A Schumpeterian Model of Protection and Relative Wages
By ELiAs DiINOPOULOS AND PAUL SEGERSTROM

This paper presents a dynamic general equilibrium model of R&D-based trade
between two structurally identical countries in which both innovation and skill
acquisition rates are endogenously determined. Trade liberalization increases R&D
investment and the rate of technological change. It also reduces the relative wage
of unskilled workers and results in skill upgrading within each industry when R&D
is the skilled-labor intensive activity relative to manufacturing of final products.
Time-series evidence from the United States and simulation analysis support the
empirical relevance of the model, which offers a North—North trade explanation for
increasing wage inequalitfJEL F10, F12, F13, D32, D41)

The sources of U.S. difficulties are over-  to a significant increase in wage inequaftin
whelmingly domestic, and the nation’s  several European countries where labor markets
plight would be much the same even if  exhibit downward wage rigidities, this decline

world markets had not become more  reyealed itself primarily through a sharp rise in
integratel . . .less skilled workers in par- unemployment.
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for their services. Our trade with the rest  &larming labor-market developments, economists

of the world plays at best a small role  initially focused on the role that global market

(Pau| R. Krugman and Robert Lawrence, integration could have played in epraining the

1994). rise in wage inequalit§f.Early empirical studies

established a negative correlation between the vol-

The relative demand for less skilled labor hasume of imports and the relative demand for less
decreased dramatically over time, particularly skilled workers: This finding was interpreted as a
in the 1980's' In several countries including manifestation of the Wolfgang F. Stolper and Paul
the United States, the decline in the relative
demand for less skilled workers has contributed

2 During the 1980's the real hourly wage of male work-
ers with 12 years of schooling dropped by 20 percent
(Freeman, 1995), and wage earnings differentials between
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1 George E. Johnson (1997) documents the decline inthe Murphy and Welch (1992), based on wage regressions,
relative demand for less skilled U.S. workers during 1940— argue that trade has increased the wage differential between
1993. Lawrence F. Katz and Kevin M. Murphy (1992), high-school and college graduates by about 4 to 5 percent.
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A. Samuelson (1941) theorem which states that ssociated with interindustry factor movements in
decline in the relative price of the imported good the Heckscher-Ohlin-Samuelson trade model, the
must reduce the return to the factor that is usedack of interindustry resource movements was in-
intensively in its production. The Stolper-Samuel- terpreted as further evidence against the trade
son theorem (henceforth abbreviated as SS) imexplanation for rising wage inequality. Almost
plies that increased trade between a developethy default, unskilled-labor-saving technological
(skilled-labor abundant) country and a developingchange has become the dominant explanation for
(unskilled-labor abundant) country puts down- the rise in wage inequalityThis explanation is
ward pressure on the relative wage of unskilledsupported by the increased usage of computers in
workers in the developed country. the workplace and by evidence that both R&D
This North—South trade explanation for increas- expenditures and the rate of technological change
ing wage inequality in the North was later chal- increased during the 1980'S.
lenged, however, by several economists based on In this paper, we will argue that the role of
additional U.S. evidence. First, it was pointed out trade openness in reducing the relative wage of
that domestic relative prices (of imported in terms less skilled workers has been underestimated.
of exported goods) have remained roughly con-Instead of interpreting the evidence using the
stant despite the increase in the volume of tfade. traditional Heckscher-Ohlin-Samuelson trade
Since the SS mechanism operates throughmodel, where the focus is on product markets
changes in relative product prices, this evidenceand trade is driven by differences in factor en-
was interpreted as ruling out the trade explanationdowment proportions between countries, we
for increasing wage inequalifySecond, it was present a new model of international trade
pointed out that the employment of skilled work- where the focus is on financial markets and
ers as a fraction of total employment has increasedrade is driven by differences in knowledge
across all U.S. manufacturing industries, and thatbetween countries. We find that trade liberaliza-
the shift in employment from less skilled to more tion, by itself, can account not only for the
skilled workers has occurred mostly within (as observed rise in wage inequality, but also for
opposed to between) four-digit manufacturing in- the evidence on intraindustry skill upgrading
dustrie€ Since changes in relative wages are as-and accelerating technological change.
In our two-country model of trade, individu-
als differ in their abilities within each country.
8 There is no unanimous agreement among economistsan individual can choose not to acquire skills

on the behavior of domestic relative prices during the - - . .
1980's. Lawrence and Matthew J. Slaughter (1993) found and spend her entire Worklng life earning the

unchanged relative prices, whereas Jeffrey D. Sachs andNSkilled wage. In this case, the_ _indiVidual’S
Howard J. Shatz (1994) found a small decline in relative wage does not depend on her ability level. Al-

prices of less skilled-labor intensive goods. ternatively, an individual can undergo “train-

7 According to Alan V. Deardoff and Dalia S. Hakura ;.~» B . -
(1994 p. 80), “those studies that have related the changesIng for an exogenous period of time without

in factor prices to, say, the volume of trade cannot therefore€arNING - any |nc'ome and become a skilled
be said to have been necessarily applying the Stolper-worker. Each skilled worker receives a wage
Samuelson theorem.” Jagdish Bhagwati (1995) reflects the
same view when he states: “Thus, | find it difficult to accept
the argumen. . .that almost all “quantity” data point to- °Berman et al. (1994), Krugman and Lawrence (1994),
wards trade as the source of the problem and that it is onlyBhagwati (1995), and Davis (1996), among others, have
‘prices’ that do not conform. To say that it is to say that, in proposed this explanation. THeconomist(September 28,
a production ofHamlet, only the Prince was missing, all 1996 p. 28) reports that economists polled at a 1995 New
else was fine!” York Federal Reserve conference concurred by a margin of
8 During the 1980’s, employment of production workers four to one that technology was more important than trade
in U.S. manufacturing dropped by about 15 percent, in explaining widening wage inequality.
whereas the employment of nonproduction workers in-  °Between 1979 and 1988 multifactor productivity
creased by 3 percent (Berman et al., 1994). Employment ofgrowth increased by 40 percent relative to productivity
engineers in U.S. manufacturing increased by 55 percentgrowth in the previous two decades. R&D expenditure as a
and employment of scientists increased by 12 percentfraction of manufacturing shipments also experienced a
(Shatz, 1996). Intraindustry (as opposed to interindustry) sizeable increase (Berman et al., 1994). The annual flow of
skill upgrading accounts for about 0.40 of the 0.55 share patent applications in the United States increased in the
increase per year in U.S. manufacturing (Berman et al.,1980’s relative to the 1960’s and 1970’s as well (Samuel S.
1994). Kortum, 1997).
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that depends positively on her ability. The de- Even though both countries are structurally iden-
cision to become a skilled worker is endogenoustical, state-of-the-art quality products are traded in
and depends on the relative wage of skilledequilibrium. Half of the world industries have
workers. In equilibrium, individuals with high Home quality leaders and half have Foreign qual-
levels of ability become skilled and constitute ity leaders at each instant in time. These products
the supply of skilled labor. are exported and compete against lower-quality
There is a continuum of structurally identical domestically produced good$.Thus, firms in
industries where firms produce final consump-both countries export those products that they
tion goods using both unskilled and skilled la- alone know how to produce.
bor. In each industry, firms can improve the Global trade liberalization (caused by a re-
quality of their products by investing in R&D. duction in the common tariff rate) increases the
The arrival of innovations (higher quality prod- volume and the value of imports (and exports)
ucts) is governed by a Poisson process whoseas a percentage of each industry’s shipments.
intensity is proportional to R&D investmeht.  However, because all industries are structurally
Because of free entry into R&D races, firms identical by assumption, and products are per-
earn zero expected discounted profits. A firmfect substitutes within each industry, relative
that wins a R&D race is called a quality leader final good prices are completely determined by
and is awarded a patent that enables the innogquality differences and are unaffected by trade
vative firm to earn temporary monopoly profits liberalization. Each quality leader charges a
from selling exclusively its state-of-the-art price that is proportional to her unit cost (the
quality product in both countries. This patent price of followers) with the factor of propor-
expires when further innovation occurs in the tionality equal to a parameter capturing the size
same industry. Thereafter, the previously pat-of each innovation (the quality increment).
ented product can be competitively produced byThese are standard features in growth models
firms in both countries. Thus, the “process of based on quality improvements. A reduction in
creative destruction” originally described by Jo- the common tariff increases the profit margin
seph A. Schumpeter (1942) drives technologicalfor each quality leader firm, but does not affect
change in this model. the price charged expressed in units of domes-
We assume that both countries (Home and Forically produced goods.
eign) are structurally identical and impose the In the Heckscher-Ohlin-Samuelson model,
same ad valorem tariff on all imported goods, as intrade liberalization affects the relative prices of
Luis Rivera-Batiz and Paul Romer (1991). Thesefinal goods and changes in relative prices induce
symmetry assumptions are obviously unrealistic,changes in relative wages through the SS mech-
but are dictated by tractability considerations. anism. In our model by contrast, because rela-
They imply that all industries have the sametive prices remain fixed in equilibrium, any
skilled/unskilled labor employment ratio, and that effect of trade liberalization on relative wages
the relative prices of all goods produced remainmust occur through some other channel. Lemma
fixed. Therefore, the effects of trade liberalization 1 in this paper establishes that another channel
on relative wages that occur through the tradi-exists through which trade liberalization can
tional SS mechanism are excluded in some sens@fluence relative wages: any change in the “rel-
by assumption. A main insight of this paper is that ative price of innovation” (the reward for inno-
trade openness can affect the wage inequality invating relative to the current level of R&D
dependently of changes in relative product pricesdifficulty) causes the relative wage of skilled

