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Abstract 

We ex.amine productivity growth aince World War ll in the five-Jeading research 

£conomiea: Weit Germany, France, the United Kingdom1 Japan1 and the United 

States. Available do.ta on the capital-output ratio suggests that these countries 

grew as they did because of their ability to adopt more productive technologies, 

not because of capital deepening per ae, We present a multicountry model of tech

nological innovation and diffuaioD which baa the implication that, for a. wide range 

of parameter values, countries converge to a common growth rate, with relative 

productivities depenWng on the speed with which countries adopt technologiea 

developed at home and abroad. Using parameter values that fit a cros~ aection of 

data on productMty1 research, and patenting, we simulate the growth of the five 

countries1 given initial productivity leveh in 1950 and research efforts in the eub- . 

aequent four decades. Balled on plausible as1umptioDB about "technology gap1" 

that exhted among these countriea in 1950 we can explain their growth experi

encea quite 1ucceasfully. Specifically, the 1imulation1 capture the magnitude of the 

llowdown in Germu, French, nnd Japanese productivity growth and the relative 

con,tancy ofU.K. &11d U.S. growth. 

JEL clas1ification1: F431 014, 031, 034, 040. 

Keyword,: technology, international dift'µ.1ion 1 inno-yation1 -productivity1 research. 
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1 Introduction 

The revjval o{ interest about what drivea nationU growth rates has ,pawned sev

eral controversies. One ia whether countries that 1ta.rt out poor grow faster than 

initially rich countriea1 10 that income levels are "converging." A ae..:~nd i1 whether 

1ource1 of growth a.re primarily domestic or foreign in origin. A third, and per

haps most fundamental, i1 what ca.u1e1 growth ra.tea in output per worker to 

. differ among countries: diff'erencea in capital per worker or clifferences in a.vailable 

technology.1 

Whether growth is primarily driven by factor accumulation or by tecbnology1 

the issue remain, as to whether 1ources of growth are primarily foreign or domestic 

in origin, I! capital accumulation ia the key to growth, and International capital 

market, are hlghly segmented, countries must rely on their own 1avings to finance 

investment. A country with an itutially lower level of capital has to finance the 

investment needed to catch up with its ncighbora on it1 own, which could take a 

long tirne,, Moreover, a. country with a lower aa.vings rate than it1 neighbors will 

never catch up, condemned to a permanently lower relative level of output per 

worker. In contraat1 with a hlgh degree of capital market integration a backward 

country can catch up rapidly by borrowing from abroad. Cr011-country differences 

in aa.ving11 still imply permn.nent difference11 in national leveb of GNP per worker, 

w. low 1aven find themselves in debt to high 1a.ven, but level1 of GDP per worker. 

lDift'crcncu in humm capital m11 aho he crucial to a coi111tr7'1 growth pro1pec11, u ugucd 
bJ Lucu (111118) md Buro (1'111]), One "riew ii tbat hum111 capital (acilhatea the adoption or new 
tech110Jogy (Beubbib ud Spiegel {111111)}, Ail altemdhe ,icw hc1tl human capital u uother 
factor or produdio:n., in which cue ucumul1tion of hUJlllJI· capital per worker rabes eff'cclivc 
labor per worker (Mallkiw, Romu, and Well (111112) a.ni! Bury,-'M1Z1ldw, a.ni! Xal~l-Muti:n. 
(HIIIS)). ThUJ, hum111 capital can pl•J a tole ln either the techn01ojpcal-1doptio11 expl111ation or 
the capltal-deepe:n.ib& expl1utlon of di!'ezmct1 in productivity growth. 



will soon converge. 

'Taking the alternative view that technological innovation and diff'11&ion drive 

national growth re.tea. if innovations are applicable only at home, a. country must 

innovate on its own to raise total factor productivity. A backward country bas 

to be more innovative than its neighbors in order to cBtch up with them, and 

catching .up i1 h1r:ely to take time. But if inilovation, are easy to adopt regardless 

of where they came from, a technologicaUY backward country can catch up rapidly 

by ab1orbing the most advanC:ed technologies, and an innovative country gains 

little relative advantage hi terms of factor productivity.2 

Our purpose here is to examine some evidence on these issues, We begin by 

showing that capital deepening provides at beat an incomplete explanati0n of the 

growth in manU:faCturing productivity of the lealilng economies since World War 

U. We then examine wliat role technological innovation and intemational ~ff'uaion 

play in explaining why countries grew as they did, 

We adopt a 1peclfic mod~ of'interna.tional technology diffusion taken from 

Ea.ton and Kortum (1994). Various parameterizations yield ,special cuea with 

different implications for growth and convergence. · 1n our earlier work we chose 

parametera by fitting the model to data. on productivity, research, and pa.tenting 

from the five le&ding research economiea (the United Statea1 Japan, Germany, 

France, and the United Kingdom) for 1988. In doing-so we assumed that by then 

these countries had achieVed ·a· steady otate in which they were growing on average 

a.t a. common rate, 1ince by that point their growth rates were fairly similar. 

1We do not renew theae C1)J1tro-ienie1 in det.n. Rome'r (19!"), Groumaa ~d Belpman 
(1991), and Buro and S&1&-l•MUt~ (19111) provide excellent di.cuuion■• Coe ed Belpman 
(1993), Eaton and Kor,um (JIIH,199&), and Even■on and Englander (lRH) examine the ~plrical 
content o[modtla o[Ultemationll technoloar dift'uaion. 
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In the current paper we 1ee how well the model explains manufacturing pro

ductivity growth in the same five countrie& from 1950,to 1990
1 

a period that began 

with the countries growing a.t very different rates, Since an a11&umption that, these 

countries, were in steady-state throughout the period is inappropriate, we inter• 

pret their growth experiences in terms of ihe out-of-steady-state behavior of the 

model. The 1tate variables governlng the model1s dynamics are productivity levels 

and the pools of ideas from at home and abroad that individual countries have 

yet to adopt. We initialize our model by setting productivity levels at their actual 

1950 vt.!ul!s. Of course we do not know the size of the pools of knowledge available 

to these count:.-!es in 1950. We make the simple as&umption that the pool, are 

proportional to what they would be if 1950 were a steady state. Using the pa

rameter estimates from our previous paper we calibrate one additional pa.re.meter 

governing the overall level of the pools. 

We ·find that. the model predicts growth rates after 1950 that are quite close 

to actual ones. To fit the post war experience, the pools available to the United 

States must be only a bit larger relative to U.S. productivity in 1950 than they 

would be if 1950 were a steady state. This mearis that these pools are very large 

relative to productivity levels for Japan and the three European countries, since 

these countriea were much further behind the United States in 1950 than a steady 

state would dictate. Our model pick& up the moderate and relatively constant rate 

of U.S. productivity growth. It also explains the rapid growth of Japan, Germany, 

and nance in the 1950'• and 1960'• jn terms of the large pools of ideas available 

to them. As these pools shrink relative to theae ~~.untriea1 levela of productivity, 

·' growth elowa to rates more like that in the United Statet Our model also tells this 

story _for the U.K. 1 thus capturing its experience in the first three decades after 

3 



World War Il. It fails to predict the U.K. growth revival of the 1980.s, however. 

Ia it plausible to think th,1t .lapan and Europe had great potential to grow 

after World War II by adopting foreign technolo~? We propose two argumenlll. 

