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PUBLIC POLICY AND TECHNICAL PROGRESS: A CROSS INDUSTRY ANALYSIS

Richard R. Nelson
Draft )
Hay 1981 .

Chapter I: Irtroduction

This study describes the nature of the public pclicies which have
influenced the pace and pattern of technical progress in a number of
key American industries, and tries to assess the broad effects of thesz
policies. The nclicies considered of course include funding or subsidy
of certain kinds of research and developrment, but attention also 1s
directed to government procurement, policies regarding education and
training, information dissemination, patent protecticn and licensing,
and where germane, regulatory and anti-trust policies. The industries
studied are agriculture, pharmaceuticals, semi-conductors, ccmouters,
civii aircraft, automocbiles, and residential construction. These industriec
vary significantly in the pace and character of technical progress that
has been achieved, institution2l structure, and the government policies
that have had the mcst wmportant effects.

The present tire seems particularly appropriate for such a study.
When there is an active search for new poiicies and a sense of urgency
about the matter, tnere is little time or patience with broac historical
and analytic reflection. QCver the past tuo decades there have Lteen three
occasions of active oolicy interest. Cnly a short time ago the Carter admimi-
stration had a comestic policy review on industrial inncvation, in search fcr
policies that could restore America's lagsing productivity growth and inter-

national competitiveness. Nearly a aecade earlier the Nixon acdministraticn gncaged
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in a similar review of how federal policy could better spur industrial
innovation, motivated by similar concerns that America was losing her
place of technological leadership. In the early 1960s the Kennedy
administration attempted to mount a civilian technology program as part

of its package of policies to 1ift the economy from the doldrums of the
late 1960s. It perhaps is revealing that on none of these occasions

did the government agencies involved engage in thoughtful review of

past government policies that have affected industrial innovation. Indeed,
many of the documents read as if there were no such experience. Perhaps
relatedly, the arguments (pro and con) about policies tended to be giobal.
They proceeded as if structural differences among sectors in industries

of the American economy were slight, or as if feasible or appropriate
policies were indenendent of these differences. In fact, past policies
have differed significantly from sector to sector, and in ways that seem
appropriately tailored to differences in economic structures or purposes
or both. A central premise behind this study is that, if they are to be
successful, public policies to stimulate technical progress need to be
nicely tuned to the particulars of the different economic sectors.

Perhaps because there was no such historical reflection and analysis,
few of the proposals that emanated from the forementicned attempts to
formuiate a policy were presented forcefully enough to persuade both
the President and the Congress. Of those that were initiated, many
were abandoned a few years after. The present, when there is little
political pressure to find effective active policies to spur industrial
innovation, seems an appropriate time for historical scrutiny and reflection.

In treating the question of appropriate government policy to support
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industrial innovation as an empirical one we are, in effect, dismissing

as uninformed the sometimes articulated position that government involve-
ment in the innovation process is virtually always expensive folly. There -
are, indeed, many instances where government programs were just that. But,
as the case studies we present will testify, there are other instances
where the success of such programs has been outstanding. It is just this
variation that calls for analysis.

In treating the question as one warranting detailed empirical ex-
ploration, we are acknowledging, reluctantly, that the general thecretical
analyses and empirical observations of economists provide only limited
and inccmplete guidance regarding the kinds of policies that will pay off
under different circumstances. Indeed the economic literature on this
subject has grown progressively less conclusive.

A decade ago economists writing on the subject were stressing the
limits of the ability of a business firm that finances an R & D project
to appropriate and profit from the benefits that flow from that project,
and the uncertainties that often are entailed in R & D seeking major
technological advance. The former appeared to point toward the desirability
of government policy to subsidize or supplement private R & D, which,
otherwise, would be conducted at less than the socially optimal level.

The latter seemed to call for mechanisms for government sharing of risks
on large and adventuresome projects. Over the past several years
economists have come to recognize that the situation is much more complex.

In the first place, it now is better understood that the protection
of an invention by a patent or industrial secrecy leads not only to some

restriction of its use (economists long hid understood that) but also in



some cases to duplicative or near duplicative R & D efforts by firms,

which yield little net social value. This phenomenon casts doubt on the
earlier logic that unaided private enterprise will spend "too 1ittle" on

R & D, and calls attention to ineffiencies of the allocation of R & D

among different kinds of projects that the industrial R & D system will
generate. In the second place, economists now recognize better that the
surrounding efforts significantly to advance a technology call for the
exploration of a variety of different approaches without premature heavy
financial comritment to any, and warns that large scale concerted efforts
are, in general, inadvisable until the uncertainties have been significantly
reduced. Again, the policy problem is better described in terms of a
possible failure of the market to spawn the appropriate portfolio of projects
than in terms of private expenditures being too little in the absence of
government assistance.

While, a decade ago, economists tended to diverge significantly about
the appropriate roles of government in industrial R & D, there was cor-
sensus about the appropriateness, indeed the necessity, of governmental
support of basic scientific research. That consensus has not become
unglued, but it now is better recognized than earlier that the simple state-
ment masks an important policy issue. What is treated as basic research,
the proposed funding requests to be subject to peer review, the research
findings to be openly disseminated, is itself a matter ot policy choice.
While most of the R & D done by private for-profit business firms aimed
at enhancing the design of their products is going to be treated by thenm
as proprietary, and the research done on a basic theoretical problem by
a physicist in the university is going to be treated by the researcher as

contributing to public knowledge, research to improve seed varieties, or



to discover a cure for a particular disease, or to identify and measure

the properties of certain materials, may eventuate in public or propriectary
knowledge depending on who does it, the sources of the financing, and the
precise form that the findings take on. As we shall see in the

studies which follow, in several industries (agriculture, pharmaceuticals,
computers, aviation), what the government in effect did was to define
certain areas as basic, non-proprietary, and proceed to fund research in
these areas.

It also has been proposed that the government should fund R & D aimed
at meeting public sector needs, but stay out of funding R & D on private
sector technologies. This adage too turns out to provide little guidance.
Regarding needs of the public sector, the government certainly can, and in
many cases has, funded or even undertaken R & D aimed to meet thenm better.
But the fact that a demand is governmental does not automatically signal
that government R & D is needed if innovation is to occur. For many public
sectcr needs, the government has not funded signmificant R & D. In many of
these cases, private firms have funded R & D in order to create products
that governments would find attractive and wouid buy. It is interesting that,
prior to World War II, much of R & D on military aircraft was funded privately.

To further complicate the picture, often no ciean lines can be drawn
tetween a technolcgy or industry devoted to private needs, and one devcted
to public needs. The most general case is overlap. Aircraft, ccmputers,
semi-conducto- devices which are used in computers and, more broadly,
medicines, ani buildings, are inputs into both private and public sector
activity. As we shall see in the following chapters, federal support of

the development of a technology for public sector purposes often has



led to capabilities which meet private demands as well.

Similarly, economists studying the relationships between economic
structure and technological innovation, and speculating upon how the
structure-innovation links might bear on government policy, now recognize
better the complexities involved. Two decades ago the focus was on the
proposition put forth by Schumpeter, and later echoed by Galbraith, that
industries composed of large firms with significant market power tended
to be significantly more progressive technologically than
industries more atomistically organized. The implications of
the hvpothesis seemed to be twofold. First, government R & D
might be needed in industries where the bulk cf the firms were small.
Second, a tough anti-trust policy might be antithetical to technological
progress.

Empirical research has revealed a more complicated picture than
suggested by the simple Schumpeterian hypothesis. Some industries,
dominated by large firms, are not technolegically progressive. Some
industries, populated by small and medium sized firms, are very techno-
logically progressive. The early days of the semi-conductor industry
provides a good case in point. The fact that firms are small does not
automatically indicate that the industry can benefit from or even tolerate
government R & D support. While government R & D support for agriculture,
where the farms are small, is a success story, government attempts to
advance house construction technologies have not been particularly fruit-
ful. Nor does the fact that firms are large indicate that government
R & D support will not te fruitful. Aviation is a case in point.

Similarly, there are no simple implications for anti-trust policy.



Further, industry structure and character of fruitful R& D
tend to change over time. It is common , if not universal, for
new industries to begin as a collection of many small firms with important -
technological developments coming from individuals or small groups of
scientists and engineers. In many cases such an inicial configuration
tends to evolve over time into one in which viable firms are much larger,
and R & D projects muck more costly. This seems to have happened during
the 1970s in the semi-conductor inocustry. Relatedly, government policies
that are appropriate, and feasible, at one stage in an industry's history
may not be appropriate, or feasinle, at another stage.

Industry structure limits what government can do. Whether a government
policy will be effective or not depends at least as much on the changes in
the allocation of R & D it stimulates as on whether total R & D spending rises
or not. In designing a program, or in evaluating one, the allocating
mechanism is of central concern. Govermment agencies, howasver, in some
circunstances are quite constrained regarding the range of allocaticn
mechanisms they can effectively employ. In particular, there may be
limitations on the information to which public officials have access. For
example, if much of the information needed to make effective R & D decisiouns
{s proprietary, government officials are unlikely to be in a position to
make detailed judgments. And, in a large pluralistic demccracy like ours,
there also are likely to be political ccnstraints on what gcvernmenis can
do. For example, the government is likely to be attacked as unfair if
it pushes a program which cbviously benefits one part of an industry at the
expense of another part. On the other hand, where firms do not consider

each other rivals (as in farmirg, or the practice of medicine) there are



fewer constraints on governmental access and action. A public sector
mission, as in aviation, and ccmputers, also can relax constraints.

The foregoing comments were designed to help the reader of tre
following seven chapters know what to watch for. These chapters were
researched and written by the scholars who signed them. All are organized,
however, according to a common format. Each of the chapters describes the
industry in question and its evolution over time. Each chapter presents
various descriptions, quantitative and qualitative, of the technological
advances that have occurred, and attempts to trace the sources of those
advances. The particular focus, of course, is on the government policies
which have had the mest significant influence. The industries studied
and described differ significantly in all of the respects abcve.

Agriculture, or rather farming, is an industry where active government
policies to stimulate technological advance date back to the middle of the
nineteenth century. The federal-state supported experimentation stations,
and the agricultural extension services, generally are affiliated with
land grant state colleges or universities, still another government in-
vention aimed to spur productivity in agriculture. These programs have
been enormously, sometimes embarrassingly, successful. MNot so long ago
the United States felt it faced a food glut. Interestingly, the response
to that wvas to establish a food price support system, and trv to get land
out of cultivation, rather than to slow down the governmentally fashioned
engine of progress.

Pharmaceuticals is a different story, or rather a set of different
stories. Part of it is the massive government funding of bicredical re-

search and the training of research scientists, largely a post-World War II



development. Part of it is the complicated regulatory . tructure which

has evolved over the years, first to check on the safety of new pharmaceuticals
the companies proposed to put on tho market, late~ to assess the efficacy of
new drugs, increasingly, to monitor and constrain the human experimentaticn
parts of the research orocess. The stor) includes as well anti-trust
litigation, issues about patent 1ife, and about whether physicians be

requir~d to prescribe generically, as contrasted with by brand rate.

Aviation is an industry where, from the beginning, a strorg national
security interest has spilled over to facilitate the development 3f civil
aircraft as well as military. The history contains the aborted, and in
our eyes at least misconceived, supersonic transport effort, but it
contains as weil a well-conceived and effective prcgram under the Natiop~l
Agvisory Commissicn on Aerorautics, which later gave rise to NASA. C[uring
the 1520s and 1920s NACA undertook research, and testing, which playea
an extremely important role in permitting the development of the modern
passenger airliner. Also, in subsidizing the airlines (and the develco-
ment of aviation) through the Airmail Act of 1930, the government required
that airlines and airframe producers stiand as separate corocorate entities.
(Until that time there was a considerable degrez of vertical integratien.)
This structural policy has had, as we shall see, a profound etfect cn
technological advance 1n civil aviation.

Semi-conductors shares with aviation both the fact of governrent
national -ecurity interest, and the strong influences of goverr—ent policy
with respect to structure. An anti-trust consent decree kept Eell
Laboratories (wnere the transistor was invented} and western Eleciric

out of commercial production of semi-conductors, and opened up the technclogy



——

10

for anyone to use. And the semi-conductor industry, like the airframe
{ndustry, in its early days sold mostly to a government made market.

The industry benefitted greatly from the suppo;t of research {in basic
physics, and materials research, sponsored by agencies ranging from the

NSF to the DOD. Likewise, the industry was a beneficiary of a strong
federal support given during the 19€0s to advance scientific and engineering
education.

The first operational computers were developed on government contract.
The early market for computers was largely governmental. The computer
story and the semi-conductor story are, of course, closely intertwined,

But whereas, in the semi-conductor case, government policy led to an
industry consisting initially of many firms no one with a major initial
headstart over the others, in the computer case a dominar:z firm came into
teing very early in the game. Thus the computer case ty-:fies the anti-
trust policy dilemma that occurs when a firm comes to dc—inate an industry
because (initially at least) it made shrewd judgments z:zsut where the
technology and the market were going.

The automobile industry is one where the government's influence on the
evolution of technology has been indirect and, until recently at least,
unintended. At the present time the story is mainly about clean air and
safety regulation, and the effect of these on R & D incentives and con-
straints. Policies affecting gasoline prices also have been important. The
recent, and now abortled, cooperative autcmobile research program represents
an attempt to define for the automobile industry, a range of non-proprietary
research, for which federal funding would be appropriate. There are

some interesting parallels with other industries, like farming, and
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pharmaceuticals, where a similar “non-proprietary” area has been defined.

Housing, or residential construction, is a sector where, by all
measures, technological progress has been very siow. It often has been
alleged that the government, through 1ts building codes, and more recently
through other fcrms of regulation, has been a large part of the problem.
As we shall see, that is arguable. Residential construc-.-on is interesting
for our purposes largely because it is a sector where, several times, the
federal government has tried to organize an R & D support program, each
time without much success. Each time, analogies were drawn to agriculture,
but apoaren*ly the analogies were wrong, or at least incomplete. There
clearly are sone interesting 1ssues here.

But already I ar slipping over into a comparative discussion. Thre
great adwvantage c¢f collecting 2 number of different ctose studies, each
covering corparable material, 1s tnat this does permit comparison. The
concluding chapters of this volume will be explicitly comparative in
nature, and w:!1 atterpt to assess what kinds cf policies are appropriale
to what objectives and what industry structures. One corparative chapter
w11l deal with government R § D support, procurement act:vity, ara suprort
of educaticn. A second chapter will be concerned with regulation, anti-
trust, and other government policies which have 1nflugnced the structure
of industry, ard thus 1ndirectly the pace and pattern of technologica?

advance. The final chapter draws scme general lessons.
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CHAPTER II

Innovation in the Semiconductor Industry*
Richard C. levin
Yale University

Anqust, 1981

*Althougn based on the same research, this report 1s samewhat different 1n
focus fram the chapter that will actually be included in the final version
of this volume.



Innovation in the Semiconductor Industry: Is a Slowdown Isminent?

The innovative record of the semiconductor industry has been ocns of
the major success stories of the American economy in the second half of the
tventieth century. In virtually every performance dimension--speed, compu-
tational ;lpacity. zerory storage capacity, compactness of aquipment re-
quired for a given function--progress has been astounding. Perhaps none
of the oyriad statistics describing the industry's performance coaveys its
astonishing record so vividly ss a comparison made by A. Osborme (1979). He
notes that if transport technology had progressed from stagecoach to the
Concorde as rapidly as electronics technology has progressed since the
transistor, the Concorde would carry a half million passengers at twenty
nillion miles per hour at a cost of less than one cent per passenger.

Recently there have been expressions of concern that the pace of in-
novation in the semiconductor industry is likely to slacken in the near
future. In part this concern reflects a belief that the semiconductor in-
dustry will succuzb to the same array of forces which have apparently reduced
the pace of productivity grouwth across the wide spectrum of American industry.
But in considerable part concern about the future of semiconductor innovation
arises from a view that the industry is entering the mature stage of its
life cycle. In this viev the semiconductor industry is headed inexorably
down the road taken by the autorobile and steel industries, whereupon repeated
major product innovation gives way to incremental process innovation, capital
requiresents escalate, minimun efficient scale risee more rapidly than market
demand, concentration ensues, the role of small fi{rms and new entrants as a
locus of imnovation is drastically diminished, and the rate of technical

progress eventually declinas.z Oa the surface, there appears to be some
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evidence supporting this viev that the industry is approaching technological
paturity. The cost of R & D and of capital equipment has bean rising rnpldlz.
there has been substantial movement tovard vertical integration, entry bar—
riers appear to be increasing, and the technological supremacy of the U.S.
industry tss been subject to intensive competitive pressures from Japanese
firms, heavily subsidized by their govearnment.

The object of this paper is to explore the plausibilicy of the view
that the semiconductor industry is on the threshhold of a productivity slow-
down. First, data on R § D and patents will be briefly examined to see Jf
a slaclening of innovative effort is as yet perceptible. Second, the impli-
cations of changing technology for the structural evolution of the industry
will be explored, as will in turn the implications of structural change for
the likely character and pace of future innovation. Finally, I will discuss
the likely impact of a major new program of government R & D support, the
Very High Speed Integrated Circuit (VHSIC) Program of the Departnent of
Defense. In this latter discussion, I will emphasize the importance of
designing policies which can stimulate innovative performance without pro-

pelling the industry to an unnecessarily early maturity.

