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Chapter 1

Introduction and Summary

Cycle Time Reduction (CTR) will be one of the major factors affecting the future

of the civil aerospace industry. This focus comes from a non-traditional aerospace

perspective but it is ultimately the end reflection of the level competition in the

aircraft industry. The major buyers of aircraft, airlines, and leasing agencies, have

come to view new aircraft as commodity items. In its simplest form, the major

buyers pick the least cost aircraft that meets their needs. To successfully compete

in this type of market, aircraft manufacturers must minimize costs and pass a por-

tion of those savings on to the buyers. CTR is one strategy used to move the

manufacturing firm down the cost curve.

One approach for examining CTR strategy looks at its implementation. This is

usually defined as being either process centered or manufacturing centered. The

process activities are based on the application of up-to-date management and

control theories (including information technology) about how to improve and/or

accelerate operations, but as applied to the aerospace manufacturing industry. The

manufacturing processes are those best practices implemented in the aerospace

manufacturing industry. These can be thought of as either those initially derived

from other industries and applied to the aerospace industry, or those organically

derived to solve specific problems in the aerospace industry.

Implementation of CTR strategies may not produce future profits, but that does

not mean the strategy is a failure. In fact, as the level of competition rises, it is one

of the tools to maintain profits. The net effect may show up as constant profits as

opposed to increased profits.

The airframe development cycle describes the production phases of civil aircraft

from concept to delivery. 1 It is this cycle that will be analyzed for possible reduc-

tions and/or improvements. The proper view of this cycle is not a static one. The

actual development cycle is fluid and dynamic. The definition of the production

phases is somewhat arbitrary and overlapping. The phases of the development cy-

cle actually exist in parallel for each individual aircraft, with the first five or six

aircraft going through different phases simultaneously.

The development cycle of future large passenger aircraft is a critical determinant

of the future success of the commercial aerospace industry. The typical current

development cycle spans several phases lasting 4 to 8 years. One of the keys to

1 The complete aircraft development cycle is composed of the airframe development cycle

and the engine development cycle. The engine development cycle was not examined in this study.
In this context, the term "development cycle" refers only to the airframe development cycle.
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thecontinueddevelopmentof the aerospaceindustryandits profitability is find-
ing waysto shortenor improvethis cycle.

NASA' sanalysisof thecurrentdevelopmentcycle is embodiedin a coarsemodel.
A moreaccurateandrefinedmodelis requiredto betterassesstheeffectof new
technologiesontheaircraftdevelopmentcycle.

Two approachescanbeusedin thedesignof aircraftdevelopmentcycle.Thefirst
is to taketheframeworkasit existsandexaminemethodsandpracticesto im-
provethatframework.This is knownastheprocess-reengineeringframework.
Thesecondinvolvesdesigninga wholly newprocessfrom startto finish.

Theideasexploredin thisreportarebasedonthefirst approach.Thesecondap-
proachholdspromise,particularlyasit pertainsthedevelopmentof otherthan
conventionaltechnologyand/orotherthansubsonicaircraft.This isbecausethe
goalof reductionof developmenttime by afactor of two mayrequireradicalre-
design,ratherthansimplyprocessimprovement.This aspectis beyondthescope
of this studyandis not directlycoveredhere,althoughsomeof the industryre-
ductionpracticesarefocusedin this direction.

Thegoalsof thepresenteffort areto

• conducta literaturereviewfocusingon thecashflow implicationsof faster
cycletimes;

• conductandreporttheresultsof interviewswith aircraftmanufacturersre-
gardingcycletime reductionefforts;

• provideaframeworkto measurethebenefitsof NASA programsto reduce
cycletime; and

• implementanempiricalmodel to obtainnumericalestimatesof likely
NASA programeffectsoncycletime;

REPORT SUMMARY

The current NASA Airframe Development Cycle Time Reduction Goal is 50 per-

cent by year 2022. This goal is not achievable based on the program analysis

done by the LMI/GRA team. It may be that the program technology progress

factors, as determined by the NASA experts, were understated. If that is not the

case, then the current roster of NASA Cycle Time Reduction programs needs to

be reexamined. Programs that duplicate the reductions of others should be re-

placed with programs that offer non-duplicative reductions. In addition, new pro-

grams targeting a specific part of the cycle can be developed, as well as

developing programs based on implementing best standards and practices.
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Introduction

In economic terms, the conventional view is that the industry has evolved into a

duopoly, with Boeing competing against Airbus. This view must be modified

somewhat, when considering certain segments of the industry; in particular, the

growing demand for regional jet aircraft has led other smaller firms to enter the

market. Market demand and cost characteristics for the regional jet market are

quite different than those for larger aircraft, and so the characteristics of the de-

sign cycle may also be different. The duopoly characterization is appropriate for

this segment of the market examined in this study, the larger (more than 100

seats) commercial aircraft.

Four major target areas of cycle time reduction efforts over the next several years

are

• reducing engineering man-hours;

• reducing tooling hours;

• reducing test activity; and

• implementing process and information technologies.

Learning economies are an important aspect of realizing the benefits of cycle time

reductions. In turn, this affects production costs and economic profits. These

learning economies depreciate over time when they are unused. Therefore, it is

important for a firm to maintain a constant or increasing rate of production over

time in order to benefit from the decreased unit costs resulting from learning

economies. This means that even small variations in production rates (especially

in early years) can have dramatic effects on realized learning economies, and

hence on net profits. This has several important implications for reductions in de-

sign cycle times.

Getting to market earlier means that the company will have more opportunities to

dominate a particular market segment before a competitor can react. If a company

can lock in more customers, it has a better chance of both producing more units

and smoothing the production run over the product's life cycle and thereby realize

its learning economies. By getting to market faster, the forecast for the product

and the expected profitability of the program are more likely to be realized.

For the manufacturers, the benefits of airframe development cycle time reduction

are fundamentally in the unit of dollars. The benefits are enumerated as increased

sales, increased market share, and lower costs, best translated to dollars.

For NASA and the general public, the benefits are neither as direct or concrete, as

their benefits are those derived from the manufacturers successful implementation

of a CTR program. At the primary level there are technologies implemented by
the manufacturers that can modified and transferred other industries. In addition

there are the standard benefits derived from a healthy civil aerospace industry:

additional aircraft sales, additional manufacturing, and airline industry employ-

1-3



ment,andthesubsequenteconomicrippleeffects. Thesecondaryeffectsinclude
theintroductionof newaircraftandreplacementof old ones.Theseeffectsare
reducedair andnoisepollutionandaddedsafetyin thecommercialfleet.

REPORT OVERVIEW AND STRUCTURE

The remainder of this report is divided into six sections:

Chapter 2 provides a review of basic economic theory relevant for the air-

craft manufacturing industry. It discusses changes in market structure in

the industry over time and reviews the competitive implications of reduced

cycle time.

Chapter 3 discusses the NASA modeling strategy for airframe develop-

ment cycle analysis developed in 1998. This is followed by a discussion of

manufacturer comments on the NASA model design that resulted from

interviews undertaken with two major aircraft design groups. This chapter

also includes a review of design cycle innovations implemented during the

Boeing 777 aircraft program, as well as an overview of the likely targets

of future reduction efforts by aircraft manufacturers.

Chapter 4 discusses new economic evidence on the nature of learning

economies that may have direct implications for the benefits of reduced

cycle time in the commercial aircraft industry.

• Chapter 5 provides a theoretical framework for measuring the benefits of

NASA program efforts to reduce cycle time.

Chapter 6 discusses NASA's Tailored Cost Model (TCM) and describes

LMI/GRA efforts to expand the model to allow for time dynamics. A de-

tailed analysis of the underlying model structure is provided along with a

description of the design cycle timeline that was implemented. This is

followed by a discussion of how the revised model was then used to

measure design cycle benefits of current NASA research programs.

• Chapter 7 presents a summary and conclusions, along with recommenda-

tions for possible future avenues of research and analysis.
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Chapter 2

Literature Review

INTRODUCTION

This section presents the results of two literature reviews: one involving the mar-

ket structure of the aircraft industry and the other regarding competitive implica-

tions of cycle time reduction.

The Commercial Aircraft Industry: Market Structure and
Incentives to Invest 1

The structure of the commercial aircraft industry can be characterized as having a

relatively high degree of horizontal concentration, but a lack of vertical integra-

tion. Horizontal concentration describes the number of finns participating in the

market at any one stage of production (e.g., airframes or engines). Vertical inte-

gration refers to the extent to which single finns participate in the market at sev-

eral stages of production (e.g., a finn producing both airframes and engines is

vertically integrated).

FIRM SIZE AND MARKET SHARE

Empirical evidence suggests that both finn size and seller concentration affect

research and development (R&D) efforts. Specifically, the evidence suggests that

increases in finn size resulted in proportionately greater levels of R&D effort; be-

yond the threshold point (about $400 million in sales in 1978 dollars) however,

further increases in finn sales caused diminished levels of R&D. As shown in

Table 2-1, all the major civil transport aircraft manufacturers are well beyond this
size threshold.

Similarly, increases in market concentration tend to result in proportionately

greater R&D efforts to be undertaken. Again, this effect diminishes at some point.

However, the evidence is relatively weak on both accounts. Accordingly, our con-

clusions should be viewed with this in mind. The commercial aircraft industry

largely exceeds, the threshold points for both finn size and market concentration.

Table 2-1 shows recent market share data for large transport aircraft. The three

largest airframe manufacturers, Boeing, McDonnell-Douglas, and Airbus, for ex-

ample, had deliveries of civil jet transports valued at $31.2 billion, $2.7 billion

1With minor editorial changes, the following section is taken directly from parts of a report
completed by GRA, Inc. under subcontract to Science Applications International Corporation,
prepared for NASA Headquarters, "Economic Analysis of Aeronautical R&T: A Survey," No-
vember 1999.
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and $12.8 billion, respectively in 1998. 2 As shown in Table 2-1, the market share

of just the largest commercial airframe manufacturer, Boeing, exceeds 70 percent

of the market for large aircraft in dollar value, counting both Boeing and McDon-

nell-Douglas. Thus, by both standards, the industry is far past the optimal thresh-

old points conducive to R&D activities. Because of this, and in view of the

inconclusive evidence regarding the general effects of firm size and market share,

these aspects of market share are not likely to mitigate the appropriability prob-

lems facing the industry.

Table 2-1. Large Transport Aircraft Manufacturer Deliveries and Market Shares

BOEING

DOUGLAS

AIRBUS

TOTAL

EUROPE

USA

BOEING

Deliveries (dollars-billions)

1990 1991 1992 1993 1994 1995 1996 1997 1998

$20.4 $21.5 $22.8 $19.0 $15.3 $12.5 $15.2 $22.2 $31.2

3.7 6.2 6.0 4.4 2.5 3.0 2.8 2.7 2.7

4.4 7.1 7.1 8.0 7.9 8.9 8.2 10.8 12.8

28.5 34.8 35.9 31.4 25.7 24.4 26.2 35.7 46.7

15.4% 20.4% 19.8% 25.5% 30.7% 36.5% 31.3% 30.3% 27.4%

84.6% 79.6% 80.2% 74.5% 69.3% 63.5% 68.7% 69.7% 72.6%

71.6% 61.8% 63.5% 60.5% 59.5% 51.2% 58.0% 62.2% 66.8%

Product Diversity

Diversified firms producing products in closely related markets may have added

incentives to conduct R&D because the benefits can be spread over several prod-

ucts. The existence of a large military market aids the industry in spreading the

costs of the common military/civilian R&D base. But, the key question here is

whether the existence of the military market causes firms to undertake civilian-

oriented R&D, speculating that the results can be applied in the military sector.

While this effect may exist, it is likely to be small. Military and civilian hardware

tend to be quite different in performance characteristics, with military applications

usually preceding civilian use. 3 Disembodied technologies--new concepts or

knowledge--may be applicable in either sector, but the production of such R&D

will be subject to the appropriability problem, regardless of its eventual use.

Increasing Returns to Adoption

Another important point is that firms will have an incentive to invest in existing

technology when increasing returns to adoption are present. This can delay or

prevent the introduction of a new superior technology. Increasing returns can be

2 McDonnell-Douglas merged with Boeing in 1997.

3 Some knowledgeable observers say that the military now benefits from innovations first ap-

plied in the civil arena.
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Economic Theory and Literature Review

present when there are large learning curve effects on production costs (i.e., the

incremental production costs decline with succeeding units of production). A firm

has an incentive to produce more of an existing design, rather than introduce new

technology that would cause higher costs associated with the beginning of the

learning curve.

The increasing returns to adoption model may be particularly appropriate for the

civil aircraft industry. 4 Here a manufacturer is often faced with a choice of pro-

ducing a derivative of an existing design versus a totally new aircraft. (Boeing is

facing this decision today with plans for a large, long-range aircraft to compete

with the large transport being considered by Airbus, the A-3XX. Boeing is deter-

mining whether to stretch the B-747 or undertake a new design.) The implications

of the increasing returns to adoption case are that firms may have economic in-

centives to forego superior technologies that may have potentially large long-run

payoffs. As a result, firms may underinvest in R&D, even up to technology dem-

onstration and validation. As noted in the next section, this does not apply to cases

where companies receive development funds from government. If government

wants industry to apply these superior technologies, it may have to invest in their

development, demonstration, and validation. This is especially the case for tech-

nologies that are significantly different than those embodied on existing products.

The technology base for high-speed civil transport aircraft is one example of po-

tentially superior technology in which the industry may not have adequate incen-
tives to invest.

OTHER SOURCES OF R&D

This discussion has intentionally focused on privately funded R&D. Considered

here are incentives private firms in the industry would have to fund R&D that is

currently derived from other sources. In general, the types of R&D provided by

other sources are, by their very nature, less appropriable than privately conducted

R&D, which is dominated by applied research and development activities. Conse-

quently, private firms in general will have even less incentive to conduct R&D

currently derived from other sources.

An important question for the present analysis is: To what extent will private

firms have incentives to conduct R&D currently performed or sponsored by

NASA? As an R&D source, NASA makes contributions to the industry's

technology base in terms of infratechnology, 5 and discipline and applied research.

Relatively little private expenditure is devoted to these elements of the technology

base. The reasons for this phenomenon are twofold:

4 Arthur, op cit, p. 116.

5Infrateclmology includes both methods and basic data (e.g., test methods, computational
procedures and materials characteristics) for conducting or using other types of research and tech-
nology.
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Privatefirms havelessincentiveto conductdiscipline(orbasic)andap-
pliedR&D becauseof theproblemsof appropriability(aswell astherisk
andpaybackperiodproblems).

• Neutraltechnologycanbeobtainedfrom othersources.

Thelatterpoint, is thecentralpolicy issue.Giventhepreviousdiscussiononthe
appropriabilityof neutraltechnologyandtheresultsobtainedfrom theeconomic
modelof themarketfor R&D, it appearsthattheprivatemarketwill not respond
well to theburdenof undertakingR&D activitiescurrentlyconductedby NASA.

A secondissue,whetherNASA sponsoredR&D conductedby privatefirms, is a
complementor a substitutefor privately financedR&D. Theconcernhereis that
NASA (or government)sponsoredR&D "crowdsout" R&D thatotherwisewould
befinancedandconductedprivately.A priori expectationsleadoneto believethat
thecrowdingouteffectis not substantial:NASA typically sponsorsprojectsthat
exhibit scientificpotentialratherthanshort-termcommercialpotential.In addi-
tion, thereis empiricalevidencethatthecrowdingouteffect is minimal.One
study,whichfocusedspecificallyon thetransportindustry,estimatedthateach
dollarof governmentsponsored"mission-oriented"researchreducedprivately
sponsoredresearchby only 8 cents.6Recallthatthediscussionaboveof
absorptivecapacityindicatesthatpublicR&D could stimulateprivateR&D
investment.

NASA-SPONSORED R&D: RISK AND THE PAYBACK

PERIOD

Appropriability is not the only factor considered in a firm's decision to invest in

R&D. Specifically, both the level of risk associated with a project and the dura-

tion of the payback period influence the investment decision, even when appro-

priability is not an issue. Development activities are least risky and have, in

general, the shortest payback period, while investments in discipline research and

infratechnology are generally most risky and have the longest payback periods.

Regarding the risk and payback period problems, the important issue here is:

Does the type of R&D conducted by NASA complement R&D that private firms

tend to conduct, or are NASA R&D activities substitutes? As noted above, many

of NASA' s resources are devoted to basic research and the development of infra-

technology. These activities complement the efforts of the private sector since

they are risky and tend to have long payback periods.

NASA also sponsors and conducts applied research. Although this type of R&D

investment is generally less of a problem in terms of risk and the payback period,

it is less desirable to private firms than development activities. Moreover, applied

6j. Carmicheal, "The Effects of Mission-Oriented Public R&D Spending on Private Indus-
try," Journal of Finance, 36, (1981), 617-627.
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research in aeronautics, particularly the type that NASA conducts, often requires

the extensive use of large-scale facilities. If the burden of conducting these proj-

ects were placed on the private sector, substantial duplication of both large-scale

facilities and expensive experiments may result.

EXTENSIONS

There are two additional features of the industry that play an important role in re-

search and development. These features address the following issues:

• The monopsony buying power that sometimes is vested in airlines as a re-

sult of direct competition between aircraft manufacturers.

• The role of the dominant firm and its effects on competition and techno-

logical change.

These two facets of the commercial aircraft industry are considered below.

Monopsony Power of Airlines

Because aircraft manufacturing requires high development costs, the industry is

often compared to other industries with high development costs (e.g., automo-

biles, semiconductors and so forth). The key distinction is that aircraft are built in

small numbers and, in fact, are custom-built to airline specifications. Stability in

the marketplace depends upon the ability of firms to differentiate their products

and, more specifically, to build different size aircraft with different capabilities

that will be attractive to specific niches in the marketplace. When firms build air-

craft of the same size with similar capabilities, they often find that the market is

too small to yield satisfactory returns on their investments. 7 Competition becomes

so vigorous for limited sales opportunities that airlines acquire monopsony

power--the ability to dictate the terms of the sale to the seller. This situation can

have debilitating effects on competitors and it can reinforce the already existing

tendency for one firm to emerge as the dominant competitor during any given era.

