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Abstract

recent work examines the links among innovation, technology, trade, and growth.
One strand focuses on research activity, technology diffusion, and growth. The other exam-
ines technology and trade. In this paper we exploit the coramon treatment of technology
in these two strands to provide & parsimonious model of innovation, growth, and trade.
Wo examine the effect of lower geographic barriers tq trade on research and the effects of
scale and research productivity on relative incomes.
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1 Introduction

‘We report on a line of research examining the links armmong innovation, technology, trade, and
growth. The research has been aimed at developing a theoretical structure that suits itself to
empirical implementation. It goes on to quantify this structure using aggregate and microlevel
data.

One strand of this work focuses on the links among research activity, patenting, technology
diffusion, and growth. Kortum (1987) develops a single-country search-theoretic mode! of
innovation and growth to explain puzzling trends in productivity, patents, and R&D activity
in the United States. Eaton and Kortum (1999) extend the model to a multi-country world
with international technology diffusion. They measure the extent of technology diffusion among
the five major research economies by fitting the model to data on research, productivity, and
bilateral patent applications.!

Another strand of research examines the links between technology and trade. Eaton and
Kortum (2000a) develop a model of bilateral trade which they fit to trade and price data among
the OECD. They explore the extent to which the benefits of tectnology are shared. through
the exchange of products. Bernard, Eaton, Jensen, and Kortum (2000) go on to analyze the
relationship between the productivity of individual producers and their ability to penetrate
export markets. They use the model to reconcile bilateral trade data with facts about the
export behavior of individual U.5. plants.

Common, to all of these papers is a treatment of technology that allows a unified theory
of innovation, trade, and growth. In each of them we augmented the basic model to capture
features of the data crucial to the application at hand. These additions were not central to the
fundamental workings of the models, however, and may have even obscured their underlying
unity.

1Eaton and Kortum (1897) use the mode! to explain the post-World War II productivity convergence of
these five countries.




Here we present a parsimonious framework that encompasses the basic structure in each of
these papers. We do so in order to reveal the connections between the forces driving innovation
and productivity, on the one hand, and the implications of technology for trade, on the other.
Hence we focus on the theory rather than our quantitative findings.?

One new issue we confront is the effect of increased openness on research incentives and
growth. The model incorporates two offsetting effects on research incentives. QOne is the
potentially much larger market that any successful innovator can exploit through exports.
The other is the greater difficulty in coming up with an idea that not only advances the
domestic state of the art but also competes successfully with technologies available through
imports. The first effect encourages research while the second discourages it.

Our model provides a baseline in which these two forces exactly cancel: Steady-state re-
search intensities are invarient to geographic barriers to trade. While there are static gains
from trade, there are no dynamic gains through the accumulation of technology. While gen-
eralizations of the model can destroy this stark neutrality, there is no presumption about the
market-enlarging effects of trade on innovation.

A second issue we address is the role of pure scale and research productivity in determining
living standards. In general, a country’s real wage depends not only on how good its workers
are at coming up with ideas, but on how many workers it has to come up with them. In
the extreme case of autarky, relative real wages depend on relative labor forces weighted by
research productivity. Lowering geographic barriers to trade, however, benefits countries with
smaller labor forces disproportionately, so that countries with more labor start to lose their

edge. Moving to the opposite extreme of no barriers to trade, a more populous country’s

*While we do not exploit it in this paper, a major feature of our framework is its ability to capture the
heterogeneity behind aggregate data. In the case of inventions, some ideas seem such breakthroughs they
are patented widely; less spectacular ideas are patented only at home; most ideas enter the dustbin. In the
case of efficiency, some producers are so efficient they are able to sell widely; less efficient ones sell only at
home; the really ineficient are driven out of business. Hence our framework can, for example, link data on
aggregate productivity to international patent counts and aggregate trade flows to data on the export behavior
of individual plants.



advantage from having more people to generate ideas is exactly offset by its relatively lower
gains from trade. Hence, with frictionless trade, relative wages depend only on relative research
productivities. Relative labor forces do not matter.

