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Abstract: R & D externalities can imply ranges of aggregate increasing returns 
to scale in R & D. A consequence of increasing returns to scale is that several 
equilibria may exist involving different numbers of frrms and R & D investment 
leveis. Analysing adjustment dynamics yields important policy conc1usions. One 
is that subsidies aimed at increasing the number of firms and R & D investment 
levels sometimes can have the opposite effect, shifting the industry on to an 
adjustment path toward an equilibrium with fewer frrms and less R & D. The 
model is tested empirically using a unique database comprising competing firms 
in various R & D races. 





2 

1. Introduction 

It is commonly accepted that research and development yields 

externalities in the sense that knowledge acquired in one firm spills 

over to other firms. Of ten knowledge spread in this way finds new 

applications or stimulates further innovative activity in other firms. 

When these externalities are sufficiently strong an industry can exhibit 

aggregate increasing returns to scale to R & D. 

A typical feature of models with increasing returns to scale is that 

they give rise to more than one equilibrium. Yet most models in this 

field have been designed, by use of various assumptions, to yield a 

single equilibrium. This paper shows that analyzing the adjustment 

paths toward different equilibria has important policy implications. 

Alfred Marshall argued in his "Principles of Economics" that an 

industry with competitive firms could exhibit a decreasing long-run cost 

curve due to the fact that one firm's production engenders external 

economies in terms of educating a skilled work force and spreading 

knowledge gained by "learning-by-doing". Later the literature on 

imperfect competition disposed of this view. It was argued that a 

monopolist would usurp such an industry in order to internalize the 

externai economies. 

More recently several papers have followed Arrow's (1962) lead 

in showing that a decentralized competitive equilibrium can exist with 

increasing returns to scale and externalities. For example, Romer 

(1986) constructs a model in which there are increasing returns to 

knowledge, but the growth of knowledge is limited by decreasing 

returns to the production of new knowledge. These models are 

generally designed to yield a single competitive equilibrium. 

Fölster (1990) considers a situation with ranges of increasing 

returns to scale in the production of knowledge. In these situations 

several competitive equilibria can arise involving different levels of 
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research. This opens the possibility that a profitable technology may be 

neglected merely due to a coordination problem: il all firms invested 

simultaneously they might all find it profitable. Yet none is willing to 

to risk investing too early and losing out at the expense of other firms 

that can enter later and draw on a pool of skilled researchers and an 

established knowledge base. The coordination problem is related to 

that analyzed in the literature on network externalities (e.g. Katz & 

Shapiro, 1985). However network externalities are generally assumed 

on the demand side, arising, for example, by the adoption of common 

standards. In our case the network externality arises on the supply side 

and determines how many firms find it profitable to enter an R & D 

race. 

It is shown in Fölster (1990) that various coordination 

mechanisms such as communication between firms or the existence of 

investors that can buy several firms do not, in general, resolve the 

coordination problem.1 Therefore we do not consider these 

coordination mechanisms further in the present paper. 

Here industry evolution toward various equilibria is analyzed. A 

model is developed in which entries and exits change the number of 

firms in the industry. Each incumbent firm decides on its R & D 

investment level based on expected profits. Profits generally decrease 

with the number of competitors, but there is some range where R & 

D externalities imply increased profits as the number of finns increases 

1 While costless communication has been found to solve some coordination problems (e.g. Crawford 
& Sobe~ 1982; Farre~ 1987) these results reIy heavily on the assumption of common knowledge. 
In the absence of common knowIedge Fölster (1990) shows experimentally that communication loses 
much of its coordination ability. 

Coordination could theoretically occur via an investor who intemalizes extemalities by 
purchasing all fmns. In the absence of perfect information and given some transaction costs, 
however, coordination may not occur be cause as soon as the coordinator is expected to succeed in 
purchasing a number of fIrms he thereby ensures profitability for the remaining finns. The 
remaining fmns will then not sell out to the coordinator at a price that makes it worthwhile to 
compIete the buy-out of all fIrms. 
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(the S-shaped function). This is shown to le ad to complicated 

adjustment paths that in many cases can imply a cyc1ical development 

of the number of firms towards long-run equilibria with either high or 

low numbers of firms. 

R&D competition is modelled in two different ways, both 

supporting the hypothesis of the S-shape profit as a function of the 

number of incumbent firms. The first approach is a quality ladders 

model. The second approach is a more traditional set-up where firms 

minimize unit production costs. The intensity of R&D tums out to be 

the same for both long-run equilibria in the case of the quality ladders 

model. However, R&D is more intensive in the high-competition 

equilibrium for the cost-economizing model. 

R&D subsidies can sometimes move the industry toward the high 

R & Dintensity equilibrium. However subsidies may result in a-break

down of the high-competition equilibrium. Subsidizing then increases 

short-run profits but lowers long-run profits and therefore induces 

exits from the industry. 

