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Abstract

This paper develops a simple model of the rise and fall of the large corporate lab. Large firms
can either grow through internal research carried out inside their labs, or by commercializing
external inventions created by start-ups. Invention by start-ups is spurred by university re-
search. Internal research exhibits an inverted-U pattern driven by two trends: (i) the rise of
university research and (ii) the increasing importance of science to invention. We use the model
to assess whether the substitution of internal research with external invention can result in wel-
fare losses due to insufficient diversity in the innovation ecosystem. If large firms and start-ups
focus on different types of inventions, large firms can have a socially excessive incentive to fo-
cus on commercializing external inventions, to the detriment of internal research. This occurs
when complementary assets confer a substantial advantage to large firms but other start-ups
are already trying to commercialize similar inventions, so that the social value of large firms
commercializing start-up inventions is limited. The model shows that, despite social benefits in
facilitating external innovation, a division of innovative labor may reduce diversity in the types
of innovations produced.
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Science is, surely, a very practical activity but, typically, only in the long-run (Rosenberg, 1991:

337).

1. Introduction

This paper brings together three themes that featured prominently in Nathan Rosenberg’s research:

(i) the impact of science on technology (e.g., Rosenberg, 1974, 1990; Rosenberg and Nelson, 1994),

(ii) the idea that scientific and technological progress proceeds through the interactions of many

actors (e.g., Mowery and Rosenberg, 1993, 1998), and (iii) the recognition of the fundamental role of

diversity and experimentation in economic growth (e.g., Rosenberg and Birdzell, 1986; Rosenberg,

1992). Our contribution is to provide some new evidence on how the US innovation ecosystem is

changing, and to discuss some of the possible drivers and implications of these trends, with special

focus on the issue of diversity of organizational forms within the ecosystem.

The traditional, “linear” model of science and innovation holds that universities perform (basic)

research, and industry focuses on developing and commercializing this research. While there is much

truth to this view, scholars have also long recognized that this picture is incomplete. Many universi-

ties have strong links with industry and firms, large and small, have made important contributions

to science.

Scholars have also noted that, within the US innovation ecosystem, the relative importance of

these actors—universities, large corporations, and small science-based start-ups—has changed over

time. Large corporate lab are disappearing (e.g., Coombs and Georghiou, 2002; Mowery, 2009,

Arora, Belenzon and Patacconi, 2017), while new technology firms, often funded by venture capital,

have become prominent in many sectors (e.g., Drake, 2014). Institutional developments such as the

strengthening of intellectual property rights and the Bayh-Dole Act of 1980 have also encouraged

universities and small firms to patent and licence their technologies, contributing to entrepreneurial

dynamism in the US. Mowery (2009: 1) argues that in many ways these developments have not

create an entirely new system, but rather “revived important elements of the industrial research

“system” of the United States in the late 19th and early 20th centuries”, where large corporations

mainly relied on small inventors and technology markets to provide growth opportunities.
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In this paper, after summarizing previous contributions, we provide some additional evidence

on the changing structure of the US innovation ecosystem. Then we propose a simple model of its

evolution. The model captures the rise and fall of the large corporate lab. Large firms can either

grow through internal research carried out inside their labs, or commercialize inventions created by

start-ups. We will sometimes refer to the latter strategy where large firms and start-ups collaborate

in technology markets as ‘open innovation’. Invention by start-ups is spurred by university research.

The inverted-U pattern of internal research is driven by two trends: (i) the rise of university research

and (ii) the increasing importance of science to invention.

The intuition for the result is that, because the usefulness of science to invention is initially

limited, large firms are reluctant to make substantial investments in internal research. They prefer

to rely on cheaper solutions acquired externally, even if external inventions are themselves not

plentiful. However, as science becomes more important to invention, the incentives to invest in

internal research rise. The large corporate labs is created. At some point, however, the size of the

university sector grows so large that external inventions become again attractive outside options.

Internal research declines, and we return to a situation where most innovations are based on external

inventions.

We use the model to address a fundamental issue in the innovation literature: “whether markets,

left to themselves, are likely to spawn a socially desirable degree of firm [and innovation] hetero-

geneity” (Holbrook, Cohen, Hounshell and Klepper, 2000: 1017). We find that, if startup invention

is plentiful and large firms’ complementary assets are important, then markets are likely to invest

too little in internal research, and engage too much in open innovation. There is socially excessive

homogeneity in innovation, as large firms tend to focus on the same type of innovations as small

firms through collaboration, using their complementary assets to commercialize these innovations

and win the market. This could be the case in recent times when government funding, venture

capital, global supply chains and on-demand labor and capital inputs arguably facilitate start-up

formation and scale-up.

However, when it is difficult for start-ups to commercialize their inventions independently, the

social benefits of collaboration between large firms and start-ups are substantial. In that case, large
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firms are likely to engage too little in open innovation from society’s viewpoint, because of rent

sharing with start-ups. Thus, markets can also overinvest in internal research, and open innovation

can be underprovided, precisely when start-up innovations are fewer and more socially valued.

2. Evolution of the US innovation ecosystem

The systematic application of science to industry is a relatively recent phenomenon. For most of

human history, technological progress rested largely on the efforts of artisans and tinkerers, often

with limited scientific training, trying to solve specific practical problems. Josiah Wedgwood, the

entrepreneur generally credited with introducing industrial methods in the manufacture of pottery,

is a case in point. Born in 1730, Josiah Wedgwood, left school at age 9 to start working in the

family pottery business (Koehn, 1997). Through systematic experimentation, which he recorded in

his Experiment Books, Wedgwood developed several innovations, most notably in creamware and

glazing. These innovations allowed Wedgwood to become one of the wealthiest entrepreneurs of the

18th century; however, it is not clear whether they could be defined as ‘science-based’, as they were

hardly grounded on scientific theory.1’2

The application of science to industry became more common towards the end of the 19th century,

when a number of large companies in Germany and the US began hiring scientists and newly minted

PhD students. A factor that contributed to the growing employment of scientists in industry

was certainly the recognition of the great practical relevance of many recent scientific discoveries

in fields such as electricity and organic chemistry.3 Reversing the usual conception of industry

building on ‘abstract’ science, however, it must also be recognized that in many instances scientific

“understanding followed practice” (Rosenberg and Birdzell, 1986: 247). Many sciences, such as

chemistry, electric engineering, and genetics have developed as an effort to understand and improve

upon current industrial practices, and to solve practical problems. The case of Sadi Carnot, the

engineer generally credited with inventing thermodynamics, is emblematic. He made his greatest

1See Schofield (1959) for a discussion of some of Wedgwood’s contributions. Perhaps most notably, Wedgwood
invented the first pyrometer to measure the temperature of kilns during the firing of pottery, and for this he was
elected a member of the Royal Society in England.

