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ABSTRACT

The Manufacturing System Design Decomposition (MSDD) has been identified by the Lean
Aerospace Initiative and aerospace industry members as a possible tool for guiding the
development of future manufacturing systems. Industry members however, have had
reservations that the MSDD does not fully address the unique needs of the aerospace industry.
This thesis presents the development of a new Aerospace Manufacturing System Design
Decomposition (AMSDD) and illustrates how the AMSDD can be used as a tool to design and
evaluate aerospace manufacturing systems.

First, the MSDD is presented and the decomposition approach is explained. Results are then
presented from a series of visits to aerospace manufacturing facilities. These visits were used to
collect feedback from industry members regarding the applicability of the MSDD to each site.
The feedback from all of the sites is analyzed to determine whether sections of the MSDD should
be modified, left alone, or expanded upon. The AMSDD is developed using this industry
feedback. Additions to the AMSDD include a new top-level corporate goal and two new
sections, Continuous Improvement and Product Design. The new top-level goal is to increase
shareholder value by increasing the net present value of the company. The new sections result
from industry comments stressing the importance of feedback and product design in a
manufacturing system.

Finally, the AMSDD is used to develop an Aerospace Manufacturing System Design Evaluation
Tool. The purpose of this tool is to provide the aerospace industry with a way to evaluate current
manufacturing system designs and highlight ways to improve these designs. The Eval Tool is
then used to evaluate three manufacturing system designs and suggest ways that military
procurement policies may have affected these designs. The goal of this analysis is to illustrate
how the Eval Tool can also be used to identify procurement policy changes necessary to improve
the design of military aerospace manufacturing systems.

Thesis Supervisor: David S. Cochran
Title: Assistant Professor of Mechanical Engineering
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Executive Summary
The Manufacturing System Design Decomposition (MSDD) decomposes the top-level goal of a
company into lower-level requirements and design solutions. This decomposition process results
in a generalized manufacturing system design. The generic manufacturing system design
represented by the MSDD is intended to apply to manufacturing systems in a broad range of
industries, rather than to a specific manufacturing system. The MSDD represents relationships
that exist in any manufacturing system. These relationships affect production quality, throughput
time, cost, and production investment.

When the MSDD was presented to the aerospace industry, many people expressed great interest
in its implications for the industry. The MSDD was received as a possible new tool that could be
used for developing future aerospace manufacturing systems. The MSDD was also viewed as a
tool that could be used to understand the impact of military procurement policies on the design of
aerospace manufacturing systems. While members of the aerospace industry believed that the
MSDD approach was a valuable one, there was concern that a model developed from the
automotive industry could not be applied to aerospace manufacturing. In response to these
concerns, a research project was undertaken to develop an Aerospace Manufacturing System
Design Decomposition (AMSDD). The author's hypothesis was that the resulting AMSDD
would be very similar to the original MSDD.

The AMSDD was developed through extensive research at six aerospace manufacturing sites.
The MSDD was used as the basis for the research and provided a framework for data collection.
Structured interviews took place at aerospace manufacturing facilities producing products that
included military and commercial aircraft, space launch vehicles, satellites, and electronic
systems. In order to capture multiple perspectives, interviewees included multiple engineers and
managers from each organization that was visited.

This research has resulted in several additions to the AMSDD, but the author argues that the
original hypothesis has been proven true. The new additions presented in the AMSDD have not
changed significantly the content of the original MSDD. Instead, the AMSDD has added
sections to address needs of the aerospace industry that had not been explicitly addressed by the
MSDD. Development of the AMSDD has built upon the existing MSDD and did not require a
complete reconstruction.

The close similarities between the MSDD and the AMSDD show that many of the challenges
faced by the aerospace industry are shared by the automotive and consumer products industries
for which the MSDD was originally developed. In other words, many of the manufacturing
system design issues that must be addressed by the aerospace industry are common to other
industries with repetitive, discrete part manufacturing. Many aerospace industry members had
doubted the applicability of the MSDD because of the higher volumes associated with the
automotive and consumer products industries. The similarity of the AMSDD and MSDD
illustrates that the manufacturing system design relationships within these manufacturing
systems are independent of volume.
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The changes that were made to the AMSDD as a result of aerospace industry feedback are not
necessarily unique to the aerospace industry. This commonality further supports the claim that
the manufacturing system design relationships that exist in the aerospace industry are common to
other industries. The new concepts that were added at the suggestion of aerospace industry
members, however, do reveal a focus on different manufacturing issues between the aerospace
industry and automotive or consumer product industries. The impact of product design on
manufacturing system design was consistently pointed to as missing from the MSDD. The
impact of product design on manufacturing system design is very important to the automotive
industry. A couple of possible reasons that this omission has gone largely unnoticed by the
higher volume industries, but not the aerospace industry, are that:

* In many of the higher volume industries, tens of thousands of the exact same product are
produced between design changes. These high-repetition production runs may allow
manufacturing engineers to spend more of their time fine-tuning manufacturing processes,
rather than readjusting equipment and process plans to accommodate design changes.

* In the aerospace industry, on the other hand, production volumes may be a single unit for
highly customized products or several hundred units for relatively high-volume products.
Aerospace manufacturing engineers, therefore, may spend a considerably higher percentage
of their time determining how to manufacture new products and implementing design
changes to existing products.

Most of the aerospace industry members who were interviewed were interested in learning
improved manufacturing methods from other industries. Some of these engineers and managers
were critical of the aerospace industry for not improving its manufacturing system designs and
for making too many excuses why these manufacturing systems couldn't be improved. The
feeling among these interviewees was that the aerospace industry could use the MSDD to design
manufacturing systems if the industry was willing to discipline itself. One plant manager
explained that the manufacturing system at his plant had evolved over time. He said that the
system is designed as though it had been extrapolated from a small engineering project into a
company. He suggested that the MSDD could be a useful tool for guiding the design of
aerospace manufacturing systems. On the other hand, some industry members questioned the
value of focusing on manufacturing system design, which they cited as only 10 percent of the
total cost of a program. They believed that their efforts would be better spent on other areas in
the company, such as overhead reduction and improving product design. Other industry
members, however, countered this argument by saying that improving the manufacturing system
would drive other improvements within the company.

Some aerospace industry members may initially question how well the AMSDD applies to the
entire industry, because a large number of the sites visited were in the space sector. The actual
breakdown was half aircraft and half space sector sites. At these sites, some electronics
assembly work was observed. No sites from the engine sector were visited for this research.
Nonetheless, it is assumed that the AMSDD developed in this thesis is applicable to all sectors of
the aerospace industry. This assumption is based upon the fact that the AMSDD and the MSDD,
although developed for very different industries, are very similar. Sectors within the aerospace
industry vary widely, but it is arguable that the space sector is the least similar to the industries
used for the original MSDD. The space sector frequently produces custom designed products
and may experience multiple design changes during the production of a single product design.
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Therefore, if the AMSDD can be applied to the space sector, it is likely that the AMSDD applies
to the entire aerospace industry.

The sample analysis of three space sector manufacturing systems, using the Eval Tool developed
in this thesis, revealed that the manufacturing system of Plant C corresponded to the AMSDD
much closer than the manufacturing systems of the other two sites did. The key difference
between Plant C and the other plants was that Plant C was designed primarily for its commercial
business. The products at all three plants are sold to both military and commercial customers, so
Plant C, along with the other sites, received military funding for tooling and had to conform to
military procurement policies. When designing its manufacturing system, however, Plant C
invested a large amount of its own capital to lay out the entire factory to minimize transportation.
Plant C also designed manufacturing processes to enable the product to be paced according to
takt time. By designing the entire manufacturing system, instead of focusing solely on individual
processes, Plant C was able to better satisfy the functional requirements of the AMSDD. This
result suggests two important implications for military procurement policies:

* First, the military should be more actively concerned about the actual manufacturing system
with which its products are produced and how that system is designed.

* Second, for purely military programs, following the AMSDD may require significant
changes to military procurement policies. Plant C was able to justify the risk of investing its
own capital to design the overall manufacturing system, because of the profit expected from
the commercial business. In a purely military program, the government must be more willing
to share in potential risks as well as benefits of cost saving programs. A company is not
likely to invest its own capital into manufacturing system improvements if the benefits are
absorbed by the government during the next procurement cycle.

There are several strengths and weaknesses associated with using an Axiomatic Design approach
to manufacturing system design. The Aerospace Manufacturing System Design Decomposition
provides a way to see and understand how specific shop floor practices contribute to achieving
the top-level goals of a company. The AMSDD also reveals the interrelationships between
practices within a manufacturing system. A weakness of the AMSDD is that it is not an
implementation methodology. It is not possible to use the AMSDD as an ordered set of steps to
follow when designing a manufacturing system. Another weakness is that the AMSDD may
initially be non-intuitive and intimidating. Manufacturing system designers must make an effort
to understand the Axiomatic Design methodology and to be able to understand the AMSDD.

The Eval Tool developed in this thesis is best suited for use by a company that is attempting to
use the AMSDD to guide the development of its manufacturing system. The key to using the
Eval Tool is to understand the tool's relationship to the AMSDD. When the Eval Tool is used to
identify weaknesses in a company's manufacturing system, the company should refer back to the
AMSDD to understand the interrelationships that affect the deficient areas. Efforts should then
be applied to improve all of the practices that affect the categories that the Eval Tool identified
as needing improvement. A company is unlikely to succeed at improving its performance if
improvement attempts focus solely on the individual categories that score poorly.
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Introduction

Chapter 1 Introduction

1.1 Motivation

This thesis addresses the need for companies in the aerospace industry to develop new

manufacturing systems from a high-level systems perspective. Traditionally, the aerospace

industry has been driven by high product performance requirements. This history has resulted in

a strong product focus and subjugated many production issues to product concerns. For

example, continuous design upgrades and changes may result in a product having the most

modern capabilities available, but makes manufacturing very difficult. This thesis attempts to

illustrate the attributes of a manufacturing system design that considers the product-oriented

nature of the aerospace industry while addressing production issues from a high-level systems

perspective.

The research program undertaken for this thesis was developed as a collaborative effort between

the Lean Aerospace Initiative (LAI), and the Production System Design (PSD) Laboratory, both

at MIT. The LAI has focused its research on identifying best practices from "lean"

manufacturing that are applicable to the aerospace industry, as well as potential barriers to

implementation. [Wang, 1999] The PSD Laboratory has pursued approaches to manufacturing

system design based upon an Axiomatic Design methodology. [Suh, 1990; Cochran, 1994;

Cochran and Dobbs, 2000b] A prior research effort to apply Axiomatic Design to the aerospace

industry by the LAI and PSD Laboratory was presented in Andrew Wang's Master's Thesis

[1999] on the Design and Analysis ofProduction Systems in Aircraft Assembly. In his thesis,

Wang used an Axiomatic Design approach to develop a manufacturing system design

decomposition' that describes the current design of military aircraft production systems. This

research identified several barriers to implementing "lean" manufacturing practices and

1 In this thesis, the term decomposition refers to a process in which objectives are broken down into sub-objectives.
Satisfying all of a series of sub-objectives will ensure that the original objective is satisfied. The decomposition
process can be iterated as many times as necessary until objectives and sub-objectives can be easily understood by
the designer. In Axiomatic Design, decomposition refers to defining the Functional Requirements (FRs), i.e.
objectives, of a system and the Design Parameters (DPs), i.e. means, for achieving the FRs.
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contrasted the military manufacturing system against a Manufacturing System Design

Decomposition (MSDD) approach.

1.2 The Manufacturing System Design Decomposition

The Manufacturing System Design Decomposition (MSDD), originally called the Production

System Design Decomposition, was developed by the Production System Design Laboratory.

[Carrus and Cochran, 1998; Suh et al, 1998; Cochran, 1999] The purpose of the MSDD is to

"clarify the objectives, to design solutions, and to assist industry in developing better"

manufacturing systems. [Cochran and Dobbs, 2000b, p. 359] The Manufacturing System Design

Decomposition is the result of following an Axiomatic Design methodology. [Suh, 1990] The

MSDD decomposes the top-level goal of a company into lower-level requirements and design

solutions. This decomposition process results in a generalized manufacturing system design.

The general manufacturing system design relationships represented by the MSDD are intended to

apply to repetitive, discrete part manufacturing systems in a broad range of industries, rather than

to a specific manufacturing system. The MSDD represents relationships that exist in any

manufacturing system. These relationships affect production quality, throughput time, cost, and

production investment.

It is hoped that the thinking represented by the MSDD will be used as an approach to help guide

the design and development of many different types of repetitive, discrete part manufacturing

systems. The MSDD should not be seen as an implementation methodology that can be followed

step-by-step when designing a new manufacturing system. Designers should use the MSDD as a

lens through which the overall manufacturing system design is observed. If an existing

manufacturing system design does not closely correspond to the MSDD, comparison with the

MSDD can help to identify solutions that will allow the system to better meet the objectives

represented by the MSDD.

Although it was largely based upon research in the automotive industry, the MSDD was intended

to apply to a broad range of industries repetitively producing discrete products. [Cochran, 1999]

(As opposed to continuous manufacturing processes, such as oil refining, steel processing, etc.)

When the MSDD was presented to the aerospace industry, many people expressed great interest

in the MSDD and its implications for the industry. [Lean Aerospace Initiative, 1998b] The
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MSDD was received as a possible new tool that could be used for developing future aerospace

manufacturing systems. The MSDD was also viewed as a tool that could be used to understand

the impact of military procurement policies on the design of aerospace manufacturing systems.

The edict from the military leadership was to describe the activities and policies within the

military that cause military contractors to not be "lean." [Lean Aerospace Initiative, 1998a]

While members of the aerospace industry believed that the MSDD approach was a valuable one,

there was concern that a model based on design relationships apropos to the automotive industry

and the consumer product manufacturing industry could not be applied to aerospace

manufacturing. The research upon which this thesis is based is in response to the above

concerns.

This thesis seeks to answer the above questions. To answer these questions, an Aerospace

Manufacturing System Design Decomposition (AMSDD) is developed. The hypothesis is that

the resulting AMSDD will be very similar to the original MSDD. This hypothesis assumes that

the design relationships illustrated by the MSDD apply to a wide range of repetitive, discrete

product manufacturing systems - including the aerospace industry. If the AMSDD and MSDD

are very similar, this hypothesis will be proven.

After developing the AMSDD, this thesis revisits Andrew Wang's work to see how the AMSDD

compares with the "as-is" decomposition developed by Wang [1999]. In addition, an Aerospace

Manufacturing System Design Evaluation Tool is developed as a potential means for evaluating

current manufacturing system designs and evaluating areas that need improvement. It is further

proposed that this Evaluation Tool could be used to identify the impact of procurement policies

on manufacturing system designs. By comparing evaluations of multiple military aerospace

manufacturing systems, it may be possible to discern trends that result from military procurement

policies.

1.3 Approach for Developing the Aerospace Manufacturing System Design
Decomposition

The AMSDD was developed through extensive research at many aerospace manufacturing

companies. The MSDD was used as the basis for the research and provided a framework for

data collection. Over fifty structured interviews took place at aerospace manufacturing facilities
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producing products that included military and commercial aircraft, space launch vehicles,

satellites, and electronic systems. In order to capture multiple perspectives, interviewees

included multiple engineers and managers from each organization that was visited.

The interviews first familiarized participants with Axiomatic Design and the motivation for

developing a manufacturing system design decomposition. Interviewees were then taken step-

by-step through a detailed explanation of the MSDD. The participants were asked to suggest

changes that would enable the MSDD to better illustrate the manufacturing system requirements

present at each site. After collecting the data, the manufacturing system requirements and means

that were found to be missing from the MSDD were integrated into the new AMSDD.

1.4 Chapter Overviews

Chapter 2 explains the motivation for developing the Manufacturing System Design

Decomposition and describes the Axiomatic Design process used to develop the MSDD. A

detailed description of the entire MSDD is presented to familiarize readers with the assumptions

underlying the MSDD and to clarify the intentions of each Functional Requirement (FR) and

Design Parameter (DP) selected.

Chapter 3 presents a compilation of the feedback obtained from industry members regarding the

applicability of the MSDD to the aerospace industry. The feedback highlights concerns that are

unique to the aerospace industry, describes which suggestions for improvements have been

added to the AMSDD, and explains why.

Chapter 4 develops the new Aerospace Manufacturing System Design Decomposition while

considering the issues presented in Chapter 3. The chapter focuses upon the FRs and DPs that

have changed from the original MSDD.

Chapter 5 compares the AMSDD to the Military Manufacturing System Design Decomposition,

developed by Wang [1999], to illustrate opportunities to improve military procurement policies.

The chapter then presents the Aerospace Manufacturing System Design Evaluation Tool (Eval

Tool) and explains how the Eval Tool can be used. The Eval Tool is used to evaluate the

manufacturing system designs of three plants visited during development of the AMSDD.

Analysis of the evaluation results is used to illustrate how the Eval Tool can be used to highlight
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strengths and weaknesses of manufacturing systems. This analysis is then used to develop

possible links between the evaluated manufacturing system designs and government procurement

policies.

Chapter 6 draws conclusions from the research results, and identifies areas for future research.
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Chapter 2 The Manufacturing
System Design
Decomposition

2.1 Introduction

Designing a manufacturing system to achieve a set of strategic objectives involves making a

series of decisions over time [Hayes and Wheelwright, 1979]. Manufacturing systems contain

many variables with initially unknown interdependencies. Making design decisions in a way that

supports a firm's high-level objectives requires an understanding of how detailed design issues

affect the interactions among various components of a manufacturing system. [Cochran et al,

2000] These interactions must be made visible and understood by designers to help them

develop a successful system implementation strategy. Successful implementation requires that

designers understand that the manufacturing system consists of more than a series of processes

designed to fabricate and assemble a product. The complete manufacturing system consists of

the "arrangement and operation of machines, tools, material, people and information to produce a

value-added physical, informational or service product whose success and cost is characterized

by measurable parameters." [Cochran and Dobbs, 2000a] Cochran et al [2000] define the

process of manufacturing system design as:

All aspects of creating and operating a manufacturing system. Creating the system includes

equipment selection, physical arrangement of equipment, work design (manual and

automatic), standardization, design of material and information flow etc. The result of the

creating process is the factory as it looks in a snapshot of time. Operation includes all

aspects that are necessary to run the created factory.

Problems often occur when companies try to implement tools from one manufacturing system

design or partial solutions without first understanding how the solutions fit into a complete

manufacturing system design. Many companies have tried unsuccessfully to implement aspects

of the Toyota Production System (TPS) because they have confused the tools and practices of

TPS with the system itself. [Spear and Bowen, 1999] For example, implementing a kanban

system is not a guaranteed way to improve the operation of a manufacturing system. Shingo
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[1989] describes kanban as a means for putting TPS into practice, but stresses that development

of a kanban system flows naturally from the thinking implicit in TPS.

The Manufacturing System Design Decomposition, referred to in this thesis as the MSDD,

provides a systematic method of identifying business objectives (Functional Requirements) and

the means (Design Parameters) to achieve those objectives. [Cochran, 1999] The MSDD is

intended for use as a conceptual tool that guides the thinking of manufacturing system designers,

rather than as a step-by-step design methodology. The MSDD illustrates relationships that exist

in every manufacturing system and affect production quality, throughput time, cost, and capital

investment. The MSDD can be used to help designers understand how the decisions that they

make impact a manufacturing system's ability to meet high-level business objectives. For this

reason, the functional requirements (objectives) and design parameters (means) presented by the

MSDD are generalized in order to apply to a wide range of manufacturing systems. [Kuest,

1999]

2.2 Axiomatic Design

The Manufacturing System Design Decomposition was developed by applying an Axiomatic

Design methodology. Axiomatic Design defines design as the "creation of synthesized solutions

in the form of products, processes, or systems that satisfy perceived needs through mapping"

between Functional Requirements (FRs) and Design Parameters (DPs). [Suh, 1990] The two

design axioms are the Independence Axiom and the Information Axiom. The Independence

Axiom states that a good design must maintain the independence of thefunctional requirements.

The Information Axiom requires minimizing the information content of the design. To

accomplish independence of the Functional Requirements requires determining a physical design

implementation (or solution), called a Design Parameter (DP), that affects only one Functional

Requirement (FR). Independence also means that the definition and selection of the FRs must be

independent.

Zigzagging

The first step in Axiomatic Design of manufacturing systems is defining the top level FRs for the

manufacturing system being designed. Next, specific Design Parameters must be determined.

This process is called zigzagging. The "zig" in zigzagging means translating Functional
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Requirements to Design Parameters at the same level in the design hierarchy. If axiom 1 is

observed, the definition of the FRs for the next level of the design decomposition can begin.

"Zag" means going from the Design Parameters of a parent level to the Functional Requirements

of the next level. It is not possible to decompose the functional hierarchy unless the FRs of the

next level satisfy the context of the parent DP level. Figure 2.1 illustrates the process of

zigzagging. It should be noted that this process is not linear and may require several iterations.

What? How!

FR11l FR12

|FR111| |F12 FR121| R12

FRI122

ZIG

1. Define FR(s)
2. Define DP(s)

3. Define Design Matrix, FR = [DM]*DP
to determine degree of coupling

P1

DP12

ZAG

Define the FR's of the next lower level

Figure 2.1 Zigzagging [Linck, 1996]

Design Matrices

To determine whether the first Axiom has been achieved, and whether decomposition to the next

lower level can proceed, the relationship between the FRs and DPs must be expressed in terms of

a design matrix. The design that constitutes the FR-DP relationships may be of three types:

uncoupled, partially coupled, and coupled. Figure 2.2 illustrates the three types of design

matrices. Further decomposition is not possible until the design relationship is shown to be

uncoupled or partially coupled.
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uncoupled partially coupled coupled

Design FRI =[X O DPI FRI =[X o DP FR1 =[X X] DPI

Equation FR2J 0 X DP2J FR2 _X X_ DP2 FR2 X X_ DP2

FR2(A) FR2(A)- FR2(A)

Graphical
Representation FR2(A)- FR2(A)- - FR2(A)-

FR1(A) FR1(B) FR1(A) FR1(B) FR1(A) FR1(B)

Figure 2.2: Design Matrices [Cochran, 1994; Wang, 1999]

An uncoupled design is represented by a diagonal matrix. X's represent the relationships

between the FRs and DPs. An uncoupled design ensures that the chosen DPs independently

impact the FRs. When implementing an uncoupled design, the DPs may be performed in any

order. [Suh et al, 1998]

In a partially coupled design, one or more FRs are affected by more than one DP. A partially

coupled design is represented by an upper or lower triangular matrix. A partially coupled design

is path dependent. This dependency means that the order of DP implementation is critical. For

example, when implementing a partially coupled design, the DPs should be implemented so that

the DP that affects the most FRs is implemented first. In the partially coupled matrix, the order

of DP implementation is DPI then DP2. Independence is achieved by virtue of the

implementation path.

A coupled design matrix does not maintain independence of the FRs.

Although Axiomatic Design indicates that in a partially coupled design DPs that affect the most

FRs should be implemented first, this is not always possible. For example, in the top levels of

the MSDD, shown in Figure 2.4, the relationship between FR 11, FR12, FR13, and DP 11, DP12,

and DP 13 is a partially coupled design. This partial coupling indicates that the order of

implementation should be DP 11, DP12, then DP13. In reality, it would not be possible to

implement the DPs in this order, because one could not begin DP 11, "Production to maximize

customer satisfaction," before making an investment in the manufacturing system, DP 13.

Therefore, in manufacturing system design, the coupling indicates which DPs should be

considered first. In the case of FR/DP II through FR/DP 13, a manufacturing system designer
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would first consider how to maximize customer satisfaction, then how to eliminate non-value

adding sources of cost, and finally how to minimize long-term investment.

2.3 The Manufacturing System Design Decomposition

The MSDD uses a graphical representation of coupling between DPs and FRs, which varies

slightly from the traditional Axiomatic Design representation, which uses design matrices.

Figure 2.3 illustrates the traditional representation of an FR/DP pair and its decomposition into

sub-FR/DPs.

Traditional Representation MSDD Representation

FRI FRl

FRil FRll PM1

DP1

FRIl FRIl
DPll DPll

FFR1l1 [X 0 DPll PMl -PMll

FR12J LX X_ DPI2J DPl DPll

Figure 2.3: Traditional and MSDD Representation of FRs and DPs

The traditional representation separates the FRs and the DPs into two separate structures and

requires that design matrices be shown to illustrate the coupling between FRs and DPs. The

MSDD representation groups each FR with the DP that satisfies it, connecting them with a dark

line. Coupling is illustrated by a dashed arrow from a DP to an FR. The MSDD also includes

performance measurements (PMs) that can be used to evaluate whether each FR has been

achieved. Including PMs helps to make the MSDD a useful tool for guiding manufacturing

system design, because the decomposition illustrates the manufacturing system objectives (FRs),

the means of achieving the objectives (DPs), and a way to measure how well the objectives have

been achieved (PMs).

29



Development of an Aerospace Manufacturing System Design Decomposition

The layout of the MSDD is arranged so that the DPs that affect the most FRs are on the left-hand

side. This arrangement helps designers to understand which DPs, as a result of coupling, have

the greatest impact on the FRs of the overall manufacturing system design as well as the FRs

within a section of the MSDD. The arrangement is not meant to imply that FRs and DPs towards

the right-hand side of the MSDD are less important than FRs and DPs on the left.

The MSDD presented in this thesis is MSDD version 5.1. A full decomposition of version 5.1

can be found in Appendix A. The Aerospace Manufacturing System Design Decomposition is

based on MSDD v.5.1, but uses data collected from interviews using MSDD version 5.0. The

MSDD version 5.0 can be found in Appendix B.
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2.3.1 Upper-level FRs & DPs

FRI
Maximize
long-term
return on
Investment

PM1
Return on
investment over
system lifecycle

DPI
Manufacturing
system design

FR1 1 FR12 FRI13
Maximize Minimize Minimize
sales manufacturing investment over
revenue costs production

system lifecycle
PM11I PM12
Sales revenue Manufacturing PM13

costs Investment over
system lifecycle

---------------------------- ----------------------

DP11 DP12 DP13
Production to Elimination of Investment
maximize non-value based on a long
customer adding sources term strategy
satisfaction of cost

FRI11 FRI12 FRI13
Manufacture Deliver Meet customer
products to products on expected lead
target design time time
specifications

PM112 PM113
PM111 Percentage Difference
Process on-time between mean
capability deliveries throughput time

and customer's
expected lead
time

DP-111 DPI12 DP1I13
Production Throughput Mean
processes with time variation throughput time
minimal reduction reduction
variation from
the target t

FRI21
Reduce waste
in direct labor

PM121
Percentage of
operators' time
spent on
wasted motions
and waiting

DP121
Elimination of
non-value
adding manual
tasks

FR122
Reduce waste
in indirect labor

PM122

FR123
Minimize
facilities cost

PM123
F iliti t

Amount 0 ac us cos
required
indirect labor

DP122 DP123
Reduction of Reduction of
indirect labor consumed floor
tasks space

Figure 2.4: Top Three Levels of the MSDD (version 5.1)

The top-level functional requirement of the MSDD, FRI, is to "Maximize long-term Return on

Investment." The phrase long-term indicates that short-term solutions that result in an artificially

high return on investment (ROI) should not be selected. Drastically slashing investment for one
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quarter may temporarily make a company look like it has a high ROI, but the harmful effects of

this decision will reduce the company's long-term ROI. Therefore, the top-level design

parameter, DPI, is "Manufacturing system design." The selection of DPI indicates that in order

to maximize long-term ROI, it is important to design a manufacturing system, not let it evolve

haphazardly over time. The performance measurement that indicates how well FRI has been

achieved is PM1, "Return on investment over system lifecycle." It should be noted that the

MSDD addresses maximizing the long-term ROI of a company's manufacturing system. The

ROI of product design, sales and marketing, and other functions within a company are not

considered by this version of the MSDD.

The second level FRs were derived from the formula for ROI [Suh, et al, 1998]:

ROI = Sales -Cost
Investment

In order to maximize ROI, a company must fulfill FRI 1, "Maximize sales revenue," FR12,

"Minimize manufacturing costs," and FR13, "Minimize investment over production system

lifecycle." DP 11, "Production to maximize customer satisfaction," indicates that, within a

manufacturing system, the only way to increase sales revenue is to produce products that satisfy

the customers. Other methods of increasing sales revenue, such as product design and marketing

decisions are external to the manufacturing system and not addressed by the MSDD. DP12,

"Elimination of non-value adding sources of cost," indicates that companies should eliminate

any activities in the manufacturing system that do not add value to the final product. DP13,

"Investment based on a long term strategy," specifies that companies should make investment

decisions that will achieve the company's long-term objectives. These investment decisions may

not appear to be the best choices if they are evaluated over a short period, but evaluating them

over a long period should indicate that these decisions require the least investment for achieving

a set of goals. The decomposition of FR/DPI is a partially coupled design. DPi1 affects FRI 1,

FR12, FR13, and DP12 affects FR12 and FR13. This coupling indicates that production to

maximize customer satisfaction affects a company's ability to minimize production costs and to

minimize long-term investment. The coupling also indicates that eliminating non-value adding

costs affects a company's ability to minimize its long-term investment requirements.
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FR/DP 1 are decomposed into three sub-FRs, FRI 11, FRI 12, and FRI 13. FRIll requires a

company to "Manufacture products to target design specifications" and is satisfied by DP 111,

"Production processes with minimal variation from the target." FRI 12, "Deliver products on

time," is satisfied by DP 112, "Throughput time variation reduction." And FRI 13, "Meet

customer expected lead time," is satisfied by DP 113, "Mean throughput time reduction." These

FRs and DPs indicate that the best way to maximize sales revenue by maximizing customer

satisfaction is to produce high quality products in a reliable, short amount of time.

FR/DP12 is decomposed into FR121, FR122, and FR123. FR121, "reduce waste in direct

labor," is satisfied by DP121, "Elimination of non-value adding manual tasks." This FR/DP pair

indicates that manual labor is important to the manufacturing system and that workers should not

be required to perform tasks that do not add value to the final product. FR122, "Reduce waste in

indirect labor," is satisfied by DP122, "Reduction of indirect labor." The requirement to reduce

indirect labor recognizes that the number of supervisory and management positions in a

manufacturing system should be kept as low as possible, because these jobs do not directly add

value to products. FR123, "Minimize facilities cost," is satisfied by DP123, "Reduction of

consumed floor space." This FR/DP pair assumes that costs associated with facilities

(electricity, heating, maintenance) should be kept as low as possible by efficiently utilizing

facilities.
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2.3.2 Quality

FR111
Manufacture
products to
target design
specifications

PM111
Process
capability

DP- 11
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the target

FR-Q1 FR-Q2
Operate Center process
processes within mean on the
control limits target
PM-Q1
Number of PM-Q2
defects per n Difference
parts with an between
assignable process mean
cause and target

DP-Q1 DP-Q2
Elimination of Process
assignable parameter
causes of adjustment
variation

FR-Q3
Reduce
variation in
process output

PM-Q3
Variance of
process output

DP-Q3
Reduction of
process noise

FR-Q1 I
Eliminate
machine
assignable
causes

PM-Q11I
Number of
defects per n
parts assignable
to equipment

FR-Q12
Eliminate
operator
assignable
causes

PM-Q12
Number of
defects per n
parts assignable
to operators

FR-Q13
Eliminate
method
assignable
causes

PM-Q13
Number of
defects per n
parts assignable
to the process

I --- -' ------ 4------- -- q
DP-Q11 DP-Q12 DP-Q13
Failure mode Stable output Process plan
and effects from operators design
analysis

Figure 2.5: Quality Section of the MSDD (Level III through Level V)

FR/DP1I1I1 is decomposed into FR-Q 1, FR-Q2, and FR-Q3. These three FRs indicate how

companies can improve the quality output of their manufacturing systems. The concepts that are

FR-Q14
Eliminate
material
assignable
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PM-Q14
Number of defects
per n parts
assignable to the
quality of
incoming material

DP-Q14
Supplier quality
program

FR-Q31
Reduce noise
in process
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Variance of
process inputs

DP-Q31
Conversion of
common
causes into
assignable
causes

FR-Q32
Reduce impact
of input noise on
process output

PM-Q32
Output
variance/
input variance

DP-Q32
Robust process
design
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decomposed are based upon statistical process control (SPC) methods. [Chu, 2000; Montgomery,

1985] FR-Q1, "Operate processes within control limits," is satisfied by DP-Q1, "Elimination of

assignable causes of variation." Assignable causes of variation are causes that can be identified.

These causes should be traced down and eliminated in order keep processes within specified

control limits. FR-Q2, "Center process mean on the target," is satisfied by DP-Q2, "Process

parameter adjustment." If a process mean is not centered on the target, the probability that a

defect will be created increases, as shown in Figure 2.6. Design of experiments helps guide the

adjustment of process parameters to center the mean on the target. FR-Q3, "Reduce variation in

process output," is satisfied by DP-Q3, "Reduction of process noise." Reducing the variation of

a process output also decreases the probability that a defect will be created, as shown in Figure

2.6. Process noise reduction involves reducing the types of variation that a process receives as

input as well as reducing the effect that input noise has on the output. Noise can be

environmental, such as temperature, humidity and vibration, or noise can be variation in the

quality of incoming materials and parts.
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Process
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targ
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LCL target UCL
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LCL target UCL

< b G
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Figure 2.6: Effects of Centering and Reducing Variability of Manufacturing Processes

FR/DP-Q3 is decomposed into FR-Q31 and FR-Q32 in order to better illustrate how process

variation can be reduced. FR-Q3 1, "Reduce noise in process inputs," is satisfied by DP-Q3 1,

"Conversion of common causes into assignable causes." Once common causes of process noise

have been converted into assignable causes, the causes can be eliminated using the methods

decomposed from FR-Q1. FR-Q32, "Reduce impact of input noise on process output," is

satisfied by DP-Q32, "Robust process design." Identifying and eliminating input noise is one

way to reduce process variation, but it may never be possible to identify and eliminate all sources

of noise. Making a process robust to input noise helps to ensure that processes are not disrupted

by random or unavoidable sources of noise.
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Material NeasurementMachine

Method

Cause
Factors

Process

Characteristics
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Figure 2.7: Ishikawa Fishbone Diagram [Ishikawa, 1985]

FR/DP-Q1 is decomposed into FR-Q 11, FR-Q 12, FR-Q 13, and FR-Q 14. This decomposition

follows four of the branches of an Ishikawa fishbone diagram, such as the one shown in Figure

2.7. FR-Q1 1, "Eliminate machine assignable causes," is satisfied by DP-Q1 1, "Failure mode and

effects analysis." By analyzing the failure modes and effects of machines, the machines can be

redesigned or modified to prevent making bad parts. FR-Q12, "Eliminate operator assignable

causes," is satisfied by DP-Q12, "Stable output from operators." Obtaining consistently high-

quality output from workers is very important. Further decomposition of FR/DP-Q12 is shown

in Figure 2.8.