Flnt, the United States was clearly & teclmologiul lead21, ~ven before World War 

Il, and was therefore a. great aource of technology for -,thf'.:t to adopt.3 Second, 

the war effort itself pr<lduced knowledge about how to apply a number of new 

technologies ... Civilian application, of theae techn0Jogie1 were left to exploit after 

the war. 

We proceed as follows. Section 2 below exam.Ines data on productivity growth 

and capital deepening in manufacturing for the five leacling research economies. 

Section 3 pre11ents a particular model of technology diffus.ion and dbcu11e1 its 

implications for growth under various parameter valuea, In aection 4 we conaider 

how well the model explains the growth of theie countriea between 1950 a.n.d 1990. 

We also simulate bow the post-war growth experience would change had technology 

difi'u1Ion patterns been diff'erent than they were. Section 5 concludes. 

1To q'llole Nchcia and Wrighl (1992), -The proceH of global dilrua!on and adoplion of Amer
ican methoda would 1urely b.tt eontUlued, hownoer, eilher b7 mil1ation or b1 ditect lordj;n 
lnl'etlmmt, if ii had 11.0l been Interrupted b, World War II (p1g111 19'11) .... The United S1ate1 
~e o'Gt of World Wu· lI bouJa,DI, with 'techuolOgjcaJ capablliliea u:teoded bf wartime upe
dcocc (p. lll50).• Ttchniq11es of mau prod'Gcllon wae a aource q! U.S. dominance prior to 
World Wu D but were al f\nt a1ow lo•dift'111e. Womack el, Ill. (1991) dalm thal "Much ol lhe 
European ttOnomJe mhade of the 1950'• ~d 111110'• wu 11olhiog more than a belated embrace 
of mu• prodnc-tioJ,, (paau 231-235).• 

4Ezamplea hi.dade: Ulnontiou lD alull:Ull.um fabrication rlemmlng from wu-ljme produc"lion 
ohircrafl in Gnm.1.111 (Peck (111112)), magnetic recording in Germur.1; guided rod.els in Germ.n.J1 

Jd engizlea in Ei:ia}and, Radar in the United States1 1ilieone siroducta in the Uniled Slal11111 llld 
titacium il'l the United State1 (JewW, Saw1er■, ud Stillezmu (1111111)). 

4 
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2 Productivity and Capital: A Glimpse at the Data 

Table 1 summarbe, what happened to value added per hour worked in manufac

turing in the United States, Japan, Germany, Era.nee, and the United Kingdom 

over the four decades since World War n. We use a measure of productivity in the 

manufacturing sector for several reaeom. First, mo11t innovatlon1 are uaed in man

ufacturing. Second, we do not want to count productivity growth brought about 

by labor reallocation from agriculture to manufacturing or from manufacturing to 

services. Third, the land ,hare in manufacturing it low compared with that in 

services, so that land availability p)ay11 much less of a role in determining labor 

productivity. We use internationally comparable data compiled at the Univeraity 

of Groningen as part of the International Comparisons of Output and Productivity 

project.1 

Several things 1tand out. During the 40-yea.r period there were only two re

versals of relative position: between France and G~rmany for 11econd place and 

between the United Kingdom and Japan for last place, Nevertheless, growth rates 

over the entire period were very different, with Japa.n at 7.4 per cent, FrMce at 

4.9 per cent, Germany at 4.5 per cent, the United Kingdom &t 4.1 per cent, and 

the United State.a &t 2.6 per cent. Germany, Japan, and France experienced a 

slowdown of growth throughout the period, For the United State, and United 

Kingdom, however, the slowdown in the 1970a was rever1r.d1 with the 19801 repre

aenting the period of fastest growth. Con1i11tent with the convergence hypothesis, 

1Van Ad: &11d Pila\ (UIQS) deacribe in deh,il how lhe data ue conllnicied. We 1.h: YUi Ark'• 
(1QQ!i) d1la on ma11ufacturin1 nlue added per hour in each COOJ:1\r7 telati,e to the UzLiled Shtea 
lD 1Q50, 1Q70, lHO, Uld lQQO and mulliply the1t 1111mben \f the 'g.!f. Bureau o(Labo1 Sl1tiltle'1 
{lHl} dat1 011 U.S. z:nauuf1during nlue-added per hour in each ·,eu. The d1t1 ue nonnlliaed 
b7 1980 U.S. prod11.dirily, Growlh ntea are compounded tot1tl11110111]7, 
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Table 1: Value Added per Houdn Manufacturing 

year 

1950 
1970 
1980 
1990 

1950-1970 
1970-1980 
1980-1990 

1950-1990 

Germany France U.K. Japan U.S. 

(level,, relal!ve lo tho U.S. In 1990) .l• .13 .13 .04 .35 
.45 .41 .29 .25 .57 
.67 .64 .37 .47 .71 
.86 .91 .66 .78 1.00 

(annual rat ea of growth, percent) 
5.9 5.7 3.9 9.0 2.4 
4.2 4.3 2.4 6.2 2.2 
2.4 3.6 5.8 5.1 3.5 

4.5 4.9 4.1 7.4 2.6 

Sotlffu: V.Jue ~ded pei hou ln manufacturing ln each coun
lfJ' rd a Un to the Unite~ Statu lll Crom nn Ark (1P"5), V.Jue 
added per hour in U.S. manafacturing ia Crom BLS (JUl). 

the country that led in 1950, the United Statet1, had the lowest growth rate over 

the entire period while Japan, the country with the lowed productivjty in 1950, 

grew the fasteet. The range of growth rates in the moat recent period ill much 

1maller I but their r'anldng ls le11 aupportive of convergence. It is true that produc

tivity growth in the two Jaggarda was hlgbest1 with U.K. productivity growing at 

6.8 per cent and Japaneae productivity growing at 5.1 per cent. U.S. productivity 

growth rote to 3.5 per cent, however, ahead of West Germany, which grew,at only 

2.4 per cent. 

Turning to c~pjtal u an explanation of these difference, in productivity levels 

and growth rates, table 2 rep~• da.ta on the ratios of capital to la.bor a.nd of capital 

to value added in manufacturing con,tructed from van Ark and Pilat (1993) and 

the U.S. Bureau of Labor Stati,tica (BLS) (1991) for three of our five countriec.8 

1 We back oat the ratio of capital to labor and capital to .,_i,.,. added for Germu.1 and Ja,an 
ttlaliTe to the Unittd Statu lrom nn Ark and Pilat'■ {19P3) lablel oC rdali"e total factor 
prodactiYitJ lnodl, the labor ■hau a1ed to con■hucl them, ~d'relditc n.lue added per hour. 
Since U.e rdatin nlae added per hour ia 1101 anllab1e Cor 1980, we UH • 11eomcL-ic Ulterpolalion 
to r1timat1 it IIWII the anilable data lll 1950, 1955, ud Ji85, We then en.le time 12.1ins the 

6 
.,, 

l • :. 



Table 2: Capital in Manufacturing 

capital-labor ratios capital-value added ratios 
J:ear Germa.nJ: Jal!an U.S. Germanz Ja2an U.S. 

1950 .14 .30 1.01 .87 
1955 .06 .35 .86 .87 
1960 .19 .05 .41 .74 .61 .96 
1973 .55 .28 .60 1.06 .88 .92 
1979 .77 .49 .74 1.12 1.10 1.05 
1990 .99 .77 1.00 1.15 .99 1.00 

So~e,: Capihl-ho11.t1 ratlot .nd c:apita!-nlue added ratio• !or Ger
mu ed. J•peete tunufu:h:ating nlalb·e lo lhe Un.lied. Staleo UI each 
yeu ue from n.n Ark and Pila\ (lQQJ). These aame ratiot (or U.S. 
manufachring ue Crom BLS (Hill). 