The Effects of a Dominant Firm

Firms become dominant in the industry when they have been successful in mak-

ing significant technological leaps forward. Boeing's dominance over the past 25

years can be directly traced to its introduction of the 707, which, although not the

first turbojet introduced, was the first to combine both speed and cost savings for

7 The classic examples of this are the DC-10 and L-1011. Both targeted the same market niche
in range and size. Losses on the L-1011 forced Lockheed to withdraw from the civil aircraft manu-
facturing industry.
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its operators.Similarly, theDC-1-2-3seriesdominatedairlinefleetsworldwide in
the1930s.TheDC-3combinedadvantagesof speed,size,range,andcost.

Whatis mostsignificantaboutthesetwo successstoriesis thatbothDouglasin
the1930sandBoeingin the 1950swereminor competitorsin thecommercialair-
craftbusinesswhentheyundertooktheir projects.In fact, theDC-1-2-3serieswas
thefirst transportaircraftDouglaseverbuilt. Historysuggeststhat dominantfirms
in theairframeindustrywill bereluctantto maketechnologicalleapsforwardbe-
causetheydonotwish to competewith their existingandsuccessfulproductlines
andtheir incentivesto undertaketheconsiderablerisks involvedarelessthan
thoseof companieswith lessof a stakein theexistingaircraftmarket.

In otherwords,dominantfirms becomedominantby successfullymakingsignifi-
canttechnologicalbreakthroughsfirst. Theyremaindominantby winning anydi-
rectcompetitionwith othermajormanufacturers(e.g.,theB-707vs.DC-8,and
theDC-3vs.theB-247) andby successfullydifferentiatingproducts(e.g.,theB-
727andtheB-747).But theycanlosetheir dominanceby underinvestingin tech-
nologicaladvancesandtheR&D necessaryto supportthem.

It shouldbestressedthatincorporatingamajortechnologicaladvantageis no
guaranteeof success.ThedeHavillandComet,theVickersV-1000,andtheCon-
cordeareexamplesof failed attemptsby competitorsto makethetechnological
breakthroughsthatcouldhaveledto marketdominance.

In reviewingthosehistoriesof majortechnologicalbreakthroughs,it is important
to recognizetherole playedby externallygeneratedtechnology.TheDC-3incor-
poratedanumberof innovationsfirst developedelsewhere:theNACA cowling;
all metal,stressedmonoplanestructures;andvariablepitchpropellers(inventedin
1871).Theinability of theoriginal investorsto appropriateall of thebenefitsof
thetechnologiesmadetheDC-3possible.Likewise,theKC-135/B-707wasbased
onBoeingexperiencewith theB-47andB-52,bothmilitary aircraft.

Thefindingsconcerningtheincentivesof dominantfirms to underinvestin major
technologicaladvancesandtheR&D necessaryto supportthemis consistentwith
theeconomicliterature.A brief summaryof thatliteratureindicatesthefollowing
points:

Someconcentrationin anindustrymaybeconduciveto inventionandin-
novationbecausethe firms will havesufficientfinancialcapabilitiesto
undertaketheseactivitiesandbecausetheyhaveanincentiveto differ-
entiae their productandtherebyearnsomemonopolyprofits; but,

High concentration(thecaseof thedominantfirm) canretardprogressby
restrictingthenumberof independentinitiativesandby dampeningthein-
centivesof otherfirms to compete.
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The key to preserving effective competition in less-than-perfectly-

competitive industries is to keep entry barriers sufficiently low so that
newcomers can enter or threaten to enter.

Access to radical new technologies (and the complementary technologies

to support them) is a key to preserving low entry barriers and competition

especially in high technology industries.

RISK IN THE COMMERCIAL AIRCRAFT INDUSTRY

The commercial aircraft industry must contend with rapidly advancing technology

and costs. There are innate risks associated with developing and producing air-

frames incorporating new and often untried technology. The emphasis on research

and development in the airframe industry is a two-edged sword with respect to

financial risk: It is costly and the returns from R&D are highly uncertain.

Earlier, it was noted that risk could be mitigated if a finn could diversify its ac-

tivities into several relatively small projects, even if the total level of R&D is

relatively high. On the other hand, if the nature of the industry is such that R&D

diversification is infeasible, then the risk problem becomes more significant.

The nature of the commercial aircraft industry is such that very large single R&D

projects must be undertaken. Development costs for the Boeing 747, for example,

have been estimated at $1.2 billion spanning roughly a 4 year period between De-

cember 1965 to January 1970. 8 At the time the development of the aircraft com-

menced in late 1965, total shareholder's equity was only about $372 million. 9 The

ratio of development costs to equity was approximately 3.23; that is, the devel-

opment cost of the B-747 alone was more than three times the value of stockhold-

ers' investments. In short, Boeing was required literally to "bet" the company on

the success of the B-747. (It was recently reported that the development costs for

its planned 600-800 seat aircraft would be more than $10 billion. 1° The develop-

ment costs for the Airbus A3XX is projected at $12 billion by 2004). 11

McDonnell-Douglas incurred similar risks in developing the DC-10. Develop-
ment costs for this aircraft have been estimated at $1.1 billion) 2 The value of

shareholders equity was only about $364 million in 1967, the year in which

development commenced. 13 The ratio of development costs to equity was about

3.02. McDonnell-Douglas then, was also required to risk the fate of the finn in

developing the DC- 10.

8RADCAP, op cit, Appendix 9, p. 21.

9 Boeing Annual Report, 1966.

10Laurence Zuckerman, "The Jet Wars of the Future," The New York Times, July 9, 1999, p. C5.

11Reuters News Service, New York, Feb. 2, 2000.

12RADCAP, op cit, Appendix 9, p. 21.

13McDonnell-Douglas Annual Report, 1967.
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SUMMARY AND IMPLICATIONS

Access to non-appropriable technologies from other sources (e.g., NASA) appears

to be critical to the maintenance of efficient production of civilian transports for

the following reasons:

• Finns in general have a tendency to underinvest in R&D, for all the rea-
sons cited above.

• The existence of dominant firms tends to impede technological progress

and competition.

• The financial capacity of aircraft manufacturers is sometimes debilitated

by the monopsony power of airlines.

Aircraft manufacturing finns already face substantial risks relative to other

manufacturers. The industry is not likely to be able to respond well to the

burden of accepting additional risky R&D projects.

Cycle time reduction has traditionally been associated with decreased costs and

improved customer satisfaction. There are other factors that are equally important

when analyzing the airframe manufacturing industry. These would include a

faster time to market, as well as increased market share and reduced total operat-

ing costs of the aircraft. These factors all have one thing in common, they lead to

higher corporate profits.

The importance of cycle time reductions in capital intensive industries represents

a fundamental strategic shift. Historically the major barriers to entry and protector

of profits in this industry segment have been economy of scale, which was a

function of capital intensity. Advances in computer technology, manufacturing,

and, in some sense financing, have made economy of time a method to compete

with economy of scale.

The general theory states that competitive finns have an incentive to invest in cost

savings processes more than a monopolistic finn does. But the degree of compe-

tition is inversely related to the potential profit. Those finns with the highest de-

gree of competition do invest, but they do so to lower costs and stay in business as

opposed to extracting more profits.

Furthermore, when examined at the duopoly level, the general theory holds that

two finns competing in an industry with no entry will continue to innovate (or

imitate) when the cost of innovation (imitation) is less than the benefits, despite

the fact that the other firm can benefit without incurring costs. This is because

profits are still being made in the industry, although the marginal rate of profits

may be declining. Firms will accept a lower rate of return rather than lose cus-

tomers to the competitor.
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The level of competition will determine both the degree and type of innovation to

occur. But even more important, it will also determine the time length in which

any innovation serves as a profitable degree of differentiation before it is con-

verted to a standard readily available attribute. Theoretically at the extremes, this

time span is zero under perfect competition and infinite in a monopoly. In real life

we see competitive advantages lasting as little as 6 months in the computer in-

dustry, to 1 to 3 years in the auto industry. Using those industries as the time

scale, a competitive advantage in the airframe industry should be currently ex-

pected to last 2 to 4 years before it is rendered as standard.

So cycle time reduction should be expected to occur. All firms will attempt it.

One firm will succeed faster than the others. That competitor will have a tempo-

rary competitive advantage, until another firm catches up. At that point the inno-
vation becomes standard and the search is on for a new innovation.
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Chapter 3

Models of Aircraft Development Cycle Theory and
Practice

THE REVISED NASA 1998 DESIGN AND

DEVELOPMENT CYCLE FOR AIRFRAMES SYSTEMS

ANALYSIS

In 1998, NASA produced a draft final report outlining a modeling strategy for air-

frame development cycle analysis. As noted in that report:

"The single greatest liability in building a capability in vehicle develop-
ment cycle analysis is the lack of publicly available historical (empirical)

information. In addition, the decisions regarding how the process for a

new design should be structured are extremely subjective. Together,
these factors lead to a very blurred story from industry both on how they

conduct design today and how design is envisioned in the future. This
blurred information embodied the available data upon which to build a
model for development cycle analysis." 1

With this and other caveats, the NASA report cited two primary data sources used

to develop the modeling outline described in the report. One was a Boeing paper

produced as a deliverable to an AST contract involving integrated wing design. 2

The second source was a set of published reports regarding the development

schedule for the Boeing 777 aircraft. 3 As is made clear early on in the NASA re-

port, information derived from the 777 program is more relevant for new, as op-

posed to derivative, design cycles.

The NASA model of design cycles is broken down into five sequential phases:

• Early configuration and market analysis

• Product definition

• Detailed structural, systems, and process design

• Fabrication,assembly, and testing

1NASA Systems Analysis Branch, ASAD, "Final Report on MOASS 98 Airframe Develop-
ment."

2NASA Contract NAS 1-20267, presentation for Task 10.

3 See Footnote 1 citation, Section II.
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• Flight testing.

The timeline is shown in Figure 3-1. Each of these steps is discussed in more de-
tail below.

Figure 3-1. 1990 State-@the-Art Airframe Development Cycle
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Early Configuration and Market Analysis

The key element in configuration and market analysis is to identify customer and

product needs. There is an important interaction between customer airline needs

and the manufacturer's product lineup. Both Boeing and Airbus have a lineup of

products that reflect the large up-front capital costs involved in designing, testing,

and manufacturing a jet aircraft. Because of these large expenses, a small number

of designs form the basis for the derivative aircraft types offered by both manu-

facturers. Both companies offer a large number of variants from these base de-

signs with differentiated product characteristics (range, speed, fuel economy, seat

and cabin space, etc). The primary purpose of the market analysis phase is to

identify needs of potential customer airlines and whether they can be met with

current products, variants of these products, or if a new aircraft design may be re-

quired. This determination is crucial due to the extreme variation in design cycle

time and costs for new aircraft designs versus derivative ones.

During this phase, design and tradeoff studies may be used to identify basic range

and/or payload parameters. In addition, potential market size, likely customers,

and price ranges may be analyzed. In turn, these analyses will depend on projec-

tions of air travel demand, current fleet sizes, and offer prices of other existing
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aircraft. An increasingly important aspect of this analysis phase for both Boeing

and Airbus is the competitive analysis of the other companies' potential product

offers and/or plans. In this model, the market analysis phase is assumed to take up

the first 12 months of the development cycle.

Product Definition

The product definition phase contains all of the preliminary design and other work

needed to develop a fixed mold line. For modeling, the NASA report identifies

three consecutive design/wind tunnel cycles, each of which is assumed to take

approximately 8 months. At the end of each cycle, the design strategy may be re-

vised. It eventually converges to an acceptable design at the end of the third cycle.

Each cycle is assumed to consist of four parallel wind tunnel models that go

through design and testing. Aircraft models are built and tested for

• high speed aerodynamics (cruising);

• low speed aerodynamics (takeoff and landing);

• stability and control tests; and

• load tests.

The NASA model defined a detailed design structure matrix to capture the inte-

grability of the four phases of wind tunnel testing. This matrix is described in de-

tail in the ASAD final report. As noted above, the NASA model assumes three

consecutive wind tunnel cycle models. As noted in the NASA report, Cycle 1 is

assumed to typically fail to meet performance or handling objectives. Cycle 2

meets performance objectives but fails handling objectives. Finally, Cycle 3 meets

both performance and handling objectives.

Detailed Design

The detailed design phase contains all of the design work needed to go from a

mold line to cutting metal. The primary driver in this phase is the creation of

manufacturing drawings and data sets and their interrelationships, which entail

detailed structural analysis. In practice, the detailed design work is broken out by

major aircraft systems, for example:

• Fuselage

• Wings

• Landing gear/tail/rudder

• Flight controls (internals)

• Flight controls (surfaces and attachments)
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• Fuelsystem

• Nacelle/pylons

• Electricalsystemandwiring

• Cockpit

• Cabin

• Auxiliary powerunit

• Fixedequipment

• Environmentalcontrols

• Engines

• HVAC.

Thedetaileddesignphaseis assumedto take18monthsandinvolvestheexten-
siveuseof computeraideddesignandengineeringfunctions,repeatedsimulation
analyses,analysisof variousmanufacturing,process,andlogisticsissues,certifi-
cationissues,anddeterminationof final loaddesigns.

Fabrication, Assembly, and Testing

This phase of the design cycle involves component fabrication, major assembly,

testing (both static and fatigue), systems integration, and development of training

and support services. New designs may also require the construction of new tool-

ing facilities and equipment, and derivative designs may require changes in cur-

rent tooling and equipment facilities. For modeling, this phase was assumed to

take 30 months, although clearly the actual time consumed will depend impor-

tantly on whether the design is new or derivative. As an aside, it should also be

mentioned that floor space requirements might become an important issue in this

phase depending on the wing span and other size characteristics of the aircraft un-

der development.

Clearly the fabrication and assembly steps are important aspects of this phase that

may serve as bottlenecks before certain types of testing can be started; however,

certain system functionality testing work can be done before fabrication is com-

plete. In addition, it is important to note that for certain aspects of ground testing,

actual physical checks for defective parts or other shortfalls must be completed.

For these purposes, computer simulation is not appropriate. Another important

aspect of this phase is the integration of various aircraft systems. Much of the

testing for systems integration may be carried out by third party manufacturers;

however, they are typically verified by an in-house systems integration laboratory
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(SIL). Test airplanes may be developed for static, fatigue and/or flight testing.

Those that undergo flight testing are eventually sold to customers.

Another important aspect of this phase involves certification testing, which in-

cludes type certification (e.g., valid FAR Part 25 certificate), insurance that pro-

duction manufacturing processes produce aircraft that conform to technical

drawings, airworthiness certification, airline certification, and flight crew/cabin
crew certification.

The fabrication, assembly, and testing phase is assumed to take approximately 30

months in the NASA model. This may include the development of several test

aircraft in preparation for flight testing.

Flight Testing

The key elements of this phase involve the validation of performance estimates,

exploration of the flight envelope, and certification flight tests. Typically, com-

puter simulation cannot be used on new aircraft for certification purposes. How-

ever, some derivative designs can be certified with the aid of computer

simulation. In addition, certain engine certifications can be completed in wind

tunnel testing. This phase ends with the modification and delivery of the first air-

plane to a customer. Again, flight testing depends importantly on whether the de-

sign is new or derivative.

Summary

Table 3-1 summarizes the approximate costs by design cycle phase for a new de-

sign product. Typically, early configuration and market analysis costs are not at-

tributed to a specific product. They are viewed as activities that measure market

needs and can lead to product development.

Table 3-1. Percentage of Cost By Design Cycle Phase--New Designs

Phase Percentage

Early Configuration and Market Analysis*

Product Definition

Detailed Design

Tooling, Facilities, and Industrial Equipment

Fabrication, Assembly, and General Testing

Flight Testing

10

30

20

30

10

100

*On-going activity that occurs before authority to proceed.
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MANUFACTURER COMMENTS ON THE BASE CASE

NASA MODEL DESIGN

The study team participated in interviews with two major aircraft design groups to

confirm and refine the design cycle elements and times used in the base NASA

model. The interview questions are contained in Appendix A. For confidentiality,

the actual responses are not included in this report, but were used throughout the

study and are embedded in this report.

These interviews essentially confirmed the validity of the basic structure de-

scribed above, although both sources emphasized that each aircraft design is

unique and so it is quite difficult to specify a generic model that would be appro-

priate for any particular design. 4 In addition, the magnitude and span of each

model component may vary with the size of the vehicle being developed and the

amount of new design required. Entirely new programs may require large invest-

ments at each step and longer development times. In derivative programs, certain

steps in the generic model may have to be lengthened or adjusted, while others

may be curtailed substantially. For example, facilities from an older design may

be reusable during the design process of a derivative aircraft (although tooling

facilities and/or other machinery tends to wear out over time).

The regulatory environment continues to change, and this can have differential

impacts on different programs. For example, the Boeing 777 program included an

objective of achieving ETOPS certification concurrently with FAA certification.

This required dramatically more test flight activity than would otherwise have

been the case. Sources indicate that ETOPS added approximately 2,000 flight

hours to the test flight program.

In addition, manufacturers may have to contend with both FAA and JAA (Euro-

pean) regulators whose certification requirements can vary from each other. For

example, JAA requirements regarding escape hatches on some of the derivative

Boeing 737 programs required extensive redesigns that added several months to

the design cycle process.

A general theme common throughout the interviews was that the design cycle is

entirely different for new products as opposed to derivative ones. The time from

early configuration and market analysis to first delivery has typically spanned

from 6 to 8 years for entirely new designs, compared to 28 to 40 months for de-

rivative products. Development costs of a major derivative can incur non-

recurring costs of 75 percent of those of a new design while for a relatively minor

derivative, the costs can be from ten to 25 percent of a new design.