The theory is applied empirically to panel data of 45 R & D 

races. Estimation supports the idea of aggregate increasing returns to 

scale in R & D within some range of the number of competitors (the 

S-shaped profit function). Further the data allow an analysis of factors 

that determine how sensitive entry of firms is to various factors that 

differ between firms and countries such as subsidies, supply of 

researchers and macroeconomic variables. 
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2. The modet 

Consider an industry consisting of homogenous incumbent firms 

engaged in R&D competition. All firms are owned by stockholders 

who decide whether the firm performs better in this particular industry 

rather than in other industrles. Stockholders can decide to let a firm 

switch from one industry to another thus giving rise to entry and exit. 

At each moment in Hxme they choose a combination of entrles and 

exits by comparlng net present values that the firm can achieve within 

the particular industry with outside opportunity costs. The evolution of 

the number of firms in the industry is thus endogenously determined 

as a result of entry and exit decisions by stockholders. 

The instantaneous expected net profit 1t of a representative 

incumbent firm is a function of the number of firms n currently 

populating the industry and of an R&D parameter u, so that 1t = 

7r(n,u). The time argument is omitted here and henceforth where it 

does not lead to confusion. At each moment in time t a finn expects 

to obtain a surplus 7r(n,u)dt durlng the period (t, t+dt). The number 

of firms n is a real variable. The R&D parameter u is either the 

intensity of product innovation or unit production costs. In what follows 

we examine models of R&D behavior for both cases. 
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Each incumbent firm ehooses the time path of R&D that 

maximizes the initial net present value: Vo = fo
lDe-rt1T(n, u)dt, the sum 

of future profits discounted by the real interest rate r. 

Stockholders choose at each moment in time il, the change in the 

number of firms, through their decisions on entries into (and exits 

from) the industry. The net present value of each entry is the 

difference between the market value of the incumbent firm and the 

opportunity cost - the firm's value in the best alternative industry. The 

cost of creating a new firm in the industry is also assumed to equal the 

opportunity cost. 

The firm's market value at time t is v(t) = ftllle-r(T-t)1T(n,u)d'f, and 

the opportunity cost of new entry is z == constant. Conversely, the net 

value of each exit from the industry is z-v. 

Stockholders are assumed to incur adjustment costs related to 

turbulence in the industry, as measured by fluctuations in the number 

of firms. One can think of these e.g. as the investors' increasing costs 

of analyzing the market or of higher risk premia in a more turbulent 

market. Further there may be temporarily higher costs for capital 

goods and specialized labor in a market in which rapid growth 

increases demand faster than supply can be expanded. In a rapidly 

shrinking market there may be corresponding capital losses if many 

firms simultaneously try to exit and sell of their equipment. For the 

sake of simplicity we assume that the instantaneous adjustment cost is 
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a squared function of the net ch ange of the number of firms (2a Y1Ii?, 

where a is a positive parameter. Stockholders behavior can be 

modelled by assuming that a representative stockholder maximizes, at 

date t, the net entry profit: (v-z)Ii - (2ay1Ii2• Under these assumptions 

the number of rums changes as: 

Ii = a(v - z). (1) 

Differentiating v(t) implies 

v = IV - 7r(n, u), (2) 

which means that the rate of return on equity v Iv + 7r(n, u)/v equals 

the real interest rate. Equation (2) implies absence of arbitrage or 

capital market efficiency. 

The net profit function 7r(n,u) is defined for n > O. Suppose that 

for each n the function 7r(n,u) has an interior maximum in the interval 

u ~ O: 

u*(n) = argmaxu~o 7r(n,u). (3) 

This assumption reflects decreasing returns to R&D at the firm level. 

Since R&D expenditures are calculated based on net profits, the firm 

incurs too high R & D costs if the intensity of innovation is too high 

or unit production costs are close to the minimum level. In subsections 
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2.2 and 2.3 we consider examples of net profit functions satisfying this 

property. 

The dynamic problem of the incumbent frrm is to choose the 

time path u(t) providing a maximum to the initial value Vo subject to 

the equations (1)-(2). The current value Hamiltonian is 

H = 71(n,U) + 81Q(v-z) + 82(IV - 71(n,U» (4) 

where 81 and 82 are costate variables related to the equations (1), (2). 

The optimal controi function maximizes (1 - 82)71(n,U), which is 

equivalent to the static profit maximization provided that 82 < 1 for 

all t. The optimal controi is u * (n) which by assumption is an interior 

solution to (3). 

To demonstrate that 82 < 1 consider the costate equations: 

ål = re1 - (1-82)71 / (n), (5) 

å2 = -Q81 , (6) 

where 71(n) == 71(n, u*(n» is the optimal static profit. Integrating (5) 

forward and inserting 81 in (6) implies that å2(t) = -QJte-r('T-t)(1-

82(1»1T'(n(1»d1. If at moment t it is true that 82(t) < 1, but 82(1) 

approaches 1, the time derivative å2(t) tends to O (In/(n)1 <00 for all 

positive n and 82( 1) remains below 1. 