Again1 levels are reported relative to the United Sta.tea In 1990. 

Capital-labor ratios do vaty pozitively with value added per hour worked, both 

across countries and over time. However I thi■ does not imply that capital deep

ening was a source of productivity differences. In fact, if capital is internationally 

mobile then differences in capital-labor ratios are driven by differences in technol

ogy, as capital moves to take advantage of its higher marginal product in countries 

where technology la more advanced. 

However, with perfect international capital mobility, Harrod-neutral differ

ences in technology do not affect the ratio of capital to value added. In contra11t1 if 

differences in labor productivity result from clifference11 in 1avings rates among 

countries with identical technologies then hlgher labor productivity should be 

u1ociated with a. ttrictly hlgher ratio of capital to value added. Thus, the be

havior oft.he capital-value-added rntio can cilstingWlh between capjtal-baaed and 

technology-based explanations of productivity cliff'erencea.7 

. ·' 
lnverae of an Index of nlue U.ded per 11nil of capllal Crom BLS·(Ulill). Again lbue ratio& are 
ulalive lo those in lbe United Slatu in H90, 

'Cou1ider lwo courilriea rand p, in each of which value U.dtd ii produced at conatant uhnn1 lo 
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In fact, as shown in tabl! 21 we iind little association between productivity 

and the capital-value added ratio. Indeed, while the capital-value added ratio 

ha.a fluctuated, the data largely. confirm the Kaldor (1961) view that the capital~ 

output ratio is constant during the proceH of growth. Consider. the variation over 

time fust. While there has been a small increase in capital-value-added ratios, the 

rate of increase has ,been about the same in each of ·the three• countries. Thua, 

capital-deepening does not explain why Japanese productivity grew much faster 

than U.S. productivity. 

Looking across-countries in any given year strengthens the argument even fur

ther. In 1950 U.S. manufacturing productivity was more than two and a half times 

Germany's and nearly 8 times Japan11. Assuming a Cobb-Douglas production 

function with a capital share of 1/3 and identical technology, the U.S. capital

wlue-added ratio should have been more than 6 times Germany's and more than 

60 times Japan's. But the evidence from the nea.rest years for which we have data 

indicates differences nowhere near these magnitudes.• 

While w~ only examine data for three countrie111 Japan and Germany ar'!: two 

where pure capital deepening is often held to be an importanhource of growth af-

acale. Value added per wo1h1 in coant?J iii gh-en by Q1 = F(K1, A1) whue F b a homogeno1111 
function common lo the two co1111triu, K1 in the capital -•tod: per worker in country i, and 
A1 rep11mnb the Hurod-neutral.lnel of lechnoto11 in counhy i. Say that. Q. > Q •• One 
pom'hility b that K. > K• while A. :::o 1r, = A, 'But. the diminiding mup:lal product of 
capital wollld then lmP7 thal 7fl::iJ > 7rr,;:rj, I.e., a alricU, hiaher capHal-nlue added nllo 
in ,-, Anolhu poui'hilily ii tbal A. > A• while capital mobWty alablilhea the coudilion that 
F«(K.,A.) = F•(-f!,1) • F«(-¥!,1) = Fx(K.,A,), An lmpllntlon 11 that~=~- In thin 
cau, while, u bd'ote, K. > K,, f.e., lhe ratio of-capital lo phyaical labot ii higher in ,., ncnr 
..:....Jk_ = ~ c ~.,, .......!&.-, that D, lhe two countria ha•e the aame ntiot1 of 
J>{K.,.t.J ,Clo~) )'{1,rp) l"{Kp,AJ · 

capital·to nlue added. • 
•with a much broader 1d of data, King and Le\lllle (111Bt) ~d'1ome nidenu that capital

output nlioa rise with prodv.ctfflty, Nen1'hele11, their data !ecj,v.ire a capital lhaie of al leut 
2/3 Cot crou-counlrJ ~erencea in thin ta\lo to account !or ob1uud pr_oducti'rity diKerence1. 
Moreonr, liJce Kaldor, lhey fh1.d 110 erideim: lhal c11:,it.J.r .. ,lput nli~ in individual countriu 
g,ow u countriu become more ptoductive. 
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ter World War II. From this perspective, the relative constcm::y of the capital-value 

added ratios in the manufacturing sectors of all three countries is key evidence 

against the view that djtferent rates of capital deepening explain why developed 

countrie1 experienced different growth rates. 9 Instead we turn toward patterns of 

innovation ·and diffusion to understand what happened.10 

3 A Model of Innovation and International Technol

ogy Diffusion 

We now present a muhicountry model of international technoJogy diffusion that 

treats capital as perfectly mobile acroH countriea. Under particular parameter 

values the model reduces to the following apecial cases: 

Equal rates of diffusion within and between all countries: If all coun

tries have access to the same technologies then aome other factor is needed to 

explain differences in productivity acroBS countries, even though technology may 

be the source of growth in world productivity. An implication, noted by Licht

enberg (1992)1 ia that cross-sectional differences in national levels ofproductivitr 

should then be unrelated to cro11-country differences in national research expendi

ture■• Instead Lichtenberg finds that countries that spend more on research attain 

higher levels of productivity. 

'Thil erideru:e b conaitteut with Manti~, Romer, 11,11d Weil'■ {1H2) finding that. prodaelirity 
ll po1hi11ely conel■ted witb the inn■trnen\ rate. In our 'new, lha\ conelatio11 l■ dri11e11 by 
1111der!JUl1 difl'erenee, in techno1o8J, 

l°King and Rebelo (11111() point out tbe ImplautiblJ luge illterea\ rate diff'erenti■J. implied by 
a capital0 deepenins upWlalion o( produdirit7 difl'ereuca, Bano,. M11111ciw, and Sal .. i-Martin 
(11195) addrm thin i11ue by inrodaCUla intemationtll7 immobile h111nu. capital u • third (&dor 
o( production. Nonetheleu, their model ■lill impliu tbt the t'apitlll-output ratio ■hould rise 
with produdi'ri.ty. 

9 



No diff'uslon between countries: At the opposite extreme, ea.ch coun

try might use only those technologies discovered at home. In this case, except 

by coincidence, levels of productMty across countries will diverge, Endogenous 

growth models in which a. country's productivity depends only on its· own rate of 

investment in research have this lmplkation. This implication i1 not, however, 

consistent with evidence that relatively baclr.ward countries make u,e of the tech

nologies of their more advanced· neighbors, i.e. "technological catch-up" ,11 It also 

failii to explain why inventors frequently take out patents in a. number of different 

countries. 

A common pool of technology adopted at dlff'erent ra~ea ln different 

countries: A more general poaaibility is that ell research outcomes enter a com

mon pool which individual countries ce.n tap. Countries may differ, however, in 

their ability to draw on thls pool.12 Under thia 1pecifieation1 countries' leveb of 

productivity converge to a common level only if they exploit the common pool at 

the same rate. Even if they do not, however, national growth n:zfea of productivity 

will converge if a more backward country finds that a. greater fraction of the ideaa 

in the pool are worth adopting. An advantage of thi• approach 11 tba.t lt can ex

plain_ 1teady,1tate diff'erene9 in productivity levels while technologicai ,pillover11 

nevertheleaa occur. A deficiency ia that, like equal difl'uaion, it implies that a 

greater national retearch effort confen no relative national a.dva.ntage1 contrary to 

11Economie ldalorillll hHe,appeaJed to thll 11011011 to up11W:!. lhe 1prud or lhe lnd121trlll 
rnolution ln nie nineteenth cenlufJ, see, for example, Genbenluou (1982) and Fagerbng 
(lSIH). Nelson and Phelp, (1118!1) prcwide an euly modd ordifludon ftom·an adnnced to a 
bachrud c:oulrJ. Helliwell and Ch~np; (11101) repo,I rerenl eridmce stipporting the riew t!iat 
low,p1odudiflt7 c:oU11.trie1 benefit flour high:Prod11,c:tl,it7 ops. 

