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ABSTRACT

This thesis consists of three essays on R&D and economic growth. The objective
is to study the relationship between human capital accumulation. human capital
allocation and R&D, on the one hand, and economic growth and welfare on the

other.

The first essay, entitled "Capital Accumulation, R&D and Economi~ Growth",
integrates two distinct categories of endogenous growth models (the capital-based
models and the ideas-based models). A dynamic general equilibrium muodel is de-
veloped, in which both physical and human capital accumulation and investment in
R&D are endogenously determined, and successful innovations not only discover new
goods and destroy the old counterparts, but also create new knowledge and render
part of human capital obsolete. The model shows that both the laissez faire equilib-
rium and the optimal growth rates depend positively upon the efficiency of human
capital accumulation, the size of the economy, the productivity of R&D and the size
of innovation and negatively upon the risk aversion coefficient and the rate of time
preference; but the monopoly power does not affect the optimal growth rate while
it tends tc increase the laissez faire growth rate. It also shows that under laissez

faire the growth rate may be more or less than optimal, and there always exists a

tax/subsidy system which can be used to achieve the optimal growth.

The second essay, "Innovative vs. Imitative R&D and Economic Growth”, focuses
on the allocative aspect of human capital. The essay presents a model, in which inno-
vations and imitations can occur in the same sector at the same time. We discuss two
types of imitations: rent-seeking imitations and productive imitations. We identify
the channels through which innovation and imitation interact with each other. In the
case where imitations are of the rent-sceking type, we show that subsidizing inno-

vation is not necessarily equivalent to taxing imitation: while taxing imitative R&D

11




always induces more investment in innovative R&D and less investment in imitative
R&D, subsidizing innovative R&D always encourages innovation but it discourages
imitation only if the effzctive employment in innovative R&D is high enough relative
to the effective employment in imitative R&D; if the effective employment in innova-
tive R&D is relatively low, then subsidizing innovation also attracts imitation. In the
case where imitations are productive, we show that, in addition to the "nonequiva-
lence” result, taxing imitative R&D may induce more imitations. In both cases, we
show that a subsidy to innovative R&D always speeds up economic growth while a
subsidy to imitative R&D always does the opposite, but the effects on welfare of both

subsidies are ambiguous.

The third essay, "R&D and Economic Growth in Open Economies”, extends the
framework in the second essay to the context of an open economy. A dynamic gen-
eral equilibrium model is constructed to analyze the impact of patent protection on
economic growth in an open economy context. We consider three patent protec-
tion scenarios: No patent protection (NPP), Asymmetric patent protection (APP)
and Symmetric patent protection (SPP). Given the assumption that imitation is a
rent-seeking activity, we show that stronger patent protection induces a higher world

growth rate. A calibration exercise also shows that u: .der the APP assumption, any

public policy that encourages imitation (discourages innovation) hurts the worid eco-

nomic growth.
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Chapter 1

Capital Accumulation, R&D and
Economic Growth

1.1 Introduction

The fast-growing literature on the new growth theory can be broadly divided into
two categories according to the underlying sources of growth, as discussed in Romer
(1992). One (e.g. Romer 1287 and King and Rebelo 1990) bases growth on endoge-
nous accumulation of both physical and, especially, human capital and emphasizes
investment in both types of capital. The other (e.g. Aghion and Howitt 1992, Gross-
man and P lpman 1992 and Segerstrom et al 1990) takes endogenous technological
changes resulting from R&D as the source of growth by treating the product of the
R&D as a commodity. The former focuses on the externalities of capital accumula-
tion leaving aside the intentional R&D activity, which is the focus of the latter, while
the latter assumes fixed factor endowments. Both categories capture one important
aspect of economic growth and are able to generate sustained growth without relying

on any exogenous factor growth.

However, factor accumulation , especially human capital accumulation, and tech-
nological changes driven by innovative R&D are two integrated elements in driving

economic growth in a real world economy. On the one hand, human capita’ is the




most important factor in R&D activities and in applying the new technologies result-
ing from successful R&D to production. One the other hand, the new technologies
open up new economic opportunities for investment in human capital (aad physi-
cal capital as well) to take place. If these two can be integrated into one single
framework,! then we will be able to see the interaction between these two types of
forces in pushing economic growth and therefore bring the theory a step closer to the

reality.

The objective of this paper is to develop a synthesized endogenous growth model,
in which both factor accumulation and technology change are endogenously deter-
mined and growth is driven by the interaction between these two types of economic
forces, by integrating the two distinct literatures mentioned above. Qur model is a
vertical product differentiation model. In the model economy, there are four types of
activities — final good production, intermediate good production, human capital accu-
mulation and innovative R&D. Quality improvement of intermediate goods through
innovat,7e R&D is the source of growth. Successful innovations have two types of
"creative destruction” effects. On the one hand, they discovers new intermediate
goods but make the old counterparts obsolete. On the other hand, they create new
knowledge but destroy part of human capital stock. We assume that innovative R&D
is the most human capital intensive activity. In the model specification, we make
an extreme assumption that innovative R&D uses only human capital (skilled labor)
while intermediate good production requires only unskilled labor. Human capital
accumulation is necessary because each successful innovation destroys part of the
current human capital stock. So is physical capital investment because we suppose

that final good production uses capital and intermediate goods as inputs, the quality

'Romer (1990) incorporates physical capital into a horizontal product differentiation model, in
which, continuous capital investment is required for the production of new intermediate goods dis-
covered through R&D.




improvement of intermediate goods raises the productivity of final good production,

which provides new opportunities for capital investment.

We find that the monopolist’s market power (measured inversely by a) plays a
critically important role. It is the market power that determines whether the laissez
faire equilibrium growth is too fast or too slow compared with the socially optimal
growth.? It is also the market power that determines whether a tax or subsidy scheme

is needed to support the optimal growth. Propositions 1.1-1.4 give the finding of this

paper.

The rest of this paper is organized as follows: The next section describes the en-
vironment and sets up the model. Section 1.3 describes the laissez faire equilibrium
conditions and the condition of equilibrium existence. We also perform comparative-
static analysis in this section. The welfare property of the laissez faire equilibrium
and policy implications are discussed in section 1.4. Finally, some concluding remarks

are given in the last section.

1.2 The Model

The basic framework is due to Aghion and Howitt (1992). We consider a closed econ-
omy populated with a continuum of identical infinitely lived households with measure
1. Each household is endowed with N unit flow of time which is inelastically sup-

plied to the production sectors and devoted to human capital accumulation activities.

? Aghion and Howitt (1992) has a similar result. But as will be seen below, the optimal growth
does not depend on the market power. This is different from Aghion and Howitt (1992).




1.2.1 Preferences

We assume that the household’s preferences are given by

o0 -0 _
/ e (1)
0

l -0
where C is consumption; p the constant rate of time preference; o the relative risk
aversion coeflicient and 7 represents time. For simplicity, the time subscripts are
omitted whenever no confusion can arise and the final good will be used as the
numeraire. Given the household’s total discounted lifetime income M and the interest
rate 7 (which will be endogenously determined and will be constant in equilibrium),

the household’s lifetime budget constraint is

/we""Cd’TS M. (2)
0

Maximizing the household’s utility (1) subject to its budget constraint (2) gives the

optimal time path of consumption, i.e.
(3)

where C is the time change rate of consumption C.

1.2.2 Technologies

There are four types of production activities in this e.onomy: final good production,
intermediate good production (a continuum of sectors loc- "=d on [0, 1]), human capital
accumulation and R&D. It is assumed that perfect competition prevails in all sectors
except the intermediate good sectors where there exists temporary monopoly power.

The following describes each type of activities.




Final Good Production
The final good production uses the intermediate goods and physical capital as
its inputs subject to a constant-returns-to- scale (CRS) technology with the Cobb-

Douglas form

y = Ki-e fo Ao (3))dr, (4)
where Y 1s the output of final good production; K and (1) are respectively the
physical capital and the flow of intermediate good « used in the final good production;
a is a parameter which measures the contribution of an intermediate good to the final
good production and inversely measures ihe intermediate monopolist’s market power;
A(7) is the productivity coefficient of intermediate good i. Assume A(2) = v* 'A,2¢
[0, 1], where v > 1 is the size of each innovation and A is the productivity of the most
advanced intermediate good sector. In this specification, we assume that each unit
of consumption good foregone can produce one unit of capital and there is no capital
depreciation. Profit maximization of the final good sector gives the demand for the

capital and the intermediate good 1, i.e.

(1-a)k= [ " AGi)z(i))di = r, (5)

aK'"*A(1)?z(1)* ! = p(1),for all z € {0,1], (6)

where p(7) is the price of intermediate gocd 1 in terms of the final good.

Intermediate Good Production

Each intermediate good, z, is produced using only labour, I(z), with each unit
of labor producing one unit of intermediate good z, ie. z(i) = [(2),2 ¢« [0,1].
Given the wage rate W, each intermediate monopolist maximizes its profit, i.e.
aK'~2[A(i)z(i)]* — Wa(i), subject to the final good sector’s demand for its output,

which gives the first-order condition for this maximization problem

W = a?K -2 A(i)*2(3)*?, for all s € [0, 1]. (7)




Solving the above equation gives intermediate sector +’s optimal output

(1-1)a 1
L—w):f,for all = € [0,1], (8)

2(3) = K T
where w = W/A and k = F'/A are the productivity-adjusted wage of labor and the
productivity-adjusted capital stock, respectively. Let II(2) denote the corresponding

maximum profit, then

(1-—1)aw o
(i) = el — a)Ak'v“")“'“)(l—ag—’)ﬁ- @

Innovative R&D

Attracted by the market incentive | i.e. the temporary monopoly profit obtained
by monopolizing the intermediate good sectors once an innovation sicceeds, firms
invest in R&D. Success of innovation in any intermediate good sector leads to a new
intermediate good in that sector which can be used to replace the old one in the final
good production and increase the productivity of the final good sector by a factor y=.
As in Aghion and Howitt (1992) (Section 8), we assume different sectors experience
innovations in a deterministic order and the innovations always occur in the least
advanced sectors.® We suppose that innovation follows the Poisson process with the
arrival rate A, where A depends positively on the human capital devoted to the R&D
activities and negatively on the sophistication of the current technology, which can

be measured by the technology coefficient of the final good production A:

H
A=A, (10)

where # is the human capital used in the R&D activities and A > 0 is a parameter. As
mentioned above, we assume that innovative R&D is the most human capital intensive

activity. Here, we take the extreme case where innovative R&D requires only human

© 3This assumption is initially taken from Shleifer (1986).




-1

capital as its input. It seems reasonable to make this specification by observing
that the 1nore the human capital devoted to the R&D, the stochastically faster the
innovations come and the more sophisticated the current technology the more d..ficul
to improveit. Here, the Schumpeterian terminology "creative destruction” has dorhle
meanings: On the one hand, successful innovations create new intermceliate goods
which make the final gocd production more productive but destroy the old ones;
on the other, they create new knowledge which helps human capital accumulation
(see (13) below) but also destroy some human capital. An R&D firm maximizes

)«%V — Wy H. The first-order condition for this maximization problem is
A ! V=W (1)
A° TR

where Wy is the wage rate for skilled labor (human capital) and V is the value of
innovation, which is given by*

2a

V=4 / N e (y ALV
0

IS
qa-1

= o1 - &) Ak( ) /0‘ Ty B gy

2a—1 r
1—vyeaTe &

= a(1 - a)Ak( )7 l, (12)

r—22-lAlny

because the innovator’s productivity-adjusted flow of profits at time 7 1s°

w‘y( 2aa_1-)A‘T

da

a_i)‘\'w) = a(l — a)k(

(! )&=t
(04

In Appendix 1.1, we shov. that the Poisson process with a deterministic innovation
order for a continuum of intermediate sectors gives rise to a deterministic result: the
length of each interval is + and thus the relative rank of each intermediate good’s

productivity decreases exponentially. Therefore, the direct formulation of the value

of innovation is equivalent to the limiting case (m — oo) of the m intermediate good

4See Appendix 1.1 for proof.
5We assume that the innovation occurs at time 0.




model in Aghion and Howitt (1992).

Human Capitui Accumulation

Finally, we describe the human capital accumulation process. The formulation
of human capital accumulation in the human capital literature has reached a high
degree of sophistication. For the problem at hand, we assume that the growth of
human capital depends on the time devoted to human capital accumulation activities

and the current stock of knowledge which is measured by A:
H = BSA, (13)

where H is the time change rate of human capital H; B > 0 is a technology coef-
ficient; and S is the time spent on the human capital accumulatic.. As mentioned
above, successful innovations increase the stock of knowledge and therefore speed up

the human capital accumulation.

At each point in time, individuals have two choices:® supply labor to intermediate
good production or accumulate human capital which will be used in future R&D. To
choose one of the two activities, each individual compares the earnings of these two
activities. If the individual supplies his labor to the intermediate good production,
then he earns a wage W per unit of time. If he chooses to accumulate human capital,
then each unit of time devoted to this activity will increase his human capital stock
by an amount BA, which will bring him an earning Wy per unit of human capital
forever. Since earnings in the future have to be discounted at the rate of interest r,

and in equilibrium, the earnings of these two activities have to be equal, then we have

BA fo e Wydr = W, (14)

SIndividuals also choose how much to save in the form of physical capital.




(=

Labor Market
Assume full employment, then we have the labor market clearing condition (time

constraint)
X +S8 =N, (15)
where X is the total employment in the intermediate good production, i.e.

X = /01 2(3)di. (16)

Capital Market
We assume that there exists a perfect capital market on which capital for produc-

tion and R&D is raised.

We have completed the description of the model economy’s environment and basic

economic activities. Now we turn to the equilibria of this model economy.

1.3 Equilibria

Here we consider only balanced growth stationary equilibria (BGSE). A BGSE is
described by the following optimization and market clearing conditions and balanced

growth requirement:
1 .
(1 —a)k’“/ Ai-Vag(i)*di = r, (optimization of final good production)(17)
0
aK'"*A(1)%z(i)*"! = p(3),for all i € [0,1],

(optimization of final good production) (18)
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A%V = Wy, (optimization of R&D ) (19)
g =7 ; p, (optimal consumption path) (20)
BA fo Y e T Whdr = W, (efficiency of time allocation) (21)
K+C=K1=[ [A(i)e(i))di, (final good market clearing)  (22)
X+S5=N (time constraint) (23)

C_K_H_A_
C K H a %

Then a BGSE is a collection of {C, K, H,z(i), A, W, Wg,r,p(2)} satisfying equations

(balanced growth) (24)

(17)-(24). Here g. is the stationary equilibrium growth rate.” Since we are interested

only in the equilibrium growth rate, we derive the equation that determines the
equilibrium growth rate. First of all, we calculate the total employment X in the

intermediate good production. From equation (8), we have

(1- a)1 =4k @
alny a?

x= " 2(i)di = ji/a-1), (25)

Rewriting equation (25), we get the productivity-adjusted wage rate for labor

(alny)X
(1~ a)(1 — y2/t=-1)k

Equations (3), (10), (13) and (24) implies

>t (26)

w =

9-

h= Alny’ (27)
'H
S =
Bn+’ (28)
r=0g.+p, (29)

where h = H/A is the productivity-adjusted human capital stock. By substituting

the relevant variables into equation (19), we get the followirg equation:

(1 —a)(BNAIny - g3) [1 — yBa-D/(a-1)g-{og+p)lnv/5e]
(0gc + p)(1 — @)(og: + p) + (22 — 1)g,] 1 — ya/a1)

= 1,(30)

"The growth rate g, is assumed to satisfy the condition g, < 1f~ to guarantee that the household’s
utility is finite.




