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Innovation, catch-up, and leadership in
science-based industries

Isabel Almudi*, Francisco Fatas-Villafranca**} and Luis R. Izquierdo®

In this article, we seek to shed new light on the sources of industrial leadership and
catch-up in science-based industries. We propose an evolutionary model that in-
corporates scientists’ training and migration, endogenous R&D decisions, and
the possibility of funding capital accumulation through debt. The analysis of the
model allows us to characterize a robust pattern of industrial catch-up. Likewise,
the sensitivity analysis shows which parameters act as pro-catch-up factors or slow
down the process. The identification of stationary-state conditions of the model
helps us to interpret the simulations, and highlights crucial interactions between
technology-supporting institutions and market demand at the basis of industrial
catch-up. Finally, the robustness analysis reveals further interdependencies among

innovation, scientist mobility, and demand.

JEL classification: 033, B52.

1. Introduction

At certain times in the evolution of important science-based industries such as
chemicals, semiconductors, pharmaceuticals, medical devices, or computer hardware
and software, a few firms from one nation (or from a small number of nations) have
achieved commercial and technological leadership and then gone on to maintain it
for some time (Malerba, 1985; Nelson and Wright, 1992). Frequently, though, these
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apparently solid leadership positions have been altered by surprising leadership
shifts (Amsden, 2001; Murmann, 2003). Previous studies on the sources of industrial
leadership have highlighted the role of strategic, technological and institutional fac-
tors in these processes (Nelson, 2008). More recently, co-evolution models have been
proposed in which the sources of industrial leadership and economic catch-up are
formally analyzed (Fatas-Villafranca et al., 2008, 2009a, 2009b; Malerba et al., 2008).

In this article, we propose a model that clearly fits in with this literature, and aims
to shed new light on a relatively neglected aspect: the role of the international mo-
bility of scientists in industrial leadership and catch-up.

Recently, Thorn and Holm-Nielsen (2006) have shown that the high demand for
industrial scientists has led to an increase in skilled migration in recent years. In fact,
firms taking on highly skilled foreign-trained scientists have always enjoyed
well-known advantages (Mazzoleni and Nelson, 2007). For example, the develop-
ment of Japan in the 20th Century was helped by industrial researchers who had been
trained abroad. More recently, the role of American-trained talent in the rise of
Far-Eastern microelectronics was very significant (Hamilton and Glain, 1995).
Nowadays, the circulation of talent among Silicon Valley, Sao Paulo in Brazil,
Hsinchu in Taiwan, Singapore, Bangalore in India, Eindhoven or Frankfurt in
Europe, and Shangai in China is transforming industrial relationships at a global
scale (Zhang, 2003; Khadria, 2004; Saxenian, 2006).

Taking all this into account, we incorporate the international mobility of scientists
into an evolutionary model of industrial leadership. Our model presents a process of
market competition in a worldwide science-based sector. We assume that
price-making (for profit) firms, each one with a distinct national identity, compete
at a global level in price and product performance. They improve their prod-
ucts through R&D-based innovation activities, for which they need to contract
scientists specialized in relevant disciplines for the industry. Scientists in the model
are trained in national university systems and they can choose between staying
in their home nation, joining a national firm, or emigrating to work for a foreign
firm. We suppose that, when emigrating, they are attracted by better monetary con-
ditions and/or the possibility of a better development of their work. Certain national
peculiarities in the model (such as University policies or the role of institutions
supporting the advance of knowledge), as well as firms’ R&D spending (which evolves
endogenously, driven by certain learning mechanisms), determine the different mon-
etary and non-monetary working conditions for scientists in the different nations.

An important feature of our model is that we conceive global demand transform-
ation as a gradual process driven by consumers learning and by the competitiveness
of firms (in price and performance). At the same time, demand transformation
marks the rate of the firms’ output and capacity growth, with the possible case arising
where firms have to resort to debt to finance their growth.

Let us notice that our model is connected to certain challenges in evolutionary
economics. Thus, first, we formally link several evolutionary processes (firms’ market
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competition and scientists’ migrations at a worldwide level) within one co-evolution-
ary analytical framework (Malerba, 2006). Second, we study the interactive role of
innovation, university research, and training in industrial dynamics by incorporating
a Nelson—Phelps type innovation function (Nelson and Phelps, 1966). Finally, we
agree with Silverberg and Verspagen (2005) in that it may be the time to move
toward a new generation of evolutionary models. Thus, we propose a model
which incorporates fresh theoretical mechanisms, and we analyze it from a standard
scenario inspired by the so-called “Asian miracle.”

Bearing in mind that we seek to understand the sources of leadership and indus-
trial catch-up in science-based sectors, we run the model from the standard scenario,
and we characterize a type of catch-up process presenting the following features:

1. the emergent firms enjoy an initial advantage in prices which they manage to
transform into technological convergence during the process;

2. for the technological convergence to take place, it is essential that emergent
nations can count on support from science-related institutions offering access
to the worldwide technological frontier;

3. if the aforementioned supporting institutions exist, the Nelson—Phelps-type in-
novation function ensures that the emergent firms enjoy an initial advantage in
R&D productivity;

4. if the emergent firms gradually increase their R&D spending, then the advantage
in R&D productivity gives way to a convergence in salaries;

5. in addition, a sufficient effort in educational expenditure, together with the ad-
vantage in R&D productivity and the convergence in salaries, lead to an increase
in the share of scientists working at the emergent industries. Then, technological
convergence and catch-up occur; and

6. finally, during the initial phases of the process, there are reasons why the emergent
firms may have to take on debts. If this is the case, the success of the catch-up
process depends on whether they can conveniently avoid problems of insolvency.

Afterwards, we carry out a sensitivity analysis that allows us to detail which par-
ameters act as pro-catch-up factors and which slow down or even prevent catch-up.
We also present a robustness analysis which shows that our results are solid.
Additionally, we obtain some mathematical results that guide the design and inter-
pretation of the simulations. These formal results highlight new properties of the
model. Specifically, we identify some stationary-state conditions revealing that
technology-supporting institutions and market demand interact in a crucial way at
the basis of industrial catch-up.

The article is organized as follows. We present the model in Section 2. In
Section 3, we outline an overview of the dynamics and we present some formal
results. Section 4 is devoted to the computational analysis. Finally, we summarize
our conclusions.
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2. The model

In order to simplify the model’s presentation, we will classify our assumptions into
five subsections: competitiveness, demand, growth, financing, and innovation.

