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ABSTRACT

Design and production of large scale products provide many challenges
ir. the area of integration and concurrent development. While computer-
aided design (CAD) tools greatly facilitate the task of integrating the
component design for an assembled product, few such tools are available to
integrate the product design with the process design. Yet, the design of the
assembly process, including the tool index scheme, assembly sequence, and
component process selection strongly impact the quality of a complex product
and the efficiency of production.

The purpose of this project was to propose new development tools that
will truly integrate the factors of assembly with the product design. A design
team's end goal of reaching a global optimum design of both product and
process can be more easily accomplished using these tools.

The project focused on the Boeing Model 777 development process,
which is currently entering production. Through a series of interviews with
engineers and managers, the existing "Design Build Process” at Boeing was
analyzed and findings summarized. Later, a production part was used to
examine the possible impacts of assembly process design on product quality.
The same part was analyzed using CAD three-dimensional solids modeling,
which was the basis for a "paper prototype" of a new CAD tool for process
development.

Findings
Based on the project investigation it was found that:

e The 777 development process provided an excellent environment
for integrating the product, resulting in improvement at production.

* Assembly process design impacts the final product configuration
through part-to-part and part-to-tool interactions.



* New CAD tools can simulate the behavior of assembly processes and
predict the resulting product configuration.

* Decisions such as process selection, setting tool indices, and selecting
an optimum assembly sequence can be made using these new tools.

Conclusions

The study showed that while the 777 development program at Boeing
made huge strides toward concurrent product development, there is room for
improvement in the area of process and product integration. A more
integrated approach to product and process development is proposed,
including the use of enabling CAD-based development tools, the change to an
integrated scheduling environment at the level of design interface
information requirements, and the application of an evolutionary design
freeze concept.

Thesis Supervisors: Karl Ulrich
Associate Professor of Management

David Gossard
Professor of Mechanical Engineering



Acknowledgments

The author gratefully acknowledges the support and resources made

available to him through the Leaders for Manufacturing Program and The

Boeing Company. I would also like to thank:

My advisors, Dave Gossard and Karl Ulrich, whose guidance and
suggestions were particularly helpful during the past year;

David Fitzpatrick, who provided support and hospitality during
my internship in Seattle;

My LFM coileagues Kevin, Mark, Jeff, and Troy who kept me
focused;

Renton Division Manufacturing Engineering organization,
particularly Wren Holma=, Dan Day, and Bob Sexauer whose kelp
was vital to the accomplishment of the project;

Members of the 777 Division Engineering and Operations
Departments who provided the bulk of the information for this
thesis, as well as valuable insights and guidance;

Jim Byron and the members of the New Large Airplane
Development organization who invited me into their midst to
truly understand the complexity of our products; and

My family and friends who have supported me during the past

two years, particularly my parents and Janet.

Finally, I would like to dedicate this document to the memory of

David Hall, a good friend and colleague from the Renton Division, who

passed away in March. His support, guidance, and feedback helped me

tremendously on this project, but his friendship and stimulating

conversation are what I will miss the most.






Table of Contents

ADSETACE .oeiiieiiiiiiie e e 3
AcKnOwledgments ...........ocieiiiiiiniein 5
1. INtrodUuction .....ccccoemiiiiiiiiiiniiii e 9
1.1  Statement of Problem .......ccccooiimiiiiiiiiiiiiiniiiiiic, 9
1.2 Boeing Background ...........ccccoeiiiiiiiiiiniiiii 10
1.3  Boeing Design Build Task - Scale and Scope ......................... 11
1.4  Historical Approach to Product and Process Development ..... 13
1.5 Research Plan / Project SCOPe ......ccoeveemirriesrmrsisessensunecanee 16
1.6 Thesis SErIUCLUIe ....cceviiiiiimiiriiiiiei e 17
2.  Overview of the 777 Design/Build Process ..............cccccene. 19
2.1  Evolution of an Airplane Program ........cccccooeieiiiiiinininn. 19
2.2 Strategic ThIUSES ...coiciruirimiiciiiiiiiiiiiiiii e, 21
23 100% Digital Product Definition ......ccccoevvuieniiininnniinninnn. 23
24  Three-Dimensional Solid Digital Preassembly ...................... 26
2.5 Concurrent Product Definition (CPD) .....ccccocveieiniiiiiiinnnnnns 28
2.6 Co-located Design Build Teams (DBTS) ....ccovumeremeniicicnennnnen 29
2.7 Hardware Variability Control (HVC) ...ccccceeiiiiiiiiiiiiiiniiininiens 38
3.  Concepts of Concurrent Development ... 39
3.1 Search for IMProvement ........ccceeveerimeeioneiiinnniiiiiiiue., 39
3.2 Models for Product and Process Development .............cc.oeee. 39
3.3 Expanded Concept of Concurrent Development ................... 43
3.4 Product Development at Boeing .......cccccoceeriiiinniiiiiniinnnnnnen, 50



4. Proposed Model for Product and Process Development ........ 51

4.1 Focus on INtegration ........c.cccccevriiieviiiiinniiniiiiiniinnisnenienen. 51
42 Interface Information .......cccccooiiiiiiiiiiiiinn .. 51
43 Integrated Schedule - Pull System for Interface Information.... 55
4.4  Evolving Design - Partial Freeze Concept .........cccuvvueiienannne. 67
45 PDCA Cycle in Development ........ccooovirmiminiiiniiiinniniinie. 68
46 PDCA Model for Design Development .......c..cccoiiiiiiiniinnnnnne. 71
4.7 Computer-Aided Integration of Product and Process Design ..- 73
4.8 ReqUITemMeNts .....ccccoiiiiiiiimiiiieiiiiniii e 76
5.  Assembly Process Development Tools ...........ccccoenininnne 77
5.1  Proposed tools for assembly process development ................ 77
5.2  Technical Building Blocks for Assembly Process Analysis ...... 80
5.3  Description of Proposed Development Tools .......cccccecunninns 82
54 757 Sill Assembly Example.......cooeiiueiiriiineiiiiiiiiiniiiininn. 92
5.5 Potential Computing SOlutions ..........cooviiiiiiiinniiiinnn... 120
6. Summary of Findings and Recommendations ...................... 123
6.1 Major FIRAINGS ...ccoorrrmmmimiiiiiiiienii e 123
6.2 Recommendations ......c.cceciiieiiiiiiiiiiinii. 124
6.3 Implementation .......cccccoiniiiiiiiiniin 125
6.4  Areas for on-going research ...........ccocoiiiiiiiiiiiiniiiiieieen 125
0 ) s (o1 OO OO T TTIT TP TIP T 127
Appendix I History of Boeing Tooling Philosophy .......cccecnviiiiinincnne. 131
Appendix 11 Indexed Pre-assembly with Assembly Variation ................. 143

Appendix III Component Process Capability Data for 757 Sill Assembly ....153



1. Introduction

1.1  Statement of Problem

From a manufacturing perspective, design integration is one of the most
critical steps in the product development process. Left uncorrected, design
integration errors can lead to interferences and gaps in the product at the time
of production. Rework and replacement are often required to bring the
product up to product standards. This circumstance is a fact of life for the
mechanics of the airplane factories of Boeing Commercial Airplane Group.
While the final product is of high quality, the process needed to assemble the
airplane is far from perfect.

On Boeing's newest development project, the model 777, computer-
aided design (CAD) tools have greatly facilitated the task of integrating the
design of component structures and systems that make up an airplane.
However, few such tools are available to help integrate the product design
with the design for the assembly process. Yet, the design of the assembly
process, including the tool index scheme, assembly sequence, and variation
inherent in component fabrication and product assembly impact the final
configuration of an assembled product tremendously.

Development of products in a “concurrent” fashion is the rage in many
companies; that is, designing different portions of the product and process at
the same time. Integration involves "putting together" the portions of the
design to ensure that the product functions well as a whole. Process design
determines how the product will be put together during the integration stage.

In order to move toward integrated concurrent product and process

development, a new set of enabling tools are needed to analyze designs



beyond the nominal state. In other words, the developers of product and
process must consider the reality of variation in the manufacturing process.

Boeing is currently utlizing a "concurrent” product development
environment on its 777 airplane. Also featured for the first time are
computer-aided design tools and organizational changes which have helped
bring functional disciplines closer together under one vision. This decument
outlines the learning gained during a sevei.-month research period withir
the 777 Division of the Boeing Commercial Airplane Group (Renton,

Washington).

1.2 Boeing Background

Few other industries risk so much when a new product is launched,
designed, and buili. Boeing was built by executives who took "risk the
company” approaches to expanding both the business and the product line.
Today's competitive environment contirues to require this "controlled risk"
approach to product development. However, competition from Airbus
Industries (based in Toulouse, France) has pushed Boeing to fill in holes in
the range of products, redesign older models, and to protect the top end of the
airplane market, the model 747.