4 One of these design groups played a role in developing the base NASA model so it is not
surprising that it corroborated its earlier work.
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Early Configuration and Market Analysis

The early configuration and market analysis phase is one that manufacturers al-

most always are active in. Only some of these efforts lead to product launch deci-

sions. These mostly involve analysis and studies carried out by market research,

preliminary design and competitive analysis staff. One manufacturer maintains

almost a constant dialogue with the largest airlines; however, the level of re-

sources dedicated to this activity is not large when viewed in the context of the

costs to develop a new aircraft.

A key milestone in any design process is the issuance of an authorization to pro-
ceed from the manufacturers executive decision-makers. While the NASA docu-

ments we reviewed do not specifically discuss it, a key element in the pre-ATP

timeframe is the development of a product specification document. Such a docu-

ment describes the configuration that is to be offered for sale and defines the air-

craft's performance characteristics. An essential part of the sales offer is the

issuance of performance guarantees. The product specification document, if suc-

cessful, should lead to the emergence of a firm customer consensus about the need

for and product characteristics of the aircraft to be produced.

When the product specification is complete, company decision-makers may then

grant an Authority To Offer (ATO), which is needed to obtain credit financing for

the large development costs that will be expended prior to first delivery.

With the product specification document completed, ATO granted, and financing

arranged, sales personnel then could begin to attempt to "sell" the product to po-

tential customers. Finally, only after a certain predetermined number of units are

"sold" can Authority to Proceed (ATP) be approved by top management. In many

cases, ATP approval is based not only on the number of units sold, but also on the

number and identity of launch customers. For example, firm orders from a leading

carrier obviously carry more weight than soft (optional) orders from lesser carri-

ers. Once official ATP approval is given, the program is officially launched and

the "hard" design cycle activities begin.

Clearly, customer and product needs are essential issues that have to be satisfacto-

rily addressed before the rest of the design cycle can be pursued. The manufactur-

ers must deal with marketing, finance, engineering and flight operations groups at

potential customer airlines. Often airline performance needs are stated in terms of

critical city-pairs in their route systems that must be served without payload deg-

radation on most days.

Again, the time and effort devoted to this phase is very dependent on new versus

derivative designs. However, the manpower, analysis and studies that go into

these analyses involve relatively minor costs as compared to the funds expended

during the rest of the design cycle. For the largest airline, the aircraft manufactur-

ers are essentially in the marketing and early configuration phase on a continuous

basis. For these reasons, the NASA systems study model can safely treat this
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phaseasafixed block of time with little orno reductionin thetime or costex-
pended.

Product Definition

One aircraft design group believes that product definition is the formal start of a

new or derivative aircraft program. As described earlier, the NASA model identi-

fies three consecutive design cycles in this phase, each lasting an 8-month period.

This sequence is roughly accurate, for example, for the Boeing 777 program, but

for derivatives, there may be no essential need for three cycles, and on unconven-

tional or new kinds of vehicles (High-Speed Civil Transport, Large Blended Wing

Body) there may be a need for additional cycles.

Variability in the 8-month iteration schedule is probably significant and reasons for

expansion or compression arise in real time and are dealt with as they occur.

Within each cycle, the NASA model specifies four parallel wind tunnel models

that go through design and testing. The manufacturers indicated that the wind tun-

nel activities generally are in fact operated independently, and may involve differ-

ent model scales and geographically separate tunnels. It is the high lift cycle test

that is critical for the models to pass in order for the program to proceed further.

The manufacturers also indicated that in the future there likely would not be a

need to conduct three consecutive wind tunnel cycles. Instead, elements of the

cycle will be staggered along with mold line release for different parts of the air-
craft.

As for cost parameters, it was estimated that the product definition phase probably

consumes one-quarter to one-third of total engineering costs. The cost of tunnel

operation varies somewhat based on tunnel size and site capabilities, but from a

larger perspective, wind tunnel activities themselves probably represent less than

3 percent of the total development cost.

Manufacturers believe that significant opportunities exist in this phase for reduc-

tions in cycle time and cost. The replacement of physical tests with virtual (com-

puter-based) tests is regarded as the primary way to reduce times and costs in the

future. However, a leading concern is the issue of liability in accidents or failures.

Recent Delta III launch vehicle failures suggest that a reliance on virtual testing
has some risks.

In general, low speed testing, loads testing, and simulation are the focus of the

manufacturers current cycle time reduction efforts. The goal is to produce faster

wind tunnels, pressure sensitive paints, faster data reduction, and process im-

provements, including changes in management style and processes. For low-speed

design, one goal is to extend computational fluid dynamics (CFD)-based testing

and analysis from cruise mode to other activities. Overall, one design team be-

lieves it could reduce time in the product definition phase by 50 percent over a

full-year period.
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Detailed Design

Aircraft manufacturers have traditionally broken out the detailed design work into

sections of the aircraft, along the lines described earlier. The fuselage, wing, and

tail structures are further subdivided into smaller sections. There are many manu-

facturing limitations in detailed design work that significantly affect design time

and costs. These include supplier availability, required sizes of aluminum sheets,

hangar sizes, airport limitations, and transportation parameters such as the turning

radius of railway track and the size of railway flatbed cars. The manufacturers

suggested that the cockpit, wings, and horizontal tail typically take the longest to

design and are the most expensive elements.

It is in the detailed design phase where systems integration becomes critical. All

engineering disciplines participate in the integration process and initiatives sug-

gested for streamlining the preliminary design are applicable at this point as well.

The systems integration process includes not only the integration of the various

components of the aircraft, but also consideration of factory layout options. As

with the other phases of the development cycle, the time and cost associated with

detailed design varies from program to program, and may be quite different for

new designs as opposed to derivative ones.

The manufacturers are making significant efforts to incorporate component com-

monality in various sections of the aircraft, so that some component designs can

be reused across programs. Significant efforts are being focused on cockpit and

maintenance commonality. In addition, parametric computer aided design tech-

niques are being implemented to enable derivative designs to be mixed on the

same line. With these sorts of efforts, the manufacturers hope to garner significant

time and cost reductions over the next 5 to 10 years.

The manufacturers are also investing heavily in knowledge-based engineering

(KBE) concepts. These techniques are being used to supplement traditional CAD-

based automation to help shorten the design process. KBE incorporates both

"generative modeling"--the ability to create engineering models that can in turn

create other models themselves, and "total product modeling"--models that in-

corporate not only engineering parameters, but also financial and marketing crite-

ria. Airbus has used knowledge-based engineering techniques in its design of the

A340-600, a stretched version of the existing A340-300 aircraft. The KBE ap-

proach was used to design and analyze all of the rib feet used in the stretch A340

wing design. The rib feet are flanges used to bolt the wing skin to each rib that

runs from the front to the back of the wing and stringer, along its length. Each rib

foot is slightly different from its neighbor; using conventional CAD techniques

would have taken approximately one full man-year to design and analyze all of

the feet. Airbus developed software that itself was able to create the CAD model

needed for the rib feet. The entire rib design for the A-340 wing was completed in

less than one man-day.
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Manyof the improvementsincorporatedinto this phase,suchaslaser-guidedtools
andcomputeraideddesign,showupdownstreamin reducedaircraftproduction
costs.Overall,oneteamexpectsone-halfof thecostsfor someactivitiesin this
phasecouldbeeliminatedover5 years.Not all productelements--suchaslong
lead-timeitemsaresusceptibleto this leveloncost(andtime) reduction.

Tooling, Facilities, and Industrial Equipment Development

This is an additional phase cited by the manufacturers' interviewees that must be

completed before the actual fabrication assembly and testing phase is begun. New

tooling facilities and equipment are always required for new design, and because

tools tend to wear out over time, refurbishments or replacements must be com-

pleted even for derivative designs. For example, Boeing noted that some of the

727 fuselage tools could be used for the 757 program, but at that point these tools

were wearing out and many of them had to be replaced.

An important consideration here is the size of the aircraft under development. In

particular, increases in wing span necessitate larger factory floor spaces. Also, it

is interesting to note that Airbus has only two basic body cross-section designs,

while for Boeing each aircraft is different.

Savings in setup times and more efficient use of floor space are short-term goals

that the manufacturers hope to achieve within the next 5 years; the company has a

goal of reducing floor space used in production by 10 percent in 1 year and by 20

percent in 5 years. In addition, efficiencies may be gained from the use of adap-

tive tooling, laser alignment and knowledge-based engineering. These subjects are

being investigated at MIT under the Lean Aircraft Initiative Program.

Fabrication, Assembly, and Testing

As described earlier, this step includes component fabrication, major assembly,

static and fatigue testing, and training and support services development. For

modeling, the manufacturers noted that the fabrication and assembly components

can be treated as recurring cost items while the static and fatigue testing, software

development, and training and support services are nonrecurring cost items.

It should also be noted that a significant portion of software development is often

conducted concurrently with hardware design and often has a longer time span. It

should also be noted that additional tests for propulsion, avionics and fixed

equipment systems are carried out during this phase as well. For new designs,
static tests are often conducted on airframes where some non-essential or redun-

dant components have been replaced by "mass simulations." Similarly, fatigue

tests are often performed on discrete rigs for the wing, fuselage, and tail struc-

tures. Also, ground tests for derivative aircraft may be significantly curtailed rela-

tive to new programs.

A typical build of test airplanes may look like the following:
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• Airframe No.

• Airframe No.

• Airframe No.

• Airframe No.

• Airframe No.

• Airframe No.

• Airframe No.

1--flight testing

2--flight testing

3--static testing

d--flight testing

5--fatigue testing

6--flight testing

7--flight testing.

Flight Tests

This phase typically involves several aircraft. Historically, the actual number of

flight test hours has grown over time. This is partially due to the increased strin-

gency of required FAA certifications and the corresponding growth in aircraft

system complexity.

It is important to note that significant time can be expended in designing and in-

stalling the flight test instrumentation, as opposed to the flight testing itself. For

example, the 757 and 767 had approximately the same number of test flight days

but the 757's non-flying days were much higher due to additional ground support

and documentation expenditures. One suggested rule of thumb was that a single

test airplane could provide somewhere between 30 and 50 flight hours per month.

Thus, if an entirely new design (non-ETOPS) were to require, say 1,800 to 2,000

flight hours to reach certification, this would entail approximately 40 aircraft

months of test flying. With three or four aircraft included into the test program,

the actual calendar time spent is approximately 1 year. The flight test span for de-

rivative designs is currently on the order of 10 months for a typical program. Cur-

rent goals are to reduce the time spent on flight testing from 12 months to 8 to 10

months for new designs, and from 10 months to 4 to 5 months for derivative de-

signs. This could be accomplished by relying more on the observed performance

of ground test rigs and the use of simulations in lieu of actual flight tests.

REVIEW OF BOEING 777 DESIGN CYCLE INNOVATIONS

Parts of the NASA generic model described earlier closely follow the design pro-

cesses used in the development of the Boeing 777 aircraft. The 777 development

program represented a significant departure from the company's traditional meth-

ods of design and development. In particular, the program included a new product

definition process and an integrated time-phased test program.
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Theproductdefinitionphaseof aircraftdevelopmentis amajorcostdriverfor
manufacturingcosts.In turn, a largeportionof manufacturingcostsaredueto the
recurringcoststhat resultfrom changesin productdefinition necessaryto correct
part-to-partinterferences.Traditionally,theidentificationof gapsbetweenparts
orpart overlapswould requirealong sequenceof changeactivities,includingfit-
up, fastenerredesign,descriptionof thenewpart requiredalongwith partnumber,
partdefinition anddimension,drawingclarifications,edgemargin,andwhole
patterndefinitions.Thecostsof thesetypesof changesweretraditionallyquite
highbecausetheycouldcomelate in thedevelopmentprogramandresultin com-
pletelyreworkedpartsandtools.

A revisedproductdefinitionprocesswasinstitutedfor the777programbasedon
a strategyof concurrentengineeringandthreedimensionaldigital productdefini-
tion.Designintegrationwasakey aspectof the777productdefinition strategy.
To thisend,thedesignphasewasbrokeninto six stages:

• Initial concepts--Thisincludedtestrequirements,firm structuresconfigu-
rationandapreliminarytoolingplan

• Conceptdevelopment--Preliminaryloadsandsystemsinterfaces

• Configurationdevelopment--Firmconfigurationupdateandfile structural
diagrams

• Configurationrefinement--Engineeringdatasets,final systemdiagrams,
andinitial assemblytool design

• Productdevelopment--Designsupdatedto final loads,final production
layouts

• Productdefinition--All datasetspreparedfor release,final inputs,and
tooldesigns.

Thefirst four stagesfocusedoncreatingacompleteintegrateddesignbeforere-
leasingtheproductdefinitionrequirementsfor fabricationandassembly.Detailed
designwascompletedin Stage5 to supportfinal productdefinitionreleasein
Stage6.The777programreliedentirelyondigital productdefinition,which in-
cludedinitiativesfor digital pre-assembly,hardwarevariability control,andapro-
cessBoeingcalls"designfor reusability."

Theuseof digital pre-assemblyeliminatedtheneedfor physicalmockups,which
hadtraditionallybeenusedto validatedesignintegrationandto definecertain
typesof partsthatcouldnotbeaccuratelydescribedwith two-dimensionaldraw-
ings.Digital pre-assemblyrefersto theuseof computersimulationsto defineparts
andtoolsandto ensurethattheywill fit togetherbeforethepartsdatasetsarere-
leasedfor production.Hardwarevariability control is aprocessthatBoeingusedto
improveperformancetargetsfor shape,fit, appearance,servicelife, andsafety.
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These top-level characteristics are flowed down to the detailed part level and sta-

tistical analysis is conducted to optimize tolerance level and other specifications.

Boeing's "design for reusability" strategy refers to its effort to standardize certain

parts and features of aircraft that could be used across different programs. A re-

lated aspect of this strategy was the identification of about 200 standard options

that covered the majority of individual customer requirements. Provisions for

these 200 standard options were incorporated into the basic design of the 777 to

reduce change, error, and rework costs for individual customers.

The product definition changes described above resulted in significant cost sav-

ings for Boeing; in addition, quality control was improved significantly relative to

previuos programs. These improvements in the product definition phase of the

design cycle had their largest impact on costs and quality; the improvements do

not appear to have significantly reduced design cycle times.

The 777 development program also included a wholly redesigned test program

that focused on the validation of design requirements, certification regulations,

and customer operations. The program included supplier component testing,

Boeing standalone lab testing, and three other laboratories focused on system-

level integration testing. These labs included the Systems Integration Laboratory,

used to provide airplane-level validation, the flight controls tests rig used to test

all flight control components, and a cockpit engineering simulator called CAB2.

All of these labs relied heavily on computer simulation to reduce the need for

physical testing.

The SIL performed almost 6,000 hours of testing for the 777 program. Almost

4,000 hours of testing were conducted before the first actual flight of the first test

airplane. As the flight test program proceeded, changes in solutions were tested

and validated in the SIL before their application on the test airplanes.

The flight controls test rig was used to test all flight control components. About

6,500 hours of testing was performed in this lab, which involved a significant in-

crease in complexity relative to previous programs due to the fly-by-wire design
of the 777.

As with the product definition phase, the innovative aspects of the 777's flight

testing program related primarily to more efficient processes leading to cost sav-

ings. It does not appear that actual reductions in cycle time were generated; this is

largely due to the significant increase in technical complexity associated with the

777 program.
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POTENTIAL BENEFITS OF REDUCED CYCLE TIMES AND

LIKELY TARGETS OF REDUCTION EFFORTS

The benefits of CTR accrue at many levels and in a variety of forms, but the most

important metric is at the firm level, and that metric is in profitability. CTR af-

fects profitability in two related ways, savings in cost and savings in time.

Savings in costs allow better pricing strategies. The same aircraft of a few

years earlier can now be built at a lower cost. This allows for more profit

per aircraft as well as additional sales due to a lower purchase price.

Savings in time also translate into bottom line profits. Loan terms, in-

cluding amount and interest rate will be lower due to a shortened time to

break even and lower borrowing amount and quicker cash flow from the

buyers.

All of these serve to create better shareholder value for the firm and a more com-

petitive firm in the marketplace.

There are other ways to look at the benefits of CTR. One convenient way is to

focus at the operational level of the firm. Here the benefits are driven by four

major programs:

• Reducing engineering man-hours

• Reducing tooling hours

• Reducing test activity

• Implementing process and information technologies.

According to interviews with industry personnel, engineering man-hours are tar-

geted for a 13 to 20 percent reduction over the next 5 years. The reduction pro-

gram encompasses a wide range of projects, but almost all of them include some

form of information technology. This is the modem form of substitution of capital

for labor. A potential list of reduction programs follows:

• Automate design engineering, including incorporating knowledge-based
tools into CAD

• Design analysis limited to 3-D solids

• Improve CAD skills of the workforce

• Develop propulsion aerolines rapidly

• Find solutions for blade containment
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• Create a creation/design studio, as the auto manufacturers did

• Develop common structural analysis tools

• Apply CFD to the aerobody

• Analyze vehicle lines and loads analysis.

Tooling hours are targeted for 5 to 12 percent reduction over the next 5 years.

These reduction programs involve incorporating industry best-tooling practices

and quality control, as well of introduction of new simulation and manufacturing

techniques. These reduction programs are shown below:

• Incorporate the best tooling practices for a flexible manufacturing center,

including adjewel manufacturing

• Incorporate simulation of manufacturing processes

• Incorporate integrated tolerance analysis

• Create a single standard quality manual for all programs.

A set of test-related initiatives are expected to reduce test activity 8 to 12 percent

over the next 5 years. These issues involve certification issues, redesign of testing

activities, and development and deployment of new technology. These planned

reduction programs include:

• Development of a 9 month flight test program (currently 12 to 36 months)

• FAA oversight given to aircraft manufacturer monitors - expanded dele-

gation

• Standard test process with off the shelf test plans

• Validation capability

• Standard validation for propulsion system

• Application of smart sensors for testing

• Certification of avionics

• Propulsion certification and compliance.