2.1 The firms’ competitiveness

Let us assume that there are n (i = 1, ..., n) firms, each one with a different national
identity, competing at a worldwide level in a science-based sector. There is one firm
per nation, so we can identify the representative firm of nation i with the i-th
national industry.

We assume that the firms compete over price' p(#) and product performance x;(1)
(quality, reliability, size, speed, precision, etc.). Regarding prices, we will assume that
firms set prices applying a margin to the unit cost (larger margins for greater market
powers). Denoting the margin as a function of the firm’s market share by m(s(1))
and the total cost per output unit by ¢,(1), we assume that:

pi(t) = m(si(t))ci(t), m(si(t)) = 1, m(0) = 1,m > 0

For formal convenience, we will consider the following pricing routine that verifies
the aforementioned conditions (Fatas-Villafranca and Saura, 2004).

pi() = (1 + si()ci(?) (1

From (1), it is straightforward that firm 7’s unit profit is

mi(t) = pi(t) — ci(t) = si(t)ci(t) (2)

Regarding performance (x;()), we will establish, later, how firms improve their
products through R&D-based technological innovations. For now, given the vector
(pi(1), x/(1)), we can define the level of competitiveness of firm i’s product (as con-
sumers perceive it in the global market) in the following way:

yi(t) = (1 — ) =X _ PO =P

X
ijj.ﬁ_Zij

n n

, e (0,1)
(3)

X =

This formula captures the fact that consumers value both high levels of perform-
ance and low prices. The subjective relativity implied by the terms “high” and “low”
is quantified using the average across the different products, while the trade-off
between performance and price is regulated by parameter o (the price—performance
sensitivity of demand).

1 . . .
We use physical capital as numeraire.
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2.2 Demand transformation

There is demand-driven production and growth in our model. Regarding
the demand-side of the market, we consider that the global demand (Q41) grows
at a constant and exogenous rate ¢>0, starting out from an initial level Q(0).
Likewise, as s,(t) is the proportion of global demand supplied by firm i at moment
t—that is, its market share—we can see that the instantaneous demand of firm i
will be:

Q(1) = si(nQ(1) = si(NQ(0)e*', g > 0 (4)

If we consider that the consumers/users interact among themselves, observing
each other and disseminating information regarding prices and performances of
different products, we can assume that there will be a gradual process of demand
transformation. That is, consumers will withdraw their demand from certain firms
and pass it on to others with a higher level of competitiveness y,(t). Drawing on
Metcalfe (1998), we propose that this process of demand transformation can be
represented by:>

Si o
S—i:yi—ys Vi=1,...,n (5)
with y; = ¥;5jy; and % s;=1

Using equations (4) and (5), we can derive the rate gf’ at which demand for
product i grows:

\d

_
Qf

d

g :g—'—yl—% Vi:l,...,l’l (6)

Thus, it is clear that those firms with higher than average levels of competitiveness
will tend to capture a greater proportion of the demand, thus reaching above-average
demand growth rates gf'.

2.3 Production and growth

Let us see how production and growth fit the evolution of demand. Starting out from
a supply—demand equilibrium for each firm,” Q;(0) = Ql‘-”(O) = Q;(0), we assume

A formal micro-foundation that gives rise to this replicator-like equation can be found in
Fatas-Villafranca, Saura and Vazquez (2009b). In this derivation, it is assumed that consumers
switch from product i to product j only if the competitiveness of product i is lower than that of
product j, and they do so at a rate equal to the difference in the perceived competitiveness of the two
products.

*For simplicity, we assume market-clearing and we do not consider the possibility of start-ups.
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that each firm’s growth rate follows the growth rate of its demand, given by (6).
Hence, if we assume that all firms produce in accordance with technology

Qi(t) = AKi(1), A>0 7)

the following must be fulfilled:

K; &
k=l =S o
gi—Ki gz s gz

Taking (6) into account, the previous expression can be written as:

K S; _
=8t+—-=8tVi—Vs (8)

I
K; S

8 =

That is, the growth of physical capital* (Ki(t))—and, therefore, of the output—in
each firm fits the growth of its demand in such a way that, at all times,
Qi(t) = Qi(t)=Q¥r) is fulfilled. Moreover, as Q(t)= > Qij(t) and

K(t) = T Kj(t), it is clear from (4) and (7) that si(t) = 3 = 0.

2.4 Financing

2.4.1 R&D spending
We now assume that once firms have covered their costs, they need to finance both
their R&D activities and their investment in physical capital. Regarding R&D, we
assume that the firms finance these activities with current profits; that is to say, they
do not resort to external financing for these expenses. Previous contributions in the
literature (see e.g. Chiao, 2002) associate this behavior with the uncertainty of R&D.
To be specific, we assume that the firms devote a proportion r,(t)€(0, 1) of their
current profits to R&D, so that firm 7’s R&D spending at ¢ will be:

Ri(t) = ri(0)mi(1)Qi(t) )

Clearly, r(t) is a firm-specific operating routine. According to Silverberg and
Verspagen (2005), deciding the most convenient level of ri(#) has traditionally
been considered as an uncertain strategic choice. Therefore, instead of assuming
that r,(1) is calculated by applying any optimizing procedure, we will consider that
firms adapt this routine by imitating the behavior of their most successful rival. More
precisely, we will consider that firms update r(f) according to the following
expression:

ri = B(r*(t) — ri(t)), B €10,1) (10)

*We assume that the capital does not depreciate, which does not alter the results significantly.
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We denote by r*(¢) the R&D routine of the most profitable firm at any time
(r(t) = TargMax;(mi(n) (1)), and B is a learning parameter.

2.4.2 Debt and physical investment

Regarding physical investment, we assume that firms devote the necessary
proportion of their current profits (free of R&D expenses) to finance the growth
of K;. That is, they finance it as much as possible with their own funds before
resorting to debt for any remaining needs. This is seen in the following investment
function:

Ki = 6,(6)(1 — ri(1) (1) Q1) (11)

Considering equations (8) and (11), we obtain that 6;() is endogenously deter-
mined according to the following expression:

g+ (si/s)

b = T o) moA

(12)

This expression gives us the financial needs of firm i at any time. The following
cases may occur:

1. If 6;(t) < 1, the firm can finance its capital requirements with its own funds, and
may even be able to share-out profits if 6,(¢) < 1 and

2. if6,(t) > 1, the firm needs external financing. In this case, we assume that the firm
will obtain the resources it needs by taking on debt at an interest rate 7.