12Paule and Prescott (19H) tab IIUI approach ln nl1.ti:o.1 a.J·11.1:,.t11'1 le.-cl of productl-.itJ 
lo it■ willingnw (promoted bJ low tu rates) to adopt new technc!ogie11 Crom aroond the world. 
Benhabib and Spiegd (1983) abo tab tltl. 1.pproach In a modd UI which high Jeni. o( homan 
capital p!Omote adoplion, · -

10 



Lichtenberg1s (1992) results, 

Diffusion rates depend _on the countries involved: The most general 

1pecifica.tion make, the rate of diffuaion 1pecifi.c to the source and destination of 

the innovation. If it ii the caa:e that diffudon ia more rapid within than between 

countries, then a country can attain a higher 'relative _level. of productivity by doing 

more re11earch. Faster adoption of technology alao rai1e1 productivity. Productiv

ity growth rate, again may be equalized since backward countries hi,.'/e a. larger 

backlog o! idea.a to a4opt,13 

Our model contains the following components: 

3.1 Production 

Output in country n i1 prodqced by combining intermediate inr11h1 11ubject to a 

con1tant-return11-to-scale Cobb-Douglas production !unction, 

Y., = exp u: lu[Zn,(i)X.,(;)Jdj) , 

where Xn1(j) i1 the quantity of input:,' ,,·.:i.iuced at time tin country n and Zn«U) 

ia the quality of tha:~ input. Thue ara n = 1, ... 1 N countriea. They trade the 

homogeneous Output but not the input,.14 To produce any input at rate= require■ 

labor 1ervice1 at rate :.n A1 in Gro111man 1UJd lle!pman (1991), ptoductivity 

differences acro111 countrie1 ari1e 1olely from diff'erencea in the quality of input1, 

uThil LI &he cue conaidezcd Iii Eaton and Kortum (UIH, 19D6), Pulr. and Brat (HH), and 
Ben-David and Loewy (1'1116). 

HB:, usumbrg that lnpuh ae not traded, we [gnozc 1ome interatin1 terms-of.trade dfccl■ u 
u-e illu1traled In Jobnl0t1 and S1afford (JDDS). • 

11Morc genu.U1, z could he p10flded by a combination of(t1on![ded) Jabot 1,11,d (intetnation• 
ally mobile) capital. We would require, bowenr, that thue two (1.ciota ~'Ombine lo proride • 
bomothdlca!l1 in a ""1 U{at did not nrJ acrou inpuh. For aimplicity, howcter, we will reCcr lo 
• u the labor input. 
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Within a country the quality of jnputs improves over ti!Jl,e u a consequence of 

rea:earch perl'ormed domeatically and aJ>road. We uae-the index, 

A., = exp (J,' 1n Z.,(;)d;) . •. 
to aggregate the qualltiea of individual inputs into a single measure of overall labor 

productivity.19 

3.2 Ideas 

Quality improvements result from new ideas, There are three dimenaiona to an 

idea: (i) its quality, (ii) lta aector of application, anrl (ill) the time until it cliff'uses 

to each country. 

An idea's quality 11 a-random variable Q d:i-awn from the Pareto distribution, 

A given idea. has the same quality no matt~r where it i, uaed. 

An idea appliu only to one out of the continuum of inputs. The input ; to 

which the idn applies i• drawn from the uniform distribution on (0, l]. 

Au Idea i:P.kti1 thne tc }f!arn about and to' &J)j1ly to n specific purpose. It an 

idea 11 di1covered at time e in country i then. it diff't111'.a to country n at time , . 
C+1'nii !or ft= 1,21 ••• 1 N. We 11111ume that the marginal distribution of the 

diffv.1ion lag from country i- to country ft i• exponential with p-."P!D:!la.t fni, i.e. 

"Thia lndmt"aetuallJ equahi labor prciductlritJ if productio; workln ue nenlJ divided amoDI 
ptodudion of the lndi'ridual U1pu11, u would occur ii' Ja'bor wmrbocated b1 • cmhlll planner. 
In our m~el, hownu, diff'etent b:iput1 ue subject lo diff'ere"nt degrea or monopolJ powu, 10 

that hhot ii allocated w,.equaDJ acrou input,, NneriheJeu, u we 1how in Eaton and Koitum 
(liH), Jabo1 p1oduetMt1 ii p1oporlionlll lo lhia bi.du: UI a decintnliled equilibrium. 
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Prlrn.i S: z:J = l - e-"••~.17 Tbu1 fn.i is the speed of diffusion from country i 

to country n and t;} ia the mean diffusion Jag. A1 fn.i goes to infinity diff'uaion 

bccomt!s instantl!lleoUs whil~ as fni goe, to O ideas from country i are bever adopted 

iu ccuntry n. 

lUffereut re,~rlr.tio'li: on the fni'• capture the various apecial cases of diffusion 

that we discussed ahove. 'll there la equal difi'uuion nmong all count:ies then 

fni = f for all 7'1 i. No diffusion between countries mea:111 that fn.i = 0 for n ¢ i, 

If countries dra.w on a common pool a.t different rates then, fn.i = fn.f,i 1 where fn, 

reflects country n's ability to absorb technology and f.i reflect, country ,'s ability 

to make it. available. In general, however, diffusion rates can depend on the apecific 

countries. 

We assume that country i produces new ideas a.t rate Bi, ;:: a11L!i~ R~ where 

R; i• research t'mployment in country i, L, is the workforce there (including re-

1earchers)1 and ai and O :S p S: 1 are parameters governing the productivity of 

researchers. I! P < l then countries face decreasing return• in the intenaity with 

which they perform research.1s 

.At any time t country n can draw upon the pool of unexploited idea.11 from 

country i. As country i UDdertakea reua.rch it generate1 a flow into thi1 pool of 

Ei, while, as country n adopt, them, lt depletes the pool in proportion to ita 1ize 

at rate fnl• We introduce· N 2 1ta.te variables, '1n.i, repreaentlng the stock of jde:a.1 

"The di,trib11tio11 o( lhe dill'ulion lap aaou destlnailon counlriu need 1101 be lndepe:ndent, 
Htnce lf a puticulu inn11tion b.ab101btd puticulul, 4ulckl, b7 coll!llr7 n then ii mJahl be 
more likcl7 lo be ab10rbed quickl7 bJ e01111lr7 m II wdl. 