The last area is the implementation of process and information technologies.

These are the set of tools and practices not related to aircraft manufacturing in

particular; but are associated with developing processes, practices, and tools that

lead to a more efficient and productive operation of the firm at both the strategic

and operational levels. Areas designated for emphasis include:

3-15



• Establishstandarddecisionanalysistool setfor themanagers

• Implementportfolio management

• ScreenIR&D projectsin accordancewith a setof objectives

• Overhauldatalinks to critical suppliers

• Developgenericairplanestudycapability

• Createaneuralformationnetwork

• Integrateinto apaperlessfactory.

3-16



Chapter 4

Market Impacts and the Realization of Benefits of

Reduced Cycle Time

NASA's program to improve its capabilities in vehicle development cycle analy-

sis may benefit from new forthcoming economics evidence. A forthcoming study

in the American Economic Review authored by C. Lanier Benkard provides new

evidence on the nature of learning economies in the commercial aircraft industry

which has direct implications for the benefits of reduced cycle time and for

NASA's own vehicle analysis programs.

DYNAMIC EQUILIBRIUM IN THE COMMERCIAL

AIRCRAFT MARKET

Benkard's paper I (available at: www.stanford.edu/Manierb) suggests a significant

departure from the usual characteristics of learning economies first described in

papers immediately after World War II. During the war, it was found that the pro-

duction of certain large-scale weapons systems (battleships, airplanes) exhibited

significant reductions in costs over the production run as the workforce learned

"how best to assemble and integrate complex systems into a single vehicle."

These same types of learning economies are attributed to the production of mod-

ern commercial aircraft, which feature the integration of multiple complex sys-

tems. Because of the significant investment required to develop such vehicles,

initial units may cost five to ten times as much as later units in the production run.

The existence of learning economies has significant implications for public poli-

cies, 2 briefly summarizing two of the more relevant implications:

Because marginal costs are thought to decline continuously over the pro-

duction run, some observers have deemed commercial aviation to be a

"strategic" industry where government involvement through subsidy or

other supports may result in the company gaining significant cost advan-

tage over its competitors; in some instances these advantages may be long-

term or "permanent."

Traditional economic models of competitive markets do not accommodate

declining marginal cost industries; pricing at marginal cost results in the

firm not being able to recover its initial investment; such circumstances

1 C. Lanier Benkard, "Dynamic Equilibrium in the Commercial Aircraft Market."

2 See: GRA: "Economic Analysis of Aeronautical R&T: A Survey," (November, 1999), pre-
pared for Office of Aerospace Technology, NASA Headquarters.
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have been recognized in numerous regulated industries including trans-

portation and communications. An essential issue for public policy is how

best to set prices in such industries.

Recent Advances

While the learning economies' models provide useful information on some of the

key characteristics of the commercial aircraft market, they do not accommodate

some of the real world circumstances that have been observed. For example, for

years economists have observed that under certain circumstances commercial air-

craft manufacturers sometimes price their products below marginal cost. In almost

any circumstance, such behavior would be deemed to be irrational since a company

should not be selling a product for less than the resources consumed in producing it.

To explain these anomalies, Benkard developed a dynamic model for the com-

mercial aircraft industry. For this discussion, the most important feature of this

model is the observation that learning economies depreciate over time when they

are unused. Benkard estimates that a firm's learning economies depreciate at an

annual rate as high as 40 percent due to attrition in the workforce, changes in

work assignments, and simple losses in proficiency in seldom repeated tasks. It is,

therefore, important for the firm to maintain a constant rate of production, or to

increase the rate of production in order to continue to benefit from decreasing

costs promised by learning economies.

Benkard's paper is based on data on the L-1011 program. He observes that prices

exhibit yearly variances of no more than 10 to 20 percent, but that average vari-

able costs can vary by a factor as large as 50 percent. Using a sophisticated

econometric model, he finds that the variance in annual production rates has di-

rect and dramatic effect on learning economies. As a result, his model was able to

explain why throughout much of its life, the price paid for L-1011 aircraft was

below the company's average variable cost. When the firm was unable to main-

tain a steady production rate, its costs increased dramatically. This caused it to

reduce its prices in an effort to fill empty production slots. It also explains why

commercial aircraft manufacturers may choose to produce white tails in lieu of

slowing down their production lines. The white tails may be a lower cost option

than laying off workers and risking significant increases in production costs.

Dynamic Equilibrium Models

Benkard' s model is dynamic in the sense that it portrays the features of the com-

petitive process including the following:

Outcomes in each time period (market shares, revenue, costs) for each

competitor depend on the competition among them and the demand for

products.

4-2



Market Impacts and the Realization of Benefits of Reduced Cycle Time

• Manufacturers compete by offering differentiated products and by varying

price to optimize expected profits.

Demand for aircraft may be affected by random shocks in the overall

economy, which is consistent with other studies showing that the demand

for aircraft is strongly correlated (with a lag) with overall economic con-
ditions.

In each time period, the manufacturer seeks to adjust its production rate

and its price to maximize its expected profits over the remaining years of

the product's life. The company's cash flow performance is directly af-

fected by the product and price offerings of its competitors and the overall

demand in the marketplace.

This kind of model captures the problems manufacturers have in maintaining a

smooth production run over a product's life cycle to realize the maximum gains

from learning economies. When demand fluctuates over the business cycle, the

overall demand for aircraft rises and falls. Faced with changes in demand, com-

petitors may choose to vary prices to smooth their production runs. During down-

turns in demand, prices may fall significantly below average variable costs, and

stay there for significant periods of time as manufacturers make forward commit-

ments to fill production slots. Alternatively, manufacturers may choose to vary the

production rates. During downturns, they risk significant increases in production

costs as output falls. This can have further consequences in the future if the manu-

facturers' production efficiency is low relative to its competitors.

In each time period, the model allows manufacturers to exit the market when the

scrap value of an existing program is higher than the expected future cash flows.

Likewise, new competitors may commit to enter the market in circumstances

where new products (featuring new technologies) appear to have significant com-

petitive advantage in the marketplace.

IMPLICATIONS FOR NASA VEHICLE DEVELOPMENT

CYCLE ANALYSIS

NASA has already developed the detailed cost of modeling capabilities that are

essential for evaluations of new vehicle developments. These models can also be

used to assess the value of reduced development cycle times. Application of some

or all of the dynamic features found in Benkard's model would improve NASA's

capabilities by

• more accurately portraying the learning economies' issues faced by manu-

facturers and, in particular, the implications of varying production rates;
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the dynamic aspects of the aircraft manufacturing market including varia-

tions in the demand for aircraft and the effects of competing airplanes on

expected manufacturer cash flows;

portraying the advantages of reduced cycle time including, in particular,

reducing the time between commitment to a program and its entry into the

marketplace, and thereby improving the likelihood that expected produc-
tion rates would be realized in the future.

Each of these potential improvements is discussed and illustrated briefly below.

THE EFFECTS OF VARIABLE PRODUCTION RATES ON

LEARNING ECONOMIES

To illustrate how variable costs are affected by changes in production rates, we

have developed a simpler version of Benkard's model. The following are the sali-
ent features of the model:

Assume that a manufacturer is considering a new version of a large, single

aisle aircraft with a target price of $55 million. The total market for this

type of aircraft is estimated to be 100 units per year over the next 24 years.

If the manufacturer can beat its competitor to the market with this version,

it can command 70 percent of the market; once its competitor enters, its

expected share will be 50 percent.

Assume after the first year that the manufacturer can expect a 10 percent

annual reduction in marginal costs in each year that production rates are at

least 90 percent of the previous year' s production.

• Assume in those years when production rates fall below 90 percent of the

previous year's rate, learning economies will depreciate by four percent.

• Assume that the first 10 units have an average variable cost of $85 million

per unit.

• Assume that the initial development costs spread over four years are
$2 billion.

If the manufacturer can bring its product to market after 4 years of development,

it will beat its competitor to market by 1 year and enjoy a 70 percent market share

in that year.

A static analysis of the prospects for this project assuming a 7 percent discount

rate is shown in Table 4-1. The expected net present value of the project is $622

million. The nominal internal rate of return is 8 percent, or 1 percent higher than
the discount rate.
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One of the features of Benkard' s model is illustrated in Table 4-1. Notice that in

Year 7, the marginal cost of production increases to $80 million per unit from $77

million the year before. The reason is that the number of units produced in Year 7

is lower than in the previous year resulting in the depreciation of the learning

economies as discussed previously. However, in the static example, this is the

only year where learning economies are depreciated because this is the only year

where production rates vary. As a consequence after Year 7, learning economies

continue unabated throughout the production run of the aircraft, so that by

Year 24, marginal costs have fallen to $13 million per unit.

Effects of Varying Production Rates

To illustrate the implications of varying production rates on learning economies,

we have adapted this model to make it dynamic in one dimension. We have as-

sumed that the market for the subject aircraft has an expected or mean size of

100 units per year, with a standard deviation of 10 units. This means that ap-

proximately 90 percent of the time, the annual market will be between 80 and 120

units per year.

To determine the effects of this assumption on the expected net present value of

the program, we simulated the aircraft program using the Crystal Ball program.

After 500 iterations, we found that the expected mean net present value was

($2.1) billion with a median of ($1.9) billion. The results of the analysis are illus-

trated in Figure 4-1, which shows the expected net present values on the horizon-

tal axis and their probabilities and frequencies on the vertical axes. The simulation

of net present values has a standard deviation almost equal to the mean. This im-

plies that the mean net present value is probably not a very robust estimate of the

program's likely success or failure. The 90 percent confidence interval for pro-

gram NPV is between ($5.0) billion and $0.7 billion.

The reason for the great variability in net present values is that production rates are

no longer constant; as a result, variable costs rise or fall from year-to-year in a

manner consistent with Benkard's findings that learning economies depreciate over

time unless production rates either remain constant or grow. For example, in the

static case, in the last year of production, marginal cost was $13 million per unit.

The mean estimate in the dynamic model is $25 million per unit, with a standard

deviation of $4.8 million. As a result, the last year's marginal costs varies in the

range between $15 million and $42 million in the simulation, depending on how

variable the realized sales are in the production runs simulated by the model.

This simulation has not captured all of the features of the Benkard's model. 3 For

example, because of the wide variance in annual demand, a manufacturer might

choose to lower its prices to fill empty production slots. This might be a more at-

tractive alternative than experiencing the depreciation of its learning experience.

3 Benkard's model utilizes a complex programming algorithm that is beyond the scope of this

assignment.
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Alternatively,it mightbe lessexpensivefor themanufacturerto producewhite
tails thanto layoff personnelandexperiencethelearningdiseconomies.

Table 4-1. Static Analysis of a Proposed Program

I
Total Incremental Cumulative Total Total Profit @

Year Market Units MC Cost Revenues Costs Profit

1 100 0 500 0 500 -500

2 100 0 1_000 0 500 -500
3 100 0 85 1_500 0 500 -500

4 100 0 85 2,000 0 500 -500

5 1O0 10 85 2_850 550 850 -300
6 1O0 70 77 8_205 3_850 5_355 -1 _505

7 1O0 50 80 12,183 2,750 3,978 -1,228

8 1O0 50 72 15 J63 2J50 3_580 -830

9 1O0 50 64 18,985 2,750 3,222 -472 -257
10 1O0 50 58 21,885 2,750 2,900 -150

11 1O0 50 52 24,495 2,750 2,610 140 67

12 1O0 50 47 26,844 2,750 2,349 401 178

13 1O0 50 42 28,958 2,750 2,114 636 264
14 1O0 50 38 30,861 2,750 1,903 847 329

15 1O0 50 34 32,573 2,750 1,712 1,038

16 100 50 31 34,115 2,750 1,541 1,209
17 1O0 50 28 35,502 2,750 1,387 1,363

18 1O0 50 25 36J50 2J50 1 _248 1_502
19 1O0 50 22 37,873 2,750 1,124 1,626

20 1O0 50 20 38_885 2J50 1 _011 1J39

21 100 50 18 39,795 2,750 910 1,840
22 1O0 50 16 40_614 2J50 819 1_931

23 1O0 50 15 41,351 2,750 737 2,013

24 1O0 50 13 42,014 2,750 663 2,087

Cumulative

Discounted Discounted

Profit @
7% 7%

-467 -467

-437 -904

-408 -1_312

-381 -1_694

-214 -1_908
-1_003 -2_910

-765 -3,675

-483 -4_158

-4,415
-76 -4,491

376

4O9

431
444

45O
449

444

436

425

411

-4,425

-4,247

-3,983
-3,654

-3,278

-2,869
-2,437

-1 _993
-1,543

-1_094
-649

-214

211

622

Nominal IRR 8.1%

Figure 4-1. Simulated Results of a Manufacture Program With

Varying Annual Market Sizes

500 Trials

•0381

Forecast: npv 4 year cycle time

Frequency Chart 40utliers

19

4.75

.000 _,

-6,000
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Effects of Reduced Cycle Time

Suppose that the same manufacturer had the opportunity to reduce its cycle time

and get to market 2 years earlier than posited in the base case. Assume that the

initial development investment was identical. As a result, the manufacturer would

experience the full cost of the development program earlier, which, from a dis-

counted cash flow perspective, is more expensive than spreading it over a 4 year

period. Offsetting this, however, is the opportunity to get to market earlier, which

would result in 2 additional years during which the company could expect to

capture 70 percent of the market before its competitor entered.

A simulation run using these assumptions results in a slightly improved expected

net present value of ($1.5) billion. The expected last year's marginal cost has also

been reduced to $21.8 million per unit. The net present value results are illustrated

in Figure 4-2.

Figure 4-2. Simulated Results of a Manufacturer Program With Reduced

Development Cycle Time

Forecast: NPV 2 year, same variance as 4 year

500 Trials Frequency Chart 50utliers

.034 17

.026 12.75

425

The Effects of Reducing the Variance in Production Rates

One potential consequence of getting to market earlier would be locking in more

customers earlier than a competitor. This might give the company a better oppor-

tunity to smooth out its production run which would help it realize larger reduc-

tions in marginal costs over the product's lifecycle.

To simulate this set of circumstances, we have reduced the standard deviation,

that applies to a market demand, from ten in the previous simulations to five in
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thepresentcase.Assuming,again,thatthecompanyis now ableto get to market
in atwo-yearcycletime,theresultsareasfollows:

• Expectedormeannetpresentvalue isnow positive$0.8billion, a level
thatis higherthanin the staticcasedescribedearlier.

• Themedianpresentvalueis $1.2billion, or approximatelytwiceashigh
asthenetpresentvalue in thestaticcase.

• While thestandarddeviationof thesimulationremainsrelativelyhigh, the
majority of the simulatednetpresentvaluesarepositive.

Theresultsfor this simulationareillustratedin Figure4-3.

Figure 4-3. Simulated Results of a Manufacturer Program With 2-Year Cycle

Time and Reduced Demand Variables

Forecast: NPV 2 year, lower variance than 4 year

500 Trials Frequency Chart 70utliers
.056 28

o14 7

As one would expect, the reduction in the variability in market demand has a

dramatic effect on realized learning economies. The expected marginal cost in the

last year of production for this simulation is $14 million per unit, with a median of

$14.4 million. These last year marginal costs are 65 percent of the estimated level

from the previous case where the company was able to develop an aircraft in only

2 years, but experienced greater variation in demand.

Of course, these results are only illustrative. But they suggest how powerful the

insights are in the new learning economies' models.
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IMPLICATIONS FOR NASA

The new economics literature on learning economies suggests that the risk

inherent in new aircraft development may be even larger than originally posited.

While commercial aircraft production is subject to significant learning economies,

companies can benefit from these economies to a much greater extent if they are

able to maintain or increase their annual production rates. When there are wide

variations in production rates, there will be a significant depreciation in learning

benefits, and the realized economics of the program may be disappointing.

As the simulations illustrate, just a few years of declining production can have a

dramatic effect on realized learning economies. As firms are forced to layoff per-

sonnel and reorganize production activities, learning economies depreciate. Even

when the production rates increase later during the life of the product, it may be

difficult to overcome an earlier slump in sales. As a consequence, the last years of

production when the marginal costs are expected to be extremely low may, in

fact, be quite costly because learning economies have not been fully realized in

the program.

These findings alone have important implications for the NASA program. To the

extent that the risks in the commercial aircraft market have been previously un-

derestimated in static models, there may be a more important role for the govern-

ment (including NASA) to play. For example, to the extent that new R&T results

make it possible to reduce aircraft development cycle time, the simulations have
illustrated two benefits:

Getting to market earlier means that the company will have more opportu-

nities to dominate a particular market segment before a competitor can re-

act; if a company can lock in more customers, it has a better chance of

both producing more units and smoothing the production run over the

product's lifecycle and thereby realize its learning economies.

By getting to market faster, the forecast for the product and the expected

profitability of the program are more likely to be realized; clearly a com-

pany will know more about a market a year from now than it will about

the same market 5 years from now; the opportunity to reduce its market

risk exposure is one of the chief benefits of reducing development cycle
time.

Given the time and resources available in this project, we have not been able to

develop a fully dynamic model. However, such a dynamic model would provide

important insights on other issues relevant to the commercial aircraft market and

to NASA programs. For example:

Given the adverse consequences of interrupting production cycles, manu-

facturers may find it less expensive to produce white tails or significantly

reduce their prices in order to fill empty production slots; by smoothing
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out theproductionrun, learningbenefitscancontinueto berealizedand
thismaybepreferabledespitethecostsof producingwhitetails or of re-
ducingprices.

Manufacturers'incentivesto producenewproductscanbesignificantly
influencedby first moveradvantages;theopportunityto lock in customers
andsmoothout theproductionruncanleadto substantiallearningecono-
mies;onceonecompanyhassuccessfullyentered,thedynamicmodels
suggestthat its competitorsmayfaceamoredifficult timejustifying anew
program(with similarcharacteristics);thesecondor third entrantinto a
productcategorymayfacegreatervariability in thedemandfor their
products,andthereforearelesslikely to realizelearningeconomies.As a
result,onecanexpectthattheproductsofferedin themarketwill bedif-
ferentiated;onceonecompetitoris first in themarket,otherswill wait un-
til new technologiescanbeintegratedinto their productofferingsand

4therebyprovideasignificantbenefitto leapfrog theinitial mover.