Section 2 below presents the static trade model. Section 3 embeds it into a dynamic model

of research and growth. Section 4 offers some concluding remarks.
2 Trade

We consider a world with a unit continuum of consumption goods and N countries. We first
describe the technology for production ard trade, and then turn to preferences and the gains

from trade.

2.1 The Technology Frontier

Any country is capable of producing any good, although it might not be very good at it. The
efficiency with which country ¢ produces good j is zi(f), where 7 € [0,1] and ¢ & {1,..,N}.
We assurne labor is the only input to production, so the z's represent labor productivities.?
We refer to {zi(j)|7 € [0,1]} as country #'s technological frontier since it represents the best
techniques of production availzable there.

All the agents in the economy know the technological frontier. But rather than keeping
track of all of the z;()’s ourselves we treat them as realizations of random variables Z; drawn
from a distribution F;. We can thus represent a country’s technological frontier with only the
small number of parameters of the distribution F.

It turns out that a particular functional form for F; yields a very tractable formulation of

trade among countries at any moment. In particular, we assume that F; has the Fréchet form:

F(z2)=PrlZi <2 =T, z20. '4)]

3In Eaton and Kortum {2000a), production combines labor and intermediate inputs so the z's represent total
factor productivities. In either case zi(7) can also be interpreted as the quality of good § produced in country
i




The distribution has two parameters, each of which is central to the analysis.*

The accumulated technology parameter T;, which we treat as country-specific, governs the
location of the distribution. Countries with higher levels of T tend to be more efficient at
producing any good j. As we show in the next section, T} measures the history of inventions
that have been absorbed into country i's technology. In a trade context T reflects absolute
advantage.

The parameter @ governs the amount of variation in efficiency around a country's mean,
with lower values of § implying more heterogeneity. In a trade context ¢ reflects the scope for
exploiting comparative advantage.’

‘We make the Ricardian assumption that labor is perfectly mobile across activities and
regions within a country but does not move across countries. Before tuming to international
trade, consider what the model implies within a country that constitutes a single labor and
goods market, but with technology differing among its K regions.

Suppose each region k within the country has a technology frontier F;, with parameters T}
and 4. With full mobility of goods and labor, any good j will be produced only in the region
with highest efficiency. Hence the country’s efficiency level is z() = max{z;(§), ..., zx(7}}.
Since each zx(f) is the realization of a random variable drawn from Fg, z(j) itself is the

realization of a random variable Z with distribution:

K K K » »
F(z)=PrlZ <z]=[[PrlZe < 4] = H Fu(2) = H g™ = =T (2)
i k=1 £=1

X
where T' = 3, Ti. Hence we can summarize the country’s overall accumulated technology T
=
as the sum of the accumulated technology T} in each region.
Our assumption on the form of the distribution of the technology frontier is, of course, very

special. As we showed above, however, it does embody the fundamental property of replicating

*In its basic assumptions our model resembles Domnbusch, Fischer, and Samuelson’s {1977) two-country
Ricardian model of trade with a continuum of goods. By specifying the technology frontier as Frechet we have
made it a useful too) for the empirical analysis of trade patterns in a world of many countries.

*To see what the parameters imply for the location and variation, note that ln Z; has mean Iny+ {1/6) In T}
and coefiicient of variation n/(8+/5), where « is Euler's constant.




itself under aggregation across space. As we show in the next section, under certain conditions
it also replicates itself under aggregation over time. As a result, it can be derived from a

dynamic process of innovation.

2.2 The Pattern of Trade

In the case of international trade, labor in different countries may earn different wages and
moving goods between countries can be costly. We denote the wage in country ¢ as w; (using
wy as numeraire) and represent the cost of moving goods from country 7 to country n by the
parameter dni. Here dqy reflects geographic barriers to the movement of goods of the standard
iceberg variety: Delivering one unit of a good to country n from country i requires shipping
dn; = 1 from country €. (For each 7 we set di; = 1.) We interpret these costs broadly to include
not only tariffs and transport costs but also additional impediments to the free flow and use
of foreign goods such as costs of search, negotiation, and adoption.