2Indirectly, Josiah Wedgwood certainly made a major contribution to science: The Wedgwood family fortune
helped underwrite the voyage of Charles Darwin, Josiah’s grandson, aboard the Beagle.

3As Rosenberg and Birdzell (1986) note, Western science was arguably “practical” because the experimental method
kept it solidly anchored to reality.
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contributions to science while studying how to improve the efficiency of steam engines. Interestingly,

he found that engineering practice had already anticipated the prescriptions from the theory he had

developed (Stokes, 1997).

2.1. A historical perspective

Over the last 150 years, the United States has risen from a relatively backward position in science and

technology to a position of undisputed pre-eminence. In this section we summarize the development

of the US scientific-industrial complex, which has been extensively described by, inter alia, Rosenberg

and Nelson (1994, 1996), Hounshell (1996) and Mowery (2009). We supplement their accounts with

some recent, large-scale evidence.

Our discussion focuses primarily on research, rather than development, and highlights the chang-

ing roles of three key actors in the US innovation ecosystem: (i) universities and other public research

institutions, such as the Federal labs and the National Institute of Health (henceforth, “universi-

ties” for short), (ii) large corporations and their corporate labs (henceforth, “large firms”), and (iii)

individual inventors, small firms and science-based start-ups (henceforth, “small firms” or “start-

ups”). We will largely neglect the very important role of federal government in identifying strategic

technology areas and promoting research and innovation in those areas. See, e.g., Mowery (2010),

Mazzuccato (2013) and Klepper (2016, chapter 5) for more on this.

Following Mowery (2009), we divide recent American history into three periods: 1870-1940,

1940-1980, and 1980-to date.4

1870-1940: Origins and early development of the US scientific-innovation complex.

American universities had, from the early days of the republic to the end of World War II, a

widespread reputation for being oriented toward “practice and vocation” (Rosenberg and Nelson,

1996: 88). Colleges catered to the needs of the their communities by teaching subjects such as

agriculture and home economics, while research and training also tended to reflect the demands

of local industries. The University of Akron, for instance, trained personnel for the local rubber

4As in most long-term historical processes, identifying specific start and end dates for given periods is difficult.
Mowery (2009), for instance, takes 1985 as the start date of the third period in the development of industrial R&D
in the US. We chose 1980 because (i) it is simpler to divide the whole period of analysis (1870-to date) in decades,
and (ii) the Bayh-Dole Act and other important institutional developments took place in the early 1980’s.
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industry and became well known for its research in the processing of rubber. The universities

of Kentucky and North Carolina did extensive work on developing technologies for the tobacco

industry (Rosenberg and Nelson, 1996). Scientists at the University of Oklahoma pioneered the use

of reflection seismology for oil and gas exploration in the 1920’s and to this day the University of

Oklahoma boasts one of the leading petroleum engineering programs in the US. But despite these

and other examples of excellence, it is fair to say that American universities lagged well behind their

leading European counterparts in terms of research quality. Perhaps the most revealing indicator

in this respect was the fact, noted by many observers, that most of America’s leading scientists got

their training in Europe.

To some extent, the close intertwining between universities and local communities was a con-

sequence of limited federal funding, which increased universities’ reliance on state and industry

funding. The connection was so strong that, according to some observers, a large share of American

university research was essentially industrial problem solving, at least until the 1920’s (Bruce 1987;

Geiger, 2004). University-industry linkages were evident in the pharmaceutical sector, where com-

panies such as Squibb, Eli Lilly, Merck and Upjohn supported many university research programs

(Swann, 1988). In other industries such as railroads, oil refining, and electrical lighting, firms relied

upon independent inventors, but also tried to engage university scientists as consultants. After

World War I, federal support for basic research grew but the commitment was less than complete,

as exemplified by Hale, Millikan, and others’ failed attempt to create a German-style, national

scientific laboratory devoted to basic research (Hounshell, 1996).

Corporate investments in in-house laboratories were also initially quite modest. The leading

American firms of the 1870s and 1880s, such as the railroad companies and Western Union, mostly

relied on external inventions. However, during the 1870s, the leading railroad companies began

employing college trained engineers to perform tests and gather data more systematically. Over

time,they established industrial labs to evaluate the quality of these external inventions and other

inputs (Usselman, 1991; Mowery, 1995; Hounshell, 1996; Carlson, 2013). For instance, the Pennsyl-

vania Railroad’s chemical laboratory in Altoona, established in 1876, focused on the standardization

and testing of supplies such as steel rails and lubricating oils. Innovation, when it occurred, was
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quite incremental in nature. While Pennsylvania Railroad was quick in the adoption of many im-

portant inventions, these mostly came from independent inventors such as George Westinghouse

(Usselman, 1984).

This division of innovative labor between large corporations, which focused on improvements

and commercialization, and small firms and individual inventors, which focused on invention, was

supported by an active market for technology, especially in the 1880-1920 period (Lamoreaux and

Sokoloff, 1999). These markets for technology, however, did not remain vibrant for long. During the

inter-war years, corporations grew larger and more anxious to control and “routinize” innovation.

Their propensity to rely on external inventions decreased. The possible reasons are varied but

include the growing importance of patents in oligopolistic competition, which made research a more

important source of competitive advantage; anti-trust pressures, which reduced alternative sources

of growth besides internal research; and the rising cost of invention, which made it difficult for

inventors to continue to operate independently (Lamoreaux and Sokoloff, 1999; Hounshell, 1996).