Recent Trends in Semiconductor Research and Developrent

A direct attempt to quantify the level and rate of change of the pro-
ductivity of semiconductor R & D is beyond the scope of this paper. As ncted
elsevhere in this volum:, the measurement of R & D productivity is an exercise
fraught with peril. In an industry like semiconductors, where firms sell nuver-
ous noo-homogenous products, where each of these outputs i{s characterized by
oultiple attributes, and where good price indices for these attributes are not

readily obtained, measurement of R & D productivicty is a task requiring
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painstaking effort and a willingness to make numercus heroic assusptiouns.

Even the available measures ¢f inputs to the innovative process are incomplate
and not sasily interpreted. In discussions with R & D managers, 1 have
learned that it is often the case that wvhat counts as one firm's R & D is
often laballed routine engineering expense by another.

Quite apart from this problem of inconsistent definition, it 1s difficult
to accurately gauge the aggregate level of innovative effort for the simple
reason that most firms do not distinguish R & D expenditures directed ex-
clusively toward semiconductor technology. Indeed, rost semiconductor R & D
is done by firms whose reported corporate R & D includes expenditures on
computer, telecommunications, or military systems technology. Nevertheless,
by pulling together data from a variety of sources, one can begir to ascertain
wvhether seniconductor R & D effort has begun to decline,

Table 1 presents several alternative estimates of industry-wide R & D
expenditures. Prior to 1972, the MNational Science Foundation reported
Televant data only at a very high level of aggregation, combining al1 R § D
expenditures o firms whose primary product was categorized by the Standard
Industrial Classification as corpunications equipment (SIC 366), electronic
components (367), or comunications services (48). 1In this broadly defined
industry, total R & D did not keep pace with the growth of sales; expenditures
declined slightly in real terms from 1968 to 1973 and declined more rapidly
thereaftes. However, the entire decline in real R & D spending is accounted
for by governnent spending. Company R & D grew in real terms through 1973,
keeping pace with the growth of sales. While the NST data do not break
down total R & D by funding source for years in the later 1970s, there is
scae indication that these trends—company R & D growing in proportion to

sales and governmeant R & D declining—continued throughout the decxde.3



Table 1

Alternative Estimates of Semiconductor R & D Expenditures

1963 1968 1973 1977
NSF: Communications equipment and
alectronic cowmponents (SIC 366, 367, 48)
Company-funded R & D ($ milliona) 564 1000 1511 —
Covernseni~funded R & D ($ millions) 1209 1538 1608 -
Total R & D (§ millions) 1773 2538 119 3549
Company-funded R & D (X of sales) 4,2 4,0 4.0 -—
GCoverument-funded R & D (2 of sales) 8.8 6.0 4.3 -
Tot.l R&D (z of ..lu) 13-0 10-0 8.3 70‘
NSY: Electronic components (SIC 367)
Cowmpany=funded R & D ($ millions) -_ -— 260 —
Covernmant-funded R & D (S millions) —_— — 146 -
Total R & D ($ millions) - — 406 151
Company-funded R & D (X of sales) - -— 3.0 -
Covernment-funded (I of sales) - — 2.3 -
Total R & D (X of sales) -- -— 5.3 7.0
NSF: Total industrial R & D
Cowpany=-funded R & D (X of sales) 1.9 2.1 2,0 2.1
Government-funded R & D (X of sales) 2.6 1.9 1.2 1.1
Total R &§ D (I of sales) 4.5 4.0 3.2 3.2
1974 1978
ITC: World wide Semiconductor R & D by U.S. firms
Total R & D ($ millions) 330 530
Total R & D (2 of sales) 15.2 14.4
I7C: Japanese Semiconductor R & D
Total R & D ($ millions) 75 199
Total R & D (X of sales) 6.7 8.0
VLSI Program: government expenditures (§ millions) 12 3
company expenditures ($ millions) 18 50

Sources: National Science Foundation, Research and Development in Industry, Washington: U.8. Governmant
Printing Office, annually; International Trade Commission, Competitive Factors Influencing World
Trade in Integrated Circuits, Washington, 1979,

——
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Sirce 1972 tha HSY k%as reported separate data for firms vhose primary
product falls within tha thres-digit industry classified as electronic coo- .
pooeats. This category includes most merchant semiconductor firms, bat it
excludes firms such as AIT and GIE which are presumably counted in the more
highly aggrout.d totals just discussed. In this more narrowly definad
industry, R & D increased substantislly both in real terms and as a por-
centage over sales through the mid-1970s.

The apparently substantial increase in gemiconductor R & D is striking
wvhen cocparsd to the pattern of totsl industrial R & D expenditure in the U.S.
As Table 1 indicates, total industrial R & D has fallen from 4.5% of sales
in 1963 to 3.2% of sales in the mid-1970s. Indeed, real R & D expenditures
have been essentially flat since the mid 1960s. Interestingly, the decline
is ontirely attributable to the cutback in government-funded R & D. Privately-
supported R & D has grown at approximately the sane rate as the econouy.

Data cogpiled by the International Trade Commission confirm the im—
pression of significant recent R & D growth in the semiconductor industry.
The ITC figures include estimztes of the sealconductor-related R & D per-
formed worldvide by U.S. firms, including vertically integrated producers
such as ATT and IBM. It is interesting to compare these figures with ITC
estizates of Japanese semiconductor R & D, which grew at a rate far in ex-
cess of the U.S. expenditures. The very substantial boost given to the
Japanese industry by tha government-spoansored VLSI program begunm in 1974
18 clearly indicated in Tabls 1.

As further evidence of ths continued rupid growth of U.S. sami-
conductor industry R & D, Tabls 2 pressents corporate R & D as a percentags
of sales for the five laading open-markat producers of integrated circuits.®

Of the five firms, which together accoumnted for $279 =million in corporate R & D



R & D as a Percentage of Sales for the Largest Merchant Seamiconductor Firms

rimm (by 1979 sales rank)
Texas Instruments
hotorola

Intel

Matioual Semiconductor

Yairchild

9.7

Table 2

1974 1915
6.2 3.7
8.1 7.5
7.8 10.6
8.8 8.8
9.5 11.9

1976 1977 1978 1979 1980
4.4 4.7 h.4 4.2 4.6
6.8 5.9 6.0 6.2 6.3
9.2 9.9 10.3 10.1 11.3
7.6 8.2 8.7 9.4 8.2
9.9 9.5 9.4 -_ -

Sources: Standard & Poor, Compustat data file; corporate annual reports.
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expenditures im 1978, coly Tazas Instrumsnts has experienced a dacline in
tha ratioc of R & D sales ovar ths pariod 1973-1580. nmotthotbarfiug
have bald roughly coustaot, while Intei's R & D has increased even ncre
rapidly then its phenomsnal sales growth. It should be kept in mind that
these firma experienced salas growth at average annual rates ranging from
8.4% to 36.5% over the pariod.

Data cn semiconductor patenting activity tand to coufirm the impress—
ion conveyed by the R & D data. Patent counts are a notably isprecisc
msasure of R & D ocutput, since the value of a patent varies widaly both scross
and wikhin patent classec. Nevertheless, within a single firm or a single
industry the trend in patent activity over time probably gives a reasonable
indication of whether innmu:ve activity is incressing or declining.
Comparisons made across firms are less meaningful, since idiosyncracies of
corporate history and strategy often lead to v;l.de interfira discrepancies in
the propensity to patemt.

Table 3 presents alternative msasures of patenting activity at several
levels of aggregation. A report recently izsued by the Office of Technology
Assessment and Forecast (1931) reveals that for the patent classes encoupass-
ing inventions in integrated circuit structure there has been no perceptible
slackening in the rate of patents granted to U.S. firms. There has, hovever,
been some decrease in the number of patents granted per comstant dollar of
R & D expenditure. Ou the other hand, in the broader NSF category of electromic
coaponents ard comaunications equipment, patents per dcllar have increaged
vhile the rate of patenting has declined 10T in the decade 1967-77. Taken
overall, these figures related to semiconductor industry activity are most
reasonably {nterpratad as showing no decided trend. The cortrast with total
U.S. patenting activity is striking, since both the lavel of patenting and
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Table 3

Semiconductor Patenting Activity

1967 1972 1977
Integrated C 'rcuit Structure
Patents granted of U.S. origin 108 145 151
Patents granted of foreign origin 9 70 99
Total patents granted 117 215 250
Patents of U.S. origin
per constant million $ R & D -— 0.44 0.29

Electronic Components and Communications Equipment

Patents granted of U.S. origin 5,546 - 5,020
Patents per conastant million $ R & D 1,81 —— 2.00

All Product Fields

Patents granted of U.S. origin 51,274

41,452
Patents per constant million $§ R & D 2.47

1.96

Sources: Office of Technology Assessment and Forecast, U.S. Department of Commerce, Patent Profiles:
Microeconomics 1, Washington: U.S. Government Printing Office, Fedbruary 1987; o
liational Science Foundation, Science Indicatora, Washington: U.S. Governmant
Printing Office, 1980.




sod patents per R & D dollar declined 20T over the 1967-77 period.

Tho conclusion of no significant dacline is reinforced by data om
patents granted to individual semiconductor firms. The patents counted in
Table & include semiconductor process snd product inventions, drawn from a
wider groap of patent classes than used in tha Patent Office report noted
above. Again, it should be emphasized that each firm's intertesporal pattarn
is of greater significance thsn the variation across firss, which reflects
differences in stratcgies regarding the protection of proprietary knowledge.

FPinally, crude aegsures of intagrated circuit technical parameters
and performance do not as yet rsveal a decisive slackening in the pace of
technical change. The trend t.o xiniaturization continues steadily. Mnimm
feature sizes shrunk at a coustant rate through the 19708 to the neighbor—
hood of 2 microns in 1980 for the highest resolution production processes.
The number of circuit elements per chip has roughly doubled every year,
although experts expect some moderate reduction in this pace. Through the
uid-1970s, memory storage capacity per chip followed a trend of doubling
every year, as the successive introduction dates of the 1X, 4K, and 16K
dynazic random access xemory (RAM) chips wvere approximately two years spart.
It zppears, however, that the spacing between devices representing the next
two fourfold improvements has increased to gbout three years. It is difficult
to perceive a decline in the rats of technical progress from 100X to 60X per

year as serious cause for alarm,

Changing Technology and Evolving Market Structure

Altaough the available datz do not reveal a slovdom in innovative
activicy, thare are unwistakable signs of alteration in the structure of the
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Patents Granted to the Largest Merchant Semiconductor Firms
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Office of Technology
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3 5 8 5 15 16 11

5 3 4 10 11 22 24
13 16 6 19 24 17 11
141 164 , 135 157 182 147 132

Assessment and Forecast, special cowputer run,

1) 4



—

semiconductor industry. Thsee structural changes, which are largely the coo-
sequences of tho evolving technology, fit to some dagrea the pattarn of
paturation described in the industry life cycle model of Abernathy znd
Utterback., A strict application of the model would view these ziractural
changes as leading inevitadly to a reduced pace and altered character of
technical change in the industry. In this section I wiil briefly describe
the forces driving structural change, and then proceed in tbe {ollowing
section to discuss the implications of structural change for the future
course of semiconductor inmnovation.

The doainant trajectory of seaiconductor techmology has been toward
miniaturization, a course upon vhich progress requires a fanily of related
technological advances. Scali:ng down individcal circuit elements requires
finer lines etched in the silicon substrate, vhich in turn requires litho-
graphic equipment of higher resolution, silicon with fewer impurities, and
more precise techniques of "dopirng' the silicon to achieve the desired
electrical properties. Increasing the number of functiocs performed on =
single chip also requires advances in the techniques of circuit design #=d
innovations in methods of testing and quality control. Significant progross
wvas nmade along a1l chese requiraddirmensgions i the 1970s, and most industry
participants expect that ainfaturization will remain the dominant techno-
logical trajectory of the next decade.

Ecoooaically, ministurizatioc has been accompanied by exposentially
decreasing cost per circuit function. But minfaturization has imnlied
significant increases in the capital requirements of sexiconductor product
development and production. According to Moore (1979), the man-hour re-
quirecents of circuit design have risen more than fivefold in the last

decade. The cost of photomasking equipment has Tisen dramatically. Indeed,
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the cost of electron-beam writers in the coming era of very large scale
integration (VLSI) is expected to exceed the cost of optical printers used
in current 1SI technology by a factor of six or -nte.s These and other in-
creases in capital costs underline the economic necessity of high volume
production. These related trends imply that efficient-scale entry at or
near the frontier of integrated circuit technology is many times more costly
than it was a decade ago.

The evidence on newv entry is consistent with the observed technologically
driven increases in capital requirements and minimm efficient scale. Among
a sample of 90 semiconductor firms employed by researchers at Charles River
Associates (1980), twenty-five entered the industry betwesn 1951 and 1959, a
rate of 2,78 new firns per year. The entry rate spurted in the early 1960s
and again from 1968 to 1971, so that the average annual numbter of new firms
from 1960 to 1972 was 4.69. Yet despite rapid market growt- after 1975,
only four new firms entered over the period 1973-78, a rate of 0.67 per
year. This precipitous decline in the rate of entry coincides of course
with the colliapse of the U.S. venture capital market, but it seems unlikely
to be wholly the consequence of raduced cepital availability. It is notable
that vhen venture capital resumed flowing again in 1979 a wave of nev entry
occurred. But the new entrants nave not simed toward high volume production
of standardized circuits, as did a number of the successful new ventures of
the middle and late 1960s. Rather, recent entrants have sought to fill
specialized niches in the marketplace, a point which will be given due
exphasis shortly.

In addition to raising the cost of new entry, miniaturization has
also pushed firms in the direction of increased vertical integration, both

directly and indirectly. The direct technological imperative for vertical
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integratiocn comas froa tha increasingly blurred distiaction betwszn elsctroaic
cozpopcnts gnd systszs. As more and mors functioos ars built ento a single
chip, system design is no loager a mattsr of configuring standardized coo—
pooents. Chip and systsn design hove becoms increasingly intardependent.
Thus, producers of dovnstresm electromic products hevae greater incentive 2o
scquire th- capability for in-house design and production of customized
circuits. And merchsnt supplisrs of integrated circuits have greater in-
centive to design products around their imnovative circuitry.

Tha less direct chain of causation runs from miniaturization to
vertical integration via the increasad capital requiresents discussed above.
Daspite higher entry barriers, the sexiconductor industry remains sufficiently
competitive to keep profit urzinl at or balowr the nors of U.S. manufacturing
industries. In the face of rising capital costs, the ability of smsller,
independent seaiconductor firms to finsnce grovth internally has been seveiely
impaired. While one might have expected grester use of external capital
markets to finsnce investment, the decided trend through the middle and
late 19708 has becn tovard acquisition of semiconduztor firms by larger
fires, wost of them manufscturers of alectronic products or systems. Many,
but oot all, of the recent acquisitions have been by foreign electronic firms,
motivated by access to advanced technology and to marketing channels within
the U.S.

Thus, technological forces appear to have driven the semiconductor
industry toward a markat structure that is beginning to exhibit some of the
attributes of maturation—notably increases in minimm efficient scale, high
entry costs, sad vertical integration. Whather these structural changes are
yet sarious cause for concern is another question. The link between a

mature industry structure and a slowdown in the rate of imnovation, wvhile
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wvell illcstrated by exzxples in the litsrature, is by no means decisively
established. Moreover, there are aspects of ths semiconductor industry's
receat history vhich strongly suggest that it has not yet resched structural
eaturity. Thus, for reascus to be explained in the next section, I see
little resson to conclude that a slowdown in innovative parformance i{s im-
pinent. Nevertheless, there are policy decisions on the horizon which will
be influential in deternining vhether the forces driving continued techno-
logical dynamism are to be strengthened relative to the forces driving the

industry toward maturity and diminished innovativeness.

The Implications of Structural Change for Inonovative Perfcrmacce

In stylized models of the industry life cycle, technological competition
eventually produces a relatively small number of surviving firms--typically
integrated both vertically and across & full line of related products, enjoy-
ing economies of scope and scale, and protected by substantial barriers to
eatry. In such an environment, radical product innovation gives wvay to in-
cremental product change and refinements in process technology. Oligopolistic
interdependence and comfortable profit margins dampen the vigor of technolog-
ical competition and productivity gains proceed at a2 modest pace.

This characterization may apply, in very broad outline, to some'mature'
U.S. industries: for example, automobiles and major electrical appliances
such as wvashers, dryers, aand refrigerators. But despite rising entry costs,
and the growing importance of scale and vertical integration, the semiconductor
industry does not yet resemble the typical "mature” industry. First of all,
wvhile there have been some clear wvinners and losers i{n technological competitiom,
market concentration has not yet begun to rise significantly. The top four

producers of semiconductors had 33 percent of worldwide sales in 1971, 32



parcent in 1975, and 30 percent ia 1979.‘ Morecver, there has been sud—
stantial turnover amosg the markat leaders. Oaly ons (Texss Instromsunts)

of tha top five U.S. producsrs of transistors in 1935 is among the top five
producers of integrrced circuits today. Five of the top ten integrated
circuit p.roduc.ra in 1975 ware not smong the top ten semiconductor firme in
1965, and four of these firms ware established after 1960. Today's seai-
conductor industry contains not three or four major full-line producers with
suistantial technological sophistication, but perhaps 15 or 20 fi{rms world-
wide with the capability for significant i{mnovation and market penstration
across a renge of technologies and applications.