Designing and producing a new airplane in the current competitive
environment provides the company with some large strategic and logistical
challenges including:

* Investments in development costs for new aircraft are tremendous.
These investments are sky-rocketing just as the sophistication and
compiexity of airplanes are increasing. It has been estimated that

the cost of the 777 development was $4-6 Billion, while estimates
for developing a superjumbo have reached $30 Billion.! Boeing

1 Banks, Howard, "The Thin Line", Forbes, October 12, 1992.
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must find ways to reduce the cost of developing and building new
airplanes in order to fill gaps in its family.

The huge investments involved with new airplane development
call for new strategies regarding business alliances. Partnering with
global aerospace companies could provide many opportunities, but
also bring with it logistical issues of producing large sections of the
airplane elsewhere in the world. Technology transfer between the
partners is another issue. Learning must take place in both
directions if Boeing is to stay in the leader’s position in aircraft
manufacturing.

Manufacturing is a competitive weapon to be utilized in the global
marketplace. Boeing's size and experience in manufacturing can be
transformed into a competitive weapon with continuous
improvement in quality and cycle time. Linking (more completely)
the design of product and process for new airplane designs is an
ideal way to begin exploiting company strengths.

Boeing must cut the time for new airplane development.
Manufacturers who can bring new enhanced models tc market
faster will have the competitive advantage over slower firms.
While not taking shortcuts in design, the company must find ways
to reduce tae time from concept to delivery. By improving the
integration between the product and process designs, thus
improving product quality, would allow drastic reductions in the
production times required for the first models ( in a sense, moving
down the learning curve while still in development).

Boeing Design Build Task - Scale and Scope

The concept of bringing together millions of component parts, miles of

wire, and hundreds of subsystems to produce an airtight vehicle made to fly is

mind-boggling even to those in the aerospace business.

On almost every scale of complexity, airplane design is the most

complex. Below is a deomonstration of this complexity, comparing three
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"complex" products, the Model 757-200 airplane (an average to small sized
airplane), an automobile from a auto maker, and an engine for a luxury

automobile from a second domestic auto maker:

Order of Magnitude Comparison of Complex Products

Model Autcmobile
757-200 Automobile Engine
Total Number of
Component Parts 1,000,000 50,000 350
Number of Unique
Component Designs 1 00,000 10,000 300
Total Number of
Engineers 4,000 1 ,000 30

Estimates based on company information and company representatives.

With this great complexity comes many challenges. Communication
between engineers, integration of desigi, and control of the manufacturing
process become the greatest concerns for airplare developers. In the end, the
performance of the airplane is critical, no matter how many parts must come
together.

The 777 program has made great improvements in aircraft development
by improving the ability of engineers to communicate, and to integrate
product designs using the computer. As discussed later in this thesis,
integration and communication surrounding the design of the process is the

next stage of improvement.
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1.4  Historical Approach to Produ:t and Process Development
In order to understand the context in which the product and proces:s

development of an airplane takes place, it is important to understand the
history that shaped the design arid production activity at The Boeing
Company. Specifically, I will discuss the company's past practices in the areas
of:

¢ Design engineering versus manufacturing;

* Design integration (use of a production prototype); and

¢ Tooling philosophy for assembly.

Design Engineering versus Manufacturing

Frequent communication between engineers who design the product
and engineers who design the process is an essential element in the
development of a new product. Although cross-functional communication
and team-work is now standard procedure on Boeing's newest program, the
Model 777, this was seldom the case until the mid-1980s. The traditional
serial model cf design was strictly enforced. As one manager on a missile
program of the 1950s explained it, "the engineers lived up on the fourth and
fifth floors of Plant Two while the Manufacturing people were on the first
two floors. Engineers would literally throw drawings down a chute, saying
'Here make this'."2

This adversarial relationship between engineering and manufacturing is
slowly eroding in the company. However, many decision processes and

organizational charters still linger from this period of time.

2 Serling, Robert J., Legend & Legacy: The Story of Boeing and its People , St. Martin's Press,
New York, 1992, pg. 165.
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Design Integration

Boeing's leadership in the commercial aircraft business can be partially
attributed to the company's competency in the area of system integration.
Bringing together an airplane is difficult due to its complexity and shear
volume of cornponents. Integrating a design that allows the production of
some models as fast as one per day is remarkable.

Before computers, the primary tool for designers to integrate product
designs was the production prototype vehicle; or as Boeing calls it, the Mock-
up vehicle. This prototype of the entire airplane (often in pieces in order to
fit in existing space) was the last chance to test the design prior to the assembly
line. In many cases, the actual detailed design layout of systems (such as tubes
or wiring) was completed in the "Mock-up". Often, the factory floor itself was
the final stage for re-configuring systems. Even after years of production of a
particular model, a team of mechanics from the mock-up shop may rush to
the factory floor to re-configure a system layout in an attempt to solve design
integration problems on older airplane models. This approach to design
integration is :xtremely expensive, because of rework, scrap, and required
special skills institutionalized within the process.

Despite these obstacles, however, the Boeing approach to system
integration of the airplane works. The mock-up is still a part of the psyche of
the company, particularly for production people. Few managers in
manufacturing were instani converts to the concept of digital mock-ups;
possibly with good reason. There still is no disciplined process to account for
the variation inherent in the assembly process. However, computer-aided
design tools have changed the relationship between engineering design and

production entirely.
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Tooling Philosophy

Historically, the reigning philosophy of the tooling experts within the
Boeing Company has had a profound effect regarding the approach used for
production of the airplane. As with manufacturing itself (as is described by J.
Jaikumar in his study of Beretta of Italy3), the philosophy that establishes the
function of assembly tooling has slowly evolved with each succeeding
airplane model.

The initial ideas about tooling for mass production of airplanes
originated at Boeing with a group of tool designers from the automobile
industry who were brought into the company during the early days of World
War II. Within three years time, Boeing moved from a producer of no more
than 35 airplanes in a given year to producing one new B-17 bomber every 49
minutes.# Much of the success found during this drive can be attributed to
the tooling concepts.

Tooling philosophy in the aircraft industry is defined as the concepts
used to establish location and integration of component parts and assemblies
of an airplane in order to maintain the designed configuration and shape for
the airplane. Appendix I describes the evolution from gauge-centered tooling
concepts of the first commercial jet transports to the new data-centered
approaches to be used on the next generation of products. This history still
impacts the design of airplanes. The mental models of managers and
engineers regarding the best way tu design products and processes depend

directly on the designer's understanding of the tooling philesophy.

3 Jaikumar, ., Beretta, Harvard Business School case study 9-687-044, revised 2/89.
4 Serling, Robert J., Legend & iegacy: The Story of Boeing and its People , St. Martin's Press,
New York, 1992, pgs. 56-57.
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15  Research Plan / Project Scope

Research done for this project was completed during the Summer and
Fall of 1992 in Renton and Everett, Washington. The primary focus of the
research was the 777 program, which is moving into the final stages of design
at the time of this writing. Also, Boeing's newest airplane development
project, the 747X, was studied to some degree to see how lessens learned from
the 777 had been integrated into the new organization.

Interviews and discussions were the primary vehicle of data collection
for the project. These discussions were conducted with chief project
engineers from different disciplines, top management from the area of
manufacturing, engineering personnel intimately involved in the 777
product and process design, and design build team leaders from engineering
and manufacturing.

Early on it became apparent that the area in which I could make the most
contribution was the use of computer-aided design (CAD) as enabling
technology to integrate product and process development. An example
assembly was selected in the Renton Division to show the promise of new
assembly process development tools.

The internship project and this thesis concentrate on the development
of new airplane products, rather than derivative models or customer-specific
design activity. However, I believe the concepts and techniques discussed in
this paper can be applied to many other development tasks which involve

the assembly of complex products.
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1.6  Thesis Structure

This document begins by providing a general evaluation of the 777
program from the eyes of a semi-outsider to the Company. Building on the
general structure created as part of the 777, the thesis goes on to evaluate the
current literature regarding models for concurrent development. Next, I
propose a new model for integrated, concurrent product and process
development. Finally, I describe in detail a set of CAD-based development
tools for the design of assembly processes that I believe should be the
cornerstone of efforts to further integrate the design of products and

processes.
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2.  Overview of the 777 Design/Build Process

2.1  Evolution of an Airplane Program

Since its conceptual beginnings in 1986, the 777 was going to be a
different airplane program. It was destined to be the first time that Boeing
took leaps toward improving the traditional process of designing and
building a brand new airplane. For the first time, design and build were being
considered simultaneously. With this fresh approach toward design, the
program went forward to develop a new process for designing products and

processes.

Market - Driven Development

One of the primary goals of the Company with this airplane was to truly
listen to the customer and incorporate requirements, as well as suggestions,
into the product design. The need to be customer-driven was manifested by a
stated goal of producing a "market-driven airplane.”

Boeing had always maintained that the customer was king, but sorme
past programs failed to capture the essence of customer needs. Rather, many
customers complained of a "we know what you need" attitude at Boeing,
possibly dating from the days when Boeing did own and operate an airline.l

The design of the 777 program was different. Airline representatives
were brought iuto the design process early in order to accommodate their
requirements. For instance, during the conceptual stages of the airplane,
several key potential custormers from around the world were brought

together to try to build a consensus of what the airplane should become.