11

which determines a constant growth rate g.. Now let’s look at the condition under

which an equilibrium exists. Appendix 1.2 proves the following proposition.

Proposition 1.1: If 288y __ < 1 thereis no growth (g, = 0); if - BNAlny
PA(1—v ) g 3(1 -~

pi(l_,.ya a -IY) -

1, there is a unique equilibrium growth rate g. € (0,(BNAin~)'/?).

The intuition behind this proposition is very straightforward. It simply states
that if one or more of the following situations occur: (a) the size of the economy
(measured by the total time endowment N) is too small; (b) the accumulation of
human capital is too inefficient (B is too small); (¢) innovation is too difficult ( A is
too small); (d) the size of innovation v is too small; (e) the degree of the monopolist’s
market power is too low ( o is too large); (f) the economy is too impatient (p is
too large), then there will be no investment in innovative R&D and thus there is no
growth. The reason for this is that these situations will either reduce the expected
benefit of innovative R&D or increase the cost of innovative R&D or both to such an
extent that no firms invest in this activity. As a result, there is no gr 'wth. Otherwise,
there always are firms investing in innovative R&D, hence the economy experiences

a positive growth.

The comparative-static analysis of the equilibrium (see Appendix 1.3) shows the

following results.

Proposition 1.2: The laissez faire equilibrium growth rate depends positively on
the efficiency of human capital accumulation B, the size of the economy N, the arrival
rate parameter A, the size of innovation v and the monopolist’s market power (1/a)

and negatively on the risk aversion coefficient o and the rate of time preference p.
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These results are intuitive. Each of these parameters (N, B, A, v, a, p, o) directly
and/or indirectly affects the investment in innovative R&D and growth by changing
either the marginal benefit or the marginal cost of innovative R&D or both. For
example, an increase in the market power ( a decrease in a ) increase the marginal
benefit of R&D; an increase in the size of the economy N both increases the marginal

henefit of R&D and reduces the marginal cost of R&D.

1.4 Social Planner’s Problem

In order to examine the welfare property of the laissez faire equilibrium, in this section,

we solve the social planner’s problem. The social planner maximizes

© Cl0_1
—pr
/O e TS ——ldr, (31)
subject to

A= AHln~, (32)

H = BA(N - X), (33)

. 1

K = K'"oA° / (v 1z(3))%di - C, (34)
0

given Ao, Ho and Ko.

The Hamiltonian for this maximization problem is

B Cl—u'_l
H=ce P,[—l—_:_—] + AH Iny 4+ uBA(N - X)
sk 4% (ya()) - ) (35)
) Y ’

where {,u, and v are the co-state variables. Then the necessary conditions for a

maximum are

oM
aC

=eC™7 -y =0, (36)
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aH_. - l—-a ga_(s-1a_ - \ya-1 __ 37
D) = pBA + vak' A%y () =0, (37)
aH _ l-a 4a-1 ! 1—1 AR I K. ¢
5 = HBV = X) +vak 4o [y -ta(i)edi = 4, (38)
oH . .
a5 = v = —4, (39)
6H — -—a ja ! t-1 ARY- I
5} = l/(l - a)K A -/0 (7 $(1')) dl - V’ (40)

and the transversality conditions (TVCs): lira, oo €A = lim, oo pH - lim, oo vK
0. We consider only balanced growth, ie. C/C = K/K = H/H = A/A - gp, then
£/€ = i/u = /v implies

_ (BNXInv)Y? —p
o bJ

(41)

P

where g, is the socially optimal balanced growth rate. A positive growth rate requires
(BNXIn~v)Y? > p and the TVCs imply (BNAln~v)!/2 < 2= So the optimal growth

rate must satisfy 0 < g, < Z;. Obviously, we have

Proposition 1.3: The optimal growth rate increases with an increase in the effi-
ciency of human capital accumulation B, the size of the economy N, the arrival rate
parameter A and the size v of innovation and decreases with an increase in the risk

aversion coefficient ¢ and the rate of time preference p.

These results are also easy to understand. Each of these parameters (N, B, A, v, a,
p,o) affects the optimal growth rate by changing either the marginal social benefit
or the marginal social cost of R&D or both. For example, an increase in the size of

innovation increases the marginal social benefit of R&D, therefore, the society should

allocate more resource to R&D and increase the growth rate.
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Notice that, unlike the laissez faire growth rate, the optimal growth rate does not

depend on the monopolist’s market power (1/a).

Comparing equations (30 ) and (41), we know that the laissez faire equilibrium
growth rate can be less than, equal to or greater than the optimal growth rate de-
pending on the degree of monopoly power. However, the optimal growth can be
supported by a tax/subsidy policy. Let #* be optimal the tax/subsidy rate on the

wage of unskilled workers, then we have

Proposition 1.4: The optimal growth can be supported by a tax/subsidy policy

with a tax/subsidy rate on the wage of unskilled workers

t*=1—19(g,)9(gp)- (42)

We show in Appendix 1.4 that %1;— < 0,%(9p)9(gp)|a=0 = +00 and ¥(gp)d(9p)la=1 =
0, there exists @ = o* (the critical point) such that g. = gp. So if the degree of
monopoly power is lower than the critical point (@ > a*), then a tax is required
(t* > 0); if the '~gree of monopoly power is higher than the critical point (a < a*),

then the optimal grow*.s can be achieved through a subsidy (t* < 0).

As explained above, the degree of the monopolist’s market power has a positive
effect on the marginal benefit of R&D. If the degree of the monopolist’s market power
is too low, then R&D firms do not have enough incentive to invest in R&D. A tax on
unskilled labor will increase the supply of human capital (skilled labor), which will
reduce the wage rate for skilled labor (the cost of R&D) and thus induce R&D firms
to invest more in R&D. If If the degree of the monopolist’s market power is too high,

then a subsidy is required. The subsidy will do exactly the opposite.
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1.5 Conclusions

This paper incorporates capital (both physical and human) accumulation into a ver-
tical product differentiation endogenous growth model (Aghion and Howitt (1992))
with innovative R&D as the source of growth. In the model, both physical and hu-
man capital accumulation and investment in R&D are endogenously determined, and
successful innovations not only discover new goods and destroy the old counterparts,

but also create new knowledge and render part of human capital obsolete.

The model shows that both the laissez faire equilibrium and the optimal growth
rates depend positively upon the efficiency of human capital accumulation, the size
of the economy, the productivity of R&D and the size of innovation and negatively
upon the risk aversion coefficient and the rate of time preference; but the monopoly
power does not affect the optimal growth rate while it tends to increase the laissez
faire growth rate. It also shows that under laissez faire the growth rate may be more
or less than optimal, and there always exists a tax/subsidy system which can be used

to achieve the optimal growth.




Appendix I
Appendix 1.1: Proof of Equation (12)

This appendix is to show, through a Cobb-Douglas example, that the direct formu-
lation is equivalent to the limiting case of the m intermediate good model in Aghion

and Howitt (1992). The structure of the Cobb-Douglas case is as follows:

Y=K'"*Y [Az]*, 0<a<l, (finalgood production technology)

=1

z; =4, 1=12,..,m, (intermediate good production technology)

mA = m;\(%), (R&D technology)

H = BSA, (human capital accumulation technology)
A, =A0my ( 1th most advanced sector, 1=1,2,....m

The final good sector and intermediate good sector :'s optimization conditions

give intermediate sector ’s optimal output

(i-1)/m
P (7 W, i

z' = --l
o/

Then the average optimal output is
m

=]
Solving the above equation for w, we have

(i-1)a/m 1 1- n/(a-l)
'7 w1
_—a_—)"‘ = k_(az).- 1al(a_1)m'

1
m m

a1 =y mymz
=yl | -

w=a

Since intermediate sector i's profit is

(s-1)a/m
I, = a(l — a)Aky(-D(1-a)/mT - AP=3




we have intermediate sector i’s productivity-adjusted profit

,-r(,y(t—l)("’;‘)/mw) = a(l — a)kylt-1a-1)/{(a-1)m)

(1 - ,Yu/(u—]))k
Then the value of innovation is

V= A‘Z_; r+mA) r +mA
~ (1 70/(0' 1)”‘)mi a 1
= a(l )Ak[ (1 - yo/(=-D)k (r + mA)

r+m

*,Ya/m[l _mi m,y(Za-l)/(a-l)]
1 — '-T':A,Y(ZQ-I)/(Q 1)n

Thus we have

(1 _ ,Ya/((a»-l)m))m:-z-: R

i In~
i al an1
o, W = [(1 — a)(1 — yo/la- ”)k] )
and
1-— 'Ya/(" 1)"")m.:;:
"];l'r’nwv - hm a(l ~ Q)Ak[( (1- e (a= 1))’(1
1/(7' +mA)
1(2“ 1} (a-1)m
= a(1 — a)? Ak| azlny o 1 — Af2a=1)/(a=1)g-+/A
] (I—a)(I -7k (I-a)r + (22~ )Alny’
because
. TnA m r A o .
"]‘-l_l’nw(r + mA) m—oco(l + Zn ) =€ /A,
and
1/(r + mA)
fr%l—llnoo 11— 7(2&—1)/(0_1)",( mA )
= lim —A/(r + mA)?
m—sc0 [—-(H':A), + ,_"_",QA %tll)):"lh(za—l)/(a_l)m

17
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~ lim —A/(r + mA)
~ oo [_r::m + (2%;1%?:7]1(211—1)/(0—1)1“

. A?/(r + mAY?
= [k rA_(2a-1)iny _ ((ﬁ;%ku)z;% _ Q%)liz;f‘\,]-y(za—l)/(a—l)m

(r+mA)? + r+mA (a-1)m

(by multiplying the numerator and denominator by m?)

1
T r+(2a- DAlny/(1 - a)

Therefore, the R&D firm’s optimization condition (in the limiting case) implies

_A_=WH’

which, combining with the other equilibrium conditions and the balanced growth re-

striction, gives the same equilibrium growth rate as in section 1.3.

Appendix 1.2: Existence of Equilibrium

First of all, we show that the LHS of equation (30) is a decreasing function of g..
Let

o= (1 - a)(BNAlny — g?)
(ogc + p)[(1 — a)(oge + p) + (2 — 1)gc)’
1- 7(20-1)/(0--1)e-(69c+p)lnvlyg]
1~ yalta-D) ’

and ¢ =

then equation (30) becomes ¥(g.)¢(g.) = 1. For simplicity, the following notations

will be used:

Ny =(1~a)(BNAlny - g7),

Dy = (0g: + p)[(1 — )(age + p) + (2a — 1)g.],

Ny=1- ‘7(""‘1)/(‘3-1)e-(”ﬂc+ﬂ)h‘7/ﬂc’
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D¢ =1- ,Yu/(a—l)’

F = e~ (e9c+p)Inv/gc

oy _ _{2(1 - a)g. 4 oNy (1 —a)o + (2a — 1)|N,
dg. Dy (09:+p)Dy (1 - a)(ogc + p) + (22 ~ 1)gc] Dy

} <0,

a¢ pll‘l 77(2&——1)/(::—1)];'
dg. - 92Dy

<0,

where we assume o > %"—_’Tl)), the LHS of equation (30) is decreasing in g.. Moreover,

we have LHS(g. = 0) = 281 and LHS(g. = (BNAIny)'/?) = 0. Then if

pT(f-—mn:T'_‘T) < 1, there is no growth; if ;,%%}?;%,—) > 1, there is a unique equilib-
rium where g. € (0,(BNXInv)*/?).

Appendix 1.3: Comparative Statics

From Appendix 1.2, we have the laissez faire equilibrium condition

vé=1

Differentiate the above equation with respect to £, é= N, B, A, v,a, p,0, we have

o ag.: oy 0¢ 0g. 09
Yog ot T 3E T Vi5g 5 T e =

0,

which implies

g _ %%+ Zezﬁ
23 ( o2g+ p2)

Since ¥ > 0, ¢ > 0 and we have shown in Appendix 1.2 that - <0 a.nd < 0,

then the denominator of %E‘, ie.

d¢
(39c¢+ 09.

¥) > 0.
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Therefore, the sign of % o 1 determined by the sign of the numerator of 2% o e

(ae +
oy

ON ~

3
N

=0,

o _
3B ~

99
6B

a9y

b_X:

o¢
)

i
oy

=0,

0¢ _

oy
oY

B¢ 89+). To determine the sign of ( ¢+ 11)) we derive the relevant derivatives:

(1 —a)BAlny >0
D, '
(1-—a)NAlny 50
Dy ’
= 0,
(1 -a)BNIn~y
D, >0,
_(1-a)BNX >0
7Dy ’
(gzla-al[ + cg;jg),y(Zc:—l)/(a-l)F ~ (l_fc;),ya/(a-—l)Nd’
1Dy 7D} ’
Y (—ogc — p +2gc)Ny

B =

0¢

30 =

8¢

%

d¢

—a—;:

3y

30~

o¢
8o

1-a  [(1-a)(og+p)+(2a — 1)g| Dy’

—is t m /g F [+ g5/,

D, D3 <0,

v (1=l Iy

ogc+p (1-a)(oge+p)+(2a-1)g.
(2a-1)/(a-1)

v InyF >0
9Dy
c 1 - c
9cY (1 - a)gy <0

Togetp  (1-a)(oge+p)+ (20— 1)g.

‘7(20“1)/(0-1) ln 7F
D,

> 0.

Then we determine the sign of (%‘g

o+ %‘gw). The results are shown in Table 1.1.
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Table 1.1: The Sign of %9&‘

¢ N B A v a po
Sign + + + + - - -

Appendix 1.4: Optimal Tax/Subsidy Scheme

From Appendix 1.3, we have %{f < 0, Furthermore,

Y(9p)9(gp)la=o = +00

and

Y(9p)4(9p)la=1 = 0.

Therefore, there must exist @ = a* such that g. = g,.

Consider a tax t levied on unskilled labor, then equation (21) becomes
BA / " e Wadr = W(1 - t).
0
As a result, equation (30) becomes

1/’(9:)4’(96) =1-t.

Choose t* = 1 —9(g,)#(9p), then the solution to the above equation gives the desired

result: g. = gp.




Chapter 2

Innovative vs. Imitative R&D and
Economic Growth

2.1 Introduction

It has been recognized by more and more economists that technological progress
is probably the most important source of economic growth. This can been seen
from the literature on endogenous growth. All endogenous growth models base eco-
nomic growth on technological progress but through different channels. For example,
in the first endogenous growth model (Romer (1986)), technological progress was
achieved along with physical capital accumulation; Lucas (1988) focused on tech-
nological progress through human capital accumulation; Aghion and Howitt (1992)
and Grossman and Helpman (1991a) emphasized the importance of industrial inno-
vations; and Dinopoulos (1991), Grossman and Helpman (1991b), Segerstrom (1991)
and Davidson and Segerstrom (1993) (hereafter DGSD) considered two channels -
innovations and imitations —~ at the same time. In this paper, we share with the
DGSD the same belief that both innovation and imitation are essential to technolog-

ical progress and thus to economic growth.