Thedynamicequilibriummodelsalsotendto reinforcetheapplicationof
strategictradetheoryto thecommercialaircraftindustry;first moverad-
vantagesmaybeparticularlyimportantin this industrygiventhevariabil-
ity in thedemandfor aircraftovertheproductcycle; secondor third
moversin suchmarketsarelikely to bemoreseverelydisadvantagedthan
in otherindustrieswhereproductionratesarelargerandmorepredictable.

Theneweconomicson learningeconomiesis alsogenerallysupportiveof the
NASA R&T program.Greaterrisk in thecommercialaircraftmarketportrayedin
thesedynamicmodelsmakeit evenlesslikely thatprivateaeronauticsfirms will
investin optimal levelsof researchandtechnology.By stimulatingthedevelop-
mentanddisseminationof newR&T, NASA's programsprovidemoreopportu-
nitiesfor industryto developmoreproductiveproductsmorequickly. As a
consequence,while first moverswill alwayshaveadvantages,theseadvantages
will beerodedmorequickly asnewtechnologiesareintegratedinto competing
products.This will tendto happenmorequickly throughthestimulationof the
R&T process.

4Inturn,thefirstmovercanuselimitpricingtodiscouragenewentryand/orcanupdateits
existingproductwithnewtechnology.
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Chapter 5

Benefits Framework for Cycle Time Reduction

The short-term benefits of CTR strategies primarily accrue to the aircraft manu-

facturers. Their benefits are fairly straightforward and are most easily denomi-

nated in the metric of dollars. On the other hand, the benefits to NASA are not as

direct, nor are they easily calculated or denominated. NASA's benefits tend to be

secondary and derived from the primary benefits that accrue to the aircraft manu-

facturers.

The previous chapter lists the potential benefits of reduced cycle times and likely

reduction targets. To recap, at the operational level the reduction targets are to

• reduce engineering man-hours;

• reduce tooling hours;

• reduce test activity; and

• implement process and information technologies.

These reduction targets are not goals in of themselves, but are the operational

links to a set of strategic goals. The strategic goals focus on reductions which af-

fect the price that customers are invited to pay. They are reductions in:

• Product development cycle time

• Product cost

• Product/performance/change in sales

• Development program expense.

Product development cycle time refers to lowering the time of building any air-

craft. In theory, it can be accomplished both with an increase or decrease in costs.

The case of an increase in costs is not necessarily negative, but needs to be ex-

amined closely to see that the positive benefits of a shorter development time

outweigh the negative benefits of a cost increase.

The preferred option is where costs either decrease or stay the same, but the time

is shortened. The benefits in this form are multiplicative. Shorter cycle times

lower borrowing costs while simultaneously increasing cash flow and lowering

capital risk. Thus increasing the firm's competitive position while adding to

shareholder value. Furthermore shorter times usually mean lesser production
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costs,andlesserproductioncostscanmeanincreasedsalesbecauseof a lower
price.Shortercycletimescanalsopreservesalesandmarketsharesin afixed
demandmarketplace.

Productcostis amajordeterminantof thevolumeof aircraftsold,with thegen-
eralrule beingthelower thecostof theaircraft,themorethat canbesold,and
viceversa.Thereforeproductcostis akeycomponentof theprofitability of the
productline. Lowerproductcostcanbeaccomplishedby eithercostreduction
and/orcycletime reduction.

Developmentprogramexpenseisvery muchrelatedto Productcost.It represents
thecostincurreduntil thefirst unit is sold.Thosecostsarekey astheyfirst de-
terminethefeasibilityof theprojectthenultimately theprofitability of theproject.

Thesefour strategicgoalscanalsobeexaminedasto whenin thecycletimethe
savingsoccur.This is keybecauseequalsavings,eitherin moneyand/ortime,at
differenttimesor phasesof thedevelopmentcyclecantranslateinto verydifferent
final aircraftprices.Most of thiseffect is dueto thenatureof capitalintensive
manufacturing.Typicalcostssplitsare15/85,non-recurring/recurring.But, be-
causetherecurringmanufacturingpracticesaredefinedby thenonrecurringpor-
tion of thecycle,alittle savingsin thenonrecurringcostscantranslateto major
savingsin therecurringcosts.In addition,recurringcostsareaffectedby alearn-
ing/improvementcurvethatdeterminestheratethatcostsdeclinewith increased
output.Thedeclinerate isnot a simplefunctionof peoplelearningto dotasks
moreefficiently, but is basedmoreoncorrectingengineeringandtechnicalerrors
madein thenon-recurringphase.

Thesefour goalsarealsolinked to eachother,aschangesin onewill affectthe
others.This linkageis shownin Table5.1.Thetableshowshow apercentage
changein oneaffectstheother.For instancea 14percentdeclinein Product
developmentcycletimeproducesa7 percentdeclinein Productcost.

Table 5-1. Linkage Of CTR Goals

Product
development
cycle time

Product cost

Change in sales

Development
program expense

Product develop- Development
ment cycle time Product cost Change in sales program expense

-14/-7 -14/+10 -14/-7

-7/+ 10 -7/- 17

+10/-17
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Benefits Framework for Cycle Time Reduction

This is a somewhat of aggregate look at the effects of CTR strategies. Another

way is to look at where in the development cycle costs reduced. Given a simple

cost profile over time as shown in Figure 5-1. The Cumulative cost profile is also

shown there. Costs can be reduced in any of 3 ways:

Option 1: Costs are reduced by a constant amount over the entire cycle

Option 2: Costs (and hence time) are reduced late in the cycle

Option 3: Costs (and hence time) are reduced early in the cycle

These 3 results are shown graphically. Each of these costs reductions will produce

a different cumulative cost profile.

Option 1: Cumulative cost is reduced by a constant amount

Option 2: Cumulative cost is drastically reduced

Option 3: Cumulative costs have a minor reduction

This highlights the points that not only are reductions important, but where the

reductions occur are even more significant.
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Figure 5-1. Cost-Cycle Time Curve-Effects on Cumulative Costs
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Benefits Framework for Cycle Time Reduction

BENEFITS FRAMEWORK

Evaluation of the benefits that accrue to the aircraft manufactures is fairly

straightforward. It is simply the net present value of the savings due to

• reductions in non recurring costs;

• improvements in the learning curve;

• initial cost of the first production unit; and

• increased buildup up the production rate.

This breakout in some sense may be the best as it is the factor components of the

four strategic goals. There are other equally valid ways to characterize the bene-

fits. They can also be calculated by cycle phase, by engineering group, or by any
other reasonable classification

The benefits accruing to NASA are not as direct. Most are derived from the air-

craft manufacturers benefits. Increased market share, sales and profitability

translates into additional aircraft manufacturing and airline employment. Addi-

tional aircraft help lower relative emission and noise rates while raising safety

rates. The technologies developed for civil aircraft cycle time reduction can first

be applied to the defense aircraft industry and then adapted by other industries.
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Chapter 6

Tailored Cost Model Analysis

During the course of this work effort, the study team was tasked to investigate the

possibility of upgrading NASA's Tailored Cost Model (TCM) to facilitate the

measurement of potential benefits likely to arise from the successful implementa-

tion of various NASA CTR related programs. TCM is an in-house computer

model used by NASA that analyzes the economics of developing new commercial

aircraft. This spreadsheet-based model relies on historical relationships between

cost and various independent variables that characterize aircraft size, perform-

ance, features and complexity.

TCM uses weight as a primary factor in estimating the various cost components

that are treated as part of the development process. Table 6-1 provides an over-

view of the major cost elements that form the basis for the model. A detailed de-

scription of the model is re-printed as Appendix B.

Table 6-1. TCM Cost Element Breakdown

COST ELEMENT REMARKS

MATERIAL/EQUIPM ENT

• High Value Equipment

• Manufacturing Material

LABOR

• Engineering

• Test Engineering

• Development

• ILS Engineering

Engines/Avionics

All other material and equipment items

Design, Technical Staff, Liaison, Administration & Project
Engineering

Flight/Ground Test Engineering

Test and Mockup Technicians

Maintenance Engineering, Support Equipment Design,
Training, Publications

• Manufacturing

• Manufacturing Support

• Quality Assurance

• Tooling

• Project Management

OTHER DIRECT COSTS

Factory Labor (Touch Labor)

Industrial Engineering, Scheduling, & Factory
Management

Inspection & QA Management

Manufacturing Methods, Tool Design and Fabrication

Project & Business Management

Travel, Overtime Premium, Other

The primary purpose of the task undertaken here was to incorporate a true time

dimension into the model so that changes in specific components of the develop-

ment cycle could be entered and their impacts on the rest of the cycle analyzed. A

further requirement was to keep the basic structure of the initial TCM intact; this
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wasaccomplishedby appendinginformation(in theform of additionalwork-
sheets)without modifyingthe originalmodel.1

Theadd-onsto themodelalsoweredesignedto:

• Bebroadlyconsistentwith thedevelopmentcyclestructuredescribed
abovein Chapter3.

Facilitatethe input of estimatedtime/costsavingsfrom NASA program
personnelwho maynot be familiarwith theoverallstructureof TCM in-
putsandrequirements.

DETAILED ANALYSIS OF TCM MODEL STRUCTURE

The general outline shown in Table 6-1 served as a starting point for the analysis;

we then methodically went through each cost category to identify the ultimate in-

put variables that depended directly on weight or that were fully hard-wired as-

sumptions built into the model. This allowed us to identify the following six

underlying cost categories:

• Basic Engineering

• Tooling and Facilities

• Ground Testing

• Flight Testing

• Manufacturing and Development Overhead

• Other Overhead Items.

Note that this basic structure does not include the "Early Configuration and Mar-

ket Analysis" phase discussed in Chapter 3. By design, TCM was built to describe

the design cycle process after Authority to Proceed (ATP) has been given for a

specific project.

Within the TCM framework, the overhead items (5 and 6) depend on cost totals

built up from the other categories and are usually entered as fixed percentages of

these totals. In addition, Categories 1 and 2 each have their own overhead items,

which depend on the category cost totals.

Using TCM nomenclature, the Basic Engineering category includes Design Engi-

neering and the following overhead items:

1Note, however, that enhancements of the type discussed earlier in Chapter 4 related to

learning economies and demand tmcertainty were not addressed here.
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Tailored Cost Model Analysis

• Technical Staff and System Engineering

• Management/Administration/Spec/Drafting

• Avionics Lab Operations (a function of avionics weight).

The Tooling and Facilities category includes Initial Tooling, Purchased Materials

and the following overhead items:

• Manufacturing Support

• Quality Assurance.

Ground Testing is broken out into six specific testing subcategories:

• Wind Tunnel Tests

• Mockups and EDF

• Iron Bird Tests

• Static Tests

• Fatigue Tests

• Other Ground Tests.

Each ground testing category in turn includes Engineering, Development, and

Purchased Materials components; in addition, the last four categories include a

Manufacturing component.

Flight Testing is broken out into Engineering, Development, and Purchased Mate-

rials components.

For ease of exposition, Manufacturing and Development Overhead is treated as a

separate cost category; in the TCM framework, it is strictly a function of the

Manufacturing and Development cost totals estimated for each of the various

Ground Testing components. It is broken into three subcategories:

• Manufacturing Support

• Quality Assurance

• Tooling M&R

Other Overhead Items is an amalgamation of the remaining cost items in the

TCM. It is broken into five components, each with their own cost base:
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• IntegratedLogistic Support(ILS) -- functionof DesignEngineeringand
FlightTestEngineeringcosts

• ProjectManagement-- function of BasicEngineeringandin addition:

_- Initial Tooling

_.- ToolingOverhead

_- GroundTestEngineering,Manufacturing,& Development

_- FlightTestEngineeringandDevelopment

_- ManufacturingDevelopmentandOverhead

_- IntegratedLogistic Support

• OtherDirectCosts-- functionof all itemsabove

• ProductSupport -- functionof aircraftweight.

Thestructureoutlinedaboveis a completeandaccuraterepresentationof design
cyclecostsin theTailoredCostModel thatwaspresentedto thestudyteam.The
totalcostassociatedwith eachcomponentin turndependsontwo factors:total
hoursexpendedandunit laborcost(indollarsperhour).Theonly exceptionsto
thisarePurchasedMaterials(whichareenteredintoTCM aspuredollar
amounts),OtherDirectCosts(which is afunctionof all otherTCM costsexcept
ProductSupport),andProductSupport(which is a functionof aircraftweight).

DEVELOPMENT OF DESIGN CYCLE TIMELINE AND

IMPLEMENTATION IN TCM

With the TCM cost structure in hand, the next task was to assign each cost cate-

gory onto a timeline, and to make these assignments interdependent, so that

changes when one component was begun or completed would affect all future

components not yet undertaken. Additional discussions were held with industry

personnel to ascertain reasonable assumptions regarding the interdependence and

duration of the various design cycle components; these were combined with the

information gathered in the manufacturer interviews to derive a "Base Case"

timeline for a generic design cycle. Among other things, this required converting

the TCM cashflow analysis from annual to monthly.

A brief summary of the Base Case timeline is described below:

Basic Engineering -- To be consistent with the Phase I structure, Basic Engi-

neering and each of its components was divided into two subcategories: Product

Definition and Detail Design. For analysis, Product Definition was taken to repre-
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Tailored Cost Model Analysis

sent 25 percent of Basic Engineering, with Detail Design representing the re-

maining 75 percent. 2 The beginning of Product Definition is Month 1, with a du-

ration of 24 months. Detail Design begins immediately after Product Definition

ends, with a duration of 18 months.

Tooling and Facilities -- Begins when Product Definition is 75 percent complete
and its duration of 36 months.

Ground Testing

• Wind Tunnel Testing begins when Product Definition is 50 percent com-

plete; duration of 24 months

• Mockups and EDF begin when Detail Design begins; duration of 18
months

• Iron Bird Tests begin after Wind Tunnel Engineering ends; duration of 30
months

• Static Tests begin after Iron Bird Engineering ends; duration of 16 months

• Fatigue Tests begin when Static Test Development begins; duration of 24
months

• Other Ground Tests begins after Wind Tunnel Development ends; dura-
tion of 13 months.

Flight Testing begins 9 months after Wind Tunnel Development ends; duration of
28 months.

The costs for Purchased Materials are assumed to be expensed over the first 3

months of each cost category. Finally, Manufacturing and Development Overhead

and Other Overhead Items are expensed over time in direct proportion to the cost

items on which they are based.

These assumptions result in a base case design cycle lasting 6 years; again, it is

important to keep in mind that this does not include any design time allotted for

early configuration and market analysis activities. A picture of the implied time-

line is shown in Figure 6-1, which allows us to see the overlap in the various

phases of the design cycle.

2 This is consistent with the interview estimate that typical Detail Design costs are about three

times as large as costs incurred as part of Product Definition.
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Figure 6-1. Base Case Timeline
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A detailed layout of the design cycle timeline is shown in Table 6-2; the table in-

cludes all of the cost elements described above, as well as unit cost assumptions

from the TCM, start time descriptions and durations for each category, and hourly

and total cost rollups. This table is taken directly from the "Dynamics" worksheet

that has been added to the TCM spreadsheet file used to analyze a new 300-

passenger aircraft. The columns labeled "Baseline" show the default assumptions

described above. The layout enables the user to easily make changes to the Base-

line time assumptions by changing either the formulas in the Start column and/or
the number data in the Duration column.
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Tailored Cost Model Analysis

A separate worksheet page entitled "Scenario" contains an input structure that al-

lows the user to make changes in specific cost categories; these changes are en-

tered as percentage changes from the baseline and can be used to assess projected

time and cost savings from NASA or other programs that may impact on design

cycle times. The layout is shown in Table 6-3. The category headings refer to the

cost categories described above. In addition, the Basic Engineering section con-

tains separate line items for various parts of the aircraft; these line items come di-

rectly from the TCM layout that makes up the Basic Engineering category.

