2.2-1: Top-Level Raytheon Corporate Organization Chart _J
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RES was formed in 1995 as the result of a merger between the two Raytheon divisions formerly
known as Missile Systems Division and Equipment Division. Exhibit A.2.2-2 presents a brief

description of major RES facilities and operation locations.

Exhibit A.2.2-2: Raytheon Electronic Systems Facilities Description

Location Number of employees | Physical Size (ft?) Notes
Bedford, MA 1375 750,000 RES Headquarters
Tewksbury, MA 3350 670,000 Engineering Laboratories
Andover, MA 4554 1,255,000 Missile Manuf. & Assy.
Waltham, MA 2078 1,565,000
Quincy, MA 680 260,000
Marlborough, MA 1682 505,000
Sudbury, MA 1331 527,000
Portsmouth, RI 1055 569,000
Bristol, TN 590 881,000
Santa Barbara, CA 144 46,000

Other operations in Huntsville, AL; White Sands, NM; Tulsa, OK; Littleton, MA; Wayland, MA;
Waterloo, Ontario; Essex UK.

Source: Raytheon Company New Hire Orientation Handbook, 1995

RES is committed to compete in the defense sector and continues to apply defense technologies in
commercial markets on a selective basis where there is a good match between the enabling
technologies and market opportunities. The present emphasis of the division is to continue to
provide innovative and cost-effective solutions to meet the needs of its worldwide customers. Costs
have been lowered through consolidations, downsizing, and improvements in supply chain
management. In Massachusetts, where most of the RES facilities are located, state taxes have been

reduced through legislative initiatives, and lower electrical utility rates have been negotiated.
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A.2.3 Raytheon Electronic Systems Distinctive Core Technologies

This section introduces top-level summary listings of several key technology areas within RES.
The fundamental challenges in pursuing dual-use technology development involve managing
technical risk, understanding core competencies, leveraging commonality across products and
processes, exploiting existing distribution channels and marketing networks, and emphasizing the
significance of customer “types.” Each one of these challenges presents some level of controllable

states and outcomes. The one which is often neglected in new market penetration is customer type.

In earlier discussions of this thesis, customer type was introduced as a decision parameter in
expanding market applications for core enabling technologies. In the multi-product adoption model
in Chapter 3, the issue of customer type will again be revisited. It suffices to say here that
maintaining consistency in customer type can often reveal a “hidden” core competence when
entering new markets as is often the requirement for launching dual-use technology product
applications. Significant cultural issues exist in achieving successful new market penetration, and
should be accounted, or at least recognized, before introducing the new product. New market entry
can be accomplished in one of at least two different ways:
(1) Product introduction into an existing market where the firm has not previously competed;

(2) Gaining acceptance for a new product in an emerging market from a new customer type.

Whether the new preduct is a specialized high technology application such as a high-resolution
high-speed infrared camera for secured night testing of military weapon systems, or if the product
is a new $200 pair of basketball shoes, the cultural dynamics of the customer can limit the level of

achievable success, ever: if the product has the greatest rubber soles in the world.

The remainder of this section presents several top-level summarics of RES technologies and arcas
of specialization. Exhibit A.2.3-1 presents a sample set of distinctive core enabling technologies;
Exhibit A.2.3-2 illustrates several near-term technology growth areas; and Exhibit A.2.3-3 focuses
down to several system engineering related technologies aligned with the system design and
management components of this thesis.
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Exhibit A.2.3-1: A Sample Set of RES Distinctive Core Enabling Technologies

Sensor Technol_og Electro-Optical (E-O) Technology
Radio Frequency Sensors Fully Integrated Electro-Optical Organization

¢ Millimeter Wave Development (35 to 94 GHz)
o Rugged Compact Packaging

Laser Sensors

e Low-Cost Solid State Designs

e  High Precision Imagery of Vehicle Motion,
Power Lines, and Wind Conditions

Infrared Sensors
»  Compleie Design Capability
(Detectors/Systems)

Acoustic Sensors

¢  Transducers and Hydrophones for Active and
Passive Sonar

e 150,000 Produced for U.S. Submarine Fleet

e System Design, Development, and Production
s Clean Rooms, Hardware-in-the-Loop/Dynamic
Flight Simulator and Hardware Integration