As a result, corporate investments in internal research grew rapidly. For instance, using National

Research Council survey data, Mowery and Rosenberg (1998) show that employment of scientists

and engineers in US manufacturing industries, steadily rose from less than 3,000 in 1921 to nearly

46,000 in 1946.

1940-1980: The age of Big Science. The victory in World War II was a watershed moment for

American science. The victory was attributed at least in part to the ability of the US government to

mobilize the US scientific community and channel a massive research effort to military and industrial

purposes. The atomic bomb was without doubt the most prominent example of the power of science

(for better or for worse), but developments such as the radar and the mass production of penicillin

also played an important role. The result was a very significant surge in the status of science and

scientists among policymakers and the general public. This shift had major effects on the funding

of research.

Most notably, federal support for research and development in universities expanded very rapidly.

Table 1, which updates Table 2 in Rosenberg and Nelson (1994) using more recent NSF data, shows

that Federal support for academic R&D grew more than sixfold in real terms during the decade
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1955-1965. The same figure more than doubled from 1965 to 1975, and then again from 1975 to

1985. In the 1960’s and 1970’s, Federal support for academic R&D as a percentage of total reached

its peak.

A second significant change was the shift in the composition of academic R&D towards the basic

research end of the spectrum. While linkages between universities and industry remained strong in

the US, the notion that universities’ primary mission is advance the frontiers of knowledge gained

momentum. Table 2, which updates Table 4 in Rosenberg and Nelson (1994), also using more recent

NSF data, shows that the percentage of basic research in total academic R&D grew from 52% in

1955, to 69% in 1960 and 76.5% in 1965. By mid 1960’s, American universities enjoyed a world

leading status in most fields of science. Perhaps the best indicator of this was the reversal of a

previously noted pattern: students now flew from Europe to the US to do their graduate training

(Rosenberg and Nelson, 1994).

Please insert Tables 1 and 2 here

The growing practical applicability of recently discovered scientific principles, landmark inven-

tions derived from scientific discoveries (e.g., vacuum tubes, radio, synthetic rubber, nylon), and

the rapid increase in government funding in the United States also led to more companies investing

in internal research after World War II. The earlier commercial successes of scientific discoveries by

companies such as Du Pont and General Electric lent credibility to the idea that investments in re-

search could be a source of competitive advantage. Evidence from the largest 200 US manufacturing

firms indicates that, during the period preceding World War II (1921-1946), investments in R&D

tended to reinforce the position of dominant firms (Mowery, 1983). Corporations such as AT&T,

Merck, Kodak, IBM, and Xerox subscribed to the view that research was the key to growth. They

employed thousands of scientists whose chief objective was to conduct research. At its peak in the

late 1960’s, AT&T’s Bell Labs employed 15,000 people, about 1,200 of which had PhDs (Gertner,

2013). To date, its alumni include 14 Nobel Prize winners and 5 recipients of the Turing Award.

Innovations attributable to Bell Labs include the transistor, fiber optics, lasers, cellular telephony,

the C programming language, and the Unix operating system.
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1980-to date: Open Innovation and the demise of the large corporate lab. The 1980’s

were characterized by important institutional developments. The Bayh–Dole Act of 1980, which

permits academic institutions to own patents resulting from publicly funded science, encouraged

American universities to become more engaged in the commercialization of their research. Various

patent and administrative reforms, such as the creation in 1982 of a “pro-patent” Court of Appeals

in the US, strengthened intellectual property rights, arguably promoting entrepreneurial activity

and technology markets. The widely successful IPOs of venture-backed Genentech in 1980, 3Com

in 1984, Sun Microsystems and Oracle in 1986, contributed to the growth of the venture capital

industry in the US (Kenney, 2011), providing science-based start-ups with a new and potential

valuable source of capital.

At about the same time, perceptions of the profitability of corporate research began to change.

Success stories such as Du Pont’s started to fade from memory. Xerox was taken as a more paradig-

matic example, for its inability to commercialize itself the many inventions that its Xerox’s PARC

Lab had generated. Books such as “Fumbling the Future: How Xerox Invented, then Ignored, the

First Personal Computer” by Smith and Alexander, 1988, reinforced the view large firms were often

bureaucratic and myopic, and their research would therefore mostly end up benefiting other firms,

such as nimble and hungry start-ups.

A variety of data reflects these developments. American universities started filing for patents

at an increasing rate, from 2,266 patents in 1996 to 5,990 in 2014. Royalty earnings increased

from $868 million in 2001 to over $2 billion in 2013. The number of university-spawned start-ups

nearly doubled during the same period, from around 400 in 2001 to nearly 760 in 2013. Universities

produced nearly 75% of the total scholarly output in 2013, up from 69% in 1999.

Perhaps not coincidentally, the increasing scientific and entrepreneurial activity of universities

and university-spawned start-ups coincided with a relative decline in corporate research. Corporate

spending on research in the U.S. declined substantially as a share of total R&D expenditure. Figure

1 shows that the share of basic and applied research in corporate R&D in the United States dropped

from 28% in 1985 to less than 20% in 2015.
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Please insert Figure 1 here

Focusing on public companies and using data on corporate publications in scientific journals as

a measure of corporate research, Arora et al. (2017) also find a marked drop in corporate research

in a wide range of industries (see Figures 2a and 2b). Further, they find that the drop reflects

both a decline of research by established firms as well as the entry of many firms that perform little

research, and that this decline is associated with a reduction of the private value of research.

Please insert Figure 2a and 2b here

Several factors may help explain the drop in corporate publications, including globalization and

short-termism in corporate decision making. One potential explanation is that research itself is less

relevant for innovation. For instance, it is sometimes claimed that certain types of innovation (e.g.,

business methods, design innovations) or innovation in IT intensive industries largely do not build

on scientific advances. If true, this would imply that science has become socially less valuable, and

overall investment in research should be lower.