This latter possibility leads us to introduce dynamics for the evolution of the
firms’ debts. If we assume that firms pay off their debts at a constant rate
x € (0,1), we can see that the debt dynamics of each firm will be:

D; = Max{0; [(6:(t) — 1)(1 — ri(t)7i() QUD]} — xDi(t) (13)

Finally, the total costs of each firm will include production costs® and financial

costs. If we denote the debt to capital ratio of each firm by d;(t) = D)

0L it is clear that

firm 7’s unit cost will be

Ki(t) + (n + x) Di(t) _ 1+ (n + x) di(t)
Qi(t) A

ci(t) = (14)

*We assume that the total production costs per unit of capital (including capital rental) are
equal to 1.
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2.5. Innovation and institutions

2.5.1 Innovation

Let us denote by T(t) = T(0)e" the trajectory of the technological frontier of firm i.
The expansion of this frontier at a rate A; > 0 determines the possibilities of
innovation for firm 7 It is well known that X; depends on the efficiency with
which certain supporting institutions favor basic knowledge creation (national uni-
versities, public agencies and labs, industry—science interfaces, etc.). Given this ex-
panding frontier, we will assume, as in Nelson and Phelps (1966), that each firm
innovates by exploring the gap separating its actual technological level [x;(¢)] from
the technological frontier. This gap can be represented by (T;(#)-x;(¢))/x(f). As in
Nelson and Phelps (1966), we will assume that the rate of technological improvement
is an increasing function of each firm/nation’s human capital attainment, and pro-
portional to the gap.

For formal convenience, we will measure each firm/nation’s “human capital at-
tainment” by the proportion [h(t)] of the overall stock of scientists working in the
sector worldwide [H(t) = ¥; Hj(t)] that each firm employs at any time; that is
hi(t) = Hi(t)/ £j Hi(t). Then, we can represent the rate of improvement in each
firm product performance through the following (Nelson—Phelps type) innovation
function:

Ti(0)e"" — xi(t)

. H;i(1)
;i = zi(t) hi(t) = ( xi(t)

H() '~

) hi(t), hi(t) = 1,...,n (15)

The variable z(t) = ((Ti(O)e)"" — x,(1)) /xi(t)) can be identified with the product-
ivity of R&D.

2.5.2 Institutions: the markets for scientists
We will consider that H,(#) is determined by the supply and demand of scientists in
each firm/national industry. Moreover, we assume that supply and demand fit in-
stantaneously due to the flexible evolution of the scientific salary [w;(#)] in each
nation.

If we consider that firms devote their R&D budgets to hiring scientists at a price
given by the respective national scientific salary, the demand of scientists by firm i
will be given by:

Ri(1)

Hi(r) = wi(t)

(16)

The supply of scientists will come from two sources: first, those scientists trained
by the i-th national university system that join the corresponding i-firm; second,
those scientists that decide to migrate to firm i attracted by monetary and
non-monetary considerations.
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National university systems. For the sake of simplicity, we consider that the amount
of scientists trained in disciplines relevant for the industry, who finalize their training
in nation 7 at any time [y,(#)], coincides with the volume of public resources [B;(f)]
devoted to training in this discipline in the i-th national university system. If we
assume that this university budget grows linearly, we obtain:

yi(t) = Bi(t) = Bi(0) + bit, b; > 0 (17)

It can be seen that both the policy parameter b;, as well as parameter A; in (15),
capture very important aspects related to the efficiency with which certain
science-related supporting institutions function in different nations.

International mobility of scientists. Regarding scientist mobility, we assume that
there are two possibilities: remain in the same country (i.e. immobile scientists),
or move (i.e. mobile scientists). At any point in time, a proportion o€[0, 1] of the
total amount of scientists are assumed to be immobile, while the other (1-0) con-
stitute the pool of mobile scientists. Thus, if we denote by v,(#) the share of the global
stock of mobile scientists that join national industry i at t, we can consider that v,(f)
changes depending on salary differences and the possibilities that scientists perceive
to be able to carry out their work in different nations. With (15), we can associate the
effectiveness of scientists’ work in the different nations with the respective R&D

productivity (zi(t), i = 1,...,n). Thus, we define the attractiveness of a country i
as follows:
Wi — W zi—2z W . Z;
ai=(1—¢) ——+e=2—=; withW:Q;Zzzjj;se(O,l)
z n n

A nation/firm is perceived more attractive: the higher the salaries it pays and the
higher its R&D productivity. Like in equation (3), the subjective relativity implied by
the term “higher” is modulated using the average across firms, while the trade-off
between monetary and non-monetary considerations is regulated by the parameter ¢
(which represents scientists’ relative sensitivity to non-monetary considerations).

We model the movement of mobile scientists assuming that they will emigrate
from their current country 7 only if there are other countries that are more attractive
than theirs; when this is the case, they will emigrate from i to j at a rate proportional
to the difference in attractiveness, i.e. a rate proportional to (a;— a;). These assump-
tions at the micro level give rise to the following equation at the macro level (see
Fatas-Villafranca et al., 2009b):

v
— = i—U;'thU=§,u;§,-=1. 0 18
” ¢(a; — ay); with @ ; Vi ;Ui > (18)

1

where parameter ¢ controls the sensitivity of the immigration ratio v,(¢) to differ-
ences in the attractiveness of each country. Thus, equation (18) establishes that those
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firms from specific nations which pay scientists better, or which offer better condi-
tions for developing their activities, will attract more mobile scientists than the
others.

Scientists’ wages. Assuming market clearing at any time, the following condition
must be fulfilled:

Hi = o(y(0) + Hi(0) + vi(0(1 =) (3 30+ H®)) = Hi(1) (19)

Note that the first term in the right hand side of equation (19), i.e. o(y(f) +
H,(1)), refers to the number of immobile scientists in country i at time ¢, while the
second term, i.e. vi(£)(1 — 0)(3_y(1) + H(1)), refers to the share of the total pool of
mobile scientists that decide to emigrate to country i. From (16) and (19), we can
obtain the dynamics of the national scientific salary which guarantees market clearing
in (19):

ﬁ Ié,» 3 o(yi(t) + Hi(1)) + vi(t)(1 — a)(z yi(t) + H(t)) — H;(t)

w TR, Hit) (20)

3. Overview of the dynamics

Figure 1 summarizes the main interactions among the most important variables
in the model. The variables that are more closely related to scientist mobility are
represented toward the left, while the variables more related to the product market
appear toward the right. These two subsystems affect each other in a number of
ways. Thus, there are several negative feedback loops (dashed arrows) that favor
the stability of various variables. For example, higher R&D productivities z; have a
positive effect on performance x; but the increase in performance diminishes the
gap that separates the technological level from the technological frontier; thus, it
lowers R&D productivity (FBI, Figure 1). Similarly, higher competitiveness has a
positive effect on market shares, which lead to higher prices, which in turn imply
lower competitiveness (FB2, Figure 1). Finally, greater salaries attract mobile
scientists, thus increasing the number of scientists, and favoring lower salaries
(FB3, Figure 1).