Innovation and imitation interact with each other in the process of technological

progress. On the one hand, they encourage each other. Successful innovations open

22
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up new opportunities for imitations and therefore induce more rescurces to be spent
in imitative R&D, while imitations speed up the spread of the application of innova-
tions. But on the other hand, they also discourage each other. Further innovations
render the previous imitations obsolete and thus weaken the incentive for imitators to
invest in imitative R&D, and successful imitations increase the product market com-
petition, therefore they discourage the innovators to invest in innovative R&D. While
the empirical evidence shows that like innovation, imitation is also an important eco-
nomic phenomenon, the literature on R&D races pays very little attention to it. In
this literature, imitation is either exogenously determined or totally ignored. This
paper is an attempt along the line of the DGSD to further understand the interac-
tions of innovation and imitation in the process of promoting technological! progress,
pushing economic growth and improving welfare, and to see how public policies can

influence this process.

We adopt a dynamic general equilibrium framework similar to Segerstrom (1991)
and Davidson and Segerstrom (1993), which are due to Grossman and Helpman
(1991b). But following Aghion and Howitt (1991) (Appendix 2), we model the pro-
cesses of innovation and imitation in such a way that innovations and imitations occur
randomly and independently across firms, across sectors and over time. In this model,
economic growth is driven by the interactions of innovation and imitation, but growth
rate is determined by innovation only although both innovation and imitation (in the
case where imitations are productive) contribute to welfare. We discuss two types
of imitations — rent-seeking imitations and productive imitations. For both types of
imitations, we identify the channels through which the investment (i.e. employment)’
in innovative and imitative R&D affects the values of innovation and imitation. In

both cases, the employment in innovative R&D has a "business-stealing” effect on the

!Throughout the paper, we use investment and employment interchangeably.
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values of innovation and imitation and a positive competition effect on the value of
imitation; the employment in imitative R&D has a negative competition effect on the
values of both innovation and imitaticn.? In the case where imitations are of the rent-
seeking type, we show that there may exist three stationary equilibria depending on
the values of the model’s parameters. The first equilibrium involves zero investment
in both innovative and imitative R&D. As a result, there is no growth. In the second
equilibrium, firms invest only in innovative R&D. Therefore, the model degenerates to
an innovation-driven growth model such as Aghion and Howitt (1992) and Grossman
and Helpman (1991a). Our focus is on the third equilibrium, in which firms invest in
both innovative and imitative R&D. Several interesting results have been obtained.
The most striking one may be that subsidizing innovation and taxing imitation are
not necessarily equivalent. The effects of these two policies on the investment in inno-
vative R&D are the same: both of them induce more investment in innovative R&D.
But their effects on the investment in imitative R&D can be different. While taxing
imitation always reduces investment in imitative R&D, subsidizing innovation may or
may not reduce investment in imitative R&D depending on the effective employment
in innovative R&D relative to that in imitative R&D: if the employment in innovative
R&D is relatively high, then, intuitively, subsidization of innovation discourages imi-
tations; but if the effective employment in innovative R&D is relatively low, then the

subsidization of innovation not only encourages innovation but also induces imitation.

In the case where imitations are productive, we identify two more channels through
which the employment in innovative and imitative R&D affects the values of inno-
vation and imitation. That is, in addition to those effects mentioned above, the
employment in both innovative and imitative R&D has a positive and negative dy-

namic competition effect on the values of both innovation and imitation.? We focus

3All these effects are explained in section 2.2.
3The positive and negative dynamic competition effects are explained in section 2.5.
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on the equilibrium with both innovation and imitation. Numerical examples show
that an increase in the subsidy to innovative R&D induces more employment in in-
novative R&D, and it may increase or decrease the employment in imitative R&D;
an increase in the subsidy to imitative R&D reduces the employment in innovative
R&D, and similar to the subsidy to innovative R&D, it may increase or decrease the

employment in imitative R&D.

In both cases, we show through numerical examples that a government subsidy to

innovative or imitative R&D may or may not improve welfare.

Closely related to the present paper are the DGSD mentioned above. We adopt
the similar basic framework: preferences are similar; production technologies are the
same; and as in Dinopoulos (1991), imitations also take the form of producing new
varieties. However, the processes of innovation and imitation are modelled in a dif-
ferent way. Asin Aghion and Howitt (1991) (Appendix 2), we model innovations and
imitations in such a way that innovations and imitations occur randomly and inde-
pendently across firms, across sectors and over time. The DGSD assumes that both
innovative and imitative R&D are targeted to specific sectors. In Grossman and Help-
man (1991b), the static Bertrand competition is used to analyze the product markets
and imitation is driven by factor price differences across countries, so innovations
and imitations can not occur in the same country. In Dinopoulos (1991), Segerstrom
(1991) and Davidson and Segerstrom (1993), imitation is assumed to be driven by
sharing profit with the innovator (by producing different varieties to compete with
the innovator in Dinopoulos (1991) and through collusion in Segerstrom (1991) and
Davidson and Segerstrom (1993)), and equilibria are constructed such that at any

point in time, some sectors are targeted by innovators and other sectors are targeted

by imitators, therefore innovations and imitations can not occur in the same sector
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at the same time, although they can coexist in the same country. In this model, the
way of modelling innovation and imitation leads to a different scenario: at any point
in time, each sector has potential innovators and imitators; therefore innovations and
imitations can occur in the same sector at the same time. We believe that this is

consistent with casual observations.

The rest of this paper is orga~ized as follows. Sections 2.2-2.4 are restricted to the
case where imitation is of the rent-seeking type. The next section describes the eco-
nomic environment and sets up the basic framework. Three stationary equilibria are
discussed in section 2.3. Section 2.4 focuses on the equiiibrium with both innovation
and imitation to analyze the effects of exogenous changes in the model’s parameters
and of the government policies. In section 2.5, we consider productive imitations. We
discuss the welfare properties of the laissez faire equilibrium in section 2.6. Finally,

some concluding remarks are given in section 2.7.

2.2 The Model

The basic framework is similar to Segerstrom (1991) and Davidson and Segerstrom
(1993) which are due to Grossman and Helpman (1991b). However, following Aghion
and Howitt (1991) (Appendix 2), we model the processes of innovation and imitation
in such a way that innovations and imitations occur randomly and independently

across firms, across sectors and over time.

2.2.1 Preferences

The model economy consists of a continuum of sectors, indexed by i, located on [0, 1]

and is populated with identical infinitely-lived individuals with measure N. The
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representative individual's intertemporal utility function is assumed to be given by

U= /0  emrtu(t)dt, (1)

where p is the individual’s subjective discount rate, and u(t) is the individual's in-
stantaneous utility function which is assumed to take the following form
1 %
u(t) = / (3 ¥ 2.0 )di, (2)
0 L0
where 7 refers to vintage (quality) 7,% ¢, is the number of successful innovations in
sector ¢ up to time ¢, ¥ > 1 is a measure of the size of innovation which represents
the quality improvement of a new product relative to its old counterpart, and Z,, is
a utility index for consumption of the products of vintage 7 in sector :. We assume

that this subutility function is

Mir 2
Zur = UMer)(Mir [] 257), (3)
where z;;, is the consumption of variety j of vintage 7 in sector ¢, M,, is the number
of varieties of vintage 7 in sector 7, and Q( M;, ) represents the individual’s preference
for varieties. The function (M;,) is assumed to have the following properties: (i)
Q'(M,,;) > 0, that is, the individual at least weakly prefer more varieties (if Q'(M,,) =
0, then imitations are of the rent-seeking type because they do not contribute to
welfare; if 2'(M;,;) > 0, then imitations are productive because they contribute to
welfare.); (ii) limas,, oo U(M;r) < 9, indicating that the individual’s preference for
varieties is not too strong (or equivalently, the quality improvements are large enough)
so that new products can replace old ones; (iii) §2(1) = 1, this is an assumption
without loss of generality. In section 2.3 and section 2.4, we consider the case where
Q(M;,) = 1 for all M,, (therefore, ¥'(M,,) = 0). The case where Q'(M,,) > 0 i< left
for section 2.5. The functional form (3) is equivalent to assuming that the individuals’

preferences over different varieties are highly diversified and the population is large

4A product of vintage 7 is 8 product whose quality has been improved r times since time 0.
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so that by the law of large number each variety has the same demand if it has the
same price. So (3) represents the "average” individual's preferences over varieties.

The representative individual’s budget constraint is
/ e FOE(\dt = Wy, (4)
0

where R(t) is the cumulative interest factor, Wy is the discounted expected life time

income at time 0, and E(t) the total expenditure at time ¢t which is given by

E(t) = / E(t)di = / ji:o E.(t)di = / (i‘:ogp‘,,z,,,)dz, (5)

where E,(t) is the expenditure on the products of sector 2 at time t, E,.(t) is the
expenditure on the varieties of vir’ ige 7 in se~tor 1 at time ¢, and p,;, is the price (in

terms of labor) of variety j of viantage 7 in sector 1.

Since the individnal’s preferences defined by (1), (2) and (3) exhibit separability
across varieties, across vintages, across sectors and over time, the consumer’s prob-
lem can be decomposed into four sub-problems: First, given the expenditure on the
varieties of vintage T in sector i, E,, (1), the consumer chooses the quantity of each
variety, Z,,-, to maximr’ e (3) subject to the constraint, 21-—1 PijrTyjr = E,;. The

first-order condi.tons for this maximization pioblem give the demand functions®

Err
. 6
Mu'psrr ( )

m‘Jf =
Then the indirect utility function associated with vintage 7 of sector 7 is

Zyr = ALE,, (7)

5Notice that since the demand functions (8) exhibit a constant price elasticity and unitary ex-
penditure elasticity, they can be aggregated across consumers to obtain aggregate demand functions
with exactly the same form with E;, being the aggregate expenditure on the varieties of vintage 7
in sector i and correspondingly E; and E being the aggregate expenditure on the products of sector
1 and the aggregate total aggregate expenditure respectively. So in what follows, we take (6) as
aggregate demand functions.
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where A, = Q(M,, )([] "{‘{ Pijr ") Second, given the expenditure on the products of
sector ¢, E,, the consumer allocates it among vintages within sector i. That is, the

consumer chooses the expenditure on each vintage, E,,, to maximize

U, = ln(zq': v ALE,), (8)

r=0
subject to ¥ , E,, = E,. Since products of different vintages adjusted for quality
are perfect substitutes, the consumer chooses the vintage with the highest marginal
utility of expenditure. It is easily verified that if the (product replacement) condition:®

‘yAf 2 A-r-l, i.e.

Mi, Ml(f -1) - 1
‘YQ(Mrr)( H pg_rr d ) 2 Q(Ml("’—l)) 1-[ p‘J(""(rl—)-l) (g)
=1

holds, then the consumer chooses vintage 7.7 Assume that once the 7th innovation
succeeds, the (7 — 1)th technology becomes common knowledge, then the prices of the
varieties of vintage (7 — 1) are driven to 1 (the marginal cost) when the products of
vintage 7 become available. We also assume that firms producing different varieties
of the same vintage engage in price competition, so they charge the same price p,,
(i.e. pyjr=pir). Then the condition (9) becomes

TUM,,)

oy > Q(M,(,_l)) (10)

The price p,, will be set to satisfy this condition. Then the consumer will always just
consume the-state-of-the-art products. Consequently, the indirect utility function

associated with sector 1 is given by
= In(y%AyE,), (11)

and, correspondingly, the indirect instantaneous utility function is

ul(t) = / “In(v% Ay E.)di. (12)

SThis product replacement condition is similar to the one in Dinopoulos (1991).
7We assume that even the equality holds (then the consumer is indifferent between the products
of two vintages), the consumer still consumes only the higher quality vintage.
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Third, the consumer allocates the given total expenditure E(t) among the products
of different sectors to maximize the instantaneous utility (12). Obviously, we have

E\(t) = E(.). Then the consrmer’s life time utility is
oo 1
U= / e=P{| / In(v*Ag,)di] + In E}dt. (13)
o 0

Finally, the consumer chooses the time path of the total expenditure E(t) to maximize

his life time utility (13) subject to the budget constraint (4), which gives rise to
Z —r(t)-p, (14)

where E denotes the time change rate of the total expenditure E(t) and r(t) is the
interest rate at time t. We intend to focus on stationary equilibria,® so in what fol-
lows, all variables’ time subscripts will be dropped. Also, the subscripts for varieties,
vintages and sectors can be omitted because of the symmetrical structures of prefer-
ences and production technologies.®? This completes the description of the consumer'’s

preferences. Now we turn to technologies and firms’ problems.

2.2.2 Technologies

There are three types of productive activities: consumption good production, inno-
vative R&D and imitative R&D. We assume that all these activities require only one
input - labour. It is also assumed that each individual is endowed with one unit of
labour which is inelastically supplied to one of the above mentioned activities. So the

total labour supply is N. Each type of activities is described as follows,

®In & stationary equilibrium, the total expenditure E is constant, so the interest rate #(t) must
be constant and equal to the individual’s subjective discount rate p.
®The production technologies will be deacribed in the next subsection.
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Consumption Good Production

We assume that consumption good producers in all sectors have access to the same
constant-returns-to-scale technology with each unit of labour producing one unit of
output regardless of quality and variety. But only successful innovators and imitators
are able to produce the state-of-the-art products. Since the consumer buys only
those products with the lowest quality-adjusted prices ( if lower-quality and higher-
quality products have the same quality-adjusted price, then we have assumed that the
consumer buys only higher-quality products), for each variety, with the assumptions
that Q(1) = 1 and Q'(M) = 0, the highest price the producer can charge is p = v,
where labor is taken as numeraire. From the demand functions (6), we know that the

profit low, (M), for each producer in any sector is

-1 E

Note that, given the size of innovation and the consumer’s expenditure, the profit

flow depends only on the number of producers in that sector.

Innovative R&D

New higher-quality products have to be discovered through innovative R&D be-
fore they can be produced. Innovation is assumed to follow the Poisson process. [he
arrival rate depends on the productivity of innovative R&D, A;, and the amount of
labour employed, y;. The technology for innovative R&D is assumed to be constant
returns to scale. So the arrival rate is simply Asy;. It is alsc assumed that innova-
tions can not be targeted to specific sectors; they occur randomly and independently
across firms, across sectors and over time. Once an innovative R&D firin succeeds
in discovering a higher quality product in a certain sector, it becomes the sole pro-
ducer of that sector and enjoys the monopoly profit until either another firm discovers
an even higher quality product in the same sector at which time it is driven out of

business or until some other imitative R&D firms copy the state-of-the-art product
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to produce different varieties at which time it has to share the product market with
these imitators. Let W, be the value of an innovative R&D firm and V; be the value

of a successful innovation, then we have the Bellman equation

Wi = max{Ajy1V; - y1}- (16)

vi>0

Assuming free entry into innovative R&D, we have W; = 0. Then

0= max{A,y;V, e y[}.

v1>0

The first-order condition is

A1Vy <1,y 2> 0, with at least one equality.

The value of innovation is given by*°®

N1=1E, (19)

Acnc

Vi = [ ln(l +

1
Acnc p+Amy ¥

where A¢ is the productivity parameter for an imitative R&D firm, n; and n¢ are
the aggregate labour employment in ‘nnovative R&D and imitative R&D respectively.