11Ld Ube the IJI. il:,.diTidual'■ talent Cor rneuch, We imagine U bcina drawn trom a probabllit7 
diltribu\ion, Pr{U Su) c G(11), S11pp01c lhal a re■eucher ,wlih talpt U Jiu ideu al rate a{JU. 
It ind1ridual1 with the moll talent f'or rueuch ndu~7 become.nrleuclieu theu the talent of 
the leut talented renucher ■ol1'n l - G(u•) "" R/L. The ■ggrcgate rate of' idea product.ion 
UI therefore, afJL J,.": udG(u). We obtain the Cunctional form uttd in our model lf the talent 

diJtribution is Pucio, G(u);:: 1 - u'R. 
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from country i that have not yet diffused to country n. Since 'lnil = Ei1 - Eni'lnih 

ia the size of the ,pool of ideas from country i that country n has not yet drawn 

upon. Finally, ne introduce N state va.riahle,11 µ,, 1 re~resentb;1g the stock of ideas 

t~at have difl'used to r.C1untry n. Ideas flow to cotu1~q n from thE!' stocks of undif

fused ideas, 
N 

Pftt=Etni'lnih 
icl 

3.3 The Technological_ Frontier 

(I} 

W-e distinguish between the concepts of difl'nsion and adoption. While every idea 

from country i will eventually diffuse to country n1 11ome ideas will not be adopted. 

Only the beat available idea for each input in each country is actually used. Thus, 

for each country n, Zn1(j) represents the highest quality idea that has diffused to 

country n in sector j by time t. A new idea cllff'u1ing there will be adopted if and 

only ·rr its quality exceeds Zn1(;). 

The technological frontier in country n a.t Ume C represents the quality of 

the ideas being used in each 1ector. Th~ position of thi1 frontier i1 conveniently 

summarized by a. dbtribution fun.ction 1 Bn(.tJC), representing the fraction of sectors 

with quality below .t, A11 we 1how in the appendix, thJ1 dittribution 111 given by: 

·' ·' 
(2) 
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which depends only on the 1tock o{ diffused ideas Pnl regardless of when these 
D 

ideas were adopted for production or where they came from. 

An idea of quality q that has diffused to country n will be adopted there with 

probability Hn(qlt). Therefore, integrating over the probability density of possible 

q:1alitiea F'(q) = Sq-(•+1) 1 we obtain the probability of adoption, 

ft H.(qlt)F'(q)dq = µ:,'." 
We define the inve!ltive step of & Jl.cwly diffused idea. a.s the percentage im

proveme11t in ~ur..iii.y it brings about if cl,l!opted, The average inventive step of ~ 

new idn, r.e>l!ditiona! on its adoption, ii J,.00 In(?) 1:}i?Jdq = 9-1 • 

Productivity growth in country n ia 1imply the product of three terms: (i) 

the rate o{ arrival of newly diffused idea.11 (ii) the probability that an idea will 

be t-.dopted1 a.nd (ill) the average inventive step of the ideas that are adopted, 

Combining onr expressions {or each, 4!: = j~. Integrating thls equation yields 

thl"' following relationshlp between our index of productivity Ant and the stock of 

idras that have arrived in country n by time t: 

(3) 

where c ii a conatant derived in the appendix. 

A country with a lower level of productivjty adopt11 a hlgber proportion of the 

ideas coming ih way, µ:.1 = c1 A;f, In thla sense the model captures the ide~ of 

technological catch-up whereby & country with a lower level of productivity crm 

grow faater by taking adw.ntage of the idea, of oth~ra. Indeed, given the ra.te at 
_, _, 

11Bere and belolllt' we u1e approz:imallon1 tb&I .become ubitrarilJ dose (UI percentage tum,) 
u µ becomes luge. See the appcndi:r:. 
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which l_deas diffuse into a country, it's productivity growth is inverseJy reJated to 

its level of productivity1 

However, one country's level of productivity may conUnue to lag behind another's 

if !ewer ideas ditru1e to it. We now turn to the dynamic, of thla diffusion proce11. 

3.4 Productivity Dynamics 

The atate of the whole 1y&tem at any time t can be summarized hr the N 2 + N 

vector of state variables 

representing the size of the N2 pools of unexploited ideas. and the size of the N 

atocks of ideas that have diff'UBed. The ayatem of differential equations: 

N 
;., = E f,d'7,ut, 

i::1 

(4) 

describe how the vector of 1tate variables evolves over time given patba for the 

fordng variables, Eu (re&ectlllg 1esearch eft'ort and the wo1lr: lorce in each country) 

and the N 2 + N initial conditions for the atate variablea. 

We·conaidet two cuea for how the productivity of reseuchers (in comhig up 

with idea.a) variu BCIOH'COWltriea or over time. '.l'h°e fint case 11ete C1iJ =Quin . . 

Kortum (1995). The second cue aeta a,1 = a~ as in Eaton and Kortum (1994). 
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In the second case, researcher productivity is proportional to the stock of ideas 

that have diffused to a country. Over time1 the productivity of researchers rises 

as the stock of ideaa grows. ill either case, we get a syllem of linear differential 

equations. For each ca.ae we provide uaumption1 that give a. steady-state with 

parallel growth, i.e., in which productivity growth is constant over time and equal 

across countries. 

3,5 The case of constant researcher productivity 

Consider case 1 fuat ,Ince it is easier to solve. In thla case each of the ltocka of 

undiffused ideas can be solved independently given initial conditions at time 0: 

while the stocks of diffused ideas are ,imply: 

Suppose that Ei• ia conatant over time in each country while fni > 0 for all 

n, i. Stocks of un.diffuaed ideas would approach constants '1,u:t = er~ and hence 

iJ.n1 = a E~1 Ei, Thua, u long a, ideaa diffuse between all countrieo (even if at 

different rates) productivity converges to the same level in each country, regard.Jen 

of differences in research activity among them. However, if Jdeas do not diffu,e 

between countries at all then productivity levels in each country converge to levels 

that depend on that country's research activity. In either c:aae, productivity growth 
·' 

approaches zero. 
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'fo 1111tain growth, the rate of idea production must grow. Say that the work

force in each country grows at rate g while the fraction of the labor force engaged 

in R&D remains constant. In this ca,e the ltock1 of diffused ideas are: 

In the Jong run, with g > 01 the E;1 ~ventueJJy swamp the Initial condition11 and 

the atock1 of dlff'u1ed ideas all grow at ra.te g with relative levels given by: 

where, r,,. =: Zt'!: and E, -= [Eu .. •• 1 En1J'. 
In general, even with no difl'u1ion of Jdeas betweim countries, we obtain par

allel productivity growth, as all countrles eventually g,ow at the aam_e rate, g/9. 

Countries that get ideaa !llore quickly, especially £:OJl countrle1 that produce the 

moat Idea11 will have the higheat productivity levela. If there is a world idea. pool 

thcn·relative productivity doe, not depend on who doe, reaearch but only on who 

h.p1 the world pool moat .t'&pidly. If all diffusion ratea are the 1ame, productivity 

level, ·are equal. 

3,6 The case or rising_ researcher productivity 

In cue 2 we mWlt 1olve the differential equation11 4 as a eyatem. Define Sil E 

cr~Lt' 1 10 that: 

·' ·' 

18 



Then the system of differential equations is 1 

(6) 

wbere1 y was defined above as the N 2 + N vector of state variables and, 

-tu 0 Eu 0 

-f1N 0 Em 

~1= 
Eu 0 

0 -fNN 0 Em 

'" <1N 0 0 0 

0 <NN 0 0 

If the Eit were to forever grow at a atrktly positive rate then growth in the 

,tocks of diffused ideas would eventually accelerate and productivity growth would 

approach infinity. In the 1ubsequent section we report aimulations of the model 

given the actual path1 of total and reaearch employment. For now, however, con

aider what happens if we 1et Bil = E,. With conatant employment of resear.:hers 

and others1 the matrix in the differential equation i1 constant as well, 110 that 

Under certain re1triction1 on the tm'a, which we diacuaa below, the system 

converges to a steady atate in which all the 1tate variables grow at the 1ame rate, 

g. Thus, gy1 = Ay1 where g i• the largest elgen~ue of 6. Thu1, the 1yatem 

. ·' 
displays parallel productivity growth. Note that in this veraion of the model 

world growth ia endogenously determined, depending on research activity in each 
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country and the rate at which ideu 1pread between countries. 