The cost of buying good 7 from country i in country n is:

oy _ Widni
cnilf) = =G}

Our assumption about the z;(7)’s means that cn;(j)'s are realizations drawn from:

Gni(c) = 1 — e~ Teoodns) ™,

Note that the distribution of these costs takes into account not only country #s accumulated
technology, but also the cost of paying labor there and delivering goods to country n.

We assume that country n buys each good only from the cheapest source (as is the case
under perfect or Bertrand competition). The cost of good j in country 7 is then ¢.(j) =
winfeq1(f), ... ean(j)}. By the same logic used in (2), the lowest costs available in couniry n,

the c,(j)'s, are realizations from:

Gale) =1 - % (3



where &, = .“\%1 T;(witla:) %, each country’s accumulated technology downweighted by its labor
cost and the c_ost of delivery to . The cost parameter &, reflects country n's ability to exploit
technology around the world through international trade.

Remarkably, as we show in Eaton and Kortum (2000a), the distribution (3} applies not only
to the cost of any good that country n buys unconditional upon source, it applies conditioning
on source as well. That is, given that country ¢ crosses the hurdle of selling in conntry n, its
cost there has the same distribution as any other country actually selling there. A country
that is more backward, remote, or high-wage will simply cross the hurdle less often.

The probability 7 that country ¢ is the cheapest source of a particular good in country

n is simply i’s share of $,:
Ti(widn:)~?
) ., (@
> Te(wrdnr)~?
=1

Since there are a continuum of goods, this probability also represents the fraction of goods

Tni =

that country n buys from 4.

Except in the zero-probability event of a tie, country n buys each good from only one
source. However, in the presence of geographic barriers (dn; > 1), more than one country may
produce the same good.

Under perfect competition, of course, prices correspond to costs. Since consumers in coun-
try n will then face the same price distribution for any good they actually buy regardless of
where it comes from, 7in; represents the fraction of spending in country n devoted to goods
from country &5

Expenditure shares reflect the range of goods that n buys from i. By allow:ing for en-
dogenous specialization our Ricardian model contrasts with the monopolistic competition and
Armington approaches popular in general equilibrium trade modeling. Under the Armington

approach each country’s goods are distinct simply by assumption. There is no sense, then,

€As we show in Bernard, Eaton, Jensen, and Kortum (2000), this feature of the model generalizes very
handily to Bertrand competition.



in which countries-compete with each other to supply a particular good. Under monopolistic
competition each country endogenously specializes in a different set of commodities, so again
there is no head-to-head competition good by good. In either of these other approaches, ge-
ographic barriers influence how much of a good is sold, but not whether the good is sold at

all.
2.3 The Gains from Trade

To derive the model’s implications for trade and welfare, we need to specify preferences. We
make the simplest assumption that utility of a representative consumer in country ¢ is a Cobb-

Douglas function across the consumption of individual varieties. Hence:
1
U=exp f Inzi(f)d
o

where z;(j) is the consumption of good 7 in country .7 Since expenditure shares are inde-
pendent of price, under this assumption the 7,; corr%pc;nd to trade shares under any form of
competition in which only the cheapest source sells.

We can now demonstrate how trade, by allowing countries to exploit each other’s technolo-
gies, confers gains, The exact price index in country n, F;, under Cobb-Douglas and perfect

competition, is:
1 oo
Po=exp [ Inca(i)di =exp [ In(e)dGn(c) = 1877, Q)

where, again, 7 is Euler’s constant.®

Dividing the wage by this price index, invoking (4), gives the real wage:

N -6 3¢ 1/
¥ _ T (YT s 1/0 _ =1 (ﬁ)
B =7 LZ,:Tn (wn) dm'] L=~ . (6)

finn

?The analysis generalizes very readily to constant elasticity of substitution preferences, as we show in Eaton
and Kortum (2000a).