Here, A\c > ) is assumed to reflect the fact that imitation is easier than innovation.!?

Notice that both the employment n; in innovative R&D and the employment n¢
in imitative R&D have a negative effect on the value of innovation (see the signs of
g,‘—:f and g;vcf in Appendix 2.3). That is, more employment in either type of research
makes a successful innovation less valuable. The reasons for this are simple: an in-
crease in the employment in innovative R&D shortens the length of time in which the
previous innovator can enjoy its monopoly profit (the "business-stealing” effect); and

an increase in the employment in imitative R&D reduces the innovator’s profit flow

by increasing the product market competition (the negative competition effect).

10See Appendix 2.2 for derivation
"'Mansfield et al (1981) found that the ratio of imitation time to innovation time was about %




33

Imitative R&D

As mentioned above, a successful innovator can not enjoy the monopoly profit
forever. Other R&D firms can engage in copying the state-of-the-art products to
produce other varieties. Like innovation, imitation is also assumed to follow the
Poisson process and occur randomly and independently across firms, across sectors
and over time. The process of imitation has the same structure as that of innovation.
By employing yc units of .abour, an imitative R&D firm is successful in imitating the
state-of-the-art product to produce a new variety with an instantaneous probability
Acyc. That is, the arrival rate of this Poisson process is Acyc. In each sector,
a successful imitator becomes the sole producer of the new variety but shares the
product market of that sector with the innovator and other imitators, if any. The
processes of innovation and imitation generate a stationary distribution of the type
K of sector across sectors.’? At any point in time, some sectors have one producer
(i.e. the innovator), some sectors have two (the innovator and one imitator), some
have three (the innovator and two imitators) and so on. The value of a successful
imitation depends crucially on this distribution. Let W¢ be the value of an imitative
R&D firm and V¢ be the value of a successful imitation, and assume free entry into

imitative R&D, then we have a Bellman equation and a zero profit condition similar

to (16) and (17). The first-order condition is:
AcVe € 1,yc > 0, with at least one equality, (20)

where the value of imitation is given by !3

Acne
A;n;

/\1111
Acnc

Ve = Ammng
picnc

[(1+

)In(1 +

)

12The type of sector refers to the number of producers (also the number of varieties) in that sector.
The type of sector (more precisely, the variable K — 1) is geometrically distributed across svctors.
See Appendix 2.1 for derivation.

13See Appendix 2.2 for derivation.
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p+ Amp Acne

Acnc

W=t 1)

~(1+
( p+Am; ¥

YIn(1 +

As has been shown in Appendix 2.4, higher employment n¢ in imitative R&D
is associated with a lower value of imitation because the negative competition effect
implies that higher employment in imitative R&D leads to stronger competition in
the product markets. However, the effect of an increase in the employment in inno-
vative R&D on the value of imitation depends on the effective employment A;n; in
innovative R&D relative to the effective employment Acnc in imitative R&D: if the
effective employment in innovative R&D is relatively low, then an increase in the em-
ployment in innovative R&D raises the value of imitation; if the effective employment
in innovative R&D is relatively high, then a further increase in the employment in
innovative R&D lowers the value of imitation. This is because an increase in the em-
ployment in innovative R&D has two offsetting effects. On the one hand, the increase
in the employment in innovative R&D increases the probability with which an imita-
tor can succeed in sectors with single producers (the positive competition effect), and
therefore increase the profitability of imitation. But on the other hand, the increase
in the employment in innovative R&D in the next period also shortens the length of
time in which the imitator can enjoy the profit from producing a new variety (the
"business-stealing” effect). So the net effect depends on the relative strength of these
two forces. When the effective employment in innovative R&D is relatively low, the
positive competition effect dominates the "business-stealing” effect, as a result, the
value of imitation rises; when the effective employment in innovative R&D is rela-
tively high, the "business-stealing” effect dominates, therefore the value of imitation

decreases.

The effects on the values of innovation and imitation of changes in the employment

in innovative and imitative R&D are shown in Figures 2.1 and 2.2 and summarized
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Table 2.1: The Eftects of Changes in ny and n¢ with Q'(M) =0
Employ. Increase Effect on V; Effect on V¢ :j”
ny " Business-stealing” effect " Business-stealing” effect
= V| decreases => V¢ decreases

Positive competition effect
=> V¢ increases

ne Negative competition effect Negative competition effect
=> V| decreases = V¢ decreases

Note: In addition to these effects, increases in ny and nc also decrease V; and Ve by reducing the
employment in consumption good production and thus making each producer’s profit flow smaller.

in Table 2 1 for future reference.

Labour Market

Assume full employment, we have the labour market clearing condition
E
N1+nc+—{=N, (22)

where £/~ is the total employment in consumption good production.

Capital Market

Finally, we assume there exists a perfect capital market. R&D firms borrow funds
from this market to pay their researchers and issue risky securities. The equilibrium
interest rate v clears the market at each mcment in time. Since there is a continuum
of sectors and innovations and imitations occur independently across firms and across

sectors, individual investors are able to completely diversify away risk by holding a

diversified portfolio of securities.
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Figure 2.1: The Value of Innovation




Figure 2.2, The Valye of Imitatiop
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Table 2.2: Three Equilibria (Q'(M) = 0)

Relative speed A (0,1/2) [1/2, )
Labor endowment N

ny=nc =0 np=nc =0

(0, 4\:('7—1)]
ny>0,nc >0 n1>0,n(;=0

YICE) thiad

2.3 Stationary Equilibria

We consider only stationary equilibria. In equilibrium, the consumer’s total expendi-
ture E, the employment n; in innovative R&D and the employment n¢ in imitative
R&D are all constant; the instantaneous interest rate r is also constant and is equal
to the individual’s subjective discount rate p. A stationary equilibrium is described

by a constant sequence of {n;,nc, F'} satisfying the following conditions

At Acneg . y—1 : .

In(1 + E <1, n; > 0, with at least on ality, (23
[Acﬂc n( p+Am1)]( " YE <1, ng with at least one equality, (23)
Amy Amr Acnc p+ Am,

Lt In ]+ 2
e A+ ) (145 n’) ( py )
Acne ., v-1 . .
In(1 + E <1,n¢c > 0,with at least one equality, (24
(1+ 2 E < Lne quality,  (2¢)
E
n1+nc+;:N. (25)

There exist three possible equilibria depending on the size of labor endowment
and the productivity of innovative R&D relative to that of imitative R&D (see Table
2.2). Now we discuss the conditions for the existence of each equilibrium and the

properties of each equilibrium.

2.3.1 Zero R&D Equilibrium

There are two cases in which this equilibrium exists. The first case is that the labor

endowment is too small. The second case is a limiting case where imitations are




instantaneous. More specifically, letting A = A;/A¢, we have

Proposition 2.1: A zero R&D equilit:rium exists if and only if the labor endow-
ment is too small, i.e., N < ;’-(—_;L_ﬁ, and/ or imitations are instantaneous, i.e., A - 0.
The proof is given in Appendix 2.5. The intuitions behind this proposition are as

follows.

In the first case, the labor endowment (correspondingly, the total expenditure) is
so small that even without imitation, the profit an innovator can make will be too
low to cover the cost of R&D. So there is no innovative R&D and therefore there is no
imitative R&D.!* In the second case, imitations are so easy that once an innovation
succeeds, an infinitely number of successful imitations follow immediately. Threat-
ened by immediate imitations and thus zero returns to investment, no firms invest
in innovative R&D. With no investment in innovative R&D and thus no innovation,

firms do not invest in 1mitative R&D either.

2.3.2 Equilibrium with Innovation only

If the labor endowment is large enough, but imitation is too difficult relative to in-
novation, then firms invest in innovative R&D but do not invest in imitative R&D.

Therefore we have the following proposition.

Proposition 2.2: An equilibrium with innovation only exists if and only if the
labor endowment is large enough, ie., N > T,({;—T)* but imitation is too difficult, i.e.,

1
A> 1L

14 A5 has been shown ir Appendix 2.5, if n;=0, then Vo =0.




We prove this proposition in Appendix 2.6. The intuition is straightforward. If
the labor endowment is large enough and innovation is not too difficult relative to
imitation, then the profit potential is high enough to attract investment into innova-
tive R&D. But since imitation is not easy enough relative to innovation, the expected
I .efit will not be enough to cover the cost of investment in imitative R&D. There-

fore, in equilibrium, onlv innovative R&D occurs.

With zero employment in imitative R&D, the value of a successful innovation is
Vi = b—'—”ﬂ%%}"—‘ﬂ 1% The zero profit condition for an R&D firm );V; = 1 implies
ny = (El)N — 3t~ This is exactly the result obtained in those endogenous growth
models without imitation such as Aghion and Howitt (1992) and Grossman and Help-

man (1991a). In equilibrium, the effects of changes in parameters are stated as follows.

Proposition 2.3: In the equilibrium with inzovation only, the employment ny in
innovative R&D increases with (i) an increase in the arrival rate parameter Ay; (ii) an
increase in the size v of innovation; (iii) an increase in labor endowment N and (iv)
a decrease in the individual’s subjective discount rate p. The economic intuitions are

explained in Aghion and Howitt (1992) pp. 334-335.

2.3.3 Equilibrium with Both Innovation and Imitation

i we rule out the limiting case (i.e. A = 0 ), then if the labor endowment is large

enough, ie, N > ;T,(—f-_f)' and imitation is not too difficult, i.e., A < %, then both

innovative and imitative R&D occurs and returns to the investment in both types of
R&D are equal.

18): _ {y-1)}(N-n,;
limng o ¥y = 5.
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In the rest of this section and the next section, we will focus on the equilibrium
with both innovation and imitation. Solving (25) for E and substituting it into (23)
and (24) (with equalities) gives

Acne
/\c In(1 + py AI'"-I)
= 21+ 320 n(1 + 3222) - (14 £ (1 4+ 200, (26)
P cnc p+ A
Acnc _ .
[~————ln(1 m)l(‘y - 1)(N —ny - nc) =1 (27)

The first equation (26) is an equal profitability condition, which says that in
equilibrium the expected returns to investment in innovative and imitative R&D are
equal. We show in Appendix 2.8 that the employment n; in innovative R&D and the
employment n¢ in imitative R&D described by this condition are positively related.
That is, more employment in imitative R&D accompanies more employment in inno-

vative R&D in order for this condition to hold.

The intuition behind this can be understood from the effects of changes in the
employment in innovative and imitative R&D on the values of innovation and imita-
tion. Let us start from a state in which the equal profitability condition holds (i.e.
AtV = A¢Ve). Suppose the employment in innovative R&D increases, then, as shown
in Table 2.1, the increase in the employment in innovative R&D has two effects: the
"business-stealing” effect and the positive competition effect. The "business-stealing”
effect tends to lower the values of both innovation and imitation; the positive compe-
tition effect does not affect the value of innovation, but it tends to increase the value
of imitation. The net result is that the value of innovation decreases more than the
value of imitation does. The latter may rise rather than fall if the effective employ-

ment in innovative R&D is low relative to the effective employment in imitative R&D!
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As a result, the cxpected return to imitative R&D is higher than that to innovative
R&D (ie. AjVr < AcVe). The higher expected return to imitative R&D creates an
incentive for firms to employ more iabor. Then the employment in imitative R&D
rises and the equality of the expected returns to both type of research is restored.

Therefore we have the positive relationship between these two types of employment.

The second equation (27) is a labour market clearing condition. The relationskip
between these two types of employment, n; and nc¢, are negative as shown in Ap-
pendix 2.8. The reason for this negative relationship is obvious. Since the total labour
supply N is fixed, then given the employment in the consumption good production,
more labour hired by one type of R&D implies less labour available for the other. We
show that as long as the total labour endowment N is large enough and 0 < X < 3,

there always exists an equilibrium with both innovation and imitation. That is,

Proposition 2.4: An equilibrium with both innovations and imitations exists if

Moreover, the equilibrium is unique if it

and on ifN>I;T_%ﬁa.ndl<)\<%.

exists.!®
The equilibrium properties will be discussed in the next section.

Now we calculate the utility growth rate g. We consider the productive imitation

case.!” Substituting A, with p = yQ(M)/QM_,) and E, = E into (12) gives
, E 1 ) 1 .
u(t) = n ) + /0 alnvdi + /0 In (M-, )ds, (28)

where M_; is the number of varieties of v.ntage (g,—1) in sector 7. Using the properties

165ee Appendix 2.8 for proof.
'"The rent-seeking imitation case can be considered as a special case.




43

of the Poisson distribution, as in Segerstrom (1991), we have

S (Angt)tie At

/1 g ln~ydi = Z
0

!
q=0 Gy

g.Iny
= (A;n;)tln'y. (29)

And the stationary distribution of the type of sector across sectors implies

uy = fo1 InQM_)di= 3 6, InQ(k_,), (30)

k.1=1

where k_; refers to the type of a sector in the previous generation. Hence, we have
E
u(t):ln(:y—)—f Amitlny + u,. (31)
Then taking the derivative of u(t) with respect to time ¢ gives the growth rate
9=(Ams)ln~. (32)

From (32), we know the. the growth rate depends positively  the productivity A;
of innovative R&D, the amount of labour n; employed in innovative R&D and the
size v of innovation. Given the parameters, A; and 7, the growth rate depends solely
on the equilibrium employment n; in innovative R&D. Since the growth rate and the
employment in innovative R&D change in the same direction, in the next section, the
comparative-statics analysis focuses on the effects of exogenous changes in the model’s
parameters on the equilibrium employment in innovative R&D (and the equilibrium

employment in imitative R&D as well).

2.4 Comparative Statics And Public Policies

This section focuses on the equilibrium with both innovation and imitation. We look

at the effects of changes in the model’s parameters and government policies on the

equilibrium employment in innovative and imitative R&D. The effects on welfare will
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be analyzed through numerical examples in section 2.6. The effects of exogenous

changes in the model’s parameters (A7, A¢, p,v and N), and of government policies

on the employment in innovative and imitative R&D are summarized in the following

Propositions.!®

Proposition 2.5: An increase in the productivity A; of innovative R&D increases

the equilibrium employment n; in innovative R&D.

The effect of an increase in the productivity of innovative R&D on the equilib-
rium employment n; in innovative R&D is intuitive. The increase in this parameter
decreases the marginal cost of innovative R&D by improving the efficiency of employ-
ment. It also decreases the marginal benefit to innovative R&D because it increases
the rate of creative destruction of the next innovation (reinforcing the "business-
stealing” effect). But here the former dominates the latter. Consequently, the equi-

librium employment in innovative R&D increases.