FR-Q13, "Eliminate method assignable causes," is satisfied by DP-Q13, "Process plan design."

The way that a process is planned can have a significant impact on quality. It may be much

easier to perform some processes early in the fabrication or assembly stages of a product. For

example, machining parts prior to a hardening process may significantly reduce machining costs.

If the machined surfaces require tight tolerances, however, machining prior to heat treatment

may not be a good choice due to distortion of the part during the heat treatment process. FR-

Q14, "Eliminate material assignable causes," is satisfied by DP-Q 14, "Supplier quality
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program." Incoming product quality has a direct impact on the output quality of a manufacturing

system. It is not possible to produce good products if suppliers cannot reliably provide high-

quality materials and components.
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Eliminate
operator
assignable
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PM-Q12
Number of
defects per n
parts assignable
to operators
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Stable output
from operators
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Figure 2.8: Quality Section of the MSDD (Level V and Level VI)

FR-Q12 is further decomposed into FR-Q121, FR-Q122, and FR-Q123. FR-Q121, "Ensure that

operator has knowledge of required tasks," is satisfied by DP-Q121, "Training program." A

training program is necessary to ensure that operators have more than just a working knowledge

of their tasks. FR-Q122, "Ensure that operator consistently performs tasks correctly," is satisfied

by DP-Q122, "Standard work methods." It is important that tasks are performed identically from

one worker to the next. A lack of standardization increases the likelihood that workers will make

mistakes. The ability of a company to standardize work is affected by the quality of its training

program. This dependency is illustrated by the coupling between DP-Q121 and FR-Q 122. FR-
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Q123, "Ensure that operator human errors do not translate to defects," is satisfied by DP-Q123,

"Mistake proof operations (Poka-Yoke)." Even with a good training program and standard

work, mistakes may happen. Equipment should be designed to help operators by preventing

them from making mistakes in the first place. Mistake proofing devices include fixtures that

only allow a part to be inserted in the proper orientation and machines that will not start if they

detect any irregularities in the product. [Monden, 1998; Ohno, 1988] Figure 2.9 shows an

example of an operation before and after mistake-proofing. Without the mistake-proofing

device, a part could be inserted into the fixture incorrectly. After mistake proofing, the part can

only be inserted one way.

Before Improvement:

-Part could accidentally be loaded
into fixture in reverse orientation.

Correct:

After Improvement:

-A small feature was added
to the fixture to prevent
incorrect loading.

Incorrect:

Figure 2.9: Mistake-Proofing Device [Charles, 1997]
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2.3.3 Identifying and Resolving Problems
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-------------------------- ~-+
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disruptions equipment, info)

Figure 2.10: Decomposition of FR112 and DP112 (Level III and Level IV)

FR/DP 112 is decomposed into two FRs, FR-RI and FR-P 1. FR-R1, "Respond rapidly to

production disruptions," is satisfied by DP-R1, "Procedure for detection & response to

production disruptions." The section of the MSDD that is decomposed from FR/DP-R1 is called

Identifying and Resolving Problems. FR-P1, "Minimize production disruptions," is satisfied by

DP-Pl, "Predictable production resources (people, equipment, info)." The section of the MSDD

that is decomposed from FR/DP-P1 is called Predictable Output.
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Figure 2.11: Identifying and Resolving Problems Section of the MSDD (Level IV through
Level VI)
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FR/DP-R1 is decomposed into FR-R1 1, FR-R12, and FR-R13. FR-R1 1, "Rapidly recognize

production disruptions," is satisfied by DP-R1 1, "Subsystem configuration to enable operator's

detection of disruptions." In order to quickly respond to production problems, operators must

become aware of the problem as soon as it occurs. FR-R12, "Communicate problems to the right

people," is satisfied by DP-R12, "Process for feedback of operation's state." Once an operator

has become aware of a problem, he/she must be able to contact the people who can resolve the

problem and tell them what the problem is. FR-R13, "Solve problems immediately," is satisfied

by DP-R13, "Standard method to identify and eliminate root cause." Finally, the support

resources must solve the problem quickly by identifying its root cause and eliminating the cause,

so that the problem will not recur.

FR/DP-R1 1 is decomposed into FR-R1 11, FR-R1 12, and FR-R1 13. These FRs require that

when there is a disruption, operators must determine what happened, where it happened, and

when it happened. FR-R1 11, "Identify disruptions when they occur," is satisfied by DP-R1 11,

"Increased operator sampling rate of equipment status." By frequently checking the status of

equipment, operators will notice if a machine stops or is producing defective parts. Recognizing

that a problem has occurred may take a long time in a factory where machines are started by an

operator and then left untended for long periods of time. FR-R1 12, "Identify disruptions where

they occur," is satisfied by DP-R1 12, "Simplified material flow." Complicated material flow

paths make it difficult to identify the machine or process step at which a problem has occurred.

Simple flow paths, such as those found within a manufacturing cell, make it easier to identify

where a problem has occurred. Workers performing successive checks between processes help

ensure that problems are identified before parts move to the next process. [Black, 1991] FR-

RI 13, "Identify what the disruption is," is satisfied by DP-R1 13, "Context sensitive feedback."

Equipment should provide operators with feedback that helps them identify the cause of the

production disruption. This feedback can be as simple as a light that indicates what part of the

machine is malfunctioning or as complex as a digital display that provides descriptive details of

the problem.

FR/DP-Ri2 is decomposed into FR-R121, FR-R122, and FR-R123. These FRs address the need

to get the right information to the right people as quickly as possible after a disruption has

occurred. FR-R121, "Identify correct support resources," is satisfied by DP-R121, "Specified
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support resources for each failure mode." When the correct resources are not specified, an

operator must waste his/her time tracking down the appropriate resources, further delaying

problem resolution. FR-R122, "Minimize delay in contacting correct support resources," is

satisfied by DP-R122, "Rapid support contact procedure." An andon board is one method of

rapidly contacting support resources. [Ohno, 1988] When an operator has a problem, he/she

flips a switch and illuminates a light on an andon board that is visible throughout the production

area. This immediately brings the problem to the attention of supervisors and support resources.

FR-R123, "Minimize time for support resource to understand disruption," is satisfied by DP-

R123, "System that conveys what the disruption is." Conveying the nature of the problem to the

support resource is important, so that the resource can arrive with the tools and parts that will be

necessary to fix the problem. This communication prevents the support resource from making

multiple trips to first identify the problem, then retrieve the necessary equipment, and finally to

resolve the problem. It may be possible to use a single tool, such as an alpha-numeric pager

system, to achieve both DP-R122 and DP-R123. Pagers can immediately contact support

resources while simultaneously informing them of the nature of the problem.
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2.3.4 Predictable Output
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Figure 2.12: Predictable Output Section of the MSDD (Level IV through Level VI)
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FR/DP-P1 is decomposed into FR-P 11, FR-P12, FR-P13, and FR-P14. These FRs follow a

decomposition similar to the branches of an Ishikawa fishbone diagram, except production

information is considered in place of method. FR-P 11, "Ensure availability of relevant

production information," is satisfied by DP-Pl 1, "Capable and reliable information system."

Timely and relevant information within a manufacturing system is very important, because it

affects the ability of equipment, operators, and the material handling system to fulfill their

required tasks. This coupling is shown between DP-P 11 and FR-P12, FR-P13, and FR-P14.

Late or incorrect information can cause production delays, overproduction, and part shortages.

FR-P12, "Ensure predictable equipment output," is satisfied by DP-P12, "Maintenance of

equipment reliability." Without predictable equipment output, a manufacturing system must

purchase extra equipment or build up inventory to ensure that parts are available when needed.

FR-P 13, "Ensure predictable worker output," is satisfied by DP-P 13, "Motivated work-force

performing standard work." Unpredictable worker output requires companies to hire extra

workers to fill in for absentees and often results in large amounts of overtime work to make up

for lost production time. FR-P14, "Ensure material availability," is satisfied by DP-P14,

"Standard material replenishment system." If materials are not available when they are needed, a

manufacturing system cannot operate. Non-standard material replenishment leads companies to

store large amounts of inventory to ensure that parts are available.

FR/DP-P12 is decomposed into FR-P121 and FR-P 122. FR-P121, "Ensure that equipment is

easily serviceable," is satisfied by DP-P121, "Machines designed for serviceability." Designing

equipment for ease of serviceability enables support resources to perform preventive

maintenance on equipment without requiring a major overhaul that would take the equipment out

of production for a long period of time. FR-P122, "Service equipment regularly," is satisfied by

DP-P122, "Regular preventive maintenance program." Regular machine service helps prevent

unplanned machine downtime by replacing worn components before they fail. Consumable parts

and supplies, such as cutting tools, machining oils, and coolant, should also be changed and

replenished regularly.

FR/DP-P13 is decomposed into FR-P131, FR-P132, and FR-P133. FR-P131, "Reduce variability

of task completion time," is satisfied by DP-P 131, "Standard work methods to provide repeatable

processing time." Ensuring that all workers perform the same tasks in the same manner helps
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keep processing times consistent from one worker to the next. FR-P 132, "Ensure availability of

workers," is satisfied by DP-P132, "Perfect attendance program." High absenteeism within a

company makes production output unpredictable, because it is difficult to know whether enough

people will be present to produce the required demand for a day. FR-P133, "Do not interrupt

production for worker allowances," is satisfied by DP-P133, "Mutual relief system with cross-

trained workers." It is best to ensure that workers are present when needed, but production

should not stop when a worker cannot come in or must temporarily step away from his/her task.

Workers should be cross-trained, so that they can fill in for one another.

FR/DP-P14 is decomposed into FR-P141 and FR-P 142. FR-P141, "Ensure that parts are

available to the material handlers," is satisfied by DP-P 141, "Standard work in process between

sub-systems." A standard level of work in process (WIP) prevents slight variations in processing

times or minor production disturbances from disrupting production throughout a factory.

Standard WIP also draws attention to potential problems before they can impact downstream

operations. If an operation is having trouble maintaining its standard WIP, this may be a signal

that the operation needs to be redesigned or that something is preventing the operation from

performing its tasks correctly. FR-P142, "Ensure proper timing of part arrivals," is satisfied by

DP-P142, "Parts moved to downstream operations according to pitch." Pitch is equal to the

number of products produced in a single setup multiplied by the takt time. Moving parts

downstream according to pitch means that parts should be supplied to downstream stations at

time intervals corresponding to the time between changeovers.
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2.3.5 Delay Reduction
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Figure 2.13: Delay Reduction Section of the MSDD (Level III through Level V)
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FR/DP 113 is decomposed into FR-TI, FR-T2, FR-T3, FR-T4, and FR-T5. These FRs address

types of delay that occur within a manufacturing system and increase the mean throughput time.

FR-TI, "Reduce lot delay," is satisfied by DP-T 1, "Reduction of transfer batch size (single-piece

flow)." Lot delay occurs when parts are transferred from one station to another in batches. The

first part that is processed must wait for the last part in the batch to be processed before all parts

are moved to the next process. Transferring parts between stations one-piece at a time eliminates

lot delay. FR-T2, "Reduce process delay (caused by ra > rs)," is satisfied by DP-T2, "Production

designed for takt time." Process delay occurs when the arrival rate of parts at a machine or

station, ra, is greater than the service rate, rs, at which the machine or station can process parts.

Designing production equipment and manual operations to operate at takt time eliminates

process delay, and is called "balanced production." Figure 2.14 shows an example with two sets

of processes. The first set of process is not balanced and has different cycle times at each station.

The second set of processes is balanced and has the same cycle time at each station.

Buffer i Buffer 2

T=O De

Unbalanced
hr 1ath hrp r ath

Ratel Rate2 * Rate3

Balanced 5

T=l1hr atrpr/ ar

Ratel Rate2 Rate3

Figure 2.14: Balanced Production [Linck and Cochran, 1999]

FR-T3, "Reduce run size delay," is satisfied by DP-T3, "Production of the desired mix and

quantity during each demand interval." The run size is the number of parts of one type that are

produced between changeovers. Producing the same part for a long period of time requires that

other parts, which are not being produced, must be supplied from inventory. Producing each

type and quantity of part that is demanded within a specified time interval is called "level

production." Level production reduces the amount of inventory that must be stored and reduces

the delay between making and shipping a part, as shown in Figure 2.15. [Linck and Cochran,

1999]
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Figure 2.15: Level Production [Linck and Cochran, 1999]

FR-T4, "Reduce transportation delay," is satisfied by DP-T4, "Material flow oriented layout

design." Transportation delay results from moving parts long distances between processing

steps. Facilities and equipment should be laid out to minimize the distances that parts travel

between processing steps. FR-T5, "Reduce systematic operational delays," is satisfied by DP-

T5, "Subsystem design to avoid production interruptions." Systematic operational delays result

from subsystems within the manufacturing system that interfere with the operation of other

subsystems.

FR/DP-T2 is decomposed into FR-T21, FR-T22, and FR-T23. FR-T21, "Define takt time(s)," is

satisfied by DP-T21, "Definition or grouping of customers to achieve takt times within an ideal

range." Takt time is the pace of customer demand and is equal to the available production time

in a day divided by the average customer demand (over a time interval).

Takt Time = Production time available in a day
Average customer demand (over a time interval)

Takt time can be measured in seconds for high-volume industries, such as consumer products, or

weeks for lower volume industries, such as airplanes. Takt time is typically calculated for

intervals of weeks or months for higher volume industries and for yearly intervals for lower

volume industries. This practice prevents the takt time from changing more frequently than the

manufacturing system can respond. The ideal range of takt times depends upon the type of

industry and production volume. For high-volume industries that use manufacturing cells,

customers should be defined so that takt times are greater than or equal to 30 seconds. Shorter

takt times make it difficult for workers to perform more than one task within the takt time.
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Figure 2.16: Delay Reduction Section of the MSDD (Level V and Level VI)

FR-T22, "Ensure that production cycle time equals takt time," is satisfied by DP-T22,

"Subsystem enabled to meet the desired takt time (design and operation)." In order for the

production cycle time to equal takt time, the sub-systems must first be designed to operate at takt

time. FR/DP-T22 is further decomposed into FR-T221, FR-T222, and FR-T223, as shown in

Figure 2.16. FR-T221 and FR-T222 require that the work content at every station be performed

in less than or equal to takt time. FR-T221, "Ensure that automatic cycle time minimum takt

time," is satisfied by DP-T221, "Design of appropriate automatic work content at each station."

FR-T222, "Ensure that manual cycle time takt time," is satisfied by DP-T222, "Design of

appropriate operator work content/loops." FR-T223, "Ensure level cycle time mix," is satisfied

by DP-T223, "Stagger production of parts with different cycle times." If the cycle time for some
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part types exceeds the takt time, the parts should be sequenced so that the average cycle time is

less than or equal to takt time. Figure 2.17 illustrates how production can be leveled by cycle

time.

Cycle Time Part Sequence Part Sequence
Not Leveled to Takt Time Cycle Time Leveled to Takt Time

5 min 5 min

Takt Time 4 min Takt Time 4 min

3 min 3 min Product A

Product B

Figure 2.17: Level by Cycle Time [Linck and Cochran, 1999]

FR-T23, "Ensure that part arrival rate is equal to service rate (ra = r,)," is satisfied by DP-T23,

"Arrival of parts at downstream operations according to pitch." As discussed for FR/DP-P142,

pitch is equal to the number of products produced in a single setup multiplied by the takt time.

Whereas in DP-P142 parts must be moved downstream according to pitch, for DP-T23 parts

must arrive according to pitch. This ensures that parts arrive when they are needed, but not

before they are needed. This arrival discipline prevents inventory from building up in the

manufacturing system.

FR/DP-T3 is decomposed into FR-T31 and FR-T32. FR-T3 1, "Provide knowledge of demanded

product mix (part types and quantities)," is satisfied by DP-T3 1, "Information flow from

downstream customer." In order to produce the right mix and quantity of products, customer

demand must be communicated to the manufacturing system. FR-T32, "Produce in sufficiently

small run sizes," is satisfied by DP-T32, "Design quick changeover for material handling and

equipment." In order to meet customer demand within a given time interval, it must be possible

to changeover the machines frequently enough to produce all of the parts that are demanded.

FR/DP-T5 is decomposed into FR-T51, FR-T52, and FR-T53. FR-T51, "Ensure that support

resources don't interfere with production resources," is satisfied by DP-T5 1, "Subsystems and

equipment configured to separate support and production access requirements." Regular support

activities, such as chip removal and refilling machine lubricants, should not cause people or

machines to stop production. Equipment should be designed so that the production activity can

proceed while the support activity is being performed. For example, machining chips should be

fed to the rear of the machine where they can be collected and removed without interfering with
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the machine operator. FR-T52, "Ensure that production resources (people / automation) don't

interfere with one another," is satisfied by DP-T52, "Ensure coordination and separation of

production work patterns." Production resources should also not interfere with one another. For

example, work patterns should be designed so that two operators do not require use of the same

machine at the same time. FR-T53, "Ensure that support resources (people / automation) don't

interfere with one another," is satisfied by DP-T53, "Ensure coordination and separation of

support work patterns." Similar to the previous situations, support resources should not interfere

with other support resources. For example, a material handler may not be able to replenish parts

to an assembly cell if a worker performing preventive maintenance is blocking his/her access.

The work patterns of the two workers should be better coordinated so that they will not get in

each other's way.
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2.3.6 Direct Labor
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Figure 2.18: Direct Labor Section of the MSDD (Level III through Level V)
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FR/DP-121 is decomposed into FR-D1, FR-D2, and FR-D3. FR-D1, "Eliminate operators'

waiting on machines," is satisfied by DP-D1, "Human-Machine separation." Machine operators

are not adding value to a product when they wait for machines to finish cycling. By separating

workers from individual machines, workers can perform value-adding tasks to one part while

another part is being processed in a machine. FR/DP-D1 is decomposed into FR-D1 1 and FR-

D12. FR-D11, "Reduce time operators spend on non-value added tasks at each station," is

satisfied by DP-D 11, "Machines & stations designed to run autonomously." Autonomous

machines do not require constant attention from the machine operator. The operator only needs

to load a part, then begin the machine cycle. Autonomous machines allow operators to perform

more than one task while a part is being processed. FR-D12, "Enable worker to operate more

than one machine / station," is satisfied by DP-D 12, "Workers trained to operate multiple

stations." Once workers have been separated from individual machines, they should be trained

to operate multiple machines.

FR-D2, "Eliminate wasted motion of operators," is satisfied by DP-D2, "Design of workstations

/ work-loops to facilitate operator tasks." Work stations and work patterns should be designed to

minimize the non-value adding tasks required of workers. FR/DP-D2 is decomposed into FR-

D21 and FR-D22. FR-D21, "Minimize wasted motion of operators between stations," is

satisfied by DP-D21, "Machines / stations configured to reduce walking distance." Developing

machines and stations with small profiles and locating them close together reduces wasted

motion by decreasing the distance that workers must travel. [Gomez, 2000] FR-D22, "Minimize

wasted motion in operators' work preparation," is satisfied by DP-D22, "Standard tools /

equipment located at each station (5S)." By placing all of the tools that workers need at the

locations where the tools are used, workers do not need to waste time collecting or finding tools

before performing a task. FR-D23, "Minimize wasted motion in operators' work tasks," is

satisfied by DP-D23, "Ergonomic interface between the worker, machine and fixture."

Designing stations that minimize the distance that workers must reach and allow them to perform

tasks comfortably will help workers to perform tasks more efficiently.

FR-D3, "Eliminate operators' waiting on other operators," is satisfied by DP-D3, "Balanced

work-loops." Once workers have been separated from machines and perform multiple tasks, the

work patterns must be balanced to ensure that workers will not have to wait on other workers.
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Work content for each worker should be approximately equal, so that they all finish their set of

tasks at the same time and can hand their part to the next worker.

2.3.7 Indirect Labor
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Figure 2.19: Indirect Labor Section of the MSDD (Level III and Level IV)

FR/DP122 is decomposed into FR-Il and FR-12. FR-Il, "Improve effectiveness of production

managers," is satisfied by DP-Il, "Self directed work teams (horizontal organization)." Self

directed work teams provide managers with more time to deal with difficult problems by

empowering the teams to solve common problems without consulting management. FR-12,

"Eliminate information disruptions," is satisfied by DP-12, "Seamless information flow (visual

factory)." A visual information system allows workers and managers to quickly understand the

status of production in a factory. Display panels can be used to indicate how many products

have been produced and whether production is behind or ahead of customer demand. Specific

locations for parts should be visually marked so that the correct part is placed in the correct spot.
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Marking locations also allows people to quickly check if parts are present or not. [Monden,

1998] In addition to quickly communicating the status of production, a visual system allows

production decisions to be made at lower levels within the company. Making decisions at lower

levels speeds up the decision making process and allows workers to feel more in control of their

own work.
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Chapter 3 MSDD Feedback
from the
Aerospace
Industry

3.1 Introduction

The Manufacturing System Design Decomposition (MSDD) was first presented to aerospace

industry members at a Lean Aerospace Initiative (LAI) Implementation Workshop. [LAI, 1998]

Andrew Wang's research into aircraft assembly illustrated how the MSDD could be used in an

aerospace-specific setting [Wang, 1999]. Wang compared aerospace industry practices to the

MSDD and developed a new military aircraft design decomposition to explain the differences

between the MSDD approach and actual implementations found in industry. Wang used this

comparison to illustrate how several military procurement policies impacted the design of

aircraft manufacturing systems. Wang's work is revisited in Chapter 5.

Industry members were interested by the MSDD approach, but were not sure that it could be

applied directly to the aerospace industry. In order to determine whether the MSDD could be

used to design an aerospace manufacturing system, the LAI began looking for an opportunity to

work with an industry member to design a new manufacturing system. When no opportunities

arose, the research team decided to evaluate the applicability of the MSDD approach by

obtaining feedback from industry members regarding the appropriateness of the MSDD's FRs

and DPs to the issues faced by the aerospace industry. This research was expected to either

validate the applicability of the existing MSDD or develop a new aerospace-specific MSDD.

In order to collect feedback from industry, a series of visits were arranged to multiple

manufacturing sites of several aerospace companies. During these visits, meetings were held

with engineers, managers, and occasionally production technicians. In these meetings,

participants were familiarized with the Axiomatic Design approach and the motivation for

developing a MSDD. Participants were then taken step-by-step through a detailed explanation of

the MSDD. During and after this explanation, the participants were asked to suggest changes
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that would enable the MSDD to illustrate better the manufacturing system requirements present

at each site.

This chapter reviews the MSDD feedback that was obtained from companies in the aerospace

industry through a series of structured interviews. It should be noted that the MSDD used to

collect this feedback was slightly different than the version presented in Chapter 2. The version

presented to industry members was version 5.0. A complete copy of MSDD v.5.0 can be found

in Appendix B. It should also be noted that most of the industry feedback did not focus on nor

illustrate the differences between military and commercial manufacturing systems. This should

not hinder the development of the Aerospace Manufacturing System Design Decomposition

(AMSDD) however, because the AMSDD is meant to show a general manufacturing system

design that represents the requirements of any aerospace manufacturing system. Therefore,

differences between commercial and military manufacturing systems could be contrasted to

identify procurement policies or perhaps commercial practices that positively/negatively affect

manufacturing system design.

3.2 Upper-level FRs and DPs

3.2.1 Level I FR and DP

Industry comments concerning the appropriate FRI for the AMSDD varied widely. Many

people were not convinced that return on investment (ROI) was the appropriate top-level FR.

When asked for alternatives, however, interviewees provided few well articulated suggestions.

In the end, most people agreed that increasing ROI was an acceptable top-level FR. Alternative

suggestions included return on net assets (RONA), and economic profit (EP). "Shareholder

value" was mentioned frequently, but it was not initially clear how this would be linked to the

design of the manufacturing system. A suggestion to investigate Economic Value Added

(EVATM) was made at the LAI Plenary Session Manufacturing System Team meeting. EVA was

relatively unknown to the team, but was suggested because it is frequently used by investors and

was considered to hold potential for addressing the issue of shareholder value. EVA and its

impact on the top level of the Aerospace MSDD will be discussed in detail in Chapter 4, Section

4.2.1.
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3.2.2 Level II FRs and DPs

One of the sites believed that there was a missing FR and corresponding DP at the second level.

This company focused primarily on the space sector and wanted additional guidance on ways to

migrate their manufacturing system towards the commercialization of space. The company

wanted to remove the "myth" that the space business is so unique that it cannot operate in a

manner similar to other commercial industries. In particular, the site wanted to know how to

move from what they considered a 1960's / 1970's mentality towards a modem way to address

capacity needs in a systematic way. The suggestion that an FR/DP be developed to address

"space commercialization" was not considered for the AMSDD, however. This FR would have

been overly sector-specific, which does not fit with the goal of an AMSDD that applies

throughout the aerospace industry.

Most sites agreed with FRI 1, "Maximize sales revenue," and its corresponding DP 11,

"Production to maximize customer satisfaction." An engineer at one site mentioned that

historically, it had been the company's technical superiority, rather than cost effectiveness, that

had attracted its customers. Customers would frequently present the company with a list of

technical requirements, which the company would need to meet or exceed. Cost and schedule

had been secondary issues, with the company's primary focus remaining on technical issues.

The order of importance has now shifted more towards 1) schedule, 2) technical, and 3) cost,

although this may change from customer to customer. Nonetheless, management was pushing

for the company to improve its cost and schedule performance.

It was pointed out that the military has often been more concerned with product performance

than cost. Many projects have been "cost-plus" programs, but this funding practice is now

changing toward fixed-price programs when the technical risk has been removed. In the cost

plus incentive fee programs, manufacturers are paid for all of their costs, plus a fixed fee. Cost-

plus remains the predominant contracting method for projects with a high degree of technical

risk, such as new product development programs. Industry members indicated that cost-plus

funding is necessary for risky, large-scale projects, because privately funding a project that fails

could bankrupt a company.
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The coupling between DPI 1, "Production to maximize customer satisfaction," and FR12,

"Minimize manufacturing costs," was also pointed out as being important for companies to

consider. One company chooses to design all of its products to the highest specifications

normally demanded by any customer (typically the military). This practice developed out of the

belief that it would be more expensive to build products to varying standards for different

customers. If a new customer asks for a product to be built to higher specifications than existing

standards, the product will have increased production costs. These increased costs are due to the

disruption that the non-standard work introduces to the manufacturing system and the increased

cost associated with configuring equipment to achieve the higher specifications.

While it was generally agreed that reducing costs and eliminating non-value adding sources of

cost is important, industry members had a number of concerns with FR12 and DP12 ranging

from phrasing to the scope covered by the MSDD. Regarding the phrasing, one person

commented that "minimize" may not be the best word, because some cost reductions may be

detrimental to the overall manufacturing system. Several people mentioned that the subsequent

decomposition of FR/DP12 at Level III needs to be broader, including material costs and supply

chain management. Regarding the phrasing, the term "minimize" is maintained in the AMSDD.

The intention is that minimization should be performed while considering overall system goals.

Therefore, the AMSDD is not advocating drastic or detrimental cost reductions. Decomposition

of FR/DP12 is now broader in the AMSDD than in the MSDD and is described in Chapter 4,

Section 4.2.8

It was also pointed out that a number of non-value adding costs result from military

requirements. Government oversight reviews are non-value adding. In cost-plus programs,

however, the company gets paid for these reviews, so there is little incentive for the company to

eliminate the reviews.

Most industry members commented that the MSDD needed more decomposition of FR/DP 13.

One comment was that this section doesn't address the investment that goes into design for

manufacturing and design for assembly. Another comment was that many decisions in

companies are based on financing, so the financial impacts of manufacturing decisions should be

considered. FR/DP13 is now further decomposed by the AMSDD. Financing decisions,
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however, are not explicitly addressed by the AMSDD. It would be difficult to create a

generalized finance model that applies throughout all sectors of the aerospace industry.

One meeting provided an interesting perspective on the actions taken by companies to ensure

that the use of investment (i.e. assets) is maximized. An engineering manager mentioned that

companies focus on keeping production facilities running around the clock to maximize the use

of production assets. The focus is not on off-the-floor assets and improvements. For example,

office buildings and equipment are only utilized for a small part of the day. This one-sided view

of asset management brings about a couple of questions as to whether one practice makes more

sense than the other and whether changes can or should be made to the less effective practice.

This dilemma will not be discussed further in this thesis, but it is an interesting question that may

deserve further research. The issue could be viewed as deciding whether three-shift operations

should be selected for manufacturing systems in order to maximize the use of production assets

and, if so, whether more off-the-floor personnel, such as designers and engineers, should work

similar shifts to maximize the use of other assets.

3.2.3 Level III FRs and DPs

Many industry members commented on the lack of product design in the MSDD. The sections

that are decomposed from FR/DP 1I were specifically identified as the sections most lacking

product design. Interviewees frequently commented that it is hard to look at the manufacturing

system isolated from product design. One company said that product engineering was actually

considered a part of the manufacturing system. In this company, the cycle time and lead time of

engineering was factored into the overall manufacturing system. It should be noted that this

company produced relatively customized products, so a significant amount of engineering was

required for each new customer. Nonetheless, the role of product design in a manufacturing

system was a frequent topic, so a new product design section has been added to the AMSDD.

Several people mentioned that the decomposition of FRJDP12 focused too much on labor, but

ignored other sources of non-value adding costs. One of these areas is materials. One site

frequently mentioned that aerospace companies have saturated the market for space qualified

materials and products and therefore must pay a premium to acquire products and keep suppliers.

This topic leads into the general area of supply-chain management. The same company was
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interested in seeing more details about negotiation and ways to drive down costs on vendor

provided hardware. The AMSDD has broadened the decomposition of FR/DP12 and touches

upon the need for supply-chain management.

Industry members mentioned that the cost of materials and a company's core competencies

should be considered in the design phase. The idea was that companies should design products

that do not require expensive or hard to procure parts. A number of people also mentioned that

companies should try to keep manufacturing in-house for processes that they consider core

competencies, but outsource other processes to reduce costs. In other words, tradeoffs used for

make/buy decisions should be considered in the MSDD. A specific method for tradeoff analysis

is not covered by the AMSDD. However, the new section on product design does address issues

relating to material costs and component procurement.

Another comment was that FR123, "Minimize facilities cost," and DP123, "Reduction of

consumed floor space," were too narrow. Additional overhead costs, such as supplies, tools, and

environmental considerations should be considered in addition to floor space. As a result of

these suggestions the AMSDD provides a broader treatment of overhead costs.

3.3 Lower Level FRs and DPs

3.3.1 Quality FRs and DPs

Industry members made a number of general comments regarding quality issues in the aerospace

industry that did not relate directly to the FRs and DPs of the MSDD, but provide insight into

typical industry concerns.

One comment was that manned space flight generated a lot of requirements that have carried

over into the design of all space products. These requirements resulted from the fact that small

defects and problems could have serious repercussions. It was suggested that the MSDD may

not adequately address the severity of these concerns. Another suggestion was that the space

sector requires a completely separate FR, such as "engineer for space applications." The

reasoning behind this suggestion was that the environment in which space products must

function is unique. Material selection becomes important, redundancy is an issue, and products
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must still function in the presence of partial failures. Space products are not serviceable, because

(with very few exceptions) there is no way to recover and repair them after launch.

These suggestions that the MSDD does not address the severity of aerospace concerns and that a

new FR specific to space applications be added are not within the scope of the MSDD or the new

AMSDD. The MSDD cannot make the value judgements required for identifying and addressing

the severity of issues external to the manufacturing system. Product safety and complexity

issues are determined by product designers and mission planners. If these concerns are

translated into production requirements, then the MSDD and AMSDD can help to ensure that the

requirements are achieved.

Several people discussed issues relating to quality differences and how they relate to industries

with different production volumes. Some believed that higher volume industries, such as the

automobile industry, may not need to worry about quality as much because they could simply

add a few more production runs to make up for defects. One industry member's perspective

however, was that the automotive industry has moved to a culture where quality is a given. He

suggested that the aerospace industry must make a similar cultural transition. An example of the

lack of such a culture is that in general aviation, it is still accepted that one hour of flight is

followed by one hour of maintenance. Another example is that avionics suppliers say that they

can provide 85% product reliability, but why not 99.9%? The criticism was made that there

shouldn't be such a low reliability, because the avionics are made of the same solid-state

components used in a home stereo, which does have a high expected reliability.

A couple of people mentioned concerns about risk assessment and mitigation. It was suggested

that an FR should be added to address this issue. Several people commented that some sort of

inspection is needed to ensure the quality of products. Risk mitigation was proposed to address

inspection as well as solving problems. The reasoning was that it is critical that there are zero

defects for many aerospace products. This was claimed to be particularly true in the space

sector, where it is often prohibitively expensive if not impossible to fix problems once a product

has been launched. The AMSDD, however, does not attempt to address concerns for risk

assessment and mitigation. These concerns should be identified by product designers and

translated into production requirements.
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A lack of quality feedback in the MSDD was mentioned several times by industry members. It

was mentioned that at one site, inspectors look for problems that need to be reworked, but there

is no feedback to the technicians who created the problem in the first place. Feedback was also

mentioned in terms of transferring knowledge from production back into design to improve

future products. People were uncertain how feedback was accomplished within the MSDD and

whether it should be specified explicitly. The AMSDD addresses feedback concerns with a new

section requiring Continuous Improvement. This section is described in Chapter 4, Section

4.2.2.