#As-we show in Eaton and Kértum {2000a), under CES preferences the price index is identical except for
the definition of v, which remains independent of n. As we show in Bernard, Eaton, Jensen, and Kortum (2000)
under Bertrand competition the price index is also identical, except for a further (also n invariont) redefinition
of -v. Hence under either generalization the price index in country n remains proportional to & e,

8



Under autarky the real wage in country n is just 7‘1T,=/ 9, so only domestic technology mat-
ters. Accessing foreign technology through trade augments domestic technology by the factor
1/%nn = 1/(1—1,), where I,, is n’s import share. Hence, the gains from trade are an increasing
function of the share of purchases from abroad, and knowing £, these gains can be quantified.

It turns out that the real wage corresponds to the average efficiency of active producers in
a country. Equation (6) thus illustrates the role of trade in pushing workers into activities in
which the country is more efficient, while driving the least efficient producers out of business.
Aggregate productivity thus rises as countries open their borders to imports.

While we can infer a country’s trade gains from its import share, this share itself depends
not only on the parameters governing technology end geographic barriers, but also on endoge-
nously determined wages. For these, we turn to the conditions for labor-market equilibrium
in each country.

With a common profit share across countries (which, under perfect competition, is zero and
which, in the case of Bertrand competition that we explore below, turns out to be 1/(1 + §)),
the condition for labor market equilibrium in country 1 is:

N
wilf = mawaLE, M
n=1
where L¥ are the number of production workers in country 1.

Equations (4), (6), and (7) together determine trade shares, wages, and welfare as functions
of the parameters of the technology distributions T} and #, geographic barriers d,;;, and labor
supplies LY.

As we show in Eaton and Kortum {2000a}, the case of zero gravity (all dp; = 1) yields a

simple closed form solution of the complete model. The relative wage in country 7 is:

i gp P\ M)
Wy (T;/L. ) . (8)

wy  \Tw/L§

With all d; = 1 the price level is the same everywhere, so (8) also corresponds to the relative



real wage. In contrast, from (6), the relative real wage under autarky is:

Hence under autarky it is the absolute level of technology that determines a country’s relative
welfare while under free trade it is how much technology it has per worker. (Thus small

countries gain relatively more from trade than large ones.)
3 Trade and Growth

So far we have analyzed trade given the technology frontiers {1). We now show how these
frontiers emerge from an underlying process of innovation and how the incentives to innovate
divide the workforce between producers and researchers. In making the model dynamic we
allow technologies T to evolve over time. {We treat peographic barriers dp; and the parameter
@ as fixed over time.)

Researchers draw ideas about how to produce goods. A given researcher in country ¢
draws ideas at a Poisson rate oy, a parameter representing research productivity. An idea is
the reslization of two random variables. One is the good j to which it applies, which is drawn
from the uniform distribution over [0, 1). The other is the efficiency g(7) with which it enables
good j to be produced, which is drawn from the Pareto distribution H(g) = 1—g¢~®, The
efficient technology 2;(j} for producing good j in country 7 is the best idea for producing it yet
discovered. A new idea Is never adopted unless it surpasses the current state of the art z(5).
Even if it does, it may not be able to survive competition from abroad.

In the absence of technology diffusion the number of ideas that a country has available to
it depends on the history of research effort there. If the measure of researchers in country i
at time s is Ry;; the total stock of ideas there is Ty = o fé Risds. Because we have a unit
interval of varieties, the number of ideas for producing a specific good is distributed Poisson
with parameter Tj;. As we now show, this T turns out to be the same one that enters the

technology frontier (1).

10



The Poisson arrival of ideas implies that the probability of & ideas for producing a particular
good by date ¢ in country i is (Ti)¥e~Ti /EL. If there have been k ideas, the probability that

the best one is below z is [H| (z)]k. Summing over all possible numbers of ideas:

hcd T ko~Tie _
Faz)= ) L Hizff = e Tl HON 2 T 55
=0 ®

3.1 Innovation

Although a researcher in country ¢ gets ideas as a Poisson process with parameter @y, most of
those ideas will have a quality below the frontier technology. Even many which surpass the
local frontier may not hold up to competition from abroad. The probability that an idea of
quality ¢ will be competitive in country n, i.e. that wyd,.:/q is the lowest cost in country n, is
given by 1 — Gre(wirdnifg), where G is given by (3). More generally, the probability that the
idea will undercut the lowest cost by a factor m 2 1 is 1 = Gu(mwirdni/q). Integrating over

the Pareto distribution of idea quality:

() = [ 1 = Gualmisidor/ )] dH(g) = (10)

1
Bpy(mitpdy;)f
Of course setting m = 1 gives the probability of entering the market at all.?

Incorperating the trade share expression (4) from the previous section into this expression

implies that the probability of an idea from ¢ having a market in n is given by:

Buit(1) = "T (11)

For a country ¢ invention to succeed in market n it must cross two hurdles. First, the idea
has to surpass the previous state of the art in country i, which it does with probability 1/T%.
Conditional on being frontier technology in country 4, the idea has to beat out the foreign

competition in market n, which it does with probability #as.

9The approximation in (10) has to do with how we handle efficiency levels below 1. Note that our derivation
of Fy(z) is only defined for > 1 while (1) is defined for all z > 0. Kortum {1997) shows that this problem can
be safely ignored. The reasan is that Fi4(1) approaches zero as Tj; gets large.

11



Note that as time passes and the stock of existing ideas in country ¢ grows, it gets harder

and harder to come with new ideas that are better than the best existing. ones.

3.2 Markups

How m.-e researchers compensated for their efforts? Under perfect competition producers would
charge marginal cost, so there would be no return to innovating. Following the quality ladders
model (Grossman and Helpman, 1991; Aghion and Howitt, 1991) we make the Bertrand
assumption that the lowest cost producer of each good claims the entire market for that good,
charging the highest markup that keeps any competitor at bay. In our model the markup of
any successful entrant or surviving incumbent is a random variable M with Pareto distribution
H, as we now show.

(From (10), the probability of selling in market n at zil is bni(1) while the prabability of
selling in‘that market with markup higher than m > 1 is buiu(m). Thus, conditional on selling
at all, the distribution of the markup is

bait (1) — brit(m)

P <miM 2 1j = =

:H(m)a

which is simply Pareto.

The markup distribution does not vary with time, destination, or source. It follows that
the distribution of the markup at any date s > t for ideas that are still competing at that time
is also Pareto. Imagine a cohort of ideas discovered at date ¢ in country ¢ which have a-market
in couniry n. As time proceeds, some of the ideas will be surpassed by subsequent ideas so will
drop out.of market . The probability of remaining in that market by time s > t is buiy fbpaz.
{From now on we use b to denote b{1), the probability of remaining in the market at 2ll.) The
ideas remaining in the market may have their markups whittled down over time by new ideas.
Amazingly, the selection, process, which favors ideas with larger markups, exactly offsets the
whittling down effect. The distribution of the markup for market survivors remains exactly

the same over time.

12



3.3 Profits

Let Yo denote total expenditure at date t. Since preferences are Cobb-Douglas, ¥y, is also
the rate of expenditure per variety in country n. Since all firms selling in market n charge a
markup drawn from H, total profits earned by either domestic or foreign firms selling there
are:

Tne = Yos f [t~ mi)) & = Ya f {1 - m™)dH(m) = 1};'1‘9

What is the profit earned by a firm producing in country n? Its cut of market k profits is

simply its trade share there #xn;. Hence its total earnings around the world are:

TensYee _
Z“""‘n’“ Z 1+9 1-;-0 (12)

N
where the last equality follows from the balanced trade condition that Yoy = ¥ mgn Y,
=1
Hence Il also corresponds to profits eamed by firms in country n. The profit share in the
economy is consequently 1/(1 + 8). Since this share is constant across countries, our labor

market equilibrium condition (7) stands.
3.4 Research Incentives

Putting together the pieces from the previous section, the expected present discounted value

of an idea from country ¢ that succeeds in country n at date ¢ is:

Vit == Pi f’ e—p(a-t)n_ns@ds, (13)
t

ts Dnie
where p is the discount factor (assumed constant). Profits are discounted by the discount rate
but also by the dwindling probability of remaining in business in the market. (Here P,, is the
price index in country ¢ at time s.)
But the probability of a researcher in country ¢ finding an idea that succeeds in breaking

into market n at time £ is just bni. Summing across all markets, the expected value of a

13



discovery in country 7 is simply:

Pu [® pe¥is 1

1+¢ t Ha ﬂa ds’ (14)

N oo o &,
V=3 baiVaa = Pa f e Pl B Dnisds. =
n=1 "

where the last equality follows from the condition for balanced trade. Note that, even though
our model incorporates international trade, we can ascertain the value of an idea originating
in country { by looking only at country £’s own income and accumulated technology.