11 We model product instead of process innovations be-  12During the 1980’s many U.S. industries faced import
cause of their greater empirical relevance. Frederic M. competition from higher-quality products produced abroad
Scherer (1984) reports that R&D targeting process innova-(e.g., semiconductors, automobiles, steel, machine tools). In
tions corresponds to a small fraction of company-financedall these industries technological competition between U.S.
industrial R&D: 26.2 percent when measured by the numberfirms and their foreign counterparts resulted in the deterio-
of patents and 24.5 percent when measured by R&D expen+ation of U.S. international competitiveness. All these in-
ditures. Therefore about 75 percent of company-financeddustries experienced changes in trade barriers during the
R&D aims at product innovations. 1980's.
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workers to change. More precisely, Lemma 1the skill intensity of manufacturing for any
states that in the absence of factor-intensitygiven relative wage ratio) has the same effect of
reversals, an increase in the relative price ofincreasing wage inequality but leaving trade
innovation increases the relative wage of skilled openness unchanged. Furthermore, computer
workers if and only if R&D is the skilled-labor simulations reveal that exogenous unskilled-
intensive activity relative to manufacturing of labor-saving technological change in manufac-
final goods. Because the factor-intensity rank-turing is also likely to reduce technological
ing between the two activities (R&D and man- change and the relative size of the R&D sector
ufacturing) determines which of the two factors if R&D mainly employs skilled workers and
(unskilled and skilled labor) is hurt when the most of the labor force is unskilled. Thus these
relative price of innovation changes, Lemma 1 alternative reasons for rising wage inequality
represents a Schumpeterian version of the S$ail to account for the observed increase in trade
mechanism. openness (or the observed increase in the rela-
Under the natural assumption that R&D is the tive size of the R&D sector), leaving trade lib-
skilled-labor intensive activity, Lemma 1 im- eralization as the most likely single explanation
plies that trade liberalization hurts unskilled that is consistent with the previously mentioned
workers if it increases the profitability of inno- empirical evidence. Of course, in conjunction
vating. Theorem 1 establishes that this is indeedwith trade liberalization, exogenous technolog-
the case: trade liberalization leads to increasedcal developments might have amplified some
wage inequality. Since R&D becomes more observed changes.
profitable as a result of trade liberalization, re-  The rest of the paper is organized as follows: In
sources shift from manufacturing to R&D and Section | the model is presented and the long-run
the rate of global technological change rises (ateffects of global trade liberalization are derived.
least temporarily). In addition, a lower common We also present evidence that supports the empir-
tariff rate increases the fraction of the labor ical relevance of Lemma 1 and computer simula-
force that chooses to acquire skills, that is, tradetions of the model to shed light on the magnitudes
liberalization leads to skill upgrading. Given of the previously derived effects. Section Il con-
our symmetry assumptions, both the resourceains some concluding comments. Proofs of
shifts and the skill upgrading occur in each Lemma 1, Theorem 1, and details on data and
country and within each industry. Unlike the calculations underlying Figure 2 are contained in
Heckscher-Ohlin-Samuelson model, lower tar- Appendix A. The solution to the household opti-
iffs do not lead to any movement in resourcesmization problem, the proof of existence and
acrossindustries and the increase in wage in- uniqueness of the steady-state equilibrium, and
equality occurs irboth trading countries. details on the simulation analysis are relegated to
Given Theorem 1, it is clear that trade liber- Appendix B, which is available from the authors
alization by itself can account for rising wage upon request.
inequality as well as other previously men-
tioned economic trends. Within the context of I. The Model
the model, we briefly examine other possible
reasons why wage inequality (and the relative In this section, we present a two-country
price of innovation by Lemma 1) could have dynamic general equilibrium model of inter-
increased. An exogenous increase in the size ohational trade and analyze its steady-state equi-
innovations leads to an increase in wage in-librium properties. The model shares the same
equality but also increases the relative price ofassumptions about consumer preferences and
imported goods and reduces trade openness (th@novation processes with Dinopoulos and
share of consumer expenditure that is spent orSegerstrom (1999) but differs in four important
imported goods). An exogenous technical im-respects. First, building on earlier work on
provement in the provision of R&D services human capital acquisition by Ronald Findlay
leads to an increase in wage inequality butand Henryk Kierzkowski (1983) and lan Bor-
leaves trade openness unaffected. Exogenousook (1987), we explicitly model and endog-
unskilled-labor-saving technological change in enize the skill-acquisition process. Second, we
manufacturing (i.e., an exogenous increase inallow both factors of production (unskilled and
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skilled labor) to be employed in both activities restrictiony > 0 implies, in effect, that not all
(R&D investment and manufacturing of final individuals are capable of becoming skilled
products). Third, we assume Cournot quantityworkers®® For simplicity, we assume that the
competition in final goods markets instead of training process does not require any real re-
the usual Bertrand price competition in previous sources (other than the time of the trainee), and
quality-ladder growth models. Finally, we as- therefore the opportunity cost of becoming a
sume that only state-of-the-art quality productsskilled worker equals the discounted value of
are protected by patents instead of analyzing thdorgone unskilled wage income. We also as-
case of infinite patent protection. sume that income is evenly shared within each
family (between employed and trainees) so that,
A. Household Behavior and Skill Acquisition at each point in time, consumption expenditure
is the same for each living member of a family.

There is a continuum of households in each The optimization problem of a family with
country indexed by abilityp € [0, 1]. All ability 6 is:
members of householdlhave the same ability
level equal tod, and all households have the (1)
same number of members at each point in o
time. Each household is modeled as a dynas- maxUy, = J Noe »~ ™S log u,(s) ds,
tic family whose size grows over time at an o o
exogenously given ratea = B — & > O,
where B is the birth rate and is the death subject to the following constraints:
rate. Each individual lives for an exogenously
given period of timeD > 0. Letting Ny,  (2)
denote the number of members of each house- 1
hold at timgt = 0 the population size in each  |og u,(s) = J Iog[ E Nay(j, o, s)] do,
country at timet is N(t) = Nye". Because the o i
number of births at time equals the number
of deaths at time + D [i.e., 6N(t + D% =
BN(t) for all t], it follows thatd = n/(e"” — (3)

1) andB = ne"®/(e"® — 1). .

Family-optimization considerations deter- — : :
mine the allocation of income across final Cols) f [2’ PG, @, 9)di, o, S)] do,
goods, the evolution of consumption expendi- 0
ture over time, and the decision whether to
become skilled or enter the labor force as un-
skilled workers. In making these decisions, each(4) Wilt) + Zy(1)
family takes prices of final products, wages, and
the interest rate as given.

Each individual knows her own ability level
0, as do all the firms that might potentially hire
her. An individual can enter the labor force as
unskilled and earn the wage, independently Equation (1) is the discounted utility of a house-
of her ability for the duration of her lifeD. hold with ability 6, wherep > 0 is the constant
Alternatively, an individual with ability can
enter the labor force after spending an exog-

_enOUS|y given pe”Pd of tlmé-_ < Din “tram'_ Based on computer simulations of the model, we
ing” to become skilled. A skilled worker with interprety as a “wage dispersion” parameter, since higher
ability 6 = y > 0 earns a waget(— y)w,, for values ofy are associated with larger percentage differences
@ periodD - T > 0, and does not eam any ueween e Sages o e Bates S b Sled
Incom,e during he,r period of tralnlng _Or appre'n- +1, but .sincrze thepeqzilibrium dispgrsion in wages of skilled
ticeship. Thus skilled workers with higher abil- \orkers is unreasonably low for negative valuesyofve

ity levels earn higher wages. The parameterrestrict attention to the > 0 case.