The comment was made that quality problems first need to be identified as issues (such as in the

problem identification and resolution section). Some people believed that the coupling between

FRIll, FRI 12, DP 11, and DPI 12s should indicate that the Quality section of the MSDD

follows Identifying and Resolving Problems, rather than preceding it. These people questioned

whether variability or quality issues had more of an impact on a system. The point was also

made that it may not be possible to identify issues as quality issues until they cause variation

within the manufacturing system. The author does not agree with these arguments however, and

believes that the coupling is correct as it is currently illustrated. Improving production quality

reduces the need to identify and resolve problems, because there are fewer problems. Identifying

and resolving problems after they have been created does not change the fact that a defect has

been made. It only prevents the defect from advancing through the system. For this reason, the

coupling has been left unchanged.

Some people confused the "Quality" section of the MSDD with the Quality division within their

companies. These comments were insightful, nonetheless, for understanding some of the

specific aerospace industry concerns. A commercial aircraft manufacturer explained that

everything from supplied parts to finished aircraft must be approved by the FAA. The job of the

Quality system within this company was to ensure complete FAA compliance. In the event that

an aircraft were to crash, the company would be required to prove that all parts of the plane had

been through a quality assurance program.

Many people commented on the important role that design has on quality. It may be possible to

produce a very high quality product with a given design, but the cost may be prohibitively high.
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Several people pointed out that engineers will often call out specifications that are overly tight

and hard to meet. These specs cause parts that would actually function fine to be scrapped.

Nearly continuous design changes in the aerospace industry also have a negative impact on

companies' ability to produce defect-free products. One site mentioned that experiments for

design for manufacturability and design for assembly are lacking from the MSDD and are very

important to getting the right quality output from the manufacturing system. A related comment

was that physical modeling gives a better understanding of part produceability than CAD does.

These comments indicate that the design process cannot be done in isolation from

manufacturing. The new product design section of the AMSDD addresses many of these

concerns in the context of the overall manufacturing system design.

The statement was made that product quality originates with product engineering. The point was

that product designers must work to design stable manufacturing processes and design products

so that they can be manufactured. Engineering should work with operators to determine the

changes that need to be made to make products more manufacturable. At the same time, this

interaction helps manufacturing to understand why some designs need to be done a certain way.

It was suggested that "key characteristics" of products should be considered in the design of

manufacturing processes. If features are so critical that they need to be measured (i.e. inspected),

then the investment should be made to develop a system that prevents mistakes from ever

occurring in the first place.

Several people noted that resolving quality problems requires additional work for military

customers. The military requires a rigorous program to close process and test anomaly

documents. Approval is required from the customer for each anomaly. In addition, for

companies producing both military and commercial products, hardware and designs are

frequently non-standard for military work.

Level IV

One manager said that it should be easy to achieve FR-Q1 by implementing DP-Ql, but that in

practice it is not. He mentioned that processes are changed without telling anyone, materials are

changed unexpectedly (by suppliers), or materials may become unavailable.
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Companies generally agreed with FR/DP-Q2 and FR/DP-Q3. A comment was also made that

very few aircraft companies have a good handle on process capabilities and that companies don't

understand the impact of the capability of individual processes. This comment was supported by

comments from other sectors in the aerospace industry. Some companies indicated that they

desired to improve their process capabilities and wanted more guidance as to how to do so.

Many assembly processes in the aerospace industry are manual and a good way was desired to

measure and improve the capability of manual processes. It was also mentioned that it can be

difficult to identify individual processes, because almost every feature of a part becomes a

unique process. Due to the geometry of the part and physics of the process, process capability

varies for each feature. Finally, when production rates are very low, it may take a long time to

have a statistically significant sample to determine process capability.

Level V

One manager questioned how to evaluate the tradeoff between investing money to improve tool

quality versus operator quality. He suggested that important factors in making this decision

include how long a program will be around, what level of quality can be achieved with a tool

versus operators alone, whether a tool is needed or helpful, and how simple tools need to be /

how simple they can be.

Several groups questioned whether a new FR should be added to this level to the effect of

"eliminate design assignable causes." The point was that there are many quality problems that

result from product design decisions. Problems can be due to changes in an existing product

design or because a product cannot easily be manufactured as it is currently designed. It was

also mentioned that the MSDD does not address issues that arise when almost all products must

be designed from scratch due to highly customized requirements. As mentioned previously, the

new product design section of the AMSDD attempts to address these concerns.

Regarding FR/DP-Q 11, one company discussed its decision to automate more processes to

reduce variability and increase its capacity. Some processes cannot be automated, however,

because older designs are incompatible with some of the new assembly equipment. Several

companies mentioned that they desired further decomposition of FR/DP-Q1 1. The AMSDD
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does not provide further decomposition because the new product design section addresses several

issues relating to equipment design/selection.

Comments about FR/DP-Q 13 pertained much more to product design than specifically to the

process plan design. Several people mentioned the need to work on design for

manufacturability, explaining that products are often designed in ways that are difficult for

technicians to meet the specifications. Some complaints were that designers are often time-

constrained, so they quickly turn out a new design, rather than seeking to use existing

components or create standard architectures. It would be easier for manufacturing to use existing

stock products, but designers frequently specify new parts, different materials, different

dimensions, or different tolerances. Again, the new AMSDD addresses many of these concerns

in the new product design section.

FR/DP-Q14 were a major concern for every group in the aerospace industry. Each site had

slightly different concerns and problems, but the quality of incoming material was a frequent

issue. This problem was exacerbated at one site that had several thousand suppliers, many of

which supplied similar or overlapping parts to different divisions. The quality of incoming

material can fluctuate for a number of reasons. Sometimes, as was the case for several

companies, suppliers will make a slight processing or material change that has an unintended

result, yielding parts that do not meet customer requirements.

One engineer mentioned that parts spend a lot of time in rework. He said that the primary causes

of this rework are 1) component failure and 2) design changes. Another person indicated that it

is not necessarily the suppliers' fault when there are material problems. He said that 85% of

material problems actually come from customers giving suppliers the wrong specifications in the

first place.

Level VI

Concerns were raised by some people that the MSDD only addresses workers as parts of the

manufacturing system and ignores other issues, such as home life, personal problems, etc.. The

AMSDD does not attempt to provide significantly more detail on these issues. These issues are

important, but are better addressed by social scientists within the human relations field.
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Some people questioned whether a new FR and DP were needed to increase the amount of

automation or to automate difficult processes. These people pointed out that there are some

manual operations that cannot achieve the required Cpk or where automation would improve

Cpk. The AMSDD does not attempt to specify the amount of automation that should be used or

when a process should be automated. These decisions are left to product designers and

manufacturing engineers, because they must be made on a case by case basis.

Another suggestion for a new FR and DP focused on personal responsibility and accountability

for the quality of products from a factory. The intention was that people need to understand the

customers' expectations for products and the company should build a culture that encourages

individual responsibility throughout all levels of the organization. Parts of the industry are

changing from a "do-check" system to ownership by operators. One manager suggested that

people need to ask not only whether tasks get done, but if they're done correctly and then close

the loop by following up on any problems. Again, the AMSDD does not attempt to address this

issue, leaving it to the field of social sciences.

Industry members had a number of comments for FR/DP-Q121. Most companies had some type

of certification process associated with their training program. One company mentioned that re-

certification should be required, because as it currently stands people retain their certification

indefinitely unless they are written up for a certain number of problems. The training programs

and certification often seemed to be fairly general and not necessarily specific to the individual

procedures that are required of technicians. This lack of detailed training results in non-

standardized work. In some sectors it is difficult to standardize tasks, because from one product

to the next the required tasks keep changing. In addition, the aerospace industry requires a

significant amount of experience and on the job training before people can be entrusted to

perform tasks on their own.

Regarding FR/DP-Q 122, companies often said that they had a hard time standardizing work

between operators. In order to standardize the performance of a specific fabrication procedure,

one company filmed multiple operators performing an operation, then reviewed the tapes with all

technicians and required them to perform it the same way. Another company that says it does

not do well with standardization uses planning packages with a list of operations that must be
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performed, but lacks the specific order of operations or descriptions of how to perform the

procedures.

Some companies pointed out that their current reward system and work ethic may slow the

acceptance of standard work methods. At one company, technicians are individually evaluated

for performance. If they can perform a task better than everyone else, they're rewarded for it.

This leads to operators keeping their "tricks" and tips to themselves. Also, while some workers

take pride in their work, there are always some who just do what is required for a paycheck. It

was suggested that people need to be rewarded for bringing up problems and suggesting

solutions.

An interesting point from one company was that workers have come to rely on inspectors to

catch problems. There are three important problems with this situation, besides the fact that a

mistake was created in the first place. First, inspectors themselves make mistakes and may

overlook an error. Second, workers don't get immediate feedback about their errors. Finally,

when an inspector finally does catch something, workers don't understand what's wrong,

because they may have been doing the same thing for a long time.

Government regulations were pointed to as an obstacle for standardized work methods. One site

said that the drawings used by technicians are not very descriptive, because the government

requires drawings to be separated from the part dimensions and tolerances. Drawings are kept

separate from these specifications and from the steps required to perform operations. This

separation requires a significant amount of referencing and cross-referencing to assemble

products.

While most companies agreed with the need to mistake-proof operations, many companies said

they had difficulty actually doing so. Some companies were concerned that mistake-proofing

fixtures don't always pay off if 1) products are frequently redesigned and the fixtures cannot be

reused, 2) a very large number of fixtures would be required, or 3) production volumes are low.

It was suggested that designers may be able to improve mistake-proofing by standardizing

designs, but the designers are often pressed for time. Another concern was that with an older

work force, some people may resist mistake-proofing devices, because they feel that they are not

trusted to do a good job.
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3.3.2 Identifying and Resolving Problems

Industry members generally agreed with the overall structure of this section of the MSDD. Some

suggestions that are not specific to individual FR/DPs are discussed below, followed by more

specific comments.

One company indicated that a lot of problems in the manufacturing system occurred because

other problems were not identified early enough. Another company suggested that more

emphasis should be placed upon being proactive and preventing problems before they happen.

As mentioned in the Quality section, some people also said that the information generated by

identifying and resolving problems should feedback into improving product quality. While

proactive behavior by workers is beneficial to a manufacturing system, the AMSDD has not

attempted to address this concern. The AMSDD does attempt to address quality feedback with a

new section on continuous improvement.

Companies indicated that several problems hindered identifying and resolving problems. One of

these problems is that many aerospace sectors are constantly pushing technological limits.

Therefore, it is difficult to control the interactions between product design and manufacturing,

because both designs and processes may be new. In addition, the government often pushes for

product customization, rather than standardization. This customization may require unique

processing techniques and parts that do not work with a company's regular methods of problem

identification and resolution. Another problem is that some companies are spread out over long

distances and many buildings. It can be difficult to get engineers at one location to deal with

problems at another location.

Level IV

Many companies commented that good communication is critical to quickly respond to

production disruptions. One site mentioned that it often had problems getting timely information

about problems and changes because it was isolated from the main site where products were

designed. Another site mentioned that people need to get involved and call attention to problems

that they see. Multiple groups at this site use the same type of components. If one group

discovers a problem with a batch of parts, that information should be transmitted to all other
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groups immediately. In practice however, it may take weeks or even months for the information

to be communicated to everyone.

In contrast to FR-Ri, one group suggested that a team shouldn't respond to problems with

excessive speed. The point was that if a problem is taken care of too hastily it may be done

poorly or incompletely. This company said that they use a very structured method of solving

problems and that problems must be fully resolved before a product can be put into service.

Level V

One company said that they experienced problems satisfying FR/DP-R1 1, FR/DP-R12, and

FR/DP-R13, because of a lack of standardization between groups. For example, one group

would push defective parts aside while another group would do a full investigation of the parts.

Similarly, communication between groups complicated problem resolution. Groups would

sometimes provide incomplete information or they may deny responsibility for a problem.

Another site pointed out that even when people know that something is wrong, people often

don't want to stop production.

A different problem mentioned by a company is that the company has a good tracking system for

some problems, but problem documentation is not always sufficient. The exact cause of

problems and the corrective actions taken to resolve the problems are not always recorded.

Some people do not want to spend time recording details about a problem after it has been

resolved. A computer system used for tracking problems may be rigorous, but the human input

may not be meaningful and well thought out.

One company working on a military product indicated that there is a large paperwork path

through the steps of reporting, responding to, and correcting errors. For a previous product, they

said that a standard repair model had been created and approved so that people could fix their

own problems without external approval. This standardized repair system is not available on the

current product, so a long approval process must take place before problems can be fixed. It was

also mentioned that no two identical products ever come out of assembly.

Many people mentioned that they already use a standard method to identify and eliminate root

causes, DP-R13. It was suggested that the aerospace industry may be particularly good at this as
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a result of its long military heritage. A couple of suggestions for improvement to the MSDD

were made. The first suggestion was that engineers, both design and manufacturing, should be

located on or near the manufacturing floor to speed the resolution of problems. It was also

suggested that "trend analysis" be used in addition to a standard method of problem solving. The

reason for trend analysis is that even if root-cause analysis is used it may be possible that the true

root cause is not immediately identified. By keeping track of problems, so that trends can be

discerned from the data, the true root cause of problems can be determined and eliminated. Both

of these suggestions have been incorporated into the Identifying and Resolving Problems section

of the AMSDD.

Level VI

Regarding the identification of disruptions where they occur, FR-R 11I (now FR-R1 12 in MSDD

v.5.1), it was suggested that inspection steps should be performed in logical places in the work

sequence, so that problems can be caught when and where they occur. This suggestion was not

implemented in the AMSDD because it requires specific product and process knowledge.

One company said that it has become more difficult to simplify material flow paths, DP-R1 11

(now DP-R112 in MSDD v.5.1), as the company has grown. They said that it was easier when

parts were processed almost entirely in one area. Now, parts travel through multiple "centers of

excellence" for their required processing. It was also noted that there are problems with parts

getting lost as the parts travel throughout the company and it is almost impossible to identify

where the parts are lost.

Another company indicated that simplifying flow paths is difficult for them because they use

extremely large machines that are very difficult to move. Some machines rest on pilings that are

driven down 70 feet into bedrock.

The question was raised as to whether DP-R 111 (now DP-R 112 in MSDD v.5.1) could be

phrased more generally, so that it did not specifically address material flow paths. Other flow

paths, such as information, should also be simplified to improve response time within a system.

This suggestion was implemented in the AMSDD.

72



MSDD Feedback from the Aerospace Industry

Most companies did not appear comfortable with their ability to identify disruptions when they

occur, FR-R1 12 (now FR-R 11I in MSDD v.5.1). Some people mentioned that manufacturing

engineers monitor the output of workers, looking for problems. Other people said that workers

rely too heavily upon planning to tell them when inspection of parts should take place. One

company said that introducing self-inspection has helped, because the operators try to identify

and fix their own errors before passing the work along. This company also admitted that there

are limits to self-inspection and suggested that it is better for work to frequently be passed along

to the next worker so that a fresh pair of eyes can find any mistakes. It is often difficult for

people to find their own mistakes after they've worked on a part for too long.

There were a couple issues that industry members had with the wording of DP-R1 12 (now DP-

R 11 in MSDD v.5.1). The first was that it says to "increase" the operator's sampling rate.

Increase could infer that checking 20% of parts as opposed to 10% is acceptable. In truth, the

operator should check every part between each step, so that mistakes are caught immediately.

This concern has been addressed in the AMSDD. The second problem was that the DP refers to

equipment, rather than the product. Because many aerospace operations are manual, it was

suggested that machine-specific references be reworded if possible. For this reason, the

AMSDD has attempted to differentiate between FR/DPs that address only automated processes

versus automated or manual processes.

Regarding DP-R1 13, "Context sensitive feedback," it was mentioned that not all groups have the

expertise to provide specific information about problems.

Several people mentioned the need to identify correct support resources, FR-R121. A corrective

action board was suggested as one possible way of implementing the DP-R121. People noted

that workers often jump straight to the top of an organization, instead of working through lower-

level resources who can address problems. It is also not infrequent for multiple people to be

tasked with the same problem and each come up with a different solution.

Several companies mentioned different ways of implementing a rapid information transfer

system, DP-R123. A comment was made that in the aerospace industry, support resources are

typically people, not equipment. One way of contacting these people is with an automated pager
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and/or email system. If there is no response after a set period of time, the next level up is

contacted. This continues until the problem has been resolved.

3.3.3 Predictable Output

For the most part, industry members agreed with this section of the MSDD and had only minor

suggestions for changes. A couple general comments were related to knowledge transfer within

the company. One site said that it was trying to create an integrated system with no isolated

databases, so that information was available wherever it was needed within the company.

Another site mentioned the importance of developing a critical path and precedence list for

operations. This precedence system should be used for scheduling team members and the

sequence of parts that need to be processed, so that the production schedule is met.

Level IV

There were no changes suggested to FR-P 1 and DP-P 1.

Level V

Regarding FR-P 11, "Ensure availability of relevant production information," one company

mentioned that they were setting up a visual information system to achieve this requirement.

Another comment, which was discussed in the previous section, was that a capable information

system is not sufficient unless the data in the system is useful. It was suggested that an FR/DP

pair that addresses information integrity may be needed. Such an FR/DP pair has not been

added, however, because it is unclear how this integrity would be assured within the

manufacturing system design. Employee training is already addressed in the Quality section.

There were a couple comments on FR-P12 and DP-P12. The first was that people must

understand how to use and setup equipment properly to ensure predictable output. One company

experienced an electrostatic discharge problem in a circuit soldering operation, because non-

grounded soldering tips were used for an application that required grounded tips. This incident

would actually be addressed by the quality section of the MSDD, which discusses the need to

give operators the proper training, select the appropriate equipment, and use mistake-proofing

devices. The second comment was that FR-P12 and DP-P12 were insufficient as currently

stated. It was suggested that an additional FR/DP pair should be added to address the need to
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ensure that tools and supplies are available when they are needed. This FR/DP has been added to

the AMSDD.

There were many comments about FR-P14 and DP-P14. One company explained that many of

the parts that it uses are specific to individual, highly-customized products. These products often

require redesign for each customer, so many components cannot be ordered until the design has

been finalized and moved to production. Some parts are "stock" parts, but the majority of parts

are unique. A significant problem with these unique parts are that the lead time to procure them

is often longer than the time available from when they are specified until they are needed. This

requires parts to be bought "just in case" because they cannot be ordered just in time. In

addition, some parts (particularly for military customers) require additional testing, radiation

hardening, and may have a "freshness" date after which the parts cannot be used. In general, this

company feels that most of its components cannot be considered "commodity" items.

A site that has a considerable number of fasteners that need to be stocked and replenished

discussed how it controls supply. This company kits some fasteners, distributes some through

vending machines, and stores others at their point of use. Use of the correct fastener is very

important. If a technician drops a fastener on the floor, the fastener cannot be reused. This rule

prevents the technician from accidentally picking up a different fastener that was on the floor and

reduces the possibility that damaged fasteners are used.

Level VI

Many aerospace companies seemed to have trouble implementing standard work methods, DP-

P131. One site said that operators are typically given components and diagrams, but not told the

exact order of assembly, nor which tools to use for each step. A manager said that he was

considering standardizing a process by having a few people do each process, rather than having

everyone perform multiple processes. Some of the processes require high degrees of skill and

can be performed better by some workers than others. Two problems with this approach are that

1) it reduces the cross-training of the workers and 2) it may be boring and monotonous, causing

workers to lose focus and reduce the quality of their work. Government requirements were also

cited as a hindrance to standardization, because the government requires some tests and

processes that are not used for commercial products.
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DP-P132 received significant criticism from industry members. Interviewees touched upon

many aspects of human relations and indicated that a single FR/DP pair is insufficient for

tackling this very complex issue. The overall message was that 1) it is virtually impossible to

make workers come to work if they do not want to and 2) it requires more than a single incentive

or motivational program to make workers want to work. As a result of this criticism, FR/DP-

P132 has been rephrased more generally and specific concerns are left to the field of human

relations and personnel management.

Using cross-trained workers to prevent production interruptions, DP-P133, received mixed

reviews from the industry. Some sites indicated that they are working to better cross-train

workers. One site said that cross-training can be difficult because some operations are very

complex and can only be mastered by a small subset of workers. Another site mentioned that

out-of-station work hinders workers' ability to cover for each other. Both sites mentioned that

workers are often pulled away from the line for training and that their absence hinders

production.

3.3.4 Delay Reduction

The Delay Reduction section of the MSDD was received well by some industry members who

felt that it was pertinent to them as it was already structured. Other industry members felt that it

addressed too many issues relating to high volume, mixed-model production that did not apply to

them. One person was concerned that the variability of people within the production system had

not been taken into account in this section. Specifically, since people in the aerospace industry

often require higher expertise and may be difficult to find, he wondered if the variability of

recruiting and retaining workers should be considered. If so, the question was whether they

should be considered under throughput time variation or mean. Regarding the first concern, the

AMSDD now differentiates FR/DP pairs that only apply to mixed-model production. The

training issues covered in the Quality section should largely address the concern about variability

of people within the production system. The AMSDD does not attempt to address frequent

turnover rates, but employees should be properly trained for the tasks they are assigned.

Several concerns were raised that some common delays in the aerospace industry are not

necessarily the result of the manufacturing system design. One cause of delay can occur when
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unexpected work is brought into the factory. This could be a product that is inserted into the

middle of the factory for refitting or changes that are made to an unfinished product that interrupt

the normal flow of production operations. Meeting government requirements (FAA, military,

etc.) was also cited as a source of delay, because parts must pass through a series of inspections

before they can be used. Restrictions are imposed upon the manufacturing system that products

can only be built to a specified point, then the parts must wait for the customer to accept them.

One engineer believed that this would be the hardest section of the MSDD to implement in the

aerospace industry, particularly in sheet metal fabrication. He said that it would require a very

large capital investment to reduce setup times in order to eliminate the production of large

batches. His reasoning was that stamped parts are inexpensive, but not having those parts is very

expensive for the company. Furthermore, he suggested that inspection can be done more quickly

in large batches, because if one part is good it is more likely that all of the parts are good. With

sheet metal stampings, for example, if one part is good and it fits into a stack of other parts, the

entire stack can be accepted as good.

Legacy products also hinder companies' ability to reduce delays. People are reluctant to

redesign parts or components for the benefit of the overall manufacturing system. It is expensive

to prove designs and get them accepted by customers. Companies often do not believe that they

would recoup these costs with sales of the redesigned older product, so they continue to

manufacture the known and accepted design. What manufacturers do not take into consideration

is whether the overall system would recoup the costs. Redesigning the manufacturing system

may result in lower overall costs for the company, even if some products individually cost more

to produce.

Level IV

Some companies said that FR-TI and DP-T1 are not applicable to them, because the company

only produces one type of product. These responses varied between locations within companies,

however. While assembly may have been continuously producing the same product, people in

fabrication and sub-assembly areas often had to produce multiple components. Some of these

areas tended to produce in small run sizes, even one at a time, while other areas ran large batches

of products.
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Companies identified several issues relating to FR/DP-T2. One company said that producing to

takt time was difficult, because customers demand products with what were effectively negative

lead times. Finished goods are typically expected a couple months after the design has been

finalized, but some parts can take six months or more to procure. The manufacturing system is

left in a situation where it is always trying to catch up. Another source of process delay comes

from test equipment. It is often difficult to finish environmental and performance tests within

takt time. These tests require products to undergo long testing periods. If products do not meet

the design requirements, changes must be made followed by another round of tests.

Some aerospace companies have transitioned to single-piece flow production in assembly. One

company mentioned that they are working towards applying single minute exchange of die

(SMED) techniques to apply single-piece flow to part fabrication. This company also uses a

"bus schedule" for composite parts that must be autoclaved. Parts must arrive by a specified

time each day or else wait until the next day to be processed. This method does not control the

number of parts processed, but simplifies scheduling and limits the length of time that products

must wait before being processed.

One company identified FR-T4, "Reduce transportation delay," as a serious need within its

manufacturing system. The company processes parts at many different buildings across a large

campus. Parts may be driven several miles when moving from one process to the next. This

transportation increases the risk of parts being lost or damaged as well as adding transportation

delays.

Level V

Industry members had different views on FR-T 11 and DP-T 11. One site that produced multiple

product types in the same fabrication and assembly facility felt that its schedules change quickly

and have very little stability. This site suggested that customers need to better understand their

own requirements because constantly changing priorities and requirements makes scheduling

within the factory very difficult. For this reason, the company also found it difficult to calculate

their takt time, FR-T21. A different factory that produced only one type of product had a very

different experience. The second site felt that its demand was very predictable, because its

contracts are finalized years before full production begins.
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Several sites said that they were working towards producing products in small run sizes, FR-T12.

One of the sites said that it needed to produce in small run sizes because of the unique nature of

its products. Problems obtaining quality parts was cited as the biggest obstacle to small run sizes

at this company. Another company indicated that it is getting better at quick changeovers, but

that it does not yet know how long changeovers actually take for some areas.

Most companies were comfortable with the concepts in FR/DP-T22 and FR/DP-T23. However,

the term "pitch" was unknown to the majority of interviewees. It was suggested that a set of

definitions be added to the MSDD to clarify concepts and terms with which people may not be

familiar. These definitions have been added to the AMSDD and are described in Chapter 4,

section 4.2.7.

Industry members had several comments regarding FR/DP-T5 1, FR/DP-T52, and FR/DP-T53.

One company noted that the definition of "support" inferred by the MSDD is not the same as the

definition used at some companies. This company used the term "support" to refer to everyone

not working on the production floor, rather than maintenance, material supply, and specific

resources that regularly interact with production workers. The term "support resources" has been

added to the list of AMSDD definitions. Another comment was that DP-T52 could be

misinterpreted as a suggestion to isolate workers. Finally, there were two suggestions for

additional concepts that could be covered in this sub-section. The first suggestion was to

consider how people or resources must wait for parts and information. The second suggestion

was to include the planning, paperwork, and other tasks that production and support workers

need to perform as part of their duties. The AMSDD incorporates these suggestions into a new

FR/DP pair relating to information delay.

One site provided an example of problems that resulted from workers performing both

production and support activities. Engineers at this site often take the best technicians from

production to help them build prototypes of new products. This practice interferes with regular

production, because the technicians are needed for their skills in the production area. These

technicians would be valuable for helping to transition products from development into

manufacturing if they could be counted upon to remain in production. Instead, the technicians

are often busy helping to build the next prototype. It may be better to separate the
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responsibilities of these workers so that they can be counted on to work only in production or

only in support for specified periods of time.

Level VI

Aerospace companies had varied responses to FR/DP-T221, FR/DP-T222, and FR/DP-T223.

One company indicated that automated operations frequently could be accomplished in less than

the takt time, but that it was more difficult to meet takt time with manual operations. Test

operations were also considered difficult to keep within takt time, because when errors are

discovered, they require reworking and retesting. As a result of the difficulties meeting takt

time, one company said that it performs a lot of parallel processing. People at this company do

not trust that everything will get completed if tasks are broken into smaller segments that allow

each task to be accomplished within takt time. The current system is more like a "pig moving

through a snake." People and resources are assigned to get one project done as quickly as

possible, then move to the next critical project. This process is complicated by changing

priorities that may result in one product being completed before it's due while an overdue project

waits for completion.

Different sectors had different responses to DP-T223. One company said that they already

stagger production of different products. Another site that produces only one product indicated

that it's not possible for them to stagger production in assembly, although this may be possible in

fabrication.

One company had trouble maintaining a standard level of work in process (WIP) between

subsystems, DP-T23 1. People seemed more concerned with having the specific components

needed for assembly than with maintaining a standard amount of WIP. Standard WIP is difficult

because a large number of components were non-standard and had long lead-times. The

company is trying to address this problem by using more common parts and consolidating part

storage into a central store. Previously, every production area had its own storage area. One

problem with the new setup however, is that specific programs still own the parts in central

storage. This possession means that the parts cannot be used by other programs without first

changing ownership. Each program also has less direct control over the storage and handling of

its parts than when it maintained its own stores.
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3.3.5 Direct Labor

Industry members had several comments about this section of the MSDD, but not many

suggestions for changes. One general comment was that non-standard work throws a monkey

wrench into the workings of a manufacturing system. Out-of-station work, late parts, rework,

and other non-standard activities prevent people from adhering to efficient work patterns.

Level IV

Some people had trouble with FR/DP-D1, because they believed that it was not possible to

separate operators from machines or because most processes in their factory were manual. In

general, companies agreed with FR/DP-D2. A lot of companies indicated that they are focusing

on ways to improve safety, training, and ergonomics. These companies have begun to look at

the design of the entire workstation, rather than just jigs and fixtures.

It was suggested that another FR/DP pair should be added to address eliminating wasted

processing. Some processing steps are not truly necessary, but are required because of the way

that a manufacturing system is designed. For example, if parts of an assembly process are

performed in two locations, a packaging operation between steps may be needed to protect

against contamination. It may be possible to eliminate this operation, however, if the system

layout was changed so that the parts were not transferred between locations. A new FRJDP pair

has been added to the AMSDD to address these concerns.

Level V

There were several concerns about FR/DP-D 1 and FR/DP-D 12. One problem is that many

machines are still manually operated, so they cannot be loaded and walked away from. Another

concern is that the cost of designing and building autonomous equipment may counterbalance

the increased labor productivity. A couple other problems stem from union rules. The union at

one company does not want people to run more than one machine at a time. The union claims

that running multiple machines places unfair demands on the workers. Union members also

have job classifications that may restrict the types of tasks that workers can perform. One site

worked with the union to prevent this problem by establishing a single job classification for all

technicians at the site.
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Several sites indicated that they have already begun implementing 5S programs, DP-D22. One

site wanted to see a further decomposition of FR/DP-D22 to explain how stations should be

setup for manual tasks versus automated tasks. Regarding FR-D23 and DP-D23, one site said

that technicians perform different tasks from product to product, but agreed that it may be

possible to setup a basic set of tools required for the majority of jobs.

3.3.6 Indirect Labor

Industry comments regarding Indirect Labor covered a wide range of topics. The phrase

"indirect" seemed to be fairly nondescript and each person had his or her own interpretation of

what indirect meant. One site said that the large amounts of paperwork required for managing

people causes a large number of managers to spend their time just pushing paper. For this

reason, outsourcing tasks was suggested as a way to reduce indirect labor costs. Another site

suggested that indirect labor is a serious problem, because the impact of fringe benefits are rising

more quickly than inflation or than direct labor efficiencies are improving.

Level IV

Most people agreed that self-directed work teams, DP-I1 are important. Some were concerned

however, that there is a point past which self-directed work may reduce quality. It was suggested

that there need to be checks and balances to ensure a stable quality output.

Several sites mentioned that they were working to develop visual factories to get the right

information to the right people at the right time. Some people questioned whether Indirect Labor

was the proper place for the visual factory. It was suggested that the visual factory benefits

direct labor and contributes to 5S programs. As a result of other changes to the AMSDD, the

concept of designing a "visual factory" has been moved to the Delay Reduction section which,

through coupling, still affects Cost Reduction.

3.3.7 Other issues

Industry members brought up a number of issues that did not necessarily apply to a specific

section of the MSDD. Some of these issues are general suggestions for improvements to the

MSDD while other issues provide insight into situations within the aerospace industry.
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Government / Military Issues

People at one site said that government requirements placed on contractors by Federal

Acquisition Regulations (FARs) deter many capable suppliers from bidding for government

contracts. These suppliers will not accept government work, because they do not want to deal

with the invasive government oversight and hands on approach. It was suggested that this

oversight is part of what leads to "$600 hammers," because the additional cost of overhead is

tacked onto the price of the product.

Military programs were also criticized for the degree to which information transfer is restricted.

Information can flow from other parts of a company into a classified program, but not out of the

classified program. For example, if a batch of commonly used components is found to be

defective on the commercial side, the government program will learn about the defect. If the

same discovery is made on the government side however, the knowledge cannot flow out to the

commercial side.

One engineer had a suggestion for how to use the MSDD to change military policies. His

suggestion was that the MSDD be compared to the Department of Defense's Production

Readiness Review (PRR). The PRR is used by the DoD to review the production readiness of a

manufacturing system. He said that it is just a high-level checklist, but that it drives the design

of companies' manufacturing systems. His hope was that by comparing the MSDD with the

PRR, improvements could be recommended to the PRR process.

General Industry Issues

While some people commented specifically on the government's close oversight of projects,

other people mentioned that this is common for the entire industry. It was suggested that the

aerospace industry may have to interface directly with their customers more than other

industries. Commercial and military customers alike often have to accept any exceptions to the

original design specifications. Companies generally cannot make the decision to accept

deviations on their own. Additionally, customers often want verification that specified processes

were followed.

One plant manager explained that the manufacturing system at his plant had evolved over time.

He said that the system is designed as though it had been extrapolated from a small engineering
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project into a company. The company had been successful due to its strength in engineering and

new technology, rather than manufacturing expertise. The industry now needs to increase its

manufacturing competence without sacrificing the engineering or technology. It is important to

design the manufacturing system, rather than let it evolve. The plant manager suggested that the

MSDD could be a useful tool for guiding the design of aerospace manufacturing systems, but

that differences in characteristics between industries must be considered. In particular, he said

that different industries have varying degrees of manufacturing repetition. In general, the

automobile industry has highly repetitive processes, while the aerospace industry ranges from

low to medium repetition. Demand is also much less predictable in the aerospace industry than

in the auto industry and it is harder to make long-term demand predictions.