Even if the techaology .raco in the semiconductor industry had pro-
duced a smeller mumber of survivors and a more concentrated industrial
structure, it {s not obvious that the rate of innovation wuld slackan as
a consequance. The link between market structure snd innovation is not so
sizple. Technological competition influences market structure by producing
successful firms which expand and failures vhich contract. Markst structure
in turn influences the incentives to innovate. The claim of life cycle
thaorists that oligopoly channels innovative effort in conservative directions

is plausible, but so is the Schumpeterian srgument that concentration izproves

the predictability of the econcaic envircament and thus promotes investment
in technologically risky, long-term projects. To disentangle the likely

impact of markat structurs on innovation, it is essential to isclate the in-
dependent forces which jointly influsnce both realized markst structure and
innovative perforsancs. These forces include the underlying demand for the
industry's products, the inherent scientific and technological opportunities
coufronting the industry, and the ease by which the returns from innovatiom

ca be sppropriated by an imnovator.
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When ons reflects upon tha demand, opportunity, and appropriabilicy
conditions facing the semiconductor industry, it is evident that the in-
dustry bears little resemblance to those industries vhich are paradigmstic
of the mature stage of the life cycle. In contrast to the demand for auto-
wobiles and household appliances, which is almost exclusively a demand for
replacements, demand for electronic components is continually augmented by
the opening of new markets and introduction of new applications. There is
1ittle on the horizon to suggest that the demand for intagrated circuit
technology in consumer, industrial, and military applications will cease to
grov at rates vell in excess of the overall growth rate of economic activity.
Of equal importance is the apparent fact that technological opportunity in micro-
electronics remains abundant. Reinforcing the data presented adbove on re-
search and development activity is the consensus viev of experts in semi-
conductor technology that there are no fundamental physical limitations to
the further pursuit of miniaturization over the next decade. There are
eventual thermal constraints on the density of circuitry contained on a chip,
vhich will ultimately necessitate a transition to superconductor technology
for some applications. But most experts agree that substantial further in-
creases in circuit density are forseeable with the use of advanced litho-

graphic techniques presently under developnent.7

The demand and opportunity conditions facing the industry thus strongly
indicate that 2 slowdown in the rate of innovation would be ualikely even
if the industry were highly concentrated. That it is not is in a large measure
a consequence of the severe constraints on appropriasbility that have char-
acterized the semiconductor industry since its infancy. As {s vell-knowvm,

technology diffuses rapidly across semiconductor firms, for a variety of
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reasons. Important aspects of propristary technology, such as circuit

dagign, are not patentadble under existing law. Even vhars pateats are
svailable, thay offer littls protection because cross-infringement is so wide-
spread ss to Tender most patents unenforceable in practice. Revarse ongineer-
ing has heen relatively simple, and interfirm employee mobility in Silicon
Valley is legendary. Limited appropriability has not yet exerted s significant
daxpening influence on the rats of innowvation, probably because demand growth
has been so rapid and opportunity so abundant. With rapidly growing demand,

a few months of lead time with a new product have been sufficiant to insure
adasquate revard to innovative activity. When the market for microelectronics
approaches saturation (an event still in the distant future), the ease of
imitation will no doubt accelerate tendencies toward a reduced pace of in-
novation and towvard market concentratiom.

Thus, despite substantial recent changes in the structure of the
seniconductor indugtry, the market is not yet highly concentrated, and demand,
opportunity, and appropriability conditiocos appear to favor continued rapid
technological progreas. The fact remains, however, that the cost of under-
taking R & D at or near the froatier of semiconductor technology has escalated
rapidly, and the cost of entry into full scale integrated circuit production
has grovn substantially. Although I have stgued that the overall pace of
innovation will not slacken dzramatically, these structural changes neverthe-
less have implicsations for the character of semiconductor R & D and its
distribution across firms. In particular, it is likely that small firms and
rew entrants will play s rather different role in the advance uf semiconductor )
technology.

In the past, szell firms and nev entrants have had substantial impact

oa the direction of mainstrean technology. New firms, such as Fairchild in
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the late 1950s and Intel and Mostek a decade later, achieved major procass
and prcduct imaovations and juzped rapidly to positions of both tcchnological_
and narket leadership in pivotal, high-volume product arsas. Todszy, it is
auch more difficult to imagine a grass-roots entrant moving directly to a
position of market leadership in semiconductor logic or memory devices. The
cunulative R & D experience of the large establighed firas, the complexity
of the technology, and the cost of assembling the required personnel and
equipment now appear as formidable barriers to a frontal assault on a major
market via product or process innovationm.

It is therefore likely the next several generations of general purpose
memory and logic devices will be introduced and imitated by larger established
firms. Such devices are the types most likely to realize the remaining latent
economies of minfaturization. Innovation (and even imitation) along this
trajectory will be costly, and an expectation of high volume production will
be necessary to justify the investment Innovation along thia trajectory will
also require related advances in lithography, materials quality, circuit
design, packaging, software, and testing. Only large established firms are
likely to have the human, organizational, and financial resources necessary
to pursue simultaneously these related developments.

Certain areas of opportunity nevertheless remain open to smaller firms
and pev entrants. Many of these opportumities arise as a consequence of de-
mznd for innovative applications by small and medium scale downstresm pro-
ducers lacking independent semaiconductor fabrication capability. While many
dovastreza users have made innovative use of standardized circuits prcduced
in large volume by major merchant semicoanductor firms, others have increased
the demand for custon designed circuits for specialized applications. Virtually

all of the nev seaiconductor firms establighed in the past two years have
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.pocunudinmor-onofmuhtdmuof custom circuit design,
computar-aided design (CAD), custom fadricsatiom, and custom software. Seai--
custon design and fabrication, whare silicon wafers ars processad for various
applications in fdentical fasbion wp to a final step of one or two custom
designed masks, has also besen a growing area of intcmt.s

Smaller firmG may prove to have a2 comparative and perhaps absolute
advantage in custoa and semicugtom work. Many custom demsnds can be served
cost-effectively by technology that is not at the very frontier of the
miniaturization trajectory. Consequently, custom design and fabrication
houses do not rsquire investment in human capital and in state-of-the-art
process technology on the scale of a large merchant semiconductor firm.

At the scze time, there is doubtless substantial idiosyncratic skill develcped
by designers who specialize in custom services, which may compensate for
highar unit fabrication costs. Many industry experts believe that the most
fruitful applications of CAD tools will be in the design of custom or seami-
conductor circuits well vithin the ainfaturization frontier. Nevertheless,
ipnovations in CAD, custom design, znd fabrication may have a high payoff

ia productivity enhancement in new industries, even if they do not have the
effect of increasing function density or improving circuit perforzance

parazeters.

Promoting Innovation in the Semiconductor Industry: The VHSIC Program

Anidst public concern for the future of the semiconductor industry,
the U.S. government has embarked upon a mejor program of R & D gupport for
military spplications of advanced technology. The impetus for initiating the
VESIC (Very High Speed Integratsd Circuit) program was quite independent of
civilisn coucerns sbout the industry's future or its standing relative to
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Japsnese competition. Rather, plsnning for the program began in 1978 im-
mediately after military intelligence reports revealed that the U.S. advantags
in the electronics embodied in fielded weapons systems had been significantly
eroded. The principal objective of the VHSIC prograa is to establish the
capabilicy for fielding weapons systems utilizing high speed integrated
circuits of submicron feature size by the end of the decade. Technically,

cne of the progran's central goals is defined as an increase of two orders

of magnitude in a critical parameter which is the product of speed (clock
rate) and circuit density (gates per cnz).

Technologically, the goals of the VASIC program are highly cowpatible
with the continued pursuit of miriaturization in the commercial segment of
the semiconductor business. The military has certain specialized needs, such
as the ability of circuitry to perform under extreme conditions of temperature
and radiation. But much R & D funded by VHSIC, such as support for advanced
lithographic techniques to facilitate realization of submicron feature sizes
and support for improved CAD, software, and testing methods, should have
significant spillovers to commercial application. In turn, the independent
pursuit of similar technological objectives for commercial purposes should
facilitate the achievements of VHSIC goals. Indeed, the planned Department
of Defense expenditure of approximately $200 million over seven years is far
less than industry will spend om its own, but there is su emerging consensus
that the added stimulus provided by VHASIC funds will move forward the realiz-
ation of submicrom circuits by two or three yeara.9

When the VHSIC program was first amnounced, it was enthusiastically
received by most major suppliers of ailitary electronics systems, but several
leading merchant semiconductor firms expressed serious reservations and some

chose to sbstain from bidding on VHSIC contracts. A major concerm was that
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the VESIC progra= would divert scarce R & D rasources, and especially critical
personnsl, from pursuit of commarcial objectives. It was feared that VHSIC
would handicap U.S. firme in competition wich the Japsnsse for lsadsrship

in VISI technology. These fears sesm to have been misplaced, &s industry
participants bave cves to recognize the substantial cosplementarity between
VHSIC and commercial VISI objectives. On the other hand, it would be a
xistaks to view the VHSIC program as a direct response to the Japanese govern-
ment's support of the semiconductor industry. While it now sppears that VHSIC
will provide an indirect boost to U.S. firms in technological cospetition with
the Japanese, merchant geniconductor firms still seek policy assistance aore
directly related to mecting the Japanese challenge. The lsgislative program
of the Semfconductor Industry 'Anochtion (1981) has three major cosponents:
tax incentives for R & D expenditures, access to the Japanese domestic market
via relaxation of tariffs and coatrols on direct investment, and support for
enginzering education.

Early critics of VESIC also questioned the progran's emphasis on sup~
porting large scale vertically integrated research efforts. The program as
envisioned involved vertically integrated firms or teams of firus, and each
proposal was expected to tackle a range of issues from circuit fabrication
technology and process equipment to insertion of circuits into weapous systeas.
Critics fesred that the ecphesis oa large firms and vertically integrated tems
would hasten coacentration of the semiconductor industry and reinforce the
trend toward vertical integration, allegedly threatening and vitality of a
highly competitive and dynsmic merchant seaiconductor industry. Congress
initially delayed funding of the program wtil it received assurances that
the prograa would not have sn anticompetitive impact on the industry.

As it has davelopad, the major portion of R & D support will be
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allocated to vertically integrated contractor tesms respousible for develop-
ing the technology necessary at all levels to utilize submicron integrated
circuits in operational weapons systems. Initial mine-month Phase 0 contracts
were szarded to nine such teams in 1980, and in May 1981 six of the temns
were selected as ccentractors for Phase I of the program, vhich wiil extend
into 1983. It is unlikely that confining VHSIC support to six teams (five
of which involve merchant sexiconductor firms; one contract vas won by IBM)
will increase concentration in the industry, especially since several non—
participating firms will be pursuing VISI technology with private resources
on a significant scale. But the initial Congressional worries about market
concentration did encourage the DoD to develop a program design that preserved
niches of opportunity for zmall, non-integrated firms as well as university
research laboratories. .

Paralleling the mainstream Phase I and II efforts will be a series
of much smaller contracts to be awarded on a continuing basis throughout the
duration of the program. These smaller Phase III contracts will focus on
narrow technical problems, where significant contributions, complementary
to the Phase I and II objectives can be expected from firms outside the main-
strean program. It is expected that Phase III contracts will be concentrated
in areas such as lithography, CAD, software, and testing. In concept, Phase
III represents a reascnable safeguard against the somewvhat remote potential
that the VHSIC program will unduly accelerate the industry toward maturity
and stagnation. In any case, it appears to be an exawple of organizational
deaign vell guited to maximizing technical advance. On the one hand, major
support will be given to not one, but geveral, large-scale, vertically
integrated efforts. Oun the other hand, substantial funds, one-third of the

total budget, will be reserved for smaller scale projects complementary to
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the prograa's overall cbjectives. In principle, such an organizational design
cza be utilized to generate innovation from both large and small firms in the
areas vhere each has a conparative advantage.

Given this rather creative institutional design, the results of the
first round of Phase III contract ssards are scmevhat discouragaing. The
first Phase III contracts wvere let several moaths before dus date for Phase
I propcsals, and consequently, virtually half (77 of 157) of the proposals
subnitted came from the large firms involved in the mainstrega Phage O pro-
grann, Evidently, Phase 0 wvinners saw in Fhase III an opportunity to impress
the DoD with good work prior to the major funding decisions on Phagse I pro-
posals. Of the 157 proposals received, only 4 came from qualified small
businesses and only 8 cams from non-integrated semiconductor firms, Only 1
of these 12 was anong 53 funded proposals, wvhile 24 contracts were awarded
to Phase O participants. Sonewhat more encouraging was the sward of 11
Phase III contracts to 5 different universities,

It is evident that if the VHSIC program is to benefit from innovative
ideas from a variety of sources, more attention must be paid to encouraging
the submission of proposals from small and noo-integrated firms. Managers
of the program are eware of this problem, and they have taken steps to
drastically sinmplify the format of the second-round Phage III request-for-
proposals. Indeed, there is a growing recognition throughout the DoD that
opportunities for small firm participation in R & D support prograzs have
been diminighed by the escalating complexity of the contracting process.

In a very proxising development, the DoD ini{tiated in April 1981 a new Defense
Suall Business Advanced Tecknology Program. Proposals are solicited by a
lucid 23 page document, a striking contrast to tha 100 pages of boilerplate
coutained in the first rouad request for VHSIC Phase III proposals. 1If
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This striking cozmparisca was called to my attention by Roseuberg and
Steinzueller (1980).

The view that industry evolution follows a typical life cycle pattarn,
with the mature stage exhibiting the features indicated in the text, has
been widely discussed in the literature on technical change and industrial
organization. For a full articulation of the life cycle model, see
Abernathy and Utterback (1578), Abernathy (1978), and Utterback (1979).
In the case of AIT, vhich accounts for a substantial fraction cf the

R & D in this industry category, privately-funded R & D grew slowly but
steadily as a percentage of sales over the period 1973-80, wvhile govern—
nment-funded R & D performed by ATT declined precipitously in rezl terms
and 23 a percentage of sales. (Source: AIT annual reports, 1973-80).
According to estimates made by Integrated Circuit Engineering (1980),
IBM's production of integrated circuits for internal use exceeds the pro-
duction level of each of the leading merchant semiconductor firms listed
in Table 2. ICE's estimate of ATT's captive production places it just
below the sixth-ranked merchant semiconductor firm, Signetics, and above
such significsnt merchant producers as Mostek, AMD, and RCA.

This figure is documented by Robinson (1980).

These concentration ratios are derived from sales estimates reporuved

by Dataguest (168%0). Captive production by IBM, ATT &nd other firms
wvhich do not sell seamiconductors in the open market are excluded.

For two tepresentative statements of this view, see Keyes (1977) and

Noyce (1977).
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the VHSIC program follows this lead, prospects will be enhsanced for the pre-
servation of a dynamically coxmpetitive semiconductor industry structure with

variegated sources of immovation.



Judged against almost any criterion of performance--growth in output,
exports, productivity, or 1nno§ation—-the U.S. civilian aircraft industry must
be considered a star performer in the American economy. American commercial
aircraft dominate airline fleets the world over, and the air transportation in-
dustry, 8 primary beneficiary of techrical progress in commercial aircraft, has
compiled an unequalled record of productivity growth since 1929.1 Along with
this impressive record, however, the aircraft industry presents inpo;tant anom-
alies in structure and conduct to the student of industrial organization and
technical change. Fierce price competition coexists with very high levels of
producer concentration and significant product differentiation. Infusions of
government research support, both through the National Advisory Committee on
Aerorautics (NACA, 1915-1959), and the National Aercnautics and Space Adminis-
tration (NASA, 1959-present), as well as througbh government support of military
research and procurement, have been significantly hizher in this industry than
any other during the 1925-75 period. The industry scructure also exhibits rela
tively low levels of vertical integratfbn—-contractual relationships predominat
in the pursuit of extremely complex and highly uncercain goals in price and per

formance.

In this paper, we will examine the innovation process within the commer-
cial sircraft industry, focussing particularly upon the role of government poldl

in affecting the pace and structure of innovation within the industry, as well

ltzndrick (1961) reports that output per person in the air transport industry
grev at an average annual rate of 8.8% during the 1929-48 period, higher than
almost any other industry in his sample. Output per person grew at an average
annusl rate of 8.2% during the 1948-66 period, far higher than any other of
Kendrick's industries (1973), wvhile total factor productivity during the 1948~
66 period grew at an annual rate of 8.0Z.
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as the structural context within which such innovation has occurred. We will
argue that government policy has influenced innovation in the aircraft industry
through its impact upon the demand for aircraft, in both the military and civil-
ian spheres, as much as through direct support of research. The peculiar struc-
tural combiration of high levels of producer concentration and fierce price and
Quality competition among producers also reflects the influeace of government
policy, in the provision of both a market and research and development funding
for military aircraft. This government role also has encouraged the development
of a vertically disintegrated industry structure, and an important role for sub-
contractors, both of which imply a major role for the contractual provision of
complex technologies to an extent not generally encountered in othzr high tech-
nology industries. The importance of subcontracting in the commercial aircraft
industry also refiects the extremely high costs and uncertain demand faced by in-
novators in this area.