These feedback loops lead the dynamics of the model toward different stable
regimes. Given the complexity of the model, we have carried out the analysis
mainly through simulations. We have also conducted a mathematical analysis to
identify various properties of the stationary points of the system. The mathematical
analysis has guided both the design and the interpretation of our simulation experi-
ments. Here, we summarize some properties of the stationary states (see proofs in
Appendix A).
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-
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p={+5)g

Figure 1 Interactions among the most important variables in the model. A solid arrow from
X to Y denotes that an increment in variable X implies an increment in variable Y.
A dashed arrow from X to Y denotes that an increment in variable X implies a decrement
in variable Y.

In any stationary state,® individual firms are either out of the market or, if they
manage to hold a positive market share, then, in the long run, it must be fulfilled
that:

1. the proportion of scientists working for them equals their country’s immigration
ratio (hi(t) = hi = vi(t) = 0);

2. their R&D productivity is constant, proportional to the expansion rate of their
technological frontier, and inversely proportional to the share of scientists work-
ing for them (zi(t) = z; = %); and

3. their product performance grows exponentially according to the following
equation: x;(t) = X;(t) = l?\? et

The simulation analysis repbrted below—which considers more than 120,000
runs—reveals that the stationary states act as attractors of the system: the dynamic
trajectories of all simulation runs with @ € (0,1) and ¢ € (0, 1) finished arbitrarily
close to the stationary situations.

®That is, any state of the system where the relative position of firms (concerning market shares,
immigration ratios, and working scientists shares) remains constant. Formally,
§=0, hj=0,0;=0,Vi=1,...,n
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The mathematical analysis does not indicate which one of the stationary states will
be approached in any particular run. Thus, two crucial questions remain to be
answered:

1. what factors determine whether one particular firm will manage to sustain a
positive market share in the long run or, alternatively, will be pushed away
from the market? and

2. among those firms that manage to survive in the market, what factors make some
of them more successful than others in the long run?

These two questions are answered below, taking the standard scenario as depart-
ure point, and analyzing more than 120,000 computer simulations centered on this
scenario.

4. Computational analysis

Now, taking into account the stationary-state conditions obtained in Section 3, and
considering that we seek to analyze the sources of catch-up and leadership in
science-based sectors, we set out a baseline parametric scenario for the computa-
tional analysis of the model. This standard scenario is inspired by certain features of
the so-called “Asian miracle” (during the last third of the 20th Century). At this
point, one methodological remark is due: our model is not a “history-friendly”
model (Malerba et al., 2008); it is at such a level of abstraction that this kind of
analysis would be inappropriate. We merely start out from a simplified version of a
certain case to set up a starting point for our analysis. Also note that some of the
values in the standard setting do not depend on the chosen episode, but rather on
certain common sense considerations and reality-based impressions of how specific
mechanisms in the model ought to behave.

Once we have set out the standard scenario in Section 4.1, we run the model
in Section 4.2. We shall see that our model can generate simulation results in
which the emergent firms manage to grow and consolidate their position in a
high-tech sector. These processes occur despite the small initial size of the emergent
firms. In this way, the model allows us to propose and analyze a formally consistent
hypothesis about the factors that underlie these catch-up processes. The
stationary-state conditions in Section 3, together with certain additional results,
will be helpful to interpret the simulation results. In Section 4.3, we conduct a
sensitivity analysis where we identify the most critical variables in the model using
a symbiotic combination of mathematical analysis and computer simulation.
Afterwards, in Section 4.4, we carry out a robustness analysis that shows that our
results hold within a wide area of the parameter space around our baseline
parameterization.
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4.1 The standard scenario

During the last third of the 20th Century, a number of Asian countries (Korea,
Taiwan, Singapore, and Japan) experienced intense processes of economic growth.
One important factor behind this “Asian miracle” was the capacity of these countries
to assimilate leading technologies. Technological assimilation was so intense that
some Asian firms reached significant market positions in worldwide high-tech sec-
tors (Mowery and Nelson, 1999).

In order to explain this episode, Stiglitz (1996), Nelson and Pack (1999), or
Amsden (2001) have pointed to certain facts which we shall use as a reference for
our standard scenario:

1. the Asian countries achieved high savings rates and were able to channel these
domestic resources toward the accumulation of capital in high-tech sectors;

2. the Asian miracle was largely the result of export-led growth processes in
science-based sectors at a worldwide level;

3. part of this success can be put down to the huge effort made by Asian economies
to educate large numbers of scientists and engineers. The role of national uni-
versity systems was crucial in the process;

4. after an initial brain-drain, these countries attracted foreign-trained talent, which
was decisive in assimilating technology. The flow of foreign-trained human cap-
ital included both native-born scientists and foreign industrial scientists; and

5. the promotion of universities and public research institutions were also essential
for technological learning and economic catch-up. The “Korean Institute of
Electronics Technology” or the Taiwanese “Electronics Research and Services
Organization” were designed to raise domestic technological capabilities up to
the frontier levels (Mazzoleni and Nelson, 2007). These centers and their close
relationships with industrial R&D acted as focuses of attraction for
foreign-trained scientists.

Now, we shall see how it is possible to set out a standard setting that captures
these facts, in an abstract and simplified way. We propose the standard setting shown
in Table 1.

We shall interpret Table 1 as the context where an emergent firm [Firm 3, s5(0) =
K5(0)/K(0) = 0.05] attempts to consolidate its position in a worldwide science-based
sector. In this way, we try to capture fact 2—the export-led nature of industrial
catch-up.

We assume, for simplicity, that there are only n = 3 competitors in the sector: the
leader [Firm 1] with the highest initial market share s,(0) = 0.65, the emergent [Firm
3, 53(0) = 0.05], and the challenger [Firm 2, 5,(0) = 0.3]. In Table 1 we also assume
that 7,(0) = 0.1 > r,(0) = 0.08 > r3(0) = 0.06.