Since the optimal controi function u*(n) does not depend on the 

costate variables, we can ignore the costate equations and focus on the 

dynamics of the state variables n and v. This is described by the 

following system: 



il = a(v - z), 

V = IV - flen). 

2.1 The industry evolution. 

(7) 

(8) 
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The industry evolution depends crucially on the shape of the net 

profit function flen) which is defined and continuously differentiable 

for all positive n. The interval (O, 00) is assumed to belong to the range 

of this function. Consider two cases when flen) is either monotonously 

decreasing for all n (Fig.l), or has an S-shape as depicted in Fig.2. 

Intuitively, the positive effect of competition on incumbents' profits is 

explained by R&D externalities such as technological spillovers and 

cluster effects. In what follows we derive the profit function flen) and 

demonstrate the positive external effect of R&D competition. 

Given these two cases, there may be one, two or three stationary 

states of the system (7)-(8). From (7) the long-run value of the firm is 

v., = z in all cases. When v = v." there is no new entry into (or exits 

from) the industry. The steady-state number of firms in the industry n., 

is the solution to the equation: 

flen) = rz. (9) 

If n = fl." the firm's value does not change. Thus, the steady state s 

differ only in the limit number of firms. In this section we do not deal 
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with the case of two steady states. If the system (7)-(8) has three 

stationary states, one can relate them with varying degrees of 

competition in the market: low, medium, or high. 

Proposition. The unique long-run equilibrium is always asaddle 

point of the system (7)-(8). In the case of three stationary states the long

run equilibria with minimal and maximal number of finns are saddle 

points, while the steady state with the medium-Ievel number is either the 

unstable node or the unstable focus. 

The characteristic equation for the system (7)-(8) is 

e -r~ + a7r'(n) = 0, 

and the eigenvalues are ~ = [(r ± (il - 4a7r'(n))1/2]/2. When 7r'(n,.,) 

< 0, there are a couple of real eigenvalues with different signs, and the 

stationary state in this case is a saddle point. When 7r' (n,.,) > 0, and 

a is sufficiently small, both characteristic roots are positive and the 

medium-Ievel equilibrium is an unstable node. If 7r' (n,.,) > 0, but a is 

large, the roots are complex-valued with positive real parts. Thus, the 

medium-Ievel stationary state is an unstable focus. 

Define the equilibrium path as a trajectory of the system (7)-(8) 

converging to one of the long-ron equilibria. Given the initial number 

of firms Do, the equilibrium path is determined by the initial evaluation 
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of the firm vo. Equilibrium paths for the above cases of the model 

behavior are drawn as solid lines in figures (3)-(5). 

There is one saddle point when incumbent's profit is decreasing 

with competition, fr I (n) < O for all n (fig.3). For each initial number 

of firms no there exists a unique initial value Vo that determines the 

equilibrium path. The industry converges to the long-run equilibrium 

n.., regardless of the initial number of firms. 

When there are three stationary state s and the "middle" state is 

an unstable node, the industry evolution depends on the initial number 

of finns (fig.4). If it is below the medium-Ievel number n.., = n2, then 

competition will be low in the long-run, since n tends to n.., = nI' the 

minimal limit number. If no is in the interval (n2 , n3), entry dominates 

exits and the number of firms converges to n.., = n3' the maximal 

equilibrium number. In this case the equilibrium path is unique: for 

each initial number of firms no there exists a unique initial value Vo 

that specifies the industry evolution to one of the long-run equilibria. 

The industry dynamics are more interesting when the medium 

stationary state is an unstable focus. This is the case when the 

parameter a is large, which means that entrants' adjustment costs are 

negligible. The system (7)-(8) describes non-explosive cyc1ical 

fluctuations that are not dampened but transform to the regime of 

monotonous growth. 
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Cyclical movements are explained by the S-shaped profit function 

ll(n). When firm's value v exceeds opportunity costs z, the number of 

firms increases be cause of (7). As profit goes up, the value begins to 

decline, according to (8). When it becomes lower than entry costs z, 

the number of fIrms decreases. 

An equilibrium path, departing from the medium-Ievel 

equilibrium, fluctuates around it with growing amplitud e and then 

converges to one of the saddles. There may be three cases portrayed 

in figures Sa-Se. In the first case there are two different equilibrium 

paths with cyclical behavior. One of them converges to the high

competition long-run equilibrium n3, and another - to the low

competition equilibrium nI (fig.Sa). 

In the second case there is a unique cyclical equilibrium 

trajectory that comes to the maximal-Ievel equilibrium n3 (fig.Sb) and 

the non-cyclical equilibrium path going to the minimal-Ievel 

equilibrium nI' The value of firms is notably below the cost of entry z 

when the industry moves along the non-cyclical path. The third case is 

the reverse of the second: the cyclical equilibrium trajectory converges 

to the low-competition equilibrium nI' while the non-cyclical path 

overestimates firms' value (as compared with entry costs z) and goes 

to the high-competition saddle point n3 (fig.5c). 