The discussion opens with a summary examination of important aspects of
the process and product technologies underlying the commercial aircraft industry.
We next consider briefly the structure and historical evolution of the industry
and aircraft technology. The role of government-sponsored research, in both the
military and civilian sectors of the industry, is covered in the subsequent sec-
tion of the paper. The general character and impact of government regulatory
research and procurement policies is discussed next, followed by a conclusion ex-

plorirg the relevance of the aircraft industry's experience to other sectors of the

economy.
1. Aspects of Process and Product Innovation in the Cormercial Aircraft Industrv

The commercial aircraft industry has reaped considerable benefits as a



technological "borrower", in at least twvo specific ways. Many of the significant
innovations in commercial aircraft design, going back to the nc-i (the first great
commercial success in the industry) vere originally developed by manufacturers
of airframes and engines for military applications--such a list would include
the air-cooled engine that powered the DC-3, as well as the high-bypass turbo-
fans associated with the L-1011, DC-10, and B-747. "Borrowing" goes beyond ap-
plications to commercial designs of components developed for military purposes,
as we argue below. Important benefits are reaped by airframe and engine manu-
facturers who are able to share development or, less often, tooling costs between
military and civilian designs that are less closely related. Borrowing of anothe
sort also has played a key role in the development of commercial aircraft tech-
nology. Aircraft have benefitted to an unusual extent from technological develop
ments in other industries. Noteworthy examples are the metallurgical and materi-
als industries, whence have come a wide range of new alloys and composite materi-
als, as well as the chemicals and petréleum industries, where important develop-
ments in fuels were achieved before World War II, and eiectronics, which has pro-
vided since 1940 a steady stresm of crucially important innovations, ranging fron
radar to airline reservation and navigational computers. The aircraft industry
49 unusual in the extent to which it has benefitted from the inter-industry flow
of innovations that typifies the modern economy.

The ability of the commercial aircraft industry to benefit from technical
developments in so wile a range of seemingly unrelated industries reflects anoth
important aspect of the cormercial aircraft industry, namely, the high degree of

systenic complexity eabodied in its products. The finished commercial aircraft
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is comprised a wide range of components for propulsion, navigation, etc.,

that ndividually extremely complex in many instances. The interaction of
these individually complex systems is crucial to the performance of an aircraft
design, yet extremely difficult to predict from design and engineering data,
even with computer-aided design techniques. Uncertainty about aircraft per-
formance is also exacerbated by the still modest state of scientific theory
concerning the behavior of such key components as materials. substantial

element of technological uncertainty thus exists in the design and production

of a new aircraft. Performance, in many

cases, cannot be predicted definitively before the initial flight. The major
airceraft manufacturers have frequently pursued production and design strategies
aimed at insulating themselves from the adverse consequences of such uncertainty.
A final aspect of considerable significance in the commercial aircraft industry
centers around the need to achieve large production runs for a given aircraft in
order to take advantage of learning curves and in order to defray high develop-
ment expenses. Economies of scale and learning curves (which were first detected
empirically in the production of airframes) play a major role in affecting pro-
duction costs and the overall profitability of a given aircraft. Such high de-
velopment costs, which have become important with the advent of the jet engine
and vhich reflect the systemic complexity of aircraft technology, render very
important the greatest possible production of a given aircraft design. This has
in turn endowed with great importance the "family concept” in aircraft design, in
vhich a given aircraft, such as the Boeing 727, spawns 1 succession of modified

designs, notably through stretching the fuselage. Technological trajectories thus



arc of considerable importance in the industry, and modern sircraft are designed

80 &8 to take maximum advantage of theam.

1I. The Development of Industry Structure, 1925-75

The development of the commercisl aircraft industry's structure may be
divided into four periods of unequal length, each of which sawv a difference of
development; 1920-34, 1934-40, 1940-45, and 1945-75. Over the entire 1920-75
period, the industry has grown substantially and become much more concentrated.
At present, only three producers of airframes and two domestic engine manu-
facturers are of major importance in the commercial market.

1923-34: The 1920-34 period was one during which military and commercial air-
craft production were gradually distinguished from one another, and peacetime
military procurement came to play a role in airframe and engine development
(particularly the latter). In the immediate aftermath of World War I, the market
for aircraft collapsed, with the cessation of military demand, and a surfeit of
war surplus aircraft available for purchase. Aircraft production declined from
14,000 1{n 1918 to 263 in 1922, according to Holley (1964), but slowly revived,
particularly after the military announded plans ir 1926 to maintain a total air-
craft fleet of 2600 by 1931, and the Kelly Mail Act of 1925 transferrad trans-~
portation of air mail from the Post Office to private contractors. Also of im-
portance during the 1920's was the increasing level and quality of research being
carried out by the National Advisory Committee on Aeronautics, established in 1915.
Military support of aircraft engine development during this period culminated in

the foundation of the Pratt and Whitney aircraft engine firm in 1925, on the



strength of strong interest from the Navy in the Pratt and Whitney Wasp.

The revival of the aircraft industry gave rise to a series of mergers
in the late 1920's that produced, for the first and only time in the history
of the industry, several vertically integrated firms, combining ai:’transport.
airframe manufacture, and engine production. United Aircraft, founded in 1929,
vas cooprised of Boeing Aircraft, Boeing Air Transport, Pratt and Whitney, Chance
Vought Aircraft, the Hamilton Standard Propellor Corporation, and Stearman Air-
craft. North American Aviation, incorporated in 1928, included Curtiss Aeroplane,
Wright Aeronautical, and had large minority stockholdings in Transcontinental
Air Transport and Western Air Express (subsequently combined to form TWA).

Other major consolidations of the late 1920's included the Aviation Corporation
and the Detroat Aircraft Corporation.

The onset cf the Depression placed all manufacturers under considerable
stress, but the air mail scandals of 1933 and the Air Mail Act of 1934 were the
crucial events in the dissolution of these consolidated firms.l Under the terms
of the 1934 Act, air transportation and aircraft manufacturer had to be separated;
United Aircraft divested itself of Boeing and United Airlines, North American di-
vested what were to become the Eastern and TWA airlines, and the Aviation Corpor-

ation "spun off" American Airlines. The 1934 Act also abandoned the goals of

1'l‘he Alr Mail Act was the response of the newly-elected Democratic Congress and
the Roosevelt Administration to the airmail policies of Walter Browm, Postmaster
General under Hoover. Controversy erupred over the letting of air mail transport
contracts, stemming from Brown's attempts to utilize these contracts as a means

of influencing the development of the structure of the air transportation firms,
and with this, the development of the entire aviation industry in the U.S. The
precise nature and impact of the Brown policies, which wvere intended to move
transportation companies away from exclusive reliance upon mail contracts and into
passenger transport, are discussed below in greater detail.
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previcus airmail legislation (the McNary-Watres Act of 1930) in lpccinyﬁg that
minimm cost was to be the sole criterion for avards of mail contracts.

The data in Table 1 show the dominance of the aircraft market during the
1920's an& early 1930's by government procurement (the figures are distorted
slightly by the fact that Curtiss-Wright and United were the only firms producing
engines). In both the military and commercial sectors, moreover, a small number
of firms were dominant. The share of total siles of the two largest firms,

Curtiss-Wright and United, is in excess of 70X in the nili;ary, and over 902

in the commercial market.
1934-40: During the 1930°'s, four airframe producers and two engine manufacturers
coumprised the bulk of the civilian afrcraft industry. Boeing, Douglas, Lockheed,
and Curtiss-Wright all were active producers of commercial airframes, while
Curtiss-Wright and Pratt and Whitney were the major engine producers. This per-
iod also saw the production of the first monocoque airframe passenger tramsports,
the Boeing 247 and the DC-2 and DC-3. }he last-named aircraft came to dom—
inate the commercial aircraft market through the remainder of the decade, based
primarily upon its efficient operating characteristics for passenger transport.
The 1930's were the period during vhich passenger, rather than mail, carriage be-
came the central activity of commercial air carriers, as passenger demand grew
rapidly. The data in Table 2, from Phillips (1971), demonstrate the complete dom-
inance by Douglas of the commercial market.

The other major airframe manufacturers survived primarily on military con-
tracts during the mi1d-1930's; by the 1938-39 period, of course, the military mar-

ket wvas expanding rapidly. Throughout this period, military production remained



Per Cent Per Cent
Government Czsezz::ic Commercial Cg:ngziil ::trgtzi
Companies Sales Sales Sales Sales Total Sales Sales
United $ 50,184,443 39.7 $28,056,208 48.0 $ 78,240,651 42.8
Curtiss-Wright 44,755,590 35.4 26,813,517 45.9 71,569,107 38.7
Douglas 14,437,62) 11.4 1,412,790 2.4 15,850,413 8.6
Glenn Martin 9,895,605 7.8 none - 9,895,605 5.4
Consolidated 4,307,632 3.4 1,118.231 1.9 5,425,863 2.9
Creat Lakes 2,451,993 1.9 905,719 1.5 3,357,712 1.8
Grumman 452,195 0.4 153,492 0.3 605,687 0.3
Totals $126,485,081 100.0° $58,459,957 100.0 ..$184,945,038 100.0

TABLE 1: Alrcraft and Engine Sales, 1927-1933

(from Rae, 1968, p. 43)



of great importance to the major commercial manufacturers. Despite Douglas
Adrcraft's dominance of civilian air transport markets, the greater unit value
of military aircraft enabled producers to avoid financial disaster. Holley
(1964) noted that in 1937, 2281 civilian aircraft were sold for a total cost

of $19 million, while sales of military aircraft, totalling 949 units, vere
valued at $37 nillion.1 The data in Table 3 display the shares of military
contracts in total sales of the major airframe manufacturers for the 1931-37
period.2 The role of subcontractors also remained rather minor during this
period, as commercial producers strove to utilize more fully the substantial ex-
cess capacity in their own factories.

194C-45: During the wartime pericd, there effectively was no commercial air-
craft industry. All airframe and engine producers, as well as such non-aircraft
firms as the Fisher Body division of General Motors, and Ford Motor, worked fev-
erishly to produce military designs. Several aspects of this period merit men-
tion. The heavy demand for aircraft sﬁhrred the growth of firms such as Convair
(formerly Consolidated Vultee), Bell Aircraft, and the Martin Corporation, rais-
ing what formerly were minor factors in the commercial market to the status of
potentially viable entrants. Proprietary control of military aircraft desigrs
vas also reduced during this period, as cross-licensing of designs for maximum

production was commonplace. Substantial "in-kind" technology transfer took place.

1?. 10. It was also important lo note that very few of these civilian air-
craft were multi-engine transports.

Zyolley, p. 22. Phillips (1971) notes that for Boeing and Lockheed during this
period, "Military orders sustained them and each attempted new commercial planes
prior to World War II. Lacking the military orders—-that is, in a market environ-
ment more typical of most industries--Lockheed and Boeing would presumably have
failed.” (p. 113)



Deliveries of Particular Types

Total
Deliveries

of New Beecheraft
Year Alrcraft nC-3 L-10 L-12 L-14 L-18 18 B-307
1936 42 29 10 3 - - - -
1937 54 47 - - 6 - 1 -—
1938 24 21 - - 3 - - —
1939 41 40 1 - - - - -
1940 112 95 - - - 12 - 5
1941 36 35 - - - 1 _— -
Total 309 267 11 k| 9 13 1 5
TABLE 2: Estimated Deliveries of Newly Produced Aircraft to Domestic Trunk Carriers, 1936-1941

(from Phillips, 1971, p. 94)

-o1-
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Percent of
Manufacturer Total Sales
Boeing 59
Chance Vought 75
Consolidated 79
Curtiss 76
Douglas 91
Martin 100
Grumman 75

TABLE 3: Share of military contracts in total sales, 1931-37

(from Holley, 1964, p. 22)
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In the rush to increase production, subcontracting came to play a crucial role
in the aircraft industry. The large size of production runs also forced much
greater attention to production engineering, and the maximum exploitation of
scale economies and learning curves. The in-house research and engineering
capaoilities of the major producers were expanded greatly, as well. Finally,
and of great importance for the postwar period, the development of the first
American iet engine, based upon the British design developed by Whittle, was
assigned by the Army Air Force to General Electric, on the basis of the firm's
past experience with turbine designs.
1946-75: The postwar period-was one in which the technology of the jet engine
came to dominate commercial aircraft, causing substantial shifts in the relative
importance of firms in both the airframe and aircraft engize sectors of the in-
dustty. Producer concentration in the airframe industry alsc increased during
this period in both the military and cotmercial markets. An important czonse-
quence of the adopticn of jet engine and electronics technologies in the modern
commercial airliner was a spectacular rise in the nagnitude of development costs
in the production of a new commercial aircraft design. Miller and Sawers note
that:

“...1in the 1920's the cost of engineering development for

an airplane was counted in tens of thousands of dollars -

$25,000 for the Lociheed Vega and $5,000 for the prototype

of the Hawker Hart; in the 1930's it ran into hundreds of

thousands - about $150,000 for thke DC-2 and $3,300,000 fer

the DC-3; as the 1940's began it reached the millions -

$3,300,000 for the DC-4; by the end of tke war 1t was in

the tens of millions - $14,000,000 for the DC-6 ard

$29,000,000 for the two prototypes of the B-47; in the

1950's it ran into hundreds of millions - $112,000,000 for

the DC-8 and $468,000,000 for the McDonnell Phantcm; and in

the 1960's it reached thousands cf millions with the XB-70,

which cost $§1,500,000,000 for two prototypes..."
Mjiller and Sawers, (1968) , p. 267.



McDonnell Douglas still faced $625 million of deferred development costs on the
DC-10, ten years after the aircrafths introduction in 1969. More recently, the
development costs for the Boeing 767 have been estimated to be in excess cf

$1 billion. The rapid growth of these cos:s in effect means that an increasing
proportion of the costs of introducing a new aircraft are incurred during the
phase of greatest uncertainty concerning market prospects and technical feasibili:

The jet engine was originally developed for American military applications
by General Electric during and after World War II. General Electric, Westing-
house, and the Allison division of General Motors all had substantial develop-
ment programs underway in 1945; they were joined by Pratt and Whitney sherrly
thereafter. By the 1960's, however, only General Electric and Pratt and Whitney
remained as major factors in the commercial jet engine market (which, by the
early 1960's, essentially defined the commercial engine market).

Table 4 gives the shares of the commercial market held by the major air-
frame producers during the postwar period up to 1965. Douglas, Lockheed, Convair
and Martin dominated the commercial market during the heyday of the four-engine
propellor transport. After 1959, however, when Boeing introduced the 707 and
Douglas followed with the DC-8, Lockheed, Martin, and Convair all went into
eclipse, out of which only Lockheed would emerge in the early 1970's as a competi-
tor in the widebody designs with the L-1011. Boeing has come to dominate the co=z-
mercial market over the last 10-15 years, on the strength of the 707, the 727,
and the 747, and the numerous modification of each design, as throughly as
Douglas dominated the commercial market of the 1930's. Table 5 contains data on

the relative izportance of Boeing, Locxheed, McDonnell Louglas, and General
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1987
1948
1939
1960
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Table 4: Shares of commercial aircraft deliveries, 1947-65
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Lockheed
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80
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Table 5
Table 8-2. Jet Alrcraft in Service on United States Airdines
Genersl  McDonnell-
Yesr Boeing BAC Dynamuscs Douglas SUD Lockheed Other® Towl
1958 6 6
1959 6% 18 84
1960 113 14 73 202
1961 170 39 93 T n 319
1962 216 60 100 20 396
1963 17 (1] 104 20 . 26
1964 357 €7 114 20 558
1965 476 17 65 - 134 20 12
1966 648 sS4 €3 196 20 978
1967 661 54 63 208 20 3 1003
1968 183 57 59 3 20 1 3 1340
1969 1146 60 52 503 20 1781
1970 1331 60 47 610 20 2068
1971 1408 59 45 622 1 2136
1972 1395 62 49 619 1 6 3un
1973 1341 53 49 650 13 2 2118

Notes The above figures are as of December 31 each year excopt 1973, whea the effecuve
date 13 August 31. Others includes Dassault and Hambdurper Flugzeugtau.

Source: “Aircraft in Operation by Certuficated Roate Awr Carners,” US. Department of
Transportation, Federal Avution Adminutraton, FAA Sttisncel Handbook of Civd Ans
fon, vinous years.

from Carroll, 1975, p. 147,
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Dynamics in the U.S. commercial jet aircraft market through 1973; by 1973, over
63X ot commercial jet aircraft in service with American airlines were produced
by Boeing.