1 Sterling, Robert ]., Legend and Legacy: The Story of Boeing and Its People, St. Martin's Press,
New York, 1992 pg. 16.
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Meetings of this kind impacted the conceptual design of the airplane
tremendously. Early concepts were discussed that would have stretched the
existing structure of the Model 767, thus the early moniker of the program
767X. After consultation with the lead customer group, it became clear that
the market need was driving the design towards a larger airplane. As a result,
the 777 has a larger fuselage than the 767, more capacity, and comparable
range. The customer group helped define the market niche the 777 should be
targeting.

Customer input did not stop at the concept stage for the airplane.
Airlines that had purchased the airplane were invited to become a part of the
development process.2 While not all accepted the invitation, United Air
Lines and British Airlines, in particular, took advantage of the opportunity.
Customer representatives were allowed to participate in management
meetings where design teams (DBTs) presented their designs at various stages
of development (called the integration DBT).

Increased involvement of the customer added tremendous benefits to
both Boeing and the airlines involved in the process. However, direct
customer input added a level of complexity to the design process which had

not been experienced in previous programs.

Partnering

For the first time on an airplane program, the 777 program involved the
resources of strategic partners. Japan Aircraft Industry (JAI) -- an alliance
between Kawasaki Heavy Industries, Mitsubishi Heavy Industries, and Fuji

Heavy Industries plus a few other Japanese aerospace manufacturers--took a

2 Firm orders from airlines for a new airplane are required before design and production can
proceed.
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21 percent share in the 777 program. In addition, development costs for the
airplane were divided in the same proportion. Major portions of the fuselage
and wing center section will be partially designed and built in Japan.3 This
arrangement provided Boeing with its first "partner” on a new airplane
program.

While Boeing's supplier base has long been global, the addition of a
partner in the development of the airplane added complications to the 777
development process. Issues of design integration, scheduling, and
technology transfer are being addressed by the company and JAI. Since future
airplane programs will likely feature these kinds of partnering situations, the

ability of the company to learn from the 777 experience is critical.

2.2  Strategic Thrusts
Several initiatives, goals, objectives, and business strategies emanating
from the upper management of the program, governed the development of
the 777 design process. Strategic initiatives undertaken to differentiate the
program from past Boeing airplane programs included:
e 100% Digital Product Definition
The design of the entire airplane was completed in three dimensions
using a computer-aided design and manufacturing system
(CAD/CAM). Boeing chose to use the CATIA™(Computer-Aided
Three-Dimensional Interactive Application) developed by Dassault
Systemes of France. Further more, the definition of assembly tooling

was to be accomplished digitally.

3 Masterson, Joe, Wing Newsletter, February 20, 1991.
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¢ Three-Dimensional Solid Digital Preassembly

Boeing utilized the ability of the CATIA™ system to compare relative
locations of two or more desigried components or assemblies to detect
possible interferences. Designers were asked to share their models
"early and often" in order to allow as much integration of designs from
different disciplines as possible.

¢ Concurrent Product Definition

A disciplined design management system was used in order (quoting
Boeing documents) "[to provide for] the integrated, simultaneous
design of products and their related processes, including engineering,
manufacturing, and support."4

* Co-located Design Build Teams (DBTs)

In an attempt to accomplish the simultaneous approach to design, a
loose organization structure was established that utilized cross-
functional teams for developing specific portions of the airplane.

¢ Hardware Variability Control (HVC)

Controlling the processes for the manufacture of the airplane became a
high priority for the 777 Design team. To determine which attributes of
components "mattered” to mating parts and product functionality, a
number of "key characteristics” were identified for many component
parts and assemblies. A top-down analysis technique allowed
identification of key interfaces at each level of the assembly parts tree.
The HVC approach also involved the inclusion of measurement

capability within each assembly tool to get the measurement data

4 777 Concurrent Product Definition Preferred Process Handbook”", Boeing, 1991, pg. 6
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required, and the limited use of statistical process control to monitor

processes.

Although there were several other initiatives and objectives established
for the program, these five strategic thrusts were most closely identified with
the 777 and defined the actions of all program personnel. Below is a
discussion of each of these initiatives, how they were implemented within

the program, and a general analysis of their effectiveness.

2.3  100% Digital Product Definition
No other single decision within the 777 airplahe development program
had as much impact, or as much risk, as did the decision to design the
airplane in a fully digital environment. Although Boeing had gained
knowledge of the digital design process in the last few years during programs
such as the B-2 wing design, no previous program had come close to the
complexity and shear data volume necessary to design the 777 entirely on the
computer.
In making this decision, there were many potential benefits for the
company to digitally design the airplane:
e Accuracy of design data and easy coordination between mating
designs;
o Use of the digital data by downstream organizations for fabrication
and assembly;
o Integration of design within the computer rather than using
physical prototype vehicles (so called “mock-ups"”) to determine

fit between subsystems and substructure designs; and
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e Accessibility of a single, common data source for design data that
encourages teamwork and concurrency of design.
The increased cost of digital design were certainly recognized, but the highest
levels of Boeing management decided to take this technology leap in order to
improve the design process.

The strategy was implemented using the CATIA™ design system.
Boeing had used CATIA™ for many years as its single, authorized
CAD/CAM system. As the largest user of the system in the world (installed
base)5, many changes and improvements were made in order to
accommodate the Boeing design process. At the peak of the 777 program,
over 4,000 design engineers were involved in the design of the airplane and
supporting systems. The design of assembly tools was also accomplished
using the CATIA™ system.

The magnitude of the computing task of holding, accessing, and
manipulating the enormous number of design files necessary for the design
was a challenge. System response was always a concern, but had improved
dramatically since the installation of CATIA™. The graphics system, alone,
takes the power of eight IBM mainframe computers®.

The design effort by the design engineers necessary to accomplish a
digital design was underestimated. As one computing manager for the 777
program explained, "Designers had to actually redesign three times, first in
wire frame environment, then in the three-dimensional solids environment,

and finally to get a two-dimensional view for a released drawing."

5 Fiderio, Janet, "Electronic Teamwork Keeps Boeing Growing",Computerworld Premier 100,
September 30, 1991.
6 Ibid.
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Another issue surfaced during the implementation of the digital
strategy: the skill base of the users on CAD/CAM systems, and CATIA™ in
particular, was lower than estimated early in the program. This concern was
especially true for product design using three-dimensional solids modeling
(the preferred mode of design). In the long run, the use of solids modeling
has proven to be superior for accuracy and simplicity versus wire frame CAD
construction techniques. However, the steps for designers to follow to
accomplish a design using this technique were more a succession of shortcuts
and tricks rather than a systematic approach.

Further complications arose when the solids designs were to be
transformed into two-dimensional views or wire frames. Inaccuracies from
the transformation often required the designers to change original solids
model to be consistent. Since it is difficult to change a solid model after the
initial design, recreating the model was often the only solution. The
resulting reduction in design productivity was a universal problem on the
777 Program. At the present time, Dassault is working with Boeing to
enhance CATIA™ in order to eliminate this problem.

How important was the use of the digital medium for this airplane? As
a manager from manufacturing stated, "CATIA™ digital design was an
essential vehicle of the concurrent engineering process." He went on to
explain that the downstream uses of the digital data (i.e. digital pre-assembly
and visualization) were of particular benefit, especially for the people in the
operations organization who were able to see and understand the design of
the airplane more clearly.

However, the problems of this experiment should not be overlooked. It
took much longer to learn how to efficiently design production parts than

most people had anticipated. Many managers at Boeing believe that the
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difficulty with CATIA™ itself was primarily responsible for the problems. A
more objective view is that the company had a huge obstacle to cvercome to
complete design using a CAD/CAM system of any kind. Even if CATIAT
had been extremely user-friendly it probably could not have sped the
transition of even the most experienced design engineers into the age of the
computer.

The good news is that Boeing now has an established base of CATIA-
literate design, manufacturing, and tooling engineers, which will make the
next large airplane project much less painful. In retrospect, the agony
suffered during the 777 digital design effort could well be one of the better

investments the company has ever made.

24  Three-Dimensional Solid Digital Preassembly

Dubbed digital preassembly (DPA), the process of superimposing several
computer models (three-dimensional solid designs) onto the same reference
coordinate system provides information never before obtained prior to
production. Data provided by DPA can show how the structure and
subsystem designs fit together in the nominal state. Historically, the only
source of integration information of this kind was in the Mock-up production
prototype discussed in Chapter 1. In addition, the DPA process became the
central figure in the 777 Program’s efforts to concurrently design the airplane.
It was found that there is no better way to integrate the designers than to force
the integration of the product design itself. The "Mock-up vehicle" was now
located within the computer.

Digital mockups enabled the 777 designers to gain feedback about designs
and potential interferenices much earlier in the airplane program than

previously possible. Using a process of design integration and feedback
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defined at the outset of the program through the multi-disciplined design
build teams, the DPAs provided information to designers and downstream
users of the design.