Similar cyclical behavior of equilibrium trajectories is 

demonstrated in a recent paper [Gali, 1994] reconsidering the 
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neoelassical model of economic growth in the presence of price 

markups. However, that paper mentions only the first case with two 

different cyelical equilibrium trajectories departing from the unstable 

focus. 

The cyclical dynamics imply a multiplicity of equilibrium paths. 

For a given initial number of firms llo there may be many inital values 

Vo specifying the movement towards one of the steady states nl and n3. 

There are infinitely many initial values Vo if the initial number llo 

coincides with the medium equilibrium n2. 

The long-ron industry evolution is thus determined by the initial 

evaluation of incumbent firms, vo, given the initial number of firms llo. 

The institution for this evaluation is the stock market. If it believes 

that the industry will move to the steady state with a low or high 

degree of cornpetition, it estimates the value of firms according to 

these expectations. 

Initial values of firms Vo related to paths coming to the steady 

states n l or n3 may not differ much when there are two cyclical 

equilibrium trajectories (fig.Sa). The eloser is the initial number of 

firms to the focus n2' the less may be the distance between those initial 

values of firms. However, when there is only one cyclical equilibrium 

trajectory, the stock market notably overvalues (fig.Sb) or undervalues 

(fig.Sc) firms (related to z) if it does not believe in the cyclical 

evolution. 
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These results demonstrate the role played by the stock market, 

or more broadly by financial markets, in economic development. Their 

impact on economic growth is discussed in several recent papers, 

demonstrating the evidence that financial development correlates with 

growth (Pagano 1993, At je and Jovanovic 1993, King and Levine 1993). 

One interpretation of these empirical results could be that current or 

expected economic growth to alarger extent stimulates development 

of financial markets. In our model, however, the stock market is 

responsible for the initial evaluation of firms and, hence, for the 

pattern of the long-ron industry evolution and its dynamic efficiency. 

2.2 R&D Externalities and Quality Ladders 

We assumed ab ove that the profit function n(n) is monotonously 

decreasing (fig.1) or has an S-shape (fig.2). Now we suggest an 

explanation for this hypothesis based on a modified quality ladders 

mod el. 

Following the existing quality ladders literature [e.g. Grossman 

and Helpman 1991, Segerstrom et al. 1990, Segerstrom 1994] suppose 

that the industry product has a countable number of qualities j = -

1,0,1,2,3, ... with higher quality represented by higher number j. At each 

time interval (t, t + dt) firms are engaged in R&D competition with one 
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winner or no winners. The winner is a firm that innovates first and for 

a period wins quality leadership in the industry. There is no winner 

during the period dt if no frrm is successful. The winner enjoys a 

temporary monopoly position du ring this period and extracts monopoly 

rents. Loosers upgrade their quality level through imitation, so in the 

case of successful innovation by one firm all others also move to the 

higher "quality lad der" at the beginning of the next period. The latter 

point constitutes a difference to the previous quality lad der models 

where the leading firm becomes a Iooser only if some other firm 

manages to reach a higher quality lad der. 

If quality is upgraded during time interval (t, t+dt), the market 

is supplied with two brands of the product. Consumer expenditures are 

allocated between the obsolete and the new good. At each moment 

consumers maximize the instantaneous utility ln( dl + ld2) subject to 

the budget constraint Pldl + P2d2 = E(t), where dl and d2 denote the 

quantities of the obsolete and the new good, respectively; Pl and pz are 

the respective prices of these goods; E(t) is consumer expenditure at 

the time t; l > 1 represents the extent of quality improvement. As in 

Segerstrom [1994] consumer expenditures are constant over time, 

E(t)=E. 

Quality adjusted prices must be equal in equilibrium: Pl = p2/1. 

Non-Ieaders are Bertrand competitors charging prices at the unit eost 

level normalized to one. Hence, the winner of the R&D race inereases 
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the price exactly to the extent of quality improvement: pz = l. Actually 

the leading firm becomes a monopoly producer, because infinitesimal 

price reductions allow it to take over the market. It means that dz = 

E/pz. Thus the monopoly surplus obtained by the winner equals: 

4 = (Pz - l)E/pz = (1 - l/l)E. 

The expected monopoly profit from each race is a product of 4 

and the probability that the firm i will become a winner. Successful 

innovations arise as a result of a Poisson process with an intensity 

depending on R&D efforts and the number of firms in the industry. 

The probability that one firm innovates successfully during the period 

dt is a function of R&D intensity h and the number of firms at the 

current moment n(t): 

Pr (one firm is a winner) = h(l - ae-bn(t)dt, (10) 

where a, b are positive parameters, a < 1. All firms have equal 

chances at the beginning of time interval (t,t+dt). Hence, the 

probablity that any firm i innovates successfully is h(l - ae-bn)n-1dt. 