Numerical calculations (e.g. Table 2.4 in Appendix 2.9) show that an increase in
the productivity A; of innovative R&D decreases (increases) the equilibrium employ-
ment nc in imitative R&D if §; > 8, ( 6; < 8;). ' The effect on the equilibrium
employment in imitative R&D needs some explanations. The intuition may suggest
that the increase in the productivity of innovative R&D should always reduce the
equilibrium employment in imitative R&D because it reduces the marginal benefit
to imitative R&D by increasing the rate of creative destruction. But, as has been
explained above, the value of imitation depends not only on the length of time in

which the imitator enjoys the profit from being the sole producer of a new variety,

13The proofs are given in Appendix 2.9, 2.10 and 2.11.
1%Here, 6, is a critical value of 6;.
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but also on the distribution of the type of sector across sectors. The increase in the
productivity of innovative R&D reduces the length of time for the imitator to earn
profits, but it also increase the probability of copying the state-of-the-art products
from those sectors with single producers (the innovators), and therefore has a larger
share of that product market (strengthening the positive competition effect). So
when the effective employment Ajn; in innovative R&D is low relative to the effective
employment Acnc in imitative R&D, the "business-stealing” effect is more than off-
set by the positive competition effect. Therefore, the employment in imitative R&D
increases rather than decreases. However, when the effective employment An; in
innovative R&D is high relative to the effective employment A¢nc in imitativ- R&D,
the ”business-stealing” effect dominates. Thus, the net effect follows the intuition,
that is, the equilibrium employment in imitative R&D decreases as a result of the

productivity increase in innovative R&D.

Quite symmetrically, for changes in the productivity of imitative R&D, we have

Proposition 2.6: An increase in the productivity A¢c of imitative R&D decreases

the equilibrium employment n; in innovative R&D.

An increase in the productivity of imitative R&D does not affect the marginal cost
of innovative R&D but it decreases the marginal benefit to this activity by reducing
the length of time during which the innovator enjoys its monopoly profit (increasing
the negative competition effect), so the equilibrium employment in innovative R&D

decreases.

It is shown through numerical calculations (e.g. Table 2.5 in Appendix 2.9) that

an increase in the productivity Ac of imitative R&D increases (decreases) the equi-
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librium employment nc in imitative R&D if 6, > 6, ( 6; < 8]). 2° The effect on the
equilibrium employment in imitative R&D again depends on two offsetting forces. On
the one hand, the increase in the productivity of imitative R&D reduces the marginal
cost of imitative R&D by improving the efficiency of employment, but on the other
hand, .t also decreases the raarginal benefit to this activity through the negative com-
petition effect. If the effective employment Ain) in innovative R&D is low relative
to the effective employment Acnc in imitative R&D, the negative competition effect
dominates and thus, in equilibrium, the employment in imitative R&D decreases If
the effective employment in innovative R&D is relatively high, then the effect of the
marginal cost decrease more than offsets the negative competition effect. Therefore,

the equilibrium employment in imitative R&D increases.

Proposition 2.7: An increase in the representative individual’s subjective dis-

count rate p always decreases the equilibrium employment n¢ in imitative R&D.

But we show through numerical examples (e.g. Table 2.6 in Appendix 2.9) that
an increase in the representative individual’s subjective discount rate p decreases
(increases) the equilibrium employment n; in innovative R&D if p is large (small).
The representative individual’s subjective discount rate is negatively related to the
discounted expected benefits to both innovative and imitative R&D. That is, an in-
crease in the discount rate reduces the discounted exjected benefit to each type of
research. Since it does not affect the marginal cost of either type, the equilibrium
employment in innovative and imitative R&D should decrease responding to lower
marginal benefits. This is true if the discount rate is large. However, if the discount
rate is small, the increase in the discount rate reduces the equilibrium employment

in imitative R&D to such an extent that the negative competition effect outweighs

3Like 6, , 9, is another critical value of 8.
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the discount rate effect on the marginal benefit to innovative R&D. As a result, the

employment in innovative R&D rises rather than falls.

Proposition 2.8: Anincrease in the size ¥ of innovation and the labor endowment
N incrzases the equilibrium employment n; in innovative R&D and the equilibrium

employment n¢ in imitative R&D.

This proposition is very intuitive. An increase in the size of innovation or in
the labour endowment raises the marginal benefits to both innovative and imita-
tive R&D. The increase in the the size of innovation increases the marginal benefit
throngh charging a higher price, while the increase in the labour endowment increases

the marginal benefit by increasing the total expenditure.

Proposition 2.9: An increase in the subsidy s; to innovative R&D increases the

equilibrium employianent n; in innovative R&D.

The effect of an increase in the subsidy to innovative R&D works through the
same mechanism discussed in proposition 2.5. It always induces more employment in

innovative R&D by reducing the marginal cost of innovative R&D.

Numerical calculations (e.g. Table 2.7 in Appendix 2.9) reveal that an increase in
the subsidy s; to innovative R&D decreases (increases) the equilibrium employment
nc in imitative R&D if 8, > 6, (8, < 6;'). 2! The effect on the equilibrium em-
ployment in imitative R&D again depends on the two conflicting effects mentioned

above. If the effective employment in innovative R&D is low relative to the effec-

tive employment in imitative R&D, the positive competition effect is stronger than

319" is another critical value of ;.
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the "business-stealing” effect, thus the equilibrium employment in imitative R&D
rises; if the effective employment in innovative R&D is relatively high, the "business-
stealing” effect dominates the positive competition effect, therefore the equilibrium

employment in imitative R&D decreases.

Proposition 2.10: An increase in the subsidy s. to imitative R&D decreases the
equilibrium employment ny in innovative R&D and increases the equilibrium employ-

ment n¢ in imitative R&D.

This is again an intuitive proposition. An increase in the subsidy to imitative R&D
does not affect the marginal benefit to imitative R&D, but it decreases the marginal
cost, thus it induces more employment in imitative R&D . But the increase in the
equilibrium employment in imitative R&D reduces the marginal benefit to innovative
R&D through the negative competition effect. Therefore, responding to the decrease

in the marginal benefit, the equilibrium employment in innovative R&D declines.

Under most circumstances, taxation and subsidization are two alternatives for
public policies. That is, taxing an activity can usually be replaced by subsidizing
another activity (or other activities) to achieve the same policy objective. However,
this does not apply here. In this model, taxation and subsidization are not always
equivalent. If the policy objective is to discourage imitations, then taxing imitative
R&D can always satisfy thir objective. But sabsidizing innovative R&D may do the

opposite. So we have the following corollary.

Corollary: Subsidizing innovations and taxing imitations are not necessarily

equivalent.
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The results regarding the effects of government subsidies will be compared with

those in Segerstrom (1991) in the next section.

2.5 Productive Imitation

In this section, we consider the case where individuals prefer more varieties, i.e.
V(M) > 0. We restrict our attention to the effects on the levels of innovative and
imitative R&D of exogenous changes in the model's parameters and of public poli-
cies. To this end, first, we need to calculate the values of innovation and imitation
under the new assumption. The comparative statics analysis can be done in the same

fashion as in the rent-seeking imitation case.

To derive the value functions of innr ition and imitation under the assumption
that Q'(M) > 0, we need to know the prices innovators and imitators can charge for
a new variety or a new product. From the product replacement condition (10), we

know that the highest price an innovator or imitator can charge is
p = BQUM), (33)

where the subscripts for sectors and varieties are omitted, 8 = v/Q{ M_;) and M refers
to the number of varieties of the-state-of-the-art product while M_, is the number
of varieties of the old product (one step down the quality ladder). Notice that with
the assumption that /(M) > 0, the price of a new product (or a variety of a new
product) depends not only on the size v of the quality improvement but also on the
numbers (M and M_;) of varieties of both the new and old products. As in the case
where imitations are of the rent-seeking type, the price of a new product increases

with the size of the quality improvement. In addition, the price also increases with

the number of varieties of the new product but decreases with the number of varieties
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of the old one. That is, the larger the number of the old (new) varieties, the lower
(higher) the price an innovator or imitator can charge. As a result, the values of both
innovation and imitation depend crucially on the distribution of the type of sector
across sectors. In this case, the calculation of the values of innovation and imitation
turns out to be rather complicated. To illustrate the interactions between innovation

and imitation in a manageable way, we assume that the function (M) takes the

following simple form

1, M=1,

where 1| < v < v represents the individual’s preference for varieties.?? As has been

shown in Appendix 2.12, the value function of innovation is given by

(v = 1)[6; + (1 - 61)v]
p+ Amr+ Acne

Acnc
p+Amg

Nlyv—b1—(1-61)v]

E

1
‘/, = {[Acnc ln(1+

and the value function of imitation is given by

Amp Acnc

Amy
)In(1 + py

Ve = 1+
¢ P/\cnc[(

)

Acnc

(14 P A Adene o o B ,
(L Acne )ln(1+p+)‘m,)jhu 6 -(1 91)”]7”, {36)

where 8; = 520 ig the proportion of type 1 sectors.

Comparing (35) and (36) with (19) and (21) respectively, we can see that the as-
sumption that {'(M) > 0 creates two more channels through which the employment
in innovative R&D and imitative R&D affects the values of innovation and imitation.
In addition to the "business-stealing” effect on the value of innovation V; and the
"business-stealing” effect and the positive competition effect on the value of imita-
tion V¢, identified in section 2.2, an increase in the employment n; in innovative

R&D, on the one hand, increases the profit flows for innovators and imitators by

3Note that if v = 1, then we have the rent-seeking imitation case.
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raising the prices they can charge (the positive dynamic competition effect?) because
of (stochastically) fewer old varieties. But on the other hand, the increase in the em-
ployment n; in innovative R&D also affects adversely the profit flows for innovators
and imitators by lowering the prices they can charge due to fewer new varieties (the
negative dynamic competition effect). Correspondingly, besides the negative compe-
tition effect on the values of innovation and imitation, an iiicrease in the employment
nc in imitative R&D has another two conflicting effects on the values of innovation
and imitation. It decreases (increases) the values of innovation and imitation by
increasing (reducing) the competition between the producers of the products of two
different generations (qualities) because of more old varieties (more new varieties)(the
negative (positive) dynamic competition effect) which tends to lower (raise) the prices
the producers can charge. For comparisons with Table 2.1 in section 2.2, we list all

these effects in Table 2.3.

To close the modified model, we consider the labor market. Since each unit of
output of any variety and quality costs one unit of labor to produce, the total em-
ployment in consumption good production is simply the total output. Let z denote
the output of each variety, Mz is the employment in a single sector. Therefore, the

total employment X is?*

X = ‘/: zdi = kil[g(g)ek]ﬁ_;
- [91u+(1—o,)][al+(1-al)u]$~, (37)

33We distinguish this effect from the nositive competition effect because these two effects work
through different channels: the positive dynamic competition effect comes from reducing the compe-
tition between the producers of a new product and the producers of the new product’s old counterpart
(old varieties) while the positive competition effect results from reducing the competition among the
producers of different varieties of the same generation (quality). For the sarne reason, we distinguish
the negative dynamic competition effect from the negative competition effect.

345ee Appendix 2.13 for derivation.
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Table 2.3: The Effects of Changes in n; and n¢ with Q'(M) > 0

Employ.Increase Effect on V; Effect on V¢
ny "Business-stealing” effect "Business-stealing” effect
= Vi decreases = V¢ decreases
Positive dynamic Positive dynamic
competition effect competition effect
=> V] increases = V¢ increases
Negative dynamic Negative dynamic
competition effect competition effect
= V} decreases = Vo decreases

Positive competition effect
= Ve increases

ne Negative competition effect Negative competition effect
= V} decreases = V¢ decreases
Positive dynamic Positive dynamic
competition effect competition effect
= V) increases = Ve increases
Negative dynamic Negative dynamic
competition effect competition effect
= V; decreases = V¢ decreases

Note: As in Table 2.1, this table does not list the effects of increases in ny and ne on Vi and Vo by
reducing the employment in production and thus decreasing the profit flow for each producer.

where 6, is defined in Appendix 2.1 and ,_, is the measure of sectors that are type

k in the previous generation. Thus, we have the labor market clearing condition
E
m+nc+[01u+(1 —-01)][01+(1—01)V];; = N. (38)

Therefore, the equilibrium conditions are

{

I Acnc
ong + P+Amz)”‘w—01 - (1-6,)]

(v - g, +(1-6,)w|, E
< >
T Ay T done }7 1, ny > 0, with at least one equality, (39)
Acnc
p+ Amg

Am A Acn Amn
mn mi cnf) (1+P+ mi

i1+ )In(1 + )

g (1 +

v — 6, — (1 - 91)"]% <1, n¢c 20, with at least one equality, (40)
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and the above labor market clearing condition (38). In the rest of this section, we

will consider equilibria with n; > 0 and n¢ > 0, which are described by

1 Acnc (v —1)[6, + (1 - 6,)v]
In(1 + ——— —6,—(1-0 -
[Acnc a1+ p+Amy Novw =62 = ] p+Amr+ Aenc
ng Amr Acne p+Amy Aene
= 1+ In(1 + ~(1+——)In(1 + —
pnc ( /\cnc) a( Ay )= Aenc JIn(1 + p+ Amz)]
[yv — 6, - (1 - 6,)v], (41)
and
A Acnc
{[Acnc In(1 + m)]['ﬂ/ -6, — (1 - 8,)v
(v —1)[6 +(1 — 61 )v] (N —ny —ng¢) 1 (42)

p+Amr+ Acnc [0 + (1 - 6,)][6: + (1 — 61)v]
Since innovation and imitation interact with each other in such complicated ways, as
shown in Table 2.3, we do not attempt to do comparative-statics and public policy
experiments analytically. Instead, numerical examples are used. The numerical ex-

amples give us the following results:

For the changes in Ar, \¢,7,p, N and s;,2® we have qualitatively the same results
as stated in section 2.4 (i.e. the case where imitations are of the rent-seeking type).

The effects of changes in v and s¢c on the employment in innovative and imitative

R&D are as follows

e An increase in the degree v of preference for more varieties decreases the em-
ployment n; in innovative R&D and it may increase or decrease the employment
ne in imitative R&D. For example, when (A7, Ac,v,p, N)=(0.3, 3, 2, 0.05, 1),

an increase in the degree v of preference for varieties from 1 to 1.1 decreases

3With a subsidy s; to innovative R&D, the equilibrium conditions are given by (41) with its left
hand side being multiplied by -lfl;; and (42) with its right hand side being replaced by 1 — s;; the
equilibrium with a subsidy sc to imitative R&D is described by (42) and (41) with its right hand
side being multiplied by =%—.
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the employment n; in innovative R&D from 0.020,882 to 0.019,221 and also de-
creases the employt;xent nc in imitative R&D from 0.190,179 to 0.183,109; when
(A1, 2¢, v, 0, N)=(1.3, 3, 2, 0.05, 1), if the degree v of preference for varieties
increases from 1 to 1.1, then the employment n; in innovative R&D drops from
0.322,868 to 0.263,759, but the employment n¢c in imitative R&D rises from
0.156,196 to 0.211,520.

e An increase in the subsidy sc to imitative R&D decreases the employment nj
in innovative R&D and it may increase or decrease the employment n¢ in im-
itative R&D. For example, when (A7, A¢c,v, p,v, N)=(0.1, 0.3, 2, 0.05, 1.5, 1),
an increase in the subsidy sc to imitative R&D from zero to 0.01 decreases
the employment n; in innovative R&D from 0.011,770 to 0.011,422 and also
decreases the employment ne in imitative R&D from 0.032,141 to 0.031,891.
When (A1, Ac,7, p, ¥, N)=(0.3, 3, 2, 0.05, 1.5, 1), without a subsidy s¢ to imi-
tative R&D, the employment n; (n¢) in innovative (imitative) R&D is 0.267,863
(0.387,805); with a subsidy s¢ = 0.01, the employment n; (n¢) in innovative
(imitative) R&D decreases (increases) to 0.262,566 (0.392,147).