:J' NoC,(s)eme RO ~ROI gg,
t
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subjective discount rate,> 0 is the exogenous subjective discount rate. Third, training/em-
rate of population growth, angd — n > 0 will ployment decisions are made to maximize each
be assumed to guarantee that the integral in (1family’s discounted wage income. An individ-
converges. Equation (2) defines the instanta-ual with ability 6 born at timet undergoes
neous utility function of each household mem- training and becomes a skilled worker if and
ber, whereq,(j, w, S) denotes the quantity only if
consumed by an individual with ability of a
good withj improvements (innovations) in its t+D
quality in industryw € [0, 1] at times. The  (6) f e [RE&-ROIy (s) ds
parameten > 1 captures the size of each qual- .
ity improvement and! denotes the total quality
of a good afterj innovations. Equation (2) is D
standard in qqahty—lqdder growth models with a < j e [ROI-ROI(§ — ), (s) ds.
continuum of industries. Equation (3) states that
per capita consumption expenditucg(s) at
time s must equal the value of all final goods
consumed, wher@(j, », s) andgy(j, w, S) The left-hand side (LHS) of inequality (6)
denote the price and quantity of a final product equals the discounted wage income of an indi-
with j improvements in its quality in industry ~ vidual from being employed as an unskilled
at times. Finally, equation (4) is the standard worker and earning the wage, from time t
intertemporal budget constraintV,(t) is the until her death at tim¢ + D. The RHS of (6)
family’s discounted wage income from tinte is the lifetime income of a skilled worker, who
on, andZ,(t) is the value of the family’s finan- earns zero income during her training period
cial assets at timée (In this model, some firms and 0 — y)w, from timet + T until timet +
earn positive profits which are paid to the fam- D, discounted to timé. Only when each mem-
ilies that own these firms.) The right-hand side ber's discounted wage income is maximized
(RHS) of (4) equals the discounted value of can family utility be maximized.
family’s consumption from time to infinity, The complexity of the model renders the
andR(t) = [{ r(s) dsis the market discount analysis of equilibrium transition paths intrac-
factor with R(t) = r(t) denoting the instanta- table and, therefore, we will focus on the mod-
neous interest rate at tinme el's steady-state equilibrium properties, where
Appendix B, which is available upon request, w,, wy, andc, are all constants over time.
derives formally the solution to the family’s dy- Then (5) implies that(t) = p for all t. Con-
namic optimization problem. This problem can be dition (6) can be used to determine endog-
solved in three steps. First, maximizing subutility enously the steady-state supply of unskilled
(2) subject to the expenditure constraint (3) yieldslabor. Because the RHS of (6) increasestjn
a unit elastic demand function for the product(s) in whereas the LHS is independent 6f there
each industry with the lowest-quality adjusted exists a level of ability denoted b, such that
price. Because all products within an industry are(6) holds as an equality. All individuals with
perfect substitutes by assumption, only the prod-ability lower than 6, choose to remain un-
uct(s) with the lowest-quality adjusted price are skilled, and all individuals with ability greater
purchased by consumers. Second, maximizinghan6,undergo training and then enter the labor
discounted utility (1) subject to the intertemporal force as skilled workers. Setting (6) to hold as
budget constraint (4), we obtain the usual inter-an equality and solving for the steady-state
temporal optimization condition value of 6,, we obtain

t+T

(5) y(t)/cy(t) = r(t) — p. (7) 6o=[(1—e")(e’"—e")]

. . . X / + vy = / + v,
The differential equation (5) states that per cap- (Wi wig) 1y = (oW /W) + y

ita consumption expenditure grows over time if
and only if the market interest rate exceeds thewhereo is the expression in square brackets in (7).
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Becauser > 1 and 0< 6, — y < lalways holds dard result in models with variable factor
in equilibrium (as we will establish later), equation supplies [e.g., Findlay and Kierzkowski (1983)
(7) implies that ¢, — y)w, > w_ and thatw,/w, ~ and Borsook (1987)]. In the steady-state equi-
> 1. The wage of a skilled worker must always be librium, each country’s factor supplies grow at
higher than the wage of any unskilled worker. An the same rate as the population becaégés
increase in the duration of training or in the  constant over time:

relative wage of unskilled workersy /w,, in- .

creases the fraction of the population that chooses H(t)/H(t) = L(t)/L(t) = N(t)/N(t) = n.

to remain unskilledd,. The supply of unskilled

labor in each country at timg L(t), equals the B. Product Markets and Trade

number of individuals in the population that

choose to remain unskilled: There is a continuum of industries in each coun-
try indexed byw € [0, 1]. In each industry,

(8) L(t) = OoN(t). firms produce final consumption goods using

both unskilled and skilled labor. The constant
The derivation of the steady-state supply of returns to scale production technology of firms
skilled labor at timet, H(t), is slightly more is described by the following cost function:
complicated. A fraction (& 6,) of each coun-
try’s population train and become skilled work- (10) Alw,, Wy)Q,
ers, and therefore (- 6,) N(t) individuals
either work as skilled workers or are training to whereA(w, , wy,) is the unit-cost function and
become skilled workers in each country at time Q is the total output produced\(w, , w,,) is an
t. In this subpopulation, the skilled workers are increasing and concave function wity, =
the older individuals, namely, those individuals dA/dw, and A, = dA/dw,, denoting the un-
that were born between— D andt — T: skilled and skilled labor requirements per unit
of output, respectively. We assume that (10) is
T identical across industries and across different
J B(1 — 0g)N(s) ds= (1 — 65) dN(1), quality levels, and we will use the marginal (and
average) cost of manufacturing in the Home

t-D . N
country as the numeraire in the model:

where¢ = (€P D — 1)/@P - 1) < 1. The

average skill level of workers that have finished (11) AW, wy) = 1.

training equals i, — v)/2] + [(1 — v)/2] = (6,

+ 1 — 2v)/2, and therefore the supply of skilled  In each industry, we will refer to the firms that

labor, measured in efficiency units, at timhés  produce the state-of-the-art quality product as

given by “quality leaders” and we will use the term “quality
followers” to refer to firms producing a product

(9) H() = (0 + 1 —2y)(1 — 6,)dpN(1)/2, one quality step below the highest-quality product.
When a firm wins an R&D race and becomes a

where¢ < 1 depends only on the parameters of quality leader, it receives a patent to exclusively

the modef:* produce the new product and sell it to all consum-

It is obvious from equations (7), (8), and (9) ers in the world. This patent expires when further

that a decline in the relative wage of unskilled innovation occurs in the industry. All products

workers decreaseg, and L(t), and increases that are not protected by patents can be produced

H(t), resulting in a rise of skilled labor abun- competitively in both countrie¥,

danceH(t)/L(t) in each country. This is a stan-

15 The assumption that the technology of products with-
out patent protection can be copied without any costs gen-

14SettingD = « yields the special case of infinitely erates a competitive fringe of quality followers. This
lived individuals wherer = ¢’ > 1 and¢ = e "7 < 1. assumption simplifies the calculations, but in general, imi-
Equations (7), (8), and (9) are not affected qualitatively, and tation involves considerable costs. Edwin Mansfield et al.
the results of the paper hold in this case as well. (1981) provide evidence on the costs and speed of imitation



VOL. 89 NO. 3 DINOPOULOS AND SEGERSTROM: PROTECTION AND RELATIVE WAGES 457

We assume that both countries impose a comstate-of-the-art quality product, and 18 de-
mon ad valorem tariffr on all imports. This note the output of Foreign followers. Interna-
common tariff is the only policy instrument tional arbitrage requires thaf,(1 + 7) = P%
used, and the tariff revenues are distributed towherep? is the after-tax price the Home leader
consumers in a lump-sum fashion. Firms takereceives from selling to Foreign consumers. In
the common tariff as given when maximizing addition, goods are identical when adjusted for
profits. Each quality leader has market powerquality [see equation (2)] and therefore con-
because it holds a patent protecting the state-ofsumer arbitrage in the Foreign market implies
the-art quality product in each industry. Unlike thatP?% = Ap%, wherept = A(w_, wy) = 1 is
other models of growth through quality im- the price charged by Foreign followers (since
provements that assume Bertrand price compefree entry prevails in the inferior quality product
tition, we assume that each quality leadermarket). In other words, the price that Foreign
competes with quality followers in a Cournot consumers pay for the state-of-the-art imported
fashion by setting quantitie$. good cannot exceed times the price of the

Consider a Home quality leader that exports good produced by Foreign followers. The above
its product to the Foreign market (the analysisreasoning leads tp%(1 + 7) = A = P} and
of the exporting behavior of a Foreign quality implies that an increase in the ad valorem tariff
leader is identical because of structural symme-decreases the after-tax price of the Home qual-
try between the two countries). Because unitity leader. The market demand for a typical
costs of all followers are identical (and equal to product is unitary elastic and therefore
unity), any positive tariff imposed by the For-
eign government on imports from Home be- (12)
comes prohibitive for Home followers. Given [c* (t)N* (1) ]/[p%(1 + 7)] = Q% + (Q¥/A),
this market segmentation in inferior quality
products, the Home quality leader competes inwherec*(t) is the economywide consumption
the Foreign market only with Foreign followers per capita expenditure in the Foreign country.
(and in the Home market only with Home fol- The RHS of (12) equals total quantity de-
lowers). manded expressed in units of the state-of-the-art

Let Q% denote the output that the Home quality product (i.e., one unit o®% is equiva-
leader sells to Foreign consumers,Rétdenote  lent to 1A units of Q%).
the price that Foreign consumers pay for the Assumption (11) implies that the Home lead-

er’s profit flow from selling to Foreign consum-
ers is:

for 48 industrial innovations. It can be shown that, even if (13) @ = p*Q% — Q*
patents do not expire with the discovery of higher-quality ¢ = PR ¢
products, quality followers might not have incentives to

engage in resource-using protection of their patents when = [C* ()N* (t) Qﬂ/[(l + T)
other firms copy their products. Unde_r Cournot competitic_m
between a quality leader and a quality follower, the profits X (Q’} + (Q’f*/)\))] — Q’.@,

of the latter are lower than those of a quality leader.
Consequently, with sufficiently high costs of patent- .
infringement prevention, products of inferior quality will be Where (12) has been used to substitutefbr
copied even in the presence of infinite patents. SegerstromMaximizing (13) with respect t@7 yields the
et al. (1990) assume that patents have a finite and exogpest reply function of the Home quality leader
enously given duration in their model of North—South trade. j, impIicit form:

16 The main results of the paper are unchanged if instead of
Cournot quantity competition, the assumption of Bertrand % % . %
competition in prices is adopted. In the latter case, only the (14) dmldQ% = 0O: [C* (N~ (t)Qf]/
state-of-the-art quality products are produced in equilibrium,
and tariffs act as rent-shifting devises. A reduction in the [(1+ DAl =[Q% + (Q’:/)\)]Z,
common tariff rate increases the reward for innovating by

increasing the profit margin under Bertrand competition. In Eecause perfect competition prevails among

this paper, we analyze the Cournot case because tariffs affec . . .
domestic production and can be interpreted as job-creating Sre|gn followers, the zero-profit condition

policy instruments in import-competing industries. pi = 1 determines the price of imports in the
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Foreign markep%(1 + 7) = Apf = A. There-  (22) == n%+ 7, = c(t)N(t)

fore, we have
(A—1-7?2 (A—1)
(15) [c*(ON* (DA = Q% + (QV/A). [(Hmz o ]

Solving (14) and (15), we obtain the Cournot The Cournot product market equilibrium has
equilibrium quantity of import€Q% and domes- several interesting features. First, only the

tic productionQ7 in the Foreign market: state-of-the-art quality products are traded. In
other words, the quality of imported goods is
(16) Q% =c*(H)N*(t)(A — 1L — 7)/A? always higher than the quality of domestically

produced goods (the pattern of trade depends

on whether a Home or a Foreign firm becomes
a7 QF=c*()O)N*(t)(1 + 7)/A. a quality leader, an event that is purely ran-

dom because the equilibrium level of R&D
Substituting (16) and (17) into (13) yields an investment is the same in both countries).
expression for the equilibrium profit flow that a Second, all followers charge the same price

Home quality leader earns from exports: p; = p7 = 1 which is used as the numeraire,
and all quality leaders charge the pripg =

(18) 7% =[c*()N*(t)(A — 1 — 7%/ p%(1 + 7) = X since they are constrained by

domestic production of inferior quality goods

[(1+ 7)A%. that are perfect substitutes. Third, trade liber-

alization, caused by a reduction ithdoes not
Because a Home quality leader faces seg-have any effect on relative prices (of domes-
mented markets, and does not pay the tariff ratetically produced goods versus imported ones),
7when selling to Home consumers, the analysisbut increases imports (exports) and the global
of Cournot quantity competition in the Home profit flows of quality leaders. A reduction in
market is identical to the analysis in the Foreignthe common tariffr reduces domestic output
market wherer = 0. The Home quality leader and manufacturing employment in protected
charges the price, = A to Home consumers, markets. The common tariff becomes prohib-
Home followers make zero profits from charg- itive for r = A — 1, and therefore we will
ing p; = 1, and the quantities produced are assume that & T = A — 1 in the subsequent

given by analysis.
The value of imports (exports) as a percent-
(19) Q; = c(t)N(t)/A age of consumption expenditure is an appropri-
ate measure of trade liberalization that captures
(20) Q, = c(N(D)(A — 1)/A2 each country’s openness:

(23) (QIM/(QIA + QY =1 —[(1+ /Al

The profit flow earned by a Home quality leader
from selling to Home consumers is obtained by It immediately follows that
settingT = 0 in (18):
PROPOSITION 1:Trade liberalization in-
(21) 7 = c()N(t)(A — 1)%A2, creases the openness of each country [measured
by (23)], but has no effect on domestic and
wherec(t) andN(t) are consumption expendi- international prices.
ture per capita and population in the Home
country. Structural symmetry across the two Because trade liberalization has no effect on
countries implies that(t) = c*(t) andN(t) = domestic relative prices in either country, any
N*(t). Therefore, each quality leader (Home or effect that trade liberalization has on relative
Foreign) exports the state-of-the-art quality wages must operate through some channel other
product as well as sells to domestic consumerghan the traditional Stolper-Samuelson mecha-
and earns the global profit flow nism. The previously established property that a
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reduction in the tariff rater directly increases being equally difficult in all industriesq(o,
the global profit flows of quality leaders will 0) = 1 for all w], and the level of R&D

turn out to be significant. difficulty grows over time according to
C. R&D Races (25) X(w, t)/X(w, t)
There are sequential and stochastic R&D races = p[l(w, t) + 1" (o, t)], (TEG),

in each industryw € [0, 1]. These races result in
the discovery of higher-quality final products. wherew > 0 is a constant. This specification of
Both unskilled and skilled workers can engage inR&D difficulty captures the notion that ideas
R&D activities. Workers are perfectly mobile that are easier to discover tend to be discovered
across industries and activities within each indus-earlier in time. We call the model resulting from
try (manufacturing and R&D), with unskilled (25)the TEG model because trade liberalization
workers employed in unskilled jobs and skilled has only “temporary effects on growth.” In the
workers doing skilled jobs. All firms participating second specification, the difficulty of conduct-
in a R&D race use the same R&D technology anding R&D is proportional to the size of the global
there is free entry into each race. Given the struc-market measured by the number of consumers
tural symmetry of the model, there are no gainsin both countries
from trading R&D services internationally and
thus we solve for an equilibrium where R&D (26) X(w, t) = kN(t), (PEG),
services are not traded between the two countries.

A firm i which engages in R&D inindusty ~ where k> 0 is a constant. This specification
at timet and discovers the next higher-quality captures the idea that it is more difficult to
product with instantaneous probabilityw, t) introduce successfully new products and to re-

incurs the R&D cost flow place old ones in a larger market. We call the
model resulting from (26) the PEG model be-
(24) [B(w,, wy)X(w, )]1(w, 1) cause trade liberalization has “permanent ef-

fects on growth.*’

There is a global stock market that channels
whereB(w,, wy) is a standard unit-cost function consumer savings to firms engaged in R&D. Be-
derived from a constant returns to scale produc-cause there is a continuum of industries with si-
tion function, andX(w, t) is a function that cap- multaneous R&D races, consumers can diversify
tures the difficulty of conducting R&D. The term completely the industry-specific risk and earn the
in square brackets equals the unit cost of R&D equilibrium interest rate = p. Each firm engaged
serviced(w, ). in R&D issues a security that pays the flow of

We assume that the returns to R&D investmentmonopoly profits if the firm wins the R&D race
are independently distributed across firms, acros&nd zero if it does not win the race. Lefw, t)
industries, and over time. Therefore the industry-denote the expected discounted profits of a suc-
wide instantaneous probability of success in in-cessful firm (i.e., quality leader) in industeyat
dustry w at timet is I(w, t) = Z; lj(w, t) in the  time t. Because each quality leader is targeted
Home country and*(w, t) = 3 17(w, t) in the by R&D firms in both countries that try to
Foreign country. Thus the arrival of innovations in discover the next higher-quality product, the
each industry is governed by a Poisson processhareholder suffers a loss(w, t) if further
whose intensity equals the global amount of R&D innovation occurs. This event occurs with prob-
serviced(w, t) + 1*(w, t). Higher levels of R&D  ability [I(w, t) + 1*(w, t)]dt, whereas the
investment increase the expected frequency of inevent of no innovation occurs with probability
novations and result in a higher rate of technolog-1 — [l(w, t) + 1*(w, t)]dt. Over a time
ical change.

We consider two alt-emative specifications of Segerstrom (1998) proposed the TEG formulation of
X(w, t)' both of which rule out exploswe R&D difficulty given by (25). Dinopoulos and Peter
growth and scale effects (see Charles |. JOn€Sthompson (1996) provided micro foundations for (26) in a
1995). In the first specification, R&D starts off model of growth through variety accumulation.
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intervaldt, the shareholder of a stock issued by time as R&D becomes progressively more dif-

a successful R&D firm receives a dividend ficult. The ratio S(w, t) = [v(w, t)/X(w, 1)]

7(t) dt and the value of the firm appreciates by measures the reward for innovating relative to

dv(w, t) = v(w, t)dt. Efficiency in the stock its cost and can be thought of as the “relative

market requires that the expected rate of returrprice” of an innovation. Equation (28) implies

of a stock issued by a successful R&D firm mustthat there is a direct relationship between the

be equal to the riskless rate of return relative price of innovatiors and the relative
wage of skilled workersv,/w, .

v(w, t) .

o, ) 1~ (e ) + 1" (e, D)dt]dt LEMMA 1 (A Schumpeterian version of the SS
mechanism): In the absence of factor-intensity

(v(w, t) — 0) _reversa}s%g an increase in the relative price of
T [(w, t) + I*(w, t)]dt innovation S:

(i) raises the wage of skilled labor wand
(1) dt = rdt lowers the wage of unskilled labor wif
v(o, t) ' and only if R&D is the skilled-labor inten-
sive activity; and
Taking limits asdt — 0, we obtain (i) decreases the fraction of the population
that chooses to remain unskilled if and
27) v, only if R&D is the skilled-labor intensive
activity.
 (t)

Tt (o, )+ 15 (w, ) — [v(w, D/v(@, )] PROOF:
See Appendix A.