Given the value of 91 we can analyze a simpler N-dimensional 1ystem to 

gain some intuition about what determinea relative productivity levela. In steady 

1tate, 'hie = :::.~. Therefore, the vector of relative stocks of difi'used ideas, p, 

mu11t 1r.ti&fy, 

where the matrix A baa elements Ani = ;:t.!, A country's relative productivity 

depends on the rate at which jt gets ideas, particularly from those countries pro

duch1g the most ideu. A.a in the previou1 version of the model, if rm= fn.f,i then 

proc\uctivity outcomea do not depend on where research 11 done. An.d,,if diffusion 

rat,s .within and between all countries are equal, productivity levels will be equal. 

What the restrictions on the tni'II en1ure that countriea converge to parallel 

growth? Frobenius' theorem guarantees that if the matrix A ii indtcompo.!able 

tl,en its largest eigenvalue i1 positive and has associated with it a. 1trictJy politive 

ri:g'?nvector, Thia eigenvalue, the Frobeniua root, 11 the growth rate to which the 

system even~ually converge• and the u,ociated el gen vector ( defined up to a scaJar 

multiple) gives the relative levels to which the state variable, (the pools of diffu1ed 

and undHfused jdeaa) converge. 

In order for A to be indecompo1able, no rearrangement of it• row1 or column, 

allow, it to be repmented u block aemidiagonal, 1.e., it mu1t be impouibJe to 

1witcb columns or row1 to write it aa: 
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where Au and A22 are square matrices, Say that A could be represented this way. 

Then the block of countries corresponding to A22 h isolated from the re&t and 

(a.uumlng that A22 is indecomposable) we could aolve for its Frobenius root (call 

it A2) which would determine the nte at whlch the isolated block of countries 

would eventually grow. Consider then the block of countries corresponding to 

Au, Aasumlng that A11 i, indecomposable then, left on their own, these countries 

would eventually converge to & growth rate determined by the Frobeniu, root of 

Au (call it .\1). One possibility ia that ,\1 < ,\2, meaning that the isolated set 

of countries on ita own would grow faster than the other block on its own. If 

An containa strictly positive elements then the "technology gap" between the two 

blocka would eventually grow to a point at which the laolated block would boost 

the growth rate of the other countries; ,\2 would then determine the rate at which 

the whole world would eventually grow. We could think of this isolated block 1 

then, as the 11engine of growth" for the entire economy. H Au ::: 01 however I then 

both blocks are isolated, and converge to the growth rates determined by their 

re.apective Frobeniua roots. Thi.a i• also the outcome if ,\1 > ,\2 since in this cuse 

the Isolated block eventually becomes 10 small relative to the connected bind: 

that it does not influence growth in the connected block. The Implication, tht!n1 

is that the world converges to a. common growth path if there a.re sufficient diMct 

or indirect epillovera among lll1 countriea.20 

JG An extreme exampJi. or ilolallon occun ii' diffolion within countrin UI lm11.11t&lleo111 while 
aeiou co1111.trie1 it ii nouabtent, In thll cue the 1tock or diff'111ed ideu hi countrJ n gro1r1 at 
rate a .. c £,.1 hence produdiritJ gtowlh ia 8,./1. A1 in DII.ZIJ' model. or endogeno111 growth, a 
eoontrJ'• productirilJ 3towlh would then depend on 0uJ1 it! own lnel or rueuch actbitJ. 
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4 Numerical Simulations of the Model · 

We now-simulate the mode! to aee how well it fill the post-war productivity per

formance of Germany, France, the United Kingdom, Japan, and the United States 

(1hown above in table 1), We u1e the version oftbe model with rising researcher 

productivity becau1e our parameter,, taken from Eaton and Kortum (1994), were 

chosen under that as1umption. In that paper, we chose parameter, so that the 

1teady-1tate of the model matched data on productivity leveh1 research employ

ment and international patent applications in 1988, 

Our estimates of the fni were based on patent &pplication1 hy inventor, from 

each of the five countries taken out in each of the five.:11 To economize on pa

rameters we restrict fni = fn.f,ifH, where fn. refiects country n's ability to absorb 

technology, f,i refiecta country , 1
11 ability to provide it, and fH 2= 1 allows for faster 

diffusfon to the home country if n = i (1:H = 1 if n # i). 

The parameter of the Pareto search distribution is, 8 = 1.61 the parameter of 

th'! research talent distribution ls1 /J = .0121 the researcher productivity parameter 

ls a= .00088, and the diffu1Ion param;tera1 fni, are:32 

Source Country 
Deltination Germany &ance U.K. Japan U.S . 
Germany .625 .013 . 055 .035 .005 
France .060 . ,097 .043 ,027 .004 
U.K. .021 .004 .178 .011 .002 
Japan .032 ,006 .028 .ire .003 
U.S. .037 ,007 .032 .020 .029 

llEa~n &21d Kcrlum (HDf) inccrpor•te the demion to patent bued en; (i) the di.tri1l11tio11 
ol lhe difi'wion lag, (ii) the inwcntiH ■ tep, CW) mu lei Ille, &21d (iT) the ,trcngth of Ultdlectaal 
property prctectfon. Tu:in1 the Jul three Cacton inlo aceo12a\ we !.J(er the flnl. 

13We actuall7 tab m/J rather thm m !rol:D EMoD &21d l(orl111:D(lllDi), where J ii a parameter 
that dcterminet the nqc ~ Ulput■ und bi a eo11ntr7 (bi the pre.ent paper we normalised J lo 

1111it1). The =i.atm bdow ii bu:d on ,.a = .037, u =.OOH,,_. i::::r. .032, '·• = .020, ,,. = ,0030, 
.,. = 1.'1~, ,,. = 1.H, "· c .&T, , •. = .97, -.nd IH = D.11. 
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We take 1950-1990 data on workers (in millions) in each country from Summers 

and Heston (1991).23 Although research employment wat1 endogenous in Eaton 

and Kortum (1994)1 here we condition on the actual path of research. Hence we 

are examining how well the model predicts productivity conditional on the R&D 

that actually occurred, and not bow well the model predicts R&:D ihelf, 

We take data on bu1ineas enterprise employment of R&:D 1cientish and en

gineers from the 1992 OECD STJU Data Baa"e.24 We then index the data on 

researchers in each country to the level of 1988 research employment predicted in 

Eaton and Kortum (1994). That predicted level of research employment js ap

proximately equal to actual research employment, scaled by the fraction of R&:D 

performed by butinesses that ill privately funded in each country.21 

The 1988 values of workers and researchers.(in millions) are given below. 

Workers 
Re1earchera 

Germany France 

29 25 
.103 .042 

U.K. 
28 

.072 

Japan 
61 

.301 

U.S. 
120 
.437 

H these values were to remain constant over time then the steady state growth rate 

and relative levels of productivity are easily determined from the largest eigenvalue 

and the last 5 elements of the auociated eigenvector of the matrix, A38 (we count 

time beginning with 1950 u 1 == O, hence 1988 i, t == 38). From this we replicate 

uwe atcnd &he watka data lhrou(lh IVBII and HRO ulzig an updated nnlon oUhe Sumzneu 
1.nd Butoo datud. 