Likewise, fact 1 appears in Table 1 in the initially zero level of debt of the emergent
firm (D5(0) = 0). Note that we consider 7 = 0.1 and y = 0.2 in Table 1; that is, a
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Table 1 The standard setting

Industry Ki(0) D/(0) x;(0) r{0) w;(0)
1 130 100 0.8 0.1 0.05
60 30 0.75 0.08 0.05
3 10 0 0.7 0.06 0.05
Nation v(0) B{(0) b; T/0) Ai
1 0.45 0.9 0.2 1 0.01
0.45 0.9 0.2 1 0.01
0.1 0.2 0.2 1 0.01
9 A o B n be o ¢ €
0.05 1 0.5 0.05 0.1 0.2 0.9 0.1 0.5

high rate of interest and a short repayment period. These are plausible financial
conditions in high-tech sectors due to the high risk associated to these activities.

Fact 3 is reflected in Table 1 by the budget that nation 3 devotes to its university
system. This budget—given the size of industry 3 [B;(0)/K3(0) = 0.02]—is signifi-
cantly higher than its competitors’. Moreover, in Table 1, we assume that the annual
budgetary increase is identical for all three nations b; = 0.2, Vi. Since the initial size of
Firm 3 is only ~10% of its rivals’, we are assuming that the emergent nation makes a
significant budgetary effort to consolidate its position in the strategic sector.

Regarding facts 4 and 5, in Table 1 we have considered that T;(0) and A; are equal
Vi. Hence, we assume that the technological possibilities are the same for all three
national industries throughout the process. This feature of the standard setting in-
dicates that the emergent nation maintains institutional capabilities throughout the
process, which allow it to access technological opportunities similar to those of its
competitors. As we shall see in the simulations, these parametric values create the
conditions for many foreign-trained scientists to consider the possibility of working
in the emergent firm.

Finally, we assume that the initial immigration ratios match the shares of scientists
trained in the first iteration. More precisely, we assume v;(0) = B;(0)/XB;(0), Vi in
Table 1. Once the model starts, we establish that 0 =0.9 (10% of the scientists
consider the possibility of moving) and ¢ = 0.5 (we do not bias the preferences of
the scientists in terms of monetary versus non-monetary considerations). Nor do we
bias, for now, the demand of the sector (o = 0.5). Likewise, we assume that A = 1
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and we do not establish initial differences between the salaries in the different na-
tions. All these assumptions will be significantly relaxed in the robustness analysis
conducted in Section 4.4.

4.2 Simulation of the standard scenario

Starting out from Table 1, we run the model and obtain the simulation results
presented in Figures 2-5. All the simulation runs reported in this article can be
replicated using the applet provided in the Supplementary Data.

Figure 2 shows that the three competing firms end up controlling a third of the
market each. Let us define the convergence time t* as the minimum time where all
market shares are within a narrow band of width 0.01, |s;(¢*) — sj(t*)| < 0.01, Vi,j. In
the standard scenario, t*=66.70.

Figure 3 shows that the distribution of the share of scientists working in each

nation evolves very closely to that of the market shares. The essence of the conver-
gence process shown in Figures 2 and 3 lies in the ability of emergent Firm 3 to use its
initial price advantage to sustain a process of gradual convergence in product per-
formance. All along this process of technological catch-up, Firm 3’s advantage in
price is essential to sustain the level of competitiveness that enables Firm 3 to gain
market share steadily. Firm 3 manages to approach the (higher) product perform-
ance of its competitors because, all along the convergence process, Firm 3’s R&D
productivity is greater than its competitors’. This greater R&D productivity contrib-
utes to increase product performance directly, and also indirectly, by attracting
mobile scientists. This is illustrated in Figure 3, which shows that the share of
total scientists working in Firm 3 grows uninterruptedly.

0.7
s
‘ firm1
0.6
====firm 2
05 ——firm3
0.4
0.3
0.2 -
0.1
5 t
0 50 100 150 200

Figure 2 Time series of market shares in the standard scenario.
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Figure 3 Time series of the proportion of total scientists working in each nation in the
standard scenario.
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Figure 4 Time series of debt-to-capital ratios in the standard scenario.

Let us explain in detail the above-mentioned convergence process: from (3) and (5)
it is clear that the convergence process is driven by the evolution of prices and
performance in the different firms. Regarding prices, from Table 1, (1) and (14),
it can be seen that Firm 3 sets lower prices than its rivals. For this reason, it starts to
gain market share (Figure 2).

However, this initial advantage regarding prices is not definitive for three reasons.

1. As Firm3 gains market share, its price tends to approach that of its rivals—see (1).
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Figure 5 Time series of immigration ratios in the standard scenario.

2. Equations (12) and (13) show that a time will arrive when Firm 3 will have to take
on debt. This fact will wear down the price advantage of the firm. We show in
Figure 4 how Firm 3 increases its debt/capital ratio during the first part of the
process.

According to (12) and (13), the reasons for Firm 3 to take on debt are: first, the
intense growth rate of the sector g=0.05; second, the high rate s;/s; at which
Firm 3 initially gains market share—see Figure 2; third, the low initial profit of
Firm 3—see Table 1 and (2); and, finally, Firm 3’s increase in its R&D to profits
ratio—see (10).

3. Despite the initial price advantage, we can see in Table 1 that Firm 3 starts out
from x3(0) < x,(0) < x,(0). This disadvantage could have thwarted catch-up in
Figure 2, but Firm 3 manages to improve its product to match the level of its
rivals’—see (15).

According to equation (15), Firm 3 has two sources for improving its perform-
ance: the R&D productivity, and the proportion of scientists working at the emergent
firm.

1. Regarding R&D productivity zs(1), it is greater than that of the other firms during
the catch-up process [see the conditions in Table 1 for x;(0), Tx0), A;].

2. The proportion of scientists, h3(#) depends on both the national university sys-
tems and the international migration flows. In Table 1 it is clear that mobility is
not high, 1-0 = 0.1, so the domestic University funding b; = b, = b, is import-
ant. However, it is interesting to point out the evolution of immigration ratios
{Ui(t)}i:1,2,3 underlying Figure 3. We show this evolution in Figure 5.
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Figure 5 shows that the capacity of Firm 3 to attract scientists becomes very
significant. Equation (18) and Figure 1 help us to understand this result attending
to the dynamics of z,(t) and wy(). Thus, with (18) we know that the R&D product-
ivity in the emergent firm acts as a non-monetary attractor of highly skilled labor.
Therefore, z;(f) explains, partly, the convergence in Figures 3 and 5. Regarding
salaries, the dynamics of {W,‘(t)}izl, ,.3 is given by (20). From this equation, con-
sidering the determinants of R;(#)—(9), (8), (10), and (2)—it can be seen that Firm 3
benefits from three factors to sustain its R&D and salaries: its growing market share
s3(1), the increase in its R&D to profits ratio r5(f), and the sectorial growth g The
increase in s3(f) in Figure 2 favors the growth of salary ws(#) and, via this effect,
strengthens the increase in h5(f) in Figure 3. Finally, by comparing Figures 3 and 5,
we can see that the first stationary-state condition in Section 3 is verified, so that
hi = .