Figure 3 does not substantiate the view that science has become less relevant for invention, as

measured by patents. As Figure 3 shows, patents cite the science and engineering literature at ever

increasing rates, and the share of science and engineering publications cited has not fallen. Science

remains useful to invention.

Please insert Figure 3 here

The decline in corporate publications may reflect the increasing reliance on external knowledge

by corporations. Corporations may not invest in research because a lot of useful research is already

being produced by external institutions. Arora, Belenzon and Sheer (2017) show that the decline

is related to a reduction in the use of internal research and an increase in the use of external

science, as measured by citations to scientific publications by corporate patents. Figure 4 shows
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that corporate patents cite less of their own published work as a percentage of total cites to all

corporate publications. External research and invention may in part be financed by large firms

themselves, through university-industry collaborations, licensing and contracts, corporate venture

capital investments, or outright acquisitions (e.g., Arora et al., 2001; Dushnitsky and Lenox, 2005).5

Thus, large firms may be withdrawing from internal research to concentrate on development, while

absorbing external research from universities and start-ups.

Please insert Figure 4 here

Among corporations, the contribution of large firms to research and innovation declined, and

the contribution of small firms rose. NSF data indicate that firms with more than 10,000 employees

accounted for 73 percent of non-federally funded R&D in 1985. By 1998, this share had dropped to

54 percent, and to 51 percent by 2008 (Mowery, 2009). A different indicator of the decline in the

relative importance of large firms is the sharp drop in share of large firms in the R&D 100 awards

winners: whereas 41 percent of the awards went to Fortune 500 firms in 1971, only 6 percent went

to Fortune 500 firms in 2006 (Block and Keller, 2009).

An important class of small firms are VC-backed start-ups. Venture capital (VC) partnerships

finance a very small minority of all new firms—about 1/6 of 1% on average per year in the US

(Kaplan and Lerner J. 2010; Lerner, 2012). Yet, VC-backed firms feature disproportionately among

the fastest growing and the best performing companies. In the US from 1999 to 2009, over 60% of

IPOs originating from industrial start-ups received VC funding. VC-backed firms are also distinctive

innovators. Kortum and Lerner (2000) estimate that, on average, a dollar of venture capital results

in three to four times more patents than a dollar of traditional corporate R&D, indicating perhaps

superior efficiency in invention, but also perhaps a greater focus on product, rather than process,

invention by VC-backed start-ups.

In ongoing work, Arora et al. (2018) examine whether VC-backed start-ups are making up

for some of the deficit in publications created by large corporations. Our evidence suggests that

5Arora et al. (2016) find that a third of all externally sourced inventions are sourced through licensing, contracts,
and outright acquisitions.
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the answer is in the negative. More than being independent sources of new science, venture-backed

start-ups appear to focus on commercializing and patenting discoveries made elsewhere. Thus, their

most important role may be as translators of university research, or as external paths to innovation

of discoveries made within larger corporations (i.e., spin-offs).

Overall, the evidence for the period 1980-2006 is consistent with a division of labor in which

universities specialize in research, small start-ups convert promising new findings into inventions

and larger, more established, firms specialize in product development and commercialization. In

this view, smaller firms have a comparative advantage in experimenting and generating inventions,

whereas larger firms have an advantage in exploiting them. Large firms may invest in scientific

capability to be effective buyers of knowledge.

3. A model of the evolution of the US innovation ecosystem

In this section, we develop a simple model of the evolution of the US innovation ecosystem. Inven-

tions can be produced by large firms in their labs and by smaller, science-based start-ups. Large

firms commercialize the inventions that they generate internally; however, if they fail to innovate,

they can commercialize inventions produced by start-ups. Thus, markets for technology reduce the

large firms’ incentives to invest in internal research by giving them an “outside option”—external

inventions. The risk is that start-ups may not come up with inventions that are either numerous

enough or good enough to satisfy the large firms’ growth needs.

Universities perform a dual function. They create scientific knowledge on which large and small

firms can build, and employ scientists who may start their own businesses. Thus, universities are

a source of both knowledge and start-ups. The trends that shape the evolution of the innovation

ecosystem are (i) the increasing usefulness of science to invention and (ii) the growth of the university

sector, which spurs start-up formation. Science becomes increasingly useful over time because, as

the scientific knowledge base grows, it might become increasingly possible to combine new results

with existing knowledge, spurring innovation through recombination.

We find that investments in internal research first grows and then declines. The intuition is

that initially science is insufficiently useful for commercial applications that large firms can justify
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substantial investments in internal research. The scientific base on which they can build is limited.

It is better to rely on external inventions, even if these are not plentiful. However, as scientific

knowledge accumulates and opportunities for recombination increase, the incentives to invest in

internal research also increase. The large lab is created, and more inventions are internal. Eventu-

ally, however, as the university sector grows large, external inventions become abundant. At some

point, this external option becomes attractive. Large firms cut their internal research budgets, and

we return to a situation where most inventions are external, although overall innovation rates are

higher.

More formally, consider a setting where there is a single large firm in an industry. In each period

t = 1, 2..., T , there are two stages. In the first stage, the large firm invests in internal research. Let

p be the probability that the investment generates a potentially useful scientific discovery. (To

avoid clutter, for the moment we omit to specify how the parameters of the model vary with t.)

If the firm is successful in generating a scientific discovery, then with probability β this discovery

is recombined with other relevant scientific knowledge to produce an invention of value V . Thus,

β provides a measure of the extent of the existing scientific knowledge base. The cost of internal

research associated with a probability of scientific discovery p is 1
2cp

2. Thus, the payoff from internal

research is

pβV − 1

2
cp2. (3.1)

We could equivalently write this problem in terms of the number of scientists x employed in a

corporate lab. For instance, we could assume that p(x) = α 2
√
x is the probability that a lab

employing x scientists will make a scientific discovery. Then 1
2c[p(x)]2 = 1

2cα
2x , where w ≡ 1

2cα
2 is

a scientist’s wage.

With probability 1− pβ, however, internal research fails to produce an invention. In the second

stage, then the firm will search for an external invention. Thus we assume that commercializing

an internal invention and commercializing an external invention are mutually exclusive options.