Global profit flows earned by quality leaders are
appropriately discounted using the instanta- Figure 1 illustrates the determination of
neous market interest rate and the instantaneousages for the case of R&D investment being the
probability of being driven out of business by skilled-labor intensive activity relative to man-
further innovation (the creative-destruction ef- ufacturing of final products. Concavity of unit-
fect). Also taken into account in (27) are the cost functionsA(w, , wy,) andB(w,, w,) imply
capital gains that accrue to firms as the worldthat equations (11) and (28) generate convex
economy grows. and downward-sloping curves inw(, w,)
Consider a firmi that is located in the Home space for any given value of the innovation
country and engages in R&D. That firm choosesprice S. In the absence of factor-intensity rever-
its R&D intensityl;(w, t) to maximize expected sals, the slope of thB(w,, w,) = Scurve is

discounted profits flatter than that ofA(w,, wy) = 1, reflecting
the assumption that R&D is the skilled-labor
v(w, t)](w, t)dt intensive activity. The unique intersection of the

two curves at pointe, determines the initial
- B(WLl WH)X(wl t)l,((l), t)dt

Free entry into each R&D race drives these ®The assumption of no factor-intensity reversals is

expected discounted profits down to zero a_ndstandard in the international trade literature and imposes
restrictions on the functional forms of the two unit-cost

generates the followmg equmbrlum condition: functions. For instance, if the unit-cost functions correspond
to Cobb-Douglas production functions, then there are no

- factor-intensity reversals; whereas in the case of two con-

(28) S(w, 1) = v(w, )/ X(w, t) = B(w,, Wy). stant elasticity of substitution (CES) production functions
with unequal elasticities of substitution, the unit-cost func-

_ TTR tions intersect at least twice resulting in factor-intensity
In the steady-state equilibrium, the reward for reversals. Bhagwati and T. N. Srinivasan (1983 Ch. 5)

innovating v(w, t) increases over time as the provide more details on the role of this assumption in the
economy grows buX(w, t) also increases over traditional Heckscher-Ohlin-Samuelson trade model.



VOL. 89 NO. 3 DINOPOULOS AND SEGERSTROM: PROTECTION AND RELATIVE WAGES 461

W, novationS(t) index for the TEG specification.
The graph ofS(t) for the PEG specification is
E» visually indistinguishable from the one for the
TEG specification (the correlation between the
two series is 0.999), and it is not shown. The
SSS mechanism implies a contemporaneous
E, B(w, wy)=S; correlation between the skill price index and the
innovation price index. As Figure 2 illustrates,
there is indeed a strong positive correlation be-

BOw. wu)=8 tween these two price indices (0.8) and the two
graphs have similar shapes. Thus, the linkage
A(wy, wy)=1 between the reward for innovating and wage
0 inequality that is highlighted in this papdbes
W appear to be empirically relevatt.

The SSS mechanism provides a novel expla-
nation for the factor “bias” of technological
progress. Whether an acceleration of across-the-
board technological change (caused by an in-
equilibrium wagesw,, andw, . An increase in  crease in the reward for innovating) contributes
the relative price of innovation frons; to S,  to more or less wage inequality depends pre-
raises the wage of skilled workers and reducescisely on the relative factor intensities of pro-
the wage of unskilled workers by shiftifg(w,, duction and investment activities. Although
wy) = S upward [if and only if R&D is the production-labor-saving technological change
skilled-labor intensive activity, that is, curve is a sufficient condition that might have gener-
B(-) = Sis flatter than curvé\( - ) = 1]. The ated the observed increase in wage inequality
new equilibrium corresponds to poitif, in  over time, the above analysis suggests that it is
Figure 1. The increase in the relative wage ofhardly a necessary orf8.

FIGURE 1. EQuILIBRIUM WAGES WITH R&D BEING THE
SKILLED -LABOR INTENSIVE ACTIVITY

skilled workers reduce$, [see equation (7)] Trade liberalization puts upward pressure on
and increases the relative abundance of skilledS through its positive impact on the profit flows
labor [see equations (8) and (9)]. of all quality leaders. Howeves is an endog-

Is this Schumpeterian version of the Stolper- enous variable that depends on virtually all the
Samuelson (SSS) mechanism empirically rele-parameters of the model in addition to R&D
vant? To shed light on this issue, we plot in difficulty variable X and global R&D invest-
Figure 2 a skill price index (using the right axis) mentl + I*. This is the reason why the above
and an innovation price index (using the left result is stated as a lemma instead of as a
axis) for the U.S. economy from 1963 to 1989. theorem. The following subsection introduces
For the skill price index, we use the education the factor-market-equilibrium conditions which
skill price index in Juhn et al. (1993 Figure 8).

Itis an unweighted average of the male college—
high-school log wage differential across expe- 9 Interestingly, the following three international events

. are reflected in the graph of the innovation price index in
rience levels based on data from the March Figure 2: first, the Bretton Woods system collapsed during

Current Population SurveyVe view this indeX  the period 1968—1971; second, the start of the ongoing
as a reasonable proxy for the relative wage ofstock-market boom in 1979 coincided with the completion
skilled workerswy/w, . Appendix A provides of the Tokyo round of trade negotiations which called for
details on the construction of an index designedfurther trade-liberalization measures; and third, a larger-

t th lati . fi tis than-expected U.S. trade deficit coupled with turmoil in
0 measure the reljative price of Innovausr= global financial markets generated the 1987 collapse of the

v(t)/X(t). This index is the real price of U.S. stock market. These three episodes are all reflected in the

assets (measured by the New York Stock Ex-shape of the education price index graph in Figure 2.

change Composite Index) divided by an index 2%In Figure 1, production-labor-saving technological
s change corresponds to a shift of the cuAf@v,, w,) = 1

of R&D dlfﬂCU|ty (based on US patents for the away from the origin and generates an increase in the

TEG model and U.S. population for the PEG rejative wage of skilled workers if and only if R&D is the

model). Figure 2 plots the relative price of in- unskilled-labor intensive activity.
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FIGURE 2. INNOVATION PRICE INDEX (LEFT AXIS) AND SKiLL PRICE INDEX (RIGHT AXIS)

close the model and allow us to analyze mywide demand for unskilled labor employed
the steady-state equilibrium effects of trade by firms engaged in R&D.
liberalization. Again using Shephard’s lemma, we differen-
tiate (10) with respect tov, to obtain A (w,,
D. Factor Markets w,,)Q(w, t), which equals the demand for un-
skilled manufacturing labor in industry at
We assume wage flexibility and perfect mobil- time t. ExpressionA, = dA/ow, is the un-
ity of factors of production across industries and skilled-labor requirement per unit of final out-
activities. These assumptions imply that the sup-put. The assumption of structurally identical
ply and demand for both skilled and unskilled countries implies that 50 percent of the world’s
labor are equalized at each instant in time. Be-quality leaders are Home firms and 50 percent
cause both countries are structurally identical, weare Foreign firms. In industries with a Home
concentrate on the derivation of equilibrium for quality leader (exporting industries) total output
the Home country. The supply of unskilled labor produced equal®; + Q, + Q%, whereQ; is
is given by equation (8), whereas the demand foroutput produced by Home followerg, is the
unskilled labor consists of two components: un- leader’'s output sold at Home, ar@} is the
skilled labor employed in R&D and unskilled leader’'s output sold to Foreign consumers (ex-
labor employed in manufacturing of final prod- ports). In industries with a Foreign leader, only
ucts. We consider the determination of each com-rotected Home followers produce and compete
ponent of demand below. against imports. In Home import-competing in-
The demand for unskilled R&D labor tar- dustries production equal®i. Therefore, the
geting industryw at timet is derived from total output produced in the Home country is
(24) using Shephard’'s lemma and equals

BL(w, W) X(w, )l(w, t) where BLX = (29 q=[(Q +Q + Q) + Ql/2
(oBl/ow, ) X is the unskilled-labor require-
ment per unit of R&D services, and= 3; [, = c(t)N(t)(4X — 2 + (XA — 1))/ (2)A?),

is industrywide R&D investment. Because

R&D races occur in all industries and the whereq is the “average” quantity of final output

measure of all these structurally identical in- produced in each industry. The countrywide de-
dustries equals ond3, X1 is also the econo- mand for unskilled labor in manufacturing is
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thereforeA, (w,, wy)g. Dividing the supply and constant over time. Equation (5) then implies
the two components of demand for unskilled laborr (t) = p and (7) implies thad, is constant over
by N(t), we obtain a per capita version of the time as well. Equations (22), (27), and (28)
full-employment condition for unskilled labor: together imply thatv/v = X/X = n. Straight-
forward substitutions yield the following ex-

(30) 0o = AL(w, wy)(g/N(t)) pression for the average quantity of final output
+ Bu(wy, wy)lx, (32) q=B(w, wy)(p + 21 + ¥ ()X,
whereg/N(t) is the per capita final output pro- where 2 = | + I* due to structural symmetry

duced, andx = X(t)/N(t) is a measure of between the two countries and where
relative R&D difficulty.
The supply of skilled labor is given by equation (33)

(9) and the demand for skilled labor is derived B B [4r — 2+ 7(A — 1)]
using the same procedure as described above, the (1) = a/m = (A—1-1)2
only difference being that the industrywide cost + (A —1)?

functions are differentiated with respect to the 1+

wage of skilled labomw,. Therefore the corre-
sponding per capita expression for the full-em-is the inverse of profit flows per unit of average

ployment condition of skilled labor is final output?* ¥ depends only on the level of
protection and the size of innovations. It is obvi-

(31) (0o + 1 —2y)(1 — 0p) /2 ous from (33) that¥’(7) increases inr.
Equations (7) and (11) define implicitly each