Facilities
o  Producticn Support

High Performance Focal Plane Arrays (FPAs)
Indium Antimonide for Midwave

Mercury Cadmium Telluride for Long Wave
Two Color

Uncooled Detectors

Amber Radiance Camera for Military and
Commercial Applications*

Laser Radars

CO, Laser Radar Systems

Wind Sensors

Underwater Imaging Systems
Precision Navigation Systems

Optical Phased Arrays

Integrated Optics

Eye Safe Low Cost Solid-State Designs

Passive Infrared (IR) Systems

e Passive IR Sensors/Seckers

Surveillance Systems

Search and Track Systems

High Resolution Imaging Sensors

More than 180,000 Sensors Manufactured

Source: Raytheon Company New Hire Orientation Viewgraphs, 1995
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Exhibit A.2.3-2: A Sample Set of RES Techrology Development Areas

MMIC* Infrared (IR) Sensors Wideband/Low Noise Systems
¢ Transmit/Receive Modules e  Detectors o  Sources
o AAW e  Windows o  Transmitters
e DataLinks o Imaging Sensors e Receivers
e Digital MIMIC e Non-Uniformity Comrection | ¢ Diechoric Components
e Synthetic Aperture Radars
Laser Systems High Throughpu* Computers
Agile Beam Director e  Multi-Chip Modules (M_M)
Wind Sensors e  Multiple C-40s

Target Identification and Discrimination

* MMIC is an acronym for Monclithic Microwave Integrated Circuit

Source: Raytheon Company New Hire Orientation Viewgraphs, 1995

Exhibit A.2.3-3: A Sample Set of RES System Design Technologies

Batile Management C’I Systems

e Data Fusion

e Command, Control, and Communication

e Interoperability

e Mission Planning and Terrain Analysis

e Automated Data Analysis

Total System Analysis

¢ From Requirements Definition to Effectiveness

Evaluations

Missile and Surveillance Systems
Operations Analysis

Life Cycle Cost Analysis

System Simulation

Real-Time Hardware-in-the-Loop
6-Degree of-Freedom Simulations
Pre-Mission Analysis

Post Flight Reconstruction
Force-on-Force War Gaming

Radar System Design
e  Signal Processing Design and Analysis
e Discrimination and Target Algorithms

Missile Guidance and Control

Aerodynamics

Autopilot Design

Warhead Evaluation

Specialists in Guidance and Control Theory
Propulsion

Seeker Requirements Generation & Flowdown
Integration and Test (Hardware and Software)

Foreign Technology Threat Assessment

System Integration and Field Testing

* For details of the Amber Infrared Camera technology/applications see Section 3.3.2.2 of this document.

Source: Raytheon Company New Hire Orientation Viewgraphs, 1995
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A.2.4 Competitive Positioning Analysis

In order 1o complete the aerospace and electronics industry competitive analysis, a brief synopsis is
presented to describe Raytheon's technological competitive rcsponse to the rapid and substantial decline
in U.S. defense spending. This analysis of competitive positioning within the industry is intended to
convey a glimpse into the fallout from a period characterized by mergers and acquisitions, and bring to
bear the industry dynamics from the perspective of a moderate-size player in the competitive game.

From Raytheon’s perspective, the series of mergers and acquisitions which have dominated the
aerospace and electronics industries, at least in the defense sector, the ride has been reasonably
gentle. Raytheon has chosen to grow stronger by buying smail businesses rather than merging with
a large partner. Raytheon's commercially-based diversification efforts have finally begun to
balance the annual financial siatistics, stabilizing defense sector volatility with revenues from
commercial domestic and intemational markets. In the process, Raytheon has managed to steer a
successful trajectory to becoming a diversified multi-industry global enterprise. According to a
Forbes article in November 1995, Raytheon is the 19™ largest exporter in the United States,
exporting $1.9 billion in 1994, a 9.5 percent increasz over the previous year. Raytheon’s major
exports include electronic systems and engineering and construction projects. Exports represent
18.6 percent of total revenues for the company. Exhibit A.2.4-1 summarizes Raytheon acquisition
purchases over the past several years. Exhibit A.2.4-2 and Exhibit A.2.4-3 present a short
summary of events pertaining to the merger and acquisitions in the industry.