The probability (10) roughly equals the probability that at least 

one firm innovates successfully because it is unlikely that two or more 

firms innovate successfully in a small interval. The exponential function 

(10) with discrete n is a limit case of Bernoulli trials, modelling 

attempts by each firm to promote innovations in the market. Let ID be 

the number of trials made by a firm, p be the probability that the 

attempt will be successful. Suppose there is a chance - for exogenous 
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reasons - of one firm innovating successfully with out any trial with 

probability Po- Then the probability that at least one firm innovates 

successfully is 1 - (lPo)(I-p)mn. Given that the number of trials m is 

large and the probability p is small, this is close to the exponential 

function 1 - ae-bn, and a = l-po, b ~ mp. T h e e x p e c t e d 

monopoly surplus from winning R&D races in the time interval 

(t, t + dt) is II( n,h )dt = & h( 1 - ae -bn)n-1dt. The instantaneous expected 

net profit is: 

7r(n,h) = &h(1 - ae-bn)no1 - ao1ho, (11) 

where ao1ho are firm's R&D expenditures as a function of R&D 

intensity. We suppose that a > 1, which means diminishing returns to 

scale in R&D on the disaggregate level. Segerstrom (1994) proposes 

R&D technology with constant returns to scale for the individual firm 

and decreasing industry-wide returns. 

At time t firms choose R&D intensity maximizing (11). It is easy 

to show that argmaxh7r(n,h) == h(n) = [&(1 - aeobn)n-1]1/(Ool). Inserting it 

in (11) we derive the instantaneous profit function 

7r(n) = (1_1/a)[&(I_ae-bn)no1]O/(ool). (12) 

It is monotonously decreasing or has the S-shape. To simplify formulas 

let a = 2. In this case 

7r'(n) = - (27r(n»1/2&[n-2 - ae-bn(bnol+no2)]. 

The expression in square braekets is negative if e-bn > l/a(l + bn). This 

either holds for some interval of n bounded away from 0, or does not 
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hold for all n, because a < 1. Consequently, the profit function (12) is 

S-shaped or monotonously decreasing. The intuition behind the S

shape profit function is that the positive external effect of R&D 

dominates the negative effect of increasing competition. 

The intensity of R&D is a monotonously increasing, concave 

function of expected profits. Indeed, from (12) 

h(n) = [(1 - l/oJl71(n)]l/CI. 

Expected instantaneous profits 7l(n) are, in the industry evolution 

model, the same in the long-run equilibria with low and high numbers 

of firms. Hence the intensity of R&D is the same under high and low 

competition. R&D activity is persistent because the long-run expected 

profits are positive. 

2.3 R&D Externalities and Production Costs Economizing. 

A profit function with the above properties can also be derived 

from another model ofR&D competition. Suppose that product quality 

does not change throughout time and the R&D parameter is unit 

production costs c. Further we assume that there is cost pressure, e.g. 

rising real wages, that in the absence of R & D continuously raise 

costs. Thus some R & D is required merely to keep costs eons tant. 

The instantaneous net profit function can be represented as 
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1T(n,c) = II(n,c) - S(n,c) (13) 

where II(n,c) is defined as firms' expected operating profit and S (n, c) 

is R&D expenditures. As above, total consumer expenditures are E iS 

constant. The price is also constant in time and normalized to one. 

Firms divide the market on equal shares, thus each currently producing 

E/n units of output. A representative firm expects to obtain operating 

profit: 

II(n,c) = (1 - c)E/n. (14) 

R&D expenditure is a linear function of R&D intensity y(c): 

S(n,c) = d(n)y(c), (15) 

where d(n) is the marginal cost of R&D which, because of externai 

effects, depends on the number of firms. 

Suppose there is a lower technological limit for the unit costs 

co < 1. For an individual firm R&D results in keeping the unit 

production costs at some level ab ove the technologicallimit. The closer 

unit cost c is to the minimalievei Co , the higher R&D intensity is and, 

consequently, the higher are R&D expenditures S(n,c). This is a close 

paralIei to the assumption of decreasing R&D returns used in 

Segerström [1994] and in the above quality ladders mode!. We choose 

the following function as a measure for R&D intensity: 

y(c) = l/Cc - co), (16) 

which implies that R&D costs are unboundedly increasing if c 

converges to co' 



Inserting (14)-(16) into (13) we have 

1T(n,C) = (1 - e)E/n + d(n)/(eo - c). (17) 

Profit-maximizing unit eost is 

e(n) = eo + (d(n)n/E)1/2 (18) 

and 

1T(n) = (1 - eo)E/n - 2( d(n)E/n)1/2. (19) 

Consider an example of the marginal R&D eost funetion: 

d(n) = ne-vn, 

20 

where y is the positive parameter. The profit funetion (19) in this ease 

has the shape depieted in figures 1 and 2. Indeed: 