The commercial air transport industry was regulated by the Civil Aero-
nautics Board during the entire postwar period; this customer industry increa;ed
slightly in concentration, while price competition in transport was largely ab-
sent. Price competition among the airframe producers remained intense, however,
despite increased producer concentration; the failure of the Convair 880, and the
subsequent problems of the Douglas DC-9, were both due in part to aggresive ef-
forts by their producers to underprice the competition. More recently, the in-
troduction of widebody transports was marked by fierce competition between Douglas
and Lockheed, in both price and delivery date. The market for American cormer-
cial aircraft became an international market during the postwar period, aided by
substantial government assistance in finance of purchases by foreign concerns, in
contrast to the situation of the 1930's, when barriers to trade in aircraft were
substantial. According to Carroll (1975), as of early 1969, "In the total worid
[5:5:7 aircrafr fleet, 2747 of the total of 3494 (or 78.6%) are United States
made.” (p. 153).

The intense competition among major airframe producers during the postwar
period has created several near-failures of important firms. The Douglas Air-
craft Corporation approached bankruptcy as a result of poor financial management
and overly energetic and generous sales efforts for tne DC-9 1in 1966. Despite
an order backlog of $2.3 billion, Douglas was forced to merge with McDonnell Air-
craft in 1962, with the acquiexenceof the Department of Justice, and the aid of

a Federallxéguaranteed loan of $75 million. The Douglas firm, producing largely
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civilian aircraft, complemented the primarily military product line of MeDonn-~1l,
and McDonnel!l~Douglas moved quickly tc begin work on the DC-10 wide body trans-
port. Sales competition between the McDonnel-pouglas DC-10 and the Lockheed
1L-1011, as well as the bankzruptcy of Rolls-Royce and the C-5A debacle, left the
Lockheed Aircraft Corporation financially ravaged. Coliapse of Lockheed was
averted in 1971 only by a Federal loan guarantee of $250 miliion. To an un-
precedented extent in the 1960s and 1970's, then, the Federal government was

directly involved in determining the structure of the commercial aircraft in-

dustry.

1]
Market Structure and Conduct in the Jet Age

As was noted above, the coexistence of high levels of producer concen-
tration and fierce price competition make the ccmmercial aircraft industry an
unusual cne within manufacturing. This unusual aspect of the industry reflects
several unique structural features, which receive greater attention below. As
Carroll (1972, 1975) and others have noted, the relationship of aircraft producers
and airline consumers ttrough 1978, i.e., prior to deregulation, closely approxi-
mated that of bilaterial oligopoly. The market for commercial aircraft was dom
inated by large orders from a small number (approximately four) of major trunk
carriers. This dominance of the market was in part an outgrowth of the nature
of sirline regulation by the Civil Aeronautics Board (see pelow); within this en-
vironment of bilaterial oligopoly, airlines tended to have the upper hand in pur-

chase negotiations, playing competing suppliers off against one another, as in
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reliance upon contractual relationships ir the design, production, and pro-
curement of complex capital goods; the industry exhibits a very low degree of
vertical integration. The nature, causes and consequences of this market struc-
ture are of some interest. Production of new aircraft requires extensive ne-
gotiations between the airframe and engine producers, involving performance
specifications and guarantees that are absolutely crucial to the success of a
given design, yet may be highly unrealistic at the time a contract is signed.
Both the Boeing 747, utilizing Pratt and Whitney engines, and the Lockheed L-1011,
relying upon Rclls-Royce as the engine supplier, encountered severe difficulties
in meeting original performance specifications. For the 747, the initial range
and wveight goals had to be abandoned, while Lockheed nearly collapsed following
the failure of the Rolls-Royce firm, a failure dve in large part to aesign pre-
blems with the L-1011 engines. One result of this increasingly complex and im-
portant engine-airframe interface has been the acquisition by such major air-
frame producers as Boeing or Northreop (an important ailitary producer and civil-
ian subcontractor) of a substantial in-house expertise in engine performance,
engineering, and evaluation, duplicating that of the engine manufacturers.

The subcontracting of production of new aircraft designs has also grown
substantially in importance in recent years, due to mushrooming development
costs and the increasing complexity of aircraft components. Rae (1968, p. 83)
states that, in the 1930's subcontracting "constituted less than 10 per cent of
the industry's operations', but by the mid-1950's, 30-40% of the assembly work
for the turboprop Lockheed Electra was subcontracted. Uith the introduction of

the Boeing 747, six major subcontractors accounted for 70 percent of the assembly
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the case of Douglas, Boeing, and Convair in the early 1960's:

...once the decision has becn made to purchase, it becomes desirable

to place orders for sizable fleets. Further, the fairly concentrated

nature of the air carrier industry insures that the orders made by in-

dividual airlines are large relative to the total market. From this,

and the situation of the sellers, a large airline derives considerabie

market power from its purchasing decision. (Carroll, 1975, p. 158)

The willingness of aircraft producers to undertake the expensive and
risky tasks of development of new aircraft designs for which an insufficient
market exists reflects the importance of early delivery of new designs to air-
lines under the CAB regime. The advantages to airline customers of multiple
suppliers of new aircraft designs also led them to encourage competition 1n air-
craft production; thus Juan irippe of Pan American placed the first orders for
commercial jet aircraft with both Boeing and Douglas. Nonetheless, the desire o.
producers to enter into such ruinous competition, as well as its recurrence, are
not easily explained without consideration of the role of government military
procurement (as well as the federal government's evident reluctance, in time of
financial crisis, to allow a producer to go bankrupt.) As Table 6 shows, mili-
tary sales have remained very important during the postwar period for all of the
major commercial airframe producers, and have provided a steady source of profit
with vhich to support commercial gambies. Carroll points out that

large government and space involvement, piovides the safety net that

catches a plummeting airframe company. Large backlogs of government

contracts furnish rather steady income during periods when commercial
activities make sales and earnings volatile. Government-sponsored re-
search provides the bulk of airframe technology. Finally, the govern-
ment simply will not allow a2 major defense contractor to fail completely,

whatever its commercial sins. (1975, p. 162)

Tne current structure of the commercial aircraft industry places consider
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Table 6
Commercial Sales as a Parcentage of Total Sales
Ceneral McDonnell-
Yecr Dynamics Douglas Boeing Lockheed
1987 s 1
1958 112 4.0 1235
1959 11.9 254
1960 46.7 31
1961 108 315 7
1962 133 228 238 3.0
1963 194 224 14.7
1964 208 218 35.6
1965 219 3.2 496
1966 220 464 523 50
1967 322 $7.1
1968 46.5 69.2
1969 460 64.3 60
1970 13 296 784 40
1971 17 28 S 76.7 3.0
1972 473 409

Note. A blank indicates d3ts wece not avadable,
Source Company Aanual Reports, vanious years, Moody s Indusnals and Moody s Hand-
dook of Common Stocis, varicus years.

from Carroll, 1975, p. 148,
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of the aircraft, according to Hochmuth (1974); a major subcontractor for the
fuselage assembly was Northrop. Subcontractors for both the 747 and the up-
coming 767 are also required by Boeing to share a substantial portion of the
development costs. Thus, subcontracting has increasingly come to fulfill a risk
sharing role in the aircraft industry.1

An additional reason for the growth in subcontracting in both the mili-
tary and commercial aircraft sectors is the increasing complexity of such air-
craft components as avionics. Major airframe producers simply do not have the
requisite in-house competence to develop and produce these complex systems them-
selves. Occasionally, the decision is made to proceed with in-house developmen:
of a given component, as a means of acquiring the expertise; this is far more
covmon with military development contracts than in the commercial seztor. (see
below).

ihe final nexus of contractual relations in the aircraft industry is thz
between aircraft producers and airline consumers. As was noted above, competi-
tion among producers is intense, in the areas of price, delivery date and per-
formance specifications. The importance of a large initial order for a new air
craft design has grown substantially, reflecting the concomitant growth of deve
ment costs. Producers must have a guarantee that at least a sibstantial pg;tit
these development costs will be recouped prior to undertaking prctotype develor:
ment. The airlines placing these initial orders thus are in a3 position cf con-

siderable power to dictate the performance characteristics of a given aircraft

1According to Aviation Week and Space Technologv, discussing the new Boeing
767 transport, "The 767 subcontracting also will be devoted to sharing the
risk. It will resemble the 747 situation in many respects, although in this

case the major subcontractors will be required to assume a larger share of the
risk, for potentially greater profits..." (7/24/78)
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the negotiatibn and specification of these performance criteria necessitates a
large in-house technicali and engineering staff in each of the mnjor commercial
carriers. Further, since the route structure of each carrier is substantially
unique, the performance characteristics viewed by each as most desirable may
vary substantially. The airline placing a large initial order thus may be in

a position to influence the characteristics of a new generation of aircraft--
the relative financial health and route structures of airline firms thus exerts
a major influence on the direction of technical change in the commercial air-
craft industry, due to this "user-active" pattern of new product design. As is
the case elsewvhere in this contractual system, the ability of producers to meet
performance specifications is rarely certain at the time such commitments are
made.

Given the complexity of the technologies involved, as well as the severe
uncertainties that are inherent in the production and procurezent cf such a tec-
nologically sophisticated capital good, there exist considerable transactions
costs within this industry structure. Extensive parallel engineering staffs arc
maintained by airframe manufacturers, engine producers, and airline purchasers.
The direction of innovation is highly responsive to a small segment of overall
demand. Considerable resources are invested in negotiation and (not infrequent.
1{tigation. Finally, the incentives for misrepresentation of performance chara.

istics--Arrow's “moral hazard"--and competition in price and delivery dates may

. have deleterious effects upon product safety. The crash of the DC-10 near Par:

in 1974 involved an improperly designed cargo door, about the dangers of which
lines were not intormed rapidly ana which was modified by McbLonnell Douglas onl
after consideradble delay (and not at all for certain aircraft, such as the one

that crashed in 1974). The faulty door was particularly dangerous because of t
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design of the hydraulic system of the DC-10; unlike the L-10l1 or B-747, only
three hydraulic systems were built into the plane by McLonnell Douglas, and

vere located close together, making the aircraft susceptibie to a severe loss ot
control in the event ot accident. One account (Eddy, Potter, and Page, 1976
notes that the incentives faced by McDonnell Douglaitho produce a uidebody.
transport prior to Lockheed werepartly responsible for these design defects.

The 1979 Chicago crash of a DC-10 demonstrated the vulnerability of the aircraf:
hydraulic system, and revealed additional difficulties of moral hazard and com-
punications concerning engine maintenance. The marke: interface in many of the
transactions involving commercial aircraft production and procurement occasional
may result in severe impediments to the free flow of information and/or full res
elation of details of design and performance. Offsetting these potential costs
of market-mediated fabrication and procurement processes, of course, are the sut
stantial benefits of competiiion among airframe and engine producers. it is ex-
tremely unlikely that a greater degree ;f vertical integration in the commercial
and transportation sector would have produced as rapid a pace of imnovation, ser
quality improvement, and productivity growth. However, the pace of innovation ¢
bably has been affected more heavily by military research and procurement polic:
as well as regulation by the Civil Aeronautics Board of the transportat:on, tha-
by etructure, which itself has been influenced heavily by military developmeat

and procurement, as well as airline regulation.
I1I. The Record of Technical Progress

lhe innovative performance of the commercial aircraft industry may be ca:

tured in part by two measures: available seats zmuitiplied by cruising speed



24

(AS x Vc), and costs per avallable geat mile.1 While these two measures dc not
translate straightforwardly into a conventional productivity index, such as tha:
vided by Kendrick (1961, 1973) on a highly aggregated basis for air transporta-
tion, they have the advantage of being available separately for various aircraf
designs. Over time, with the introduction of successive "generaticns' of air-
craft, AS x vc has risen, and costs per available seat have fallen. Tables 7
and ¥ display the evolution of these two measures of aircraft performance durin
the 19.0-/5 period. ctxamining direct operating costs per seat miie, the quante
drop represented by the DC-3 stands out quite clearly; as Phillips noted, the
seat mile costs of the DC-3 aircraft were "...so much lower than those of al-
ternate aircraft that even with a relatively low load factor its passenger mile
costs were often lower than those for other planes.”" (1371, p. 94). Another maz
jor drop in seat mile costs came with the introduction of the wide bodied trans
ports, incorporating large, high-bypass ratio jet engines. lhe evoiution of cr
ing speed and capacity (AS x Vc) shows the large jump that came with the intro-
ductionr of four-engine transports immediate_y after World War I1I, as well as tr
improvement chat was registered with first jet engine transports. it is inter-
esting to note that, alone of the successive generations of atrcraft, the wide
body transports incorporate najor increases in available seat velocity, and si-
nificant declines in direct operating costs per seat mile. As Rosenberg et al
(1978) nozed, since the appearance nf the monocoque airframe design in 1Y33, c.
per seat mile have declined ten-fold, while passenger capacity and spezd have
by a factor of 0.

An aaditional important feature of technical progress in aireraft is ov

looked in these tables, which present operating costs as of the year of introc

lThese seasures are ezployed in Rosenberg, Themns<cn, and 2elsley (1978).
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of a given design. An important element of technical change and performance 1im-
provement 1in this industry operates during the life ot a given airframe design,
in the "beta phase" of the innovation process (see Enos, 1962, for further dis-
cussion). For the Boeing 247, the first monocoque passenger airframe design,
seat mile operating costs declined from 7¢ in 1933 to 5S¢ in 1940 (Table 9). 1he
Lockheed Electra L-188, a four-engine turboprop, exhibited an ananual rate of cost
decline of roughiy 7Z, while operating costs for the Boeing 707 declined at an
annual rate of 8.7% (see Tables 8 and 9). These declines in operating costs stem
from both modifications in aircraft design and improvements in the operating and
maintenance of these complex capital goods, both ot which i1ncorporate important
elexents of learning in use (see Rosenberg, 1980 tor further discussion).

There 1s now a corsiderable body of literature describing the improvezents
in productivity which have peen associated with learning to manufacture a newly
conceived proauct.1 Indeed, in some circles the phencmenon is referred to as the
"Horndal Effect," after the Swedish steelworks where, over a period of 15 years,
output per man hour was observed to increase about 2X per year even though no
changes had occurred in either the plant or production techniques. The phenomenon
has been further documented, not only in air-frame production, but in machine tcols,

shipbuilding and textiles as xell.z

1'l'he next several pages are taken from Rosenberg, Thompson and Beisley (1978).

2A. Alchian, '"Reliability of Progress Curves in Airfrare Producticn,'' Fceneretrica
October 1965, pp. 679-32; Werner Hirsch, "Firm Progress Ratios,' Fccreoretrica,
April 1956, pp. 136-43; Lecnard Rapping, "Learning and World war TT Trodtcticn
Functicns, '"Feview of Fconorucs and Statistics," 1965, pp. 81-86; Paul David,
“Leaming by Doing and Tariit protection® A reconsideration of the Case of the
Ante-Bellum U.S. Cotten Textile Industry," Jourmal of Fconcmic llistory, Sept.
1970, pp. 521-601; Kerneth Arrow, 'The Fconomic Irplicaticns or Learning by

-contirued-
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We wish to emphasize here, however, a different but related form of
learning-by-doing. Not only does learning-by-doing take place in the manu-
facturing process as workers improve their saill in the making of the product,
but, as a result of the actual use of the aircraft itseif, a considerable learn-
ing process occurs which reduces the operating costs of the aircraft in use after
its manufacture. Much of the learning-by-doing in aircraft has been associated
with the gradually growing body of experience associated with the operation of
a new model airplane.1 The experience is, perhaps, most characteristic of com—
plex final products with elaborately difterentiated but interdependent compon-
ent parts, and is theretore related to the complementarity phenomenor. uUper-

ating cost reductions, as we will see, depend heavily upon gradually learning

(continued)

Doing," Review of Economic Studies, June 1962, pp. 155-/3. According to Hirsch,
the U.S. Air Force "fcr quite sore time had recognized that the direct tabor
input per airframe declined substantiaily as cumulative airtrame output went up.
the S>tanford Research Institute and the RAND Corporation initiated extensive
studies in the late forties, and the early conclusions were that, insofar as
World War II airframe data were concerned, doubling cumulative airframe output
vas accompanied by an average reduction in direct labor requirements of about
20X. This meant that the average labor requirement after doudling quantities

of output was about 80% of what it had been before. Soon the aircraft industry
began talking about the 'eight, percent curve'." Hirsch, op. cit., p. 13b.

1t is possiblz, of course, that cost reductions which have been attributed to
learning by doing have actually been due to other factors wnich have not been
defined as a residual. For earlier discussions of the learning curve in the
aircraft industry, see Adolph Rohrbach, "Economical Production of All-Metal
Airplanes and bSeaplares,” Journal of the Societv of Autemotive Engineers,
January 1,27, pp. 57-66, and T.P. Wrignt, Factors Affecting the Lost of
Alrplanes,” Journal of the Aeronautical Sciences, February 1936, pp. 122-128.

lA parallel process, with which we do not deal, is the extensive learning
vhich was involved in the operation and management of an entire aircraft
fleet. There were many operational problems for uvhich optimal procedures
had to be developed--scheduling problems, turnaround tize, dovetailing the
requirements of equipment with those of personnel, etc. Such "softwvare"
responsibilicies belong to the realm of management and not technology, al-
though the two realms are obviousiy interrelated.



more, during the actual operation of a new aircraft, about the performance
characteristics of an airplane system and its components, and thterefore under-
standing more clearly its eventual full potential. For example, it 1is only
through extensive usage that detailed knowledge is developed about engine op-
eration, their maintenance needs, their minimum servicing and overhaul re-
quirements, etc. This is due partly to an inevitable-—and highlv desirable--
overcautiousness on the part of the manufacturer in dealing with an untried
product. As experience accumulates, it becomes possible to extend the oper-
ating life beyond original expectations.