To sum up, the analysis explained above allows us to list the following charac-
teristics of the catch-up process generated from the standard scenario:

1. the emergent Firm 3 enjoys an initial advantage in prices, which manages to
transform into convergence in performance over the catch-up process;

2. for technological convergence to take place, it is essential that the emergent
nation can count on support from science-related institutions giving it access
to the worldwide technological frontier [T;(#) common Vi see also the next
section];

3. the previous characteristic means that Firm 3 enjoys an advantage in R&D prod-
uctivity. At the same time, we have seen how this firm manages to transform this
advantage into convergence in salaries over the process;

4. the convergence in salaries is possible thanks to the gradual increase in R&D
spending by the emergent firm;

5. the effort made in educational expenditure by the emergent nation, together with
its capacity to attract scientists, allow for a gradual rise in the share of scientists
working in the emergent firm; and

6. during the initial phase of the process, the emergent firm has to resort to debt to
finance its intense growth. However, as the catch-up process advances, Firm 3
manages to pay off its debt, thus avoiding insolvency.

4.3 Sensitivity analysis

In this section, we analyze the sensitivity of the dynamics obtained from the standard
scenario to changes in the main parameters. The stationary-state conditions
described in Section 3, together with a few additional mathematical results, will be
of help for our analysis. Let us start by analyzing the influence of the technological
frontiers, Tj(t), since they play a crucial role in the model. From equation (15), it is
clear that, ceteris paribus, firms with greater technological frontiers enjoy higher R&D
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productivities and can enhance the performance of their products beyond
their competitors’. This competitive edge allows them to capture a greater share of
the market. As we will see, this advantage is so important that, in any stationary
state, any difference in the technological frontier between two surviving firms
with the same unit cost necessarily implies a persistent difference in their market
shares (Appendix A). In particular, a situation where all firms share the mar-
ket equally can be stable only if the technological frontier is the same for all of
them. Conversely, if all firms have a common technological frontier (like in the
standard scenario), surviving firms end up dividing the market in equal shares.
This statement, which is supported by the robustness analysis summarized in the
next section, allows us to go deeper into the mechanisms that underlie the catch-up
process.

More precisely, in order to understand the specific influences of T;(0) and A, —the
parameters that shape the technological frontier of a firm—Iet us define ex;;, the
relative edge in performance of firm i over firm j, as:

ip

x,'—xj

eXjj =

And similarly, let es;; be the relative edge in market share of firm i over firm j, as:
Si— S
1+5

esi]- =

We show in Appendix that in any stationary state, the following condition must
hold between any two firms in the market with equal unit costs:

(I —a) - exjj =a-esj (21)

In particular, this condition reveals that in any stationary state, a greater product
performance implies a greater market-share. And, as explained above, the greater the
technological frontier is, the greater the performance. Here we focus on the role of
T40) and A; in giving an arbitrary firm i, the edge that will make it rise above its
competitors.

Departing from the standard scenario, Figure 6 shows the time series of Firm 3’s
market share for different values of T5(0). Clearly, a greater T5(0) implies a greater
market share s;; it is also apparent that differences in T;(0) do not preclude the
perpetual coexistence of various firms in the market. For instance, when
T5(0)=1.3 [and T,(0)=T,(0)=1], the model reaches a stationary situation
where Firm 3—with the greatest levels of product performance—captures 62% of
the market, while the other two firms—with lower levels of performance—set lower
prices and manage to retain 19% of the market each. In fact, if the market appreciates
low prices sufficiently (i.e. if « is high enough), it may be the case that regardless of
how large T5(0) is, there will always be room for the other two firms to compete in
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Figure 6 Time series of firm 3’s market share for different values of T5(0).
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Figure 7 Time series of firm 3’s market share for different values of T5(0) with @ =0.9.

prices. This crucial interaction between the technological frontier and the profile of
market demand (o) can be clearly seen in Figure 7, which shows the time series of
Firm 3’s market share for different values of T5(0), departing from the standard
scenario with @ =0.9.
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Figure 8 Time series of market shares in the standard scenario with A;=0.011.

The effect of A; is more fundamental, since differences in this parameter induce
differences in performance that can grow indefinitely. In particular, this means
that—ceteris paribus—the surviving firm with the greatest A; will end up with the
maximum edge in performance ex;; over any other firm j. As an example, consider
Figure 8, which shows the time series of market shares in the standard scenario where
A3 has been changed from A3;=0.01 (= A, =2A,) to A3=0.011 (> A;=2,). In the
end, the emergent Firm 3 gets hold of the whole market.

Whether the absolute advantage in performance induced by having the greatest A;
will translate in complete dominance of the market or not, is a question that depends
on the profile of the market demand («). Drawing on the expressions of ex;

it is straightforward that:

i and €Sij

—n < exijf n

—1 <

< esj < o <1

n+1 1
where # is the number of firms in the model (# =3 in the standard scenario). Using
that result and considering equation (21), it can be shown that if
a < (n+1)/(n+ 2), then the surviving firm with the greatest ; will end up acquir-
ing the whole market. Conversely, if « > (n + 1)/(n + 2) monopoly does not
necessarily occur. Again, this key interaction between the technological frontier
and market demand is illustrated in Figure 9: the market must value low prices
highly enough, to avoid a monopoly of the firm with the highest performance.

In the cases where o < (n+1)/(n+2) = 0.8, the emergent firm, having the
greatest A, ends up controlling the whole market. In contrast, in the cases where
o> (n+ 1)/(n+ 2) = 0.8, the three firms coexist.
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Figure 9 Time series of firm 3’s market share for different values of o, with A3 =0.02.