1T' (n) = -(1 - eo)E/n2 + y Ee-vn/2. (20) 

The funetion (1 - eo)/n2 either interseets yEe-vn/2 in two points or 

locates above it for all n. In the former ease we have the S-shape of 

the profit funetion (19) as shown in figure 2, and in the latter ease it 

is monotonously deereasing as depicted in figure L 

One can interpret (20) as a result of two opposite effects of new 

entry on the incumbent's profit. On the one hand, profit is decreasing 

with new entry through market eompetition, and on the other hand, it 

can inerease beeause of the positive R&D externality. Note, that the 

same is true for a more general dass of marginal eost funetions: 

d(n) = nBe-l.n, (21) 

where B exeeeds -1. 
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Consider which of the long-run equilibria of the industry 

evolution model yields higher R&D intensities. Using (18) the profit 

function (19) is represented as 

ll(n) = (1 + Ca - 2c(n»E/n, (22) 

that is 

c(n) = (1 + Ca - 1l(n)n/E)/2. (23) 

Since instantaneous profit 1l(n) is positive and equal in the long-run 

equilibria, (23) implies that c(n1) > c(n3). Thus, unlike the ab ove 

quality ladders model, R&D activity is more intensive in the high

competition steady state. 

2.4 R&D subsidies and industry evolution. 

Incumbent firms may incur losses when competition in the 

industry reaches some critical level. Instantaneous profit can be 

negative in the version of the model with unit cost economizing 

through R&D. According to (22) R&D is unprofitable if c(n) > (1 + 

co)/2. From (18) this is equivalent to 

d(n)n > (E/4)(1 - co? 

Thus if minimum unit costs Co are high or consumer expenditures E are 

small, the profit function is negative in the interval of firrns' number 
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bounded away from zero. The loeal minimum of the funetion 7T(n) 

inside this interval is aetually its global minimum. 

Expected profit is positive in the ease of the quality ladders 

model (12). However this type of R&D eompetition may beeome 

unprofitable if there is a network externality. As an example, sharing 

network expenses CN adds a new inerement to the profit funetion (12): 

7T(n) = (1/2)[å(1-ae-bn)n-l ]2 - CN/n (24) 

(here (J =2). In this ease instantaneous profit turns negative for large 

n. 

Suppose the government is able to intervene by subsidizing 

R&D through uniform lump-sum transfers. Formally the eonstant 

inerement S > O adds to the profit funetions (22) and (24). This 

modifieation signifieantly affeets the model's dynamics. As was pointed 

above the system (7)-(8) may have two steady states. This occurs when 

the S-shape profit funetion 7T(n) is positive for all n and the loeal 

interior minimum of this funetion beeomes the global minimum (if it 

is less than 1~ ..... 7T(n) = S). These steady states correspond to the low 

and medium degrees of competiton in the long-run (fig. 6). The high

eompetition steady state n3, thus, does not exist in the ease of two 

stationary states. 

The equilibrium path starting from the unstable steady state n2 

goes to the low eompetition state nl . Those trajeetories of the system 



23 

(7)-(8) moving the number of firms to infinity do not converge to any 

long-run equilibrium and do not describe equilibrium dynamics. It 

means that R&D subsidizing implies a pattem of evolution which is 

the opposite of that generally intended by policy-makers. Subsidizing 

benefits all firms in the short-run, but in the long-run it decreases 

finns' values and induces exits from the industry. 

R&D subsidies are useful when two steady states do not appear, 

i.e. the loeal interior minimum of the S-shape profit function 7r(n) is 

higher than the amount of lump-sum transfer S. In this case subsidizing 

leads to disappearanee of the low and medium-competition steady 

states. Thus the dynamie is favourable, since it moves the industry to 

the unique high-competition state. However, policy-markers must be 

careful about the influence of R&D policy on the long-run evolution 

of industries. 
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3. Empirical analysis 

A number of issues have to be resolved to make the theory 

empirically tractable. The main issue is perhaps that we do not expect 

R & D externalities to be most significant in the kind of step by step 

technological improvements that characterizes most production. 

Rather, significant R & D externalities should be most likely in more 

advanced and long-term R & D projects. An empirical problem is that 

there is a considerable lag in these projects between R & D investment 

and eventual production and profits. As a result it is difficult to apply 

directly the relationship in the theoretical model between R & D 

investments on the one hand and output and profits on the other hand. 

We solve this dilemma by concentrating on advanced R & D 

projects in a number of areas, using a database that contains all 

competitors, worldwide, working on the respective technology. The 

database is a panel which allows us to follow the number of 

competitors in each technology and their investments in that particular 

line of research. 

The basic theoretical model is implemented in the following 

manner. The basis for estimation is equation (1) above 
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Here the index idenotes each R & D race. v is the present value of 

future profits for any finn. Expected profits determine current R & D 

investments. We observe R & D investments, but not profits. 