Exhibit A.2.4-1: Summary of Raytheon’s Acquisition Growth Strategy Purchases [101]
e August 1993: Raytheon acquires Hawker, a division of British Aerospace for $372 million.

e September 1994: Purchases Xyplex Inc., a computer networking company for $172 million (sold in
March 1996 to Whitaker Corporation for $117.5 million).

o  October 1994: Buys UniMac. Company, a washing machine manufacturer for an undisclosed sum.
e April 1995: Acquires E-Systems Inc., for $2.3 billion.

e July 1995: Purchases Litwin Engineers & Constructors from United Dominion Industries, for $58
million.

e April 1996: Buys two defense and aerospace units from Chrysler Corporation for $475 million.
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Exhibit A.2.4-2: Raytheon’s Latest Acquisitions

Before the being acquired by Raytheon, E-Systems had grown rapidly io become the nation’s premier
vendor of high end electronic spy equipment to the U.S. military. With its activities grouped in categories
that include reconaissance and surveillance; command, control and communications; navigation and
controls; and aircraft maintenance and modifications, the acquisition presents a highly complementary
business addition to Raytheon's high technology defense operations. Raytheon's bid on April 3, 1995 was
$64 a share, a 41% premium over the going price. In 1994, E-Systems operating eamings were $178
million on sales of $2.03 billion.

Source: Boston Globe, 9 May 1995, “What docs E-Systems mean for Raytheon?” David Warsh

In a move aimed at laying claim to a niche market in a defense industry increasingly dominated by
behemoth corporations, Raytheon Company said it would buy most of Chrysler Corporation’s defense and
aerospace holdings in a deal worth $475 million. The purchase of Electrospace Systems and Chrysler
Technologies Airbomne Systems Inc., both Texas-based units of the Chrysler Technologies division, is part
of a broad push by Raytheon into the fields of electronic-warfare, aircraft maintenance and overhaul, and
secure communications. Chrysler Technologies Airborne Systems is a major player in the field of aircraft
medifications, both civilian and military. Raytheon executives emphasized that the purchase would give
them greater capability to offer one-stop shopping for aircraft hardware and software, complementing the
services offered by E-Systems.

Source: Boston Globe, 9 April 1996, Raytheon Beefs Up on Defense, Jon Auerbach

Exhibit A.2.4-3: Northrop, Grumman, and General Electric;
Lockheed, Martin Marietta, and Lorai; Boeing and Rockwell

In 1995, Northrop Corporation acquired Grumman Corporation. Martin Marietta purchased General
Electric’s aerospace unit and General Dynamics’ space systems division and then merged witn Lockheed
to form the world’s largest defense contractor, with $23 billion in revenues. Lockheed Martin then
acquired Loral bringing total annual revenues in excess cf $31 billion. Lockheed’s acquisition of Loral
defense electronics facilities further expanded operations to manufacture such products as battlefield
command systems and the computers used in jet fighters. Also in 1995, Northrop Grumman purchased
GE’s-Maryland based defense business for $3 billion.

Source: Aerospace America, March 1996 — Mergers (again!), missiles, and more, Robert Dore

On August 1, 1995, Boeing Co. agreed to buy the defense and space divisions of Rockwell International
Corp. in a $3.2 billion deal in a continuation of the aerospace industry’s consolidation into fewer but
larger players. The transaction further recommits Boeing, the world’s largest manufacturer of commercial
jetliners, to its relatively modest military and space businesses. It also allows the Seattle-based company
to compete more effectively with Lockheed Martin Corp. of Bethesda, Md., the biggest player in those
fields, especially in work for the National Aeronautics and Space Administratior.. Several other industry
players also had considered buying pieces of Rockwell lately, including McDonnell Douglas Corp., which
is reportedly discussing a deal to buy Lexington, Mass.-based Raytheon Co.’s defense operations. Until
now, Boeing had sat on the edge of the defense industry dance floor as more and more competitors paired
off in mergers. “They see now they may not have another opportunity to rnake this kind of large buy” if
they wait any longer, says John Kutler, president of Quarterdeck Investment Partners. The aerospace
industry is undergoing another spurt of merger mania, he said. Besides reports of McDonnell’s talks with
Raytheon and plans for Rockwell, industry officials said the St. Louis company also considered a meiger
with Boeing in the last year.