Changes entered into the Scenario worksheet (Table 6-3) feed directly into the

columns labeled "Scenario" in the Dynamics worksheet (Table 6-2). It is assumed

that cost reductions translate directly into time reductions, so for example, a 25

percent reduction in tooling costs would be accompanied by a reduction in the

time required to complete the tooling phase by 9 months (25 percent of the 36

months shown in the baseline). The revised cost data in turn feed into the "Cash-

flow" worksheet, where a monthly cashflow statement has been appended below

the original TCM annual calculations. Here the user can view the impacts of the

changes entered into the Scenario worksheet. The changes in net present value

and/or IRR estimate may be of particular interest.
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Table 6-2. TCM Dynamic Allocation By Month
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Tailored Cost Model Analysis

Table 6-3. Scenario Changes

% Change Current % Change Current

from Boseline Scenario Hrs from Boseline Scenario Hrs

(Note + indicotes increose in cost; indicotes decreose)
BASIC ENGINEERING

Product Definition (25%) 2,171,784 Detail Design (75%) 6,515,351

STRUCTURES (COMPOSITE) STRUCTURES (COMPOSITE)

Wing Group 0 0% 0 W ing Group 0 0% 0

Fuselage Group 0 0% 0 Fuselage Group 0 0% 0

Tail Group 0 0% 0 Tail Group 0 0% 0

STRUCTURES (CONV) STRUCTURES (CONV)

Wing Group 0 0% 81,403 W ing Group 0 0% 244,208

Tail G roup 0 0% 30,822 Tail G roup 0 0% 92,465

Fuselage Group 0 0% 309,142 Fuselage Group 0 0% 927,425

Nacelle 0 0% 40,106 Nacelle 0 0% 120,318

Strut 0 0% 0 Strut 0 0% 0

Alighting Gear 0 0% 33,109 Alighting Gear 0 0% 99,327

PROPULSION GROUP PROPULSION GROUP

Turbofan Engine 0 0% 106,125 Turbofan Engine 0 0% 318,375

Accessories & Drive 0 0% 12,527 Accessories & Drive 0 0% 37,580

Start & Ontls 0 0% 0 Start & Ontls 0 0% 0

Thrust Reversers 0 0% 18,881 Thrust Reversers 0 0% 56,643

Fuel System 0 0% 16,272 Fuel System 0 0% 48,816

FIXED EQUIPMENT FIXED EQUIPMENT

D FOS/FIt M gt System 0 0% 0 D FOS/FIt M gt Syste m 0 0% 0

Surface Controls 0 0% 157,634 Surface Controls 0 0% 472,903

Aux Power System 0 0% 16,849 Aux Power System 0 0% 50,546

Instru m ents 0 0% 7,998 Instru m ents 0 0% 23,993

Hydr/Pneu Group 0 0% 74,859 Hydr/Pneu Group 0 0% 224,577

Electrical Group 0 0% 25,356 Electrical Group 0 0% 76,068

Environ Ontl System 0 0% 52,330 Environ Ontl System 0 0% 156,991

Anti Ice System 0 0% 11,787 Anti Ice System 0 0% 35,360

Furn & Equipm ent 0 0% 636,147 Furn & Equipm ent 0 0% 1,908,442

Load & Handling 0 0% 0 Load & Handling 0 0% 0

Seats 0 0% 180,280 Seats 0 0% 540,841

Lavatories 0 0% 25,920 Lavatories 0 0% 77,759

Galleys 0 0% 93,920 Galleys 0 0% 281,761
LAMINAR FLOW SYSTEM LAMINAR FLOW SYSTEM

LFO Suction Surface 0 0% 0 LFO Suction Surface 0 0% 0

LFO Ducting 0 0% 0 LFO Ducting 0 0% 0

LFO Corn pressor/G nrtrs 0 0% 0 LFO Corn pressor/Gnrtrs 0 0% 0

AVIONICS AVIONICS

BAG Avionic Equip 0 0% 33,868 BAG Avionic Equip 0 0% 101,603

BFE Avionic Equip 0 0% 73,954 BFE Avionic Equip 0 0% 221,861

Fit Provisions 0 0% 9,807 Fit Provisions 0 0% 29,421
Mission Provisions 0 0% 0 Mission Provisions 0 0% 0

SOFTWARE SOFTWARE

Operational Fit Software 0 0% 112,241 Operational Fit Software 0 0% 336,722

Ground & Eng Software 0 0% 10,449 Ground & Eng Software 0 0% 31,346

TOOLING AND FACILITIES 14,715,165

Initial Tooling 0 0% 14,715,165

Purchased Materials 0 0%

GROUND T EISTT INtG
Wind Tunne ess 329,112

Engineering 0 0% 126,703

Developm ent 0 0% 2O2,4O9

Purchased Materials 0 0%

Mockups and EDF 698,486

Engineering 0 0% 551,548

Developm ent 0 0% 146,938

Purchased Materials 0 0%

Iron Bird Tests 633,940

Engineering 0 0% 179,034

M anufacturing 0 0% 82,234

Developm ent 0 0% 372,672

Purchased Materials 0 0%

USE OF REVISED TCM TO MEASURE DESIGN CYCLE

BENEFITS OF NASA PROGRAMS

NASA provided a pre-filtered list of programs currently under development to the

study team. The information provided included technology descriptions, estimated

Technology Readiness Levels (TRLs) and likely implementation dates, along with

subjective judgments about likely technical impacts and "minimum success" pa-

rameters. The task was to translate the program impacts into input variables that

could be fed into the revised TCM model in order to assess the impacts on design

cycle costs and time.

An initial list of 20 NASA programs were considered and reviewed for input into

TCM. By agreement with NASA, an initial screening was done to drop those
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whose impact was focused on engine technologies. In addition, two additional

programs were dropped because their impacts on the design cycle were consid-

ered to be minimal. For the remaining 11 technologies, 24 different analyses were

carried out, involving four different-sized aircraft development programs (300

seats, 225 seats, 150 seats and 100 seats), three probability scenarios based on the

range of likely impacts (Low, Most Likely and High), and two evaluation years

(2007 and 2022).

The Low and High scenarios were based on the lower and upper limits of pro-

jected impacts, and the Most Likely scenario was estimated using the program's

current TRL level and the following technical confidence mapping estimates

shown in Table 6-4.

Table 6-4. TRL Impacts

Current TRL Level Estimated Relative Impact (%)

1 35

2 55

3 70

4 80

5 85

6 89

7 91

8 93

9 95

For example, if a technology with a current TRL of 4 was projected to cut, say,

flight test engineering time by between 10 and 20 percent, then the Low estimate

would be set at 10 percent, the High estimate at 20 percent and the Most Likely

estimate at 18 percent (= 80 percent of the gap between Low and High).

The evaluation years of 2007 and 2022 refer to a design program beginning in that

year. By agreement with NASA, for the 2007 case only those technologies pro-

jected to be at TRL 9 by that year were included in the analysis; this accounted for

a total of five programs. (All eleven programs were projected to be at TRL 9 by

the year 2022.)

For each scenario, the goal was to estimate overall reductions in design cycle time

and corresponding increases in manufacturer internal rates of return due to the

programs' implementations. Table 6-5 lists all 20 programs and descriptions of

their likely technical impacts and "minimum success" evaluations as provided by

NASA; the table also indicates program inclusion or exclusion from the Year

2007 analyses.
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Tailored Cost Model Analysis

The next step involved translating the likely program impacts described in Ta-

ble 6-5 into TCM inputs. This necessarily involved some subjective judgments;

further discussions with industry personnel were conducted to enhance the reli-

ability of these judgments. The translation results are shown in Table 6-6. As seen

there, many of the NASA programs considered here affected either the Wind

Tunnel Testing and/or Flight Testing components of the development cycle. One

open question recurring throughout the analysis was whether the impacts were

likely to affect only the engineering portion of these test components, or the de-

velopment portion as well. This is an important question since development costs

are a large fraction of overall testing costs. For completeness, we computed re-

sults both including and excluding possible impacts on test development costs.

Table 6-6. TCM Inputs Affected By Various NASA Programs

PFIOGRAM ELEMENT SUBELEMENT TECH NUM TECH NAME TCM Inputs Affected

Coupled Multidisciplinary Sir-miNion

522 11 71 2 and Optirriz_ion

522 11 81 2 Sere-span test techniques

Ground-to-Flight Performance

522 11 81 3 Prediction

522 31 61 1 Subsonic High-Lift Prediction

522 31 61 2 Airfrarr8 Noise Prediction

522 31 81 1 Computational Aeroelasticity

522 31 81 2 CFDfor Stability and Control

538 14 0 1 Airframe Methods

548 20 23 1 Icing Simul_ion - CFD Development

Aircraft Icing Effects - Tailplane Icing

548 21 23 1 Program Phase II

Systerrs Approach to

577 50 10 1 Crashwo_t hiness

BasicEngineefing Slmmlres WmgQoup, Tail

C_oup, Nacelle

Wind Tunnel Test, Fright Test

Wind Tunnel Test, Fright Test

Wind Tunnel Test, Fright Test

Wind Tunnel Test, Fright Test

Wind Tunnel Test, Fright Test

Wind Tunnel Test

Wind Tunnel Test

BasicEngineefing Suumlres FaxedFqptDesign

Anti Ice System

BasicEngineefing Suumlres Tail C_oup

Flight Test
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Foreachanalysis,total impactsonthedesigncyclewill beafunctionof all of the
(included)program'scombinedimpacts.Thisbringsinto questionhowthepro-
gramsoverlapwith eachother.A detailedtechnicalanalysisof theseoverlapswas
beyondthescopeof this assignment.Forpresentpurposes,wehaveassumedthat
eachindividualprogram'simpactsareindependent,but areappliedsequentially
to thedesigncycle.Sofor example,if therewereatotal of threeprogramspro-
jectedto impactflight testing,with savingsof 10percent,20percentand20per-
centrespectively,thenthecombinedimpactof theseprogramswouldbeto cut
flight testingcoststo 0.9*0.8*0.8 = 57.6 percent of the current baseline. Table 6-7

shows the estimated combined impacts by TCM category for all NASA programs

taken together. Note that very large reductions in wind tunnel testing and flight

testing costs are projected, particularly for the 2022 analyses.

These cost reductions were fed into the revised TCM spreadsheets for each of the

four different aircraft sizes described above. The reductions feed through the time

structure and into the cashflow analysis of the model. Summary results are shown

in Table 6-7, where one can compare manufacturer internal rates of return (IRR)

and total design cycle times under the Base Case and each of the scenarios.

Table 6-7. Estimated Combined Impacts on Design Cycle

Costs of NASA Programs

Production Defini-
tion and Detail De-

sign (Conventional)

Wind tunnel tests

Flight tests

TCM cost category

Wing Group

Tail Group

Nacelle

Anti-Ice System

Engineering (Dev.)

Engineering (Dev.)

Low

2007/°/o )

5.0

24.0

5.0

15.0

19.0

19.0

Most likely

2007/°/o t

7.8

41.0

7.8

31.0

26.4

26.4

High

2007/°/o t

10.0

46.0

10.0

35.0

32.5

32.5

Low

202/°/ot

5.0

24.0

5.0

15.0

70.6

46.9

Most likely

200/°/ot

7.8

41.0

7.8

31.0

85.5

61.2

High 2022

/O/o)

10.0

46.0

10.0

35.0

93.2

71.1

Under the Year 2007 scenarios, the IRR's increase from around 8 percent to the

8.5--9.5 percent range, and overall design cycle times decrease by anywhere
from 2 to 17 months from the baseline level of 72 months. Under the Year 2022

scenarios, much greater savings in wind tunnel and flight testing costs are as-

sumed; this results in IRR's reaching over 12 percent and overall design cycle

times decreasing by as much as 42 months. These results show the sensitivity of

the model to assumptions about which NASA programs are likely to affect the

design cycle and which cost components are affected, and suggest that further in-

vestigation into the combined effects of programs which all claim to impact a

particular component (e.g., wind tunnel costs) may be warranted.

For present purposes, the incremental time impacts of individual programs can be

estimated using a simple scaling procedure. The process was carried out only for

the 300-passenger aircraft forecasts. First, individual cost reductions were fed into

the TCM model one at a time for each NASA program, and the estimated impact
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Tailored Cost Model Analysis

on the overall length of the design cycle recorded. These impacts were then

summed across all programs, and the total time reduction was compared to the

results shown in Figure 6-2.

Figure 6-2. Summary Effects of NASA's CTR-Related Programs

Estimated IRR's and Development Cycle Times for 300-Passenger Aircraft

Baseline: IRR =8.03%, Total Cycle Time = 72 Months, A/C Sold =800 @$133.165 Million

Low 2007 Most Ukely 2007 High 2007 Low 2022 Most Likely 2022 High 2022

ExcludingWindTunnel and IRR

Flight Test Development NPV at Baseline IRR ($mil)

as % A/C Price

Total Cycle Time

Including WindTunnel and IRR

Flight Test Development NPV at Baseline IRR ($mil)

as % A/C Price

Total Cycle Time

8.21% 8.24% 8.38% 8.55% 8.63%

84.885 98.655 166.457 244.468 285.468

0.08% 0.09% 0.16% 0.23% 0.27%

70 70 68 65 64

8.72% 9.06% 9.40% 10.49% 11.24%

321.483 468.978 613.162 1,035.347 1,291.709

0.30% 0.44% 0.58% 0.97% 1.21 %

63 59 55 42 36

8.75%

335.779

0.32%

63

11.87%

1,484.701

1.39%

30

Estimated IRR's and Development Cycle Times for 225-Passenger Aircraft

Baseline: IRR =8.07%, Total Cycle Time = 72 Months, A/C Sold =800 @$88.500 Million

Low 2007 Most Ukely 2007 High 2007 Low 2022 Most Likely 2022 High 2022

ExcludingWindTunnel and IRR

Flight Test Development NPV at Baseline IRR ($mil)

as % A/C Price

Total Cycle Time

Including WindTunnel and IRR

Flight Test Development NPV at Baseline IRR ($mil)

as % A/C Price

Total Cycle Time

8.26% 8.30% 8.45% 8.63% 8.74% 8.86%

60.087 71.165 116.677 172.097 203.146 238.278

0.08% 0.10% 0.16% 0.24% 0.29% 0.34%

70 70 68 65 64 63

8.79% 9.15% 9.51% 10.66% 11.46% 12.13%

217.146 316.497 413.011 697.458 872.115 1,001.199

0.31% 0.45% 0.58% 0.99% 1.23% 1.41 %

63 59 55 42 36 30

Estimated IRR's and Development Cycle Times for 150-Passenger Aircraft

Baseline: IRR = 7.98%, Total Cycle Time = 72 Months, A/C Sold = 800 @$46.308 Million

Low 2007 Most Ukely 2007 High 2007 Low 2022 Most Likely 2022 High 2022

ExcludingWindTunnel and IRR 8.20% 8.24% 8.40% 8.62% 8.75% 8.89%

Flight Test Development NPV at Baseline IRR ($mil) 39.973 48.383 76.298 114.737 137.015 160.614

as % A/C Price 0.11% 0.13% 0.21% 0.31% 0.37% 0.43%

Total Cycle Time 70 70 68 65 64 63

Including Wind Tunnel and IRR 8.75% 9.13% 9.50% 10.72% 11.60% 12.36%

Flight Test Development NPV at Baseline IRR ($mil) 135.485 196.699 255.813 431.186 541.475 625.960

as % A/C Price 0.37% 0.53% 0.69% 1.16% 1.46% 1.69%

Total Cycle Time 63 59 55 42 36 30

Estimated IRR's and Development Cycle Times for 100-Passenger Aircraft

Baseline: IRR = 7.96%, Total Cycle Time = 72 Months; A/C Sold = 800 @$38.170 Million

Low 2007 Most Ukely 2007 High 2007 Low 2022 Most Likely 2022 High 2022

ExcludingWindTunnel and IRR 8.19% 8.25% 8.41% 8.64% 8.79% 8.94%

Flight Test Development NPV at Baseline IRR ($mil) 36.476 44.817 69.202 103.519 124.552 145.779

as % A/C Price 0.12% 0.15% 0.23% 0.34% 0.41% 0.48%

Total Cycle Time 70 70 68 65 64 63

Including Wind Tunnel and IRR 8.76% 9.15% 9.54% 10.80% 11.72% 12.54%

Flight Test Development NPV at Baseline IRR ($mil) 119.028 172.762 224.200 376.637 473.939 548.569

as % A/C Price 0.39% 0.57% 0.73% 1.23% 1.55% 1.80%

Total Cycle Time 63 59 55 42 36 30

As would be expected, the summed total of the individual impacts was greater

than the grouped impacts shown in the table. The ratio of the grouped total to the

individual summed total was then used as a scaling factor to reduce the estimated

individual estimates so that their sum total would exactly equal the grouped total.

These scaled results for individual NASA programs are shown in Figure 6-3.
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Figure 6-3. Scaled Impacts on Cycle Time of Individual NASA Programs

(300-Passenger Aircraft)

PROGRAM ELEMENT SUBELEMENT TECH NUM TECH NAME
2007 - Most Likely 2022 - Most Likely

[Test Engineering OnlyTest Eng and Dev Test Engineering OnlyTest Eng and Dev

Coupled

Multidisciplinary
Simulation and

522 11 71 2 Optimization 0.0 0.0 0.0 0.0

Semi-span test

522 11 81 2 techniques 0.7 3.2

Ground-to-Flight

Performance

522 11 81 3 Prediction 0.0 4.0 0.0 2.5

Subsonic High-Lift
522 31 61 1 Prediction 2.0 9.0 1.5 5.7

Airframe Noise

522 31 61 2 Prediction 1.5 5.7

Computational

522 31 81 1 Aeroelasticity 1.5 6.9

CFD for Stability
522 31 81 2 and Control 1.5 6.3

538 14 0 1 Airframe Methods 1.5 5.7

Icing Simulation -

548 20 23 1 CFD Development 0.0 0.0 0.0 0.0

Aircraft Icing

Effects - Tailplane

Icing Program

548 21 23 1 Phase II 0.0 0.0 0.0 0.0

System s Approach
to

577 50 10 1 Crashwodhiness 0.0 0.0

Sum of marginals 2 13 8 36
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Chapter 7

Conclusions and Recommendations

This analysis was undertaken with the goal of examining commercial aircraft de-

sign cycle processes and identifying techniques and factors that may lead to future

reductions in overall design cycle times. A complementary goal of the analysis

was to examine how NASA's present research efforts may affect the design cycle.

The current NASA Airframe Development Cycle Time Reduction Goal is 50 per-

cent by year 2022. The goal is not achievable based on the program analysis done

by the LMI/GRA team. It may very well be the case that the program technology

progress factors, as determined by the NASA experts were understated. If that is

not the case, then the current roster of NASA Cycle Time Reduction programs

need to be reexamined. Programs which duplicate the reductions of others should

be replaced with other programs that offer non-duplicative reductions. In addi-

tion, new programs targeting a specific part of the cycle can be developed, as well

as developing programs based on implementing best standards and practices.

Chapter 2 of the report provided a review of the literature and economic theory

relevant for the aircraft manufacturing industry. In economic terms, the conven-

tional view is that the industry has evolved into a duopoly, with Boeing compet-

ing against Airbus. This view must be modified somewhat, when considering

certain segments of the industry; in particular, the growing demand for regional

jet aircraft has led other smaller firms such as Bombardier, Embraer and Fairchild

to enter the market and develop competitive products. Market

demand and cost characteristics for the regional jet market are quite different than

those for larger aircraft, and so the characteristics of the design cycle may also be
different.