Limitations of the CATIA™ software almost derailed the efforts to
utilize digital data to perform DPAs. Boeing eventually developed
proprietary software that enables the identification and retrieval of the design
models by each section of the airplane. Using this software, all models that
belong in a certain zone of the airplane are identified so that they can be
included in the DPA. Once identified, a zone management’ engineer can
overlay all applicable models in CATIA™ to determine if there are
interferences.

Although the computer is a tool in the DPA process, success of the
procedure, depends to a large degree on good discipline by the engineers . The
proprietary software tells the engineer what models impact or penetrate a
specific area, but it is up to the engineer to "clash" (superimpose several solid
models) the datasets involved using the CATIA™-based interference
function. This is done by overlaying each mode! and checking relative
locations within the composite model.

Due to the large amount of data included in these models, the process is
limited to only 20 models at a time8. Therefore, the DPA process of checking
all models impacting a zone of an airplane is dependent on a manual method
of checking all combinations of models. Most zone managers use a matrix
type system to ensure that all combinations are attempted. In general, a DPA

occurred only at prescribed stage reviews, according to the overall program

7 There have been many debates about the best way to manage the integration process. At this
point, there is a need for an engineer(s) who has the responsibility to put together all the

designs for the entire zone.
8 Based on CATIA™ training at The Boeing Company, June 1992
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schedule. However, teams were free to use the process at any point in the
design process.

Future developments in graphics visualization and file management
will provide a much more coherent approach to digital preassembly. The lack
of a robust process for interference checking has contributed to several missed
interferences during [ ist DPA experiments. The same could hold for the 777.
However, DPA has already detected a tremendous number of problems
emanating from the integration of the design which would have been first
discovered on the production floor in past airplane programs.

Even with the use of DPA and the increased degree of product
integration, some felt that it had not gone far enough. As one manger from
the electrical group stated,

"Wiring is about the ‘tail of the dog' in the design process.

All wiring on the airplane is installed by these engineers.

They are dependent on all tiie other disciplines for system

locations, space allocation, schematics etc. Until this information

is solidified, it is difficult to effectively solidify the wire installation
design. The process should ensure that designs are shared between
designers, and others, early and often. Designers shouldn't just keep
refining their design without input from others. Each design impacts
too many other people."?

2.5  Concurrent Product Definition (CPD)

Past airplane programs utilized a traditional serial model for the
development of airplane design, tool design, manufacturing plans, and
numerical control (NC) programming. From the beginning, the 777 program
was to be different. A process was put in place that forced the concurrent
development of design, tools and plans. In order to succeed, the process

required a team environment characterized by the design build team, digital

% Personal communication with a manager in 777 Engineering , July 15, 1992.
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data and the ability to share data "early and often", plus the existence of an
integrated schedule of the activities of a team.

A series of product definition stages were defined for the life of the
development program. Each stage corresponded to a certain level of
completeness of the design. Review of all designs took place at the end of
each stage, requiring the "freeze" of the design in its latest configuration.
Stage gates were established to ensure that every function had completed
their required aspects of the design. These "stage exit requirements" were
established by the design build team responsible for the substructure or
subsystem. The stages served to force the integration of the product design.

One critique of the CPD process is that it did not facilitate the integration
and concurrency of design in between the design gates. The goal of sharing
digital design data early and often was not a reality. As seen in Figure 2.1, the
number of CATIA™ models shared (used by second parties to evaluate
integration or understand design concepts) spikes just prior to each stage
design freeze. A more ideal situation would be to share design information
uniformly throughout the stage period, with the final days devoted to design
clean-up with less sharing. Figure 2.2 shows schematically the "gated
integration" characteristic of the 777 concurrent product definition process as

the design of the product progressively becomes more defined.

26 Co-located Design Build Teams (DBTs)

Design build teams were developed to increase communication between
various functional groups, which wasn't evident in the traditional
organizational structure. As discussed in Chapter 1, the design of an airplane
is a compromise of many competing requirements and forces; therefore, the

more communication between the various determiners of the design the
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better. DBTs provide a formal mechanism for all involved in the product to
exchange views and mutually define the direction for the design.

Boeing's decision to utilize DBTs was also based on the fact that the basic
organization structure used for decades has not changed. Functional
organizations remain, utilizing formal communication mechanisms, such as
drawing systems, design specifications, manufacturing plans and memos, stili
the standard business process. The DBTs were established to facilitate the
existing process.

Most members of the 777 management team understood the value of
bringing together experts from all of the functions during the design stage of a
product. The concept of the multi-disciplinary design build team was
developed over a period of years, beginning with the design of the 7J7
airplane in the mid-1980s. DBTs became the core of the concurrent
engineering strategy on the 777. At its peak, the program had 255 functioning
DBTs.

By definition, the design build teams were responsible for a specific
portion of the overall airplane design. For instance, one DBT may have
responsibility for the forward fuselage of the airplane, another for the
insulation which goes into the fuselage; teams were assigned to work on the
wing, the control surfaces, the struts, the stowbins, etc. In addition, other
teams were commissioned to look into specific issues for design or material
selection. Finally, other teams served as integrating mechanisms for lower-
level DBTs. As an example of this cross-section of team charters, Figure 2.3
lists the active DBTs found in the Payloads Engineering organization during
the peak of the 777 design activity.

Membership on the DBTs was somewhat variable, depending on the

system or substructure being designed. Figure 2.4 describes the membership
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of a typical design build team. As suppliers for certain portions of the
components were identified, members might be added and others subtracted.
The number of team members also varied between teams. A typical team was
comprised of 15 to 20 permanent members; however, many teams had
meetings of 25 to 30 people or more if the issues involved were thcught to
impact many organizations.

One strategy that amplified the impact of the design build teams was the
physical co-location of personnel from various design engineering and
Support organizations ccanected to a design build team. Although there is
not yet clear evidence suggesting that the quality of the designs were better, in
instances where complete co-location was implemented, overall success of
the team as judged by management and engineers themselves was considered
greater. Unfortunately, several facility and political barriers prevented the
complete co-location of all organizations and teams.

Effectiveness of the DBTs was often directly linked to the effectiveness of
the team leader. The process called for shared leadership, with the design
engineer for a given section or subsystem and a manufacturing engineering
representative were considered as team co-leaders. Ideally, the design
engineer would act as the primary leader during the earlier periods of design,
while the manufacturing engineer would take over the primary position
during the detail design stage until delivery of the airplane. The role of the
DBTs after the development phase of the 777 program ends is still undecided
as of this writing.

The reality and demands of the program meant that there was a great
diversity in the effectiveness of DBT leadership. First, the organizational
level of the DBT leader was variable across disciplines and managers. In

some cases the DBT leader from engineering was an engineering supervisor,
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while on other teams the lead engineer served in this role. Manufacturing
engineering representatives varied even more. In most cases, lead engineers
or experienced technical leads represented the organization. However, on
some occasions, a lack of skilled personnel required some rather junior-level
engineers or technical people to take on the leadership roles. This dichotomy
between design engineering and the lack of manufacturing leadership
experience often skifted the balance of power on many teams toward design
engineering.

Leadership styles and the organization skills of the DBT leaders were also
critical to the success of the team. Some teams seemed to flounder as clear
meeting agendas, team goals, and basic team enthusiasm waned under poor
leadership. Many blamed the ineffectiveness of a limited amount of
leadership and DBT training. Others felt that, in certain instances, the team
leader was not the best person selected for the position.

Integration of designs from all 255 different DBTs was a major challenge.
How were all these separate designs to be put together into a coherent
manner? The concept of "Integration DBTs" was utilized by most of the
upper-level management on the program. These teams involved managers
and team leaders from the lower level DBTs. During long design reviews,
these integration teams painstakingly reviewed the designs of each DBT and
looked for potential problems at the points of interface. Integration teams at
even higher levels of management worked to integrate major substructures
or subsystems (i.e. payloads into fuselage). Figure 2.5 shows the hierarchy of
design build teams found on the 777 program.

The concept of integration teams evolved as the program went forward.
Initially, no single group was responsible for a specific "zone" of the airplane.

Later, it was found that this omission was not acceptable and a
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"zone management” system was instituted whereby one design discipline
took responsitiiity for integration of designs within a specific zone. For
instance, the "crown" or top of the airplane was defined as a zore managed by
the environmental systems group because so many systems were included in
the area above the ceiling panels.

In general, the DBT structures used on the program were a large success.
Of all the positive affirmations provided during my research by managers and
engineers on the program, the most frequent was the co-location and teaming
of cross-disciplined engineers. However, based on my analysis of the
approach, some changes should be made on the teams to provide a more
universal vision of the global requirements of the airplane and products

expected of the team upon completion of each design stage.

2.7 Hardware Variability Control (HVC)

Hardware Variability Control was a 777 initiative to gain greater control
of critical features on component parts and assemblies. Previously, part
specifications and assembly tooling controlled critical interfaces (as discussed
in Appendix 1). Quality of the final design was ensured by the tooling itself
(go/no go gauges were utilized at critical locations on the product), and
quality assurance inspectors who measured deviations from the drawing to
determine whether they were within tolerance. However, the total
philosophy toward quality and tooling is transformed with the use of a HVC
concept.