As in the quality ladders model, in equilibrium workers divide themselves between research
and production. An equilibrium with workers engaged in béth activities requires that the wage

of a production worker wy; equal the expected return to research, V.

3.5 Steady State Growth

For simplicity we consider a steady state in which a constant share i = Ry /Ly of the labor
force in country ¢ engages in research. To allow such a steady state to emerge we assume that
labor forces everywhere grow at a constant rate gg.

With constant r; the level of technology in country i evolves according to:
Tu= eiriLat

so that T/L converges to ¢; = osrifgr. Hence in steady state T; grows at rate gz in each
country ¢.

We can rewrite the labor market equilibrium condition (7) as:

N —
w"t(l _ Ti) — Z = ‘i(wﬂdﬂi) ¢
n=1 151 t(Wiednk) =9 (Lae/ Lnt)

wnt(1 — ).

Since Lyy/Ln is constant over time, the solution for relative wages is time invariant. Since
wy is numeraire, wages themselves are time invariant.
Inereased real income comes about from falling prices. Differentiating the price index (5)

with respect to time, prices everywhere fall at rate

14



Substituting the results for steady state into the expression for the value of an idea in country

i (14) we get:

- 9n (1= rijwie
Ve = om bp—gr 15)

Here we see that we need to impose the condition p > g1,/ to obtain a finite value.

Equating the value of doing research in country £, a;Vy with the wage wy; there we get:
THi=r= g—L. (16)

This expression for equilibrium research intensity is identical to the one chosen by a social
planner (see Kortum, 1997).

Not surprisingly, research intensity is greater the higher the rate of labor foree growth and
the lower the discount factor. Moreover research intensity is greater the smaller is 6. {With
smaller 4, successful inventions on average constitute larger advances over the preceding state
of the art.)

More surprising is that research intensity does not depend on country size, research pro-
ductivity, or openness. While access to foreign markets increases the potential profits that a
successful idea can earn, competition from foreign inventions makes it more difficult to have a
marketable idea in the first place.1?

Although a large country has the same research intensity, the absolute number of re-
searchers matters for the research stock. In steady state the relative technology levels are:

:.li_ Q,'L,'
Tv anly’

(17

Rivera-Batiz and Romer (1991) also find invariance of zesearch intensity to the opening up of trade (but
not ideas) in their “kmowledge-driven” specification. Their analysis is based on the monopolistic petition
model of trade. More critically, their model, unlike ours, delivers scale effects on growth.

15



A country’s accumulated technology depends on the size of its labor force weighted by research
productivity. The scale of a country may therefore affect its level of welfare.

To see how trade influences the outcome, we can combine (17) with our expressions for
relative real wages under autarky (9} and under zero gravity (8). With autarky scale does
matter: A country's relative real wage depends on its research productivity multiplied by the
size of its labor force. But countries with smaller labor forces gain more from trade. With
the complete elimination of trade barriers the greater gains from trade of smaller countries
exactly offsets their scale disadvantage in producing ideas. With zero gravity, relative real

wages depend only on relative research productivity, with scale playing no role.
4 Conclusion

The framework summarized above is readily extended to examine a much wider range of issues.
For example, incorporating technolegy diffusion would allow innovations to be exploited abroad
not only through exports but through the movement of ideas themselves. This extension
introduces a number of challenging problems which we begin to explore in Eaton and Kortum
(1997, 1999). Exparts of capital goods embodying technological advances are another conduit
for spreading the benefits of technology, as we explore in Eaton and Kortum (2000b).

These extensions address only a small fraction of the myriad issues relating to technology
that emerge in the global economy. Qur approach delivers a tractable structure for attacking

themn.

16
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