A point which deserves to be made expliczit in all this is the persis-
tent importance of uncertainty in the precision of prediction of performance
in airplane design. In spite of elaborate possibilities for prior experimen-
tation in wind tunnels of increasing sophistication and theoretical technijues
of increasing precision in aercdynamic research, such things as scale effects
and the phenomena of compressibility and turbulence centinue to result in un-
expected outcomes of a positive as well as negative nature. Sometimes perfor-
mance exceeds expectations and sometimes there are urexpected benefits as well
as unexpected problems. Wind tunnel tests in the past, for example, have re-
sulted in exaggeration of the increase in drag, particularly at transonic speeds,
and handling problems sssociated, for example, with a swept-back wing design.
One must not exaggerate, therefore, the extent to which, even today, the de-

sign of aircraft can draw upon precise scientific methodology to achieve 1its

ends.

lHiller and Sawers (1968), pp. 246-250.
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Secondly, we have the technological advances embodied in the hardware
of the aircraft. One excellent means of gaining insight into how several com-
plementary technological advances occur at uneven intervals is to describe the
process as it occurs for a particular aircraft. We may consider the case his-
tory of the Douglas DC-8 as representative of this process of development;
several of the events in this history are sumarized in Table 10.

In the DC-8 we have an aircraft which has experienced a more than 50Z
reduction in operational energy costs over its life span on a per-seat-mile
basis, as well as an increase in productivity (AS x Vc) from 62,500 or the DC8-10
30 & 50, to 130,000 for the DC8-61-63 series, although the basic configuration
has been largely unchanged and, as we can see, the modifications have been rela-
tively unsophisicated cozpared to differences between aircraft types. Clearly,
an important set of modifications has had to do with the engines, which have
progressed both to increase available thrust and decrease specific fuel con-
sunption, thus increasing the potential payload and directly reducing operating
costs. At the same time, there have been modifications tc the wing profile that
reduce the drag of the aircraft. With the DC-8-30, a drooped flap was added,
then a leading edge extension with the DC-8-50. Subsequent models increased
the aspect ratio and repositioned the flap.1 Engine pylon design also under-
went some modification. These variations on the aircraft's geometry were =oti-

vated by the drag reduction and consequent increased fuel economy they were ablz

1h‘hile the modifications alter the aerodynamic parameters of the wing, sometizes
substantially, the wing itself does not generally experience internal structural
alterations. This is because of the prohabitively high cost of wing design
vhich makes it much more econo=ical to modify the flaps, leading edge and wing
tips. At the same time, the possibility of eventually utilizing even these adi-
on devices must be anticipated to some degree during the initial wing develop-

ment stage.
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to provide. But it is clear from the figure that a third very substantial
contribution to increasing the aircraft productivity has been the ability to
stretch the aircraft, increasing capacity from 123 seats up to 251 seats, thus
demonstrating the large leverage to be reaped by increasing the internal pas-
senger capacity, provided of course they can be operated sufficiently close

to capacity. The interdependence of these technological improvements is per-
haps obvious but requires explicit exposition. The possibilities for stretching
and consequently adding payload volume and weight to the vehicle depend upon
having more powerful engines to meet the take-off incorporated in the wings to
maintain approach and landing speed as well.

The story of the DC-8 is quite representative of the transport aircraft
industry design piiilosophy. Innovations which have been incorporated within a
particular vehicle and which have made substantial improvements in their oper-
ating cost characteristics predominatly have a good deal to do with engine de-
velopment in terms of available thrust and fuel consumption capabilities, with
reduction in overall Jdrag by modification in wing design, witn stretching of the
vehicle to increase payload capability. Although the dramatic improvements in
operating costs may initially appear to come directly from the stretching pro-
cess, this process is unattainable without the complementary developaments of
pover plant technology and sometimes wing technology, themselves highly ainter-
dependent technologies. Engine technology in particular during the turbine era
has experienced dramatic technological growth in terms of thrust per pound of
engine weight, which has increased by over 50X in 20 years, but even more so
in terms of fuel consumption per hour per pound of thrust. For example, in

1950, about 0.9 pounds of fuel were required for each hour-pound of thrust.
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By the early 1960's, this requirement, with the development of the turbo fans,
dropped to around 0.75 pounds of fuel per hour-pound of thrust. With the in-
novation of the high bypass turbo fans around 1968 and in use today, the fuel
requirements dropped to 0.6 pounds of fuel per hour-pound of thrust. This 30%
decline in fuel requirements over this period has direct implications for in-
creasing the deliverable payload of aircraft within the turbinegeneration.l
The phenomenon of stretching as applied to jet transports from the Comet
to the 747 is a classic example of a process which is not very "interesting"
technologically but is of vital economic importance.2 To begin with, the pro-
cess reflects the basic complementarity between the performance of the engine

and the airframe. Indeed, there is little incentive to improve engine design

unless airframe designers know how to exploit the improvement.3 The carrying

lBoeing Commercial Airplane Co., (1976) ©p. 4.

2'l'he technique of stretching has a much older history and was applied with great
success to the DC6-DC7C series as well as the Lockheed 649 to 1049H series of
propeller driven aircrafc. A well documented recent example of this technique

is shown in the case of the DC9 series aircraft in Business Week (pp. 95 & 100,
Nov. 14, 1977) where the DC9 series has been increased in size by lengthening

the fuselage from 104.4 fr. (80 passengers) in 1965 to 147.8 ft. (155 passengers)
in 1980 in five distinct steps. In addition, modifications to the wing and pc-er
plant have enabled it to increase performance and keep abreast of the latest
nolse regulations.

3The role of highly specialized producers, and the question of what constitutes
the optimum degree of specialization from the point of view of technological 1in-
novation, are highly important questions which are still not very well understoc:
Specialist producers tend to be very good at improving, refining and modifying
their specialized product. They tend not to be very good at devising the new in-
novation which may constitute the eventual successor to their product. They tenc
in other words, to work within an established regime, but they do not usually =a-
the innovations which establish a new regime. Thus, the horse-and-buggy makers
did not contribute significantly to the development of the automobile; the stean
locomotive makers played no role in the introduction of the diesel, and indeed
expressed a total disinterest, until it was finally entrepreneured by General
Motors; and the makers nf pisten engines did not play a prominent role, in Engla-
Germany or the United States in the development and introduction of the Jet eng:-
-continued-
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capacity of the airplane depends, first of all on the capacity of the engines.
As engine performance 1is improved, exploitation of the potential requires re-
design or modification of the airframe. The simplest response, as improved
engines become available, 1s merely to stretch the fuselages and add more seats
Indeed, as this phenomenon came to be better understood, most airplanes were de
liberately designed in order to facilitate subsequent stretching. Although air-
plane designers at any time design to conform to the caracity of the engines, 1
is generally understood that improved and increased performance engines will be
coming along within the lifetime of the model, and it 1is important to be in a
position to exploit them. Since designers expect these future engine improve-
ments (as well as other complementary technological improvements), they con-
sciously attempt to design flexibility into the airplane. This a.plies especia.
ly to the design of the fuselage in such a way as to facilitate later stretchir
Such stretching has constitute an importaat part of the producti;ity improvemen
which has been charazteristic of the beta phase. Stretching may, indeed, be
thought of as the process by which, as a result of accumulated knowledge and
improved engine capabilities, the payload possibilities of a new airplane desig-
are expanded to their fullest limits. Clearly, this is an economic as well as
a technological phenomenon. When as original design is modified through the
stretching process it is usually dictated by the growth of passenger demand or

new route opportunities.

(continued)

The severely circumscribed technological horizons of specialized producers--to
some extent an inevitable "occupational hazard"--may help to account for vhat c
recent book on the aircraft industry describes as "...an apparent proclivity or
the part of once successful manufacturers to remain too long with the basic tec
nology of their original -~ ccess.” Phillips, (1971) ., P. 91. The po:
is that intimace familiarity with an existing technology creates a strong dis-
position o work within that technology, and to make further modifications leac
ing to its improvement and not to its displacement. Scribes may be expected =z
invent forms of shorthand, but not typewriters. However, if improved ones sho.

up they will be adopted.
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The sources of this impressive record of inter- and intra-generational
technical progress are numerous. Below, we argue that aircraft have benefitted
from technical developments outside of the industry itself to an extent greater
than almost any other major manufacturing industry. Advances in metallurgy
underpinned the development of the menocoque airframe in the 1930's, while im-
provements in fuels, the results of research sponsored by automotive and petro-
leum firms, aided in the propulsion of these new designs. In the postwar peric
metallic and nonmetallic composite substances have played a central role in im-
provements in both the airframe and the engine; again, these new materials have
been developed largely outside of the commercial aircraft industry. Advances :
electronics also have been of great importance. The additional important aspec
of technical change in commercial aircraft is the role of government in procure
ment of military aircraft and in the support of research fer both military and

civilian applications.

IV. The Sources of Technical Change

The commercial aircraft industry has an impressive record of innovation,
much of which reflects the industry's good fortune as a beneficiary of at least
three important external sources of innovation and/or research support; inno-
vations in other industries, such as metallurgy or electronics, government-
supported research in civil aviation, and military procurement and researcn
support. The number and complexity of the systems that are combined in a mod-
ern alrcraft design are partially responsible for the fact that, to an unusual

extent, the aircraft industry has benefitted from innovations and research
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support from sources outside the industry. The characteristics and conse-
quences of government policies toward the aircraft industry, including pro-
curement and research support, are discussed in greater detail in the
next section. Here, we shall simply document and discuss the extent of this
inflow of technical change from external sources. Initially, the contribution
of cther industries to aircraft industry innovation is discussed; this is fol-
lowed by a consideration of the Federal role, and a discussion of the sources
and categories of aeronautical research and development expenditures.
Inter-industry transfers of technology are widespread in advanced indus-
trial societies, characterized by highly sophisticated patterns of specializatic
and inter-industry flows of components. Any purchaser of goods from a given su-
plier is a potential beneficiary of innovation in the supplier firm's industry.
This pattern of transmission is especially commen in the relationship between
manufacturing firms and the firms supplying thea with capital goods. As was
noted above, the large number of widely varied components utilized in an air-
craft has placed the industry in a position to benefit from developments in oth
industries. Innovations in these "supplier" industries occasionally have been
motivated by an awareness of their potential applications in aircraft--in some
cases, Federal funds supported research in these supplier industries, bases upc
the potential usefulness of the innovations frea these sectcrs for military ai-
craft. The important point, however, is that the commercial aircraft industry
has benefitted from innovations produced by research supported by other indus-
tries, which themselves were highly innovative.
Electronics

Over the last twenty-five years, the commercial aircraft industry has



-38-

greatly increased its reliance upon electronics technology, particularly solid-
state semiconductor circuitry. The increasing utilization of semiconductors
was spurred by the requirements of strategic missile guidance systems in the
1950's. Compared to vacuum tubes, solid-state circuits were far lighter, more
reliable and generated less heat. The increased importance of military and
space projects, many of which were carried out by aircraft firms, blurred the
boundaries between the electronics and aircraft industries, as such electronics
firms as TRW were chosen to be prime contractors on major missile projects. Tt
resulting development semiconductor guidance systems produced substantial bene-
fits for commercial aircraft. However, the origins of this far-reaching inno-
vation were remote from the commercial aircraft industry, stemming from Bell
Telephone Laboratories' efforts to lmprove long-distance telephony.

Exploitation of electronics technologies for commercial =ircraft as
rapid during the 1960's and 1970's. Air traffic control equipment had to be
improved substantially, to meet increasing traffic flows of larger commercial
aircraft. Communications, navigation, instrumentation test equipmert, radar,
and other systems were developed by the electronics industry for applicaticn ir
cocmercial aircraft. The increasing use of integrated circuits has facilitatec
miniaturization of a wide range of instruments.

Applications of new electronics technologies in other industries also h:
benefitted commercial aircraft. The development of computers, greatly advance.
by semiconductors, 3lso nas ylelded major spillovers into the commercial zircr
tor. Air traffic control and reservations computers have supported the expans

of commercial air transport. On-board minicomputers have izproved the navigat
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and maneuvering performance of commercial aircraft. In the development and
production processes, computers alsc play an increasingly important role.
Computer-assisted design techniques have reduced, if not eliminated, the great
uncertainties about airframe performance, enabling more extensive testing to
be carried on outside of the wide tunnel. Computers also are being applied

to the control of machine tools in the fabrication process, substantially im-
proving productivity.

Matellurgy and Matarials Science

At least since the introduction of monoccque airframes in the early
1930's, progress in commercial aircraft design and innovation in metallurgy
have been tightly linked. With the advent of the jet engine, metallurgy as-
sumed substantial importance for developments in the powerplant, as well as the
airframe. Since the 1940's, metallurgical research on the behavior of metals at
high tezperatures has been of great Importance to the developzent of turbine
blades, inlets, outlets and comp:essor; for turboprop and jet engines.1 As the
disastrous experience of Rolls-Royce in the development of engines for the 1-1011
utilizing a new composite material, Hyfil, demonstrates, the uncertainties sur-
roun<ing aspects of metallurgical and materials development have impacted heavily
upon commercial aircraft. Metallurgy remains a discipline in which a strong the-
oretical basis for predictions about performance is lacking: experimentation
and uncertainty remain central. In addition, the utilization and performance of

materfals is governed by their behavior in use over a long period of time; metal

lTaylor (1970) notes as central to the improved performance of high bypass-
ratio jet engines, "...the fan, cooled turbine blades allowing higher turbine-
inlet temperature, and higher-pressure-ratio compressors.” (p. 56). fentral
to all of these improvements were improved alloys.
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fatigue remains poorly understood, and very difficult to test for effectively.l
Major sources of metallurgical research for commercial aircraft are
firms such as Alcoa, wvhich developed duralumin under military contract for use
in navy dirigibles; duralumin subsequently was employed extensively in
monocoque airframes. More recently, General Electric, a major prodicer of
steam turbines and other generation equipment requiring advanced alloys for
high-speed operation, became involved in metallurgical researches involving
the development of supercharged aircraft engines, and later, 3<t engincs. As
was the case with Alcoa, military support of General Electric's supercharger
materials research was of considerable importance.2 Additional indirect Federal
support for materials research was channelled through the Subcommittee on Heat-

Resisting Alloys cf the National Advisory Committee on Aeronautics (NACA), formed

in 1941.

Government support of cormercial aircraft research: the role cf NACA

The commercial aircraft industry 1s unique among manufacturing industries
in that a governmental research organization, the National Advisory Committee on
Aeronautics (NACA), has long existed to serve the needs of aircraft design. Similar
research facilities, suppsrt by both government and industry to carry out research
on "generic" technological innovation, have been advocated recently by policymakers.
The argument most frequently made in support of such 'cooperative’” research estab-
lishments states that individual firms within a given industry face insufficient

incentives and real disincentives {the free rider problem) to carrying out the basic

lA recent witness testified to the importance of such uncertainties: ''Steiner
pointed out that 'accelerated aging' tests have not proved accurate in the past.
He cited tte case cf certain alloys that 'aged in a most peculiar manner' a few
years ago. In five to 10 years, these alloys--utilized on the Boeing 707 and
other transports--developad inter-granular corrosion, requiring expensive in-
spection procedures and replacements. With that kind of history, Steiner said,
"any sound manufacturer or financial institution would have reason to be a little
timid about locking advanced composites into a primary structure which 1is non-
removable." (AW&ST, Septeszber 12, 1977, p. 35).

2"In this country, the early work of Sanford Moss on the gas turbine, starting in
1901 at Cornell University, eventually led to the developzent of the General

(cont inued)



;enearch necessary to suppot? innovation. NACA is widely viewed by industry and
governnent observers as a success in this regard; the industry to which it was dir-
ected has exhibited impressive innovative performance. With these concerns as back-
ground, the role of NACA in the development of commercial aircraft is worth investi-
gating. :

World War I sparked the establishment of a number of bodies intended
to bring together leading academic, business, and éovernment figures in an
effort to analyze important broblems of national security, frequently in the
areas of industrial mobilization, research, and technology. The National Re-
search Counc’l was one such body; the National Advisory Committee on Aeronautics
was another, more firmly under government controll than the NRC. Established
in 1915, NACA t as intended to "investigate the scientific problems involved in
£1ight and to give advice to the military air services and other aviation ser-
vices of the government.l Despite this early military-oriented mandate, NACA
during the 1920-35 period did not deal solely with military aircraft problems,
instead working on general problems of éerodynamics and aeronautics common to
both military and commercial aircraft.