For this report, we have focused on design cycles that are relevant for larger (

more than 100 seats) commercial aircraft. For this segment of the market, the du-

opoly characterization is appropriate. As discussed in Chapter 2, a number of eco-

nomic factors affect the characteristics of the competitive environment in a

duopoly; these include the nature of product differentiation, the rate of techno-

logical innovation, economies of scale, and government policies (including subsi-

dies, loan guarantees, spinoffs from military research and development, etc.). All

of these factors have had influences on entry and exit decisions in the industry, as

do the high barriers to entry that characterize the industry. This in turn has im-

pacts on the design cycle, as investments in cost (and time) saving innovations in

a duopoly market will occur when the private benefits are expected to exceed the

private costs. This occurs despite the fact that the resulting competitive advantage

(and profits) may be competed away over time as the other firm "learns" or imi-

tates the innovation for its own competitive purposes.
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Chapter 3 of the report discussed the revised NASA design and development cy-

cle analysis prepared in 1998. This analysis provided a useful starting point for

modeling that broke down the design cycle into five sequential phases:

• Early configuration and market analysis,

• Product definition,

• Detailed structural, systems, and process design,

• Fabrication, assembly, and testing,

• Flight testing.

Interviews with two major aircraft design groups were held to confirm and refine

the design cycle elements and times used in the base NASA model. These inter-

views essentially confirmed the validity of the basic NASA structure, although it

was suggested that an additional phase involving tooling, facilities, and industrial

equipment development could be added between Phases 3 and 4. A general theme

common throughout the interviews was that the design cycle is entirely different

for new products as opposed to derivative ones.

The interviewees also provided important guidance on likely areas of cycle time

reduction efforts over the next several years. Four major target areas were identi-
fied:

• Reducing engineering man-hours,

• Reducing tooling hours,

• Reducing test activity, and

• Implementing process and information technologies.

A particularly important aspect of realizing the benefits of cycle time reductions

relates to learning economies, which can have significant impacts on production

costs and economic profits. Chapter 4 of this report discussed a simplified ap-

proach to examining learning economies in a dynamic framework. An essential

feature of this analysis included an explicit assumption that learning economies

depreciate over time when they are unused. This implies that it is important for a

firm to maintain a constant or increasing rate of production over time in order to

benefit from the decreased unit costs resulting from learning economies.

This has important implications for aircraft design cycles; the empirical simula-

tions described in Chapter 4 showed that even small variations in production rates

(especially in early years) can have dramatic effects on realized learning econo-

mies, and hence on net profits. This has important implications for reductions in

design cycle times. In particular:
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Conclusions and Recommendations For Future Analysis

Getting to market earlier means that the company will have more opportunities to

dominate a particular market segment before a competitor can react. If a company

can lock in more customers, it has a better chance of both producing more units

and smoothing the production run over the product's lifecycle and thereby realize

its learning economies.

By getting to market faster, the forecast for the product and the expected profit-

ability of the program are more likely to be realized. Clearly a company will

know more about a market a year from now than it will about the same market 5

years from now; the opportunity to reduce its market risk exposure is one of the

chief benefits of reducing design time.

Chapter 5 presents a framework for the analysis of CTR derived benefits.

NASA's current Airframe Development Cycle Time Goal is a 50 percent reduc-

tion in cycle time. This Goal, if achievable today, would translate into

(a) a 25% decrease in Product Cost

(b) a 61% decrease in Development Program Expense

(c) a 36% increase in Sales dues to both increased demand from lower price

and market share theft from early market entry.

For the airframe manufacturer the analysis is straightforward. CTR programs are

designed to deliver aircraft faster and cheaper. The specific programs are de-

signed to

(a) reduce engineering work-hours,

(b) reduce tooling hours,

(c) reduce test time, and

(d) introduce process control and information technology throughout the
firm.

The purpose of these programs are to

a) reduce non-recurring costs,

b) reduce learning curve,

c) reduce first production unit cost, and

d) increase the production build-up rate.

At the operational level, the results of successful CTR strategies show up as

a) decreased production development time,

b) lower production costs,

c) increased sales, and

d) decreased in development program expense.

At the level of the firm these translate into increased cash flow, additional profits,

and increased shareholder value.
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ForNASA andthegeneralpublic, thebenefitsarethosederivedfrom themanu-
facturerssuccessfulimplementationof a CTRprogram. At theprimarylevel
therearethesetof technologiesimplementedby themanufacturersthatcanbe
modifiedandtransferredotherindustries.In addition,therearethestandardbene-
fits derivedfrom ahealthycivil aerospaceindustry:additionalaircraftsales,addi-
tionalmanufacturingandairlineindustryemployment,andthesubsequent
economicrippleeffects. The secondaryeffectsincludetheintroductionof new
aircraftandreplacementof old ones.Theseeffectsarelessair andnoisepollution
aswell asaddedsafetyin thecommercialfleet.

In Chapter6 attentionwasturnedto NASA's TailoredCostModel (TCM). TCM
is anin-housecomputermodelusedby NASA thatanalyzestheeconomicsof de-
velopingnew commercialaircraft. Thischapterdescribedthenew capabilities
thatwereaddedto themodel,including theincorporationof a dynamictime di-
mensionandthe additionof asimpleinputform to allowusersto analyzethetime
andcashflow effectsof changesin specificcomponentsof thedesigncycle.

Chapter6 alsopresentedestimatedresultsfrom employingtherevisedTCM to
measuredesigncyclebenefitsof variouscurrentNASA programs.UndertheYear
2007scenarios,manufacturerratesof returnincreasefrom around8percentto the
8.5-9.5percentrange,andoveralldesigncycle timesdecreaseby anywherefrom
2 to 17monthsfrom thebaselinelevelof 72months.UndertheYear2022sce-
narios,muchgreatersavingsin wind tunnelandflight testingcostsareassumed;
thisresultsin ratesof returnreachingover12percentandoverall designcycle
timesdecreasingby asmuchas42months.

Overall,theeffortsundertakenin thisprojectshouldprovideasolid framework
for furtherempiricalanalysisof aircraftdesigncycles.Theresultsfrom Chapters
4, 5, and6 in particularsuggestthatfurthereffortsto improvetheTCM or other
empiricalmodelsof thedesigncycleshouldaddressimportantfeaturessuchas
theimpactof learningeconomies,demandandproductionuncertainty,critical
pathanalysis,andthecombinedinteractionof different researchprogramswhose
effectsmayoverlapwith eachother.
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Appendix A

Design Cycle Goals for the NASA Systems Study

This questionnaire was provided to the two aircraft manufacturers design groups.

Note: Two primary data sources used to develop this questionnaire:

a) 1998 NASA Systems Study

b) Boeing deliverable to an AST contract

• Published reports of 777 development schedule

more relevant for new (as opposed to derivative) design cycles

RECONFIRM THE GENERIC DEVELOPMENT CYCLE

Generic Five-Step Process:

• Early Configuration and Market Analysis

• Product Definition

• Detail Design

• Fabrication, Assembly, and Testing

• Flight Testing

Is the above generic process a reasonable way to characterize aircraft develop-

ment cycles?

Are you familiar with any other generic structures?

Are the differences because of age of the design or aircraft style and what are

they?

How have the lengths and costs of each of the phases changed over time?

How and what are the changes in the phases you expect to see in the future?

What will be the desired effects? Are they likely to get them? And at what cost?

What processes need to be redesigned?
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Whatprocessescanbeeliminated?

Is theNASA Frameworkapplicableto this finn or aircraft?Why or whynot?

Early Configuration and Market Analysis -- 12 Months (Only

Loosely Discussed In NASA)

• Identify customer/product needs

• Manufacturer/customer interactions

• Design and tradeoff studies to identify range/payload parameters

• Market analysis -- potential market size, likely customers, price ranges.

What else is going on in here besides manufacturer and customer iterations over

range-payload designs?

Over time, how has this process been changing?

Where can improvements be made to shorten it? Say, decreasing response time

between iterations? Multiple designs, contingent designs? Wider range of initial

range-payload options? Seller or third party financing already in place?

What are the costs, benefits, and the effects on timely completion arising from

these suggestions?

On average, or by specific aircraft, how much is spent in this phase?

How have customer/product needs been identified in the past? Specifics by air-

craft type?

What is the nature of customer involvement in:

new versus derivative decisionmaking?

range/payload parameters (bottom line minimums or maximums) ?

engine choices (new versus derivative)?

What types of costs are involved?

Marketing staff

Engineering

Design studies

Paper/computer drawings
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Design Cycle Goals For The NASA Systems Study

Other (e.g., engine analyses?)

Do costs vary by level of customer involvement or who the customers are?

Are formal design studies undertaken during this phase? How does this vary de-

pending on new versus derivative?

If so, how many iterations are typical? How does this vary depending on new
versus derivative?

How have advances in CAD/CAE affected initial design times and costs? Are

additional important changes expected in the future?

Do unit costs of these studies decline as the number of iterations increases?

How is market analysis carried out? Projections of air travel demand, fleet sizes,

other existing aircraft sales, market size for specific aircraft being considered?

High/low ranges?

Are all likely potential customers contacted, or does analysis rest on a few

large/important customers?

In general, is market development an ongoing process that could or should be

separated from the rest of any specific design cycle?

Is launch decision always the breakpoint before going on to product definition?

Product Definition--24 Months

• Contains all preliminary design needed to develop a fixed mold line

• Three consecutive design]wind tunnel cycles, each 8 months:

Cycle #1 typically fails to meet performance or handling objectives

Cycle #2 meets performance objects, but typically fails handling ob-

jectives

Cycle #3 meets performance and handling objectives

• Re-evaluation and configuration update performed at end of each cycle

• Each cycle consists of four parallel wind tunnel models that go through

design and testing:

High-speed aerodynamics (cruise)

Low-speed aerodynamics (takeoff/landing)
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_.- Stabilityandcontrol

_'- Loads.

How accurateis this generalstructure?

Doesnumberof cyclesevergobelowor abovethree? Doesit dependonnew
versusderivative?

How muchplay is therein the 8-monthtimefor eachdesigncycle? Are thererea-
sonsfor goinglonger/shorter,or is it all re-evaluatedin realtime?

Arethefour wind tunnelmodelsbasicallyindependent?If no,what is thenature
of the overlap?

Aretherecostdifferencesamongthefour?

Do all four haveto becompletedbeforestartinganothercycle?

Whichamongthefour aremost/leastvariable?Whichhavethegreatestpotential
for time/costreductionsin thefuture?

How hasthestructurechangedovertime?Hasit beenshortenedor lengthened?

Cananyof thesetasksbeperformedvia computerratherthanthephysicaltest?

Whatnewtechnologyor informationis neededto deleteatest?

Cantestsbeperformedconcurrently?

Is thereafiner level of detailor subphasesto this stage?If so,whatarethey?

Whatareyoursuggestionsasto how thisphasecanbeshortenedandimproved?

Computers?

CAD/CAM?

Concurrent?

Fasteriteration?

Whatarethecosts,benefits,andtheeffectson timely completionarisingfrom
thesesuggestions?

Detail Design (18 Months)

• Contains all design needed to go from mold line to cutting metal
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Design Cycle Goals For The NASA Systems Study

How are the design plans broken out?

tems, such as

• Fuselage,

• Wings,

• Landing gear/Tail/Rudder,

• Flight controls -- internals vs. surfaces/attachments,

• Fuel system,

• Nacelle/Pylons,

• Electrical system and wiring,

• Cockpit,

• Cabin.

What is the nature of the costs associated with this design step?

What cost items can be broken out?

Final loads determined within first 9 months

Primary driver is creation of manufacturing drawings and their relation-

ship with each other, which entails detailed structural analysis.

By aircraft system? Identify major sys-

How much of the work (time/cost) is involved in integrating the systems to ensure

design compatibilities?

Which systems take the longest to design? Does it vary by aircraft or by new ver-
sus derivative?

How are certification requirements incorporated into design?

What is the nature of simulations undertaken at this stage?

How are manufacturing processes and logistics incorporated at this stage?

Where is the greatest potential for time savings? For cost savings?

Fabrication, Testing, And Assembly (30 Months)

• Component fabrication

• Major assembly
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• Staticandfatiguetesting

• Systemsintegration

• Softwaredevelopment

• Trainingandsupportservicesdevelopment

• Endresultis first unit of productionthat will enterflight testing.

Is this anaccurategenericdescriptionof the subitemsinvolvedin thisdesign
step?

Wheredoeachof theseindividual componentsappearon thetime line? How
doesthis dependonwhethertheprogramisnewversusderivative?

To whatextentaretheseactivitiesconcurrentwith eachother?(Fabrica-
tion/assemblyis obviouslynot).

Wheredoesthetestingcomein? Which itemsinvolve testingafterfabrication?
Whichafterassembly?How doesthisdependonwhetherprogramis newversus
derivative?

Overallcostsfor thisstep?Costestimatesfor eachcomponent?

Whereis thegreatestpotentialfor time savings?For costsavings?

Is thereafiner level of detailor subphasesto this stage?If so,whatarethey?

Whatareyoursuggestionsasto how thisphasecanbeshortenedandimproved?

Computers?

Concurrent?

Fasteriteration?

Whatarethecosts,benefits,andtheeffectson timely completionarisingfrom
thesesuggestions?

Whatarethelikely effectsontheFAA Certificationprocess?

Flight Testing (12 Months)

Required for certification

In general and by aircraft type, what is the time length spent in flight testing?

What is the cost? Total and by time outlay?
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Design Cycle Goals For The NASA Systems Study

How has it changed over time? Has it been shortened or lengthened?

How has the computer cut costs and time? Will it continue to do so?

How much of this can be done by computer simulation?

How much of this is pilot ego?

Is there a finer level of detail or subphases to this stage? If so, what are they (are

they checking out particular systems on a particular flights)?

What are your suggestions as to how this phase can be shortened and improved?

What are the costs, benefits, and the effects on timely completion arising from

these suggestions?

What are the likely effects on the FAA Certification process?
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Appendix B

Tailored Cost Model

The Tailored Cost Model (TCM) was developed by Greg Bell. A version of TCM

was made available to NASA under contract with McDonnell Douglas Aerospace,

led by Mr. Bell. Over a period of years, TCM was developed to provide a mecha-

nism for creating independent cost estimates; these could be used to provide

"should cost" targets for functional organizations, or to support conceptual design

studies. This is a parametric model that relies on historical relationships between

cost and one or more independent variables that characterize system size, per-

formance, scope, or complexity. The cost elements shown in Table B-l, form the

basis of estimate for the program acquisition phase of the life cycle cost.

Table B-1. TCM Cost Element Breakdown

Cost Element Remarks

Material Equipment

• High Value Equipment

• Manufacturing Material

LABOR

• Engineering

• Test Engineering

• Development

• ILS Engineering

Engines/Avionics

All other material and equipment items

Design, Technical Staff, Liaison, Administration & Project
Engineering

Flight/Ground Test Engineering

Test and Mockup Technicians

Maintenance Engineering, Support Equipment Design,
Training, Publications

• Manufacturing

• Manufacturing Support

• Quality Assurance

• Tooling

• Project Management

Other Direct Costs

Factory Labor (Touch Labor)

Industrial Engineering, Scheduling, & Factory Management

Inspection & QA Management

Manufacturing Methods, Tool Design and Fabrication

Project & Business Management

Travel, Overtime Premium, Other
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NON-RECURRING ENGINEERING

The aircraft system's nonrecurring engineering is modeled within three basic sub-

groups:

Design Groups: These groups develop concepts, layouts, and detailed de-

signs for structures, power plant, and various fixed equipment, avionic,

and armament installations. Their efforts are modeled using weight de-

pendent CERs. Software engineering is also modeled as a design group

using lines of deliverable code as the CER driver.

Technical Staff/Systems Engineering: These groups perform analyses that

verify and validate the aircraft system designs and include aerodynamics,

thermodynamics, loads, stress, flutter, vibration, guidance and control, and

weights. System level design integration, engineering simulation, and reli-

ability/maintainability engineering groups are also included. Conventional

technical staff and systems engineering effort is modeled as a function of

total design activity.

Administrative/Management Engineering: These groups include drafting,

configuration management, specification and process engineering, project

engineering. The effort covers the management and control of the engi-

neering design process and its documentation; it is modeled as a function

of total design activity.

MOCKUP, TEST, AND DEVELOPMENT

The principal cost elements associated with test and mockup activity are test en-

gineering and development labor. Test engineers are responsible for defining test

requirements, designing test rigs and instrumentation, supervising the conduct of

tests, data reduction, and the preparation of summary reports. The development

shop builds test rigs and instrumentation, installs instrumentation into test articles

supplied by the factory, sets up and performs the tests, and tears down the rig after

test completion. The development shop is also responsible for building mockups.

Class I mockups may be fabricated from wood and other inexpensive materials.

Class II mockups may use actual aerospace hardware and may be used to define

harness, tube, and ducting interfaces. Ground test, flight test, and mockup activi-

ties are modeled separately, with CERs for each engineering and development
effort.

Structural Tests: The aircraft structures are subjected to static and fatigue

tests to validate ultimate strength and vulnerability to vibration and cyclic

loading.

• Subsystem Qualification Tests: New/peculiar subsystem equipment will

require qualification and miscellaneous ground testing (Shake/Bake/etc.).
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Tailored Cost Model

Certain components may require environmental testing. Special functional

rigs or bench testing (including an "iron bird" flight control rig) may be

required.

Wind Tunnel Tests: Wind tunnel tests place instrumented subscale models

representing the aircraft into wind tunnels optimized for high speed or low

speed aerodynamic evaluations. Wind tunnel test algorithms use tunnel

occupancy hours as the independent variable.

Software Integration Testing: A functional test bench is created to inte-

grate software items and evaluate functional performance. Individual

computer software configuration items are integrated to form the system.

The system is tested to ensure that timing and memory constraints are sat-

isfied, and that logic, interfaces, and protocols are correct.