Source: John Mintz, “Boeing to buy units of Rockwell”, The Boston Globe, 2 August 1996
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A.2.5 Managing Organizational Change—Three Perspectives

Organizational processes at Raytheon have been managed with direction and confidence. This section
provides a brief overview of Raytheon's transition to a “New Model” organization. Analysis is presented
from three fundamental perspectives—strategic design, political, and cultural. As United States
industries experience a transition to a truly global marketplace, changes in corporate strategy and
restructuring of organizations are commonplace among major companies searching for the optimal
competitive policy to achieve sustainable competitive advantage.

Economic pressures to reduce cost and a market driven need to consolidate operations in the wake
of the recent severe defense cuts in the United States have induced several initiatives o maintain
competitiveness at Raytheon. By extemnal measures, Raytheon’s annual report and retum to
stockholders would suggest that the company is achieving desired outcomes. Annual sales in 1995
marked an all time high and strategic corporate diversification to commercial markets has been
very successful. Intemnal investigation, however, reveals mixed member satisfaction from the
perspective of many stakeholders including the employees. In order to identity and quantify the
impact of the changes which have been implemented, the organizational analysis is discussed from
three basic perspectives

A. Strategic Design
B. Political Perspective
C. Cultural Perspective

A. Strategic Design

The strategic perspective of an orga.iization seeks to examine organizations under the assumption
that they are “systems deliberately constructed to achieve certain strategic aims [I1].” In order to
understand the rationale behind organizational changes and cost savings initiatives at Raytheon, it

is important to view the company situation as onc of:

1. S'rategic aim

2. Organizational structure

3. Organizational set analysis
4. Resulting change

From this approach, it is apparent that Raytheon has made substantial organizationa! changes to
meet strategic objectives. Since organizational structure and analysis have been discussed in
Section A.2.2, the objective here is to establish the strategic aim and recognize the resulting
change.
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Strategic Aim and Resulting Change

In response to the severe reductions in defense system procurement in the early 1990s, Raytheon
initiated a strategic three-pronged approach to improve its competitive pusition, focusing resources
to reduce costs on management, work force, and legislative fronts. Several principal competitors
had recently moved to lower cost states to reduce operational costs. Hughes moved all missile
manufacturing in 1993 to Tucson, Arizona and cut 6,100 workers. Loral moved Ford Aerospace
production to Phoenix, Arizona cutting over 300 workers. Raytheon's message to its employees
and the state of Massachusetts was clear—the company was committed to its Massachusetts roots
and planned to fight to keep jobs in Massachusetts. The struggle would require significant
measures to achieve its goals. Exhibit A.2.5-1 and Exhibit A.2.5-2 present a brief synopsis of the

what Raytheon executives have coined “The Massachusetts Economic Situation.”

The Massachusetts Economic Situation [78]

e Defense spending reductions throughout the 1990s severely impact the entire industry
o  Other states offer incentives to attract major corporations to relocate manufacturing operations

e Raytheon 3-proged approach to increase competitiveness
1. Management Initiatives (55%)
2. Work Force Initiatives (35%)
3. Legislative Initiatives (10%)

e Raytheon’s strategy is to move from being a large defense contractor with some commercial business
to a multi-industriai commercial company with a strong defense segment

e Over $200 muilion in defense conversion and dual-use initiatives
—  Air Traffic Control
- Perscnal Rapid Transit
~ Iridium Satellite Communications
—  Vessel Tracking
~ SIVAM Environmentai Systems in Brazil
—  Microwave Monulithic Technology/Center
— Flat Panel Displays
— Digital Telecon Technology

Exhibit A.2.5-1: Raytheon’s Economic Situation for its IMassachuseits-Based Defense Business

Source: The Massachusetts Economic Situation, Raytheon Viswgraph Presentation, 1994
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Raytheon’s 3-Prong Approach to the Massachusetts Economic Situation [78]

Raytheon’s 3-legged approach to becoming more competitive includes management, work force, and
legislative initiatives. Raytheon executives have created a “3-legged stool” analogy, representing the
significance of all 3 legs being in place or the stool cannot function effectively.