Utilizing large experimental facilities at Langley Field, Virginia, and
Moffett Field, California, NACA functioned as an im- -
portant source of performance and other test data in aerodynamics. The Com-

mittee pioneered in the construction and use of large wind tunnels, completing

(continued)

Electric turbtosupercharger. This device, first applied to aircraft engines by
Rateau in Frarnce, was flown before the end of World War I. The U.S. Army's in-
terest resulted in Moss's concentration of his efforts on the aircraft super-
charger in the period between the wars. The expense was borne by the Army from
1919 to 1937. It was the proving ground in this country for improved high-tempera-
ture metallurgical development..." (Badger, 1958, p. 512).

1Statement of Dr. Joseph Ames, Hearings of the President's Aircraft Board 1925, Ames
was to serve as NACA's first Chairman.




one in 1927 large enough to accommodate full-scale airframes. This and other
facilities provided a steady stream of test results that led to significant
improvements in airframe design. The famous "NACA cowl," intended to cut down
on the wind resistance of radial air-cooled engines, reduced engine drag by
nearly 75Z. NACA research also demonstrated the superior performance of air-
frames with retractable landing gear, and yielded improved knowledge regarding
engine positioning in the aircraft wing:

By a comprehensive survey of the net efficiencies of various engire
nacelle locations, the optimum position in the wing was found. This
N.A.C.A. engine location principle, together with other refinements,
had a revolutionary effect on military and cormercial aviation the
world over. It changed military aviation tactics, made long-range
bombers possible, and forced the development of higher speed pursuit
planes. In the commercial field it permitted the speeding up of cruis-
ing schedules on the air lines from 120 miles per hour of the Fords to
the 180 miles per hour of the new Douglas planes. The overnight trans-
continental run became possible and the air lines vastly increased their
appeal to the public. Even in the midst of the depression, air line
traffic boomed. (Hunsaker, 1941, p. 139)

After 1935, NACA research increasingly was designed to serve military
needs, and specific development projects largely crowded out the earlier activi-
ties of greater benefit to commercial aircraft. Phillips (1971) noted that af-

ter 1935, NACA:

...tended to shift ...from research that lacked a specific military or
commercial purpose to that relating to specific military missions and
even to specific military aircraft. This changed the nature of the air-
craft industry's reliance on exogenous science and technology. Prior to
this time, developments in both military and commercial aircraft occurred
from technical developments achieved with neither a specific military nor
commercial purpose. After this, technical developrents rore often had a
defined military purpose and new types of commercial planes more often
had visible antecedents in military aircrafc.” (p. 121)

The prewar performance of NACA was achieved at a remarkadly low cost, even

by the standards of the time. Total appropriations for NACA between 1925 and
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1940 approximated $25 million. It is crucial to note, moreover, that NACA car-
ried out very little research during this period that could be described as
"basic" in nature. Prior to 1940, the Committee functioned primarily to pro-
vide research infrastructure for the aircraft industry, making available as it
did extensive experimental design data and testing facilities. This was a very
important contribution, given zhe modest research rescurces of the industry
prior to 1940, but it does not resemble the type of support frequeatly envisioned
by advocates of government-industry research cooperatives (this point is dis-
cussed further below). Indeed, one recent account of the development of the

jet engine has characterized the United States prior to 1940 as a backwater of
theoretical aerodynamic research, attributing the failure of American engineers
to originate the concept of the jet to such weaknesses in the theoretical vnder-
pinnings of aeronautical design (Constant, 1980).

Following World War II, during which NACA work was exclusively militarys
in character, the divisior of labor in aeronautical research appears to have
changed somewhat. The major aircraft producers had acquired substantial in-
house facilities of their ounl; NACA's infrastructure was less critical. Mili-
tary support of research and development occupied a vastly more important role
than was true of the pre-1940 period. NACA declined in importance, functicaing
in large part as a sponsor of more fundamental aeronautical research in the acade=ic
sphere, and continuing to conduct empirical research on a scale that was ncw
dvarfed by military-supported activities. The Committee had fulfilled an i=-

portant function, hcowever, serving to provide research support on a scale that

1So:ne idea of the growth in the in-house research establishments of major air-
craft firms during World War II is conveyed by a comparison of data on these firms
contained in the 1940 and 1946 editions of the National Research Council Surveyw

of Industrial Research. The in-house professional staff at Douglas Aircrai:

(continued)
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would tax the resources of the commercial aircraft industry prior to 1940.

Military-sponsored research

The final major area of external support for commercial aircraft inno-
vation ia military-supported research and procurement. Research supported by
the armed services has ylelded indirect, but very important, innovational spill-
overs into the commercial aircraft industry, most importantly in aircraft engines.
From the Pratt and Whitney Wasp of 1925 to the high-bypass ratio engines of the
1970's, cormercial aircraft engine development has benefitted from, and usually
followed, the demands of military procurement and military support of research.
In the immediate aftermath of World War I, during the 1515-26 period, "Virtually
every cent going into the development of engines'" was derived from "...direct
payment by the government from special funds allncated to research and develop-
ment."l More recently, of course, the development of the first jet engine in
the U.S. was financed entirely by the military, reflecting both the perceived
military urgency of the project, and the lack of interest in development of such
an engine expressed by commercial firms prior to 1940:

In the United States neither Lockheed, where the first American designs

of a turbojet were made, nor the Northrop airplane company, which pro-

posed in 1940 to develop a turbo-prop, was willing to do any actual de-

velopment at its own expense, only the preliminary studies being financed

in this way. A year or two before this, some engineers in the Turbosuper-

charger group of the General Electric Ccmpany had proposed the development

of a turbojet to the management of the company, but the proposal had been
rejected. (Schlaifer, 1950, p. 88)

(continued)

grew from 22 persons in 1940 to 111 in 1946; the Glenn Martin Company grew fror
42 to 76 in the research departzent; Lockheed grew from 10 to 314; Consolidated
Vultee vent from 12 to 195; United Aircraft (including Tratt and Whitney,

Hamilton Standard, and Sikorsky) grew from 80 in 1940 to 732 by 1946; and Curtiss-
Wright went from 14 in 1940 to 159 in 1946. 1In view of the fact that 1940 was a
boom year for the industry, due to rapidly increacing foreign and domestic mili-
tary orders, these figures are all the more impressive.

lschlatfer (1950), p. 160.
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Military-supported research into powerplancs for the giant C-5A transport led
to the development of the high-bypass ratio engines that now power the wideboly
comercial transports.1 55Z of the R&D costs for these turbofan engines wJas
contributed by the Defense Department, while the FAA and NASA accounted for
roughly 13%; industry expenditures were 32X of the total.2

Direct military research support has been most important in the propul-
sion area. However, the development of commercial aircraft has also benefitted
substantially from military support of airframe development and production for
purely military purposes. Such spillovers became important only after World
War I, in contrast to the situation for aircraft engines. With the advent of jet
aircraft, however, airframe makers often were able to apply knowledge gained ia
military projects to commercial aircraft design, tooling, or production. In many
cases, similarities in airframe design were sufficiently pronounced that devel:zp-
ment and tooling costs for commercial airframes were reduced substantially. Ax
exacple of this is the Boeing 707. Boelng had developed a jet tanker to proviile
in-flight refueling for the strategic bombers, the B-47 and B-52, thzt the firx
previously had sold to the Alr Force. Over 1,000 of the tankers, the KC-135,
eventually were sold to the Air Force. The 707 airframe design followed that =f
the KC-135 quite closely, so closely, in fact, that the first prototype 707 tc be
"rolled out” of the Seattle factory did not have windows in the fuselage. A comp.

son of the costs incurred by Douglas in the development of the DC-8 with those o

l"aa often happens the airbus is the result of a technological advance that was
brought about by unrelated events--in this case, the U.S. Air Force's request
to the industry in 1953 for engines with double or triple the thrust of existi=g
pover plants. The Air Force required engines for a huge new military transpor:
that eventually became known as the Lockheed C-5A." ("'why Boeing Is Missing the
Bus," John Mecklin, Fortune, June 1, 1968, p. 82).

2DOT-‘(ASA study, p. A(9)



707 gives a rough idea of the financial benefits that accrued to Boeing:
Douglas lost $109 million in the two years 1959 and 1960, having
written off $298 million for development costs and production lcsses
up to the end of 1960. Boeing did not suffer so badly. They wrote
off $165 million on the 707 by then; some of the development cost may
have been carried by the tanker program, which also provided a few
of the tools on which the airliner was built. (Miller and Sawers,
1968, pp. 193-194).

The closer is the similarity between =aailitary and commercial designs,
the greater will be such external benefits reaped by the coatractor. TIynamic
spillover effects also are of importance; development or procurement contracts
may serve to support the acquisition by a producer of new design or production
skills. As was mentioned above, military contractors have occasionally chosen
to produce specific component in-house, ratker than subcontracting its manu-
facture, in order to acquire expertise in the area (this was especially true
of the airframe producers and electronics components in the 1950's and 1960's),

1 .
at government expense. In certz2in cases, the costs of tooling for production

Lt..the decisjion taken in a small but significant proportion of such cases has
been to make, rather than to buy. This tendency has been especially prevalent
in the aircraft industry and other sectors of the weapons industry severely af-
fected by technological change. Faced with serious declines in their regular
business of fabricating and assembling airframes, most of the major U.S. air-
craft companies decided to build up capabilities in new fields of weapons tech-
nology, especially 1in electronics. They assembled nuclei of engineers and
scientists in the fields to be entered. Ar the outset, however, these groups
had neither the breadth nor depth of experience available in firms already wore-
ing in the particular technology. Only with actual experience in research, de-
velopment, and production ~ould the companies establisn capabilities equal to
those already in existence. One way to aczuire such experience was feor a price
contractor to 'make' the components and subsystems vhich otherwise would be
'bought' from established firms.

The work done by these inexperienced in-house groups was often more ex-
pensive than it would have been if subcontracted to experienced companies. With
cost reimbursement contracts, these extra costs were paid by the governzent."

Peck and Scherer, (1962), p. 388.
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of a commercial airframe may be partially borne by a government procurement
contract, as in the case of the 707 and the KC-135. 1In addition, some of the
"learning by doing" that takes place in production of a military airframe may
be transferrable to commercial production.

In order to convey some sense of the importance of external sources of
innovation in the commercial aircraft industry, one need oniy consider the epoch-
al DC-3. As was ncted sbove, the DC-3 represented a productivity improvement
not equalled until the introduction of widebody transports 35 years later. The
aircraft's low operating costs were due in large part to its radial air-coiied
engines, rated at nearly 1,000 horsepower. Miller and Sawers noted that "'The
most striking feature of the progress of the decade of the 1930s was that wmore
power was obtained from engines of the same size." (p. 94) 1In the case of the
DC-3. the low weight-to-power ratio of its engines enabled transport of a larger
number of passengers for a given horsepower rating than previously had been pos-
sible. The improvements in engine desién referred to by Miller and Sawers vere
the result of government-sponsored research, as well as improvements in fuel,
notably the addition of tetraethyl lead to aviation gasoline as a result of re-
search sponsored by DuPont, General Motors, NACA, and the National Bureau of
Standards.

The DC-3 airframe design incorporated numerous results of NACA research,
including the cowling on the englaes and the placement of the engines in the
leading edge of the wing, as well as the retractable landing gear. The wing

design itself incorporated several important NACA developments, as Fhillips

points out:
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...the wings of the DC-3, as well as those of the other planes of its
generation, owe thelr origin to NACA and other non-commercial or non-
United States research. In particular, the DC-l1 had a NACA 2215 wing
section at the root--with fillets into the fuselage which were the re-
sults of NACA research--and a NACA 2209 section at the tip. (p. 117)
The monocoque airframe of the DC-3 was ma.c n.08sible only by the development
by Alcoa of the new duralumin alloy. Thw.3, wi'ile the design and development
work that combined these components success®ully into the design of the DC-3
was brilliant, the original research underlying the perfection of many of the
crucial components had been performed or funded by institutions outside of the

aircraft industry.

Industry R&D expenditures, 1945-69

An examination of the sources and expenditure categories of research
within the overall aircraft industry (including poth military and csmmercial
aircraft producers) will serve to illustrate more precisely the character of
research support and activities within the industry. A useful summary of RSD
data for the postwar industry is contained in the study conducted by Booz, Aller
and Hamilton for the Department of Transportation - NASA study of RAD policy for
civilian aviation. Table 1l contains comprehensive data on the sources of re-
search funds for fiscal years 1945-69. Total R&D expenditures rose by nearly
700X during this period, from $365 million in 1945 to roughly $2.8 billion in
fiscal 1969. The most rapid period of growth was in the 1950-54 period, re-
flecting the substantial infusion of military funds during the Korean War;
from nearly $600 million in fiscal 1950, R&D expenditures rose to more than
$2 bdbillion in 1954. 78X of this increase was accounted for by increases in

military-supported R&D. Throughout this periocd, even in the late 1960's, the

defense portion of total RSD expenditures never fell below 65X%.
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Sources of Acronautical R&D Funds
Annual Expenditures in Millions of Dollars

Fcderal

Defense Non D.finse

g N\

Q 3 < v éz; é? S5/ -
1945 170 124 17 30 1 23 365
1946 188 209 21 37 1 28 454
1947 182 139 28 30 1 37 417
1948 i4l 186 35 42 2 48 454
1939 198 160 2 54 53 2 70 539
1950 245 112 4 §0 52 8 91 592
1958 308 179 14 176 62 4 7 164 914
1952 558 217 21 295 13 3 11 277 1195
1953 8173 41 29 pra-3 76 3 21 329 1953
1954 996 265 36 365 sS 1 24 313 208S

— - .- he
1955 941 249 40 333 47 1 27 320 1968
1956 9s8 243 0 3:8 S5t 1. 49 as3 2083
1957 1037 23 57 381 50 1 79 392 2235
1958 1136 26 74 350 45 15 i 73 356 2325
1959 1082 268 68 319 48 28 76 339 2228
1260 8§96 274 49 290 32 48 69 329 1987
1961 9379 247 72 233 39 45 59 206 2050
1962 1011 214 €38 3t 44 53 11 304 2026
1963 1333 261 103 293 6§ 59 19 234 2419
1964 1290 250 i01 298 84 38 18 304 2333
- —
1965 1231 244 76 9 304 102 30 21 353 2370
1966 1268 287 98 23 267 110 3 112 435 21
1962 1058 103 104 4 <2 134 35 10 565 2855
1068 1138 21} 131 11 481 171 3s 63 673 292€
1969 7917 461 134 2 457 216 36 24 €09 2806
TASLE 11
. Rescarchiand Daveley rent fundyre subarsed ™y the covernment as ~Nurctlr overbe d Ch feson

procuicment contracts,

Source: DOT-NASA, op. cit., Table C-13.

DoD:

DoD:
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Examining the major sources of non-military research funding, the de-
clining role of NACA support through the 1950's stands out clearly; from parity
with industry expenditures (which appear as the "industry non-reimbursed" cat-
egory) in the late 1940's, the NACA portion of nonmilitary research support
had dropped to less than 10Z in fiscal 1958, immediately prior to Sputnik and
the reorganization of NACA into NASA. Expenditures by the Atomic Energy Com-
mission supported research on nuclear propulsion of aircraft and space vehiéles,
while the Federal Aviation Administration supported work on avionics and (dur-
ing the 1960's) engine development.

The industry contribution to R&D remains strikingly small in the late
1960's, despite a rapid rate of growth. '"Non-reimbursed expenditures" never
accounted for more than 235% of total R&D spending, and were below 20% of the
total for most of the 1945-69 period. However, industry expenditures accounted
for an increasing share of non-military research expenditures during this per-
iod, reflecting the growth of large in-uouse research establishments and soar-
ing development costs for commercial aircraft. From 42%Z of non-defense R&D
spending in fiscal 1946, the industry share rose to nearly 64Z by fiscal 1969.
Military-civilian research projects, was the prizary form that government re-
search support took during the postwar period.

Table 12 contains information from the DoT-NASA study on the types of
research ccnducted by producers, breaking research activities into '"basic re-

search," "applied research," and "development' cate ories.1 Perhaps the most
P g

lThe DoT-NASA study offers the following definitions of research categories:

"Basic research Is concerned with exploration of the unknown. It is
undertaken to increase the understanding of natural laws and is free from the
need to meet immediste objectives.