One company discussed a different accounting concept that they are using called "economic

profit." In this system, profit is calculated as the operating earnings minus the cost of invested

capital. The cost of invested capital is equal to the company's net assets multiplied by the cost of

capital. This system often drives the company towards outsourcing. Outside suppliers do not

need to perform the research and development that this company does, so the suppliers do not

have to amortize these costs. The company feels that outsourcing allows them to concentrate

their investments on core competencies and research and development that gives them an edge

over their competitors. A cautionary statement from another company however, is that

outsourcing takes time control away from a company and leaves the company dependent upon

external capacity.

While many people pointed out the differences between aerospace manufacturing and other

industries, some industry members were critical of this viewpoint. These people said that a large

degree of internal chaos has been accepted by the aerospace industry as characteristic of the

industry. They claimed that it is actually the way that the industry has gone about business that

causes this chaos. For example, if design changes were incorporated in discrete blocks, rather

than from one aircraft to the next, it would reduce some of this confusion. It was noted that

frequent design changes are not solely the fault of the customer demanding the changes. The

industry has also tended to make large promises that are hard to deliver.
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The MSDD

A number of people wanted the MSDD to explicitly show how feedback is designed into a

manufacturing system. These people wanted to know how different sections of the MSDD

interrelate. They also wanted the MSDD to guide the development of feedback systems within

manufacturing systems. A way to communicate manufacturing problems to a company's quality

system and its design engineers was desired. The MSDD already indicates how different

sections interrelate through coupling. Regarding feedback, a new Continuous Improvement

section has been added to the AMSDD.

A number of people asked how the MSDD can be applied in practice. These people wanted a

defined implementation methodology and pointed out that specific practices are often lacking.

The MSDD however, is meant to be general and not so specific that it can only be applied to a

single industry or even one factory. As for an implementation methodology, the MSDD is

intended to guide the design of manufacturing systems as a conceptual tool, rather than as a step-

by-step methodology.

One person asked how a company should address what he termed "surge capacity." Surge

capacity is the ability to address and resolve problems without causing the entire manufacturing

system to come to a standstill. Addressing "surge capacity" would likely be an individual

consideration at a company that would depend on the expected degree of demand fluctuations.

The MSDD attempts to portray a generalized manufacturing system design and would not

specify excess capacity as a requirement. Excess capacity allows companies to be overly

comfortable with problems that should be resolved. Therefore, companies should not seek to

develop excess capacity, but should try to resolve problems to reduce the need for extra capacity.

Another person felt that the MSDD lacked details about how a company should be structured

internally. One example he gave was whether maintenance workers are located in different parts

of a machine shop or if they are centrally located. Another example was whether the company

treats upstream processes as suppliers and downstream processes as customers. The MSDD does

not attempt to address the organizational structure of a company, so that the MSDD can be

applied to a wide range of industries.
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One of the interviewees did not understand why takt time appears under the Delay Reduction

section. He believed that takt time measures whether a manufacturing system will have a delay,

but that takt time is not a means for reducing delays. The purpose of takt time is to set the pace

of production. Work tasks should be divided into segments that can be accomplished within the

takt time. While takt time does help to indicate if a set of operations is running too slow or too

fast, it also helps prevent delays by balancing production throughout the factory. By both

balancing demand and making future delays more visible, the takt time helps to eliminate delays

by focusing improvements on specific processes where they are needed.

One company explained one reason why buy-off points between manufacturers and customers

have been created in the aerospace industry. The way that contracts are written, customers can

request design changes up to a certain point in the manufacturing process. If a product is

delivered early, the company is responsible for fixing any design changes that would otherwise

have been incorporated. Therefore, buy-off points in the manufacturing system protect

manufacturers from being held responsible for changes after the product has been accepted by

the customer.

Several people commented on the sequence and pace of production within the aerospace

industry. One person commented that it is not always beneficial to level production within a takt

time interval. For example, if an aircraft that has a 20 day takt time requires four engines,

leveling production within the takt time interval would require that the first engine should be

installed by day 5, the second by day 10, and so on until all engines had been installed by the end

of day 20. Engines are expensive components and having the first engines installed wait for a

long period of time incurs a significant capital holding cost. It was suggested that an economic

analysis should be performed to help guide the production sequence within a time interval. If

possible, more expensive components should be installed last. The bill of material (BOM) for a

product should be sequenced so that it considers the economic value of the parts and how capital

costs contribute to the overall manufacturing system cost.

Another person suggested that, because products have a higher value as they move through the

value stream, it is beneficial to shrink later cycle times. The implication is that in the aerospace

industry, due to inventory costs, it may not be desirable to have all manufacturing positions filled
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at a given time. It is true that it may not be desirable to have all positions filled at a given time,

but these people are making an assumption that moving products according to takt time means

that a product can only move from one position to another in a given period. Therefore, in order

to move through multiple positions, people assume that a product must move faster than takt

time. In truth, multiple positions can be combined into a processing step, so that parts are still

moved according to takt time. The value to grouping positions according to takt time, even if the

positions are physically separated, is that takt time sets the pace of production. If takt time is

forgotten at the end of the production system, then the system must revert back to a schedule and

output will not be as predictable. If takt time is maintained, then a product should continue to

exit a set of positions at the specified time. If the product is not completed by the end of the takt

time, efforts should be made to shrink the processing time of the positions so that takt time is

met.

One manager suggested that a command and control network is missing from the MSDD. He

also suggested that policy, or hoshin from the Japanese system, should be added. Hoshin

planning is described as a policy deployment system that points an organization in the right

direction to achieve its goals. [King, 1989] While hoshin planning may be a valuable tool for

companies to use at an organizational level, the AMSDD does not attempt to address high-level

business organization issues. Therefore, hoshin planning has not been added to the AMSDD.

For the same reason that policy was not addressed, the AMSDD does not address the command

and control issues. The AMSDD is not meant to prescribe the structure of an entire corporation.

The AMSDD focuses on the organization of the manufacturing system and the interactions

between manufacturing and other functions within the company.

A couple comments were made regarding employees and the manufacturing system. It was

suggested that employee involvement and teamwork is lacking from the MSDD. It was further

suggested that if a manufacturing system is working well, the operator will be the indicator. The

AMSDD is not well suited for addressing employee involvement and teamwork, so these issues

have not been incorporated.

A couple groups at one factory argued different viewpoints on the merits of using the MSDD to

improve the design of manufacturing systems. The first group felt that because the
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manufacturing system usually accounts for less than 10 percent of costs incurred by a company,

the manufacturing system should not be a high priority for improvement. Other problems, such

as managing design changes, managing different product configurations, data management, and

material planning were proposed as areas that incur high costs and need significant improvement.

The second group argued that changes in the manufacturing system drive changes in the rest of

the company, so it is important to work on manufacturing system changes and improvements.

Product Design

Many industry members suggested that the MSDD should explicitly address manufacturing

issues relating to product design. There were only a few specific suggestions for what should be

included, but the consensus was that product design plays a dynamic role in the design of

aerospace manufacturing systems and should therefore be included in the MSDD. One particular

suggestion was that there should be concurrency in design and manufacturing. Concurrent

design allows product designers to consult with manufacturing engineers to ensure that the parts

they are designing are manufacturable and can be produced at a reasonable cost. As a result of

the many suggestions from industry members, product design has been added to the AMSDD

and will be discussed in the next chapter.

3.4 Summary

The feedback from aerospace industry members provided many detailed insights into specific

concerns and considerations for the operation of aerospace manufacturing systems. In general,

the feedback indicated that the MSDD is a good model for describing many of the interactions

and relationships within a manufacturing system. The feedback also made it clear that there

were a couple of missing concepts that the aerospace industry considers very important. The

first missing concept was product design. While only a few people specifically suggested that

the MSDD should address product design, almost everyone interviewed at one time or another

remarked that one or more sections of the MSDD was highly influenced by product design

decisions. The second missing concept was a feedback system. Many industry members wanted

the MSDD to indicate how lessons that are learned through the operation of a manufacturing

system are used to improve the design of the manufacturing system.
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Chapter 4 Aerospace
Manufacturing
System Design
Decomposition

4.1 Introduction

This chapter addresses the issues raised by industry members regarding the applicability of the

MSDD to the aerospace industry. As a result of the suggestions, a new Aerospace

Manufacturing System Design Decomposition (AMSDD) is developed. The AMSDD is based

upon the MSDD presented in Chapter 2. To address the importance offeedback and product

design in the aerospace industry, the AMSDD has added two new sections called Continuous

Improvement, and Product Development. In addition to these changes, some sections originally

contained in the MSDD were modified or further decomposed to better address the industry

concerns presented in Chapter 3. It is hoped that the new AMSDD will provide a valuable tool

for the aerospace industry to use when designing future manufacturing systems.

4.2 Proposed Aerospace Manufacturing System Design Decomposition
(AMSDD)

4.2.1 Top-level FRs and DPs

The AMSDD attempts to draw attention to some of the high-level decisions that a company must

make when deciding whether to invest in manufacturing system design. A new top-level of

decomposition was added, because discussions with industry members indicated that investment

and financing strategies have a profound effect on the decision to design, operate and improve

manufacturing systems. The AMSDD has seven levels of decomposition, so the levels start at

"Level 0" as opposed to "Level 1." This numbering scheme is intended to facilitate comparisons

between the AMSDD and the MSDD. A full version of the AMSDD can be found in Appendix

C.
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Figure 4.1: Top Levels of the AMSDD

As discussed in Chapter 3, EVATM was suggested as a possible top-level functional requirement

for the AMSDD. Shareholder value was also mentioned many times by industry members as a

high-level corporate goal. A survey of 14 executive and middle level managers at aerospace

companies found that all 14 managers believed that the stock market had a significant impact on

their companies' top-level goals. [Fernandes, 2000] A problem with shareholder value however,
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was that it was uncertain how it could be evaluated as a top-level FR. Some investors use EVA

as a way to evaluate stock values, so EVA was investigated as a possible surrogate for

shareholder value.

According to Stem Stewart, the company that developed EVA, EVA is an estimate of a

business's true economic profit. [Stuart, 1994] Economic profit is different from accounting

profit, because economic profit considers a company's opportunity costs as well as actual costs.

(See Appendix D for more information on opportunity cost.) Stem Stewart provides three

specific ways that EVA differs from accounting profit:

* EVA is the residual income remaining after subtracting the cost of all the capital that has

been employed to produce the operating profit.

" EVA is charged for capital at a rate that compensates investors for bearing the firm's explicit

business risk.

" EVA adjusts reported accounting results to eliminate distortions encountered in measuring

true economic performance.

A problem with using EVA in the AMSDD is EVA's customized nature. Stem Stewart does not

advocate a single definition of EVA and even points out that it has identified 164 unique

performance measurement issues that are considered differently and tailored to each company

using EVA. Therefore, while EVA may be a good measurement by which individual companies

guide their management decisions, it is not possible to create a single EVA model of the

AMSDD that applies to multiple companies.

While a single EVA formulation cannot be used across companies, Stem Stuart draws an

important link between EVA and Net Present Value (NPV)2. "The NPV of a project, strategy, or

acquisition candidate ... is by definition equal to the present value of the EVA it can be expected

to generate in the future." [Stuart, p.74, 1994] Furthermore, Stem Stuart equates a company's

shareholders' wealth with the company's NPV. (See Appendix D for more information on

2 NPV is used in place of EVATM for most of this thesis because NPV is a commonly known concept and is not
trademarked.
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NPV.) This relationship is important because it indicates that NPV can be used to measure how

well a company provides value to its shareholders.

After considering feedback from industry members and the relationship between EVA,

shareholder wealth, and NPV, "Increase shareholder value" was selected as the top-level

functional requirement of the AMSDD. The word increase, instead of maximize, was selected to

indicate that companies should always try to provide shareholders with more value. The top-

level design parameter achieves this FR through "Growth of [the] company's Net Present

Value." The performance measurement, "Rate of NPV growth," measures how well the top-level

FR has been satisfied.

The top-level FR/DP pair is decomposed into FR-O and FR-1. FR-O requires that companies

only "Fund projects with a positive Net Present Value." FR-1 requires that companies "Increase

manufacturing profitability." FR-O follows logically from the top-level FR/DP pair, because

exclusively funding projects with a positive NPV will increase a company's overall NPV, thus

increasing shareholder value. FR-I follows from decomposing the top-level FR/DP pair,

because increasing the profitability of the manufacturing system increases the contribution of

existing products to the overall corporate NPV. (Note: It would also be possible to have an FR-

2, FR-3, and other functional requirements at this level of decomposition. In addition to

improving the profitability of the manufacturing system, other FRs could address the profitability

of product design, sales and marketing, and other business functions. A comprehensive

corporate decomposition is beyond the scope of this thesis. This thesis focuses on decomposing

the FRs and DPs that relate to aerospace manufacturing, so these other possibilities will not be

pursued.)

In order to satisfy FR-O, DP-O specifies "Capital allocated to projects with positive Net Present

Value." If a project has a positive NPV, the amount of money returned to the company will be

greater than the required investment and costs over the life of the project, where all funds are

considered in present dollars. This FR/DP pair addresses investments in both new projects and

improvements to existing systems. A concern was raised that this investment strategy will lead

to sub-optimization. If a project's NPV is calculated correctly however, sub-optimization should

not occur. The impact of a project on the entire manufacturing system should be considered.
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Some projects, such as implementing a just-in-time material replenishment system, may not

appear to have a positive NPV if the project is evaluated in only one part of a factory. When the

entire factory is considered however, the NPV may prove to be positive. Therefore, using NPV

analysis for investment decisions will encourage companies to take a high-level system view and

avoid sub-optimization.

DP-l, "Manufacturing system design and operation," differs from the MSDD. The addition of

"and operation" indicates that designing an effective manufacturing system is insufficient. The

manufacturing system must also be operated as the designers intended. Even though the FR-i 's

from the AMSDD and the MSDD are different, their corresponding DP- l's remain very similar.

This similarity indicates that once a company has decided to manufacture products, the only way

to improve the performance of the manufacturing system is to design (and operate) the system in

an efficient manner. Industry members generally agreed that the issues that must be considered

when designing a manufacturing system are essentially the same, regardless of how the decision

to manufacture was made. Therefore, even if there is disagreement about the top-level of the

AMSDD, the AMSDD remains a valuable tool for identifying relationships that should be

considered when designing a manufacturing system.

As in the MSDD, FR-I and DP-I are further decomposed into FR-11, FR-12, and FR-13. At the

second level of the AMSDD, DP-11, FR-12, FR-13 and DP-13 were changed. DP-11 was

changed from "Production to maximize customer satisfaction" to "Products that maximize

customer satisfaction." The change reflects industry feedback that the MSDD did not address

product design and its impact on manufacturing systems. The AMSDD attempts to address

aspects of product design that have a direct impact on the manufacturing system. The Product

Design section of the AMSDD results from further decomposition of FR-Il and DP- 11, as

shown in Figure 4.5.

DP- 13 was changed from "Investment based on a long term strategy" to "Investment strategy to

reduce investment over manufacturing system lifecycle." This change helps to better explain

how FR- 13 should be fulfilled. The original FR/DP- 13 pair was criticized for being too vague

and not being further decomposed. The new DP- 13 indicates that manufacturing system design

decisions should seek to reduce the overall investment that will be required for a manufacturing
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system. For example, this strategy may suggest a higher up-front investment for one project, but

may indicate that it is better for another project to withhold a large investment until a future date

when market demand will be better known. Further decomposition of this FR/DP pair is

described in Section 4.2.9.

To illustrate how use of NPV in the AMSDD can influence manufacturing system design, a

couple issues that arise in the aerospace industry will be considered in terms of an NPV analysis.

The first issue is that several aerospace companies view manufacturing as a "necessary evil."

These companies would prefer to focus their investments on research and development and

outsource product manufacturing. An entirely hypothetical NPV analysis, shown in Figure 4.2

suggests how it may be a good idea for companies to retain a certain level of internal

manufacturing capabilities. (Note: The benefits and drawbacks presented in the analysis would

not all occur on the same time scale. This is part of the benefit of a NPV analysis. Some

decisions that have a short-term benefit may result in a long-term disadvantage for a company.)

Net................... ..

Present NPV increasing due to: NPV decreasing due to:

Value * Lower investment in facilities and | Loss of first-hand mfg.
(NPV) capital equipment process knowledge

* Improved product design and mfg * Less control of product
resulting from synergies w/suppliers quality and delivery schedule
* Less vertical integration / smaller | Decreased ability to
enterprise to manage improve design of mfg.

system and/or product

-100 % of

"optimal" levelmafatig
of outsourcing outsourced

Figure 4.2: Hypothetical NPV Analysis of Decision to Outsource Manufacturing

If a company is completely vertically integrated, manufacturing everything from sub-

components to the final product, the company may have a low NPV. The company may be able

to make better use of capital that it has tied up in equipment by selling some equipment and
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investing the money to develop new products or new capabilities. Sharing knowledge with other

companies, in order to purchase sub-components, may also increase the company's NPV. The

company will gain access to a broader knowledge base that should benefit both companies. If

the company outsources too much of its manufacturing capability however, it may lose some

important advantages. When design engineers become removed from the manufacturing

process, they may develop products that are more costly to manufacture than necessary. The

engineers may not know the limits of the manufacturing system, or they may not realize that the

system can perform even better than they believe. Outsourcing can also decrease the amount of

control a company has over product quality and delivery, because the manufacturing facilities

may not be close to the product designers.

The second issue that will be addressed in terms of an NPV analysis involves the decision to add

capacity to a manufacturing system. People have commented that previous versions of the

MSDD have not addressed how companies should decide to add manufacturing capacity. While

it is not explicitly stated in the AMSDD, net present value analysis provides a valuable tool for

guiding capacity planning decisions. Consider two examples. In the first example, a company

with a discount rate of 12% is deciding whether it should build a new assembly cell to produce a

product that will provide net revenue of $5 million per year for four years. The cost of a new

assembly cell is $10 million. A cash flow diagram of the proposed project is found in Figure 4.3.

Discounting the cash flows to present dollars, using the method found in Appendix D, indicates

that the NPV of the proposed project is $5.2 million. The company should invest in the new

assembly cell.

Incom $5 million $5 million $5 million $5 million

1 2 3 4 Year

-$10 million

Figure 4.3: Cash Flow Diagram for Proposed Product
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For the second example, assume that this same company is already manufacturing a product.

Product sales have been better than originally expected, forcing the company to run three shifts

of operation in a cell that was designed to run only two shifts. Three shifts of operations causes a

couple of problems for the company. First, the cell does not receive as much preventive

maintenance as desired. Second, using a third shift requires more material handlers and other

support personnel than would be needed if production occurred only during the first or second

shift. The total cost to the company of running a third shift is approximately $1.5 million per

year. The revenue gained from meeting the increased demand is $3 million per year. The

company must now decide whether to invest in a second cell for $5 million or continue running

third shift operations. Demand for this product is expected to continue for another five years.

Cash flow diagrams for the two choices are presented in Figure 4.4. Discounting the cash flows

to present dollars, the NPV of building a new assembly cell is $5.8 million and the NPV of

continuing the third shift is $5.4 million. Therefore, it would be best for the company to build a

new cell to meet the increased demand.

Build a new Assembly Cell

Incom $3 million $3 million $3 million $3 million $3 million

0 +*
o1 2 3 4 5 Year

-$5 million

Continue the Third Shift

Incom 1  $3 million $3 million $3 million $3 million $3 million

0-
1* , 3t 4* 5 Year

-$1.5 million -$1.5 million -$1.5 million -$1.5 million -$1.5 million

Figure 4.4: Cash Flow Diagram of New Assembly Cell vs. Third Shift Operations
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Figure 4.5: Decomposition of FR/DP-11 in the AMSDD

The decomposition of FR/DP-1I1 in the AMSDD, shown in Figure 4.5, is similar to the original

MSDD, except two new FR/DP pairs have been added. The original FR/DP-1 11, FR/DP-1 12,

and FR/DP- 113 are now FR/DP- 113,. FR/DP- 114, and FR/DP- 115,. respectively. The new FR-

I1I1, "Improve product design and manufacturing," is satisfied by DP-1I11, "Continuous

improvement process." PM-1 11, "# of problems identified and corrected," measures the

achievement of FR-111. The new FR-112, "Deliver products that meet customers'

requirements," is satisfied by DP-1 12, "Product design process." PM-1 12, "% of customer

requirements fulfilled," measures the achievement of FR- 112. The decomposition of FR/DP-1I1

is partially coupled. DP- 111 affects FR-1I1I1 through FR- 115, DP- 112 affects FR- 112 through

FR- 115, DP- 113 affects FR- 113 through FR- 115, and DP- 114 affects both FR- 114 and FR- 115.
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FR/DP- 111 was developed in response to several questions by industry members regarding

employee feedback and where it appears within the MSDD. It was determined that a feedback

and improvement mechanism was not explicit in the MSDD, but that one should be present in

the AMSDD. This continuous improvement process affects many aspects of a manufacturing

system, as illustrated by the coupling between DP- 111 and FR- 111 through FR-115. It is

because of this coupling and the profound effect that continuous improvement has on the entire

manufacturing system that a separate branch has been added to the AMSDD.

FR/DP-1 12 was developed as a result of the overwhelming feedback from industry members that

product design cannot be separated from the design of aerospace manufacturing systems. The

coupling between DP- 112 and FR- 112 through FR- 115 illustrates the impact that product design

has on product quality and both the variation and mean of throughput time.

4.2.2 Continuous Improvement

Level 3 FR-111
Improve product
design and
manufacturing
PM-111
# of problems
identified and
corrected

DP-111
Continuous
improvement
process
(Kaizen)

Level 4 FR-F1 FR-F2
Incorporate Incorporate
customer employee
feedback feedback
PM-F1 PM-F2
% of customer % of employee
issues suggestions
addressed implemented

DP-F1 DP-F2
Customer Employee
feedback feedback
process process

Figure 4.6: Continuous Improvement Section of the AMSDD
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FR/DP- 11 is decomposed into FR-Fl and FR-F2. FR-Fl, "Incorporate customer feedback," is

satisfied by implementing DP-F1, "Customer feedback process." PM-Fl, "% of customer issues

addressed," measures the achievement of FR-Fl. This FR/DP pair indicates that it is important

to seek and implement feedback from the actual users of a product. These users will often have

important suggestions for how to make the product more valuable to themselves, thus improving

future sales prospects. FR-F2, "Incorporate employee feedback," is satisfied by implementing

DP-F 1, "Employee feedback process." PM-F2, "% of employee suggestions implemented,"

measures the achievement of FR-F2. FR/DP-F2 recognizes that employees have detailed, yet

often untapped, knowledge about many aspects of a product's design and manufacturing. It

suggests that a formal mechanism or set of mechanisms should seek to capture this knowledge

and gain feedback to improve products and the way that they are manufactured.

Initially, it may seem inappropriate to put Continuous Improvement at the far left of the

AMSDD. The coupling between DP- 11 and FR- 111 through FR- 115 indicates that this is

correct from an Axiomatic Design standpoint, but one may argue that if a new manufacturing

system is being designed it is not possible to begin with a continuous improvement process. As

soon as a manufacturing system begins to take form however, improvements can begin.

Customer feedback can be solicited before products are developed to ensure that the products

will meet customer desires. Employee feedback can be obtained from employees at other sites,

from employees involved in the system design process, and from the first people to begin

working in the system.
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4.2.3 Product Design

Level 3

Figure 4.7: Product Design Section of the AMSDD

The product design section of the AMSDD addresses product design issues that affect

manufacturing system design. The purpose of this section is to illustrate the interactions between

product design and manufacturing, rather than to decompose the full product design process. A

full product design decomposition is beyond the scope of this thesis.
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FR- 112, "Deliver products that meet customers' requirements," is decomposed into FR-D 1, FR-

D2, FR-D3, and FR-D4. FR-D1, "Design products that can be manufactured," is satisfied by

DP-D 1, "Integrated product and manufacturing system design." The success of achieving FR-

Dl is measured by PM-D 1, "% of a product designed in conjunction with its manufacturing

system." FR/DP-D1 resulted from industry feedback that products must be manufacturable in

order to meet customers' requirements. During visits to aerospace manufacturers, many

manufacturing problems were attributed to product design. In order to design products that can

be manufactured, the products should be designed concurrently with the manufacturing system

and the equipment used to process the products. This design integration will ensure that the

manufacturing engineers understand why products are designed the way that they are and why

products must undergo specific processes. Integrated manufacturing system and product design

also enables the design engineers to understand the manufacturing system's capabilities. Good

interaction between manufacturing and design engineers enables the design and manufacture of

products that meet the customer's requirements quickly and with little wasted costs.

FR-D2, "Design products that satisfy external requirements," is satisfied by DP-D2, "Products

conform to government / industry standards." The achievement of FR-D2 is measured by PM-

D2, "Conforms to all applicable standards? (Yes / No)." FR/DP-D2 resulted from industry

feedback that products often have external requirements placed upon them that are not actually

specified by the customer. These requirements can be FAA design requirements, military

requirements, or even standards established within an industry. Designing products to meet

these standards has consequences for product design that can impact design and operation of the

manufacturing system.

FR-D3, "Accommodate future changes in product design," is satisfied by DP-D3, "Standard

method to incorporate new features into design." The achievement of FR-D3 is measured by

PM-D3, "Frequency at which design changes can be incorporated." One of the problems that

appeared to be universal in the aerospace industry was the constant requirement to incorporate

design changes into products already in production. It seemed that the design stage of the

products was never entirely complete until the product was shipped to the customer and actually

put in use. While it may be ideal to simply have zero design changes, this is not reasonable in

any industry, and much less reasonable in the performance-oriented aerospace industry.

101



Development of an Aerospace Manufacturing System Design Decomposition

Therefore a mechanism should be created to facilitate these changes, so that the changes cause as

little disruption to the manufacturing system as possible.

The method used for incorporating new design features should be standardized so that changes

do not continuously disrupt production. One of the simplest ways to do this may be to allow

changes only after a specified number of products have been built or after a predetermined time

interval has passed. The changes that accumulate would all be incorporated into subsequent

products. Additional changes would have to wait for the next set of products or the next time

interval to be completed before the changes could be incorporated. This design change system is

similar to the "block" system that was used for changing aircraft designs during World War II.

The system could also operate in a similar manner to the automobile industry's practice of

incorporating product changes by model year. A standardized system would allow the

manufacturing system to operate with fewer disruptions between changes. Critical changes that

would even require completed products to be retrofitted could perhaps be incorporated into the

manufacturing system. This breach of standard practice should probably happen only if the

impact of the changes on the entire manufacturing system would cost less than waiting for the

current block to be completed and retrofitting the products immediately upon completion.

FR-D4, "Design products the customer can afford," is satisfied by DP-D4, "Minimum material

and processing costs." The achievement of FR-D4 is measured by PM-D4, "Product price."

Several people mentioned that product design has a significant impact on the final cost of the

product. In order to keep products affordable, designers should try to keep the cost of materials

and processes to a minimum.

Decomposition of FR/DP-Dl results in FR-D 11 and FR-D 12. FR-D 11, "Design stable

processes," is satisfied by DP-D 11, "Equipment and part feature selection." The achievement of

FR-D 11 is measured by PM-D 11, "Expected process yield." It is important for product

designers to work with manufacturing engineers to ensure that the processes required to produce

a part will be stable. Achieving this stability can be done by selecting the proper equipment for a

design, designing parts so that they can be processed by existing equipment, or a combination of

product design and equipment selection.
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FR-D12, "Design products for defect-free fabrication and assembly," is accomplished by DP-

D12, "Product designs facilitate use of mistake proofing devices." The achievement of FR-D12

is measured by PM-D12, "% of processes with mistake-proofing devices." FR-D12 requires that

designers consider ways to ensure that the products can be manufactured with no defects. Some

sectors of the aerospace industry produce many copies of a single product. This repetition makes

it easier to design and use mistake-proofing devices. Mistake proofing can be more difficult for

other sectors that have many unique part designs for different products. Designers should

attempt to standardize parts or part features to enable the maximum use of mistake-proofing

devices. These features could be as simple as directional indicators that tell assemblers which

side of a part is "up." The features could also be common locating features that allow different

products to fit into the same mistake-proofing device that guides technicians during a manual

assembly or fabrication process.

FR/DP-D4 is further decomposed into FR-D41, FR-D42, and FR-D43. FR-D41, "Reduce

processing requirements," is satisfied by DP-D41, "Standardized part designs." The

achievement of FR-D41 is measured by PM-D41, "# of unique part designs." Using common

component designs across multiple products, or for similar functions within a product, reduces

the number of different processes that must be performed within a manufacturing system. For

example, instead of using thousands of different fastener types and sizes on an airframe,

designers could create a small list of fasteners that would be used to guide their specifications.

This standardization would reduce the variety of holes that had to be fabricated, reduce the

number of fastener types that had to be stocked, and reduce the possibility of drilling the wrong

hole or using the wrong fastener. Another example would be selecting a single microprocessor

design for use in multiple control systems, instead of designing unique microprocessors for each

system. The processor may be considered too costly, or it may have unused or unnecessary

capabilities if considered in the context of only one system. When used across several systems

however, the single processor may require less investment in design. One design might also cost

less because of volume discounts from purchasing larger quantities of the single processor, as

opposed to small quantities of multiple processors.

FR-D42, "Specify affordable components and materials," is satisfied by DP-D42, "Preferential

use of 'Off the shelf parts and commodity raw materials." The achievement of FR-D42 is
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measured by PM-D42, "% of 'off the shelf parts and raw materials." When designing products,

designers should try to specify parts and materials that are affordable. Industry members

commented that it is sometimes easier or faster for a designer to specify parts or materials that

are very expensive or hard to obtain, but that this practice creates problems in manufacturing.

Designers should consider the impact of their decisions on the final product cost. In order to

keep costs to a minimum, commonly available or "off the shelf' parts should be used when

possible.

FR-D43, "Specify affordable processes," is satisfied by DP-D43, "Simple processing

requirements." The achievement of FR-P43 is measured by PM-D43, "Cost of processing."

Designers must not only consider what parts and materials they specify, but what processes must

be performed on the parts. If a part requires days of expensive processing, alternative designs

and/or processing solutions should be considered. Whenever possible, parts should be processed

on simple equipment that does not require a significant investment.
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Figure 4.8: Product Design Section of the AMSDD (Design Stable Processes)

FR/DP-D1 1 is further decomposed into FR-D111 and FR-D1 12, as shown in Figure 4.8. FR-

DIll, "Design equipment for high process yield," is satisfied by DP-D 111, "Selection /

development of manufacturing processes." The achievement of FR-D 111 is measured by PM-

D111, "Equipment repeatable to within x units over y iterations." When selecting or designing

processing equipment, it is important that the equipment can produce parts with a high process

yield. It may be possible to achieve a high yield with existing processes, or by designing new

processes.

FR-D112, "Design products for high process yield," is satisfied by DP-D 112, "Specification of

tolerances that can be achieved." The achievement of FR-D 112 is measured by PM-D 112,

"Expected process capability." Designing and selecting processes to ensure a high process yield

is not sufficient. New manufacturing processes can provide designers with a wider range of

processing options and may allow new designs that had previously not been feasible. However,

designing products that are expected to have a high process yield is important. Designers should
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ensure that the available manufacturing processes can achieve the specified tolerances.

Specifying tolerances that are excessively tight may require inspecting and sorting parts to

identify which ones can be used.

Level 5 FR-D43
Specify
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processes
PM-D43
Cost of
processing

DP-D43
Simple
processing
requirements

Level 6 FR-D431 FR-D432
Reduce Reduce cost of
processing processing
complexity equipment
PM-p r431 PM-D432
# of processing Cost of
steps processing

equipment

DP-D431 DP-D432
Parts designed Simple
to minimize processing
processing equipment
requirements

Figure 4.9: Product Design Section of the AMSDD (Affordable Processes)

FR/DP-D43 is further decomposed into FR-D431 and FR-D432, as shown in Figure 4.9. FR-

D43 2, "Reduce processing complexity," is satisfied by DP-D431, "Parts designed to minimize

processing requirements." The achievement of FR-D431 is measured by PM-D431, "# of

processing steps." In order to reduce the complexity of processing, designers may choose to

combine several parts into one. This compound part may require fewer total processing steps

and therefore less total processing. On the other hand, creating an overly complex part may

require significantly more processing, so it may be better to break the design into several smaller

segments.

FR-D432, "Reduce cost of processing equipment," is satisfied by DP-D432, "Simple processing

equipment." The achievement of FR-D432 is measured by PM-D432, "Cost of processing
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equipment." When designing products and the equipment, with which they will be fabricated

and assembled, designers should try to reduce costs by reducing the equipment complexity.

Instead of using one expensive, customized piece of equipment to fabricate a part, it may be

possible to use several inexpensive, commonly available machines. An added benefit of this

design strategy is that using inexpensive, commonly available machines increases the probability

that the machines can be retooled and reused. If the product design changes or a specific product

is not successful, it is likely that the simple machines will be easier to retool for other products.
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4.2.4 Quality
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Figure 4.10: Quality Section of the AMSDD

The majority of industry members' comments about the Quality section of the MSDD indicated

that they agreed with the section as it was presented to them. Only one minor change was made

to the Quality section of the AMSDD when compared to the MSDD version 5.1. DP-Q 121,

shown below in Figure 4.11, was changed from "Training program" to "Training & certification
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program." This change resulted from comments that the aerospace industry requires its

technicians to have a high degree of skill and knowledge. Most workers receive formal training,

on the job training (OJT), and are certified to perform certain tasks. The new DP-Q121 indicates

that it is not enough to simply train workers. The workers must demonstrate that they are

qualified to perform the tasks required of them.