¢ Management Initiatives
— Consolidation of operations in Missile Systems Division and Equipment Division
—  Numerous plant closings, reorganization of Research Division
— 1995 merging of Missile Systems 2nd Equipment Divisions

e  Workforce Contribution/Legislative Relief (Raytheon Rhode Island)
— Introduction of Managed Care Medical Plans and Increased Employee Cost sharing
—  Wage reduction based on marketplace analysis
— Reductions in number of job families and job titles (organizational flattening)
— Worked with state to accelerate depreciation schedules, reduce taxes on energy, lower taxes

e Raytheon's Massachusetts Legislative Initiatives (Corporate Headquarters, Defense Electronics)
—  Single Sales Factor fer Corporate Income Tax
— Tax credit for retaining employees
— Income tax credit for property taxes
— R&D tax credit
—  Accelerated depreciation of new capital equipment
— Sales/Use tax exemption for overhead material
—  Electric utilities cost relief
—  Other tax relief initiatives

Exhibit A.2.5-2: Raytheon’s 3-Pronged Organizational Management Strategy

Source: The Massachusetts Economic Situation, Raytheon Viewgraph Presentation. 1994

Over the past several years, Massachusetts legislative initiatives have been highly successful. In
addition to significant intermal organizational changes and management initiatives to reduce
operating costs, Raytheon’s 1995 financial performance was impressive, logging n record sales

complemented with a high level of success from commercial business segments.

B. Political Perspective

The political perspective of an organization is intended to “provide a way of mapping and
interpreting different interests or goals that guide individuals, groups, or organizational units in
decision making and a means of addressing the relative power of different participants (1].’
Exhibit A.2.5-3 presents a perhaps insightful political perspective at a time of critical corporate
decision making at Raytheon.
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The Raytheon Case: When Good People Face Hard Choices [100]
An excerpt from the article written by David Warsh
The Boston Globe, 5 March 1995

Raytheon is the very model of the high-tech electronic enterprise that rescued Boston from its 19* century
mechanical decline. It was put in business by the U.S. Navy in the years just after World War | to make
reality of a new technology known as radio. From vacuum tubes, it moved on to help invent radar, moon
probes and, eventually the famous Patriot missile. Along the way, Raytheon managers more or less
invented diversification as a tactic to balance the cyclical nature their govenment eamings. Proud,
effective, and above all, independent, Raytheon’s strong and stable management rendered the company
immune to the successive waves of takeover mania that wracked the defense business during the 1960s,
1970s, and 1980s.

Raytheon’s three-legged strategic approach may be missing one aspect of the problem—the existence of a
fourth hidden leg. The relative strength of the fourth leg matters greatly to the company’s ability to make
its missiles in Massachusetts. Its analysis involves the toughest long-tenin choices of all.

o At the moment, the style is really the extended shadow of one man, Raytheon chief executive Dennis
J. Picard. Since taking over the firm from Thomas Phillips in 1990, Picard has managed the
company in almost nothing but turbulent times, cutting back sharply on government operations,
pushing forcefully into new civilian lines of business, and posting record eamings quarter afier
quarter throughout the process. By any standard, it has been a remarkable performance.

o Raytheon’s own organizational structure; the state; and its wage eamers all contribute to helping
keep costs down. But the biggest challenge of ali facing Raytheon and its union may be the
composition of the Massachusetts congressional delegation, which overnight in November 1994 went
from being a relatively powerful delegation to being one of the most impotent, by dint of its
domination by Democrats. Here is to be found a hint of the fourth leg of an approach to
competitiveness on which much of Raytheon’s future must necessarily rest.

¢ Management is facing the same problem. For 45 years, Raytheon prospered by competing on the
merits for the Pentagon’s business, but in a pinch- when a rival sought to make a powerplay— there
were powerful and efficacious members in the delegation willing to pay attention to Raytheon pleas,
none more so than former House Speaker Thomas P. O'Neill Jr. Over time, the delegation’s clout
was one of the resources that strong management translated into record backlogs for the company.