That is, the large firm cannot pursue both, perhaps due to limits to managerial attention, or

financial constraints. From the point of view of the large firm, internal and external inventions are
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substitutes.6

The probability that the external research sector (universities and other research institutions)

comes up with a discovery that is potentially useful to the large firm is r. As before, this external

discovery must be recombined with existing knowledge to bear fruit, which occurs with probability

β. There are two types of start-ups that attempt to commercialize the discovery. One type, labelled

f1, collaborates with the large firm. This could be because f1 lacks critical complementary assets

necessary to commercialize the invention. Let ψ1 be the probability that the collaboration between

f1 and the large firm proves viable. The probability of collaboration failure 1 − ψ1 may reflect

frictions in the market for technology or lack of trust or communication between the firms. Thus,

rβψ1 is the probability that start-up f1 and the large firm commercialize the invention together.

A second type of start-up, labeled f2, attempts to bring the invention to market on its own (that

is, without collaborating with the large firm). Let ψ2 be the probability that this ‘standalone’ start-

up succeeds in bringing this invention to market. The parameter ψ2 may capture the availability

of public and private funding for early-stage science-based ventures. Thus, rβψ2 is the probability

that a start-up will be able to commercialize the invention on its own.

We assume that f1 and f2 are attempting to develop similar inventions based on the same

fundamental scientific discovery. Thus, the social value that they create, v, is the same regardless of

whether only one or both innovate. Nevertheless, because f1 and f2 follow different approaches in

implementing and commercializing the invention, there are benefits to society when multiple paths

to market are pursued. While one venture may fail, the other may succeed.

If both start-ups innovate, then they compete in the market. In that case, we assume that with

probability θ the start-up f1 wins the market and obtains v, and with probability 1− θ the start-up

f2 wins the market and obtains v. θ may be larger than 1/2 if, for instance, the large firm brings

to the partnership important complementary assets. If f1 innovates but f2 does not, then f1 wins

the market and obtains v, and similarly if only f2 innovates.

If the start-up f1 wins the market, then the value v is split between f1 and the large firm. We

assume that a fraction λ ∈ [0, 1] of v goes to the large firm, and a fraction 1− λ of v goes to f1.

6If the large firm could commercialize an unlimited number of internal and external inventions simultaneously, the
substitutability between internal and external innovations emphasized in this model would not be present.
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Given these assumptions, the large firm maximize:

Π(p) = pβV + (1− pβ)rβ[ψ1ψ2θ + ψ1(1− ψ2)]λv −
1

2
cp2 (3.2)

with respect to p, where (1−pβ) is the probability that internal research fails, rβψ1 is the probability

that f1 comes up with an external invention and, conditional on this, ψ2θ+(1−ψ2) is the probability

of f1 winning the market.

Assuming an interior solution, the optimal level of internal research effort is given by:7

pM =
β

c
[V − βr[ψ1ψ2θ + ψ1(1− ψ2)]λv] . (3.3)

The probability that the external discovery is commercialized, PMExt, is given by the probability that

the standalone start-up f2 innovates, plus the probability that f1 succeeds when f2 fails. Thus

PMExt = rβ[ψ2 + (1− pMβ)ψ1 (1− ψ2)], (3.4)

where rβ is the probability that an external discovery is made and is applicable to industry, ψ2 is the

probability that the innovation is introduced by the standalone start-up, and (1−pMβ)ψ1 (1− ψ2) is

the probability that the innovation is introduced by the collaborative start-up when the standalone

start-up is unsuccessful. Note that because the large firm only collaborates with f1 when internal

research fails, PMExt is decreasing in pM .

We use equation (3.4) to study how internal research varies over time. Two key observations

from the previous section are that, over the last 150 years, (i) US universities grew substantially in

importance and scientific capabilities and that (ii) science became increasingly useful to industry.

To capture these facts, we assume that, over the relevant time period t ∈ [0, T ], both the probability

of external discovery, r, and the probability scientific discoveries can usefully be recombined with

the existing knowledge base, β, grow with t. Specifically, we assume as a first approximation that8’9

r = r0t and β = β0t.

7pM ∈ (0, 1) requires that c
β
> V − βr[ψ1ψ2θ + ψ1(1− ψ2)]λv > 0.

8Because r and β are probabilities, r0, β0, and T must be such that r0T ≤ 1 and β0T ≤ 1.
9In discussing why around the 1920’s in-house corporate labs supplanted the individual inventor, Lamoreaux and

Sokoloff (1999) mention the rising cost of the human and physical capital required for invention, which made it
difficult for inventors to continue to operate independently, and the emergence of large firms with significant market
power, which made patents an increasingly important factor in oligopolistic competition. In our model, the increasing
importance of patents can be captured by an increase in V and v. This effect is similar to the effect of an increase in
β, which is what we assume.
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We can prove the following. (Because all proofs only involve simple algebra, they are omitted.)

Proposition 1 (Evolution of internal research). Let t ∈ [0, T ] and suppose β = β0t and

r = r0t. Then internal research pM (t) exhibits an inverted-U shape, with internal research peaking

at t̂ =
√

V
3β0r0[ψ1ψ2θ+ψ1(1−ψ2)]λv

.

Assuming that V = am and v = bm, where a and b are positive constants and m parametrizes

market size, one can also show that:

(i). Internal research peaks and then starts declining earlier (t̂ small) in countries where the

external research sector grows fast (r0 high), irrespective of market size m.

(ii). Internal research is higher at its peak (pM (t̂) large) in countries where m√
r0

is large.

Because American universities grew substantially during the 20th century, result (i) suggests

that the US should exhibit the trend of rise and fall of internal research earlier than other countries.

Because the size of the US market m is also very large (and tends to matter more than r0), result

(ii) also suggests that the most prominent examples of internal research may be observed in the US.