Level 5 FR-Q12
Eliminate Shading indicates FRs or DPs
operator that remain the same between
assignable the MSDD and the AMSDD
causes

PM-Q12
Number of
defects per n
parts assignable

DP-Q12
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from operators

I I

Level 6 FR-0121 FR-Q122 FR-Q123
Ensure that operator Ensure that operator Ensure operator
has knowledge of consistently human errors
required tasks performs tasks do not translate
PM-0121 correctly to defects
Number of defects PM-Q122 PM-Q123
per n parts caused Number of defects Number of
by an operators lack per n parts caused defects per n
of understanding by non-standard parts caused by
about methods method human error

DP-Q121 DP-Q122 DP-Q123
Training & Standard work Mistake proof
certification methods operations
program (Poka-Yoke)

Figure 4.11: Quality Section of the AMSDD (Operator Assignable Causes)

A number of additional suggestions were received from industry members, but not added to the

AMSDD. These suggestions and the reasons for not incorporating them will be discussed

briefly. Several people at one site suggested including risk management and risk mitigation in

the AMSDD. Risk management and mitigation appear to apply more to product design and

operation than to manufacturing system design. The risks mentioned by the interviewees

focused around the unexpected failure of a mission critical system and the need for redundant

systems. It is likely that such issues, which are critical to a product successfully achieving its

mission, will require tighter manufacturing tolerances. Product designers, not the manufacturing

system, determine these tolerances. The AMSDD addresses some product design issues, but
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focuses on how these issues impact manufacturing. Risk assessment and risk mitigation appear

to be issues that should be addressed primarily by product designers. These issues will indirectly

impact manufacturing system design, but they should not be specifically addressed by the

AMSDD.

Regarding FR-Q1, FR-Q2, and FR-Q3, a couple of people commented that a process must be

defined before it can be stabilized. While this is true, it is assumed that manufacturing

companies can define their own processes and that a specific FR/DP pair is not needed to address

the issue.

Several people wanted to see further decomposition of FR-Q1 1, FR-Q13, and FR-Q14. There

are two reasons not to further decompose FR-Q1 1. First, the new product design section

addresses issues that relate to the selection and design of equipment for a manufacturing system.

The second reason is that version 5.1 of the MSDD changed DP-Ql1 from "Selection/

maintenance of equipment," which was presented to industry members in version 5.0 of the

MSDD, to "Failure mode and effects analysis." This new DP change better explains how to

eliminate machine assignable causes from a quality standpoint. Regarding FR-Q 13 and FR-Q 14,

it would be difficult to further decompose these FRs without addressing the specific needs of a

process or company. Decomposition at this level would be highly affected by unique situations

at each company. It may therefore be valuable for a company to perform its own decomposition

of these FRs and the corresponding DPs. Attempting further decomposition of FR-Q13 and FR-

Q14 in the general AMSDD model, however, is not possible.
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4.2.5 Identifying and Resolving Problems

Shading indicates FRs or DPs
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the MSDD and the AMSDD

Level 4

Figure 4.12: Decomposition of FR-114 and DP-114

The Identifying and Resolving Problems section of the MSDD was generally well received by

the aerospace industry. The majority of suggested changes were incorporated into the AMSDD

and are presented below. With the exception of the numbering and minor rephrasing of PM-Pl,

FRIDP- 114 and its decomposition into FR-RI and FR-P 1 are the same as in the MSDD, version

5.1. PM-P 1 was slightly rephrased from "Number of occurrence of disruptions & Amount of

time lost to disruptions" to "Number of disruptions & amount of time lost to disruptions."
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D Shading indicates FRs or DPs
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Figure 4.13: Identifying and Resolving Problems Section of the AMSDD

Following the suggestion of several industry members, DP-R1 11 was changed from "Increased

operator sampling rate of equipment status" to "Frequent sampling of part status." Several

people objected to making he DPspecific to equipment. Ifan operation is manual, there is no

Level 4

Level 5

Level 6

I
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equipment to monitor, only the part that is being worked on. Another problem was that

increased could mean checking 20 percent of parts as opposed to only 10 percent. Neither of

these sampling rates is sufficient. Frequent sampling of part status indicates that workers should

regularly check the progress of parts to ensure that the parts are being processed correctly. The

new DP-R1 11 does not differentiate between whether the operations being performed are manual

or automated. One suggestion from an industry member for incorporating this DP into a

manufacturing system is consecutive inspection. Consecutive inspection is essentially the same

concept as successive checks, discussed in Chapter 2. In consecutive inspection, parts are

frequently handed from one worker to the next. Each worker inspects the part to ensure the

previous work was performed correctly before beginning his/her task. This practice prevents

mistakes from going unnoticed, which is more likely if one worker keeps the same part for a long

time. While the worker may still frequently check the part for errors, a worker is less likely to

find an error that he/she made than one that someone else made. Frequently passing a part by a

fresh pair of eyes improves the probability that errors will be caught quickly.

Another implemented suggestion was that DP-R1 12 should be changed from "Simplified

material flow paths" to "Simple flow paths." The first reason for this change was that the DP

does not need to be material specific. The flow of information in a manufacturing system, for

example, should also be simplified. The second reason was that simplified is inappropriate,

because it assumes that a flow path already exists. A company may be creating new paths, either

in a new or existing manufacturing system. New paths should be designed to be as simple as

possible.

Several companies suggested that FR/DP-R13 should be further decomposed to provide more

information on how to solve problems immediately. FR-R1 3 was not changed, but DP-R1 3 has

been changed from "Standard method to identify and eliminate root cause" to "Problem

resolution plan." The new DP-R13 suggests that there should be further decomposition of the

FR/DP pair. FR/DP-R13 is now decomposed into FR-R131, FR-R132, and FR-R133. FR-R131,

"Eliminate root cause," is satisfied by DP-R 131, "Standard method to identify and eliminate root

cause (5 Why's)." PM-R1 31, "% of problems that recur," measures the achievement of FR-

RI31. DP-R131 had been DP-R13 in the MSDD. Eliminating the root cause of a problem is

important for ensuring that the problem will not recur. Treating the symptoms of a problem is
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only a temporary solution and will lead to more problems in the future. A standard method, such

as the "5 Why's" should be used to identify root causes. [Ohno, 1988] Standardization helps

prevent misdiagnoses due to variations in problem solving methods.

FR-R132, "Minimize response delay from support resources," is satisfied by DP-R132,

"Maintenance & engineering resources located on plant floor." PM-R132, "Time between

contact of support resource until arrival," measures the achievement of FR-R132. It is important

to have the required support resources able to arrive and begin fixing problems as soon as the

problem has been identified. In order to minimize the response time, maintenance crews and

manufacturing engineers should be located on the floor of the manufacturing plant. Repairs

should not be delayed because engineers or repair crews need to travel from another building or

site.

FR-R133, "Ensure problems do not recur," is satisfied by DP-R133, "Trend analysis." PM-

R133, "% of problems that recur more than once," measures the achievement of FR-R133.

Although eliminating the root cause of a problem should prevent the problem from recurring, it

is possible that the root cause was misdiagnosed or that more than one cause of the problem

existed. When problems occur, they should be recorded and compared against other problems

that have occurred. Analyzing trends in problems allows companies to determine if there is a

hidden cause to a series of problems. By identifying all problem sources, the problem can be

resolved for good.
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4.2.6 Predictable Output
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Figure 4.14: Predictable Output Section of the AMSDD

The Predictable Output section of the MSDD underwent a couple changes between version 5.0,

which was presented to industry members, and version 5.1, presented in Chapter 2 of this paper.

The changes addressed two suggestions from industry members. The suggestions were to further
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decompose FR-P14, "Ensure predictable equipment output," and FR-P15, "Ensure material

availability." Aside from these suggestions, only one new FR/DP pair was added to this section

of the AMSDD. Several performance measurements were slightly rephrased and one DP was

changed.

The new addition to this section is FR/DP-P12. The Predictable Output section of the MSDD

discusses information, machines, worker output, and material, but does not consider tools and

supplies. FR-P 12, "Ensure tools & supplies are available," is satisfied by DP-P 12, "Standard

inventory of tools & supplies." PM-P12, "Number of disruptions due to tool or supplies

shortages, amount of interruption time from shortages," measures the achievement of FR-P12.

Without the proper tools and supplies, machines and workers cannot achieve their tasks. In order

to ensure that tools & supplies are present when needed, a standard inventory should be

maintained. This system may operate as a kanban-controlled "pull" system or a computer

controlled inventory that reorders supplies when they are depleted to a certain level.

DP-P142, "Corporate programs that provide for employee work/life needs," replaces "Perfect

attendance program." The original DP drew significant criticism from industry members. In

general, the feedback reflected a common attitude that improving employee attendance in a

company results from a comprehensive set of human-relations practices and policies.

Developing a single DP that encompasses the many intricacies of successful HR practices would

be impossible. DP-P142 attempts to integrate and present two sets of comments. The first

comment suggested that companies must work to instill pride and quality workmanship into their

culture. The second comment was that companies should show a balanced concern for people in

their home, social, and personal life as well as at work. The key points captured by the DP are

that companies should work on culture-building and that they need to consider employees' needs

as people, not just as elements of the manufacturing system. DP-P142 is not intended to address

the entire HR field, only to draw attention to its interaction with the manufacturing system.

Additional suggestions, such as stabilizing the workforce to minimize frequently hiring and

laying off workers are not covered in the AMSDD.

In addition to the above issues that should most likely be best addressed by the HR group in a

company, some issues were raised that may belong in the AMSDD, but how to add them is not

116



Aerospace Manufacturing System Design Decomposition

clear at this time. One issue involves the need for employee involvement and teaming. Getting

employees involved in their work and fostering a team environment is important. Teams are

discussed briefly under the Cost Reduction section, but the details of team building and the

interaction of teams with the manufacturing system are not developed. Another issue involves

recording/capturing employee knowledge. Industry members said that tapping the knowledge of

experienced workers is very important, because it allows companies to document techniques and

practices that best achieve processing requirements. Having techniques recorded also allows

multiple workers to perform a given task, instead of limiting the task to one specialist, who keeps

the knowledge to him/herself. The problem with obtaining this knowledge is that employees

may feel that their job is safer if they keep this information to themselves. If they share the skills

that make them valuable to a company, they fear that they could be more easily replaced. This is

a complicated subject and is coupled with HR issues. These issues may be a valuable area of

research for future versions of the AMSDD, but this thesis does not propose FRs and DPs to

address these issues in the context of manufacturing system design.
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4.2.7 Delay Reduction
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Figure 4.15: Delay Reduction Section of the AMSDD

The Delay Reduction section of the AMSDD has only one significant change when compared to

the MSDD. At the suggestion of an industry member, FR/DP-T1 was added to address

information delays in the manufacturing system. FR-TI, "Reduce information delay," is
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satisfied by DP-T 1, "Information integrated with work (visual factory, kanban system)." PM-TI,

"Time from info. transmitted or requested until info. received," measures the achievement of FR-

Ti. DP-TI indicates that information delays can be reduced or eliminated by using the work that

is being performed in the factory as a means to communicate information throughout the factory.

Kanban cards that are transferred with a product can be used to signal upstream processes to

replenish parts when the parts are removed. Visual controls can also be used to communicate the

status of a product. One site that was visited used a moving assembly line with locations marked

on the floor. These locations quickly communicated the status of a product to people at the

plant.

Several industry members commented that the FR/DP pairs that addressed producing multiple

product types did not apply to their manufacturing system, because the manufacturing system

only produced a single product. While this statement was true for some of the assembly

operations, it is likely that all companies had to deal with producing multiple part types in their

fabrication facilities. To address this concern, the AMSDD identifies FR/DP-T323 and the

subsection decomposed from FR/DP-T4 as applying only to manufacturing operations producing

more than one type of product. This identification is denoted in the AMSDD by drawing a

dotted line around these sections and shading the area, as shown in Figure 4.15 and Figure 4.16.
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Figure 4.16: Delay Reduction Section of the AMSDD (Cycle Time Equals Takt Time)

Many industry members remarked that some terms used in the MSDD are non-intuitive. "Run

size" and "pitch" were two frequently unknown terms. In order to make the AMSDD more

useful as a stand-alone tool, a definitions section has been added to the decomposition. Figure

4.17 shows the definitions included in the AMSDD.
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Definitions

Arrival rate (ra): Rate at which an upstream operation supplies parts to the next station downstream

Autonomous: Automated so that an operator does not need to monitor during the process

Pitch: The takt time multiplied by the run size

Production resources: Any operator, technician, or equipment that directly adds value to a product

Run size: The # of one type of part produced between machine setups

Service rate (rs): Rate at which a downstream operation processing incoming parts

Support resources: Any person or equipment in a manufacturing system that facilitates production
resources, so that the production resource can perform its value-adding tasks

Takt time: Production time available in a day (or week, month, etc.)
Average customer demand (over a time interval)

Figure 4.17: AMSDD Definitions

Some industry members wanted FR/DP-T51 and FR/DP-T53 to be rephrased without using the

term support resources. These people considered support resources to be all off-the-floor

employees at a company. This definition of a support resource does not correspond with the

intention of the FR/DPs in the MSDD and the AMSDD. Instead of rephrasing these FR/DPs, a

definition of support resources has been added to the AMSDD definitions.
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4.2.8 Cost Reduction
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Figure 4.18: Cost Reduction Section of the AMSDD
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The decomposition of FR/DP-12 has been changed significantly for the AMSDD. Most of the

FRs and DPs remain the same as in the MSDD, but the organization has changed. There is no

longer a distinction between direct and indirect labor. It was decided that non-value added tasks

should be eliminated for all workers, whether direct or indirect, so the distinction was

unnecessary. The Cost Reduction section also distinguishes FR/DP pairs that apply specifically

to automated processes. This differentiation resulted from feedback that the MSDD assumed

that most processes are automated, to which many industry members took exception. Another

change is that the former FR-12, "Eliminate information disruptions," was eliminated because of

the new FR-TI, "Reduce information delay," from the Delay Reduction section of the AMSDD.

FR/DP-12 is decomposed into FR-121, FR-122, FR-123, and FR-124. When decomposing

FR/DP-12, two concepts were considered. The first was how to reduce cost by eliminating waste

from the manufacturing system. The second was how to reduce the cost of necessary activities

within the manufacturing system. The "seven wastes" of the Toyota Production System are

[Ohno, 1988]:

Overproduction Producing too much, too early
Inventory Semi-finished parts between operations
Transportation Moving parts
Processing Unnecessary processing steps
Making Defects Parts need rework or are scrap
Motion Unnecessary worker movements
Waiting Workers waiting for machines or parts

The sections of the AMSDD that are decomposed from FR/DP- 11 address the wastes of

overproduction, inventory, transportation, making defects and partially address motion and

waiting. FR-121 addresses processing waste and FR-122 further addresses the wastes of motion

and waiting.

FR- 121, "Reduce wasted processing," is satisfied by DP- 121, "Elimination of non-value adding

processing steps." PM-121, "Number of wasted processing steps," measures the achievement of

FR-121. An example of wasted processing from the aerospace industry was a packaging

operation performed between processing steps. One company sealed sub-components in plastic

bags to allow the parts to be transported between locations where work was performed. The
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packaging step prevented contamination of the parts, but this step could be eliminated if the plant

redesigned the operation so that the entire operation was completed in one location.

FR-122, "Reduce wasted use of employees," is satisfied by DP-122, "Elimination of non-value

adding tasks." PM-122, "Percentage of employee time spent on non-value adding activities,"

measures achievement of FR-122. Previous versions of the decomposition have differentiated

between direct and indirect labor. These terms do not seem to be helpful in the aerospace

industry (and perhaps not in other industries, either.) Direct, in the aerospace industry, typically

refers to items that can be charged to a program. Indirect typically refers to anything "above the

floor." The terms direct and indirect also may sound like a distinction between hourly and

salaried workers. The new FR-122 covers all employees and indicates that they all should be

used efficiently. To prevent wasting employees' efforts, tasks that do not add value to the final

product should be eliminated. Decomposition of FR/DP-122 is the same as in the MSDD, with

the addition of FR/DP-C4, which had been under the Indirect Labor section.

FR-123, "Reduce waste in indirect costs," is achieved by DP-123, "Overhead reduction." PM-

123, "Indirect costs," measures the achievement of FR-123. Suggestions for this FR/DP pair

came from industry comments that there are many costs that hinder manufacturing systems and

should be reduced. These "indirect costs" are typically charged to overhead. Activity Based

Costing may be one way to identify overhead costs and improvement opportunities, but FR/DP-

123 will not be further decomposed in this thesis. Using Activity Based Costing may be a

valuable area for future AMSDD research efforts. Further decomposition of FR/DP-123 was not

pursued, because of differences in overhead structures between companies.

FR-124, "Reduce cost of procured materials," is satisfied by DP-124, "Suppliers integrated

throughout manufacturing system." PM-124, "Cost of procured materials," measures the

achievement of FR-124. Reducing the cost of parts and materials that are purchased reduces the

cost of production. Many industry members wanted to see a decomposition of supply-chain

management in order to better understand cost reduction. People suggested that companies

should increase their leverage over suppliers and find ways to drive down prices. Instead of

examining specific methods of price reduction, the AMSDD specifies integrating suppliers

throughout the manufacturing system. Decomposing supply-chain management under the cost
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section would draw too much attention to one concern, cost reduction, when the focus should be

on integrating suppliers throughout the manufacturing system. The best supply chains are the

most highly integrated ones. Suppliers should be integrated into the product design and

development process, the earlier the better. There should be a seamless integration of design

teams, with no organizational boundaries between companies. 3

3 DP- 124 was developed based on a discussion about Supply Chain Management with Kirk Bozdogan, MIT
Research Lead for the LAI Supplier Relations Focus Team.
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4.2.9 Investment4
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Figure 4.19: Investment Section of the AMSDD

4 Decomposition of the Investment section of the AMSDD was based upon work performed by Andreas Szentivanyi
and Prof. David Cochran in the PSD Laboratory at MIT. [Cochran, Eversheim, Sesterhenn, Sventivanyi, 2000]
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This section is entirely new for the AMSDD. In the MSDD, there was no further decomposition

of FR/DP- 13. Industry feedback strongly suggested that the AMSDD should provide further

decomposition. Therefore, FR/DP-13 is now decomposed into FR-Il and FR-12, as shown in

Figure 4.19. FR-Il, "Reduce cost of future investments," is satisfied by DP-I1, "Manufacturing

system adaptability matched to expected market demands." The achievement of FR-Il can be

measured by PM-Il, "Expected cost of future investments." As noted by the shaded area in

Figure 4.19, FR/DP-Il and their sub-FRs only apply to manufacturing systems with multiple

investment cycles. This distinction is made to indicate that there will be a different investment

strategy for manufacturing systems that are funded with only a single, up-front investment.

Some small-scale military programs, such as an order to fabricate a set of spare parts, may fall

into this category. Most manufacturing systems, however, will involve multiple investment

cycles. In order to reduce the cost of future investments, it is important to design the

manufacturing system so that it can best respond to the production levels and types of demands

that are expected to be placed upon the system.

FR-12, "Reduce cost of initial investment," is satisfied by DP-12, "Reduction of excess

overcapacity." Achievement of FR-12 is measured by PM-12, "Initial investment cost." In order

to keep investment in a new manufacturing system low, the system designers should strive not to

purchase too much capacity up-front. The achievement of FR-12 is coupled with DP-I1. This

indicates that matching the adaptability of a manufacturing system to expected demand affects

the ability to reduce the initial investment. For example, if a manufacturing system is being

designed for a fast growth product, it may not be possible to minimize the initial investment. By

investing in only enough tooling and equipment for initial demand, future investments may be

higher than necessary, because increased capacity will require the existing manufacturing system

to be redesigned and reconfigured.

FR/DP-Il is decomposed into FR-Il l, FR-112, and FR-113. FR-Il l, "Match adaptability to

product design changes to expected market demands," is satisfied by DP-I 1, "Manufacturing

equipment designed to accommodate product design changes." Achievement of FR-Il 1 is

measured by PM-Il 1, "% equipment that can accommodate prod. design changes." In a

manufacturing system that expects to have frequent design changes, it will be important to

design the equipment to easily process new product designs. This flexibility may require
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purchasing more expensive equipment, but will be less expensive in the long-term than

purchasing specialized equipment that cannot handle multiple product varieties. In a system that

does not expect many product design changes however, paying for high flexibility may be a

wasted investment.

FR-112, "Match adaptability to new products to expected market demands," is satisfied by DP-

112, "Manufacturing system designed to accommodate new products." Achievement of FR-112

is measured by PM-I12, "# new products that can be added to manufacturing system." The

ability of a manufacturing system to introduce new products is affected by DP-I 1, as illustrated

by the coupling shown in Figure 4.19. In order to adapt to new product designs it is necessary,

but not sufficient, to have equipment that can accommodate the expected range of product

changes. In addition, the manufacturing system must be able to change. New product designs

may require additional processes or different processing sequences. If a manufacturing system

expects frequent changes, it should be possible to rearrange the system quickly to react to market

demands.

FR-113, "Match adaptability to production volume changes to expected market demands," is

satisfied by DP-I13, "Manufacturing system designed to accommodate production volume

changes." Achievement of FR-113 is measured by PM-113, "Allowable volume change (%)." If

a company expects to have relatively stable production volumes for the life of a product, it is

unlikely that the company will benefit from a manufacturing system that can quickly change

capacity. On the other hand, if production volumes are uncertain or highly variable, a company

may want to design a manufacturing system that allows capacity to be added and removed in

discrete units. Manufacturing cells are one way that companies can quickly add capacity. A

series of cells, designed to operate at the same takt time, fabricates and assembles the

components required for a product or family of products. As demand increases, one or more sets

of linked manufacturing cells can be added. This strategy allows the addition of capacity in a

way that does not require complicated sharing and scheduling of existing processing equipment.

4.3 Summary

This chapter has presented a new Aerospace Manufacturing System Design Decomposition

(AMSDD). The AMSDD is based upon the MSDD and incorporates the feedback collected
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from industry members that was presented in Chapter 3. The major differences between the

AMSDD and the MSDD are the addition of an additional upper-level of decomposition, the

addition of the Continuous Improvement and the Product Design sections, and further

decomposition of the Investment section. The new topmost level of the AMSDD uses a net

present value (NPV) analysis to illustrate how manufacturing system design fits into a

company's goal to increase shareholder value. The Continuous Improvement section illustrates

how feedback from customers and within a manufacturing system has a significant effect upon

the overall manufacturing system design. The Product Design section helps to illustrate the

interactions between product design and manufacturing system design that must be considered

when developing a new product and its manufacturing system. Finally, the newly decomposed

Investment section provides additional insight into the factors that must be considered by a

company when choosing how to invest in a manufacturing system.

A summary table of the FRs and DPs contained in the AMSDD is presented in Appendix F.
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Chapter 5 Use of the AMSDD
to Support Military
Procurement
Programs

5.1 Introduction

This chapter will illustrate how the Aerospace Manufacturing System Design Decomposition

(AMSDD) can be used by companies and the military to improve the design of aerospace

manufacturing systems. The goal is to show that by using the AMSDD to guide the design of

manufacturing systems, the overall system design will better satisfy the needs of the military as

well as the manufacturing company. A comparison of the AMSDD with the Military Aircraft

Manufacturing System Design Decomposition demonstrates how the AMSDD would lead to a

different system design than currently exists. An Aerospace Manufacturing System Design

Evaluation Tool is then developed to help evaluate the designs of existing manufacturing

systems. Finally, the evaluation tool is used to evaluate three manufacturing systems and suggest

how procurement policies may have influenced theses systems' designs.

5.2 Review of the Military Aircraft Manufacturing System Design Decomposition5

In his Master's thesis, Andrew Wang developed a Military Aircraft Manufacturing System

Design Decomposition. [Wang, 1999] This decomposition presented an "as-is" look at the

design of military aircraft programs. This approach is different from both the MSDD and the

new AMSDD, which attempts to portray an ideal manufacturing system design. This section

presents Wang's decomposition, the reasoning behind its development, and compares the

Military Aircraft Manufacturing System Design Decomposition to the AMSDD. The Military

Aircraft Manufacturing System Design Decomposition is shown in Figure 5.1.

5 The information on military procurement policies and the Military Aircraft Manufacturing System Design
Decomposition, presented in this section, were adapted from the internal LAI document "A Production System
Design Decomposition for the Aerospace Industry." [Wang et al, 1999] The material in the report was originally
from Andrew Wang's Master's thesis "Design and Analysis of Production Systems in Aircraft Assembly." [Wang,
1999]
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Figure 5.1: Military Aircraft Manufacturing System Design Decomposition [Wang, 1999]

5.2.1 Special Factors in Military Aircraft Progra ms6

Product Performance and Quality

To ensure that the United States' armed forces have a tactical advantage over their opponents,

military aircraft are designed to possess the most advanced capabilities available. The product

design and development teams take an aggressive approach to design a product with the most

impressive specifications possible. In fact, in programs with long development times,

technology that has not yet been achieved will be incorporated into the design based upon

expectations that it will be mature when required. Although this approach makes products more

difficult to build, it ensures that the aircraft will meet aggressive service requirements.

After the product development process, when the units are being used in service, changes are

often requested to improve performance. Changes also occur to incorporate new technology.

These changes were a common problem during World War II [Zeitlin, 1995] when combat

experiences demanded many changes which disturbed the regular manufacturing process. A

6 This sub-section copied directly from the internal LAI document "A Production System Design Decomposition for
the Aerospace Industry." [Wang et al, 1999]
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balance was eventually sought so that the planes would be kept as competitive as possible

without debilitating the manufacturing process. Engineering changes were incorporated after

each production block (50 - 500 units). At the Willow Run plant, these changes made more than

half of the jigs and fixtures obsolete [Vogt, 1999].

In addition to product performance, quality is another requirement. Reliability in military

aircraft is a critical factor since product failures may result in loss of life or failure of a mission.

To ensure that the products are of the highest quality, 100% inspection is used, involving

inspectors from manufacturing and even from the government. In addition, any quality issues

(non-conformances) that may compromise structural integrity are fully analyzed by engineering

and reworked accordingly. These non-conformances must often go through an approval cycle by

the government as well.

Production Investment

The proposition of going through the design and development process of a military aircraft,

purchasing all the tooling, materials, parts, and hiring all the employees necessary is a daunting

and risky one for any manufacturer. To lessen these problems, the government becomes what

may be viewed as the prime contractor. The government sets the requirements for what is

needed and then pays for the development of those aircraft. Traditionally, these contracts have

been cost-plus programs during design. When production is being ramped up, the government

also pays for all the tooling and test equipment necessary up-front. One of the reasons for this is

the bidding process for contracts. Even before production begins, an estimate of the investment

cost is required before the project is approved. With an accepted proposal, the manufacturer is

then expected to build all the tools necessary at the estimated investment cost. Although this

practice allows manufacturers the resources to proceed with development and manufacturing of

the aircraft, it may inadvertently motivate inefficient practices such as developing and building

tooling where it may be unnecessary, and acquiring equipment and material too soon.

Cost Negotiations

Once production begins, the aircraft are typically ordered and built in lots. The price per aircraft

for subsequent lots is negotiated based on the current actual manufacturing costs and the trend in

cost reduction. It is expected that the costs will decrease for each subsequent lot of aircraft. The
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government has access to all the cost data so that a fair price can be set for the next lot.

Although this strategy decreases the cost of each lot to the government, it may not decrease the

long-term production cost. As manufacturers try to decrease their risk, they will try to ensure

that the projected costs are attainable. To ensure that the cost of parts and materials is known,

high-risk parts (long lead time, high cost items) are ordered well in advance so that those costs

are posted as actual costs prior to negotiation. If the parts were ordered after negotiation, there is

a risk that the price will be higher than what was allocated to obtain them.

Because cost savings do not result in profit but lowered cost to the customer [Harris, 1999], the

approach to cost reduction will be more conservative. High risk, high payback projects are not

attractive because any savings are passed on to the customer, but the manufacturer is responsible

for cost overruns. This situation promotes low risk, low payback cost reduction projects to be

implemented. Cost based pricing constrains investment recovery. In annual procurements, a

cost reduction investment may not be made unless it is paid back within the negotiated period.

This practice deters potentially worthy projects across multiple procurement periods from being

implemented.

5.2.2 Military Aircraft Manufacturing System Design Decomposition vs. the AMSDD

The Military Manufacturing System Design Decomposition begins with the top-level FR of

FRml, "Maximize return on investment," while the AMSDD begins with the top-level FR

"Increase shareholder value." The military decomposition does not consider how a company

made the decision to manufacture products and therefore begins decomposition with the

assumption that this decision has already been made. The AMSDD makes the decision to pursue

a project more explicit, decomposing the top-level FR and its corresponding DP into FR-0,

"Fund projects with a positive Net Present Value" and FR-I "Increase manufacturing

profitability." If DP-0, "Capital allocated to projects with positive Net Present Value" indicates

that a company should invest in a manufacturing system, then comparison between the two

decompositions can continue with FRm1 and FR-1. Both decompositions satisfy FRml and FR-1

in a similar manner. The military manufacturing system design decomposition specifies DPml,

"Manufacturing System Design" and the AMSDD specifies DP-I "Manufacturing System

Design and Operation." Figure 5.2 shows the top levels of the two decompositions.
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Figure 5.2: Top Levels of the Military Manufacturing System Design Decomposition and

the AMSDD

The decomposition of FR/DPml and FR/DP-1 into sub-FRs is similar. The DPs that satisfy these

FRs are the same for FRm 11 and FR- 11, but very different for the other FRs. Further

decomposition of each FR/DP pair will better illustrate differences between the military and

AMSDD approaches.

Maximize Sales Revenue

Both the Military Aircraft Manufacturing System Design Decomposition and the AMSDD

specify "products to maximize customer satisfaction" as the DP to satisfy the FR of "maximizing
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sales revenue." Although each FR/DP pair initially appears identical, the way that each

decomposition addresses the product focus is different. This difference is illustrated by further

decomposition of the FR/DP pairs, shown in Figure 5.3.

"As-is" Military Manufacturing Aerospace Manufacturing
System Design Decomposition System Design Decomposition

(AMSDD)

FR-1
Maximize Maximize
sales sales
revenue revenue

DPm11 DP-11
Products that Products that
maximize maximize
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FRm1 11 FRM1 12 F~m1 FR-1 11 FR-112 FR-113 FR-114 FR-115
Maintain Deliver a high Deliver Improve Deliver products Manufacture Deliver Meet
performance performance high quality product design that meet products to products customer
of product product products and customers' target design on time expected

manufacturing requirements specifications lead time

-- -- ~ ........

DPm II DPM112 DPM113 DP-111 DP-112 DP-113 DP-114 DP-115
Design Tight Rigorous Continuous Product design Production Throughput Mean
changes tolerance inspection improvement process processes time throughput

specifications and testing process with minimal variation time
(Kaizen) variation from reduction reduction

the targetL

Figure 5.3: Decomposition of FR/DPm11 and FR/DP-11

The military decomposition shows that the need to keep products at top performance creates

constant design changes that disrupt production. Even during war times, when aircraft were

being produced at high rates, production was constantly being disrupted to implement design

changes. Upgrades to give aircraft a tactical advantage in speed, range, armor and other abilities

improved performance but increased aircraft cost dramatically. The aggressive design and high

performance of aircraft demands that very tight tolerances be specified, which makes the

products more difficult to build. Lastly, due in part to the high product complexity and low

volume, instead of stabilizing processes, quality is maintained through rigorous inspection to

detect errors and painstaking rework to correct them. This adds waste in making the error,

looking for the error and then repairing it. [Wang et al, 1999]
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In his thesis, Wang noted that "although product design and capability have traditionally

dominated how successful a program is, the way a product is produced is becoming more

important." [Wang, 1999, p.95] The military decomposition focuses solely on the design and

performance of products. The AMSDD recognizes that both the design and production of

products is necessary in order to provide "Products that maximize customer satisfaction." By

considering both product design and production, the AMSDD provides a tool to help address the

military concerns of maintaining a high-quality, high-performance product, while also addressing

production. The impact of product design decisions upon the entire manufacturing system must

be considered in order for the manufacturing system to run smoothly. There may be times when

the military is willing to sacrifice production cost or ease of operation. Looking only at product

design will not make these tradeoffs visible. The AMSDD can be used to help understand the

impacts of product design decisions upon the entire manufacturing system.

Minimize Production Costs

The decomposition of FR/DPm12 and FR/DP-12 are entirely different because of the differences

between DPm12 and DP-12. To reduce manufacturing costs, the AMSDD specifies DP12,

"Elimination of non-value adding sources of cost." In military programs however, since the cost

of aircraft per lot is negotiated based on the actual cost performance of closed lots, a more

complex dynamic is in place. [Wang et al, 1999] For the manufacturer to minimize its

production cost, it wants to ensure that the production cost is equal to or less than the negotiated

price as shown in Figure 5.4.
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Figure 5.4: Decomposition of FR/DPm12 and FR/DP-12

To minimize the risk of obtaining a negotiated cost that is too low, manufacturers are motivated

to ensure that the cost of their materials and their cost projections are attainable. One method to

ensure that the cost of expensive parts or high-risk items (where cost varies) is predictable is to

purchase these items far in advance so that they will have been paid for before negotiations for

the next lot. This practice makes the parts or materials a fixed cost, which is then paid for

accordingly. Advanced purchasing eliminates the risk of unexpected increases in the price of a

part or expectations from the government to negotiate lower prices with suppliers. [Wang et al,

1999]

To further ensure that production costs are less than or equal to the negotiated cost per lot, the

Military Aircraft Manufacturing System Design Decomposition requires FRml22, "Reduce

production cost within negotiation interval." To satisfy this FR, cost reductions with a much

shorter time frame are implemented. In addition, because companies are responsible for cost

overruns, but pass on long term savings to the customer, high risk/high payback projects are

avoided. In the military aircraft industry, reducing production cost has a small direct impact on
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return on investment. Long-term savings in production cost are passed on to the customer. A

company that can demonstrate operational efficiency may be more likely to win new contracts

and/or have existing contracts extended. However, it is difficult to justify investments to reduce

long-term cost when the company will not recover the investments. If the cost savings may be

realized within the production lot (since the price is already fixed) the savings do translate into

profit so the company may justify those improvements. During negotiations, the government

does fund projects to reduce production cost. Because aircraft are procured annually however,

the payback for the investment is short-term. Projects with longer-term payback periods are

often not considered. By negotiating contracts on an annual basis, DPm122, "Low risk cost

reduction projects with short payback intervals," will be the result, which does not decrease the

long-term production cost of the program. [Wang et al, 1999]

Following the AMSDD would require significant changes to military procurement policies. If

the military were to change the way that contracts are negotiated, so that it assumes more risk if

costs increase and shares the savings when costs decrease, there could be greater opportunities

for cost reductions and benefits to both the military and the contractor. Buying products in

advance protects companies from being required to absorb price increases, but eliminates the

possibility that prices will fall. If the military were willing to assume some of the increased cost

when prices rise and share some of the savings when prices fall, contractors would be less likely

to purchase parts before the parts are needed.