The focus in HVC is on the component parts and the processes used to
produce detail parts and assemblies. Processes in control and capable of
meeting criteria based on next-level assembly interface requirements will

produce detail parts that will fit. Sub-assembly processes in control and
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capable that meet their next-level assembly requirements will fit, and so on.
The result is a quality product based on quality processes, not inspection. This
approach requires much more data to evaiuate the true capability of processes,
as well as an enlightened supplier base who will attack and reduce variation
in manufacturing processes even when their products are within design
specification. However, if this process is implemented the gauging and
rework requirements for the airplane will be substantially reduced.

A critical aspect of this approach is the determination of which
characteristics on a component part or assembly should be "key". A
hierarchical approach for identifying the key characteristics was applied. First,
top-level assemblies (i.e. an entire fuselage section or a wing) were analyzed
to determine the key points of interface. The process continued sequentially
down the component parts tree until the lowest level detail parts were
analyzed and key characteristics identified. Good technical judgment, current
tool indexing schemes, and experience on past programs were the main
determinants of the key characteristics at each level.

I believe that an opportunity exists in the HVC process: analytical tools
were not used during the process of establishing key characteristics. The
design build teams, particularly the manufacturing engineers, established the
key characteristics for a given substructure or subsystem very early in the
program. However, there was no method of feedback related to the selection
of the characteristics until the airplane moves into production. A computer
based analytical tool could help provide this feedback before these "key

characteristics” are determined.



3.  Concepts of Concurrent Development

31  Search for Improvement

While all the results are not available at this writing, success cf the 777
concurrent design process seems assured. Through the use of CATIA™,
product integration at the design stage has improved tremendously over past
airplane programs at the company. The organization's co-located teams of
engineers developed a quality product, which will be built more cost-
effectively.

Yet, as with all parts of the Boeing, there is a search to improve the
current process. The remainder of this document is dedicated to the
improvement of the design-build process, using the framework established
for the 777 program as a springboard. In order to make these improvements, I
will concentrate on providing a new conceptual model for concurrent
product and process development; one which focuses on an expanded
definition of the term "concurrent.”

As stated in the first chapter, I believe that the area in which the 777
process could improve is in true “integration.” Completing product and
process design in parallel (concurrently) is not enough. Doing so while
maximizing integration and ensuring all disciplines have voice in the process
(design democracy) is the key. Below I will investigate this expanded

definition in terms of existing models for product and process development.

3.2 Models for Product and Process Development

There is much discussion in the literature regarding models for product
and process development. Below is a brief discussion regarding popular
models for development and how they relate to the Boeing Design Build

Process.
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Sequential Model

Traditional viewpoints regarding design have taken a very functional,
sequential design approach. As one functional discipline is finished with a
portion of the design, it is passed onto the next function (depicted in Figure
3.1), much like a relay race. The design is passed on to the next stage only
after the first stage has completed their task.

Sequential design has the ability to satisfy the constituencies of the prime
design group, the group primarily responsible for the product design. Prior to
passing the design onto the next organization, the current controllers of the
design will be satisfied from their point of view. Depending how far the
culture has shifted from the "over the wall" syndrome of design, the next
organization to receive the design for review or "sign-off" will have iess to
say about the final design than the originating group. The further away from
the originating design group, the less say in the final design. "Sign-off" of the
design by the downstream organizations is not a good substitute for baving

concerns heard early in the process and incorporated in the design.

Concurrent Development

More recent discussions in the literature have focused on the corcept of
concurrent product development or simultaneous engineering. We are
looking for a system that acts more like a rugby team than a relay team,
passing the ball within the team, often backwards as a sacrifice to achieve the
ultimate team goall. In theory, concurrent engineering will allow firms to
satisfy these "design imperatives" for future success:

¢ Be quick and responsive in the design of products;

1 Evans, BillDesign Management: A Handbook of Issues and Methods edited by Mark Oakley,
Chapter 41,Basil Blackwell , Oxford, 1990.
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e Do so with high development productivity; and
¢ Provide products with distinction and integrity.2

While these analogies and descriptive phrases do summon us to a new
way of operating in the product and process development environment,
there is much confusion and misunderstanding among the "experts" as to
what the phrase "concurrent development” really means. For instance, some
define concurrent development from more of a traditional functional
viewpoint, such as Poli and Graves, who defined concurrent engineering as
“a design process which is able to combine the concerns of marketing,
engineering, manufacturing and field service into one integrated
procedure"3.

Others, such as Donald Smith (Ford Motor Company), believe there is a
difference between the terms. "Concurrent engineering means [design] occurs
at the same time with two groups in communication. Simultaneous
engineering means groups actually do it together." Finally, others seem to
combine the need for functional groups working together with the need to
simplify the design process in general and de¢ away with much of the
systematic contro! currently on the designers, such as in the Lockheed Skunk
WorksS .

The best descriptions of concurrent product and process development get
to the essence of cross-functional thinking and multi-directional information
flow. For instance, in a recent book by James Nevins and Daniel Whitney of

Draper Laboratories concurrent is described as "That the design of the product

2 Wheelwright, Steven and Kim Clark, Revolutionizing Product Development , The Free Press,
New York, 1992, pg. 5.

3 Poli, Corrado and Robert Graves, "Return Your Competitive Edge With Concurrent
Engineering”, Controls & Systems, April 1992, pp. 28-31.

4 Cook, Brian M., "Design Gets a Face Lift", Industry Week, Ncvember 18, 1991, pp. 46-50.

5 Vasilash,Gary S., "How Your Team Can Fly as High as An SR-71", Production, February
1992, pp. 62-66.
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and its manufacturing system are carried out more or less simultaneously"s.

Another author discussed the topic this way, "Concurrent engineering
requires multi-directional information flow. versus the unidirectional flow
associated with the traditional sequential engineering approach."?
Therefore, the term "concurrent” does not fully define the new mindset
necessary for world class product and process development. The new
development paradigm must place production of a product, the customer's
use of the product, and the business strategy of the enterprise foremost in the
minds of designers. Japanese have revolutionized shipbuilding using the
philosophy that design is a subset of production.8 Once the functional
characteristics have been determined, the rest of the design is determined by
how it will be built?. I will keep the term concurrent development, but
expand its definition to truly capture the critical success factors for any large

scale product development project.

3.3 Expanded Concept of Concurrent Development
The definition of "Concurrent Development" above is not inclusive of
all aspects of this powerful philosophy. The definition should be expanded to
encompass three distinct and important concepts:
e Concurrency of Development
¢ Design Consensus-Building; and

» Integration.

6 Nevins, James and Daniel Whitney et. al.,Concurrent Design of Products and Processes: A
Strategy for the Next Generation in Manufacturing, McGraw-Hill, New York, 1989, pg 14.
7 Creese, Robert C. and L. Ted Moore, "Cost Modeling for Concurrent Engineering”, Cost
Engineering, June 1990. pg 23.

8 Nevins, James and Daniel Whitney et. al.,Concurrent Design of Products and Processes: A
Strategy for the Next Generation in Manufacturing, McGraw-Hill, New York, 1989, pg. 61.

9 Ibid.
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When developing a product as complex as an airplane, designing integral
systems, components, and manufacturing processes at the same time is not
enough to provide a product which will meet all customer and strategic

requirements.

Concurrency of Development

The time it takes to get a new product from concept to market has been
shown to be a critical part of the product's ultimate success.1® Based on an
economic model developed by Preston Smith and Donald Reinertsen,
technology products coming to market six months late, but within budget,
will have the same negative profit impact over five years as a product out on
time, but 50% over budget.l! The result is simple, time matters in product
development.

It only makes sense that work done by engineers at the same time, rather
than sequentially, will reduce the total time necessary for product |
development. However, a key to success using this new approach is the
minimization of rework or iterative cycles between design groups. Because of
the need for design consensus-building and integration, concurrency itself is

not sufficient to make major changes in product development.

Design Concerns and Consensus
Equal "representation” of all constituencies during the initial stages of
the design process is critical to its ultimate success. During this period of

design discovery, many ideas, concerns, and concepts are discussed, analyzed

10 Blackbum, Joseph, Time Based Competition - The Next Battle Ground in American
Manufacturing,, Business One Irwin, 1991, pp. 3-11.

11 Smith, Preston and Donald Reinertsen, Developing Products in Half the Time, Van Nostrand -
Reinhold, New York, 1991, Pg. 40.
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and subsequently incorporated or discarded. Each disciplines bring specific
requirements and historic knowledge to the table. Everyone has an opinion.

Early in the design process, these constituencies should be heard in an
unfettered discussion of concepts and proposals. Team processes such as
brainstorming will help the team reach a final solution. All positions are
included in the discussion, but not all are satisfied completely.