Table 2 Range of values within which firm 3 approaches its stationary market share of 1/3

g A o B n X o ¢ €

(0,00) (0,00) [0.17,1) (0,1] (0,1] [0,1] (0,1] (0,00) [0,1]
Ds(0) K5(0) B5(0) bs v3(0) w3(0) x3(0) r3(0)
[0,38] (0,00) (0,00) (0,00) (0,1] (0,00) (0,00) (0,7

Having understood that differences in technological frontiers are responsible for
persistent differences in market shares, we now turn to study the influence of the
other parameters. These parameters do not have an impact on how surviving firms
share the market in the long run, but they do influence (i) which specific firms
manage to survive, and (ii) how quickly surviving firms reach their long-run
market-share. Regarding the former question, consider Table 2, which shows, for
each parameter, the range of values within which the emergent Firm 3 ends up
approaching its stationary market share of 1/3, assuming the other parameters
retain its value in the standard scenario. Table 2 shows that most changes in one
parameter do not prevent the emergent firm from reaching its stationary share of 1/3.
Thus, the result that Firm 3 catches up is robust to changes in only one parameter at
a time.
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Table 3 Elasticity of #* with respect to the parameters in the standard scenario

g A o B n X o 14 € Aj T;

0.136 —-0.067 —-1.683 0 —-0.013 0.025 2374 —-0.054 —-0.258 0.154 1.147

D5(0) K5(0) B5(0) b3 v3(0) ws(0) x3(0) r3(0)

0.111 —0.404 -0.014 —0.087 -0.270 0.002 —1.313 —0.022

Elasticities have been calculated computing the effect of a 10% change of each parameter on £*
(D5 was changed from 0 to 1). The elasticity with respect to A; and T; refer to simultaneous
changes in all firms.

Regarding question (ii) above, we present in Table 3 the elasticity of the conver-
gence time ¥ with respect to various parameters.

In Table 3, positive signs show that the larger the parametric value is, the larger t*
is. Negative signs indicate that the larger the value of the considered parameter, the
earlier the convergence process ends. The signs of the elasticities in Table 3 indicate
that the process of convergence accelerates—that is to say, t* is lower—the higher the
values of @, ¢, and bs. Likewise, the positive sign of the elasticity of ¢ shows that the
higher the international mobility of scientists—that is, the higher (1-0) is—the lower
t*is. That is, the international mobility of scientists, the price/performance sensitivity
of demand, the sensitivity of scientists to non-monetary considerations, and the
budgetary effort of nation 3 act as pro-catch-up factors. On the other hand, the
positive signs of the elasticities of g x, and D;(0) in Table 3 show clearly that these
parameters slow down the convergence process.

It is interesting to interpret some of the mechanisms which underlie the elasticities
in Table 3. Thus, the negative elasticity of « reveals the pro-catch-up effect of this
parameter. The reason is that the higher the value of a—the price/performance
sensitivity of demand—the more intensely the emergent firm can make the most
of its initial advantage in prices. This means that Firm 3 gains market share first,
converges its R&D spending and salaries more quickly, and rapidly raises its share of
scientists. The latter fact favors the convergence of the firm in performance and
accelerates the process of catch-up.

The parameter ¢ also acts as a pro-catch-up factor. To be specific, ¢ indicates the
sensitivity of scientists to non-monetary factors. Its pro-catch-up character is ex-
plained by the fact that the higher the value of this parameter, the more scientists will
be captured by the emergent nation, which makes the most of its initial attractiveness
in questions of R&D productivity. This will accelerate the convergence in perform-
ance and catch-up.
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Our attention is also drawn to the high intensity of the effects of o (Table 3).
Clearly, the higher the international mobility of scientists (the higher 1-o), the lower
t* is. This is so because the emergent industry captures a greater volume of foreign
scientists, making the most of its R&D productivity, and converges in performance
with ease.

Finally, as we have seen, there are three factors which seem to delay significantly
the catch-up process. The first one is g Thus, the greater the growth rate of
the sector, the more difficulties the emergent firm experiences in completing
the catching-up. This is so as the emergent firm is obliged to take on more and
more debt, the higher the growth rate experienced in the initial phase. This rate
depends on g—see (8). The costs of this debt will wear down the initial advantage
in prices, and the market share capture is delayed while the catch-up process is
slowed down.

The other factors are x and D;(0). To be specific, the higher the value of both
parameters—i.e. the higher the initial level of debt in the emergent firm and
the shorter the repayment period of the debt—the greater the financial costs of
Firm 3. This wears down its initial advantage in prices and slows down the catch-up
process.

4.4 Robustness analysis

In this section, we assess the robustness of the catch-up process by studying a wide
range of parameter combinations around the standard setting. To be specific, we
have run 121,500 simulations of our model, one for each possible combination of the
parameter values shown in Table 4.

Extreme values of o and ¢ were included for the sake of completeness, but our
analysis is focused on the 43,740 simulation runs where « € (0,1) and ¢ € (0,1),

Table 4 Definition of the parameter values used to conduct the robustness analysis

o 0 0.25 0.5 0.75 1

& 0 0.25 0.5 0.75 1
o 0 0.25 0.5 0.75 1
Ie 0.1 0.5 0.9 1
x3(0) 0.7 0.5 0.1

r5(0) 0.08 0.06 0.01

ws(0) 0.05 0.025 0.01

Aj [0.005, 0.005, 0.005] [0.01, 0.01, 0.01] [0.05, 0.05, 0.05]
Ki(0) [135, 63, 2] [130, 60, 10] [115, 45, 40]

We have run the model for each possible combination of the parameter values shown in the
table. This adds up to a total of 121,500 simulation runs.
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Figure 10 Each pie chart summarizes the result of 4860 simulation runs at time t=1000. The
value of o and ¢ in each pie chart is determined by its horizontal and vertical position,
respectively. The 4860 runs result from the 4860 combinations of the other parameter
values, as indicated in Table 4. Within each pie chart, black represents the proportion of
runs that ended up in monopoly, dark gray represents convergence of two firms, and light
gray represents convergence of the three firms. White areas denote the proportion of runs that
did not finish in any of these categories.

which are the ones that lie within the boundaries of the model. Also, note that we
conducted the whole robustness analysis assuming that the technological frontier
is the same for the three firms, since the effect of differences in technological fron-
tiers has been studied mathematically in depth in the previous section. With
these conditions in place, the simulation analysis confirms that surviving firms
always end up dividing the market in equal shares: in all 43,740 simulation runs,
surviving firms converged to the same market share, i.e. the outcome at time = 1000
was convergence of the three firms, convergence of two firms, or monopoly
(Figure 10).
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Figure 11 Proportion of runs where the three firms converged by time t= 1000 (i.e. conver-
gence time t*<1000). Each column corresponds to 4860 simulation runs, giving a total of
121500 runs.

Figure 10 shows that convergence of the three firms is a very robust regularity in
our model, particularly for high values of & and £. Among the 43,740 runs within the
boundaries of the model, there is convergence of the three firms in all simulations
with @ > 0.5 and ¢ > 0.5, regardless of the value of the other parameters. The positive
effect of @ and ¢ on favoring the convergence of the three firms is best appreciated in
Figure 11, which shows the proportion of runs where the three firms converged by
time r=1000 for different values of « and ¢ in the whole simulation experiment
(121,500 runs).