Flight Tests: Flight test activity is necessary to verify the performance of

the integrated system. Flight test engineering covers the selection and de-

sign of instrumentation, data collection and analysis, and the presentation

of findings. Development includes instrumentation fabrication and instal-

lation, servicing and maintenance of systems under test, and certain test

activities such as ground vibration surveys. The flight test CERs use air-

craft hours as an independent variable. The number of test flight hours for

each element or subphase of the flight test program is estimated using

historical development experience.

NON-RECURRING TOOLING AND FACTORY TEST

EQUIPMENT

Tooling labor includes efforts to design and fabricate tooling hardware, develop-

ment of numerical control programs, and creation of operation sheets and manu-

facturing methods.

The aircraft manufacturer's tooling consists of three principal kinds:

• Tooling associated with fabrication of primary and secondary airframe

structures, such as wings, bodies, and empennage, etc.

• A family of tools needed to fabricate system provisions, such as tubing,

electrical cables, and structural interfaces.

A family of tools needed to integrate, assemble, and checkout the com-

plete aircraft system. Included in this population are checkout and han-

dling items designated as factory test equipment. These often resemble

ground support equipment in form and complexity.
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General purpose equipment such as Gerber cutting centers, milling machines,

lathes, autoclaves, and DIT-MCO type systems are classified as capital equip-

ment, and are not included here. TCM estimates a project's non-recurring tooling

and factory test equipment by utilizing a series of weight dependent CERs.

BASIC FACTORY LABOR

Basic factory labor (also called touch labor) includes manufacturing efforts and

processes required to fabricate, assemble, and install aircraft system elements.

Also included are efforts to integrate and checkout supplier-furnished equipment.

TCM uses a series of weight-dependent CERs to estimate factory man-hours for

an idealized first unit (called T1). Factory effort to produce subsequent units is

estimated by applying learning curves. Where large numbers of units are pro-

duced, the learning slopes tend to flatten for later production lots. The slopes are
based on historical observations.

Learning Curve-is a measure of the improvement in productivity brought about

by increased experience and skill levels. Historical data shows an improvement in

direct workhours per pound of airplane against the cumulative number of planes

produced for eight types of fighters produced by four manufacturers in World

War II. When plotted in log-log form, a straight line results. This relationship can

be depicted by the following equation.

EN = KN s [Eq. B- 1]

Where:

E N is the effort per unit of production required to produce the Nth unit.

K is a constant, derived from the data at hand, that represents the amount

of theoretical effort required to produce the first unit (TFU).

s is the slope constant, which will always be negative because increasing

experience and efficiency leads to reduced effort on a given task.

Every time cumulative production is doubled, the effort per unit required is a con-

stant 2 s of what it had been. It is common to express the learning curve function

of the gain for double the production. Thus, an 85 percent learning curve function

means it requires only 85 percent as much effort to produce the (2N)th unit as it

did to produce the Nth unit.

If the percentage learning ratio is designated as Lp, the relationship between it and

the slope is

--S--
2 - log L

g

log 2 [Eq. B-21
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Tailored Cost Model

For the total effort required for N units from 1 through N, the cumulative effort,

T., is

N

T 1 = }-_En [Eq. B-3]
1

The learning curve methodology in TCM relies on the use of the Wright curve

approximation for this summation. Total hours for a given number of units is cal-

culated using the following equation:

T1 [(N + 0.5)1+B _ (0.5)1+B ]
rn = 1+------B [Eq. B-41

Where:

Tn = Total manufacturing hours, N units

T1 = Manufacturing hours, unit 1

B = (Log slope)/(Log 2)

This approximation improves as N increases.

Integrated Logistic Support (ILS) and Support Investment

Non-Recurring

Integrated Logistic Support is a collection of efforts and products, including plans

and analyses, hardware of various types, software and documentation, and serv-

ices. The cost model develops ILS labor costs in three categories:

• Plans and Analyses: These occur during Full-Scale Development and in-

clude the following subtasks:

_- Maintainability Analysis

_- Reliability Analysis

_'- Maintenance Planning

_- Repair Level Analysis

_- Identification of Ground Support Equipment items

_- Plans and Concepts for Provisioning, Publications, Training Systems,

Site Activation, and Personnel Skill Requirements.
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Theseengineeringeffortsareestimatedasafunctionof thetotalnonrecurringen-
gineeringeffort.

FlightTestSupport:This workelementoccursduringtheFSDflight test
activity, andincludesfield servicemaintenanceandsupplysupportactivi-
ties.Thelabor is estimatedasafunctionof total flight testengineering
hours.

• ILS CommoditiesNonrecurring:This activity includesformaldesignand
developmentof ILS hardwareandsoftwareasfollows:

_- Organizational,Intermediate,andDepotGSE

_- Developmentof TrainingCurriculumandDesignof Training

_- Equipmentfor OperationandMaintenance.

_- Preparationof TechnicalPublications,ProvisioningData,andother
deliverablelogisticsdata.

Theestimatefor serialproductionof GSEitems,productionof trainingequipment
suchasmobile trainersandsimulators,andtheproductionof initial sparesis pro-
videdseparatelywithin aSupportInvestmentcostsummary.Smallcostsarealso
includedfor themaintenanceanddistributionof technicaldata.ILS commodity
costsareestimatedasafunctionof total aircraftproductioncost,baseduponhis-
torical supportinvestmentsfor similar systems.

Support Labor And Program Management

The aircraft prime contractor/system integrator's support labor includes liaison

and sustaining engineering, manufacturing support, quality assurance, and tooling

maintenance and repair. Support labor efforts are developed by applying factors to

factory, development, or tooling labor hours. Representative factors are shown in
Table B-2.

Table B-2. Support Labor and Program Management Factors

Support labor element

Engineering liaison

ILS sustaining

Manufacturing support

Quality assurance FSD

Quality assurance production

Tooling maintenance and repair

f(Factory Mhrs) f(Development Mhrs)

.080

.020

.120

.150

.150

.120

N/A

N/A

.010

.113

N/A

.022

f(Tooling Mhrs)

N/A

N/A

.050

.055

N/A

N/A
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Tailored Cost Model

Program Management depends on the total number of prime contractor/system

integrator in-plant labor hours. The cost model uses a program management factor

of 4.5 percent for the RDT&E phase and 3.3 percent for the production phase.

The size of the program determines the relative magnitude of program manage-

ment effort required.

Material and Equipment Costs

Material costs include the raw materials, castings, forgings, and purchased parts

required to fabricate and assemble aircraft systems and structures. Also included

is a population of tubes, wires, connectors, shelves, and assorted items required to

fabricate and assemble installations or provisions for the aircraft subsystems.

Equipment items include propulsion systems, flight controls, avionics, electrical

components, APUs, environmental systems, landing gear, instruments, furnish-

ings, and numerous other purchased items.

Supplier Non-recurring: Non-recurring costs are parametrically estimated

using weight- or thrust-dependent CERs. The percentage of new design is

used as a simple complexity adjustment for off-the-shelf or derivative

cases. Supplier non-recurring costs are included in the full scale develop-

ment program, and may also cover the cost of production line rate optimi-

zation.

Theoretical First Unit (TFU) Costs: First unit raw material costs are para-

metrically estimated using weight dependent CERs. The CERs are derived

from the cost of applicable raw materials per pound and historical usage

factors (buy-to-fly ratios) associated with the manufacturing processes.

Cost Curve Calculations: TFU costs are used for cost improvement curve

analysis. Off-the-shelf items are cost-curved based upon the total number

of units previously delivered. The cost curve methodology relies on the

use of Wright curves. Total raw material cost for a given number of units

is calculated using the following equation:

TFU [(n + 0.5) I+B -(0.5) I+B ] [Eq. B-5]-

Where:

TRMcosf = Total Raw Material Costs, n Units

TFU = Theoretical First Unit Material Cost

B = (Log Slope)/(Log 2)
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The cost curve slopes used for these calculations are quite flat; initially 92 per-

cent, quickly transitioning to 95 percent. The fundamental basis for such im-

provement is gradual reduction in rework, improvement in usage experience due

to process review, and improved material price due to increasing purchase quanti-

ties as the production rate accelerates.

The summary of the TCM cost elements is shown in Table B-3. The correspond-

ing labor rates are shown in Table B-4 and the inflation factors are shown in Ta-
ble B-5.

Table B-3. Summary of TCM Cost Elements

_ IRI_IBff NR

Manufac_ing Ma_ed_s

_ e_pme_

X

X X X

Engineaing

Test En_needng

Devdqom_

ILS Ercjimedng

eanufactudng

emufactudng Sqop_t

Gu_Ry _axance

Tooling

Program _moj_ert

RDT&E R:iOBJ_ON

& "lEST NR FSDPSIJI=R_RA'IEPR_I=ROG

DEV ,NIT TCX_ _C ILS I_T TOOL _C I_T

F F _ F FX

F

F F FX

X X

X

X

O_-IB_ DIRECT (_151_ F F F F F F

[] - _cdly generated esSmate

F - Factor generatedesgnla_e

m F

IBX

F F F F F F

F F F F F F

F F _ F FX

BCiB BCiB

F F F F

SUPPORTINVESTMI_IT

PGSE "IP_N SP_:IES DATA

SUPPORT INVES_B_ C(_TS AFE

E_ M_'I__D,_SFUNC'nONS OF

PFIODUC'nON FLAWAYCOSTS

Table B-4. Hourly Labor Rates in 1989 dollars

Category Rate

Project Management

Engineering

Test Engineering

Logistics

Quality Assurance

Manufacturing Support

Tooling/Manufacturing Engineering

Development

Manufacturing

90

85

82

78

54

52

52

48

48
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Tailored Cost Model

Table B-5. USAF Raw Inflation Index--Base Year1989

Fiscal year Inflation factor

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

0.811

0.860

0.907

0.952

1.000

1.040

1.085

1.115

1.145

1.1 74

1.207

1.240

CASH FLOW FINANCIAL ANALYSIS

Cash Flow--Measures the flow of funds into or out of a project. Funds flowing

in constitute positive cash flow; funds flowing out are negative cash flow. From

an accounting point of view, cash flow is defined as:

Cash flow = net annual cash income + depreciation

One might consider cash income as "real dollars" and depreciation as a book-

keeping adjustment to allow for capital expenditures. A simple example is shown
in Table B-6.

Table B-6. Simple Cash Flow Sample

1. Revenue (over 1-yr. period)

2. Operating costs

3. Gross earnings (1) - (2)

4. Annual depreciation charge

5. Taxable income (3) - (4)

6. Income tax (5) x 0.34

7. Net profit after taxes (5) - (6)

8. Net cash flow (after taxes)

(7) + (4) = 52,800 + 60,000

$500,000

360,000

140,000

60,000

80,000

27,200

52,800

$112,800

Discounted Cash Flow--An investment analysis that compares the present worth

(value) of projected receipts and disbursements occurring at designated times in
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the future to estimate the return from the investment or project. Also called Dis-

counted Cash Flow rate of return; Interest rate of return; Internal rate of return;

Investor's method; or Profitability index. This method finds the rate of return that

makes the present value of all receipts equal to the present value of all expenses.

When profitability is measured by the DCF rate of return, the inclusion of the in-

flation rate results in an effective rate of return based on constant-value money.

To a first approximation, the DCF rate of return is reduced by an amount equiva-

lent to the average inflation rate.

Rate of Return--Rate of return is widely accepted index of profitability. It is de-

fined as the interest rate that causes the equivalent receipts of a money flow to be

equal to the equivalent disbursements of that money flow.

In TCM a financial analysis for the project is performed, using the parametric cost

estimate values as the basis for expenditures and a "floated" market price to de-

termine revenues and derive a viable price for the desired aircraft manufacturer's

internal rate of return. A graphical example is shown in Figure B- 1. Figure B-2
shows the cash flow over time.

Figure B-1. Graphical Internal Rate of Return Example
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Tailored Cost Model

Figure B-2. Sample Cash Flow of an Aircraft Manufacturer
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Present Value Method -- In this method the object is to determine the future

cash flows and discount these at an appropriate rate of return to obtain the net pre-
sent value.

_-, (Ri-C,)-tc(R,-C,-D,)
NPV

O+kj
SV- tg(SV - BV)

+ -A-W+I [Eq. B-6]
0+k)

Where:

NPV=

A =

W =

I =

SV =

BV =

tg =

Ri =

Ci =

net present value expected from purchase of the aircraft

purchase price of aircraft

additional working capital needed (spare parts, inventory)

Investment tax credit (if airline shows profits)

salvage value of aircraft at the end of period n

book value of aircraft at end of period n

tax rate applicable to the capital gains realized by the cartier

revenue realized from use of aircraft in period i

costs (operating, insurance, administrative, etc.) allocated to the

aircraft in period i
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Di = amount of aircraft depreciated in period i

tc = tax rate applicable to the carrier

n = length of period considered

k = appropriate discount rate (the after-tax cost of capital, a weighted

average of cost of debit and cost of equity).

If the net present value determined from the equation is greater than zero, then the

decision to purchase the aircraft is valid. By this technique, the expected cash flows

(both + and -) through the life of the project are discounted to time zero at an inter-

est rate representing the minimum acceptable return on capital. There will be some

value of interest (k) for which the sum of the discounted cash flows equals zero;
NPV=O. This value of k is called the discounted cash flow rate or return.
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Appendix C

Economic Theory for the Civil Aircraft Marketplace

The number of sellers in the market is one of the factors that determine the market

structure. Sellers (operating in the product or output market) can range from many

to one, while buyers (operating in the resource or input market) also have the

same range. The other two market structure determinants are product differentia-

tion, or the degree to which the items sold vary by the seller and the barrier to en-

try, or the degree to which additional firms can enter the industry.

There are only four fundamental market structures as the three structural determi-

nants are not independent: Pure competition, pure monopoly, monopolistic com-

petition, and oligopoly. We will focus on the oligopoly market structure. It is

characterized by few firms, with varying amount of product differentiation and

varying degrees of difficulty of entry. By this definition, almost every industry is

an oligopoly. Therefore we will refine the definitions to limit the analysis to in-

dustries similar to the airframe manufacturing industry. Therefore, the number of

firms will range from 4 to 2; each firm will offer a differentiated product and the

barrier to entry will be high.

The competitive practices in an oligopoly, including strategy, operations, and

pricing, can be complex. One common practice is known as price leadership. Un-

der this scenario, one or more of the firms announces a price, then the rest of the

firms accept it. This can occur when one firm is more powerful than the other

firms in the industry. This is also known as "dominant firm leadership with a

competitive fringe."

A firm (or firms) can become dominant for any or all of three major reasons:

lower costs, superior products, or collusion.

Dominant firms can exist because they have lower costs. This lower cost can arise

from a variety of sources including better management, better technology, better

patents, more experience, more efficient operations, achievement of economy of

scale effects, or operating higher on the learning curve.

Dominant firms can exist because they have superior products. This superiority

can be real or it can be imagined. One firm can produce items of better quality,

durability, longer lasting, easier operation, or any other relevant physical charac-

teristic. Firms can also produce items that are perceived to be better. It can do so

based on the psychology of reputation, goodwill, or advertising.
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Dominantfirms canexistbecauseof collusion.This occurswhenagroupof firms
agreeto actcollectivelyin anynumberof critical areas.

Historyshowsthatdominantfirms donot staydominantforever.Marketshare
shrinksovertime andmovesthemarketfrom adominantfirm leadershipoligop-
oly structureto someotherone.Thishappensfor avariousof reasons.Dominant
firms cangetcomplacent,fail to offer customerstheappropriatelevel of service,
or customerdemandcanshift.Ontheotherhand,thefirms thatmakeupthecom-
petitivefringemaybringnewinnovationsandnewproductsto themarketplace.
Thecompetitivefringe, in somesense,maytry harder.In anycase,historyshows
thatdominantfirms donot remainthatway forever.

Overtime, themarketstructureof dominantfirm changes.What is of interestis
whenthatstructurechangesto aduopoly,which is whathashappenedin the large
airframeindustry.Therearethreetypesof duopolies.TheyareCartel,Cournot
andStackleberg.Theyaremosteasilydistinguishedby thepricestheychargeand
hence,theprofits theygain.Thetwo firms in a cartelsetpricesandoutputsuch
thatindustryrevenue(andprofit) is maximized.This is theequivalentof monop-
oly pricing:quantityis restrictedandthehighestpossiblepriceis charged.The
CournotDuopolyassumesthateachfirm considersthe otherschoiceof outputas
fixed.This resultsin bothahigherquantityoutputandlowerpricethanunderthe
cartelsolution.TheStacklebergDuopolyis characterizedby aleader-follower
relationship.Theleaderfirm recognizeshow thefollower firm makesits quantity
decisionsandusesthatinformationto maximizeits profits.Thisresultsin a lower
priceandhigheroutputthanundertheCournotcase.

Theprice-quantitystructureis afunctionof a setof underlyingmarketcharacter-
istics.To alargeextent,certaintypesof characteristicsdeterminethegeneral
marketstructure(monopoly,imperfectcompetition,andperfectcompetition)
while otherswill determinethespecificmarketstructure(for example,which spe-
cific typeof duopoly).Of key importanceherearethetypesandlevelsof barriers
to entry,economiesof scale,investmentstrategiesandthedegreeof productdif-
ferentiation.

Barriersto entryareindustrypracticesthatdeterminetheeaseor difficulty new
firms faceastheyenterthemarket,or asexistingfirms exit themarket.Factors
thattranslateinto veryhighbarriers(i.e.,very few newfirms areableto enterthis
typeof market),includecapitalintensiveindustrieshavinglargeadvancesunk
fixed costs,decliningaveragecosts,low volumes,high pricesandusingadvanced
technologiesareof interesthere.

Thecapitalintensitydeservesspecialmention.Firmsmustmakelargecapital
outlays,particularlyunrecoverableoutlays,in advanceof bothproductiondeci-
sionsandexpectedprofits. Thisbindingcommitmentof resourcesaffectsboththe
levelandflow of profits, andis sufficientto determostfirms from enteringsucha
marketplace.
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