While discussion about the issues surrounding a design are critical,
coming to a consensus which meets the global objectives of the company is
even more important. As is often quoted at Boeing, "Design of an airplane is
a compromise.” Figure 3.2 shows a popular cartocn at Boeing depicting the
views of design from different perspectives. If the aerodynamics group were
to design it, the airplane would appear as a large airfoil. Fuselage designers
would prefer a boxy with little or no wing. Stress engineers would like a the
equivalent of a structural beam. Finally, production engineers would most
likely want the simplest design possible.

Of course, what engineers want in a design is not the most important
factor. Instead, the plethora of constituents, such as the FAA and the various
faces of the customer (operations, finance, ground maintenance), are often the
determining factor in the final design. All concerns and desires of all the
representatives can not be met, a compromise is reached. The act of
development becomes a juggling act (Figure 3.3), not resulting in a true
compromise, but in a synergistic, integrated system meeting all essential
safety of flight requirements, as many customer requirements as pessible, as
well as mitigating as many issues and concerns among the constituencies as
possible. The end product will not be optimum from the standpoint of any

one group, but the product will be the best possible design for the company
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Figure 3.2

DREAM AIRPLANES

. A completed airplane in many

v Ways is 2 compromise of the know-

w ledge, experience and desires of the

I many engineers that make up the
various designand production groups
of an airplane company.

WEIGHT GROUP

It is only being human to under-
stand why the engineers of the vari-
ous groups feel that their part in the
design of an airplane is of greater
importance and that the headaches
in designare due to the requirements
of the other less important groups.

This cartoon’Dream Airplanes’’ \
by Mr. C. W, Miller, design engineer, LOFT GROUP
indicates what might happen if sach
design or production group were al-
lowed to take it3elf too seriously.

EMPENNAGE GROUP
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and customer as a whole. In short, the goal of the development team should
be to move toward the global optimum.

Sequential design processes only went a portion of the way toward
discussion of design concerns early in the development process. Downstream
organizations from the "prime" design group seldom had a voice. Design by
consensus was unthinkable. By utilizing "drawing sign-offs" by the various
downstream disciplines, designs provided by the prime design group could be
effectively vetoed until changes were made. However, design input by most
constituencies was too late to shape the design during the important
conceptual period.

A team approach to concurrent development seems to bring "equal
representation” to the design. While each discipline is responsible only for its
portion of the design, discussions must take place early in the process.
Concerns are voiced regarding past problems. Issues are raised about the
feasibility of the concurrently derived configuration. Finally, a design results
which does not reflect only the prime design group's ideas but includes the
spirit of all comments made during the development period.

While a development process for products as large and complex as an
airplane must maintain a high level of design consensus-building, there
must be caution in how far the development process goes toward integrating
different disciplines. Integration of product and process designs are critical for
the success of the concurrent approach to product development. However,
approaches based on autonomous work teams (e.g. Lockheed Skunk Works)
could lead to a situation where stronger disciplines move the entire team in
the wrong direction (the "groupthink” phenomena described by Irving

Janis!2). For instance, without a balance of power and design consensus-

12 janis, Irving, “Groupthink", Psychology Today, 1971.
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building, an airplane design team might produce a design that optimizes the
fabrication of the component, but increases the assembly and reduces the

quality of the assembled product.

Integration

Integration of the design becomes the critical aspect of the development
process. All components, systems, and manufacturing processes must be
brought together prior tc production (integrated) to ensure the success of the
product. Completing the design of product and process at the same time is
important, but without a continual intermixing of information and
integration of designs and plans, the global optimum may not be reached.

What is meant by "integration” in this paper is the interlinking,
experimentation, feedback, and correction necessary for two groups to know
that the design of each component, as well as the whole, meet agreed-upon
requirements. It is not enough to design a component which meets
requirements, the system (and interactions within the system) in which it fits
must meet the global objectives.

Integration does not occur simply through design consensus-building.
This author takes a more forceful view of design integration; only a
disciplined process of intertwining product and process concepts and
geometric data can result in true integration. A designer must:

e Understand how mating components fit with his/her design;

e Determine the interactions from dynamic components; and

o Gauge the impact of the process design on the product.
A period of discussion and consensus-building is probable to accomplish
integration, but specific steps must be taken to gain the information necessary

to determine if the product will work using the as-designed process, per the
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current product design. The assembly is “built" (in the computer) even before
it reaches production. Problems with incompatibility are solved long before
tools or parts are fabricated or the design finalized.

While technical analysis of individual components or subsystems is an
important part of today's engineering discipline, there are few tools which
allow engineers from different disciplines to examine the system as a whole.
Technical analysis tools are needed to enable the integration of product and
process design as described above. In addition, a product development
methodology which utilizes a more disciplined approach to project
management could bring about the required integration by integrating the
development activities themselves. Later I will propose new models and

technical tools for accomplishing this design integration.

3.4  Product Development at Boeing

The design of the 777 has brought about many changes at Boeing
regarding the development of new aircraft. However, there continues to be a
great deal of room for improvement in the processes used. Development
initiatives, such as the "design build teams (DBTs) and the "concurrent
product definition" provided an enhanced opportunity for design consensus-
building and concurrency, but had limited success in moving the company
toward true integration. In the following chapters I hope to develop a new
way of looking at the design of an airplane and outline how the company can
move toward an effective balance between each of these important elements

of concurrent development.
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4. Proposed Mecdel for Product and Process Development

41  Focus on Integration

Concurrent design and consensus-building are not enough. The next
models of product and process development must focus on integration;
integration of product design disciplines, integration of product and process
design, and integration of the requirements driving the entire development
project.

A model will be described in this chapter which will attempt to build
upon the concurrent development model (i.e. Boeing 777 Design/Build
Process) to provide a development process that is both integrated and
concurrent. This new model must move past the paradigm of
compartmentalized design disciplines, which limits the current framework.
However, consensus-building regarding the aspects ‘of design must also be

accomplished.

42 Interface Information

While the 777 program was a paradigm shift for the company in the use
of concurrent development, the basic assumptions of how design
information is disseminated among all constituencies have not changed since
Boeing's first airplanes. Concepts and preliminary drawings were discussed
by design engineers in the design build teams to elicit comments. Yet, the
<ritical dimensions and interface points on the design, which impact groups
designing systems, tooling, customer services, and fabrication, were not
“frozen"” until the end cf a designated design stage. Therefore, large packages
of frozen geometry were passed downstream at one time, a situation common

in the sequential model of concurrent development.
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Using a manufacturing analogy, the data are batched in large quantities
and sent to the next step. An alternative analogy would be a pull or just-in-
time (JIT) system.! A pull system approach would require the transfer of
much smaller batches or discrete bits of design information.to groups who
need the information in formulating their design. It would also require the
freezing of small portions of the design as the design evolves.

An example of the types of interface information necessary to complete
even a simple product and process design is shown in Figure 4.1. In the
example, information shared in order to design brackets used to install tubes
or ducts for one of the airplanes support systems (e.g. hydraulic system). On
the 777 program, the systems design group has responsibility for designing the
system, but a structures design group has responsibility for including systems
bracketry into the structures design. Therefore, the exchange of timely,
accurate information becomes critical if both groups are to be "on schedule".

What information is needed? For the structures designers to design
brackets, do they need a complete systems design? No; functional intent and
approximate location of brackets are the only data needed at the early stages of
the design. Do the loads engineers need a completed design to estimate the
structural loads necessary for the bracket and the supporting structure? No;
only an estimate of the total load carried by the bracket is necessary to estimate
the total structural loads exerted on the entire structure.

A designer's first inclination is to pass on only completed designs. Yet in
many cases (as in the case in Figure 4.1) there is no reason to pass on the

entire design. The transfer of specific bits of information (interface

1 Blackburn, Joseph,Time-Based Competition: Tke Next Battle Ground in American
Manufacturing, Irwin, Homewood, IL 1991, pg. 148 -152.
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information) should be accomplished just in time for the next group to do
their job. Thus, a pull information system is born.

It is important to note that product concepts and partially completed
designs should still be shared among all team members "early and often".
However, the bits of information which are critical to the next stages should
be complete and frozen before passing them down the line.

Concentration on interface information requirements will make the job
of scheduling the activities of development more complex. However, by
passing specific bits of information, rather than scheduling cnly larger
completed packages of information, the firm can ensure that designers are
completing tasks only as information is needed; not before. For many of the
same reasons small production batches reduce costs, concentrating on smaller
bits of information transfer will:

* Reduce development costs by postponing completion of unneeded
information until a later time;

® Reduce rework costs by benefiting from immediate feedback on
small batches, rather than finding problems impacting larger
batches;

® Reduce total time for development by focusing the designers on
smaller bits of information, rather than getting lost in large product
designs; and

* Provide for a more flexible product and process design since large
batches of information will not have to be changed if requirements
change mid-way through design.

The concept of interface information impacts the development process
in several ways. First, it requires a new kind of integrated schedule; one

which schedules both high level design events and discrete information
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exchanges between groups. Second, the data exchanged at each point in the
process must be "frozen" with respect to the final design. Changes to
information, such as locations, materials, and loads, will occur only with
coordination and discussion with effected groups. Third, the concept of data
processing by designers and design teams must change to handle small bits of
information, yet allow integration at every step. Finally, CAD-based
development tools must be available that allow this integration on a smaller
scale and without much effort. Each of these areas are addressed in more

detail below.