Exuibit A.2.5-2: Raytheon’s 3-Pronged Organizational Management Strategy

Source: David Warsh. The Raytheon Case: When Good People Face Hard Choices, The Boston Globe. 5 March 1995

C. Cultural Perspective
The cultural perspective of an organization “is intended to identify how history has shaped the
assumptions and meanings of different people, how certain practices can take on special

meaningfulness and even become rituals, and even how stories and other artifacts shape the feel of
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an organization. Deciphering organizational culture can be accomplished based cn three
conceptual categories—artifacts, values, and assumptions [1]1.” Specific focus for the cultural
perspective here is the effects which have rippled through the lower levels of the organization as a
result of the higher level response to extemnal pressures to remain competitive. These effects are
presented to identify an emerging cultural paradigm within some sectors of the company.

As organizations continue to consolidate operations and adjust corporate strategies 0 align with
the changes in future technology needs, massive labor force reductions and major organizational
restructuring has left many employees with perceptions of reduced career growth opportunities.
Incentive systems which have traditionally relied on percentage-based annual salary increases
linked to employee performance assessmerts can no longer maintain the levels which were

commonplace during the high inflation period of the 1980s.

As with the movement to flexible manufacturing and platform-based design for products,
employees must too be given transferable skill sets and portable competencies which are modular
and compatible across multiple career applications to ensure that their value will continue to grow

independent of market forces in a single industry.

Some Further Thoughts Based on the Three-Perspective Analysis

Although many people are quick to point out isolated weaknesses and challenges posed by a
commonly held perception that Massachusetts is an expensive place to do business, a different
perspective has recently been presented in a Boston Globe newspaper article by Lester C. Thurow,
Professor of Management ard Economics a the MIT Sloan School of Management. During these
times of moderate recession compared to the technological growth which fueled the booming
Massachusetts economy of the 1980s, people (and companies) are often overwhelmed with the
messages claiming that other areas of the country are better places to do business. These messages
are usually constructed on the basis of lower taxes or incentive structures which attract

manufacturing jobs as opportunities for social and economic growth.
In the Thurow article [94], it is suggested that the “ultimate measure of economic success is per

capita income. Using this measure of success, New England, and the Northeast more generally, do

very well. Regionally, New England’s per capita personal income was the nation’s highest in
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1995—$26,508 per person or 16 percent above the national average. The rest of the Northeast
held the number 2 position, only slightly behind. The nation’s top four states in personal income
were all in the Northeast: Connecticut, New Jersey, Massachusetts and New York. New
Hampshire was sixth. Looking at disposable income per capita, a measure that subtracts taxes, the
facts remain unchanged. New England is stiil the No. 1 region, with disposable per capita income
14 percent above the national average [94].”

Thurow suggests that cutting energy costs is far more important than cutting state and local taxes,
and that taxes can actually benefit the system in ways often difficult to capture with simple
mathematical statistics and metrics. For example, a high quality educational system linked to the
evolving needs of industry and the surrounding community is arguably highly valuable. “A good
work force lowers business costs far more than any state or local tax cut and a good educational
system helps persuade well-educated workers in the rest of the country that they should move to an
area and get good education for their children [94).” Thurow's suggestions for understanding
cotpetitive position at a regional level are presented in Exhibit A.2.54.

Exhibit A.2.5-4: Issues for Understanding and Improving Coinpetitive Position [94]

Develop a “sophisticated concem” as opposed to the simple “slash and burn” cui-the-government remedy
so often suggested in recent times.

o  Are there ways to reduce workers’ compensation costs that don’t cut benefits to those genuinely
injured on the job?

e  Are there ways to restructure energy markets to lower costs?
e Does our infrastructure give us the lowest possible transportation costs?
e  Where lies the biggest bang for the buck in new infrastructure investments?

e What factors would lead New England to be seen as the best place for knowledgeable workers to
develop their careers?

e What would make this [New England] an even better place to start up high-tech companies?
e Are there public services that we don’t need or cheaper ways to provide those services we do need?
In each of these areas there are things that could be done to make New England a better place tc do

business. But as we do so, we should also remember that based on outcomes—the only thing that at
ultimately counts—New England is already the country’s best place to do business.