The above numerical calculations show that when imitations are productive, the
"nonequivalence” result still applies;?® in addition, taxing imitative R&D may induce
more imitations! The reason for this seemingly counterintuitive result is as follows.
If imitative R&D is taxed, then the marginal cost of imitative R&D will rise. Mean-
while, the employment in innovative R&D will increase. As listed in Table 2.3, the
increase in the employment in innovative R&D has both positive and negative effects
on the value of imitation. But with certain sets of parameters, the positive effects
dominate the negative effects and increases the marginal benefit to imitative R&D.

If the increase in the marginal benefit is greater than that in the marginal cost, then

38The "nonequivalence” result refers to the corollary in section 2.4.
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the employment in imitative R&D will rise rather than fall.

Let us compare the results regarding government subsidies with those in Segerstrom
(1991).2" Before doing so, it is helpful to calculate the aggregate employment in inno-
vative and imitative R&D and the average growth rate in Segerstrom’s model. Using
the notations in the present paper, we know that, in his model, n; = a;(;—f—é)l .
neg = "'C(FIC')C and g = :—Inl In A, where a;(ac) is the amount of labor required
for each unit of innovative (imitative) R&D activity, I(C) is the level of innovative
(imitative) R&D in a single industry (sector) if this industry is targeted by innovative
(imitative) R&D, and ) is equivalent to v in the present paper. We can easily sec
that, in Segerstrom’s model, the aggregate employment in inrovative R&D ard that
in imitative R&D always change in the same direction. Furthermore, the former is
always proportionally greater that the latter because of the assumption that a; > ac.
This property comes direciiy from the definition of equilibrium. In the present model,
the employment levels of innovative and imitative R&D are determined by the costs
and benefits of these two activities, therefore, they may or may not change in the

same direction.

Now let us see the differences i1 the effects of government subsidies on the em-
ployment in innovative and imitative R&D. While both Segerstrom’s and the present
model (in both the rent-seeking and productive imitation cases) show that an increase
in the subsidy s; to innovative R&D always increases the employment in innovative
R&D and thus the growth rate, these two models have different results concerning
the effect on the employment in imitative R&D. Since, in Segerstrom’s model, the

employment in imitative R&D changes in the same direction as the employment in

37 As has been introduced at the beginning of the present paper, in Segerstrom’s model, a steady
state equilibrium is defined in a way such that some industries are targeted by inrovative R&D and
the others are targeted by imitative R&D, so innovations and imitations can not occur in the same
industry at the same time.
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innovative R&D does, the employment in imitative increases with the increase in the
subsidy s;. But the present model shows that in both the rent-seeking and produc-
tive imitation cases, responding to an increase in the subsidy s;, the employment in

imitative R&D may increase or decrease.

As to the effects of an increase in the subsidy s¢ to imitative R&D on the em-
ploymert in innovative and imitative R&D and the growth rate, the two models also
have ¢ .crent results. Segerstrom shows that the effccts of an increase in the subsidy
to imitative R&D ambigucusly affects the employment in innovative and imitative
R&D and thus the growth rate; we show that an increase in the subsidy s¢ always
decreases the employment in innovative R&D and consequently the growth rate in
either Lth= rent-seeking imitation or the productive imitation case, and unambiguously
increases the empioyment in imitative R&D when imitations are of the rent-seeking
type, although, as in Segerstrom’s model, the effect cn the employment in imitative

R&D can go either way when imitations are productive.

2.6 Welfare

In this section, we analyze the effects of changes in government policies on the con-
sumer’s welfare. Before doing so, we need to calculate the consumer’s discounted
expected life time utility. Since the rent-seeking imitation case can be considered as a
limiting case of the productive imitation case, we just need to consider the productive
imitation case. From equation (30) in section 2.3 and the assumption in section 2.5

that QM) =1 M =1and (M) =vif M > 2, we have

u, = (1 =6 )Inv (43)
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Then substituting (43) and (31) into (13) gives

1 E /\1n11n'y
U= ~[In(—)+u, + ———], 44
p[ (%) ) (44)

where 0, is defined in Appendix 2.1 and the total expenditure, E, must satisfy the

labor market clearing condition (36), or equivalently,

_l_'j_ _ v(N —n; —ng)
v [+ (1—=6,)][6+(1-6)r]

(45)

Notice that if » = 1 (i.e. imitations are of the rent-seeking type), then (44) becomes

Amrlny

p B (46)

1. E

where E/y = (N — n1 — n¢).

It is clear from (32) that imitations do not contribute to growth. But we know
from (44) that except in the case where Q(M) = 1 (i.e. v = 1), they do improve
welfare by providing the consumer with more varieties. Since the welfare depends
on current censumption E, the number of varieties ( indirectly represented by u,)
and the growth rate g (i.e. Anrln+y), growth and welfare may change in different
directions. That is, a higher growth rate does not necessarily implies a higher level of
welfare. Therefore, a government policy leading to a higher growth rate may reduce

welfare.

As has been shown in sections 2.4 and 2.5, an increase in the subsidy to innova-
tive (imitative) R&D increases (decreases) the employment in irnovative R&D, so 1t
speeds up (slows down) economic growth. However, numerical examples show that
an increase in the subsidy s; to innovative R&D has an ambiguous effect on welfare.
When (A, Ac,v,p,v, N)=(0.1,0.3, 5, 0.05, 1.5, 1), an increase in the subsidy s; from
zero to 0.01 raises welfare, but when (A;, Ac,v,p,v, N)=(0.1,1.3, 2, 0.05, 1.5, 1), the
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same policy change lowers welfare.

The effect on welfare of an increase in the subsidy s¢ to imitative R&D is also am-
biguous. For example, when (A, A¢,~, p, v, N)=(0.1, 0.21, 2, 0.05, 1.5, 1), an increase
in the subsidy s¢ from zero to 0.01 increases welfare, but when (A7, A¢, 7, p, v, N)=(0.1,
0.21, 5, 0.05, 1.5, 1), the same policy change does the opposite. These results are

quite similar to those obtained by Segerstrom (1991).

2.7 Concluding Remarks

This paper has developed a multi-sector dynamic general equilibrium growih model,
in which investments in both innovative and imitative R&D are endoge:.ously de-
termined and economic growth is driven by innovation through its interactions with
imitation. Different from the endogenous growth literature, the processes of innova-
tion and imitation are modelled in such a way that innovations and imitations can
occur in the same sector at the same time, which we believe is consistent with casual

observations.

To understand the relationship between innovation and imitation, we identify
the channels through which innovation and imitation interact with each other. We
consider both rent-seeking and productive imitations. When imitations are of the
rent-seeking type, we show that subsidizing innovative R&D is not necessarily equiv-
alent to taxing imitative R&D; When imitations are productive, we show through
numerical examples that, in addition to the "nonequivalence” result, taxing imitative
R&D may induce more employment in imitative R&D. We also show that, in both
cases, a subsidy to innovative R&D always speeds up economic growth while a sub-

sidy to imitativ: R&D always does the opposite, but the effects on welfare of both
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subsidies are ambiguous.

We believe that the model captures many important aspects of a real world econ-
omy, especially the complicated interactions between innovation and imitation. It
can be extended to study several other issues. For example, patent enforcement can
be introduced into the model along the line of Davidson and Segerstrom (1993) to see
how patent enforcement affects economic growth through influencing the investment
in innovative and imitative R&D. Another promising area is international trade. By
extending the model to the context of an open economy, we can analyze the impact
of international trade on the investment in innovative and imitative R&D and there-
fore on a country’s growth rate and the roles of government public and commercial

policies in stimulating the country’s economic growth.




Appendix II
Appendix 2.1: Stationary Distribution of the Type of Sector

This appendix shows that the random variable ( K — 1) follows a geometric dis-

tribution. Let 6, be the proportion of type k sectors, then we have
6, = (1 - 8))Am; — G1)cnc,
9}, = Oy1Acnc — O[Amr + Aenc], k=2,3,....

Stationary distribution (§'s = 0) implies

P Amnr
1= Amy + Aenc'
6 = ( Acne )*-19,, k=2,3,..

Amr+ Aene

Obviously, (K — 1) has a geometric distribution.

Appendix 2.2: Derivation of V; and V¢

We derive the value functions of innovation and imitation in this appendix. Let

Vo, be the value of the ith successful imitation, then we have the Bellman equation

-1 ;
pVei = (l_;—)E/ (1 +13) = MtV = Acne(Vei -- Veg),

which implies
(p+Amnr + Acne)Vei — (7;—1)E/(1 +1)
Vo) = dons : (47)
1=t ‘
Let ¢, = S—’%ﬁlf—) and y = etAuiiong 5 1 then (47) becomes

Voo = ¥ Ve(i-1) — dia
-1

= ¢ We, - Z¢i—1_’¢j-

=1
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Or equivalently,

VC: bt ¢
o =Veor - ng '1’-—]’ (48)

Since the value of a new successful imitation decreases as more imitations succeed

and approaches zero as the number of successful imitations goes to infinity, we have

-1
0 = lim Vc‘-—VC1—hmZ¢J

t—00 ';l) 1—0

(LH)E

—Ver - 5= in(E ) - 1)

which gives
(3H)E

=
o (49)

_ ¥
Ver = [win(2) - 1
From the Bellman equation for the value of innovation, i.e.
v-—1
pVi = (—"Y_)E — AmiVi — Acne(Vi — V),

we have

(Z2)E + AencVer

Vi = . 50
! p+ Amy+ Agne ( )

Then substituting Vg, with ¢ = &"‘fﬁ"‘—ﬂﬁ into (50), we get the value function of
innovation

Aenc

N2=1)E. (51)

Vi=1 p+ Ami v

In(1 +
Ac'nc n(

Now we derive the value function of imitation. From (48) and (49), we have

(=4)B
Voo = oy Aonc )
where a, = w"l[dlln( D) - -y Let 8 = Am—'\"i-i"n—, then the

assumption that imitations occur randomly and independently across sectors implies

VC = ZasVCs

1=1
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0 . (j%}')E01
= (25 3 e (52)
Using In(1 — %) =—3yo, (1/9)' and 96 > 1, we get
[ -] 3 4
s=1
+¢.35’((1/"’)‘ + (1/$) S
4 5
1.8
"W Tw
1 5 §?
tia T et
1 ] 52
+4¢3+5¢3+6¢3+
+...
¢52[ In(1 — ) — 6]
52
+¢263[—ln(1 ~6)—6— —2-]
52 53
1/)36‘[ In(1-6)—6— > ?] + ..
_ In(1-6) 1 1 11 11
=-1—3 ¢5—1 MY S T S Sl Wy By
1
11’5 [ ln( )+ Yin(l — ;,b—)] (53)
Substituting 3, § and (53) into (52) gives
_ Ay AInI /\cﬂc
Vo = 21+ S0 tn(1 + S
P+ mi Acnc v-1
—(+ B a1 + ST, (54

This is the value function of imitation shown in section 2.2.
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Appendix 2.3: Effects of n; and n¢ on V;

From the value function of innovation (19) (given E), we have

vr _ M(ITE <0

on; (p+ Amr)(p + Amr + Aene) ’

6‘? 1 Acnc Acnc 7——1
onc Acn? ln( p+ )\mx) p+Amy+ /\cnc]( ¥ )

The second inequality is true because

Acnc Acnc
> .
p+Amr’ " p+Amr+ Aenc

In(1 +

Appendix 2.4: Effects of n; and nc on V¢

For simplicity, we use the following notations: £ = Amm/p, s = (An1 + Aenc)/p,

and A = A;/)d¢c. Then the value function of imitation (21) can be rewritten as

Ve = p(—s—g-z—)z[sln(%) —(s+ 1)ln(:ii

v—1
N—)E. (53)

Then given E, we get

oVe Al

ons :Pz(s—z)z[(3+z)ln(i)—(¢+.s+1)1n(3+1 s—z y—1

y -
:c+1)—a:+1]( 7“)E

We claim that there exists 0 < z° < s (or equivalently n? > 0) such that

a%{>0, 0<m<m°,

any) = = (56}

<0, s>z >z°
Note that given the model’s parameters, a higher value of z° is uniquely associated

with a higher level of effective employment in innovative R&D.

Proof: Define

s+1 s—z
z+1 z4+1°

f(z) E(s+z)ln§ —(s+z+1ln
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Then

oy . 8z+l) s-—z
f(x)—lnm(s+1) z(z + 1)’

and

f(z) = ;5—(-1;—1-;T)5[(8 —-z)(3z +1) — 3 (z + 1)].

Obviously, we have

" >0, 0<z<z
f(m){ <0, s>z >z" (57)

where 0 < =" < 0 satisfies f"(z") =0, i.e z"[1+ fi:‘;%'r—lll] = 3. In addition,
. : +1) s—c
! — l ‘,(1" _
ll—%f () l]_r}})[ " z(s+1) z(z+ 1)2]
s-a I
= im [ P - 1] = —00, (58)
z—0 .'B(:B + 1)2 =41y
because
a{x+1
LY cH 2(z + 1) _o
=0 St a0z(z 4 D+ (s-z)3z+1) '
and
N e s(z +1) s—z .
lim "(z) = lim|In z(s+1) =z(z+ 1)2] =0 (59)

Then (57), (58) and (59) implies

f’(:z:){ <0, 0<z<o, (60)

>0, s>z>7,

where 0 < z' < s satisfies f'(z') =0, i.e. In ;(,f;+3 - z,(';,:;), = 0. Furthermore,
. . s s+1 s-—=z
;lrx_xf})f(:c)_y_r%[ln;—(s+a:+-l)lnm+1—z+1]=oo, (61)

and

+1 s—z
+1 z+1

lig}f(z)zy_x}}[lni—(,s+z+l)ln: ] = 0. (62)



Combining (61), (62) with (60), we have

>0, 0<z< 2z
f(z}{ =0, z=1z2°,

65

(63)
<0, s>z > z°
where 0 < z° < s. Then (63) is equivalent to (56). Q.E.D.
From (55), we also have

Ve _ AcT s+1 -1

51:;_ ~3(—8—z—)3[(z+3)ln( ) (m+.s+2)l ( 1)]( )E(O,
because we can show that

s+1
f(s) = (a:+3)ln( ) — (z+s+2)ln(x+l)>0,Vs>m>0. (64)

Obviously, f(s = z) = 0. Moreover, we have

f'(s) = ln[:((::j: B] 33 +:c1) > 0, because
[s(:c + 1)] s—z
w(s+1)" " s(s+1)

Thus f(s = ) = 0 and f'(s) > 0 are sufficient for (64) to hold.

Appendix 2.8: Proof of Proposition 2.1

Proof: 1. f N < 12— and/or A =0, thenny = n¢ =

If N < A-T';LTS’ then

A7 s+1
AV =1 In - 1)(N —ny -
maxArvi '—r‘gp(a—m)( w+1)(’7 N —n; —nc)
_MO-D)N-m) o p My =1

p+Amy T p4+Amy p+Am;

<1, if ny>0.
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So, n; = 0. But if ny = 0, then V¢ = 0 because

[sln( )— (s+1)1n(3+1)]( 1)(N-—n;—nc)=0.(65)

bm Ve = hm
z—0 (3

Equation (65) is irue hecause

1
2t

llmwln— =0 and hm:cln
z—+0 z —0 z+1

Thus n¢ = 0, therefore, n; = n¢ = 0.