= An(w,, W) (g/N(t)) wage as a function ofi, with dw /d6, > 0 and
dwy,/d6, < 0. Substituting (32) into the per capita
+ By(w,, wy)Ix. fglligmployment of labor conditions (30) and (31)
yields

E. Steady-State Equilibrium
Y a (34) 65 = AL(09)B(0) W (1) (p + 21 — n)x

The two per capita full-employment of labor
conditions (30) and (31) together with the two + B (6p)1X,
components of the SSS mechanism (11) and
(28) constitute a system of four equations which
determines the values ofy,, w, Ix, andg/N  (35) (6o + 1 — 2¥)(1 — 60)$/2
for any given values o§ and 6,. The structure

of this system is identical to the traditional = A4(60)B(O W (7)(p + 21 — n)x
two-sector Heckscher-Ohlin-Samuelson econ-
omy that produces R&D servicég, final out- + Bu(6o)1x,

put g/N, and faces a relative price of R&D

investment expressed in terms of final goodswhere the unit-resource requirements &ge) =
which is equal to the relative price of innovation S depend onf, throughw, and w,,. We have

S. For a givenf,, the supply of each factor is managed to reduce the model to a system of two
completely inelastic and the demand curves forequations in three unknowngg, x, andl. The
skilled and unskilled labor are decreasingnp ~ third equation is provided by whether the TEG or
andw,, respectively. Equation (7) determines the PEG specification of R&D difficulty is used.
the value off, as a function of the relative wage  Consider the TEG model first. Equation (25)
of unskilled workers, and the remaining equa-

tions determine the value &

We solve the model for a steady-state equi-, N '%g;‘)at_iotn (312) ist dec;ive? as foI:OWS:(fti)rst, su;)(stitf_te
I|br|u_m where . qonsumptlon per cap|§a, 2r|0r11 n, erlri]cﬂ folﬁjvisef?o?]/ﬁs(;?i ¥ﬁ;r?s?)lve forZorfsump-
relative R&D difficulty x, effective R&D in-  ijon per capitac and substitute the resulting expression in
vestmentl = I*, and wagesw,, wy are all  (29) using (28).
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0, skilled labor wherl = n/2u. This graph is down-

] ward sloping and crosses the vertical axi§at

1 unskilled labor 1 (see Appendix B, available upon request, for
details). Starting from any point on this curve, an
increase P, induced by an increase in the rela-
tive wage of unskilled workers increases the de-
mand for skilled labor and reduces its supply for
any given value ok. A reduction inx is required

<l to reduce the RHS of (35) and restore equilibrium

E, in the skilled labor market. The intersection of
(34) and (35) at poinE, determines the steady-
A state values ok and 6,.
skilled 1abor A sufficient but hardly necessary condition
Y that guarantees the existence of a unique steady-
- state equilibrium in the TEG model is that
0 X
(36)
FIGURE 3. STEADY-STATE EFFECTS OF TRADE ) 0o — v+ a[By(00)/B(0,)]
LIBERALIZATION IN THE TEG MoODEL lim <
B0 — y* 0o — v + o[ Au(80)/AL(6)]

implies thatX/X = n = 2ul. It immediately fol-  (see Appendix B, available upon request, for
lows that the steady-state level of R&D invest- details). If the R&D skilled/unskilled labor ratio
mentl = n/2u is completely determined by the B,/B, does not approach infinity as, ap-
exogenous rate of population growthand the proaches zero and all workers become skilled,
R&D difficulty growth parametep. If R&D does  then condition (36) holds. This condition is sat-
not become more difficult over time (i.er,= 0),  isfied for Cobb-Douglas production functions
then there is no steady-state equilibrium with finite and for the class of CES functions where both
R&D investment (instead, positive population inputs are essential for production.
growth leads to exploding economic growth over  Existence of a unique steady-state equilibrium
time). With| pinned down, (34) and (35) represent can be similarly established for the PEG model.
a system of two equations in two unknowns which Equation (26) fixes the value of relative R&D
we can solve for a steady-state equilibrium. difficulty x = k for this model. Because the RHSs
These equations are illustrated in Figure 3. Theof (34) and (35) are increasing in R&D investment
vertical axis measures the fraction of the popula-1, the graph of (34) is upward sloping and the
tion that remains unskilled, and the horizontal graph of (35) is downward sloping i, @,) space
axis measures the relative R&D difficulyy The  as is illustrated in Figure 4. These curves intersect
graph of equation (34) is the locus »fand 6,  the vertical axis betweeé, = y > 0 andf, = 1
values that are consistent with full employment of (see Appendix B, available upon request, for de-
unskilled labor whenl = n/2u. This curve is tails). A sufficiently low value ofk or a suffi-
upward sloping and crosses the vertical axi§at —ciently low value ofp — n, together with condition
= v > 0 (see Appendix B, available upon request, (36), guarantee that these curves intersect in the
for details). Starting from any point on this curve, positive orthant ofl( 6,) space. Then, as is illus-
an increase i, induced by an increase in the trated in Figure 4, the PEG model has a unique
relative wage of unskilled workers reduces the steady-state equilibrium (given by poiit) and
demand for unskilled labor and increases its supthe steady-state value 6f lies betweeny and 1.
ply for any fixed level oi. Thus the LHS of (34)
exceeds the RHS and an increase ia required F. Long-Run Growth
to balance both sides of equation (34) and to
restore equilibrium in the unskilled labor market. ~ The unique steady-state equilibrium in both
The graph of equation (35) is the locusxaindd,  the TEG and PEG models is associated with
values that are consistent with full employment of constant growth in each consumer’s utility
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skilled labor

FIGURE 4. STEADY-STATE EFFECTS OFTRADE
LIBERALIZATION IN THE PEG MODEL

over time. By substituting for consumer de-
mandc(t)/A into a representative consumer’s
static utility function, we obtain logi(t) =
log c(t) — log A + [3log A(® Y dw, where
j(w, t) is the number of quality improvements
in industry o at timet. The integral in this

expression grows over time in the steady-state(iv)

equilibrium as new higher-quality products
are continuously being introduced. The value
of this integral equalsI2 log A, where[3 j(w,
t) do = 2It is the expected value g¢fw, t)
and 2 is the steady-state intensity of the
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drive the long-run R&D intensity or the per
capita utility growth rate to infinity.

G. Trade Liberalization, Relative Wages,
and Economic Growth

The main result in the paper is established by
the following theorem.

THEOREM 1: In the absence of factor-inten-

sity reversals, a permanent increase in global
trade liberalization caused by a reduction in the
common tariff rater:

(i) permanently reduces the wage of unskilled
labor w; and increases the wage of skilled
labor wy, if and only if R&D investment is
the skilled-labor intensive activit{B,,/B,

> AL/A);

permanently decreases the fraction of the
population that chooses to remain un-
skilled 6, if and only if R&D investment is
the skilled-labor intensive activit{B,,/B,

> AG/A);

(i) temporarily increases the global rate of
technological changel, but has no effect
on the long-run growth rate gin the TEG
version of the model; and

permanently increases both the global rate
of technological change 2l and the long-
run growth rate ¢ in the PEG version of
the model.

(ii)

PROOF:

Poisson process that governs the arrival of See Appendix A.

innovations. Thus, in the steady-state equilib-

rium, each consumer’s utility grows at the
deterministic rate

(37) gy = u(t)/u(t) = 2I(log A).

In the TEG model, the R&D intensity de-

pends only on parametersand ., and there-
fore trade liberalization has only transitional

Figures 3 and 4 illustrate the effects of trade
liberalization on the steady-state equilibrium. In-
dependently of whether the TEG or PEG specifi-
cation is used, a reduction in the common tariff
shifts both curves to the right. Theorem 1 implies
that the new intersectioB, lies belowE, if and
only if R&D is the skilled-labor intensive activity.

We are now in a position to state intuitively

growth effects. In the PEG model, the R&D the general equilibrium effects of global trade
intensityl is proportional to the per capita costs liberalization. It is useful to decompose the ef-
of R&D [see equations (24) and (26)], and fects of trade on resource allocation into those
therefore is related to all the parameters of thecaused by price changes and into those triggered
model. Any shift in either or both curves in by changes in factor supplies. We focus on the
Figure 4 changes the long-run value loBnd  more empirically relevant case of R&D being
generates permanent growth effects. In boththe skilled-labor intensive activity in order to
models, positive population growth does not facilitate the exposition. A reduction in the
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common tariff rater increases the profitability domestic relative prices remain unaffected
of R&D investment and raises the relative price throughout this process.