3.1. Diversity and social welfare

Next, we compare the outcome of this market economy, (pM , PMExt), with the outcome that would

be selected by a planner trying to maximize social welfare
(
pS , PSExt

)
. Throughout, we will assume

that the firms that win the market extract the full social value of their inventions. This extreme

assumption eliminates a typical source of market inefficiency, namely underinvestment in R&D due

to imperfect appropriability of the returns from innovation. Nevertheless, as we will see, inefficiencies

remain. In our model, large firms can either underinvest or overinvest in internal research, depending

on parameter values. Thus, our underinvestment problem would be exacerbated if there was also

the traditional imperfect appropriability problem, whereas our overinvestment problem would be

mitigated.

If the firms that win the market are able to extract the full social value arising from their
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innovations, then social welfare SW is simply the sum of the firms’ profits:

SW = pβV − 1

2
cp2 + prβ2ψ2v + (1− pβ)rβ [1− (1− ψ1) (1− ψ2)] v (3.5)

= pβV − 1

2
cp2 + rβ[ψ2 + (1− pβ)ψ1 (1− ψ2)]v.

pβV − 1
2cp

2 is the welfare created by the large firm’s internal research efforts. prβ2ψ2v is the welfare

originating from the external scientific discovery when internal research is successful (in that case,

only firm f2 can bring the external invention to market). (1− pβ)rβ [1− (1− ψ1) (1− ψ2)] v is the

welfare originating from the external discovery when internal research fails. Note that in that case

society obtains v when either f1 or f2 succeed in bringing the invention to market, which occurs

with probability 1− (1− ψ1) (1− ψ2).

Maximizing social welfare (3.5) with respect to p yields

pS =
β

c
[V − rβψ1 (1− ψ2) v] . (3.6)

The socially optimal probability that the external discovery is commercialized, PSExt, is therefore

PSExt = rβ[ψ2 + (1− pSβ)ψ1 (1− ψ2)]. (3.7)

Equations (3.7) and (3.4)) are identical, except that in PSExt we replace pM with pS . Note that we

have PSExt < PMExt whenever pS > pM , and PSExt > PMExt whenever pS < pM . Underivestment in

internal research and socially excessive levels of open innovation are closely intertwined. Indeed, if

the external research sector did not exist, the private and social value of internal research would

coincide and would both be given by (3.1). Thus, underinvestment in internal research is caused by

an excessive incentive (from society’s standpoint) to engage in open innovation, and conversely for

overinvestment in internal research.

Proposition 2 (Diversity). Comparing the market solution (pM , PMExt) with the socially efficient

solution (pS , PSExt), we have that

pS > pM

PSExt < PMExt

⇔ ψ2

1− ψ2

θ >
1− λ
λ

.
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Thus, the market solution tends to exhibit underinvestment in internal research and excessively high

levels of open innovation when ψ2, θ and λ are large, and overinvestment in internal research and

excessively low levels of open innovation when ψ2, θ and λ are small.

To understand the intuition behind Proposition 2, consider the special case when standalone

start-ups cannot independently commercialize the external discovery: ψ2 = 0. Then, the large firm

maximizes

Π = pβV + (1− pβ)rβψ1λv −
1

2
cp2 (3.8)

which, assuming an interior solution, yields a level of investment in internal research, pM = β
c (V −

rβψ1λv). This level of investment is excessive from society’s viewpoint because society values the

external innovation v, whereas the large firm only values it λv. The outside option when internal

research fails is bigger for society than it is for the large firm. As a result, the large firm overinvests

in internal research and the probability that an external innovation is created is too low.

Conversely, consider the case when the standalone start-up can always commercialize an external

invention: ψ2 = 1. Then, from society’s perspective, the value of the collaboration between the large

firm and start-up f2 is zero: their innovation just duplicates the innovation of the standalone start-

up. Nevertheless, the large firm still has some incentive to collaborate with the start-up because,

if they introduce an innovation, with probability θ they will win the market. As a result, the large

firm has an excessive incentive to engage in collaboration, and thus underinvests in internal research

Proposition 2 suggests that, if independent start-ups have high rates of invention (ψ2 big), large

firms’ complementary assets are important (θ large), and large firms extract a lot of value from

collaboration (λ large), then markets are likely to invest too little in internal research and engage

too much in open innovation. When these conditions are satisfied, large firms have in fact a strong

incentive to collaborate with small firms and use their complementary assets to win the market.

Society, instead, cares little about who wins the market—what matters is that innovations are

brought to market. This difference between appropriating value and creating value is what drives a

wedge between the market and the socially efficient solution, as in Dasgupta and Maskin (1987). It

is important to note, however, that the collaborative, open innovation strategy of large firms does

have social benefits, for it increases the chance that at least one small firm innovation is brought to
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market. Society benefits from a diversity of approaches in creating innovations.

Our findings can thus be related to Holbrook et al. (2000)’s distinction between (i) diversity

in the types of problems that firms try to solve, and (ii) diversity in the approaches used to try to

solve the same problem. Insofar as firms try to solve different problems, social welfare varies directly

with the number of firms seeking to innovate. However, insofar as firms differ in the approaches

for solving the same problem, their efforts are substitutes from society’s viewpoint. In our model,

large and small firms attempt to solve different problems, due perhaps to differences in internal

resources. By contrast, small firms try to solve similar problems but follow different approaches (if

both start-ups succeed, the social value of the second innovation is zero; however, one start-up can

fail while the other can succeed). In our model, investment in internal research promotes diversity

in the types of problems that firms try to solve; collaboration, by contrast, promotes diversity in the

approaches used to try to solve similar problems. The model suggests that investment in internal

research is likely to be too low and incentives to collaborate are likely to be too high when there is

already an active community of start-ups that could independently commercialize their inventions

(ψ2 big). This is likely to be the case for sectors where financial support from government or venture

capital is abundant, and logistics and distribution are relatively simple.

4. The benefits of diversity

Recent evidence indicates that, in the last few decades, large corporations have withdrawn from

internal research. From this fact alone, one cannot conclude that American innovation is at risk.

An ecosystem where research is mostly performed by universities and start-ups may be nimbler and

more efficient than one where large corporations and their labs play a more important role.