Source: Lester Thurow, “N.E. Business Sense,” The Boston Globe, 16 July 1996
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APPENDIX 3. CONTRACT TYPES
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Firm Fixed Price (FFP) Contract

Descrinti
¢ Price not subject to adjustment due to cost experience; maximum risk to seller
e Minimum administration burden on contracting parties

e No statutory limit on profit or fee

e Progress payments allowed under certain conditions

Applicati
¢ Suitable when definite design baseline and performance specifications are available
e Suitable when fair price can be established from available data

Observation

May not result in lower price due to perceived risk by seller

Changes can be costly

Subcontractor may undesirably trade schedule, reliability, and quaiity against cost

Least visibility into seller’s cost and schedule position unless special provisions are negotiated

Source: MIT 16.870 Lecture Notes

Cost-Plus-Incentive-Fee (CPIF)

Descripti
¢ Negotiated target cost, target fee, minimum and maximum fee and fee adjustment formula
based on actual cost, schedule, and operational performance
All allowable, allocable, and reasonable costs incurred are paid
An interim billing rate is normally allowabie
Statutory limits on eamed fee exist
— 15 percent of target cost for experimental, research, and development contracts
— 10 percent of target cost for production contracts

Applicaii
¢ Feasible for development situations
o High probability of achieving performance parameters
e Requires adequate accounting system for cost accumulation and auditing
Observation
e May result in lowest price contract: risk shared between buyer and seller
e Multiple incentive structure causes attention to buyer’s objectives for cost control, schedule,
reliability, and quality
Beware of buy-ins if seller’s objective is not profit
Provides good visibility into seller’s cost and schedule position

Source: MIT 16.870 Lecture Notes
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Fixed-Price-Incentive (FP1) Contract

Descripti
o Negotiated target cost, target fee, and ceiling price

e Can provide fee adjustment for cost performance, schedule, and operational performance
o Interim billing rate or progress payments are normally allowable

Applicati
e Suitable when FFP is not feasible but circumstances are such that substantial cost
responsibility belongs with the subcontractor
FPI is higher risk to subcontractor than CPIF due to price ceiling
\Requires adequate accounting system for cost accumulation and auditing
Observation
e Prior to the point of total assumption FP! is similar to CPIF
After point of total assumption, FPI is similar to FFP; i.e., every dollar spent comes out of
profit until ceiling price is reached. After ceiling price is reached every dollar the
subcontractor spends to complete performance represents a loss.
o Provides visibility into seller’s cost and schedule position

Source: MIT 16.870 Lecture Notes

Cost-Plus-Fixed-Fee ("PFF) Contract

Descripti
o Negotiated fixed fee based upon agreed-to estimated cost. Fee does not vary with actual cost
experience

Seller reimbursed for all allowable, allocable, and reasonable costs incurred
e Statutory limits on fee
— 15 percent of target cost for experimental, research, and development
— 10 percent of target cost for production

spplication
» Normally only used in research, study, or development advancing the state-of-the-art with
significant unknowns
Requires adequate accounting system for cost accumulation and auditing
e Requires strong “management” of seller by buyer

Observation

e From buyer's point of view on cost: very risky and difficult to manage
Should have restricted period of performarce and dollar value. More controllable types of
contracts used for follow-on periods

Source: MIT 16.870 Lecrure Notes
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Cost-Plus-Award-Fee (CPAF) Contracts

Descripti
e Negotiated target cost, target fee, mininum and maximum fee
Actual fee is determined subjectively by the buyer based on periodic, after-the-fact evaluation
of performance against specific criteria
Award fee decision is unilateral, not subject to dispute
Has a base fee normally between 0 and 3 percent
All allowable, allocable and reasonable costs incurred are reimbuzsed

Applicati
o Trend is toward increased use on ali types of contracts
e Sometimes included in CPIF contracts where appropriate motivation to management provisions
are desired
Qbservation
e Keep award criteria genera; establish specifics at the beginning of each award period
It is better to use CPIF if award criteria are limited to cost, schedule, and technical
performance measurements
Requires heavy administrative management effort to make it work
If the subco™ ‘ractor perceives his award as to low, he may be demotivated; if too high, he may
become complacent with his apparent success

Source: MIT 16.870 Lecture Notes

Other types of variations on these contracts exist, several of which are listed below [43].

Cost-plus percentage fee

Cost-plus fixed fee

Cost-plus guaranteed maximum

Cost-plus guaranteed maximum and sharad savings
Cost-plus incentive

Fixed price or lump sum

Fixed price incentive

Fixed price for services, material, and labor at cost
Time and Material

Bonus-penalty

Combinations

Joint Venture
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