(ii). X = 0, then A;V; = 0 < 1, so ny = 0. From (i), we know that n; = 0

implies nc = 0. Therefore, n; = n¢c = 0.

2. lf ny=nc =0, then N < —£— AT and/or A = 0.
Iif nc = 0, then V| = —’b;-_a-"%ﬂl. Then if n; = 0, then we have
5’—(17:—111! < 1, which implies
N < 5t and/or A = 0. Q.E.D.
Appendix 2.6: Proof of Proposition 2.2
Proof: 1. IfN>'\( a.ndA>1/2 then n; > 0 and n¢ = 0.
(i). Show if A > 1/2, then AV > AcVe Vs > z > 0. From (19) and (21), we have
Aczs A 1= s+1 s
MV = AcVe = — 14 - —1n=(~v - —ny — )
1Vi - AcVe p(s——:z:)z[( +$+ . )lnw+1 lnm]('y 1IN —nr —n¢)
Define
A 1= s+1 3
’ 1’\ = - l e —-.
f(s,2,) (l+:c+ s )nx+l lnz
Since

fa_f,__(l_l)ln“”l

>0, Vs >z >0,

o T s z+1
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if f(s,2,1/2) > 0,Vs >z > 0, then fl=,2,)) >0,V X >1/2s > > 0. Now we
show that f(s,z,1/2) > 0,Vs > z > 0. Substituting A = } gives

s+1
r+1

1 1 s
f(s,m,1/2)=(1+ﬂ+§;)ln —ln;.
Because lim,_.. f(s,z,1/2) = 0 and

0f(s,z,1/2) __1__[3(3—-:1:) B n3+1‘
ds T 2s?'z(s+ 1) z+1

>_],__[s(.s—:n) s—z, (s — z)? S
2s2'z(s+1) z=+ 1 2zs¥(z + 1)(s + 1)

0,

we know that f(s,z,1/2) > 0,Vs > z > 0. Therefore, f(s,z,A) > v, VA > 1/2,5 >

z > 0.

(i1). From A;V; > AcVe, we have nc = 0. With n¢ = 0, we know that

My = )N = m)

AV =
T p+ Amy

Then A\;V;=1and N > ~A’—(f—_1—) implies ny > 0.
2. in;>0and ng =0, then N > W-%-ﬂ and A > 1/2.

Since n; > 0 and ng = 0, we have

— )«1("7 - 1)(N ~n1)
p+Am; ’

ArVr

Then n; = MOZUN=¢ & ¢ implies N > T

Ary

Also, n¢ = 0 implies Ac¢Ve <1 = AV}, Vs > z > 0 (equality holds only if n¢ = 0).
Thus we get

A 1

m(AVy - = — (N - >0, b
lim(AVy — Ve) [z+1 e l)J( ng) > ecause
lim A ln3+1: A ’

s~rg -z c+1 z+1




s+1 1

+1] T2z + 1)

lim (—;-—:E—-;[sln —(s+1)ln

Therefore, X > 1/2. Q.E.D.

Appendix 2.7: Proof of Three Usetful Inequalities

In this appendix, we prove three inequalities which will be used in later proofs.

The three inequities are

Inequality 1

s+1

s+1 s+1 s
[( +1)lr 2 ooy l—a:ln ;], Vs > z > 0.(66)

(ln )[sln-——(.s 1)In 3 =

J>

Inequality 2:

s+1 38— s+1
1)1
z+1]>.s+1[("+ )n:c+1

—sln ] Vs >z > 0.(67)

s+1 s
(In oy 1)[::: In ;-A(:H-l)ln

Inequality 3

(ln:+l)[(m+s)ln——~(:1:+.s+1)ln ii

. ]
] > —

Vs>z> 0.

Proof: We prove Inequality 1 first. Define

f(s) = (lna+ 1)[.sln-- -(s+1)ln ii

s—z s+1 s
Nn — — ~].
1[(:z:+ e :clnm]

] —
Then we have

9(z) = f'(s)

+1 +1 s s$+1

[aln——(s+l)ln ]+(ln 1)[ln;—lna:_i-l]




69

1 s+1 s s—z.z+1 =z
—— 11 —rhn-] - —[—— - -],
z+1[(z+)nz+l Tnz] z+1[s+l s
h(s) = g'(z)
1 s s+41 1 s s+1
—3+1[—;+z+1]—1+1[ln;—ln—~—1
s+1., 1 1 1 s+1 s
1 -= 1)1 —zln -
o et o T Ve gy —eln
L Lt [”’“"l_f] i:_z.[L___]
(z+1)?'s+1 s’ z+1's+1 s”
1 s s+1 2 1 1 2 z+1 =z
h(s) = ————[—= —= i
(2) (s+1)2[ :1:+z+1] .s+1[ x+m+1]+(z+l)2[s+l s]
1+s z+1 z s—x 1 1
2" 2+_2]- [- 2+“5]
(z+1)2 (s+1)2 s z+1 (s+1)2 s
_ zs(1+xs+2a)+(s—z)(sz+z’+2z’s+3x.s+2m+2s)<0

zs(z + 1)%(s + 1)?
Obviously, f(s = z) = 0, g(z = s) = J and k(s = ) = 0. Then, A'(s) < 0
and h(s = z) = 0 = h(s) < 0 = ¢'(z) < 0 (along with g(z = s) = 0) => g(z) > G

= f'(s) > 0 (together with f(s = z) = 0) = f(s) > 0. Therefore, inequality 1 holds.

Inequality 2 is equivalcnt to

s+1 s s+1
Vsln > —
(lnz+1,[slnm (3+1)lnm+1]
(z+1)(s+1)(In2) 5 ¢ s+1 s
f 41 - ey |
' (s - z)? ]x+1[($+1)lnz+1 Ilnx]
If we can show that
1)(s + 1)(In 21 )2
(44D gRP )
=y

then (69) and Inequality 1 ensures that Inequality 2 is also true. But (69) is guaran-
teed by

s+1 s — 2

P S er e+ P




We rewrite Inequality 3 as

s+1
z+1

]

+1 s
(In —— )[:cln;;—(:z:+1)lnw+ + s x+1)[ln;—ln

z 4+ 1

s(s—x) In s
(s+D)(z+1) =z

Since inequality 2 holds, we just need to show that

s+ 1 s s+1 s—z ]
In —-)[ln- -1 > In --.
(nxfl)[n.c . +II .s+1)(:x:+1)r:c

To show (70), we define

8§ - 1 s
e Ul P oy L

f(s) = (In ——)[ln - -In

Then we have

g(z) = f(s)

1 3 s+1
= -—-[ln——ln
s+1 =z z+1

]+ (In

1 s—z

GIDE T S e

(s-2f
To(z + 1)%(s + 1)2

9'(z) = -

Moreover, we have f(s = ) = 0 and g(z = s) = 0. Then, ¢'(z) <0 and g(z =s5) = 0
= g9(z) > 0 = f'(s) > 0. (along with f{s = ) = 0) = f(s) > 0, Hence, inequality 3
also holds. Q.E.D.




Appendix 2.8: Procf of Propositicn 2.4

This appendix proves the existence of an equilibrium with both innovation and
imitation. First, we show that the function n; defined by (26) is increasing in n¢
with nr(n¢ = 0) = 0, while the function n; defined by (27) is decreasing in n¢. Then
we prove the necessary and sufficient conditions of Proposition 2.4. Finally, we show

that the equilibrium is unique.

Proof: 1. Show that the function n; defined by (26) has the follow:ng properties:

:—:ﬁ > 0 and ny(nc = 0) = 0.

Using the notativas introduced in Appendix 2.4, we reformulate (26) as

A s+1 T s+1
= 1
.s—:cln:c+1 (s_z)z[sn (s+1)ln +1],

which can be simplified to

A, 1-X In(s) — In(z)
1+:c " s T ln(s+1)-In(z+1) (1)
Differentiating (71) with respect to = gives
iii__—+'\ln(=+1)+ (1+1"1A)
dw _—% - ls’Aln(::-H) l+l(1 + 5 + = '\)
—_+1 ( ) ln(zt.l)

Since ¢ = Ams/p, s = (Amy + Aene)/p, § ﬁ‘i > 0 is equivalent to :—; > 1. Three

sufficient conditions for :—; > 1 are

s+1

T
>0,
1)

Condition 1: A2 An(

—(1~A)§ln<’“)>o,

z+1

s—T $—z T s+
—{1 - A)=In(—---).
a:+l> s+1 ( )s n(m—+])

s, 8+1
1t D -{1 -
Condition 3 Az ln(z " 1) (1-23)




From (71), we have

/( —z) +1
(=+1) i ()1 ( )—(s+ )ln( +1)]

Substituting X into the above three conditions, we can easily verify that the three

A=

conditions are equivalent to the three inequalities proven in Appendix 2.7. Therefore,

;—’—'nﬂé- > 0. Clearly, ny(n¢ = 0) = 0 and n¢(n; =0) = 0.
2. Show that the function n; defined by (27) has the property: g:—g— < 0.

Differentiating equation (27), we have

Aj(s—z}(N-ny—-n

dn; ln( z+1 ) + p(z+1)(s+1) (73)

dnc¢ = 1 ln(”l)](N—nI—nc)—ln(ﬁ—i)-i—M_—"ﬂ'

pla+1)

Since the numerator is positive, the sign of %‘é— depends on the denominator. Let D

denote the denominator, then

N-n;, s+1 )\c(N—nI—nc)] [N—nzs—m_Ac(N—m—nc)]

-[- In(

ne z+1

) —
s+1 >s-—x
+1 s+1

p(s+1) ne s+1 p(s+1)
)

(becauseln

27T <.
s+ 1

3. Showthatn;)Oandnc>0ifandonlyifN;>;R-$Tl—)and0<A<%

(1)lfN> and0<A< , thenn; > 0 and n¢ > 0.

-1)
First, we consider the conditior 0 < A < ;. If 0 < A < 1, then there always exists

a pair of n; and nc with n; > 0 and n¢ > 0 (or equivalently 0 < z < s) satisfying

equation (26). This is hecause

. A s+1 A
llllb .;_—:—1,'— lnz +] = ;11’1(3 + 1)




) T 8 s+ 1
>E_I}}’m[sln;—(s+l)lnw+1]:0
and

lim A lns+1= A
z—sg5—z 2zx+1 s+ 1

. T s s+1 1 1
< lim ————[sln— - (s + 1)1 = if 0 <<=~
=—I&(s—z)2[3nm (s )nz+1] 2(.'s+1)’l < <2

The condition N > A—Kf—_li guarantees that the function defined by (27) has the
properties: ny{nc = 0) > 0 and n¢(n; = 0) > 0. This is because if n;y — 0, then
equation (27) becomes

Al
Acnc

p+ Acnc

[In My = 1N —nc) = 1. (74)

Since limpg—o LHS = 21N and LS < 0, if N > 12, then MOV
Thus, nc > 0.
Also, if n¢ = 0, then equation (27) gives

Ay -1)N —-p
A1y '

ny= (75)

Then, N > 3:_('%:1—) implies that n; > 0.

(ii)Ifn1>0a.ndnc>0,thenN>;I—(,;%l—)and0<)\<%.

From Appendix 2.4, we know that if n¢ > 0, then 0 < A < ; We also know from

(74) and (75) that if n; > 0 and n¢ > 0, then N > ATTE—_I;

The uniqueness of the equilibrium is guaranteed by the monotonicity of the func-

tions defined by (26) and (27) Q.E.D.
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Appendix 2.9: Proof of Propositions 2.5-2.8

We prove the propositions in the comparative steady-state analysis by determining
the signs of the derivatives of n; and n¢ with respect to the model's parameters (i.e.

A1, A¢,7,p and N). The equilibrium conditions for the model are

Ao1-Xx In(s) — In(z)
! Fe T ~In(s+ 1) —In(z + 1)’ (76)
2 (Sl - 1 = s = o) = 1 (71)

Differentiating these two equations with respect to parameter i(+ = A7, A¢,~, p and

N ) gives
ay;  aj, Oncloi | (¢ |’
where (the sign of each coefficient is explained at the end of this appendix)

aj; = A{a — b8)/p <0,

ay, = Acafp >0,

ay =c<0,
a'22=d<0,
! (L-XNz,, s+1. (1+de+(1=Ajs)(s— z)
At (A ] - ) o
a' = 5l Noe ) (s+1)(z+1) J<0
_ 1 +1
C;\::ﬂ[ iz _,_ln(l’_._)](N-n,~nc)<0,

p (s+1)(z+1) z ‘z+1

de Sz A 1-X . s+1 As-z)

: 2 1 ~
“ )«cs[(:c+ 8 )nz-i-l z(s+1)

] >0,

C;\C:P—C—[ l lns+1)—- 1

(N ~ny—
s+1,( nr nc)>0,

p s—c ‘z+1
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1 s+1
‘Y—— _— —
€3 = 7_1[ln($+1)1(N n; - nc) <0,
I, A 1-Xx  s+1 Ao1-2 S—T
P — (- 1 —_
i p[ (m+ . )ln(z+1)+( +z+ ) | <0,

s ‘(s+1)fz+1)
. (s —z)(N —n; —nc¢)

cy = >0,
2 p(s+1)(z +1)
cf’:O,
N s+1
= -1 0
62 n(z+1)< y
and where
1 1-2A s+1 1 A 1=
=---—21 +—a+2+1% 50,
¢ s s? n(:t:-i-l) 3-4-1( w+ s )
1 A s+1 1 A 1=
b=——+ -=1 1+-4+——)>0,
m+22n(:c+1)+:n+1( Tz_*_ s )
Ar(s — N—-n;—n 1
_ (s —z)( nr c)_ln(-S-i— ) <0,
p(s+1)(z+1) z+1
1 s+1 s—z s+1
d=-—(1 - N -n;—nc) -1 <0.
() = SN = s =) = ()
Then
a a’ :
D= 31 12 = a' aio_a‘l a >0’
b, ab, 11222 12921
Ar Ar
py =%, M |=clay - el >0,
Ca Q32
A Az
Dy = 4 4| =dralt - aliel,
az; €
Ao Ac
D —| 4 A | = dealy - gl <o
C2 az2
Ag Ac
D¥ =M1 4 |=q%if - afd°,
Ay €
Y ad
y_ (& G112 _ .7
Dy = e al, |~ cz;ay2 > 0,




! = dal, >0,

PP p_p
= €1Qy; — Gy,

Therefore, we have

on; D}" onc _ Dé" .
51_1‘ ey >0, az— = Dr (see Table 2.4);

61?.1 D}\c a’n.c DCAC
. — = b 5
= e <y, ,./\ = DAC (see Ta le 2 5),

B D; Bnc _ Dzv

= 5y >0, 5 =D

= 5 (see Table 2.6), —a‘p— = Dr

> 0;

< 0;

Explanations of the signs of the above coefficients:

o The sign of a}, is determined by the size of (a — b). It is easily verified that

a - b < 0 is equivalent to Inequality 3 in Appendix 2.7.