Companies are frequently not willing to invest in risky projects that could lead to significant

long-term cost savings, because if the project is successful the savings will be absorbed by the

military during the next negotiation cycle. When the projects are unsuccessful, the contractor

receives no savings and is left footing the bill of the failed attempt. If procurement policies were

changed so that the military could let contractors keep a percentage of cost savings for

themselves over multiple procurement cycles, the contractors would be more willing to invest in

long-term cost reduction projects. The government could further encourage cost reduction

projects by splitting the costs of unsuccessful projects. Even if the military doesn't fund the

improvement projects however, letting contractors keep a share of any savings should result in a

net savings for the government compared to the current cost negotiation strategy. These savings

will encourage contractors to pursue cost reduction projects independently, because they will be
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rewarded for cost savings. For such incentives to be effective for the overall program, however,

the incentives must agree with the program's goals [Cowap, 1998]. A program that is primarily

focused on implementing the most up-to-date technologies may not be considered a success if

cost reductions are perceived as inhibiting maximum technology insertion. See Stacey Cowap's

Master's Thesis, "Economic Incentives in Aerospace Weapon Systems Procurement," 1999, for

a detailed study of economic incentives in government procurement programs.

Minimize Production Investment

The investment approaches of the Military Aircraft Manufacturing System Design

Decomposition and the AMSDD vary considerably. The way to minimize production

investment described by the military decomposition requires manufacturers to consider two

things, the investment that is paid for by the government (tooling, test equipment, assets) and the

investment paid for by the company (machine tools, facilities etc.). For a company to minimize

its investment and reduce risks to its manufacturing system, it would choose DPm13, "Utilization

of government investment," as shown in Figure 5.5.
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Figure 5.5: Investment in the Military Decomposition and the AMSDD

One part of the investment is the inventory or assets. (Toyota considers inventory a type of

waste.) Because the inventory is paid for, the manufacturer has less incentive to minimize this

waste and may hold excess levels of inventory as safety stock (DPm131). This practice adds to

the cost because the company must store and manage the inventory. Large amounts of inventory

also lead to high potential obsolescence costs since design changes occur frequently. Since the

government pays for all of the tooling before full rate production begins, manufacturers may

acquire all of the tooling necessary for the highest expected production rate (DPm132). By
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acquiring all of the tooling up-front, resources are wasted if the production rate does not reach

expected levels (if the demand is changed). [Wang et al, 1999] In addition, existing tooling will

be made obsolete if the design changes. New tooling will further increase the total investment

required for the manufacturing system.

The AMSDD distinguishes between two types of investment decisions in manufacturing

systems. The first decision is whether or not to pursue a project. If a company follows the

AMSDD, the company will only fund projects with a positive Net Present Value. The second

decision is how to reduce the investment necessary for subsequent phases of a program.

Successful investment reduction increases the NPV of future projects. Projects that only have a

single investment decision are only subject to the first decision of whether the project should be

pursued.

The military manufacturing system design decomposition does not distinguish between initial

and continuing investment decisions. The military decomposition focuses on how a company

can minimize its own investment in a manufacturing system in order to maximize its return on

investment. Although it does not specify when investments are made, the military

decomposition indicates that a large, up-front investment is used to procure high levels of

inventory and sufficient tooling for an entire project.

The AMSDD indicates that funding a long-term project with a single investment is not the best

way to maximize the overall NPV to the company. A single investment precludes companies

from making improvements to tooling designs by purchasing tools incrementally, as they are

needed. A single investment also prevents companies from deciding not to purchase tooling that

is expected to be necessary, but due to design or processing changes becomes obsolete. In

addition, the value of money over time must be considered. A sum of small investments over

many years may appear to be equal to or even larger than a large single investment, but adjusting

for inflation and opportunity costs, this strategy may actually cost less.

Whether using a ROI or a NPV analysis, however, if military funding is provided in a lump sum,

it will be in the company's interest to purchase as much inventory and tooling up front as

possible. The company bears little risk, because the government will have to pay for tooling

changes or additions if the initial purchases were incorrect. The company will also receive a
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larger cash flow sooner. This investment strategy will almost certainly not minimize the cost of

the manufacturing system to the government. Therefore, the government must consider how a

company makes investment decisions when deciding how to fund military programs. By

providing funding in increments, the government may encourage companies to follow the

AMSDD, purchasing tooling and components as they are needed. Furthermore, the government

may be able to encourage contractors to pursue improvement projects and lower production costs

by allowing the contractors to keep a portion of the savings.

A large initial investment will likely be needed for any project in order to prepare production

facilities, purchase equipment, tooling and material, and to train personnel. Trying to predict the

full investment up-front however, will likely result in an excessively expensive system design.

Procurement policies should encourage contractors to build tooling as it is required, rather than

all at once based upon initial estimates.

The following hypothetical NPV analysis illustrates how changing military funding may affect

the value of a manufacturing system for both the company and the military. For a new product,

it is assumed that the military is planning to spend $5 billion on tooling in preparation for a

production rate of 20 products per year at a cost of $50 million each. Production will begin in

year four and last through year 10. In the first case, the military pays for 75% of the tooling at

the start of the project and pays for the remainder at the end of year 3. The contractor receives a

profit of 10% for the tooling it fabricates and for each final product. No major improvements

can be made to the manufacturing system, because most tooling was purchased early in the

design stage. In the second case, the military pays for tooling in equal payments from year 0

through year 3. The manufacturing system design improves over this time, allowing the product

to be produced for only $45 million apiece. The contractor is rewarded for its improvements

with an extra $750 thousand profit from each final product (already included in the $45 million

price). It is assumed that the contractor has a 12% discount rate and the government has a 6%

discount rate. The NPV of the first case is $789 million for the contractor and $-9.49 billion for

the military. The NPV of the second case is $766 million for the contractor and $-8.81 billion

for the military. The contractor may prefer the first case, which has a slightly higher NPV. The

government, however, will prefer the second case, which costs $660 million less than the first

case - even allowing the contractor a significantly higher profit from production.
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Contractor Case 1:
Profit $37 M Lump Sum Investment

$125M $looM $100M $100M $100M $100M $100M $100M

0 1 2 3 4 5 6 7 8 9 10 ear

Gov't $1.25B $lB $1B $1B $1B $1B $1B $1B

Cost

$3.75B

NPV Contractor (12% discount rate) = $789M
NPV Government (6% discount rate)= $-9.49B

Contractor Case 2:
Profit Distributed Investment

$12 M $125M $125M $125M $105M $105M $105M $105M $105M $105M $105M

Gov't 0 1 2 3 4 5 6 7 8 9 10 ear

Cost
$900M $900 $900M $900M $900M $900M $900M

$1.25B $1.25B $1.25B $1.25B
NPV Contractor (12% discount rate) = $766M
NPV Government (6% discount rate)= $-8.8 lB

Figure 5.6: Hypothetical NPV Analysis of Government Funding

5.3 Manufacturing System Design Evaluation with the AMSDD

The military has a vested interest in ensuring that the manufacturing systems that produce its

products are well designed and achieve the objectives for which they are designed. In the past, a

Production Readiness Review (PRR) was performed to ensure that a manufacturing system was

ready for full-scale production. The PRR has become an optional procedure, but is

recommended by many people within the acquisition community. Although the PRR is meant to

evaluate manufacturing systems, industry members say that it is often used as a basis for

designing a manufacturing system. This result is a logical outcome, because companies are best

rewarded for designing systems to achieve the attributes that are measured. Cochran and Dobbs

[2000a] have illustrated how the performance measurement approaches at automotive component

manufacturers lead to different manufacturing system designs.
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An Aerospace Manufacturing System Design Evaluation Tool (Eval Tool) has been developed

from the AMSDD as a tool for use by companies or the military to evaluate the design of

aerospace manufacturing systems. If this tool is adopted as a way to measure manufacturing

system designs, it may encourage companies to use the AMSDD during the design process. This

section describes the development and application of the Eval Tool.

5.3.1 Aerospace Manufacturing System Design Evaluation Tool

An important distinction must be made between evaluating the design of a manufacturing system

and measuring its performance. This distinction can be difficult because designs are often

evaluated based upon performance. [Wang, 1999, p.101] It is possible for a well-designed

system to be run poorly, yielding poor performance results. Conversely, it may be possible for a

poorly designed system, which is run with careful attention, to yield some good performance

results. The Aerospace Manufacturing System Design Evaluation Tool (Eval Tool) provides a

way to evaluate the design of manufacturing systems independent from performance metrics that

measure the end result of a system design.

Many lean assessment type tools exist, but most do not reveal the underlying connections

between different criteria used in the evaluation. The Eval Tool evaluates how well the FRs of

the AMSDD are satisfied. By referring back to the AMSDD, interrelationships between

different FRs and DPs can be revealed. The Eval Tool makes explicit the FRs that are being

evaluated and how they are derived from the top-level FR/DPs. Figure 5.7 shows how the FRs

in the Eval Tool map to the AMSDD. The solid-colored boxes on the AMSDD are the FRs

evaluated by the Eval Tool. All of the FRs and DPs from which these selected evaluation FRs

were decomposed are shown in the light gray boxes.
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Figure 5.7: Mapping of Evaluation FRs to AMSDD

When selecting which FRs should be used in the Evaluation Tool, the minimum number that

would allow a reasonable comparison to the AMSDD was selected. These FRs were selected at

a level within the AMSDD that would permit them to be observed and evaluated. At least one

FR was selected from each section of the AMSDD.

Continuous Improvement

The first evaluation FR is from the Continuous Improvement section of the AMSDD. This

column evaluates how well a company seeks and implements feedback from customers and

employees. High achievement requires developing and implementing feedback mechanisms that

encourage suggestions and utilize the input for product design and manufacturing system

improvements.

Product Design

The next three evaluation FRs are from the Product Design section of the AMSDD. The first of

these columns evaluates the ability to design products that are manufacturable by integrating the

design of products and their manufacturing processes. The second column evaluates how well a

manufacturing system can accommodate future changes in product design. Design and

manufacturing should develop a standardized method to apply design changes so that disruptions

to the manufacturing system are minimized. The third column evaluates how well the product
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design process reduces costs. Designers can reduce costs by minimizing the number of unique

part types, using "off the shelf parts" when feasible, minimizing the number of processing steps

required, and simplifying the required processing steps.

Quality and Stable Processes

Four evaluation FRs are selected from the Quality section of the AMSDD. These columns

evaluate a manufacturing system's ability to eliminate assignable causes that result from

machines, operators, methods, and materials.

Throughput Time Variation (p)

The next two evaluation FRs are selected from the sections of the AMSDD that address

throughput time variation. The first column evaluates the ability to respond rapidly to

production disruptions. The second column evaluates whether predictable resources have been

selected in order to minimize the number of production disruptions.

Delay Reduction (x)

Six evaluation FRs are selected from the Delay Reduction section of the AMSDD. The first

column evaluates information delay, which is the delay within a manufacturing system between

when a production signal is transmitted and when the signal is received and acted upon. The

second column evaluates lot delay, which refers to parts waiting on other parts in the same lot

before all parts are transported together. The third column evaluates process delay, which occurs

when production is unbalanced and parts arrive at a station at a faster rate than they can be

processed. The fourth column evaluates run size delay, which is the delay due to inventory when

different part types are produced. The fifth column evaluates transportation delay, which is the

amount of time parts spend in transit between operations. The sixth column evaluates systematic

operational delays that occur for routine operations, such as material replenishment and

preventive maintenance activities.

Cost Reduction

Three evaluation FRs are selected from the Cost Reduction section of the AMSDD. The first

column evaluates wasted processing steps, which are any processing steps that do not add value

to the final product. The second column evaluates the wasted use of employees. The third
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column evaluates how well a company can reduce the cost of procured materials by developing

close partnerships with suppliers and integrating them into the overall manufacturing system.

Production Investment

The final evaluation FR is selected from the Production Investment section of the AMSDD. This

column evaluates whether investment within a manufacturing system is based upon long-term or

short-term goals.

The complete Aerospace Manufacturing System Design Evaluation Tool is shown in Figure 5.8,

Figure 5.9, and Figure 5.10.
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Figure 5.8: Aerospace Manufacturing System Design Evaluation Tool (1 of 3)
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Figure 5.10: Aerospace Manufacturing System Design Evaluation Tool (3 of 3)

The Evaluation Tool uses a qualitative ranking system to estimate how well a manufacturing

system satisfies the FRs of the AMSDD. Performance is graded on a scale from 1 to 6, where 1

is the worst and 6 is the best. A person performing the evaluation fills in sections of a pie chart

to indicate the percentage of a manufacturing system that falls into each achievement level for
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each evaluation category. The fractions of all pies within a column must sum to 100%. An

example is shown in Figure 5.11.

1

Respond rapidly to production disruptions
Production disruptions occur frequently. Operators
work around these disruptions so they are hidden.

End of line inspection is used so quality problems ar

2 found'late. Slowresponse to problems. '

Quick response to production disruptions (when they

3 are found) to continue production. Root cause is not
eliminated so problems may reoccur.

Production disruptions are addressed quickly and the
4 root cause is eventually addressed. In-process

inspection.

System designed so that production disruptions are

5 visible. In-process checks by operators so quality
issues are found quickly. Good root cause analysis

Co-location of cause and effect (simplified material

6 flow) and systematic method for communicating, and

= 25%

= 50%

= 25%

Figure 5.11: Qualitative Evaluation Method

In addition to the qualitative evaluation method, the Eval Tool provides companies with a set of

Performance Metrics that correspond to each of the evaluation FRs. These metrics are taken

from the AMSDD and could be used to collect quantitative evaluation data. These Performance

Metrics and their corresponding FRs are shown in Figure 5.12.
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Figure 5.12: Evaluation FRs and Performance Metrics

5.4 Evaluation of Three Aerospace Manufacturing Systems

In order to demonstrate how the Eval Tool can be used by the aerospace industry, this section

presents a sample analysis of three manufacturing system designs. The analysis is subjective and

based upon the author's impressions at three aerospace manufacturing plants. The author

acknowledges that the analysis is based on a limited exposure at each plant, and therefore may

not provide entirely accurate representations. The three plants were selected from the sites that

contributed to the development of the AMSDD. All three plants specialize in space sector

products. Plant A produces propulsion devices, Plant B produces communications systems, and

Plant C produces launch vehicles. The evaluations at Plant A and Plant B focus on specific

manufacturing lines and sub-systems within the plants. The Plant A evaluation was based upon

the assembly & test of a single product. The Plant B evaluation considered electronics sub-

assembly, full-product assembly, and testing of an aggregate group of products. The evaluation

of Plant C considers an entire plant that contains product fabrication, assembly, and test

operations.
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5.4.1 Evaluation tool results

Level 5 Level 5 Level 1

(4%) Level 4 (2%) (3%) Level 2
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] Level 1 *Level 2 Level 3 * Level 4 R Level 5 0 Level 6

Figure 5.13: Overall Manufacturing System Evaluation

Overall evaluation results for all three plants are shown in Figure 5.13. The results are grouped

by levels of achievement to illustrate what levels each plant has achieved and to show the

percentage of each plant that falls into each level. The results indicate that only Plant C has

designed a manufacturing system that achieves Level 6 on some sections of the Eval Tool.

Plants A and B have achieved Level 5 in small portions of their manufacturing systems. The

majority of the manufacturing systems at Plants A and B however, achieve only Level 1 or Level

2. Plant C, on the other hand, has achieved Level 4 or higher for the majority of its

manufacturing system. Better than half of the manufacturing system at Plant C falls into Level 5

or Level 6. The raw evaluation scores for each plant can be found in Appendix E.

Company Average Evaluation Tool Score

Company A 2.2

Company B 2.2

Company C 4.6

Table 5-1: Average Evaluation Tool Scores
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The average Evaluation Tool scores for each plant are found in Table 5-1. Two of the three

companies that were evaluated had very similar scores. Plants A and B both averaged 2.2 on a

scale of 1 to 6. Plant C more than doubled these scores with an average score of 4.6. These

dramatic differences are very important for several reasons. First, the similar scores of

companies A and B indicate that similar factors within the aerospace environment may have

influenced the design of these plants' manufacturing systems. Second, the large difference

between the Plant C score and the other companies indicates that Plant C may have found a way

to overcome many barriers that hinder manufacturing system designs within the aerospace

industry. Finally, however, the fact that plant C is still not at the top of the scale at a 6 may

indicate that there are additional problems within the aerospace industry that must be addressed.

The results of each plant by category are shown in Figure 5.14 and Table 5-2.

Continuous Product Quality & Time Delay Reduction Cost Investment
Improvement Design Stable Processes variation Reduction

6 - 1,

5

4'

3

2-

/ \

U
01

1

0

_ .Company A _. Company B A Company C

Figure 5.14: Evaluation Tool Scores by Category
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Continuous Product Quality & Stable Time Delay Cost Investment
Improvement Design Processes Variation Reduction Reduction

Plant A 3.3 1 3.5 1.6 2.0 2.6 1.3

Plant B 1.5 1.6 2.8 1.9 2.3 2.2 2.5

Plant C 4.8 2.1 5.1 4.9 5.1 4.4 5.8

Table 5-2: Average Evaluation Tool Scores by Category

The evaluation results varied considerably among the three plants for the Continuous

Improvement and Investment categories. Plants A and B were relatively high for Quality &

Stable Processes, low for Time Variation, and close to their averages for Delay Reduction and

Cost Reduction. Interestingly, all three plants scored poorly in the Product Design category.

5.4.2 Explanation of trends and evaluation ratings

Continuous Improvement

Plant A scored relatively well in the Continuous Improvement section because it had organized

improvement teams and held periodic small-scale improvement (kaizen) events. Plant B scored

poorly because there was little effort to improve knowledge transfer on the shop floor. Operators

tended to keep their "tricks" and special skills tightly guarded as a form of job security. There

was no visible evidence of improvement efforts, such as kaizen events or suggestion boxes.

Plant C scored well for holding frequent, facilitated workshops that involved management,

engineering, and the shop floor. The entire plant and some suppliers participated in

improvement activities.

Product Design

Plant A scored poorly in Product Design because most of their components required custom

fabrication and could not use "off the shelf' or even interchangeable parts. Plant B scored

poorly as a result of an "over the wall" mentality between design and manufacturing. There was

little interaction between design and manufacturing. Many highly customized components were

required for each product and there was little effort to commonize and reuse components. In

addition, late and frequent design changes often disrupted the manufacturing schedule. Plant C
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scored poorly because its product designers were geographically isolated from the manufacturing

facility. It was also very difficult to use "off the shelf' parts on Plant C's products.

Quality and Stable Processes

Quality and Stable Processes was the best individual category for both Plant A and Plant B.

Plant A had many highly skilled technicians and provided them with detailed process

descriptions for each operation. Plant B operators had varying degrees of skill and operations

were not always well defined. Plant B also had to cope with a highly unpredictable level of

quality in its incoming materials. When necessary, Plant B would work with suppliers to

improve quality. Plant C scored very well for its use of mistake-proofing devices and close

interaction with suppliers to ensure high quality of incoming materials.

Time Variation

Plants A and B both scored poorly in the Time Variation category. Plant A had a slow response

to problems when they occurred. Work was set aside to wait for an engineering disposition, and

other work was accelerated to fill the gap. These dispositions created unpredictable throughput

times and disrupted an orderly flow of work through the factory. Plant B had varied responses to

disruptions throughout its plant. Some areas quickly addressed problems, while other areas took

longer. Disruptions resulting from product changes or material issues were frequent, and often

required expediting components to keep a product on schedule. Plant C scored well in the Time

Variation section because the low levels of WIP in the factory made problems visible

immediately. This visibility allowed a quick response to address problems as they became

known and prevented them from recurring.

Delay Reduction

Plants A and B scored close to their averages for Delay Reduction. At Plant A, production is

determined by a master schedule based on forecast demand, instead of actual customer demand.

The factory has some isolated areas that convey parts between processes one-piece at a time, but

there is significant batch production throughout most of the manufacturing system. Plant B

produces to a master schedule, based upon customer orders, which is adjusted periodically. There

is some single-piece flow in the manufacturing system, but in general the facilities are laid out in

departments based upon processing requirements and parallel processing is common. At Plant
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C, which scored very well in the Delay Reduction category, the production schedule is

determined by customer demand. This demand is used to calculate the takt time for the

manufacturing system. In production, sub-components and final products follow a single-piece

flow path that is paced by takt time throughout the plant.

Cost Reduction

Similar to Delay Reduction, Plants A and B scored close to their averages in the Cost Reduction

category. Plant A requires many complex processing steps during part fabrication. The

technicians are highly skilled and can perform multiple sets of tasks, but they are often isolated

at a single workbench. At Plant B, shop rules limit technicians to performing one set of tasks at

a time, preventing them from operating multiple machines. Plant C scored fairly well at Cost

Reduction. A single job classification applies to all technicians, which allows any worker to

perform any task. Teams meet frequently to identify and eliminate non-value-adding work,

standardize operations, and make other improvements. Suppliers are closely integrated into the

manufacturing system with some suppliers actually moving on site to improve communication

and design efforts for better integration of the supply chain. Having a close supplier base will

also allow Plant C and its suppliers to maintain less WIP and balance production with demand.

Investment

Plant A scored very low in the Investment category. Investment decisions were all very low-risk

because the product was nearing the end of its contract and future contracts were uncertain. Plant

B scored slightly above its average. Investment generally appeared focused on current needs, not

future opportunities. Some investments were made to ensure medium-term capacity, but the

long-term effects of these investments are unclear. At Plant C, Investment was the highest

scoring category. Plant C took a long-term view when it invested in its manufacturing system.

Although some of its products are intended for the military, the manufacturing system was

designed with significant company capital. The plant is seeking long-term profitability and

wanted to meet military requirements, but not be restricted in its commercial business. The

company expects the commercial side to supply the majority of its business over the long-term.
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5.4.3 Possible procurement policy effects

With only three site evaluations, it is not possible to draw valid conclusions about the entire

aerospace industry. If additional sites are evaluated using the Aerospace Manufacturing System

Design Evaluation Tool, it may be possible to discern some definite trends that result from

military procurement policies. It would be necessary to evaluate and identify manufacturing

systems that produce purely military products, purely commercial products, and mixed products.

The three plants evaluated in this thesis all supply both military and commercial customers. The

following analysis of the evaluation results is not intended to provide concrete conclusions, but

may indicate specific areas in which future research can identify procurement policies that hinder

improving the overall design of manufacturing systems.

Product design was the weakest category for all three of the plants considered in the evaluation.

It should be noted that this category evaluates how product design impacts manufacturing system

design and does not address how well product designers meet the design specifications that they

are given. These poor results indicate that it was a good idea to add product design to the

AMSDD, because the industry appears to need to work on how it integrates product design with

manufacturing system design. Minimizing part count and using more common parts may be the

most difficult task for product designers, but will certainly have a tremendous impact on product

manufacturability.

Assuming that it is possible to improve the interactions between the design of a product and its

manufacturing system, it would be valuable to identify whether there are military procurement

policies that should be created or eliminated to foster a better overall system design. The

evaluation results suggest that the military should perhaps take a more active concern in the

actual manufacturing system with which its products will be produced and how that system is

designed. The results imply that the current product-focused concerns do not sufficiently

consider the impact of product design on the overall manufacturing system design. This

weakness supports Andrew Wang's conclusions that the military has focused more upon

designing products for performance. [Wang, 1999] Procurement policies should not just ensure

that a manufacturing system will produce the specified products. Beginning with product design,

the entire system should be designed to produce a high quality product with low throughput

times, low inventory, low costs, and with a long-term investment strategy.
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The fact that the highest average scores for Plants A and B were in Quality and Stable Processes

may indicate that this area is a strong focus within aerospace manufacturing systems.

Nonetheless, these scores are fairly low overall, with averages of 3.5 and 2.79 out of 6. Plants A

and B may try to focus on quality, but by using a narrow focus and not designing the entire

manufacturing system, sub-optimization may prevent these companies from achieving higher

levels on the Eval Tool. Plant C, which is a greenfield site, began by designing its operations

with an overall system design perspective. Quality is not more or less important at Plant C, but

by designing the entire manufacturing system, Plant C is able to achieve a score of 5.08 out of 6.

It is possible that within manufacturing systems, military procurement policies have caused

companies to address quality issues in ways that lead to a narrow focus and sub-optimization at

the expense of overall manufacturing system design. If companies were encouraged to address

quality issues within the scope of the complete manufacturing system design, these companies

would be able to achieve a higher level of quality according to the AMSDD.

5.5 Summary

This chapter has shown several ways that the Aerospace Manufacturing System Design

Decomposition can be used as a tool to support military procurement programs by guiding

manufacturing system design. Comparison of the AMSDD and the Military Aircraft

Manufacturing System Design Decomposition revealed improvement opportunities in military

procurement policies. This comparison showed that: 1) Military procurement programs must not

focus solely on product design, but must focus upon design of the entire manufacturing system.

2) Military procurement policies should allow contractors to keep more from cost savings

programs to encourage long-term cost savings projects by sharing risks as well as rewards. 3)

Military procurement programs should structure investments in a manufacturing system so that

the overall investment required, not the initial investment, is minimized.

An Aerospace Manufacturing System Design Evaluation Tool was developed to help companies

compare the design of their manufacturing systems to the AMSDD. The Eval Tool uses criteria

based upon FRs selected from the AMSDD to identify the strengths and weaknesses in a

manufacturing system. Basing the Eval Tool on the AMSDD allows users of the tool to see the

interrelationships between different manufacturing system components. This Eval Tool was

160



Use of the AMSDD to Support Military Procurement Programs

used to evaluate the manufacturing system designs of three aerospace companies. These

evaluations were used to illustrate the strengths and weaknesses of each system. These strengths

and weaknesses were then analyzed to understand if they may implicate current procurement

policies or suggest new policies that should be implemented.
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Chapter 6 Conclusions

6.1 Development and Application of the AMSDD

In this thesis, an Aerospace Manufacturing System Design Decomposition (AMSDD) was

developed. The AMSDD is based upon feedback from aerospace industry members regarding

the Manufacturing System Design Decomposition (MSDD). The hypothesis of this thesis was

that the new AMSDD would be very similar to the MSDD. While this research has resulted in

several additions to the AMSDD, the author argues that the original hypothesis has been proven

true. The new additions presented in the AMSDD have not changed significantly the content of

the original MSDD. Instead, the AMSDD has added sections to address needs of the aerospace

industry that had not been explicitly addressed by the MSDD. Development of the AMSDD has

built upon the existing MSDD and did not require a complete reconstruction.

The close similarities between the MSDD and the AMSDD show that many of the challenges

faced by the aerospace industry are shared by the automotive and consumer products industries

for which the MSDD was originally developed. In other words, many of the manufacturing

system design issues that must be addressed by the aerospace industry are common to other

industries with repetitive, discrete part manufacturing. Many aerospace industry members had

doubted the applicability of the MSDD because of the higher volumes associated with the

automotive and consumer products industries. The similarity of the AMSDD and MSDD

illustrates that the manufacturing system design relationships within these manufacturing

systems are independent of volume.

The changes that were made to the AMSDD as a result of aerospace industry feedback are not

necessarily unique to the aerospace industry. This commonality further supports the claim that

the manufacturing system design relationships that exist in the aerospace industry are common to

other industries. The new concepts that were added at the suggestion of aerospace industry

members, however, do reveal a focus on different manufacturing issues between the aerospace

industry and automotive or consumer product industries. The impact of product design on

manufacturing system design was consistently pointed to as missing from the MSDD. The

impact of product design on manufacturing system design is very important to the automotive
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industry. A couple of possible reasons that this omission has gone largely unnoticed by the

higher volume industries, but not the aerospace industry, are that:

* In many of the higher volume industries, tens of thousands of the exact same product are

produced between design changes. These high-repetition production runs may allow

manufacturing engineers to spend more of their time fine-tuning manufacturing processes,

rather than readjusting equipment and process plans to accommodate design changes.

" In the aerospace industry, on the other hand, production volumes may be a single unit for

highly customized products or several hundred units for relatively high-volume products.

Aerospace manufacturing engineers, therefore, may spend a considerably higher percentage

of their time determining how to manufacture new products and implementing design

changes to existing products.

Most of the aerospace industry members who were interviewed were interested in learning

improved manufacturing methods from other industries. Some of these engineers and managers

were critical of the aerospace industry for not improving its manufacturing system designs and

for making too many excuses why these manufacturing systems couldn't be improved. The

feeling among these interviewees was that the aerospace industry could use the MSDD to design

manufacturing systems if the industry was willing to discipline itself. One plant manager

explained that the manufacturing system at his plant had evolved over time. He said that the

system is designed as though it had been extrapolated from a small engineering project into a

company. He suggested that the MSDD could be a useful tool for guiding the design of

aerospace manufacturing systems. On the other hand, some industry members questioned the

value of focusing on manufacturing system design, which they cited as only 10 percent of the

total cost of a program. They believed that their efforts would be better spent on other areas in

the company, such as overhead reduction and improving product design. Other industry

members, however, countered this argument by saying that improving the manufacturing system

would drive other improvements within the company.

Some aerospace industry members may initially question how well the AMSDD applies to the

entire industry, because a large number of the sites visited were in the space sector. The actual

breakdown was half aircraft and half space sector sites. At these sites, some electronics
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assembly work was observed. No sites from the engine sector were visited for this research.

Nonetheless, it is assumed that the AMSDD developed in this thesis is applicable to all sectors of

the aerospace industry. This assumption is based upon the fact that the AMSDD and the MSDD,

although developed for very different industries, are very similar. Sectors within the aerospace

industry vary widely, but it is arguable that the space sector is the least similar to the industries

used for the original MSDD. The space sector frequently produces custom designed products

and may experience multiple design changes during the production of a single product design.

Therefore, if the AMSDD can be applied to the space sector, it is likely that the AMSDD applies

to the entire aerospace industry.

The sample analysis of three space sector manufacturing systems, using the Eval Tool developed

in this thesis, revealed that the manufacturing system of Plant C corresponded to the AMSDD

much closer than the manufacturing systems of the other two sites did. The key difference

between Plant C and the other plants was that Plant C was designed primarily for its commercial

business. The products at all three plants are sold to both military and commercial customers, so

Plant C, along with the other sites, received military funding for tooling and had to conform to

military procurement policies. When designing its manufacturing system, however, Plant C

invested a large amount of its own capital to lay out the entire factory to minimize transportation.

Plant C also designed manufacturing processes to enable the product to be paced according to

takt time. By designing the entire manufacturing system, instead of focusing solely on individual

processes, Plant C was able to better satisfy the functional requirements of the AMSDD. This

result suggests two important implications for military procurement policies:

" First, the military should be more actively concerned about the actual manufacturing system

with which its products are produced and how that system is designed.

" Second, for purely military programs, following the AMSDD may require significant

changes to military procurement policies. Plant C was able to justify the risk of investing its

own capital to design the overall manufacturing system, because of the profit expected from

the commercial business. In a purely military program, the government must be more willing

to share in potential risks as well as benefits of cost saving programs. A company is not

likely to invest its own capital into manufacturing system improvements if the benefits are

absorbed by the government during the next procurement cycle.
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There are several strengths and weaknesses associated with using an Axiomatic Design approach

to manufacturing system design. The Aerospace Manufacturing System Design Decomposition

provides a way to see and understand how specific shop floor practices contribute to achieving

the top-level goals of a company. The AMSDD also reveals the interrelationships between

practices within a manufacturing system. A weakness of the AMSDD is that it is not an

implementation methodology. It is not possible to use the AMSDD as an ordered set of steps to

follow when designing a manufacturing system. Another weakness is that the AMSDD may

initially be non-intuitive and intimidating. Manufacturing system designers must make an effort

to understand the Axiomatic Design methodology and to be able to understand the AMSDD.

The Eval Tool developed in this thesis is best suited for use by a company that is attempting to

use the AMSDD to guide the development of its manufacturing system. The key to using the

Eval Tool is understanding the tool's relationship to the AMSDD. When the Eval Tool is used to

identify weaknesses in a company's manufacturing system, the company should refer back to the

AMSDD to understand the interrelationships that affect the deficient areas. Efforts should then

be applied to improve all of the practices that affect the categories that the Eval Tool identified

as needing improvement. A company is unlikely to succeed at improving its performance if

improvement attempts focus solely on the individual categories that score poorly.

6.2 Future Work

The new top-level of the AMSDD lends itself to a decomposition of more than just

manufacturing. It is possible and may be considered valuable to pursue other decompositions,

such as marketing, sales, and other business concerns.

Several parts of the AMSDD may benefit from further decomposition or the exploration of new

concepts. The AMSDD does not thoroughly address corporate culture building concepts such as

employee involvement and training, nor does it suggest ways to gather and record the first-hand

knowledge of workers. These weaknesses indicate that there is still room for improvement in the

way that the AMSDD deals with human interactions. It may not be possible to create a

decomposition of labor policies and practices, but such a decomposition would be very valuable

to companies when trying to build a culture where workers strive to adhere to the practices

depicted by the AMSDD.
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The three site evaluations illustrated how the Eval Tool could be used to identify trends that

reveal the impact of military procurement policies on manufacturing system designs. If

additional sites are evaluated, it may be possible to discern more definitive trends across all

sectors. A thorough comparison would require identifying and evaluating manufacturing

systems from different aerospace sectors that produce purely military products, purely

commercial products, and mixed products.