"Applied research is directed to the solution of a recognized problem.
It differs from basic research in that it is pointed toward practical applicatic
(continued)
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TABLE 12

BASIC

g

1545 H

1536 6

1947 s

1948 7

1949 9

1930 12 6 - 9 . - 9 36 34 16 1 10 -
1951 15 9 1 11 - 2 17 5$ 43 25 2 12 -
1952 28 11 1 19 . 2 29 S0 78 30 3 21 -
1953 44 12 1 13 - S 35 110 12 34 4 14 -
1954 50 13 2 9 . 5 35 114 139 37 5 10 -
1958 417 12 2 8 . 6 33 108 132 35 6 9 -
19%6 48 12 3 9 - 11 3 119 134 34 7 10 -
1957 52 12 3 9 - 17 39 132 145 35 8 10 -
1958 57 13 4 8 - 16 26 133 159 3° 10 9 -
1559 54 13 3 8 - 17 32 127 151 37 10 9 -
15¢0 35 14 2 s - 15 n 12 125 38 7 § -
1551 49 12 4 7 - 15 30 17 137 35 10 17 -
1252 51 11 4 § 3 . 30 10$ 131 30 12 [ 1
1563 [ 13 s 11 s - 29 30 187 38 15 13 1
1054 €4 13 5 14 s - 30 131 180 15 14 i6 -
15558 62 12 4 17 5 . 3} 133 172 34 11 19 -
1566 6} 13 5 19 - - 41 141 HEa 38 14 21 .
1867 s3 15 S 2 3 - - 51 132 148 42 13 2 -
1963 by 12 7 29 - . 8 163 1:9 313 18 32 -
1569 40 13 7 37 - . 53 160 112 64 19 41 -

Source: DOT-NASA, op. cit., Table C-15.
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TABLE 12 continued

Dis*ribution of Source of Funds by Type of Acronautical R&D
Annual Expenditures in Millions of Dollars
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TABLE 13

Acronautical R&D Junds Used by Industry,
Classificd by Aircraft Componcent
Annual Expenditures in Millions of Dollars

o4 )
F 4 J $ &£ X
g v
1945 118 66 79 263
1946 153 8s 102 340
1947 138 76 2 308
1948 148 82 99 329
1949 184 102 123 409
1950 212 117 141 470
1951 EXP) 18 221 737
1952 550 306 | 366 1222
1953 716 397 | am 1520
} 1954 759 422 | s0s 1686
1955 718 3917 4§76 }5S8
1956 749 416 | 499 1164
1957 815 433 513 1811
1958 834 463 556 1853
1959 795 441 $30 17¢6
1960 m s | 473 1579
1961 730 s | 4ss 1622
1952 729 408 35 1619
1963 852 473 | s68 1593
1964 §43 468 | s62 1873
1965 §45 469 | 563 1577
1966 932 si6 | 6Ss 2153
1967 1n56 587 703 2346
1968 108 610 | 733 2441
1969 1026 570 685 2281
/  Source: DOT-NASA, op. cit., Table C-21.
™
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striking finding is the small portion of total industry resesrch (both private-~
ly and publicly funded) that goes to basic research; the basic research share
of total R&D expenditures is below 10% throughout the 1945-69 period, and the
industry n&n-reimbursed share of this small fraction is below 20Z. Public
sources, primarily the Air Force, Navy, and NASA (in the 1960's) supported most
of what basic research was carried on in the aircraft industry. Applied re-
search expenditures account for 8 much greater share of the total; the non-
reimbursed industry share of this in 1969 was 34%, substantiully above the
industry share of basic research. Once again, the direct military share and
industry~reimbursed share account for the majority of this class of expenditures.
Development expenditures account for the largest share by far of total R&D ex-
penditures throughout the period, never falling below 60% of the total. The
military share of this category is once again the largest, with the Air Force
share alone of development costs above 50% through the 1953-66 period. Develop~
ment expenditures comprise over 70X of ;otal Alr Force research support during
the entire 1945-69 period. The share of development costs accounted for by industry
non-reilmbursed expenditures during this period never exceeds 15%.

The relative shares of three major aircraft components in total research
spending, avionics, airframes, and engines, are given in Table 13. While Afir-

frames comprise the largest share of total aeronautical R&D, 40-45%, the avionics

(continued)
rather than toward investigation for its own sake.

"Development ig the systematic use of knowledge and understanding gained
from research and directed to the production of useful materials, devices, sys-
tems, and methods. This work includes the design, testing, and improvement of
prototypes and processes.” Vol. 2, Appendix c, p. 49.



share exceeds that for engines throughout the postwar period. The categories

of private industry research expenditures are given in Table 1l4; unfortunately
the data do not distinguish between reimbursed and non-reimbursed R&D spending
by category: Nonetheless, the relative magnitudes of the various categories

are of considerable interest. These relative shares have remained remarkably
stable through the postwar period, with prototype development in first place
followed in descending order by avionics, propulsion, and aerodynamics. These
data reveal that the majority of R&D is expended upon the integration of these
complex components, rather than their separate development, underlining the point
made earlier about the high degree of systemic complexity embodied in an aircraft

design.

V. The Demand for Innovation: the Influence of government

The preceding section documented the substantial research support that
the aircraft industry has recelved from the Federal government during the 1925-
75 period. Since most of this research was directed to the development of mili-
tary alrcraft, especially since 1940, we argued that the history of technical de-
velopment in commercial aircraft consists largely of the utilization for cowmer-
cial purposes of technical knowledge developed for military purposes, at govern-
ment expense. Government intervention and support to enhaace the "supply” of
potential innovations thus has been substantial. This "supply side" influence
within the commercial aircraft industry of government has been joined with a sub-
stantial number of important innovations emerging from other industries for ex-

ploitation by commercial aircraft producers.
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TABLE 14

Industrial Aceronautical R&D Funds, * Annual

. Expenditures in Millions of Dollars
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Source: DOT-NASA, op. clt., table C-9.

APPROXIM

ATELY ONE .HALF OF THLLL RED FUNDS ARL FROVIODT™D TO HLLOUSTRY 1S ALLOWADLE
OVERHEAD EXPENSLS ON GOVCRNMENT PROCURCMENT CONIRACTS,
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However, government policies have also played an important role in affect-
ing the demand for innovation by the commercial aircraft industry. Consciously
or not, the policies of the Post Office in the 1929-34 period, and those of the
Civil Aeronautics Board during 1938-78, influenced the structure and conduct of
the air transportation industry so as to provide substantial incentives for ra-
pid adoption of innovations in commercial aircraft. Government policy toward
the commercial aircraft industry is unique, we believe, in its impact upon the
supply of technical knowledge as well as upon the demand for application of this
knowledge in innovation within the civilian sector. In this section, government
policies toward air transportation are discussed briefly to substantiate this
assertion.

The transfer of responsibility for air mail transpo.t from the Post Offlce
to private contractors took place in 1925, following passage of the Kelly Air
Mail Act. Bids were opened to private contractors on various mail routes; suc-
cessful bidders were to be paid on a wéight basis. During the ensuing five years,
airmail postal rates were reduced by Congress, creating a substantial increase
in air mail volume, while payments to operators remained at their previous levels.
The result was an increase in contractor profits. Smith (1944) states that "com-
pensation to carriers rose from 22.6 cents an airplane mile prior to July 1, 1926,
to 73.6 cents a mile for the second half of 1927...by the end of 1928, however,
payments were up to 92 cents a mile, and by the end of 1929 the government was
paying the operators $1.09 a nile for carrying the mail." (p. 125). This period
of initial prosperity for the maill contractors, many of whom were subsidiaries of
commercial aircraft producers,was based largely upon mail transport. Such air-

craft as the Boeing 40 were designed primarily for mail, rather than passenger,



transport.

The McNary-Watres Act of 1930, and its administration by Postmaster
General Brown during the Hoover Administration, constituted a policy of de-
veloping a smaller number of large trunk carriers, who would derive a far
greater proportion of their revenues from passenger treansport than had here-
tofore been the case. The Act changed the method of computation of payments
for mail carriage from a pound-mile basis to a space-mile basis, i.e., payment
was made whether or not mail was carried in an aircraft. 1In addition, extra pay-
ments were made to carriers utilizing multiengine aircraft, radio and other naviga-
tional aids. The final major section of the McNary-Watres Act was to be its undoing
as it conferred substantial discretionary powers upon the Postmaster General to
alter or merge carricrs of their routes when "...in his judgement the public in-
terest will be promoted thereby.'" Brown exploited his power to restructure air
carriers to the fullest, bringing about a merger of Transcontinental Air Transport
and Western Air Express into TWA, and working to develop a small number of fin-
ancially strong, transcontinental carriers, who would constitute a strong market

for larger, more comfortable passenger transports.1 While Brown's goals were

1Testifying in 1934 before Sen. Hugo Black's Special Committee on Investigation

of Air Mail and Ocean Mail Contracts, Brown interpreted his activities in the
following favorable light:

"With the passage of the McNary-Watres Act giving the Post Office Department the
requisite authority, it exerted pressure on the air mail carriers, who with minor
exceptions had therctofore been confining their operations exclusively to carrying
the mail, to transport passengers and express in order to build up revenues from th
public and thus lighten the burden on the Post Office Department; and it exerted
every proper influence to consolidated /ic/ the short, detached and failing lines
into well financed and well-managed systems, providing three independent transcon-
tinental operations with appropriate north and south intersecting services, be-
lieving that the pressure of competition would in time attract public patronage,
reduce operating costs and develop, if possible, a transport airplane capable, un-
der the competitive conditions in the passenger and express transportation industry
of earning enough to pay its way without any subsidy." (Hearings, p. 2351)
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partially achieved, his tactics produced a furor that resulted in the Air Mail
Act of 1934, mandating divestiture by aircraft producers of subsidiary transport
firma, and placing the award of mail contracts on a per-ounce basis, to be award-
ed strictly to the lowest bider. While it represented an inefficient mechanisnm,
and Brown's administration of the Act led to its demise, this set of policies
towvard air carriers coincided with rapid growth in passenger traffic and the in-
troduction of the monocoque fuselage airtransports, the B-247 and the DC-2, which
were of great importance in the development of the commercial aircraft and air
transportation industries.

Continued Congressional dissatisfaction with passenger safety and regulatory
policy in general within air transportation led to the establishment of the Civil
Aeronautics Board in 1938, Through 1.s issuance of operating certificates and its
oversight of airline fares, the Board effectively controlled pricing policies of
airlines, as well as entry into or exit from air transportation. These powers
wvere used throughout the postwar period.to prevent entry into scheduled trunkline
air transportation and to prevent price competition. The CAB also controlled the
process that determined the routes that specific airlines could fly--in general,
multiple carriers were allowed to operate in "major" city-pair markets (such as
New York to Los Angeles, or New York-Chicago), while less important routes often
were allowed to be monopolized by a single carrier.

This regulatory environment, in whéich entry and price competition were for-
bidden and multiple carriers operated in the more profitable market segments, gave
rige to a high level of service quality competition. One result of this was a very

rapid rate of adoption of new aircraft designs by the major carriers, based upon



their belief that rapid introduction of state-of-the-art aircraft was an ef-
fective marketing strategy where price competition was not possible. Jordan's
study (1970) compares California's intrastate air carriers (not regulated by the
CAB, and subject to price competition as well as easier entry) with the inter-
state carriers in the rapidity of adoption of cabin pressurization and jet air-

craft:

The trunk carriers were consistently the first to introduce each inno-
vation. In fact, they introduced all but two of the over 40 aircraft
types operated by all three carrier groups between 1946 and 1965. 1In
addition, they adopted these innovations rapidly and extensively. The
local carriers, on the other hand, were slow to introduce the two in-
novations and their rates of adoption were low. (p. 53)
The drive to be first with a new aircraft design is one of the central motives
for the willingness of major airlines to make early purchase commitments to air-
frame manufacturers, as a means of achieving as early a delivery as possible.
Service quality coopetition thus has fostered rapid diffusion and adoption of
innovations drawing upon government-supported research, as well as supporting
flerce competition among airframe manufacturers. Fruhan (1972) also has argued

that the lack of price competition under CAB regulation was partially responsible

for the wide fluctuations in airline purchases of aircraft, as airlines attempted

1Jordan concludes that "The California intrastate carriers' service quality ac-
tually appears to have been affected less by carrier rivalry than by the desire

or need of these carriers to achieve low operating costs. The intrastate carriers
contented themselves with obsolescent DC-3's and DC-4's, or the nonpressurized
Martin 202, until the prices of used,pressurized piston-powered aircraft fell
drastically in the early 1960's. In contrast, the turboprop Electra was adopted
by PSA soon after it becazme available, but this was a case in which low operating
costs per seat-mile offset a high purchase price. On the other hand, turbojet-fan
aircraft were not adopted until a medium-range turbo-fan aircraft was developed
that had relatively low operating costs for short stage lengths." (p. 55)



to provide sufficient carrying capacity to maintain higher load factors in a
given city-pair markets.1 Purchases by one carrier were matched by a competitor,
resulting in recurrent binges of new equipment purchases, such as that in the
early 1970's, that left airlines burdened with heavy debts, and excess carrying
capacity.

CAB regulation thus has encouraged a rapid pace of innovation and adoption
within the commercial aircraft and air transportation industries. This rapid
rate of innovation and the associated impressive productivity growth exhibited
by air transportation have come at some cost, however, Consumer welfare has
been impaired by the lack of variety in service quality and price. The result of
government regulation has been to restrict the range within which consumers have
been free to trade off price against #quality. A pattern of producer compe~
tition and competitive airline investment practices resulted that could be
described as inefficient. In addition, the direction of innovation may have been
affected by this regimen of regulation ;nd service quality competition. As was
noted above, the innovation process within the commercial aircraft industry his-~
torically has involved substantial financial and design participation by major air-
lines in new aircraft development. The preservation by CAB regulation of the dom-
inance of a small number of transcontinental trunk carriers, generally the most
-profitable form of service, made this the major market for new aircraft during
the postwar period of regulation. Given the sensitivity of the desizn and develop-
ment processes to the desires of the financially strong airlines, the result has

been a bias in the direction of innovation, noted by Caves (1962):

lThis apparently counterintuitive strategy derives from the fact that, within a
middle range of capacity share on a given route (roughly 20-70%), load factors
and capacity increases are positively correlated for a given carrier. Airlines
competing in a given city-pair market thus face strong incentives to match one
another's purchases of new equipment. See Fruhan, 1972, Chapter 5.
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A very important problem not eliminated by the increasing number of com-
peting aircraft manufacturers is that of optimal variety in types of air-
craft offered on the market. In the decade when piston-engine aircraft
reached their peak of development, ending in the early 1950s, the duopolistic
rivalry between Douglas and Lockheed led them to concentrate on development
of an aircraft that would capture the largest single market--that of airlines
flying United States transcontinental or trans-Atlantic routes. Relatively
forgotten were the airlines in need of large planes efficient on relatively
short hops, as well as the airlines needing low-cost equipment to serve low-
density routes...Airlines and aircraft manufacturers are both relatively

few in number; airlines seek to minimize the number of different airplanes

in their fleets for efficient maintenance purposes. These fa:ts guarantee

a stanuing pressure for aircraft manufacturers (operating under considerable
uncertainty) to bias their research and development efforts toward the
largest single market, whatever the structure and conduct of the airline
industry may cause that to be. As already indicated, over the years the re-
sulting bias has normally been toward long-haul, luxury aircraft. (p. 103)

An example of such a "missed opportunity" is the turboprop engine, which as
Caves and others have argued, might have been developed further during the 1950's
and early 1960's so as to compensate for its deficiences in speed (relative to
the jet engine) with greater fuel economy and lower operating costs than obtained
for jet aircraft. However, the regulatory environment of the period precluded the
option of offering passengers lower fares for slower transportation, reducing the
incentives faced by the airlines for adoption of the turboprop in preference to the
jet for short-range uses. While the implicit counterfactual case that is proposcd
here is somewhat speculative, it raises important {ssues about the nature and the
distribution of the benefits of the rapid rate of technical change in commercial
aircraft. One may also speculate that had the turboprop been given the enccurage-
ment to develop which might have existed in an unregulated world, the industry

would have been bettrer equipped to absorb the impact of the dramatic rise in fuel
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prices in the 70'8.1

The impact of deregulation upon innovation in commercial aircraft likely
will take some time to be felt. Airline operating conditions now are dominated
largely by'the soaring costs of fuel, It is interesting to note, however, that
price competition has come to play a major role in airline business behavior, and
that service quality has becore increasingly differentiated, with various '"no-
frills", advance purchase, business class, and other discounts or premiums in
the cost of air travel. Simultaneously with these developments, one notes less
competition among domestic aircraft producers in the introduction of the next gen-
eration of aircraft. No other American producer has stepped forth to offer an
ajrcraft that will compete directly with the new Boeing designs, the 767 and the
757. This probably reflects a less intense demard by the airlines for rapid de-
liveries of the new aircraft, as service quality and novelty lose their formerly

central roles in air transportation competitlon.2

1Another case in support of this argument concerns the attempts of the FAA in the
early 1960's to develop a short-haul passenger transport capable of replacing the
DC-3, then heavily utilized by local-service airlines despite its advanced years,
lack of cabin pressurization, and low speed. A study of Policy Planning for Aero-
nautical Research and Development prepared by the Library of Congress's Legislative
Reference Service for the Senate Committee on Aeronautical and Space Sciences, noted
that the FAA deemed action necessary because "While U.S. manufacturers had made a
variety of studies, no design had been forthcoming...The key to starting the pro-
gram appeared to be the need for a single order of at least 100 aircraft with the
probability of at least 100 more. The local service airlines could not produce
this order and only the DOD in Government could think in such quantities.' (1966,
P, 238)

2Clearly, the greater fuel efficiency of the new B.zfng designs provides a powerful
impetus for airlines to replace their older aircraft, such as the 727 and 707. Our
point is that, whereas in the previous days of CAB regulation, airlines would have
been motivated to purchase these planes both because of their fuel efficiency and
because of their perceived novelty and superior passenger comfort and/or safety,

in the current context, the "service quality" argument is less compelling, leading
to a lower level of competition among airlines for positions in the delivery

queue and less effort to get other airframe manufacturers into competition with