Nevertheless, the opposite view that changes in an innovation ecosystem are always beneficial is

also simplistic. As the model above shows, the incentives of large firms to engage in collaboration and

open innovation may be excessive from society’s standpoint. Large labs may produce innovations

that are qualitatively different from those produced by smaller firms. The demise of the large

corporate lab may reduce social welfare by reducing diversity in the types of innovations produced.

There are several reasons why large firms may focus on innovations that are different from
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those created by universities or small firms. First, large firms’ research may differ from small firms’

research because large firms have access to greater financial resources and can tackle multidisci-

plinary problems by integrating multiple knowledge streams and capabilities (Tether, 1998; Pisano,

2010). In the semiconductor industry, for instance, Kapoor (2013) finds that integrated incumbents

adapted to increasing vertical disintegration by reconfiguring their activities more towards sys-

temic innovations (which require extensive coordination and communication across different stages

of production and actors) and less towards autonomous innovations (which require relatively little

adjustment). Similarly, Lecuona (2017) finds that large firms, with decentralized decision making,

were more likely to leverage general purpose technologies to introduce architectural innovations in

mobile telephony handsets.

Large firms may also benefit from closer coordination between R&D and manufacturing. Ac-

cording to Holbrook et al. (2000: 1030), “cross-functional coordination not only contributed to

[semiconductor firm] Fairchild’s great early commercial success, but it also led to Fairchild’s two

major breakthroughs: the planar process and integrated circuits”. Fabless firms specializing on

the design of innovative integrated circuits, while avoiding the high costs of building and operating

manufacturing facilities, may find it hard to come up with this type of innovations.

Compared to universities, large and small firms also give researchers more potent incentives to

focus on commercially applicable research. The power of pecuniary incentives is well illustrated

by the transformation of IBM internal research at the end of the 1980’s and during the 1990’s

(Bhaskarabhatla and Hegde, 2014). While a focus on applications arguably makes commercial

sense, the more speculative approach taken by universities may generate more novel inventions.10

Some large private labs, such as those by Du Pont or AT&T, have also been said to have been run

more like universities than for-profit enterprises.

An advantage of large corporate labs is that they can organize their research by problem, rather

than by discipline, the approach generally taken by universities. Germany’s slow entry to the

10For instance, focusing on the pharmaceutical industry, Angell (2004) finds that, of the 1,072 drugs approved in
the US by the FDA between 1993 and 2004, only 33% were new molecular entities (NME) and not just variations of
existing drugs. Interestingly, the origins of 75% of these NMEs could be traced to research by the National Institutes
of Health. By contrast, private pharmaceutical companies appear much more focused on generating less novel, “me
too” drugs.
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biotechnology sector, for example, has been partly attributed to the rigidity of German university

departments (Rosenberg, 1991). Furthermore, commercialization of university research may be

subject to ‘frictions’, such as geographical isolation from the relevant industry actors (Belenzon and

Schankerman, 2013; Bikard and Marx, 2015). This may hinder or delay technology transfer from

universities to industry. Consistent with this, as Bikard (2015) finds, and Arora, Belenzon, and

Sheer (2017) confirm, industry research is more readily used by industry inventors than university

research.

The demise of large corporate labs may be detrimental to society not only because large and

small firms focus on different types of innovations, but also because the activities of large corporate

labs may produce large external benefits. Xerox has been widely criticized for failing to appropriate

the returns of innovations such as the first personal computer with a graphical user interface. Yet,

these innovations paved the way for the rise of other American technology giants, such as Apple

and Microsoft. With Apple and Microsoft’s combined market capitalization now exceeding 1.4

trillion USD,11 one may wonder whether, from America’s viewpoint, Xerox’s research efforts were

not money very well spent.

One specific but important class of external benefits that may arise from the activities of large

labs is spin-off activity. Agrawal et al. (2014) find a large innovation premium in regions where

numerous small labs coexist with at least one large lab, compared to regions of a similar size without

many small labs or a large lab. One important reason appears to be the spin-off activity of large labs,

which suggests the presence of significant positive externalities generated by the research activities

of large firms. Thus, the best innovation ecosystems may be those where large and small firms

coexist.

Steven Klepper (2016) has systematically documented the importance of spin-offs in the US

innovation ecosystem. He found that in many high-tech industries, including the early automobile

industry, semiconductors and lasers, the leading firms spawned more and better spin-offs. For

instance, between 1895 and 1966, spin-offs accounted for 20% of all the entrants in the automobile

industry (145 of 725), but 67% (14 of 21) of the later industry leaders. In semiconductors, spin-

11As of 24 October 2017. See the https://www.cnbc.com/2017/03/08/the-top-10-us-companies-by-market-
capitalization.html#slide=1.
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offs by a single early leader, Fairchild Semiconductor, arguably led to the creation of one of the

industrial wonders of the modern world—Silicon Valley. The comparison between Fairchild and

Texas Instruments is revealing. Texas Instruments was much better managed than Fairchild but

also spawned far fewer spin-offs. This suggests the paradoxical conclusion that incompetence in

managing a leading firm may be, for society at least, a blessing in disguise. It is likely, in fact,

that the spin-offs resulting from the mismanagement of people and research at Fairchild encouraged

diversity and innovation far more than the efforts of a well-run Fairchild could have. Consistent

with this view, Chesbrough (2002, 2003) finds that stronger links between Xerox and the spin-offs

it generated tended to inhibit spin-off performance. The key problem was not Xerox’s initial equity

position in the spin-offs per se, but Xerox’s practices in managing the spin-offs, which discouraged

experimentation by forcing them to look for applications close to Xerox’s existing businesses.

5. Conclusion

As documented here and in related work, large US firms are investing less in scientific research and

focusing more on development. This evidence is consistent with a division of innovative labor where

universities specialize in research, small start-ups convert promising new findings into inventions

and larger, more established firms specialize in product development and commercialization.