Finally, it would be worthwhile to consider updating the MSDD to reflect some of the changes

presented in the AMSDD. Although the AMSDD was developed from aerospace industry

feedback, most of the concepts apply to all industries. Continuous improvement and product

design issues affect manufacturing designs at every company. Additionally, the top-level goal of

increasing shareholder value applies to most industries. The design decomposition approach also

provides an opportunity to develop new system designs for product development, marketing,

sales, and other business systems in the context of how these systems fit within an enterprise and

interface with each other as well as manufacturing system design.
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Glossary
Note: Definitions with a (*) are adapted from the "Production Operations Level Transition-To-
Lean Roadmap" developed by the Lean Aerospace Initiative [LAI, 2000]

Aerospace industry: In this thesis, the term aerospace industry includes companies involved in
the design and fabrication of aircraft, spacecraft, avionics, space electronics, and aircraft or
spacecraft propulsion systems.

Arrival rate: The rate at which an upstream operation supplies parts to the next station
downstream.

Autonomous: Automated so that an operator does not need to monitor equipment or a station
during the processing cycle.

Balanced Production Flow*: Balanced production flow means that every day the exact number
of products (or parts) needed is produced in every sub-system, right up through the final
assembly line. All operations produce at the same cycle time, which is determined by the takt
time. A balanced production system means that all components of the production system are
designed to operate at the pace of customer demand.

Cycle Time*: Cycle time is the time required to produce one product by a machine, station
and/or operator. It is the time required to repeat a given sequence of operations or events.

Decomposition: In this paper, the term decomposition refers to a process in which objectives are
broken down into sub-objectives. Satisfying all of a series of sub-objectives will ensure that the
original objective is satisfied.

5S*: 5S represents five Japanese terms perceived by many to represent the fundamental elements
of a Total Quality Management (TQM) approach:

0 Seiri (organization)
* Seiton (neatness)
* Seiso (cleaning)
* Seiketsu (standardization)
* Shitsuke (discipline)

The English Translation:

" Simplify or Sort - Remove unnecessary items from the work area
* Straighten or Simplify - Organize tools, accessories, and paperwork
* Scrub or Shine - Clean, Repair, and keep it clean
" Stabilize or Standardize - Establish and maintain controls and standards
" Sustain or Self-Discipline - Strive for continuous improvement

Just in Time (JIT)*: JIT is an enterprise-wide operational philosophy and an operational
strategy of waste elimination, the underlying principle of which is anything that does not add
value is eliminated or minimized to the greatest possible extent. The roots of JIT extend deep
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into Japanese cultural, geographic, and economic history. JIT is commonly used to describe a
stockless production manufacturing approach where only the right parts are completed (and/or
delivered by suppliers) at the right time. JIT represents four requirements: (1) produce at the
right time, (2) at the right pace, (3) in the right quantity and (4) with the right quantity.

Kaizen*: Kaizen is a Japanese word for gradual, unending improvement. A continuous
improvement strategy, typically achieved through incremental improvements and involving
everyone from top management to supervisors and workers. This process has its roots in the
Toyota Production System. The underlying assumption is that small improvements, continuously
made to a process, will lead to significant positive change over time.

Kaizen Event*: A Kaizen Event (Blitz) is a short-term, concentrated, assault on workplace
wastes and inefficiencies carried out, typically, by a diverse, multi-functional team. The effort
might last anywhere from a few hours to a few days, or up to 30 days for very complex efforts.
Numerous companies are using this form of rapid improvement to streamline operations. It is
used to:

" Reduce non-value-added activities
* Streamline parts, people and information travel within a process
" Reduce cycle time, flow time and lot size
" Reduce set-up times
" Reduce work-in-process inventories
* Reduce floor space requirements.
" Realize improvements in: quality, safety, environmental, and 5S issues.

Kanban*: Kanban is a Japanese term meaning "card," that is, visible records. It is an inventory
replenishment system associated with JIT production that was developed by Toyota. It is
characterized by an order point scheduling approach that uses fixed lot sizes of materials in
standard containers with the cards attached to each. Material reorder is triggered when the
container of material is moved to the point of use.

Level Production*: Level production requires that all operations make the quantity and mix of
products demanded by the final customer within a given time interval. Level production
smoothes the demand for parts through the manufacturing system and reduces the amount of
inventory that must be maintained to meet customer demand.

Manufacturing cell: An arrangement of manual and/or semi-automatic stations that can achieve
balanced production for a range of takt times. When takt time decreases (i.e., demand increases)
workers can be added to a cell to increase throughput. Alternately, when demand decreases,
workers can be removed from a cell to decrease throughput. Work loops are predetermined for
the expected range of takt times to ensure that all workers have approximately the same work
content.

Pitch: The takt time multiplied by the run size. Pitch is used to determine the time interval at
with parts should be moved between operations.

Production resources: Any operator, technician, or equipment that directly adds value to a
product.
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Pull*: Pull refers to a two sub-system linkage in a supply chain. The producing operation does
not produce until the standard work in process between the two sub-systems is less than the set
point. When the standard work in process is below the set point, this condition signals the need
to replenish. Information flows in the reverse direction from product flow to signal production by
the upstream cell or manufacturing process.

Push*: Push is a term used in Planning and Control in Operations to indicate the direction of the
flow of information in the system which causes materials to be moved and activities to be
undertaken. In a "push" system, material and information flow in the same direction through the
value stream. For example, each work center has responsibility for sending work to the
succeeding part of the operation. The work centers "push" out work without considering whether
the succeeding work center can make use of it. Typically, activities are planned centrally but do
not reflect actual conditions in terms of idle time, inventory, and queues, for example, that exist
on the shop floor. The design is not robust with respect to quality and rate problems. Even the
best closed-loop push systems are much less responsive to in-process variation, and therefore
much less effective for controlling production and work-in-process than pull systems.

Run size: The number of one type of part produced between machine setups.

Service rate: The rate at which a downstream operation processes incoming parts.

Six Sigma*: Six Sigma is a process quality goal. In statistical terms, "sigma" is a metric used to
reflect how well a process is working. It describes the degree of variation in a manufacturing
process. Companies operating at a six sigma level of quality would produce only 3.4 defects per
million opportunities.

Standard work: standard work is a method of ensuring that all operators perform tasks with the
same level of quality and at approximately the same pace. Tools are standardized and tasks are
designed so that they are performed in the same order, with the same motions for every operator.

Support resources: Any person or equipment in a manufacturing system that facilitates
production resources, so that the production resource can perform its value-adding tasks.

Takt Time*: Takt Time is the available production time divided by the rate of consumer demand
(consumption). For example, if a certain piece of equipment operates 540 minutes a day (9
hours) and the rate of consumer demand averages 1.5 machines per day, the Takt Time for that
machine would be 540 divided by 1.5, or 360. This Takt Time would be used to pace or
synchronize the rate of production to consumer demand/sales, which is central to Lean and/or
JIT manufacturing concepts.

TPM*: Total Productive Maintenance (TPM) was originally developed as an approach to plant
maintenance that combines productive maintenance procedures with total quality control and
employee involvement to maximize the utility of productive resources. TPM aims at improving
existing plant conditions and at increasing the knowledge and skills of frontline personnel in
order to achieve zero accidents, zero defects, and zero breakdowns.

The five goals of TPM can be defined as:

0 Improve equipment effectiveness
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* Achieve autonomous maintenance
" Plan maintenance
* Train all staff in relevant maintenance
* Achieve early equipment maintenance

The concepts can be applied on a company-wide basis, not just on the shop floor.

Value*: Value can be defined as worth in usefulness or importance to the possessor's customer.
Value is a capability provided to a customer at the right time at an appropriate price, as defined
in each case by the customer. Only an activity that physically changes the product adds value.

Value Stream (Value Chain)*: A Value Stream is all the actions (both value added and non-
value added) currently required to bring a product through the main flows essential to every
product: (1) the production flow from raw material into the arms of a customer, and (2) the
design flow from concept to launch. It represents the chain of activities and processes by which
value is added to input resulting in the delivery of products and services to customers. By
reviewing the chain, you can identify which activities add value and which add cost. Similarly,
the concept of the Value Chain holds that activities in a value chain can be divided into two
categories. The first is primary activities, which include inbound logistics, such as materials
handling; operations; outbound logistics, such as distribution; marketing and sales; and after
sales service. The second is support activities, which include human resources management,
company infrastructure, procurement, and technology development. It should be noted that each
of the primary activities involves its own support activities.

Waste*: Waste or "Muda" in Japanese is the waste of manpower, outputs, money, space, time,
information, etc. Toyota, the originator of the JIT concept defines waste as anything other than
the minimum amount of equipment, materials, parts, and working time absolutely essential to
production. The "seven wastes" are [Ohno, 1988]:

Overproduction Producing too much, too early
Inventory Semi-finished parts between operations
Transportation Moving parts
Processing Unnecessary processing steps
Making Defects Parts need rework or are scrap
Motion Unnecessary worker movements
Waiting Workers waiting for machines or parts
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Appendix A:

Level I

MSDD v.5.17

FRI
Maximize
long-term
retum on
investment

PMI
Return on
investment over
system lifecycle

DPI
Manufacturing
system design

FRI1 FR12 FR13
ILIIMaximnize Minimize MinimizeLevel sales manufactrn investment over

revenue costs production
system lifecycle

PM11 PM12
Sales revenue Manufacturing PM3 3

costs investment over
system lifecycle

DPII DP12 DP13
Production to Elimination of Investment
maximize non-value adding based on a long
customer sources of cost term strategy
satisfaction

.. ... .... ..

FRi11 FRI12 FRI13
Manufacture Deliver products Meet customer
products to target on time expected lead
design time
specifications PM112

Percentage PM113
PM111 on-time deliveries Difference
Process between mean
capability throughput time

and customer's
expected lead
time

DP-111 DP112 DPI13
Production Throughput time Mean throughput
processes with variation time reduction
minimal variation reduction
from the target

FR121
Reduce waste in
direct labor

PM121
Percentage of
operators' time
spent on wasted
motions and
waiting

DP121
Elimination of
non-value adding
manual tasks

FR122
Reduce waste in
indirect labor

PM122
Amount of
required indirect
labor

FR123
Minimize facilities
cost

PM123
Facilities cost

DP122 DP123
Reduction of Reduction of
indirect labor consumed floor
tasks space

7 The Manufacturing System Design Decomposition, v. 5.1, was developed by the Production System Design
Laboratory at MIT. For the latest version of the decomposition, please contact Prof. David Cochran
(dcochran@mit.edu)
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FRill
Manufacture
products to target
design
specifications

PM111
Process
capability

DP-11 I
Production
processes with
minimal variation
from the target

FR-Q1 FR-Q2 FR-Q3
Operate Center process Reduce variation
processes within mean on the in process output
control limits target

PM-Q3
PM-Q1 Variance of
Number of PM-Q2 process output
defects per n Difference
parts with an between process
assignable cause mean and target

DP-Q1 DP-Q2 DP-Q3
Elimination of Process Reduction of
assignable parameter process noise
causes of adjustment
variation

II I

FR-Q12
Eliminate
operator
assignable
causes

PM-Q12
Number of
defects per n
parts assignable
to operators

DP-Q12
Stable output
from operators

FR-Q122
Ensure that
operator
consistently
performs tasks
correctly

PM-Q122
Number of

FR-Q13
Eliminate method
assignable
causes

PM-Q13
Number of
defects per n
parts assignable
to the process

DP-Q13
Process plan
design

FR-Q123
Ensure that
operator human
errors do not
translate to
defects

PM-Ql 123
Number of

an operator's parts caused by parts caused by
lack of non-standard human error
understanding methods
about methods

DP-Q121 DP-Q122 DP-Q123
Training program Standard work Mistake proof

methods operations
(Poka-Yoke)

FR-Q14
Eliminate material
assignable causes

PM-Q14
Number of defects
per n parts
assignable to the
quality of
incoming material

FR-Q31
Reduce noise in
process inputs

PM-Q31
Variance of
process inputs

FR-Q32
Reduce impact of
input noise on
process output

PM-Q32
Output
variance / input
variance

DP-Q14 DP-Q31 DP-Q32
Supplier quality Conversion of Robust process
program common causes design

into assignable
causes

Legend
Level III

Quality

Level lV
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Reedvina Problems Outpu

FR-Q11
Eliminate
machine
assignable
causes

PM-Q1 I
Number of
defects per n
parts assignable
to equipment

DP-Q11
Failure mode and
effects analysis

Level V

Level VI
=4 Vgw ,

FR-Q121
Ensure that
operator has
knowledge of
required tasks

PM-Q121
Number of
defects per n
parts rraued by
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Level III

Identifying and
Resolving Problems

FR-RI
Respond rapidly
to production
disruptions

PM-RI
Time between
occurrence and
resoution of
disruptions

Procedure for
detection &
response to
production
disruptions

I--
FR-R1 12
Identify
disruptions
where they occur

PM-RI12
Time between
identification of
disruption and
identification of
where the
disruption
occurred

DP-R1 12
Simplified
material flow
paths

FR-R11 FR-R12 FR-R13
Rapidly Communicate Solve problems
recognize problems to the immediately
production right people
disruptions

PM-R12 PM-R13
PM-R1 I Time between Time between
Time between identification of support resource
occurrence of what the understanding
disruption and disruption is and what the
identification of support resource disruption is and
what the understanding problem
disruption is what the resolution

disruption is

DP-R1I DP-R12 DP-R13
Subsystem Process for Standard method
configuration to feedback of to identify and
enable operator's operation's state eliminate root
detection of cause
disruptions

FR-R113 FR-R121 FR-R122 FR-R123
Identify what the Identify correct Minimize delay in Minimize time for
disruption is support contacting support resource

resources correct support to understand
resources disruption

PM-R113 PM-R121 PM-R122 PM-R123
Time between Time between Time between Time between
identification of identification of identification and contact of correct
where disruption what the contact of orrect support resource
occurred and disruption is and support resource and support
identification of identification of resource
what the the correct understanding
disruption is support resource what the

disruption is

DP-R113 DP-R121 DP-R122 DP-R123
Context sensitive Specified support Rapid support System that
feedback resources for contact conveys what the

each failure procedure disruption is
mode
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PM112
Percentage
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Throughput time
variation
reduction

Level IV

Legend

0nd dictbl DWiay Reducudn
RsdvkuM Proboirrs Oulun

Level V

Level VI FR-RI II
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Level III

Predictable
output

Level IV

FRI 12
Deliver products
on time

PM112
Percentage
on-time deliveries

DP112
Throughput time
variation
reduction

rn-rn

FR-P1
Minimize
production
disruptions

PM-Pt
Number of
occurrence of
disruptions &
Amount of time
lost to disruptions

DP-P1
Predictable
production
resources
(people,
equipment, info)

FR-Pi1 FR-P12 FR-P13 FR-P14
Ensure Ensure Ensure Ensure material
availability of predictable predictable availability
relevant equipment output worker output
production
information PM-P12

Number of
PM-Pi1 occurrences of PM-P13 PM-P14
Number of unplanned Number of Number of
occurrences of equipment disruptions due disruptions due
information downtime, to operators, to material
disruptions, Amount of Amount of shortages,
Amount of unplanned interruption time amount of
interruption time equipment for operators interruption time
for information downtime for material
disruptions shortages

DP-P11 DP-P12 DP-P13 DP-P14
Capable and Maintenance of Motivated work- Standard
reliable equipment force performing material
information reliability standard work replenishment
system system

FR-P121 FR-P122 FR-P131 FR-P132 FR-P133
Ensure that Service Reduce Ensure Do not interrupt
equipment is equipment variability of task availability of production for
easily regularly completion time workers worker
serviceable allowances

PM-P122 PM-P131 PM-P132
PM-P121 Frequency of Variance in task Numberof PM-P133
Amount of time equipment completion time occurrences of Numberof
required to servicing operator disruptions due
service lateness, Amount to operator
equipment of operator allowances,

lateness amount of
interruption time
for worker
allowances

DP-P121 DP-P122 DP-P131 DP-P132 DP-P133
Machines Regular Standard work Perfect Mutual relief
designed for preventative methods to attendance system with
serviceability maintenance provide program cross-trained

program repeatable workers
processing time

FR-P141
Ensure that parts
are available to
the material
handlers

PM-P141
Number of
occurrences of
marketplace
shortages

FR-P142
Ensure proper
timing of part
arrivals

PM-P142
Parts demanded
- parts delivered

DP-P141 DP-P142
Standard work in Parts moved to
process between downstream
sub-systems operations

according to
pitch
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FR-T1
Reduce lot delay

PM-TI
Inventory due to
lot size delay

FR-T2
Reduce process
delay
(caused by r,
r)

PM-T2
Inventory due to
process delay

DP- T1 DP-T2
Reduction of Production
transfer batch size designed for the
(singiece flow) tak time

FR-T22
Ensure that
production cycle
time equals takt
time

PM-T22
Difference
between
production cycle
time and tad:
time

FR-T23
Ensure that part
arrival rate is
equal to service
rate (r,=r,)

PM-T23
Difference
between arrival
and service rates

FRI13
Meet customer
expected lead
time

PM113
Difference
between mean
throughput time
and customer's
expected lead
time

DPI13
Mean throughput
time reduction

i -WU -

FR-T3
Reduce run size
delay

PM-T3
Inventory due to
run size delay

DP-T3
Production of the
desired mix and
quantity during
each demand
interval

FR-T31
Provide
knowledge of
demanded
product mix (part
types and
quantities)

PM-T31
Has this
information been
provided?
(Yes/No)

FR-T32
Produce in
sufficiently small
run sizes

PM-T32
Actual run size -
target run size

FR-T4
Reduce
transportation
delay

PM-T4
Inventory due to
transportation
delay

DP-T4
Material flow
oriented layout
design

FR-T51
Ensure that
support
resources don't
interfere with
production
resources

PM-T51
Production time
lost due to
support
resources
interferences with
production
resources

FR-T5
Reduce
systematic
operational
delays

PM-T5
Production time
lost due to
interferences
among resources

DP-T5
Subsystem
design to avoid
production
interruptions

FR-T52
Ensure that
production
resources
(people/automati
on) don't interfere
with one another

PM-T52
Production time
lost due to
production
resources
interferences with
one another

FR-T53
Ensure that
support
resources
(people/automati
on) don't interfere
with one another

PM-T53
Production time
lost due to
support
resources
interferences with
one another

DP-T21 DP-T22 DP-T23 DP-T31 DP-T32 DP-T51 DP-T52 DP-T53
Definition or Subsystem Arrival of parts at Infoniation Design quick Subsystems and Ensure Ensure
grouping of enabled to meet downstream flow from changeover for equipment coordination and coordination and
customers to the desired takt operations downstream material handling configured to separation of separation of
achieve takt time (design and according to pitch customer and equipment separate support production work support work
times within an operation) and production patterms patterns
ideal range access req'ts

FR-T221
Ensure that
automatic cycle
time tsmirnimum
laid time

PM-T221
Has this been
achieved? (Yes
No)

FR-T222
Ensure that
manual cycle
time stakt time

PM-T222
Has this been
achieved? (Yes/
No)

FR-T223
Ensure level
cycle time mix

PM-T223
Is average cycle
time less than
taid time in
desired time
interval?

DP- T221 DP- T222 DP-T223
Design of Design of Stagger
appropriate appropriate production of
automatic work operator work parts with
content at each content/ioops different cycle
station times
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FR12
Minimize
manufacturing
costs

PM12
Manufacturing
costs

DP12
Elimination of
non-value adding
sources of cost

FR121
Reduce waste in
direct labor

PM121
Percentage of
operators' time
spent on wasted
motions and
waiting

FR1 22
Reduce waste in
indirect labor

PM122
Amount of
required indirect
labor

DP121 DP122
Elimination of Reduction of
non-value adding indirect labor
manual tasks tasks

, I Labor ,

FR-Di FR-D2 FR-D3
Eliminate Eliminate wasted Eliminate
operators' motion of operators' wating
waiting on operators on other
machines operators

PM-DI PM-D2 PM-D3
Percentage of Percentage of Percentage of
operators' time operators' time operators' time
spent waiting on spent on wasted spent waiting on
equipment motions other operators

DP-DI DP-D2 DP-D3
Human-Machine Design of Balanced
separation workstations work-loops

wor-loopes to
facilitate operator
tasks

FR-D12
Enable worker to
operate more
than one
machine / station

PM-D12
Percentage of
stations in a
system that each
worker can
operate

FR-D21
Minimize wasted
motion of
operators
between stations

PM-D21
Percentage of
operators' time
spent walking
between stations

t.

FR-D11
Reduce time
operators spend
on non-value
added tasks at
each station

PM-DII
Percentage of
operators' time
spent on non
value-adding
tasks while
waiting at a
station

FR-D22
Minimize wasted
motion in
operators' work
preparation

PM-D22
Percentage of
operators' time
spent on wasted
motions during
work preparation

DP-D11 DP-D12 DP-D21 DP-D22
Machines & Workers trained Machines / Standard tools /
stations designed to operate stations equipment
to run multiple stations configured to located at each
autonomously reduce walking station

distance (5S)

FR-D23
Minimize wasted
motion in
operators' work
tasks

PM-D23
Percentage of
operators' time
spent on wasted
motions during
work routine

DP-D23
Ergonomic
interface
between the
worker, machine
and fixture

Level I II Legend

Qty n .nd PmdIcdab4 Delay Reduction
R.etow in Omsl s ui

Level IV

Direct
Labor

FR123
Minimize facilities
cost

PM123
Facilities cost

DP123
Reduction of
consumed floor
space

Level V

Level VI
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Appendix B:

Level I
FRI
Maximize
long-term
retuon on
investment

DP1
Manufacturing
System Design

MSDD v.5.08

FRII FR12 FR13
Level II Maime Minze Minimize

revenue costs production
system lifecydle

DPI1 DP12 DP13
Production to Elimination of Investment
maximize non-value adding based on a long
customer sources of cost term system
satisfaction strategy

FR-11l FRI12 FRI13 FR121 FR122 FR123

Level III Deerno Deiver products Meet customer Reduce waste in Reduce waste in Mnimize facities
L v l defects on b reexpected lead direct labor indirect tabor cost

time

DP-111 DP112 DP113 DP121 DP122 DP123
Defect-free Throughput time Mean throughput Elimination of Reduction of Reduction of
production variation time reduction non-value adding indirect labor consumed floor
processes reduction manual tasks tasks space

GY X

8 The Manufacturing System Design Decomposition, v. 5.0, was developed by the Production System Design
Laboratory at MIT. For the latest version of the decomposition, please contact Prof. David Cochran
(dcochran@mit.edu)
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FR-111
Deliver no
defects

DP-111
Defect-free
production
processes

FR-Q1 FR-Q2 FR-Q3Level IV Stabilize process Deternine Improve
capability of capability of
process (est. process
process
parameters)

DP-Q1 DP-Q2 DP-Q3
Elimination of Measure current Design of
assignable process experiments
causes of
variation

Le V FR-Q11 FR-Q12 FR-Q13 FR-Q14Level Elimninate Eliminate Eliminate method Eliminate
machine operator assignable material
assignable assignable causes assignable
causes causes causes

DP-Q1I DP-Q12 DP-Q13 DP-Q14
Selection/ Stable output Process plan Supplier quality
maintenance of from operators design program
equipment

lEI' ANN I

FR-Q121 FR-Q122 FR-Q123
Operator has Operator Ensure operator
knowledge of consistently human enors do
required tasks performs tasks not translate to

correctly defects

DP-Q121 DP-Q122 DP-Q123
Training program Standard work Mistake proof

methods operations
(Poka-Yoke)

Level I I

Quality
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Cost Redction

ye ng rd t D
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Level I I

Identifying and
Resolving Problems

Legend

FR112
Deiver products
on time

I - -Resoing Problemn 01
DPI12
Throughput time
variation

0di Predictable

Output
Level IV FR-R1 FR-PI

Respond rapidly Minimize
to production production
disruptions disruptions

DP-R1 DP-P1
System for Predictable
detection & production
response to resources
production (people,
disruptions equipment, info)

I

FR-R11 FR-R12 FR-R13 FR-P11 FR-P12 FR-P13 FR-P14Level V Rapidly Communicate Solve problems Ensure Ensure Ensure Ensure material
recognize problems to the immediately availability of predictable predictable availability
production tight people relevant equipment output worker output
disruptions production

inforrmnation

DP-R11 DP-R12 DP-R13 DP-PI1 DP-P12 DP-P13 DP-P14
Subsystem Process state Standard method Capable and Maintenance of Motivated work- Standard
configuration to feedback system to identify and reliable equipment force performing material
enable operator's eliminate root information reliability standard work replenishment
detection of cause system system
disruptions

FR-R111 FR-R112 FR-R113 FR-R121 FR-R122 FR-R123 FR-P131 FR-P132 FR-P133
Identify Identify Identify nature of Identify correct Supply Minimize delay in Reduce Ensure Do not interrupt
disruptions where disruptions when disruption support descriptive info to contacting variability of task availability of production for
they occur they occur resources support correct support completion time workers worker

resources resources allowances

ZILX--ZI1iI 1111 - - - - -
DP-RIII DP-R112 DP-R113 DP-R121 DP-R122 DP-R123 DP-P131 DP-P132 DP-P133
Simplified Increased Context sensitive Specified support System that Rapid informiation Standard work Perfect Mutual Relief
material flow operator's feedback resources for conveys nature transfer system methods to Attendance System with
paths sampling rate of each failure of problem provide stabilized Program cross-trained

equipment status mode processing time workers

Level VI
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Level Ill

Delay
Reduction

FRI13
Meet customer
expected lead
time

DP113
Mean throughput
time reduction

Level IV FR-T1 FR-T2 FR-T3 FR-T4 FR-T5
Reduce run size Reduce process Reduce lot delay Reduce Reduce
delay delay transportation systematic

(caused by r.> delay operaional
Q, delays

DP-T1 DP-T2 DP- T3 DP-T4 DP-T5
Production of the Production Reduction of Material flow Subsystem
desired mix and balanced transportation lot oriented layout design to avoid
quantity during according to takt size design production
each demand ime (single-piece flow) interruptions
interval

Level V
RT1 2 L FR-T21 FRT22 FR-T23 FR-T51 FR-T52 FR-T53

Knowledge of Ability to produce Define Ensure that Ensure that part Ensure that Ensure that Ensure that
demanded in sufficiently takt time(s) production rate is arrivalrate is support production support
product mix (part small run sizes balanced with balanced with resources don't resources resources
types and takt time service rate interfere with (people/automati (people/automati
quantities) (r," 1A"'") (r.=r.) production on) don't interfere on) don't interfere

resources with one another with ne another

DP-T1I DP-T12 DP-T21 DP-T22 DP-T23 DP-T51 DP-T52 DP-T53
Information Design quick Definition or Subsystem Arrival of parts at Subsystems and Ensure Ensure
flow from changeover for grouping of enabled to meet downstream equipment coordination and coordination and
downstream material handling customers to the desired takt operations configured to separation of separation of
customer and equipment achieve takt time (design and according to pitch separate support production work support work

times within an operation) and production patterns patterns
ideal range access req'ts

FR-T221 L FR-T222 FR-T223 LL FR-T231 FR-T232
Automatic cycle Manual cycle Ensure level Ensure that parts Ensure proper
time -minimum time stakt time cycle time mix are available timing of part
takt time arrivals

DP- T221 DP- T222 DP-T223 DP-T231 DP-T232
Design of Design of Stagger Standard work in Parts moved to
appropriate appropriate production of process between downstream
automatic work operator work parts with sub-systems operations
content at each content/loops different cycle according to pitch
station times

[9 FR-DP for achieving
Level Production

F FR-DP for achieving
Balanced Production

Legend
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operato
on mac

FR12
Minimize
production
costs

DP12
Elimination of
non-value adding
sources of cost

FR121 FR122 FR123
Reduce waste in Reduce waste in Minimize facilities
direct labor indirect labor cost

DP121 DP122 DP123
Elimination of Reduction of Reduction of
non-value adding indirect labor consumed floor
manual tasks Indirct tasks space

Labor
FR-D2 FR-11 FR-12

te Eliminate wasted Eliminate Eliminate
rs waiting motion of managerial tasks information
hines operators disruptions

DP-DI DP-D2 DP-11
Human-Machine Design of Self directed
separation workstations work teams

work-loops to (horizontal
facilitate operator organization)
tasks

FR-D1 I FR-D12 FR-D21 FR-D
22  

FR-D23Level V Reduce tasks Enable worker to Minimize wasted Minimize wasted Minimize wasted
that tie the operate more motion of motion in motion in
operator to the than one operators operators' work operators' work
machine / station machine / station between stations preparation tasks

DP-D11 DP-D12 DP-D21 DP-D22 DP-D23
Machines & Train the workers Configure Standard tools Ergonomic
stations designed to operate machines I equipment interface
to run multiple stations stations to located at each between the
autonomously reduce walking station worker, machine

distance (5S) and fixture

Level II
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Appendix C: AMSDD v.1.1 9

Level 0 FR Legend
Increase
shareholder
value
PM
Rate of NPV
growth

St

DP trd
Growth of i Oo I
company's Net cc uu Readvng
Present Value ,mpmm, t Problm

Level I FR-0 FR-I
Fund projects Increase
with a positive manufacturing
Net Present profitability
Value PM-1
PM-0 Proft from
Net Present manufacturing
Value of projects

----------------- ------------------------ ----

DP-0 DP-1
Capital allocated to Manufacturing
projects with System Design
positive Net and Operation
Present Value

Level II FR-11 FR-12 FR-13
Maximize Minimize Minimize
sales revenue manufacturing investment over
PM-11 costs manufacturing
Sales PM-12 system lifecycle
revenue Manufacturing PM-13

costs Investment over
system lifecycle

-------------------------------------------- -

DP-11 DP-12 DP-13
Products that Elimination of Investment
maximize non-value adding strategy to reduce
customer sources of cost investment over
satisfaction manufacturing

system lifecycle

Level III FR-111 FR-112 FR-113 FR-114 FR-115
Improve product Deliver products Manufacture Deliver products Meet customer
design and that meet products to target on time expected lead ime
manufacturing customers' design PM-114 PM-115
PM-111 requirements specifications Percentage on- Difference between
# of problems PM-112 PM-113 time deliveries mean throughput
identified and % of customer Process time and
corrected requirements capability customer's

fulfilled expected lead time

----- - .. - .

DP-111 DP-112 DP-113 DP-114 OP-115
Continuous Product design Production Throughpuf lme Mean throughput
improvement process processes with variation time reduction
process minimal variation reduction
(Kaizen) from the target -

x, Xt

9 The Aerospace Manufacturing System Design Decomposition, v.1.0, was developed by the Production System Design
Laboratory at MIT. For the latest version of the decomposition, please contact Prof. David Cochran (dcochran@mit.edu)
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FR-1Il FR-112
Level III Improve product Deliver products

design and that meet
manufacturing customers'
PM-111 requirements
# of problems PM-112
identified and % of customer
corrected requirements

fulfilled

---------------------------

DP-111 DP-112
Continuous Product design

Continuous pro"em Product
(Kaizen)

Improvement Design
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Legend

FR-1 13Level II IManufacture
products to target
design
specifications
PM-113
Process t
capability

Pr lowoiy dntiyn Predi.W 1=4eDe
Design p s i cUes i Reduhton

Cononuous Resving
DP-113 lmrovemet Probem

Production
processes with
minimal variation
from the target

Qualdity

Level IV FR-01 FR-02 FR-Q3
Operate Center process Reduce variation
processes within mean on the in process output
rontrol limits target PM-Q3
PM-Q1 PM-Q2 Variance of
Number of Difference process output
defects per n between process
parts with an mean and target
assignable cause

DP-Q1 DP-02 Process DP-Q3
Elimination of parameer Reduction of
assignable adjustment process noise
causes of
variation

Level V FR-Q11I FR-Q1 2 FR-Q13 FR-Q14 FR-Q31 FR-Q32
Eliminate Eliminate Eliminate method Eliminate Reduce noise in Reduce impact of
machine operator assignable material process inputs input noise on
assignable assignable causes assignable PM-Q31 process output
causes causes PM- k13 causes Variance of PM-Q32
PM-Q11 PM-Q12 Number of PM-Q14 process inputs Output variance /
Number of Number of defects per n Number of input variance
defects per n defects per n parts assignable defects per n
parts assignable parts assignable to the process parts assignable
to equipment to operators to the quality of

incoming
material

DP-Q11 DP-Q12 DP-Q13 D1P-Q14 DP-Q31 DP-032
Failure mode and Stable output Process plan Supplier quality Conversion of Robust process
effects analysis from operators design program common causes design

into assignable
causes

Level VI FR-Q121 FR-Q122 FR-Q123
Ensure that operator Ensure that operator Ensure operator
has knowledge of consistently performs human errors do
required tasks tasks correctly not translate to
PM-Q121 PM-Q122 defects
Number of defects Number of defects PM-Q123
per n parts caused per n parts caused Number of
by an operator's Lack by non-standard defects per n
of understanding MetOdS parts caused by
about methods human error

DP-Q121 DP-Q122 DP-0123
Training & Standard work Mistake proof
certification methods operations
program (Poka-Yoke)

191



Development of an Aerospace Manufacturing System Design Decomposition

Level III
FR-114
Deliver
products on
time
PM-114
Percentage
on-time
deliveries

DP-114
Throughput
time variation
reduction

, -x7:_
Identifying and
Resolving Problems

Level IV FR-RI
Respond rapidly
to production
disruptions
PM-RI
Time between
occurrence and
resolution of
disruptions

DP-R1
Procedure for
detection &
response to
production
disruptions

Level V FR-R11 FR-R12 FR-R13
Rapidly recognize Communicate Solve problems
production problems to the right immediately
disruptions people PM-R13
PM-R PM-R12 Time between
Time between Time between support resource
occurrence of identification of what understanding
disruption and the disruption is and what the disruption
identification of support resource is and problem
what the disruption understanding what resolution
is the disruption is

DP-R11 DP-R12 DP-R13
Subsystem Process for Problem
configuration to feedback of resolution
enable operator's operation's plan
detection ofoati
disruptions state

mI - I a .- a- m -- ! .....