of innovationS at the initial levels of relative Figure 5 illustrates the effects of trade liber-
R&D difficulty x and effective R&D investment alization on the wage earnings distribution by
I. It also increases the openness of the globaplotting wage income as a function of abiliéy
economy measured by the share of trade inThe wage earnings curve consists of three con-
aggregate consumption (Proposition 1). Givennected linear segments: the horizontal segment
the initial level of factor supplies, that is, for a corresponds to the wage income of workers
fixed 6y, an increase 1% raises per capita R&D with ability below 6, who choose to remain
servicedx and reduces per capita average finalunskilled and receive the wagg ; the vertical
output g/N as each country moves along its segment ad, equals the difference between the
production possibility frontier in Ik, g/N) wage earnings of skilled workers with abiliéy
space [see the system of equations (11), (28)which isow, [see equation (7)] and the wage of
(30), and (31)]. Both skilled and unskilled unskilled workersw, ; and the upward-sloping
workers move from production (manufacturing) segment shows the wage income of workers
to nonproduction (R&D) activities within each with ability greater thar, who become skilled
industry. The increase in R&D investmeht and receive a wage equal té ¢ y)wy. Su-
raises the rate of technological change tempo-erscripts 1 and 2 denote the initial and final
rarily or permanently depending on whether the equilibrium values for the case of R&D being
TEG or the PEG specification is assumed. Be-the skilled-labor intensive activity. Then trade
cause the arrival of innovations is random in liberalization leads to a drop in the wage income
each industry, the observed acceleration of tech-

nological change need not be identical across

industries. Finally, when R&D is the skilled- 22 jarge share of the technical change that occurred
labor intensive activity, the increase in the rel- during the 1980's was in the form of Hicks-neutral innova-
ative price of innovatiors reduces the demand tions across all r_nanufacturing industries. ‘Lawrence and
for unskilled labor and increases the demand forSIaughter (1993 Figure 10) show no correlation between the

killed lab It S d . percentage changes in total factor productivity and the ratio
skilled labor, resufting In increased wage In- nonproduction to production workers employed in these

equalitywy/w,_in both countries. industries in the 1980’s. In addition, Sachs and Shatz (1994
When we allow for changes in factor sup- p. 40) state that:
plies, the reduction in the common tariff rate

has further ramifications. In response to the evidently, biased technical change in the form of

technical change that saves unskilled labor (inducing

increase in wage inequality,,/w,, more work- substitution of skilled for unskilled workers) was at
ers choose to acquire skills and the fraction of  work alongside neutral growth in total factor pro-
the population that remains unskille@}, de- ductivity.... In the postwar era, the proportion of

clines. HoldingS constant, the change in factor ~ nonproduction workers in total manufacturing em-
’ ployment increased steadily, from 16.6 percent in

supplies generates Rybczynski-type effects by 1947 15 24.4 percent in 1960, 25.9 percent in 1970,
increasing fur'ther the supply of R&D Services  26.1 percent in 1978, and 31.0 percent in 1990.
and by reducing the supply of per capita final . . _ _
output. This change can account for skill up- | AIsor,] thehpredlcted t;ncrease Lnlltr:jehprogomor; of popu- g

: . ation that chooses to become skilled has been documente
grading measured_ by the number of skll_led by Robert H. Topel (1997 p. 70) who states:
workers as a fraction of total (manufacturing
and R&D) employment in each industry (see as the college/high school wage premium rose
footnote 8). The change in factor supplies re- through the 1960's, the fraction of (American)
duces the initial impact of trade liberalization on ~ Young men with some college climbed, peaking at

. lity throuah the standard general 44 percent in the e_arly 1970’s, when the returns to

Wag_e_ 'r_]equa ity g g college were at their highest level up to that time
equilibrium supply-based channels. Because all  starting around 1980, both the college wage pre-
industries are structurally identical by assump-  mium and the proportion of young men attending
tion. both the skill upgrading and the shift in college began to rise, the latter reaching an all-time

! . high of 46 percent in 1992, when the returns to
re.so.urces' from manufacturlng to R&D pCCUI’ school were also at a record high. As in Sweden,
within all industries, all the above-mentioned  the American evidence is that the supply of skilled
effects of trade liberalization are global, and  workers rises with the relative price of skill.
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Wage Earnings was caused by a number of factors including re-
ductions in U.S. trade barriers, trade liberalization

Wi — —— - — — — — — — measures among U.S. trade partners, and reduc-
tions in transport costs (Krugman, 1995). In the
W —— = = - - - = simulation analysis, this increase in trade open-

| ness requires a reduction in the common tariff
| from 27 percent to 2.5 percefft. Appendix B,

| which is available upon request, provides details
[ on the choice of parameters and robustness of the
[ key simulated results.

I As a result of trade liberalization, the model

| generates a long-run increase in the relative
|

1

W
L b
[
w2 I
|

L price of innovationS of about 5.6 percent and

| 1
0 Y 6 6, 6, 0 an increase in wage dispersion (measured by the
average wage of skilled workers divided by the
FIGURE 5. EFFECTS OFTRADE LIBERALIZATION ON THE wage of unskilled workers) of about 4.5 percent
WAGE EARNINGS DISTRIBUTION (from 1.74 to 1.82). The wage of unskilled

workers decreases by about 1 percent, and the

fraction of the population that finishes “college”
earned by unskilled workers and a steeper wagéncreases from 10 to 11 percent. These simu-
earnings curve for skilled workers. lated results are similar in magnitude to those

of Murphy and Welch (1992), who report a
COROLLARY 1: If R&D investment is the contribution of trade openness to the wage dis-
skilled-labor intensive activity, a sufficiently persion between high-school and college grad-
large reduction in the common tariff rate  uates of about 4 to 5 percentage points based on
generates the phenomenon of immiserizedegression analysis. If the fraction of the popu-
skilled workers who earn less than what they lation that chooses to remain unskilled is held
would earn as unskilled workers at the initial
level of the common tariff rate.

24We simulated the TEG version of the model under the
In Figure 5, workers with ability levels following assumptions about the key paramet&rs= 40,

2 * . _ T=4,n=0.01,p =0.03,A = 1.35,u = 0.15, and
between6, and 6, undergo training and be v = 0.75. In addition, we assumed that firms have Cobb-

come skilled, only to find out that the_y are pouglas production functions that generate the following
earning less compared to their wage incomeunit-cost functionsA(w,, w,,) = w-#W%*% and B(w,,
before trade liberalizatiof® wy,) = wP0WP°° Several of the parameter choices have

We simulated the TEG version of the model transparent interpretations. Each individual has a working
life of D = 40 years, and an “unskilled” high-school

and calculated the effects of an increase in .traQegraduate becomes a “skilled” worker by spendifig- 4
openness from 3 percent to 12 percent, which iSyears in college. The population growth rate is one percent
roughly consistent with the U.S. experience from and each innovation represents a 35-percent improvement in
1970 to 1990 (Richardson, 1995)_ This Changeproduct quality § = 1.35). The common subjective dis-

count ratep = 0.03 was chosen to generate a 3-percent

steady-state real interest rate and the R&D difficulty param-

eterp = 0.15 was chosen to generate a 2-percent steady-

23 Juhn et al. (1993 p. 421) point out that “for the lowest state growth rate when free trade prevails. Finally the

40 percent of younger workers, real wages are lower in 1988dispersion parameter= 0.75 was chosen to guarantee that
than for the corresponding group in 1964! Hence for two- the fraction of the labor force in each country that becomes
fifths of all younger workers there has been no increase inskilled is less than 25 percent, and to generate a reasonable
economic opportunity as measured by weekly wage rates inlevel of dispersion in the wages of skilled workers. In
about two and one-half decades.” In addition, according to equilibrium, the highest-paid skilled workers earn roughly
evidence reported in John Bound and George Johnson (1998wice as much as the lowest-paid skilled workers. For ex-
Table 1), a typical male worker with a high-school degree ample, according to Michigan State University’s Collegiate
and less than 10 years of experience earned a real hourlEmployment Research Institute, in 1997 college graduates
wage of $8.96 in 1979, whereas a male worker with the majoring in chemical engineering received the highest an-
same experience who had some college education earned mual salary of $42,758, whereas those majoring in journal-
lower real hourly wage of $8.51 in 1988! ism earned the lowest annual salary of $22,102.
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fixed at its initial equilibrium leveld, = 0.88, nous technological change alone represents an
then the contribution of trade openness to theunlikely explanation for all the previously men-
relative price of innovatiors doubles to about tioned stylized facts that characterized the
10.5 percent, and the wage dispersion rises byglobal economy. However, in conjunction with
about 12.5 percent (from 1.74 to 1.96). Overall, trade liberalization, exogenous technological
the graphs of the innovation price index and thedevelopments might have amplified some ob-
education skill price index in Figure 2 coupled served changes.
with the plausible simulated predictions support
the empirical relevance of the model and sug- Il. Conclusions
gest a promising direction for further empirical
research regarding the contribution of trade to The analysis of this paper challenges several
rising wage inequality. prevailing explanations for the global rise in wage
Recently, exogenous technological changeinequality. Many economists have excluded trade
has become popular as a “residual” explanationopenness as a cause of this change based on the
of the stylized facts mentioned in the introduc- fact that domestic relative prices have not declined
tion (see footnotes 9 and 10). In the context of (e.g., Lawrence and Slaughter, 1993). Other econ-
the present model, an exogenous increasg in omists have adopted the view that competition
(a permanent increase in the size of innovations)¥rom the South must have been responsible for the
corresponds to a demand-based increase in thdecline in the relative wage of unskilled workers
rate of technological change. In addition, an (e.g., Adrian Wood, 1995).
exogenous decrease i in the PEG model A major insight of our analysis is that
corresponds to a permanent increase in the efin imperfectly competitive markets, where
ficiency of R&D investment. It is straightfor- Schumpeterian competition determines the
ward to establish that an increase inor a  pace of technological progress, changes in
reduction ink increases the profitability of R&D relative prices represent only one channel that
and triggers the SSS mechanism that affectdinks wages to trade liberalization. In these
factor markets in exactly the same manner as anarkets, the reward for innovating plays the
reduction in the common tarif® However, ex- same role as the domestic relative price in
ogenous technological change caused by an inthe conventional Heckscher-Ohlin-Samuelson
crease inA increases the relative price of model. Therefore, even if relative prices re-
domestic goods and decreases economic openmnain unaffected by trade liberalization (as in
ness [see equation (23)], contrary to the evi-this model due to the assumed symmetry
dence on increased openness during the lasacross industries and countries), a reduction
three decades. Similarly, a reductiorkiteaves in global tariffs that increases the profitability
both relative domestic prices and the opennes®f R&D generates long-run (as opposed to
of each country intac®® Consequently, exoge- purely transitory) changes in relatiwgages.
Furthermore, the signs of these changes depend
precisely on the Stolper-Samuelson condition of
?5The parameten enters the model only through the intensity rankings between R&D and manufactur-
Iﬁgcﬁiﬂ%\f?&ﬁ?igﬂf(gsef{%?ﬁi%%riga's';fiﬂekpﬁfeﬂ?gfe" ing activities. We call the relationship between the
Theorem 1 applies to both an increase\iand a reduction relative price of !nnovatlon and th.e ret“”.‘s to
in k. It is worth noting that becaus&/X = n in the TEG  factors of production a Schumpeterian version of
model, a change i is not equivalent to exogenous tech- the Stolper-Samuelson (SSS) mechanism because
nological change in R&D, but reflects a change in the jt adds an intertemporal component based on
long-run value of R&D investment. knowledge-generated trade to the traditional