Therefore we assume, following equation (21) above, that the 

functional form for R & D investments d( n) as a function of n, and 

omitting index i, is 

Further, following (19) profits are a function of d(n) such that 

1t - A/n - 2(d(n)E/n)1/2 - So (26) 

The complete function to be estimated is then 

As an alternative we also estimate the quality ladder model 

which takes the following functional fonn. 
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This ean be simplified to 

Initially we treat a z in the unit eost eeonomizing model as a 

fixed, eons tant eost that is the same for all entrants. Estimating this 

funetion allows tests of whether there is support for the idea of R & 

D externalities. 

As a next step we examine the eomposition of ehanges in n and 

test how these depend on various eountry-specifie faetors. In those 

estimates a z is interpreted as an entry eost that differs between 

eountries as a funetion of various variables like skill levels relative 

eosts and others. 
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Data 

A large part of the data come s from interview surveys among Swedish 

industrial firms that were conducted between 1987 and 1992. These 

surveys are described in Fölster (1991a, 1991b). The surveys were 

concerned with determining the effects of government subsidies for 

industrial R & D and firms' technological competitiveness in relation 

to foreign competitors. The parts of the database concerned with R & 

D cooperation are described in Fölster (1994). 

In these surveys individual R & D projects are identified. For 

each project aimed at developing a specific technology firms have 

supplied information on R & D investment levels as weIl as who 

potential international competitors are and which of those actuaIly are 

engaged in similar R & D. Also patterns of R & Dcooperation were 

identified. Firms were asked to reconstruct this information for the 

period since 1980, thus creating a panel. 

Of ten firms are reluctant to reveal such detailed information. 

Since the surveys were conducted by an institute (The Industrial 

Institute of Economic and Social Research) with c10se ties to industry, 

and the surveys were carrie d out as personal telephone calls to 

managers or research managers, firms were quite open. 

The firms were randomly selected among industrial firms that 

spend at least 5% of revenue on R & D. Of the contacted firms 9% 
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refused to answer at all. The remaining finns were asked to pick a 

representative sample of 3 R & D projects. Only in 13 cases did finns 

say that they could not pick a representative sample because they did 

not want to reveal details of a particular R & D project. In sum, the 

data should represent areasonably unbiased sample of research

intensive Swedish industrial finns' R & D projects. 

The Swedish finns could often supply sufficiently detailed 

infonnation even about competitors' projects. To be sure, however, 

the competitors were contacted as weIl and asked to confirm the 

information. Among the foreign competitors the reply rate was 

considerably lower. Of those contacted 46% responded. Not all of 

those supplied detailed information. The response of these firms was 

sufficient however to ascertain that the Swedish firms' information 

about their competitors was generally accurate. 

All in all 45 technologies are inc1uded in the sample. A 

"technology" is narrowly defined based on the Swedish firm's project 

definition. Table 1 shows various characteristics of the technologies, 

the market structure in each of these "races", and what fonns of 

cooperation existed. 
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Table l. Description of the data. Number of tecbnologies in eacb 
field, and average number of competitors and cooperative 
agreements within eacb tecbnology. 

Technology Hof Average # of Average # of 
tech- competitors cooperative 
nologies agreements 

Medical-
and biotech 7 12.8 1.4 

Communication 4 9.6 1.6 

Energy 5 8.2 2.1 

Environment 4 16.3 3.1 

Information 8 8.1 1.7 

Lasers 2 14.6 2.0 

New materials 4 5.7 1.3 

Robotics 6 21.2 4.1 

Transport 5 12.0 3.6 

Table 2 lists the variables used in the estimations. The first 

estimation only uses the number of firms in each race and R & D 

expenditures, while subsequent decomposition of the number of 

competitors in each race also makes use of the country variables. 
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Table 2. The variables. 

n Number of finns 

d R & D in US dollars 

Country data: 

NC 

SALES 

number of finns in the country that are competing in 
the R & D race. 

The firm's total sales in related technology, in US 
dollars. 

TECHCOMP The firms' technological competence in the 
technology at the inception of the project, as judged 
by competitors, on a scale of 1 - 10. 

SUB Size of average subsidies to a research project, in 
percent of RD. 

ED University graduates in each respective category in 
1000's 

SIZE Size of the country in millions of inhabitants 

R & D race estimations 

The dependent variable consists of integer values between -4 and + 5 

seen over all time periods and can be approximated by a continuous 

variable. We use a standard maximum likelihood method. The 

coefficients are estimated as shown in Table 3. The overall flt of the 

model is quite good. 

Table 3 als o shows estimation of the quality ladder model with 

and with out the network externality coefficient CN. 
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Table 3. Maximum Iikelihood estimates of equation (24). 