4.3  Integrated Schedule - Pull System for Interface Information

While a pull manufacturing system is aiso an appropriate concept for the
transfer of information within a design process, the creative or intellectual
nature of the design process requires some sort of integrated scheduile to
trigger requirements for interface information between groups. A truly
integrated schedule for the entire airpiane design would require the tracking
of millions of bits of information transferred between groups as part of the
design process.

As an alternative to this enormous scheduling task, integrated
scheduling can be accomplished at different levels, with the intent of passing
more of the responsibility for schedules and compliance tracking to the lowest
level possible. The "levels” of the schedule would include:

¢ Program schedule level which outlines each high-level design stage
and schedules major milestones for the entire airplane
development project;

* Design build team level which requires an integrated schedule of

major tasks associated with one portion of the airplane decign; and
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e DBT subteam level where engineers work intimately as a group to
concurrently complete multiple tasks when interface requirements

are tightly coupled between a few designers.

Program Schedule

Design Build Team
fﬂ‘mm@m-kn’n.‘m\n‘wﬂ(‘hfm- oo M‘q\

H

DBT Subteam

£
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Program Schedule Level

The "Concurrent Product Dafinition” process used on the 777 provides
the framework necessary for an effective program schedule. Schedule
discipline at the program level is critical to achieving a final product on time.
The design stages and major milestones utilized on the 777 program provide
this discipline. A standard gantt (or milestone) chart is the appropriate tool to

use for this level of scheduling.

Design Build Team Level

Responsibility for the design of a specific portion of the airplane is vested
in the design build team (DBT). Major milestones at the program schedule
level determine when end products from the team are required. However,
the internal workings of the DBT, thus the internal requirements for
information, are the responsibility of the members and leadership of the DBT.
Interface requirements beiween DBTs can be negotiated based on the

program-wide schedule.

56



A framework for dealing with the organization of complex design
projects was described by Eppinger and Whitney, et. al. during a recent
conference.2 The design structure matrix is a tool to identify precedence
relationships between a large number of specific design tasks and information
requirements. The matrix below identifies a list of tasks (A to H) as column
headers. If another task must be complete in order to finish the task in
question, an X marks the column-row intersection. For instance, in the
example matrix, in order to complete task C, task A must be completed.
Marks in the upper right diagonal of the matrix represent precedence
requirements. The left diagonal represent tasks which can be accomplished in
parallel. Less significant (or secondary) precedence relationships can be
indicated on the matrix by replacing the X with a number corresponding to a
level of strength. Level 0 represents the strongest precendence relationship.

Design Structure Matrix

ABCDEFGH

AlX X

B X

C X X

D X XX

E X X X
F X X

G X X
H| X X X

The techniques presented by Eppinger, et. al. help reorder the tasks to
provide a more organized design sequence. This process of partitioning

allows the designer to understand the critical path (the tasks along the

2 Eppinger, Steven D., Daniel E. Whitney, Robert B. Smith, and David A. Gebala, "Organizing
the Tasks in Complex Design Projects"”, Proccedings, ASME 2nd Internationai Conference on
Design Theory and Methodology, Chicago, IL, September 16-19, 1990, pg. 3946
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diagonal) and the tasks that should be coupled (concurrently completing
tasks).

Design Structure Matrix
Partitioned to Couple Simultaneous Activities

BCAFEDHG

B [X
c [x]x

Al XX

F|X X]

E X X X
D X X X
H X X X
G (X X

Design build teams could use the design structure matrix to identify,
sequence, and group the tasks required to complete the design according to
the master program schedule. After defining the specific pieces of
information required, the DBT documents the precedence relationships
between the interface information requirements and tasks to be completed
within the team. Next, the team partitions the original design structure
matrix to reorder the tasks and group tasks that are closely coupled. Finally,
the DBT establishes a critical-path driven schedule from the diagonal
elements of the matrix and assigns subteams of engineers to work together to
complete the closely coupled tasks, as described in the next section of this
document.

Often, information requirements come from outside the established
DBT. In this case, negotiation to develop a mutually beneficial schedule is
appropriate. When tasks or information requirements between DBTs are

shown to be closely coupled, representatives from each DBT should be



assigned to a DBT subteam to complete the task, thus supporting the critical
path for both DBTs.

DBT Subteam Level

Whenever a collection of information requirements or tasks are closely
coupled, a subteam should be assigned to complete each of the requirements.
Since information passing and iteration are critical in these cases, bringing the
subteam together full-time in one location will greatly facilitate the
completion of the tasks. Design in these circumstances can be very informal
because all the critical "players" are part of the subteam. Formality in design
documentation and distribution resumes when the subteam's tasks are
complete. Scheduling is based on a endpoint schedule requirement, just
meeting the DBT main team critical path. Within the subteam, the
information transfer is strictly a pull system; members will receive the
information just when it is needed.

tesennn

Figure 4.2 depicts these three levels of scheduling, along with the
crganization structure and scheduling tools used to accomplish the overall
scheduling function. Below is a specific example, using the brackets described
in Figure 4.1, which illustrates the concepts of design task structuring and
integrated scheduling.
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Figure 4.2: "Levels" of scheduling for product development.

"R

Program Schedule
Major milestones and design stages are defined
and scheduled by program management.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Initial Concept  Configuration Design Product
Concepts  Development Development Development Definition

v, e

Tasks necessary to complete a given
stage are assigned to a design build team
according to portion of the airplane.

Design Build Team
Responsible for an integrated schedule
of tasks based on precedence relationskips.

BCAFEDHG

B |X
CIX X . ..
A X A de51g1.\ structure matrix is
Flx X used to illusirate the tasks to
be completed by the team.
E XX X The diagonal elements of this
D X X X paritioned matrix are scheduled
H X X X events within the team.
G

DBT Subteam
Information sharing
at the design level to
accomplish coupled tasks
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Example of Integrated Scheduling

The brackets used to hold systems in place provide an excellent example
of the kind of coupled design decision-making and interface information
requirements asscciated with a complex product. Several steps in the process
have been left out for clarity. A step-wise approach to scheduling this task is
outlined below.

Creating a Integrated Design Schedule - Bracket Example

1. A high level requirement for the design and analysis of systems
brackets is identified by program management and a required date of
completion is applied. The scheduled completion date is determined
by an overall critical path program and tracked using traditional
milestone scheduling tools. (Program Management)

2. Once the task assignment is received by the design build team, all
major subtasks associated with the completion of systems bracket
design are listed with an approximate sequential order. The list for the
bracket example is found in Figure 4.3. (Design Build Team)

Figure 4.3: Major Design Subtasks for Bracket Design

Design Task: Design Systems Brackets

Subtasks (interface information)

A Location and size of H Approximate size and material

bracket (Systems Design) of brackets (Structures Design)
p Loads required for Approximate weight of the
. I _
bracket (Systems Design) brackets (Weights)
c Systems layout with b_racket Attachment method,
location (Systems Design) ] size and location
(Structures Design)

p Design of the bracket related

to system (Structures Design) Feedback regarding bracket

E Structural loads analysis with K design (Structures Mfg. Eng.)

bracket (Structures Design)
: Tool index concept and
Structural loads calculation L
F' with bracket (Loads) tool order (Structures Mfg. Eng.)§
: Feedback and toolin
 Feedback regarding systems M concepts (Tooling) 8

layout (Systems Mfg. Eng.)

w
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3. Precedence relationships are determined for each of the team level
tasks. For instance, the approximate size and material used for
the bracket cannot be determined until the bracket itself has been
designed. Further more, in order to determine the weight of the
bracket, the approximate size and material used must be determined.
Secondary precedence relationships (information requirements which
are desirable but not manditory) are also identifed. For instance, in
order to design the tooling concept for locating the brackets, the
approximate weight of the brackets would be nice, but not essential for
the design. (Design Build Team)

4. The informztion gernerated in the last two steps is entered in a matrix
format with predecence relationships identified with an X. Secondary
relationships are indicated with a numeral 1. Figure 4.4 shows the
initial design structure matrix (DSM) for the brackets example. (Design
Build Team)

5. The matrix is manipulated using the DSM methodology in an
attempt to obtain a lower triangular form. Figure 4.5 shows a
rearranged matrix for the bracket example. Matrix manipulation was
completed using a software package developed by Professor Don
Steward, inventer of the DSM methodology. 3 (Design Build
Team)

5. If a perfect lower triangular matrix is possible, as is the case in this
example, tasks are "coupled”, therefore, they should be completed
simultaneously. Figure 4.6 shows the bracket example matrix with
boxes around coupled tasks indicating simultaneous design. The DSM
methodology would indicate possible groupings for the tasks such as

Option1: ABCD G H JE K F L M
An alterative to this precedence-driven sequence could be

Option2: ABCDGHIJE K F L M

The first alternative ignores some substantial information
relationships, while the second complicates the design tremendously
by coupling a large number of tasks. (Design Build Team)

6. Finally, coupled tasks can be assigned to subteams of engineers and
technical personnel repsonsible for each individual task. A precedent
relationship has been determined for the DBT as a whole, which in
turn determines the schedule for the entire design task. Internal
schedules can be formulated by the subteams in whatever manner

3 Steward, Donald V., DSS Software, California State University - Sacramento.
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Figure 4.4: Initial Design

for Brackets Example

A BCDETFGHI

Structure Matrix

] KL M

Location and size of
bracket (Systems Design)

X X 1

Loads required for
bracket (Systems Design)

Systems layout with bracket
location (Systems Design)

X

Design of the bracket reiated
to system (Structures Design)

Structural loads analysis with
bracket (Structures Design)

Structural loads calculation
with bracket (Loads)

Feedback regarding systems
layout (Systems Mfg. Eng.)