The three firms can converge also for low values of « and ¢, but in those situations
convergence becomes dependent on initial conditions and on other parameters,
particularly on those that affect the process of technological catch-up. Thus, one
of the most important parameters in such cases is the rate of global innovation. As an
example, departing from the standard setting with & =0.25 and ¢ =0.25, it turns out
that if A;=0.05, monopoly prevails; if 1;=0.01, we obtain duopoly; and if ;= 0.001,
the three firms end up sharing the market equally. Similarly, one of the most crucial
initial conditions when « is low—i.e. when the market values performance highly—is
the initial performance of Firm 3, x5(0). Focusing on the simulation runs within the
robustness analysis where « =0.25 and £=0.5, only 5.2% of the 540 runs with
%3(0)=0.1 and A;=0.05 ended up with the three firms converging in market
share, while this percentage rises up to 100% if x3(0) =0.7 and ;= 0.005.
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5. Concluding remarks

We have proposed a model to analyze the sources of catch-up and leadership
in science-based industries. The model shows how emergent firms can consolidate
their position in a high-tech sector on the basis of innovation, competition,
and scientist mobility. Thus, departing from the standard scenario in Table 1, we
have characterized a robust pattern of industrial catch-up, and we have studied
which parameters accelerate or slow down catch-up. The analysis has shown that,
the price/performance sensitivity of demand, the sensitivity of scientists to
non-monetary considerations, the degree of scientist mobility, and the budgetary
effort of the emergent nation accelerate catch-up. The factors which slow down
the process are demand growth, the initial level of debt in the emergent firm, and
the rate of debt amortization. The robustness analysis shows that such results
are solid.

In addition, we have obtained some formal results which represent consistent
regularities of the model. Thus, the stationary-state conditions presented in
Sections 3 and 4.3 reveal the key role of the firms’ technological frontiers for indus-
trial success. Furthermore, as we have seen, these stationary-state conditions high-
light crucial interactions among technology-supporting institutions and market
demand at the basis of industrial catch-up.

The analysis in Section 4.4 confirms that our results are robust and points again to
interesting interdependencies among innovation, scientist mobility, and market
demand.
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Appendix A

Statement 1: In any stationary situation with o € (0,1) and ¢ € (0,1), individual
firms are either out of the market (i.e. 5;=0) or, if they manage to hold a positive
market share, then they present the following relations among their variables:

(@) hi(t) = hi = vi(t) = ¥,

(b) xi(t) = &(t) = P
14+

(© z(t)=z="%

o Ks

Proof of 1(a): In a stationary situation both the immigration ratios and the propor-
tion of scientists working in industry i must remain constant, i.e. h;i(t) = h; and
vi(t) = U;. Knowing that H = y(t) = Z]‘ yj(t), we obtain,

i A - H(n H H

noCTHG HO CTHO g0

Using equations (17) and (19):

ﬂ_m%m+au—®@m+Hm)
T y(t)+ (1 — 0)H()

And taking limits when t goes to infinity, we obtain that in a stationary situation the
proportion of scientists working in industry i must equal the immigration ratio of
that country in the long run, i.e. hi = U;.

Proof of 1(b) and 1(c): In a stationary situation the proportion of scientists working
in industry i must remain constant, i.e. h;(t) = hi. Performance levels are driven by
the differential equation:

% = hi(T(0)eM" — xi(r)) Vi=1,...,n
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As in Nelson and Phelps (1966), noting that hi > 0 we can solve these equations
arriving at:

Ti(0 i . Ti(0) ;.
xi(t) = | %(0) — Lx) et 4 xF, with x7(t) = Lz et
144 144
where
lim x(t) = lim x/'(¥) Vi=1,...,n
t—00 t—00

Therefore, in a stationary situation, in the long run:
xi(t) =xF(t) Vi=1,...,n

and under these conditions the productivity of R&D remains constant and verifies:

zi(t) =z = Vi=1,...,n

2
h
Statement 2: In any stationary situation, any difference in the technological frontier
between two firms in the market with the same unit cost necessarily implies a per-
sistent difference in their market shares.

Proof: Suppose that in the stationary situation, two firms i and j in the market have
the same market share, i.e. s; = s5;> 0, but i’s technological frontier is greater than j’s,
ie. T;> T;

si=g={a=qg}=p=p
Noting that s; = 5;> 0, and therefore stationarity implies y; = y;; and noting also that
a € (0,1):

pi=pi={rvi=viacO,)}=>x=x={T> T} =2z >z
Noting that v,(t), vj(t) > 0, and therefore stationarity implies a; = a;; and noting also

that £ € (0,1): z > z; = {ai:aj;ee (0,1)} = w < w
On the other hand, noting that stationarity implies r; = r;

pizpj=>{r,‘ZT‘j;C,‘ZCj}=>R1‘=Rj:>W,‘hi=thj=> {W,‘<Wj}=>h1‘>hj
Given that h; > hjand z; > z; it holds that X > 32]», and therefore the situation where s;

= 5; > 0 cannot be stationary: firm i would increase its product performance more
than firm j, and consequently, firm i would increase its market share beyond firm ;.

Statement 3: In any stationary situation, the following condition must hold between
any two firms in the market with equal unit costs:

(1 —a) - exjj = o - esj
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Proof: It is straightforward considering equal unit costs, (1), (3) and
s =0,Yi=1,...,nin (5).

List of symbols

n : number of firms/national industries.

s; : firm/Industry i’s market share.

p; : firm i’s price.

¢; : firm i’s unit cost.

;@ firm i’s unit profit.

x; : firm i’s product performance.

a : price/performance sensitivity of demand.
y; : firm i’s level of competitiveness.

Q; : firm i’s level of output.

K; : firm i’s capital stock.

g overall rate of demand growth.

A : capital productivity.

r; @ firm i’s R&D to profits ratio.

R; : firm i’s R&D budget.

B : learning parameter.

n : rate of interest.

x : debt amortization rate.

D; : firm i’s stock of debt.

d; : firm i’s debt to capital ratio.

0; : firm i’s financial needs indicator.

T; : nation i’s technological frontier.

A; @ expansion rate of the nation i’s technological frontier.

H; : stock of scientists working in national industry i.

h; : share of total scientists.

w; : salary of scientists in nation i.

z; @ R&D productivity in nation i.

y; : number of scientists that finish their training at nation i at any time.
B, : nation i’s university budget devoted to the relevant disciplines for the industry.

v; : immigration ratio.

: R&D productivity/wage sensitivity of scientists.
: stay in country ratio.

: inmigration-ratio-sensitivity

~ qQ ™
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