Coefficients Basic Quality lad der Quality ladder 
Model with CN with out CN 

CONSTANT 1.24 
(0.43) 

A 4.89 
(1.95) 

l 0.91 
(0.298) 

S 2.21 
(0.96) 

So 0.18 0.08 0.09 
(0.031) (0.02) (0.02) 

E 0.73 35.31 34.81 
(0.218) (11.2) (11.9) 

a 7.29 7.21 
(3.99) (2.69) 

b 0.3 0.31 
(0.10) (0.10) 

CN 0.1 
(0.06) 

In likelihood 916.4399 1012.87 915.01 

450 Observations. Asymptotic standard errors in parentheses. 

We interpret these coefficients in figure 7 where the profit 

function is drawn for basic mode1 and the quality ladder model with 

CN' We do not show the quality ladder model without CN since the 

coefficients and the shape of the profit function is so similar to the 

version of the model inc1uding CN' 

The estimations clearly support the notion of aggregate 

increasing returns to scale for a range of number of firms. The shape 



32 

of the profit functions shown in figure 8 is by no means force d onto the 

data. Both functions can exhibit monotonically decreasing forms for 

wide ranges of coefficients. 

In order to illustrate the implications of these results further a 

number of simulations are performed. 

Simulations 

Numerical analysis focuses on the influence of the real interest 

rate r on the industry evolution. The system (7)-(8) dynamics is 

simulated for the estimated parameters of the cost economizing model 

(Table 3). The behavior of trajectories for the quality ladders model 

does not differ much, so we present simulation results concerning only 

that mode!. 

Simulations demonstrate that all above cases of industry 

evolution are possible for a quite narrow domain of the real interest 

rate: r E (0.005, 0,07). The result is shown in Table 4 where "focus-a, 

b, c" relates to the cases depicted in figures 5 a, b, c, respectively, and 

"un. saddle p." means that there is a unique long-ron equilibrium which 

is a low-competition state. 

Table 4 

rxlOO%: 0.5 - 2.8 2.85 - 3.99 4.0 - 5.74 5.75 - ... 

Dynamics: "focus-b" "focus-a" "focus-c" uno saddle p. 

The case of unstable node (fig.4) is obtained for a higher value of 

entry cost parameter z than we used in the simulation. The favourable 

zone for the real interest rate is 2.85 - 5.75 %%, when the high-
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competition long-mn equilibrium is attainable. However in the interval 

4.0 - 5.75%% (case "focus-c") the stock market can undervalue firms 

and move the industry to the low-competition state. 

Figures 8-10 demonstrate the trajectories of the system (7)-(8) 

for r = 0.01, 0.03 and 0.05. The long-mn equilibria n1 and n3 are 

characterized in Table 5. 

r 

Table 5 

0.01 

3.05. 

20.15 

Country comparisons 

0.03 0.05 

2.75 2.62 

16.05 12.25 

A final step is to disaggregate equation (24) into where changes 

in the number of firms occur. We therefore replace the dependent 

variable with the change in NC, the number of competitors in each 

country. The countries inc1uded are the VS, Japan, Germany, France, 

England, Italy and Sweden. These countries account for 85% of 

competitors in the R & D races. 

The entry cost z is replaced by a vector of country-specific 

explanatory variables weighted by coefficients to be estimated. 

One problem with disaggregating the dependent variable is that 

NC never is larger than one or smaller than -1 and thus only takes 

three values: -1, O, 1. To solve this problem the dependent variable is 

adjusted by the relative size of each country. This creates variety 
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among the values of the dependent variable and at the same time 

controis for country size. 

Table 6. Maximum likelihood estimations of country-specific changes 
in number of competing firms. 

Explanatory 
variables 

A 

y 

B 

SALES 

TECHCOMP 

SUB 

ED 

SIZE 

Log likelihood 

Basic model 

5.46 
(2.533) 

0.61 
(0.243) 

0.896 
(0.242) 

1.90 
(0.62) 

0.22 
(0.06) 
0.03 
(0.0002) 
0.501 
(0.086) 

- 0.031 
(0.027) 

0.0023 
(0.013) 
0.001 

(0.0001) 

1267.9 

Standard error in parentheses. 

In table 6 the coefficients for the profit equation are similar as 

in the previous estimation. Of the country specific variables SALES, 

TECHCOMP and ED have the expected sign and appear significant. 

The degree of subsidization appears insignificant and actually has a 

negative sign. We hesitate, however to interpret this as support for the 
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theoretical result that subsidies can push firms on to the adjustment 

path toward the Iow-Ievel equiIibrium. An alternative explanation could 

be that countries with few entrants more of ten subsidize research. 

S. Conclusion 

The analysis supports the notion that there can be ranges of 

aggregate increasing returns to research in which an industry can 

converge to different equiIibria. The empirical estimations yield results 

consistent with the hypothesis that sub si dies can reduce chances of 

reaching the high-number-of-firms equilibrium, while technological 

competence and education seem to increase chances. 
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