Approximate size and material
of brackets (Structures Design)

Approximate weight of the
brackets (Weights)

Attachment method, size and
location (Structures Design)

Feedback regarding bracket
design (Structures Mfg. Eng.)

Tool index concept and
tool order (Structures Mfg. Eng.)

Feedback and tooling

concepts (Tooling)




Figure 4.5: Rearranged Design Structure Matrix
for Brackets Example

A BCDAGHTIIJ]EI KTFLM

Location and size of

bracket (Systems Design) X X 1

Loads required for
bracket (Systems Design)

Systerns layout with bracket
location (Systems Design)

Design of the bracket reiated
to system (Structures Design)

Feedback regarding systems X
layout (Systems Mfg. Eng.)

Approximate size and material X X
of brackets (Structures Design)

Approximate weight of the X X
brackets (Weights)

Attachment method, size and
location (Structures Design)

Structural loads analysis with
bracket (Structures Design)

Feedback regarding bracket
design (Structures Mfg. Eng.)

Structural loads calculation
with bracket (Loads)

Tool index concept and
tool order (Structures Mfg. Eng,.) X X X 1 X X

Feedback and tooling
concepts (Tooling)




Figure 4.6: Coupled Design Structiire Matrix
for Brackets Example

Location and size of
bracket (Systems Design)

A B CDGHI

F

L

] E K

Loads required for
bracket (Systems Design)

Systems layout with bracket
location (Systems Design)

Design of the bracket related
to system (Structures Design)

Feedback regarding systems
layout (Systems Mfg. Eng.)

Approximate size and material §
of brackets (Structures Design)

Approximate weight of the
brackets (Weights)

Attachment method, size and
location (Structures Design)

Structural loads analysis with
bracket (Structures Design)

Feedback regarding bracket
design (Swructures Mfg. Eng.)

Structural loads calculation
with bracket (Loads)

Tool index concept and
tool order (Structures Mfg. Eng.)

Feedback and tooling
concepts (Tooling)

Legend: ‘Option 1 qution 2
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desired. Figure 4.7 below depicts the precedence network required to
design the brackets. (Design Build Team)

Figure 4.7 Precendence Network for Bracket Design

es B Te
DBT Subteam \

Integrated Schedule

The bracket example shows the complexities of even simplified interface
information scenarios. However, by segregating the levels (or tiers) of
scheduling, an "integrated” schedule does result. The details of the
information transferral between engineers in coupled tasks will be scheduled
within a very small subteam structure. An overall precedent schedule for
tasks associated with a major design will determined by the DBT. Finaliy, a
schedule of development events to the design task level (i.e. "design system
brackets") can be developed and tracked at the program management level.

The discipline of the design structure matrix makes this delegation of
detail scheduling responsibility to the DBTs possible. Without a structured
approach, the schedule at even the DBT level would be untenable. With
these tools, the integration of both simultaneous and sequential tasks can be

accomplished.



44  Evolving Design - Partial Freeze Concept

In order for an integrated schedule of interface information to be
effective, another concept must be adopted; the concept of partial design
freeze. Traditionally, the design of a product will be frozen at various points
in time in order for interfacing groups to evaluate the design. In the case of
the 777, these points of design freeze took place at the end of each design stage.
As discussed in Chapter 2, information about the design was shared in the
DBTs, but the majority of the design sharing and interface took place during
the design freeze period. Once frozen, the designs at a certain level of detail
could be changed by the design group responsible during later stages. Design
freeze meant only that no additional changes could be made during the freeze
period.

The new integrated model for product and process development must
provide a different discipline to the system. Now, design freeze means that
the aspect of the design frozen cannot be changed without re-coordination by
all impacted engineering groups. However, rather than freezing the entire
design (or as much as is complete at the end of a stage), only critical portions
of the design are frozen. Again, using the design of systems brackets as an
example, the basic bits of information passed from group to group would be
frozen once transferred. That is, once the structures design group was able to
determine the relative size and material used to fabricate the bracket and
passed it on to the weight engineering group, that information will be frozen.
Changes at later stages of the design can be made, but only with coordination
and discussion.

At the point in time that the size and material are determined, no other
details of the design are frozen, just those which are being passed onto other

groups. Design information such as critical dimensions, materials, location

67



points for surfaces, volume requirements, and fastening methods can be
frozen without freezing the actual geometry. Therefore, the design evolves as
more and more of the this type of information about the design is frozen.
Figure 4.8 shows the variety of design elements which could be frozen early
in the design.

The gated approach to design evolution is still appropriate even with
partial design freeze. Now the design stages can be used as periods where
concepts for the final design can be evaluated by the entire development
organization. At the same time, elements of design already frozen will be
included and double-checked during the freeze period. Integration of product
and process can take place during these periods, and adiustments can be made

in plans for the final design.

4.5 PDCA Cycle in Development
The Plan-Do-Check-Action cycle has been a primary tool for quality
improvement activities for many years. First popularized in Japan, the PDCA

cycle is a simple, yet powerful, model for problem-solving. 4

Do
/ \
Plan Check
N

In problem-solving contexts, the PDCA cycle provides a mental

framework for accomplishing the task, while ensuring a quality result. One

4 Ghiba, Shoji, Total Quality Management, Classnotes, MIT, Cambridge, Tuly 30. 1991.
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of the key steps in the process is the "check" step. In this step, the initial
solution, or the initial design in our case, is checked to make sure that it

functions as expected and solves the problem. In the case of product or

process design, integration with other portions of the design will take place at

this point. Figure 4.9 shows generalized steps taken by a designer or a DBT for

each PDCA cycle during the period of development.

Figure 4.9
PDCA Cycle Used in Product / Process Design
f
Do
* Build on current design of
product, process, facilities etc.
* Interface with key team members
incorporate improvements in design
Plan \I Check
* Define system, customer « DPA interface checks
and strategic requirements e Simulation of new process
* Identify alternative design o Does it meet customer
choices \ Requirements?
Act
* Finalized design
e Establish next steps
for the team
\\

y

Each time a team receives a bit of interface information from another

team, an action is begun to complete the design task. I suggest that applying

the PDCA concept to these periods of development will provide integration at

every step in the process. Prior to releasing a frozen design element to the

another design group, the PDCA cycle ensures that it meets predetermined

customer requirements, is integrated with interfacing product or process
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designs, and provides all the information necessary for the next stages of the
process. Quality and integration of design is built into the process at each

discrete step of the design, not just "assured"” at each stage.

46 PDCA Model for Design Development

The proposed PDCA model would incorporate several of the concepts
discussed in this chapter, as well as many of the processes currently in place
on the 777, including:

o Integrated schedule based on interface information requirements
between design groups;

o Evolving design freeze concept, with the ability to freeze critical
attributes within the data model;

¢ Use of the PDCA cycle for each bit of interface information received
and processed during a design iteration;

e Customer requirements used to drive the design;

e Team-based design concept;

o Periods of complete design freeze for large scale efforts of
integration, such as the design stage reviews on the 777; and

e Computer-aided design tools used to accomplish the design
integration of the product and process.

Where as the current design build process for the 777 was a parallel
process with periods of integration (as shown in Figure 2.2), the proposed
PDCA model would be an integrated approach to concurrent development.
The PDCA model is more accurately depicted as a spiral representing the
continuing integration and evolution of the design. Figure 4.10 shows this
"spiral of quality” along with the periods of full scale integration necessary for

project monitoring and control.

71



u31s3(]
$$3001]
pue
PNpoi]

72

syuswalinbay] uoneuriojuy aoejranuy Sutdysneg Aq uoneidsiug

sjuawaIinbay] uorjewIoyuy IdeJIAU] UO paseg
$S3201J uonIuiya(g usisa(q pajerdajug
0Ly 3m3yg



4.7 Cemputer-Aided Integration of Product and Process Design

An organization's ability to integrate all aspects of product and process ]
design early, and often, is a key element to the true promise of concurrent
development; to bring high quality products to the market quickly.
Application of CAD has changed the complexion of integration and opening .
up new frontiers for improving the development process. It has become an
enabler for the magnitude of information required by the model suggested

above.
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