26\We have also analyzed the effects of exogenous tech-
Y g Stolper and Samuelson (1941) theorem.

nological change that increases the relative demand for
skilled labor in manufacturing (i.e., an exogenous increase
in the skill intensity of manufacturing for any given value of
the relative wage ratio). This type of technological change
has been associated with the increased use of computers iity, but it is also likely to slow technological change if R&D
manufacturing. In the case of Cobb-Douglas manufacturingmainly employs skilled workers and most of the labor force
and R&D production functions, an exogenous increase inis unskilled. In addition, this type of exogenous technolog-
the skill intensity of manufacturing increases wage inequal- ical change leaves the openness of the economy unaffected.
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Another new insight of the analysis is that pro- R&D is skilled-labor intensive), but this cor-
duction-labor or unskilled-labor biased technolog- responds to a level (as opposed to growth)
ical change is not a necessary condition for aeffect. Protection slows (temporarily in the
reduction of the relative wage of unskilled work- TEG model and permanently in the PEG
ers. Any increase in the profitability of innovation model) the global innovation rate and all
that results in higher R&D investment can affect workers lose when the quality of each product
adversely the wage income of unskilled workersis improved less frequently. In addition, pro-
when R&D is the skilled-labor intensive activity tection retards the formation of human capital
relative to manufacturing of final goods. The em- by increasing the fraction of the population
pirical relevance of the SSS mechanism is sup-that remains unskilled in the long run. There-
ported by U.S. time-series evidence presented irfore, the income distribution level-type bene-
Figure 2, and simulation analysis indicates thatfits of protection should be weighted against
trade liberalization by itself can account for a the intertemporal costs of lower growth in
4.5-percentage-point increase in wage inequalitfliving standards and lower human capital for-
between U.S. college and high-school graduatesmation. Welfare analysis can provide some
Consequently, the present paper suggests thaiolicy guidelines, but the transitional dy-
North—North trade and financial markets (as op-namic properties of the model are compli-
posed to North—South trade and product marketspated, and formal welfare analysis may be
are important components of an explanation fortheoretically intractable.
rising wage inequality in many advanced and de-
veloping countries. APPENDIX A

An interesting direction for future research
is to relax the assumption of structural sym- PROOF OF LEMMA 1:
metry across industries and countries, possi- Shephard’'s lemma yields the skilled-labor in-
bly by adding another sector without R&D- tensities in R&D and manufacturing:
based technological change. Then presumably

trade liberalization would affect relative a[B(w,, wy)X(w, )l (w, t)]/ow,
wages through two channels: by influencing B X |

the domestic relative price of goods (the tra- ILBWL W)X (0w, Dl (@, D/ow,
ditional Stolper-Samuelson mechanism); and B alA

by influencing the relative price of innova- - LAGw,, wiy) Q10w

— an
tion.2” B. [A(wg, wy)Ql/aw,

We are anxious to point out that our anal-
ysis does not advocate protection as a way to _ ﬁ
raise the living standards of unskilled work- AL
ers. In the context of our model, protection

increases the wage of unskilled workers (if using (24) and (10). Consequently, R&D is the
skilled-labor intensive activity if and only if
B./B, > A4/A,.

27 Several recent studies have provided alternative trade  Totally differentiating equations (11) and
explanations for the decline in the relative wage of unskilled (28) and solving for the change in each relative
workers. Davis (1996, 1998) has examined the impact Ofwage with respect to a Change in the relative
trade and technology in a two-country global economy with rice of innovation vields
one country experiencing unemployment based on an insti-p y
tutionally fixed minimum wage for unskilled workers. Rob-
ert C. Feenstra and Gordon H. Hanson (1996) have analyzed
the impact of foreign investment and outsourcing on relative dw —Ay
wages in a model of differentiated intermediate products.( ) E = m'
Bhagwati (1995) has proposed a North—North trade expla- HTL H=L
nation based on shifts in international competitiveness that
cause higher labor turnover and unemployment among less
skilled workers. Also, Richardson (1995) emphasizes the dwy AL
dichotomy between consumption and investment goods in a(AZ) = .
model of trade, technology, and relative wages. ds BuAL — AuBL
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The denominator in (A1) and (A2) is positive was chosen to equalize the average annual rate of
(negative) if R&D (manufacturing) is skilled- U.S. population growth over our sample period (of
labor intensive. The absence of factor-intensityabout 1 percent) to the average annual number of
reversals guarantees that the sign of the denompatents (of about 43,700). In a steady-state equi-
inator is the same for all values of the relative librium, relative R&D difficulty x = X(t)/N(t) is
wage ratio. This completes the proof of part (i). constant over time and equation (25) becomes
2ul. Assuming that the U.S. accounts for half of
Differentiate equation (7) totally and substi- the world’s patents, this reasoning provides a

tute (A1) and (A2) to obtain plausible value of the parametgr. Using this
value of u and equation (25), we calculated the
do, o dw, ow_dwy annual growth rate oX(t). The computed growth
A3) 45~ w, ds  w? ds rates were used to generate an index(@ffor the

TEG version of the model starting with the value
of 100 for 1963. The level of R&D difficulty for
=—— , the PEG specification was calculated using the
Wi(BuAL — AuBy) U.S. population (measured in millions) in accor-
dance with equation (26) where parametavas
whereA = A w, + Aqw, = 1 has been used chosen to normalize the series to 100 for 1963.
as well. This completes the proof of part (ii). Both specifications generated almost identical in-
dices of R&D difficulty that increase by about one
The Relative Price of InnovationVe con-  percentage point annually to approach the value
structed an index of the relative price of inno- 130 in 1989. An index of the real value of inno-
vation §(t) = w»(t)/X(t) for the United States vation was constructed for each of the two spec-
over the period 1963-1989 by making severalifications by dividing the real value of assets by
restrictive but reasonable assumptions. Assumihe level of R&D difficulty.
ing that the stock-market valuation of R&D
investment relative to other tangible and intan- PROOF OF THEOREM 1:
gible assets remains constant over time, we used Because the tariff enters (34) and (35) only
the New York Stock Exchange Composite Price through the function?, it is sufficient to analyze
Index divided by the price of consumer durables how each curve shifts as a result of a reduction in
to obtain an index ob/(t). Data for the calcu- W. Trade liberalization (a decreasernncausesV
lations of the real price of assets are from theto decrease, given (33). A reduction i in-
Economic Report of the Presidgfii995 Tables creases the value afin the TEG model (ot in
96 and B-4). Bronwyn H. Hall and Robert E. the PEG model) for any given value @f in both
Hall (1993) conclude that R&D intensive firms equations (34) and (35). Therefore both curves
have enjoyed higher-than-average stock-markeshift to the right as a result of trade liberalization.
values in the United States during the period Differentiating (34) and (35) with respect ¥
1964-1990. They also report that, although theandx holding 6, fixed yields
stock-market valuation of R&D relative to other
assets (physical and intangible) varies over
time, these changes are not statistically signifi-
cant. We used the price index of consumer

(A4)
—dx Blp + (n/p) — n]x

[(39) = )

durables because these industries tend to be d¥ Ln

more concentrated and more R&D intensive. BW[p + (n/p) = n] + A2u
The measurement of R&D difficult)(t) fol- (A5)

lowed closely equations (25) and (26). The annual —dx B[p + (/) — nlx

number of patents granted by the U.S. Patent a5 = P L

Office to U.S. inventors was used as a proxy for BW[p + (nw) — n] + Bun

effective R&D investment Kortum (1997 Appen- p ® A2

dix A) has details on the construction of the annual
patent series, and we are indebted to him for It is obvious from inspection of (A4) and
providing the data. Parametgrin equation (25) (A5) that only the last term in each denominator
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