11 Mis1!.o.1 OECD data oD rueuch employment ue interpolated. [n the United Statu aud 
Germany lzi 1HD, we uaume tbl empl0J1Dent or rau.rchen lfOWI at the 1une nte u the 
wotkfoti:e, For lhe UISD'a in the United St.tea we u,e data from Bmpla.-,nenl o/ Seienlid, ancl 
Engineer,: 1950-1910, Bureau ot' Labor Slatlatk1, 1972. ln the other i:ounlriH, we extrapolate 
back to All lD. milling data dUJUl.g &he 19W, and euly lD8D'1 (i.n Germany, the OECD miea 
begin, lzi 1987, lzi Funce, 19H, ill the United Ku:igdam, 19.58', ud ~ Japan, 1983), 

11We da not account t'or ch11ge1 ill the fraction of'printcl1 t'unled. R&:D, ln the United State,, 
lhia !raclion hu ha.cl I..D 11pwud trend. 
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the fitted values in Eaton and Kortum (1994): the common productivity growth · 

rate is 3,6 per cent and relative productivity level, are, Germany = .92, France 

= .84, U.K.::: .571 Japan= .891 (and U.S. = 1), In tlils pape1 1 we also caleulate 

the normalized steady-state value of the vector '1· We report it below as a. matrix 

witL elements flru/ l'n representing the ctoc.k of ideas-from country i that hav~ not 

yt!t diffused to co1111tey n relti.llvP. to the stock o! Jdeaa that have diffused to n : 

Source Couniry 
Datination Germany France U.K. Japan U.S. 
Gerinany .04 .25 .09 .62 1.78 
France .27 .13 .12 .67 2.13 
U.K. .66 .61 .10 1.49 4.06 
Japan .29 .29 .13 .22 1.97 
U.S. .23 .24 .10 .64 1.14 

'!lt,, ttocks of undifl'used idea.a vary by column according to the rate of idea 

i,f,:duction in the source cauntry (thua they tend to be large when the source 

country i1 Japan or the UJ.ited States). They are small on the cUagonala since 

ideas diffuse moat rapidly to the home country. Finally, the third row is relatively 

large since we estimate that tb.e United Kingdom absorbs ideas slowly. 

To 1imula.te a dynamic path of productivity we need initial conditions (in 

"1950) for the vector of ltock1 of difl'uaed ldeaa, µ, an~ the vector of 1tocb of 

un.diffuaed ldeaa '1, wluc.b together constitute .'O• Obtaining initial conditions for 

µ is 1traigbtforward: We solve for them from actual 1950 productivity levels uslng 

our e1tim&te of 8. How to initialize the vector of 1tocb of undiff'u1ed ideas ia 

less obvious. We set the relclive value, of the e1ementl of '1 equal to the values 

determined by a steady state in 1950. We the~, 1cale !,he '1 vector in order to 

·' 
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maximize the fit of the mode}, i.e. we minimize, 

E I;(!n A,. - 1nA .. )'' 
nECtET 

where C = {Germany1 France, U.K. 1 Japan, U.S.}, T = {19S01 19701 19801 1990}, 

and A is productMty simulated from the model, as described below. 

The resulting initial conditions are preae'nted below 111 a matrix with elements 

'ln<IP.• 

Source Country 
Destination Germany France U.K. Japan U.S. 
Germany .16 1.43 .59 1.87 6.56 
France 1-22 .60 .71 2.16 7.01 
U.K. 1.77 1.76 .27 2.77 7.37 
Japan 9.53 10.62 5.40 4.51 45.67 
U.S. .30 .35 .17 .51 .97 

For the United State, these atocb are about equal to the ateady state values 

shown above. The other countriea hs.ve much grea.ter stocks of undiff'used ideu 

relative to stocks of diffused ideaa, These initial conditions capture the hypothe1i11 

discussed in the introduction, that Japan and the European countries entered the 

19501
1 with relatively large pool, of unexploited ideas1 many coming from abroad, 

If we assume that 1tock1 are evaluated at the beginning of the year and that 

employment is constant throughout the year, then the 10Jution to (5) is: 

.• 
·' 

for ( = 1,. , . 1 40. With 1/o determined aa deacribed above, we can iterate forward 

using the equation A1-1 = =1-1»1-1 where :z:1_ 1 is a matrix with columns equal to 
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the eigenvectors of .O.t-t (and associated e.igenvalue1: .l.1~-h•••,>.M1-i) and D1-1 

h & diagonal matrix with diagonal elements given by (=i-it1y1_1, The matrix 

6 1- 1 , for~= 0, ••• ,401 i• con1tructed Jr~m the parameters of the modeJ1 the work 

force in year C - 1, and research employment in year C - 1. The last 5 eleme:Jta 

of ?11 form the vector of ~tocks of d1ff111ed ideia in ·y.i&J' t, µ1 a?>. index of labor 

productivity in t.crantry n in ye:u t i11 limply Ant::::. 1s:/.'1 !<Jr n = 1, ... ,6. 

t,l B:l:eiinc Simulation 

The results of simulating the model are shown in ta.ble 3 and illustrated in figures 

1 and 2. The table upea.t1 the data on pr~ductivity (from table 1) Jn columns 

adjoining the vaJue11 simulated by the mod'el for each co~try. In 19501 data and 

model are equal by construction (given how we chose the 1950 value ofµ). By 

19901 data and model productivity levels rema.in eurpdsingly close, with the largest 

deviation being n-ance where model productivjty is 14% below actual productivitY, 

Model productivity also captures the slowdown in productivity growth 1een in the 

data. for Germany, Fr&nce, and Japan. As productivity levels in these countries 

approach levelc in the United State11 they benefit from. a 1maller fraction of U.S. 

ideas, Furtht:rmore, over time the large pools of undiff'used ideas fall, relative 

to levels of technology, and approach their oteady-1tate level,. In contraat1 the 

United State. get, a .tight boost to growth u its technology level decline, relative 

to the othero. 

In Ea.ton iwd Kortum (1994) we c.ftose parameter11 under the assumption that 

produdivity in our five countrie! had reached a lte~y ,te.te by 1988. In fact, the . ·' 
tesulta above 1111ggeat that thl1 assumption was _not too ·tar off'. In 1988, the simu-

lated growth rates (calculated from 1988-1989) and reJa.tive level, of productivity 
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Table 3: Baseline Productivity Simulation 

year GermanY." France U.K. Japan U.S. 
data mo<lel data model data model data. model data model 

1950 .14 .14 .13 
&productivity levels) 

.I .13 .13 .04 .04 .35 .35 
1970 .45 .40 .41 .40 .29 .31 .25 .32 .67 .61 
1980 .67 ,58 .64 .55 .37 .42 .47 .48 .71 .so 
1990 .86 .83 .91 .78 .66 .58 .78 .71 1.00 1.08 

1950-1970 5.9 6.4 
(annual rates of growth, percent) 

5.7 6.5 3.9 4.3 9.0 10.1 2.4 2.8 
1970-1980 4.2 3.6 4.3 3.3 2.4 3.1 6.2 4.1 2.2 2.7 
1980-1990 2.4 3.6 3.6 3.4 5.8 3.1 6.1 4.0 3.6 3.0 

The column, labded dolo are nlue added per hour Crom l.<ble 1, while the columu labeled mod'eJ 
ue lhe val11r1 aimuJa\ed b7 tbe modd. 

are, 

Germany France U.K. Japan U.S. 
Growth rate (percent) 3,6 3.4 3.1 4.0 2.9 
Relative productivity .76 .71 .53 .65 1.00 

The simulations ·indicate that by 1988 Germany, France, and the United King

dom had all moved to within 80 per cent of their ateady-sta.te productivity position 

rela\ive to the United Sta.tea and were growing at about the steady,1tate rate. At 

the same time Jap~ was growing above its 1teady,1tate rate aa its productivity 

level was 1till nearly 30 per cent below its ateady atate level relative to the United 

States, Th11 United States was growing ,lightly below it• 6teady,1tate rate in 1988, 

a.a it was not yet obtaining as many useful idea.a from Japan Bl would eventually 

be coming ita way. 