While this division of innovative labor may be efficient insofar as large firms have a comparative

advantage in the commercialization of inventions rather than in coming up with scientific discoveries,

this paper strikes a more cautionary note. Using a simple model, we show that, even in the absence

of appropriability problems, large firms may underinvest in internal research. In our model, large

and small firms focus on solving different types of problems. Large firms can use their assets either

to commercialize their internal inventions, or to commercialize external inventions created by start-

ups. We show that, although there are benefits in duplicating start-up research efforts (as any one

start-up may fail), sometimes large firms have an excessive incentive to engage in collaboration

with start-ups. This happens when large firms leverage their complementary assets to win market

with start-up inventions, even when other start-ups are already trying to commercialize similar

inventions. Society, on the other hand, may have a preference for greater investment in internal
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research, as this would result in greater diversity of innovations. Thus, the risk we highlight is that

open innovation may tend to crowd out types of research for which large corporate labs have a

comparative advantage.

In addition, of course, internal research may suffer from appropriability problems. Research is an

activity that is well-known to produce important spillovers. Increasing competition, by exacerbating

appropriability problems, may reduce the private incentives to invest in internal research, even if

its social value is large.

There is a long tradition in economics, starting perhaps with Alfred Marshall, that argues that

diversity in organizational forms, technologies, products, and processes is a chief source of economic

growth (e.g., Rosenberg and Birdzell, 1986; Nelson, 1990; Rosenberg, 1992; Cohen and Malerba,

2001). In recent times, one key component of the US innovation ecosystem—the large corporate

lab—has withered away. We find that a reason for concern.
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Year Total	
academic	R&D	

($)

Federally	
supported	
R&D	($)

Federal	
percentage	of	

total

1935	a 50 12 24

1955	b 342 191 55.85

1960 705 453 64.26
1965 1,595 1,167 73.17
1970 2,418 1,686 69.73
1975 3,570 2,400 67.23
1980 6,455 4,335 67.16
1985 10,308 6,388 61.97
1990 16,939 9,939 58.68
1995 22,617 13,592 60.10
2000 30,693 17,719 57.73
2005 47,006 29,019 61.73
2010 60,369 36,563 60.57
2015 66,373 35,015 52.75

Table	1	:	Federal	support	for	academic	R&D,	1935-2015	
(millions	of	current	dollars)

a	National	Resources	Committee,	Research	-	A	National	Resource	
(USGPO,	Washington,	DC,	1938)	Vol.	I,	p.	178.	
b	Table	4-2,	4-3,	4-4		from	Science	and	Engineering	Indicators	-	2016,		
National	Science	Foundation.
NOTES:	Detail	may	not	add	to	total	due	to	rounding.	The	data	for	
2015	are	estimates	and	will	later	be	revised	by	the	NSF.



Total	academic	
R&D	($)

Basic	research	
($) %

Applied	
research	($) %	

Development	
($) %

1955 342 180 52.48 142 41.40 21 6.12
1960 705 485 68.70 186 26.35 35 4.96
1965 1,595 1,221 76.50 304 19.05 71 4.45
1970 2,418 1,855 76.72 451 18.65 112 4.63
1975 3,570 2,480 69.47 934 26.16 156 4.37
1980 6,455 4,315 66.85 1,622 25.13 518 8.02
1985 10,308 7,024 68.15 2,527 24.52 756 7.33
1990 16,939 11,126 65.68 4,406 26.01 1,407 8.31
1995 22,617 15,147 66.97 5,659 25.02 1,812 8.01
2000 30,693 22,887 74.57 6,513 21.22 1,293 4.21
2005 47,006 35,419 75.35 9,424 20.05 2,163 4.60
2010 60,369 39,400 65.27 16,742 27.73 4,227 7.00

2015h 66,373 42,417 63.91 19,037 28.68 4,920 7.41

Table	2:	Expenditures	for	academic	basic	and	applied	research	and	development,	1955-2015	(millions	of	current	dollars)

Source:	Table	4-2,	4-3,	4-4		from	Science	and	Engineering		Indicators	-	2016,		National	Science	Foundation.

NOTES:	Detail	may	not	add	to	total	due	to	rounding.	The	data	for	2015	are	estimates	and	will	later	be	revised	by	the	NSF.



Business funded and performed research in the United States, 1953-
2015, NSF S&E Indicators

Company	funded	and	performed	
basic	research,	constant	$M
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0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

18,000

Sh
ar
e

Bu
sin

es
s	f
un

de
d	
an
d	
pe

rf
or
m
ed

	b
as
ic
	re

se
ar
ch
	in
	

co
ns
ta
nt
	$
	M

	

Company	funded	and	performed	basic	research,	constant	$M Share	of	research	in	business	R&D Share	of	business	in	total	research

Figure 1: Less “R”, more “D”, Inputs



Trends in publishing by selected 
industries, U.S. firms 1980-2010

Publishing, patenting, and research: 
U.S. firms, 1980-2010

Annual Publication
Annual Patent 
R&D Intensity (Right axis)

Annual Publication

R&D Intensity

Annual Patent 

Note: Figure 1 presents per firm per year publications and patents over time for U.S. publicly traded R&D performing firms with at least
one patent stock. R&D intensity is defined as R&D expenditures over sales. Figure 2 presents per firm per year publications over time by
U.S. publicly traded firms in selected industries. Annual publication is conditional on at least one publication. Industry classification is
based on SIC codes.
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Figure 2: Less “R”, more “D”, Outputs
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Average cites to science per patent and average age of science cited in 
patents, 1980-2006 

Note: This figure presents average publication age of cited articles by patents (NPL) and share of citations to science per firm-year for
our sample firms. Cited publication age is the difference between patent grant year and year of publication of the cited article.
Scientific citation share is the ratio between patent citations to leading scientific journals and the total number of references the patent
makes.
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Figure 3: Patents cite science more over time while the 
age of the cited science remains constant



Trends in citation to corporate science by corporate patents

Note: The figure presents trends over time in citations by patents of U.S. publicly traded R&D performing firms to corporate scientific publications. The sample is
conditional on patenting firms with at least one publication. Internal citations per patent are citations to the publications with at least one author employed by the firm.
Internal citation is presented as a ratio of total citations to corporate science. Corporate science includes any publications with at least one author employed by our sample
of corporate firms.
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Figure 4: Decline in the ratio of internal cites to total 
corporate science cites, per patent
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