FR-RIII FR-R112 FR-R113 FR-R121 FR-R122 FR-R123
Identify Identify disruptions Identify what the Identify correct Minimize delay in Minimize time for
disruptions when where they occur disruption is support resources contacting support resource to
they occur PM-R112 PM-R113 PM-R121 correct support understand disruption
PM-R111 Time between Time between Time between resources PM-R123
Time between identification of identification of identification of PM-R122 Time between contact
occurrence and disruption and where disruption what the disruption Time between of support resource
recognition that identification of occurred and is and identification identification and and support resource
disruption where the disruption identification of what of the correct contact of correct understanding what

DP-R111 DP-R112 DP-R113 DP-R121 DP-R122 DP-R123
Frequent Simple flow Context Specified Rapid support System that
sampling of paths sensitive support contact conveys what
part status feedback resources for procedure the disruption

each failure is
mode

Level VI
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FR-R131 FR-R132 FR-R133
Eliminate root Minimize Ensure
cause response delay problems do
PM-R131 from support not recurresources
% of problems PM-R132 PM-R133
that recur Time between % of problems

contact of that recur
support resource

DP-R131 DP-R132 DP-R133
Standard Maintenance Trend
method to & engineering analysis
identify and resources
eliminate root located on
cause (5 why's) plant floor

Legend
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FR-114
Deliver products
on time
PM-114
Percentage on-
time deliveries

DP-114
Throughput Ulme
variation
reduction

07=

Level IV FR-P1
Minimize
production
disruptions
PM-PI
Number of
disruptions &
amount of time
lost to disruptions

DP-P1
Predictable
production
resources
(people,
equipment, info)

L R-P11 FR-P12 FR-P13 FR-P14 FR-P1 5Lee Ensure availability of Ensure tools & Ensure predictable Ensure Ensure material
relevant production supplies are equipment output predictable availability
information available PM-P13 worker output PM-PI5
PM-P11 PM-P12 Number of PM-P14 Number of
Number of Number of occurrences of Number of disruptions due to
occurrences of disruptions due to unplanned disruptions due to material shortages,
information tool or supplies equipment operators, amount of
disruptions, amount shortages, downtime, amount of amount of interruption time
of interruption time for amount of unplanned interruption time from material
information interruption time equipment downtime from operators shortages
disruptions from shortages

------------------------------- -- -------------------

DP-PII DP-P12 DP-P13 DP-P14 DP-P15
Capable and Standard Maintenance of Motivated work- Standard
reliable information inventory of equipment force material
system tools & supplies reliability performing replenishment

standard work system

FR-P131 FR-P132 FR-P141 FR-P142 FR-P143 FR-P151 FR-P152
Ensure that Service Reduce Ensure Do not interrupt Ensure that parts Ensure proper
equipment is equipment variability of task availability of production for worker are available to timing of part
easily regularly completion time workers allowances the material arrivals
serviceable PM-P132 PM-P141 PM-P142 PM-P143 handlers PM-P152
PM-P131 Frequency of Variance in task Number of late # of disruptions due PM-P151 Parts demanded
Amount of time equipment completion time operators, to operator allow- Number of parts - parts delivered
required to servicing amount of time ances, amount of shortages
service lost to tardiness interruption time for
equipment worker lowances

DP-P131 DP-P132 DP-P141 DP-P142 DP-P143 DP-P151 DP-P152
Machines Regular Standard work Corporate Mutual Relief Standard work in Parts moved to
designed for preventive methods to programs that System with cross- process between downstream
serviceability maintenance provide provide for trained workers sub-systems operations

program repeatable employee work/life according to
processing time needs pitch
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FR-115
Meet customer
expected lead time
PM-115
Difference between
mean throughput
time and
customers
expected lead time

DP-115
Mean throughput
time reduction

Level IV FR-TI FR-T2 FR-T3 FR-T4 FR-T5 FR-T6
Reduce Reduce lot delay Reduce process Reduce run size Reduce Reduce
information delay PM-T2 delay delay transportation systematic
PM-TI Inventory due to (caused by r.> PM-T4 I delay operational delays
Time from info. lot size delay r) Inventory due to PM-T5 PM-T6
transmitted or PM-T3 run size delay Inventory due to Production time
requested until Inventory due to I transportation lost due to
info. received process delay delay interferences

among resources

-----------------------------

DP-T1 DP- T2 DP-T3 DP-T4 DP-T5 DP-T6
Information Reduction of Production I Production of the Material flow Subsystem design
integrated with transfer batch size designed for takt I desired mix and oriented layout to avoid
work (single-piece flow) time I quantity during design production
(visual factory, each demand I interruptions
kanban system) interval

m ______j ______ i*

FR-T31 FR-T32 FR-T33 FR-T41 FR-T42 FR-T61 FR-T62 FR-TB3
Define Ensure that Ensure that part I Provide Produce in Ensure that support Ensure that Ensure that support
takt time(s) production arrival rate is I knowledge of sufficiently resources don't production resources resources (people/

PM-T31 cycle time balanced with I demanded small run sizes I interfere with (people/ automation) automation) dont
Has takt time equals tald time service rate (r,=r,) product mix (part PM-T42 I production resources don't interfere with interfere with one

been defined? PM-T32 PM-T33 types and Actual run size - I PM-T61 one another another
(Yes/No) Difference Difference between : quantities) target run size Production time lost PM-T62 PM-T63

between arrival and service i PM-T41 due to support Production time lost Production time tost
production rates I Has this resources interfering due to production due to support
cycle time and information been I with production resources interfering resources interfering
takt time provided? I resources with one another with one another

(Yes/No)

DP-T31 DP-T32 DP-T33 I DP-T41 DP-T42 DP-T61 DP-T62 DP-T63
Definition or Subsystem Arrival of parts at Information Quick I Subsystems and Coordination and Coordination and
grouping of enabled to meet downstream flow from changeover for I equipment separation of separation of
customers to the desired takt operations downstream material I configured to production work support work
achieve takt time (design according to pitch customer handling and separate support pattems patterns
times within an and operation) I equipment and production
ideal range i ____1_ 1gaccess req'ts I

- . mu mmii

FR-T323
Ensure level
cycle time mix

I PM-T323
Is average cycle
time less than
tad time in Sub-branch only applies to
desired time manufacturing operations
interval? producing more than one I

type of product

DP-T323
I Staggered

production of
parts with
different cycle
times

Level VI FR-T321 FR-T322
Ensure that Ensure that
automatic cycle manual cycle
time <minimum time etakt time
takt time PM-T322
PM-T321 Has this been
Has this been achieved?
achieved? (Yes/No)
(Yes/No)

DP- T321 DP- T322
Design of Design of
appropriate appropriate
automatic work operatorwork
content at each content/loops
station

Level Ill

Delay
Reduction

Legend

- I at

Pr Ou ity idi ying Pred&"i y
Design and Output Reduction

cotnuous Resolving
Wmroent Prd~ems

Level V
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Level II

Cost
Reduction

FR-12 FR-13
Minimize Minimize
manufacturing investment over
costs manufacturing
PM-12 system lifecycie
Manufacturing PM-13
costs Investment over

system lifecycle

------- --------------------------- -- F

DP-12 DP-13
Elimination of Investment
non-value adding strategy to reduce
sources of cost investment over

manufacturing

Invest nt system lifecycle

FR-121 FR-122 FR-123 FR-124 Sub-branch only FR-1 FR-12
Level III Reduce wasted Reduce wasted Reduce waste in Reduce cost of i applies to Reduce cost of Reduce cost of

processing use of indirect costs procured manufacturing future initial investment
PM-121 employees PM-123 materials systems with investments PM-12
Number of PM-122 Indirect costs PM-124i multiple investment PM-l Initial investment
wasted Percentage of Cost of procured : cycies Expected cost of cost
processing steps employee time materials future

spent on non- investments
value adding
activities

DP-121 DP-122 DP-123 DP-124 DP-1 DP-12
Elimination of Elimination of Overhead Suppliers Manufacturing Reduction of
non-value adding non-value adding reduction integrated system adaptability excess over-
processing steps tasks throughout matched to capacity

manufacturing expected market
system demands

Sub-branch only FR-C1 FR-C2 FR-C3 FR-C4 FR-111 FR-112 FR-113
. Eliminate Eliminate wasted Eliminate Improve Match adaptability to Match adaptability Match

processes using operators' motion of operators' effectiveness of product design to new products to adaptability to
mechanized waiting on operators waiting on other production I changes to expected expected market production
equipment machines I PM-C2 operators managers I market demands demands volume changes

PM-Cl Percentage of PM-C3 PM-C4 ' PM-ll PM-112 to expected
Percentage of operators' time Percentage of Amount of time % equipment that # new products market demands
operators' time spent on wasted operators' time required to can accommodate that can be added PM-113
spent waiting on motions spent waiting on manage system I prod. design to manufacturing Allowable volume

Level IV equ'n I otheropetrs I changes system change (%)
-Lve- ------

DP-C1 DP-C2 DP-C3 DP-C4 DP-11I DP-112 DP-113
Hurnan-Machine Design of Balanced Self directed Manufacturing Manufacturing Manufacturing
separation workstations / work-loops work teams i equipment designed system designed system designed

work-loops to (horizontal I to accommodate to accommodate to accommodate
facilitate operator organization) I product design new products production
tasks changes volume changes

FR-C11 FR-C12 FR-C21 FR-C22 FR-C23
Reduce time Enable worker to Minimize wasted Minimize wasted Minimize wasted
operators spend on operate more than motion of operators motion in motion in
non-value added one machine / between stations operators' work operators' work
tasks at each station I PM-C21 preparation tasks
station PM-C12 Percentage of PM-C22 PM-C23
PM-Cl Percentage of operators' time Percentage of Percentage of
% of operators' stations in a spent walking operators' time operators' time
time spent on non system that each between stations spent on wasted spent on wasted
value-adding tasks worker can operate I motions during motions during
while waiting at a work preparation work routine
station

DP-C11 DP-C12 DP-C21 DP-C22 DP-C23
Machines & Workers trained Machines / Standard tools / Ergonomic
stations designed to operate stations equipment interface
to run multiple stations I configured to located at each between the
aulonomously I reduce walking station worker, machine

I distance (5S) and fixture

Level V
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Opportunity Cost

Opportunity cost is the cost associated with foregone business decisions. [Pindyck and

Rubinfeld, 1998] For example, if a manufacturing company owns a piece of fully depreciated

processing equipment that could be sold for $50,000, the opportunity cost of keeping the

equipment is $50,000. If the company believes that keeping the equipment will earn it more than

$50,000, it is probably in the company's best interest to keep the equipment. Otherwise, it is

probably better to sell the equipment. The following section on NPV discusses ways to evaluate

potential investments / divestments.

Net Present Value (NPV)

Net present value is equal to the difference between the present value of revenues and the present

value of expenditures. [de Neufville, p.215, 1990] The present value of revenues and costs are

calculated from the company's expected revenues, costs, and its discount rate. The discount rate

determines how much a given amount of money paid or received in the future is worth in current

dollars. The discount rate represents the average rate of return that a company expects to receive

on its investments. Consider once again the company that owns processing equipment that it

could sell for $50,000. Call this company "Company A" and assume that Company A will need

its equipment for another 10 years. Company B offers to purchase the equipment from Company

A and lease it back for $7,500 per year. Whether this agreement is a good option for Company

A depends upon Company A's discount rate, r. If Company A sold its equipment, it could invest

the $50,000, but would have to pay Company B $7,500 per year.

The present value of future payments (or revenues) is given by the present value formula:

P = F(l + r)-N

where P is the present value of future payment, F in period N. In order for selling the equipment

to be worthwhile for Company A, the present value of its payments to Company B would have to

be less than or equal to the $50,000 received for selling the equipment. If Company A has a

discount rate of 8%, the net present value of selling the equipment would equal -$4,352. If
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Company A has a discount rate of 12% the NPV of selling the equipment would equal $2,538.

Therefore, it would be worthwhile for Company A to sell its equipment to Company B if it has a

discount rate of 12%, but not if its discount rate is 8%. Table 6-1 shows the full NPV analysis

with the present value of payments for years 1 through 10.

Present value of payment
year r = 8% r = 12%

1 $ 7,500 $ 7,500
2 $ 6,944 $ 6,696
3 $ 6,430 $ 5,979
4 $ 5,954 $ 5,338
5 $ 5,513 $ 4,766
6 $ 5,104 $ 4,256
7 $ 4,726 $ 3,800
8 $ 4,376 $ 3,393
9 $ 4,052 $ 3,029

10 $ 3,752 $ 2,705
Total: $ 54,352 $ 47,462

Revenue: $ 50,000 $ 50,000

NPV: $ (4,352) $ 2,538

Table 6-1: Net Present Value of Decision to Sell Equipment

Consider a more complex scenario. Company X is trying to decide whether to pursue a new

product line. The product is expected to generate revenue of $30 million per year and be viable

in the market for 7 years from the time the decision is made. Purchasing a new facility would

cost $40 million and require an 2 year wait before production could begin. Renting an existing

facility would cost $12 million per year, but could start 1 year after the decision is made.

(Assume that purchase or rental charges begin as soon as the decision is made.) Manufacturing

equipment can be purchased for $15 million or leased for $4 million per year. (Assume that

these prices include maintenance costs and that charges do not begin until manufacturing has

begun.) Material costs are negligible.
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Net Present Value (in millions of $)
Option Own facility, own Own facility, Rent facility, own Rent facility,

equipment lease equipment equipment lease equipment
r = %
r = 10%
r= 15%
r = 20%
r = 25%

$
$
$

38.99
21.04

7.30
(3.37)

$
24.38

$ 12.34
$ 3.03 $

f.11 5

39.52 $
MIlEW $

37.10
26.17

Table 6-2: Net Present Value of Manufacturing Strategies (in $M)

In this case, the manufacturing strategy is entirely dependent upon the company's discount rate.

If the company has a low discount rate, the best choice will be to purchase the required facility

and own the processing equipment. As the discount rate increases the strategy shifts until it

becomes most profitable to rent the facility and lease the equipment.
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Appendix F: AMSDD FRs and DPs

Appendix F: AMSDD FRs and
DPs

FR DP Intention
R Increase shareholderiDPr 1G rowth of com pany's i I dentity and satisty a com pany's top-

:value :Net Present Value .level goal

FR-0 !Fund projects with a DP-0 !Capital allocated to !Only select and fund projects that will
'positive Net Present I projects with positive increase the company's value.
Value Net Present Value

FR1 :Increase DP-1 Manufacturing In order to increase the profitability of a
manufacturing iSystem Design and 1company's manufacturing system, the

,profitability Operation system must be designed, not allowed
:to evolve haphazardly. After being

designed, the manufacturing system
must be operated in the manner in
which it was designed.

FR-I1 Maximize sales DP-I1 !Products that :To maximize sales revenue, as a result
'revenue Imaximize customer jof actions taken within the

satisfaction manufacturing system, a company must
:deliver products that maximize
:customer satisfaction.

FR-Il I!-mprove product -DP-111 'Continuous In order to incorporate lessons learned
:design and :improvement iin the manufacturing system and
:manufacturing :process (Kaizen) feedback from customers and

:employees, a continuous improvement

'process must be implemented.
FR-F1 Incorporate jDP-F1 Customer feedback TIn order to obtain and implement

Icustomer feedback process customer feedback, a process must be
developed to solicit feedback and apply* I

:it to the manufacturing system design.

FR-F2 Incorporate DP-F2 Employee feedback In order to obtain and implement
'employee feedback : process 'employee feedback, a process must be

'developed to solicit feedback and apply
it to the manufacturing system design.

FR-112 Deliver products that DP-112 :Product design :To ensure that the manufacturing
:meet customers' 1process :system produces products that meet the
:requirements :customers' requirements, a process for

designing products is required.

FR-D1 Design products that iDP-D1 :Integrated product :To ensure manufacturability of
:can be manufactured: :and manufacturing :products, the manufacturing system

:system design :must be designed in conjunction with
:the product design
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FR DP Intention
FI~-D11 Design stable P5-D11 Equipment and part iTo ensure that manufacturing

processes feature selection :processes are stable requires selecting
:the proper equipment and designing
features on parts for stable processing

FR-D111 Design equipment DP-D111 :Selection / To ensure a high process yield requires
for high process |development of selecting the correct manufacturing

I I

'yield :manufacturing 1process or developing a new process if

I__ :processes :necessary.
FR-D112: Design products for DP-D112 Specification of -To ensure that manufacturing

:high process yield :tolerances that can processes have high yields, part
:be achieved .specifications should be achievable by

the selected processing methods.
FR-D12 Design products for DP-D12 Product designs Products should be designed with

defect-free :facilitate use of :common features, shapes, etc., to
'fabrication and :mistake-proofing :facilitate the use of mistake-proofing
:assembly :devices :devices during part fabrication and

assembly.
I I IFR-D2 Design products that !DPD7 Products confrorm tolProducts must meet government and
Isatisfy external :government/ :industry standards to satisfy
-requirements jindustry standards :requirements external to customer

specifications
FR-D3 :Accommodate future DP-D3 Standard method to In order to upgrade and improve

changes in product 'incorporate new 'product designs, a standard method for
design features into design jincorporating design changes must be

developed. (I.e., incorporate a block of

changes after x products have been
Imanufactured.)

FI-D4 Design products the P-D4 iMinimum material -To reduce the cost of products, the
:customer can afford :and processing costsiminimum possible material and

_processing costs should be pursued
FR-D41 Reduce processing IDP-D41 Standardized part 'By using common part designs across

:requirements :designs :product families, setups and the unique
number of processing steps can be

:reduced
FR-D42 Specify affordable DP-D42 :Preferential use of .Attempting to use components and

:components and :"Off the shelf' parts -materials that are readily available
:materials :and commodity raw helps reduce product cost.

I I

Imaterials
I I__ _ _ _ _ _.

FR-D43 ;Specify affordable DP-D43 Simple processing .By reducing the complexity of
,processes :requirements -processing steps and processing

equipment, overall processing becomes
Iless expensive.
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FR-D431 iReduce processing iDP-D431 iParts designed to "To reduce the complexity of processing

:complexity minimize processing ,steps, parts should be designed to
requirements minimize processing requirements.

* I I'This may involve reducint the number
-of steps, duration of processing, etc.

I I I

FR-D432 Reduce cost of DP-D432 Simple processing To reduce the cost of the processing
'processing 'equipment :equipment, simple machines that

equipment 'achieve only the required functions
:should be selected.

FR-113 Manufacture DP-1 13 Production :To manufacture products to their design

products to target I 1processes with specifications, production processes

Idesign specifications :minimal variation :should have little variation from the
1from the target ,processing target.

FR-Q1 I Operate processes DP-Q1 !Elimination of :To ensure that manufacturing
within control limits -assignable causes of processes stay within the control limits,

variation :assignable causes of variation must be

I IIeliminated
FR-Q11 Eliminate machine DP-Q11 :Failure mode and lTo eliminate machine assignable

I I

jassignable causes :effects analysis causes, a failure mode and effects

Ianalysis should be performed. The
I I

I II
rIuts should be used to prevent errors

I2from impacting product quality.
FR-Q12 Eliminate operator jDP-Q12 Stable output from To eliminate operator assignable

:assignable causes :operators icauses, operators must produce stable
output.

FR-Q121lEnsure that operator !DP-Q121 Training & :To ensure that each operator is
*I II

:has knowledge of :certification program knowledgable in the tasks that they
:required tasks -must perform, they must complete a

:training and certification program.
FR-Q1 22: Ensure that operator DP-Q122 Standard work :To ensure that every operator always

I I

:consistently :methods :performs tasks correctly, standard work

:performs tasks :methods should be specified for each
correctly ,process.

FR-Q123. Ensure operator -DP-Q123 Mistake proof 'To ensure that human errors do not
:human errors do not :operations (Poka- :produce defective products, processes
,translate to defects :Yoke) :should be designed to prevent
I

I : loperators from making an error in the
'_first place.

I_____ I____________

FR-Q13 jEliminate method jDP-Q13 Process plan design To ensure that processing methods
I II

Iassignable causes :minimize processing variation, care
Imust be taken when designing the
:processing plans.
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FR-Q14 Eliminate material PQ1 4 Supplier quality To ensure that incoming parts do not

,assignable causes program :have defects, companies should work
with suppliers to improve the suppliers'
:quality.

FR-j2 Center process OP-Q2 Process parameter iManufacturing processes should be
:mean on the target :adjustment :adjusted so that the process mean is

:the same as the process target.
FR-Q3 Reduce variation in DP-Q3 Reduction of process-To reduce variation in the output of a

:process output noise :process, the process noise must be
reduced.

FR-Q31 Reduce noise in DP-Q1 :Conversion of :To reduce the incoming noise to a

:process inputs 1common causes into process, the noise components must be
:assignable causes -identified and converted to assignable

causes, so that they can be eliminated.

FR-Q32 'Reduce impact of DP-Q32 Robust process 'To reduce the impact of input noise on
-input noise on :design a process, a robust process that is
!process output insensitive to incoming noise should be

selected.
FR-114 :Deliver products on DP-114 :Throughput time To deliver products in the required time,

:time :variation reduction :the variation in manufacturing system
throughput times must be reduced.

I I

FR-R1 Respond rapidly to 'DP-Rl Procedure for When there is a disruption in the
production jdetection & response manufacturing system, it must be
disruptions :to production :detected and responded to quickly

Idisruptions

FR-R11 Rapidly recognize DP-R 1-Subsystem -The manufacturing system should be
,production :configuration to designed to quickly alert operators to
disruptions enable operator's 'production disruptions.

detection of
I 'disruptions

FR-R111 Identify disruptions DP-R111 ,Frequent sampling Parts should be checked frequently so
when they occur of part status that a disruption will be found soon after

'it has occurred.
FR-Ri12i Identify disruptions DP-R112 Simple flow paths 'Simple flow paths allow the location of

:where they occur :disruptions to be quickly identified,
because there is no confusion about

'where the disruption has occurred.
FR-R113 Identify what the DP-R113 Context sensitive 'When a disruption is detected, the

:disruption is Ifeedback ,equipment or operator should provide
specific information rather than simply

'indicating that a problem exists.
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FR-R12 Communicate DP-R12 Process for feedbackiThe manutacturing system must be

:problems to the right of operation's state lable to communicate the status of
people :operations to the correct resources that

'can solve problems.
FR-R121 Identify correct DP-R121 Specified support iTo prevent confusion and speed

Isupport resources :resources for each notification of the correct resource,
failure mode :resources should be assigned for each

Itype of problem.
FR-R1I22i Minimize delay in iDP-R122 Rapid support iA system should be developed to

contacting correct :contact procedure ,contact the correct support resource
support resources ',quickly when a problem occurs. This

:could include lights above equipment
:and electronic pagers.

FR-R123 Minimize time for iDP-R123 System that conveys:When support resources are notified
.support resource to :what the disruption islabout disruptions, the notification
'understand Isystem should provide them with
jdisruption :specific information about the problem.

FR-R13 iSolve problems DP-R13 iProblem resolution iA predetermined method should exist
immediately :plan for quickly solving problems.

FR-RI31 Eliminate root cause jDP-R131 Standard method to IA standard method of identifying and
:identify and :eliminating the root cause of problems
:eliminate root cause jshould be used to ensure that the
(5 Why's) :correct cause(s) is/are identified.

FR-R132j Minimize response jDP-R132 Maintenance & Maintenance and engineering resources
delay from support -engineering :should be located on the plant floor to
resources Iresources located on minimize the time required to respond

plant floor |to disruptions.
FR-R133!Ensure problems do DP-R133 Trend analysis Analyzing trends helps to ensure that

jnot recur :the true root cause has been identified
and that there is not an additional cause

I I:remaining to be addressed.
FR-P1 'Minimize production DP-P1 Predictable ;To minimize the number of production

disruptions production resources disruptions requires predictable
(people, equipment, :resources in the manufacturing system.

:~info)

FR-P1 1 'Ensure availability of DP-P11 Capable and reliable To ensure that production information is
'relevant production information system :up to date and correct, a capable and
information :reliable information system is required.

FR-P12 Ensure tools & DP-P12 Standard inventory ;To ensure that tools and supplies are
supplies are of tools & supplies :readily available to production workers,

:available Ia standard inventory of these items
should be maintained
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F-F1P13 iEnsure predictable iDP-P13 :Maintenance of To ensure that equipment output

iequipment output equipment reliability :remains predictable, the equipment
must be well maintained.

FR-P131: Ensure that DP-P131 Machines designed To facilitate servicing equipment, the
-equipment is easily I jfor serviceability :equipment should be designed with
:serviceable :consideration for required access,

:replacement, and repair of components.

FR-P132iService equipment jDP-P132 iRegular preventive -Equipment should be serviced regularly
.regularly :maintenance ,by scheduling regular preventive

:program maintenance activities so that problems
:are fixed before they occur.

FR-P14 iEnsure predictable IP-P14 Motivated work-force:To ensure that workers perform
:worker output performing standard predictably and well, the workforce

:work :should be motivated and perform
I -_standard work.

FR-P141 Reduce variability of IDP-P141 Standard work ,To reduce the variation in manual
task completion time| methods to provide :processing times, workers should

repeatable tperform tasks in a standardized,
:processing time repeatable manner.

FR-P142:Ensure availability of :DP-P142 Corporate programs iTo ensure worker attendance and
workers :that provide for :reduce tardiness, companies must

,employee work/life :provide for employees' work and life
needs :needs, rather than focus solely on job

performance.
FR-P143IDo not interrupt IDP-P143 Mutual Relief :Production should not stop when a

,production for worker' -System with cross- 'worker is temporarily unavailable.
:allowances jtrained workers :Cross-trained employees should be

_able to fill in for a missing co-worker.
FR-P15 :Ensure material DP-P15 Standard material :To ensure that material is available

I I a

,availability -replenishment :when it is needed, a standard
system :replenishment system must be

_developed.

FR-P151 Ensure that parts are.DP-P151 Standard work in :To ensure that parts are always
available to the :process between sub--available for conveyance between sub-

'material handlers systems -systems, a standard amount of work in
process (WIP) should be maintained.

FR-P152 Ensure proper timing DP-P152 Parts moved to To ensure the proper arrival of parts, all
of part arrivals :downstream parts should be moved to the next

:operations according downstream operation in the quantity

to pitch land time interval determined by pitch.
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FR-115 Meet customer DP-1 15 i Mean throughput In order to provide customers with

:expected lead time :time reduction products as quickly as the customer
'demands them, the mean throughput
:time through the manufacturing system
_must be reduced.

FR-T1 Reduce information DP-T1 Information :To reduce the delay between

delay integrated with work linformation being generated within the

1(visual factory, manufacturing system and information
kanban system) -becoming available, the information

Ishould be integrated with work.
Examples are a visual factory and use

Iof kanban.
FR-T2 ,Reduce lot delay IDP-T2 jReduction of transferiTo reduce the delay between

II :batch size (single- 'processing lots, batch sizes should be

:piece flow) jreduced. The ideal batch size is one

piece.
FR-T3 jReduce process DP-T3 Production designed tTo reduce the amount of time products

:delay (caused by ra >: for takt time :spend waiting for processing, the
I

rI) manufacturing system should be

I :designed to operate at takt time.
FR-T31 jDefine takt time(s) jDP-T31 iDefinition or rIn order to define takt time(s) within a

1grouping of :manufacturing system, customers
customers to should be grouped so that the takt

:achieve takt times Itimes fall within an acceptable range for
within an ideal range a range of demand levels.

FR-T32 :Ensure that DP-T32 'Subsystem enabled :To ensure that the production cycle

:production cycle Ito meet the desired 'time equals takt time, subsystems must
:time equals takt time jtakt time (design and all be capable of meeting the takt time.

operation)
FR-T321 Ensure that DP-T321 Design of :To ensure that the cycle time of

:automatic cycle time :appropriate automated operations is less than takt
<= minimum takt :automatic work jtime, the duration of work allocated to

:time :content at each :automatic operations must be less than
station :or equal to takt time.

FR-T322 Ensure that manual 'DP-T322 Design of 'To ensure that the cycle time of manual
:cycle time <= takt appropriate operator operations is less than takt time, the
Itime :work content/loops :duration of work allocated to manual

'operations must be less than or equal to
itakt time.

FR-T323iEnsure level cycle DP-T323 Staggered ;Production of parts with different cycle
jtime mix production of parts :times should be staggered so that the

:with different cycle average cycle time is less than or equal
times :to the takt time.
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FRT Reduce run size ,UP-14 :Production of thie iTo reduce the delay between difterent

delay :desired mix and product types, the entire mix of product
:quantity during each demand should be produced during
demand interval leach demand interval.

FR-T41 Provide knowledge i DP-T41 i Information flow iTo know what products should be
of demanded from downstream produced in the manufacturing system,

:product mix (part :customer :production information must be drawn

,types and quantities) from the downstream customer.

FR-T42 Produce in DP-T42 Quick changeover .To enable the manufacturing system to
sufficiently small run Ifor material handling :produce in small run sizes, equipment
sizes land equipment :and material handling must be capable

:of quick changeovers.
FR-T5 Reduce DP-T5 :Material flow .To reduce the delay associated with

:transportation delay !oriented layout :material transportation, the

design :manufacturing system should be laid
:out according to material flow.

FR-T6 Reduce systematic DP-T6 Subsystem design to iTo reduce delays that occur as a result

:operational delays :avoid production :of required operations in the
interruptions :manufacturing system, subsystems

:should be designed to avoid
interruptions.

FR-T61 :Ensure that support DP-T61 Subsystems and :Routine support tasks, such as chip
:resources don't equipment removal, equipment lubrication and
linterfere with 'configured to :material replenishment, should not
production resources separate support and: interfere with production. Access

:production access :requirements and equipment should be
req'ts :designed to prevent these disruptions.

FR-T62 Ensure that DP-T62 :Coordination and Production activities should be
production resources: :separation of designed and coordinated so that
(people/ automation) jproduction work :people and equipment do not interfere

:don't interfere with patterns :with one another.
lone another

FR-T63 :Ensure that support DP-T63 Coordination and 'Support activities should be designed
Iresources (people/ 'separation of supportjand coordinated so that people and
:automation) don't :work patterns :equipment do not interfere with one
interfere with one :another.
another

FR-12 -Minimize DP-12 Elimination of non- -To minimize manufacturing costs, non-
,manufacturing costs value adding :value adding sources of cost must be

sources of cost eliminated.
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FR-121 Reduce wasted DP-121 Elimination of non- To reduce the amount ot unecessary

.processing value adding :processing, non-value adding
:processing steps processing steps should be eliminated.

FR-122 'Reduce wasted use DP-122 Elimination of non- jTo improve employee productivity,
of employees value adding tasks :tasks that do not add value to the

1product or company should be
:eliminated.

FR-C1 Eliminate operators' jDP-C1 Human-Machine iOperators should not waste their time
:waiting on machines Iseparation waiting on individual machines.

FR-Cl I 'Reduce time DP-C11 Machines & stations To reduce the amount of time operators
:operators spend on :designed to run ispend on non-value adding tasks at
non-value added :autonomously each machine, equipment should be
tasks at each station designed to run without human

Isupervision once it has been loaded
land the cycle begins.

FR-C12 IEnable worker to tDP-C12 iWorkers trained to iWorkers should be trained to operate
.operate more than :operate multiple multiple stations so that they are not
one machine stations tied to a single machine.
:station

FR-C2 Eliminate wasted DP-C2 Design of :Operator motions should be designed to
:motion of operators :workstations / work- :minimize waste and facilitate required

:loops to facilitate Itasks.
operator tasks

FR-C21 lMinimize wasted iDP-C21 :Machines / stations iTo limit the amount of time operators
:motion of operators lconfigured to reduce:waste moving between stations,
:between stations 1walking distance :stations should be located close to each

other.
I IFR-C22 :Minimize wasted :DP-C22 :Standard tools / !To minimize wasted motion when

:motion in operators' :equipment located at preparing to work, tools and equipment
:work preparation :each station (5S) :should have standard locations close to

:the point of use.
FR-C23 Minimize wasted DP-C23 Ergonomic interface ,To minimize the wasted motion of

:motion in operators' between the worker, operators while they perform tasks,
'work tasks 'machine and fixture 'work stations and equipment should be

'designed with an ergonomic interface.

FR-C3 Eliminate operators' DP-C3 Balanced work-loops To prevent operators from waiting for
waiting on other other operators to finish tasks, balanced
operators work-loops should be designed to

:ensure each operator finishes at the
,same time.
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C> I-
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FR-4 ilmprove iDP-C4 iSelf directed work To improve the effectiveness of
:effectiveness of :teams (horizontal managers, self directed work teams
.production managers: :organization) :should be empowered to resolve a wide

:variety of common issues.
FR-13 Minimize investment PDP-13 jInvestment strategy -To minimize the total investment

:over manufacturing "to reduce investment required over a manufacturing system's
:system lifecycle over manufacturing lifecycle, a long-term investment

system lifecycle strategy should be used.

FR-11 Reduce cost of DP-11 Manufacturing iTo reduce the cost of future
future investments :system adaptability investments, manufacturing systems

'matched to expected should be designed to adapt to the
'market demands :expected market demands over the
I ,_system lifecycle.

FR-111 Match adaptability to DP-111 Manufacturing IManufacturing equipment should be

product design :equipment designed designed to accommodate product
changes to expected' to accommodate :design changes according to expected

:market demands :product design :market demands.
:changes

FR-112 Match adaptability tolDP-112 Manufacturing The manufacturing system should be
new products to :system designed to :designed to accommodate new

,expected market accommodate new products according to expected market
II I

'demands Iproducts |demands.

FR-113 Match adaptability to(DP-113 Manufacturing 'The manufacturing system should be
-production volume :system designed to designed to accommodate changes in

Ichanges to expected: :accommodate production volume that correspond to
Imarket demands Iproduction volume expected market demands.

I_ _changes
FR-12 :Reduce cost of initial jDP-12 'Reduction of excess iTo reduce the initial investment in a

investment :over-capacity manufacturing system, excessive over-
capacity in the system should be

Ieliminated.