4.2 Alternative Scenarios 

We now consider 1ome alternative counter-factual •!U],ulations. In table 4 we show 
. ·' 

how each alternative alters the simulatef level ofprodU~tMty in each country by 

1990, In all cases the inltlal 1950 values of the state variables are the 1ame as in 
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the baseline simulation. In examining these alternatives we continue to assume 

that the R&D effort in each country reDlained on its historical path.26 

In the fint alternative, 'complete lsolB.tion'i we cut off' diffusion between coun

trie1 (tna = 0 for n '/- i) but we do not alter the diffusion rate within countriea. 

Eliminating internaH:.ual diffu1ion bas a devastating effect on productivity growth, 

with pr-.;:i11ctlvity in Germany, irance, the United Kingdom, and Japan only about 

one-third of the baseline level by 1990. The United States fares relatively well since 

& 1izable amount of research tafea place within its borden. A1 a con1equence, con• 

vergenc~ of productivity to the U.S. level doea not occur, although Japan catchea 

up with the European countries. 

The aecond alternative, 1complete integration 11 goes to the opposite extrenie by 

removing the bias against innovations diffusing between countries relative to the 

1peed at which they diffuse at home.27 In thi1 case, productivity i1 three to 1ive 

times higher than the baseline level by 1990, Germany and iraDce do plll'ticularly 

well, surpassing the level of prodU.ctivity in the United States by 1990. Overall, 

productivity levels become more tightly clustered. 

In the third alternative, 'U.S. isolated'. we dillUn&te diffusion of technology 

between the United States and the.other four countries. All countrie1 are hurt: 

the United Statea bec&u1e lt.obteln1 no idea. from abroa.d and the ·othera because 

they obtain no ideas from the United Statea. The United St&tea, of coarae, ends 

up ,1:t.1_. ~11~ 1ame level of productivity l\l with 'complete isolation'. The other 

countries do relatively 1.,.,U~.t ttince they 1till 11bare ideas amongst each other. In 

111!!. (act, Wice ou aitimat. of the elutkilj of research -output wilh reaped to the input 
of raearch 1de11tial1 and nipDem (P) b. 10 linJ (,012) 1hat prod'uetirilJ dJZ1amki ue 11uile 
biHNlliYe lo monme11l1 in 1!111 nriable. While lhe eff'ecl of lhe chl.!IIICI we con1idn 011 R&:D 
effort mi&hl be 1ublt111tial, the Implied effect on p1oductirilJ would proba~ly be Ter, unall. ' 

HThu, ,,,e 1d fH"" 8.'lT eT1C11 lot",' i. 
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Table 4: Alternative Scenarios: Productivity Levels in 1990 

zear German;t France U.K. Jaea.n U.S. 

Data: 
1950 ,14 .13 ,13 ,04 .35 
1990 .86 .91 .66 .7B 1.00 

Simulations: 
Baseline .B3 .78 ,5B .71 I.OB 
Alternatives: 

,25 .23 .23 .24 ,77 Complete isolation 
Complete integration 3.60 3.41 2.72 3.04 3.21 
United States 11ola.ted ,64 .63 .49 .58 .77 
Ja2an isolated .63 .61 .46 ,24 .96 

The 'budme' aimulatlon b the •ame u in t•ble 3. [n 'complete bola.lion' 
we cut oft' diff'o&ion betwHn coontrira. In 'complete integration' we .c&le 
np diffusion bdwuu countritt by the nme l•ctor we u1e to 1c&le up 
diff'uidon within eountriu. [n 'Untied St•tea bola hid' we cut off diffution 
betwet11 the Umted Sta.ta and other co1111trira while in 1J1pan bolated' 
we cul of( difl'ution betwee11 Jap&A and other counlriu. 

the fourth altemative1 'Japan i1olated'i we cut off diffusion of technology between 

Japan and the other four countries. The European coui:.tries are hurt about as 

much as when they are isolated from the United States. Japan has the same level 

of productivity as with 'complete isolation' while U.S. productivity is 90 per cent 

of the baseline by 1990. A natural conclusion in that the free flow of ideas from 

either the United States or Japan to other industrialized countries is critical for 

world growth. 

5 Conclusions 

What can we conclude about the controversies po,ed in the introduction? The 

behavior o! ca.pital-output ra.tio1 indic&te tba.t technology differencea, a.nd not 

capital nccumuiation1 explain differences in m~actllqng productivity in the 
·' 

major industrial countriea over the last four decadea. In thia paper we build ~ 
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model to examine the alternative view: that patterna of innovation and technology 

diffusion explain these differences. 

A1 for the ilaue of foreign va. domeatic 1ourcea 0£ growth, we conclude t~at 

growth ia primarily the reault of research perlormed abroad. We find that even 

the United States obtains 'over 40 per cent of ill growth from foreign innoV<!,tion1. 

These findinga 1eem to be conalatent with hlltorical.accounta.28 

Our model impliea tha.t, with international technological mobility, economiea 

will converge to a ateady ata.te with parallel growth. Based on the initial conditions 

0£ 19501 we track quite cloaely the convergence of post-war manufacturing produc

tivity ·in Germany, France, the United Kingdom, Japan, and the United States, 

Our interpretation i1 that tliia period was one of partial technological convergence 

from the great technological disparity left by World War ll. 

' ·' 
11For an u:ample of lhe import.nee or foreign lechnolo11, ■ee Maelle,'1 (1962) accounl of 1he 

f'ordp inte11tious underlJUl,g Du POnl'1 huiontion1. 
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A Mathematical Appendix 

A.1 The distribution of the technological frontier 

Ideas are adopted in 1ect0r z at & atochaatlc rate of fon,z-1 , The probability that 

no idea j1 adopt~ in the time interval [t, t + dtJ ia thu, c-,;,., ..... cU. Therefore, 

or, 

Solving this differential equation, with the two initial con~tion1: (i) lim, __ 00 Hn(zla) = 

1 V z 2: 1 and (ii) lim, .... _00 l'n, .= O, yields the cumulative' distribution func-

tion for the technological frontier. The corretponding density ia simply l&n(z:lt) = 

A.2 The geometric mean of the tecJmological frontier 

The log of the productivity index ia 11imply, 

Changing the variable of integration to = = Pn,z-1
1 

.,·' 

36 



For Jarge µ,,.1 we have an arbitrarily good approximation, 

The Laplace traneform (.,{ -V' - Int ii .,-1 1n , 1 where V, ia Euler's ·con1tan.t. Eval

uating the Laplace transform at ., = l lmplies, 

This gives us the desired result that, 

·' ·' 
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Fig. 2: Actual and Model Productivity 
(actual in 1950, 70, 'BO, and '90) 
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Fig. 1: Actual and Model Productivity 
(actual in 1950, '70, • 80, and '90) 
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