® a}, and a has the same sign. It is shown that ¢ > 0 is equivalent to Inequality

2 in Appendix 2.7.

e The sign of a), (i.e. c) is obvious.




e The sign of a}, (i.e. d) 1s guaranteed by

s+1 s —z

1 > .
n:c+1 s+ 1

e ¢} < 0 because

Az s+1. (1+Az+(1—A)s)(s )

)ln(az+l) (s+ 1)z +1) -

! = —-f(A LU -

1, As+(1-Az.s—z (L+Aic+(1-A)s)(s

/\_1.9[( s )z:+1 (s+1)1m+1)“"‘]

s+1<s~:n
z+1 x+1

)

(because In

(s — z)?

‘ 1
P T =2+ (1-22)s] <0, if A < 5.

2

¢ c)' < 0 because

s+1

T op(s+1)z+1) =z sc+l)](N_m—nC)

ny s~ ls—=x

[

<—_ —_—
p (s+1)z+1) =zs+1

J(N —ny —nc)

ni(s—zj, 1 1,
= _ 2NN —ny - 0,
p(s+1) 'z+1 :BJ( n - ne) <

e ¢ > 0 is proven as follows:

Substituting A into this inequality, we have

s+ 1 3 s+ 1

—)- (8+11n'~~ln—;—~— )| - 0.(78)

s—T s+1
1
(n:n+1

- s+1, s
) l[lnx“L 1(ln ;-ln

/\cs
Define

s + s+ 1
—In —~ ( (
n 271 } ~ 1), (79)

f(z)=1n (ln——‘nw+1

)~ (sl

3
s+1
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then we need to show that f(z) > 0. Two sufficient conditions for f(z) > 0 are

f(z = 8) =0 and f'(x) < 0. Let

1
ols) = flz) = - ——=[m >~ 21

1 s 1

s+ 1 [+ o
2(s+1) z+1

+In [—l+
z+1 z z+1

Now we need to show g(s) < 0, whose sufficient conditions are g(s = z) = 0
and ¢'(s) < 0.

i 1 1

76 =TT Ne D T e e T <

Sog'(s) < Dand g(s =z) =0 = g(s) < 0= f'(z) < 0 ( along with f(z =

8) == 0) = f(z) > 0.
° sz\c > () because

s+1 1

)—5+1](N—n1-nc)>0

Ae _ NMc 1
@ = p[s—zln(:c+1

nc

_ (,s+1 I
p(s — x)

ka:+1)“3+1

[In (N-n;f—nc)>0

s+1>3——.’z:
z+1 s+1

)

(again because In

e ¢, < 0 is obvious.

e ¢! < 0 because

s+1 A 1= s—z
x-+1)+(1+§£+ s )(~+1)(m+1)]

1. A 1-2
¢ = ~[~(Z + —=)In(
p s

s+1 In(s/z) s—zx

T + 1)— In((s +1)/(z + 1)) (z + 1)} (s + 1)}

1 s
= -;[(ln; ~In

(because of (76))
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Table 2.4: The Effect of A; on n¢

A[ 01 ny nc
0.1 0.004690 0.005263 0.037228
0.2 0.007329 0.013136 0.118613
0.3 0.010861 0.020882 0.190179
0.4 0.015769 0.029701 0.247179
0.5 0.022747 0.040440 0.289560
0.6 0.032864 0.054025 0.317979
0.7 0.047741 0.071538 0.332952
0.8 0.069796 0.094198 0.334777
0.9 0.102510 0.123238 0.323689
1.0 0.150773 0.159777 0.299981
1.1 0.221401 0.204738 0.264000
1.2 0.324015 0.258876 0.216035
1.3 0.472500 0.322808 0.156196
14 0.687409 0.397415 0.084336

Note: In Tables 2.4-2.7, the model’s parameters

which are not shown in the tables are:

(A1, A¢,7, 2, N) =(1,3,2,0.05,1).

1 s+1 L] s+1 ST

= T pln((s + 1)/(z + 1)){( et ) (z t 1)(s+ 1) n 10

(see proof of Inequality 3 in Appendix 2.7).

o ¢ > 0and I’ <0 are obvious. Q.E.D.

Appendix 2.10: Proof of Proposition 2.9

I'coof: With a subsidy sy to innovative R&D, the equilibrium conditions become

A 1— 38— A _ ln(s) — ]n(z) _.
1+2(1—81)+ s(1~s;) In(s+1)~In(z+1) (80)
A 1
;‘g[ln(i—%)](’y - 1)(N - ny - nc) =1 -- 8. (81)

Differentiating (80) and (81) with respect to s; gives

ot atp [ Onefder | _[ e
ay; a3} Onc/Os; | | &' |’



The Effect of A¢c on n¢

Ac 6, ny nc
2.1 0.770232 0.415692 0.059050
2.5 0.329576 0.259223 0.210925

0.150773 0.159777 0.299981
3.5 0.083149 0.107584 0.338941
4.0 0.051841 0.077494 0.354339
4.5 0.035231 0.058798 0.357810
50 0.025498 0.046444 0.355002
5.5 0.019350 0.037858 0.348846
6.0 0.015230 0.031637 0.340934
6.5 0.012338 0.026972 0.332165
7.0 0.010137 0.023373 0.326060
7.5 (6.008644 0.020529 0.313922
8.0 0.007420 0.018235 0.304928
8.5 0.006454 0.016353 0.29€181
9.0 0.005677 0.014786 0.287739
9.5 0.005043 0.013465 0.279628
10.0 0.004518 0.012338 0.271860

Table 2.6: The Effect of p on n;

P 01 nr ne
0.02 0.131826 0.150900 0.331265
0.04 0.144846 0.157289 0.309538
0.06 0.156388 0.161891 0.291100
0.08 0.166838 0.165187 0.274973
0.10 0.176431 0.167469 0.260578
0.12 0.185323 0.168931 0.247539
0.14 0.193626 G.169711 0.235593
0.16 0.201420 0.169911 0.224551
0.18 0.208769 0.169609 0.214272
0.20 0.215723 0.168869 0.204645
0.22 0.222323 0.167740 0.195583
0.24 0.228600 0.166262 0.187014
0.26 0.234587 0.164473 0.178881
0.28 0.240305 0.162399 0.171135
0.30 0.245776 0.160068 0.163736




where
at = A(a®" = b*")/p < 0,

aih = Aca®'/p >0,

As —z) s+1
012_
¢ xs(l-s,)’ln(z+1)<0’
az = ¢ <0,
axy = d <0,
s n¢c
& = ——= <0,
oM -1
and where
1 1-s;-X s+1 1 A 1-3s;-)
g _ " 1
. s s’(l-—s;)ln(m+1)+s+1( +:1:(1—.‘11) s(1 - sy)
1 A s+1 1 A 1 -38;-)
b = ~= 1
a:+:c2(1—51)nz+1)+:n+1( +.1:(1—.9;) s(1 —sy)

81

) > 0,

) > 0.

Note that we consider only small subsidies, so the signs of the above coefficients are

guaranteed by Appendix 2.9 and by using continuity arguments. Then

Dl] — a;{ G;é {_ 81 81 A1, > 0
= al ol |— Q31822 — Q1247 )
’r ay
c a
[} B 1 12 R N Ji sy 81
Dy = & oal | T €1 @z2 — @336 >0,
8 T3
a c
8 __ 11 1 — 0 8y 81
Dg = ' al P Cy a1 — a6 .
|
So we have
on;y DY onc DX
==L >0, =X =25 (sec Table 2.7).
Os; D" 8s; D«

Q.E.D.

(82)




Table 2.7:

The Effect of s; on n¢

Ac = 2.5

6

0.540869
0.571670
0.604959
0.640994
0.680061
0.722490
0.768656
0.818974
0.873924
0.934059

nj

0.369270
0.382967
0.397225
0.412060
0.427489
0.443528
0.460191
0.477492
0.495443
0.514054

nc

0.125386
0.114777
0.103756
0.002314
0.080446
0.068144
0.055402
0.042218
0.028590
0.014516

Ac =6

6

0.019357
0.019890
0.020450
0.021041
0.021664
0.022322
0.023018
0.023754
0.024533
0.026019
0.026945

ng

0.012085
0.043421
0.044824
0.046299
0.047851
0.049484
0.051205
0.053019
0.054934
0.056957
0.059096

ne¢

0.355341
0.356612
0.357840
0.359020
0.360148
0.361219
0.362229
0.363171
0.364040
0.364830
0.365533
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Appendix 2.11: Proof of Proposition 2.10

Proof: Let s¢ be a subsidy to imitative R&D, then the equilibrium conditions

are
M1l —38¢c) 1-X1-sc) In(s) — In(z)
1+ = - 8.
N T N s In(s + 1) - In(x + 1)’ (¥3)
A s+1
—[In(——)(y = 1IN —n; — =1. .
nc[n(m 0y = DN — s = ne) (84)
Differentiating (83) and (84) with respect to s¢, we have
@f a3 || Ont/Osc | _ | &°
ayf a3 || Onc/Bsc | | &° |’
where
ai$ = Ar(a’c —b*e)/p <0,
a;5 = Aca’*®/p >0,
Ms—z), ,s+1
s __
‘T T ln(z+1)>0’
ay§ =c <0,
ay =1<0,
¢ =0,
and where
1 1—/\(1—3(;) s+1 1 A(l - sc) I Al s¢)
lc:____ 1 . A T
¢ s s2 ln(:t:+1)+£+1( ) z ' 3 )
> 0,
1 Ml-s¢c), s+1 1 Ml —-s¢) 1 A(1 ¢)
b*c 1 T 1
:c+ z? n(z+1) $+1(1* T + s )+ 0
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Note that, as in Appendix 2.10, we consider only sinall subsidies, so by continuity

considerations, the signs of the above coefficients are guaranteed by Appendix 2.9.

Then

e . — a%CafC sC L fC
D* = | ! = @11825 — 61343 > 0,
Die = = gealg <0,

DZF = = —a;fc;c > 0.

So we have

on; _ Df° onc _ D¢
Osc " Dec Osc " Dec

Q.E.D.

> 0.

Appendix 2.12: Derivation of V; and V¢ with Q/(M) > 0

To derive the value functions of innovation and imitauon, we need to know the
profit flows for innovators and imitators. Since p(M_,, M) = B M) and the profit
flow for an innovator or imitator is #(M_;, M) = (2;—’)%, with the assumption (34),
we have

B, M =1, with probability 6;,

Bv, M > 2, with probability (1 - 6,), (85)

p(M/|conditional on M_;) = {

and

(é_;}_)i;, M =1, with probability 6;,

#(M|conditional on M_;) = { (%';_1)%’ M > 2, with probability (1 - ;).

Then the stationary distribution of the type of sector and 3 = v/SQUM ;) implies that

the price and profit flov are given respectively by

¥, M =1, M_; = 1, with probability 63,

1, M=1, M_, >2, with probability 8,(1 - 6,),
vy, M >2, M_, =1, with probability 6;(1 - 6,),
v, M 22, M_, > 2, with probabili*v (1 - 8,)?,

po(M_y, M) = (86)
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and

(L)E, M =1, M_, = 1, with probability 6},

(2)E, M =1, M_; > 2, with probability 8,(1 ~ 8,),
(M1, M) = (1‘;—;-1-)%, M > 2, M_, =1, with probability 6,(1 — 6,),

(=1)E, M >2, M_, > 2, with probability (1 - 6,)%.

Let V,(k_,) be the value of ith imitation that occurs in a type k_, sector.?® Then

we have the Bellman equation

PVeu(k-1) = (ﬂ';sz l)E/(1 +1) = AmVeu(k-1) — Aene[Vei(k-1) — Ve (k-a)l-

Following the same calculation procedure as in Appendix 2.2, we get the value function

of the first imitation that occurs in a type k_, sector

&E
Verlk-1) = [¢1n(¢f ) - 1]( B )

- (87)

H

where ¢ = ei—‘-‘l,—:':-:ffﬂﬁ. Let Vi(k_,) be the value function of innovation that occurs

in a type k_; sector, then we have the Bellman equation

-1
pVilk-1) = (1B — Ama¥i(h-2) = demc{Vitk-1) = Veu(k-0),
which, along with (87), gives

ﬁu—-l)_ 1 (v-l
Bv p+Ami+Aenc By

By assumption, innovations occur randomly and independently across sectors and

1 In(1+ Acne

.(88)
Acne p+Amy }E.(88

Vi(k-1) = {{ Jt

over time, so the value function of innovation is given by
o0
Vi= Y Vi(ko1)8e, =60;Vi(1) + (1 - 6;)Vi(2). (89)
k., =1
Substituting V(1) and Vj(2) given by (88) into (89) and rearranging it gives the value

function of innovation (35).

3\ type k-, sector is a sector which is & type & sector in the previous generation.
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To derive the value function V¢, let Vo(k-,) denote the value of an imitation that
occurs in a type k_; sector. Then following exactly the procedure of deriving the

value function in the rent-seeking imitation case, we have

Amg Alnl lcﬂc
AL {14+ 210 a1 + 327
cn Amny

fr -1
By

Ve(k-y) =

chc
P+ J‘[ﬂ.]

p+Am;
Acne

-(1+ )In(1 +

i )E. (90)

Since it is assumed that imitations also occur randomly and independently across
sectors and over time, we get the value function of imitation by taking the expectation

of Ve(k-,). That is,

Ve= Y Velka), = 8:Ve(1) + (1 — 6,)Ve(2), (91)

k_1=1
which, together with (90), gives (36). Notice that if » = 1, then (35) and (36) are

respectively the same as (19) and (21) in section 2.2.

Appendix 2.13: Derivation of Equation (37)
From (85) and (86) in Appendix 2.12, we have

X = Z [Z( )ok]ok-l

koi1=1 k=1

=y [01% +(1- a,)g;]o,._‘s

k-;:]

- {01[01-7‘- H1-8)2+ (1 al)[al;’; £(1- o.)%l}s (92)

Rearranging (92) gives (37).




Chapter 3

R& D and Growth in Open
Economies

3.1 Introduction

Along with the rapid spread of endogenous growth theory, many studies have been
devoted to understanding the the relationship between a country’s interactions with
the rest of the world and its economic growth.! These studies have identified var-
ious channels through which international interactions influence a country’s growth
performance. The objective of this paper is to further understand how innovation
and imitation interact with each other in an open economy con.ext and how each
country's policies influence the world’s innovative and imitative R&D which in turn
affect the world economic growth. However, we have a different focus. We focus on
the impact of patent protection and other governinent policies on a country’s R&D
activities and its resulting economic growth rate, which we believe has not yet re-

ceived enough attention in the new growth literature.?

We extend the basic model in the second essay to a two-country world economy.

1See, for example, Dinopoulos, Ochmke and Segerstrom (1990), Feenstra (1990), Grossman and
Helpman (1989, 1990 and 1991), Lucas (1088), Romer (1990), Segerstrom, Anant and Dinopoulos
(1090), Stockey (1988), Young (1990, 1992) and Backus, Kehoe and Kehoe (1991).

3Davidson and Segersttom (1993) analyses the impact of patent protection on economic growth
and welfare in a closed economy context.

87
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In the open economy context, innovation and imitation are still treated symmetri-
cally. Both innovation and imitation are intentional and costly. As mentioned above,
we will focus on the impact of patent protection and other government policies. But
unlike the patent race literature, where the length and width of a patent are consid-
ered continuous, we look at discrete cases instead. We compare three scenarios with
different patent enforcement considerations. The first one describes a situation where
neither country has patent iaws (We refer this case to NPP (No Patent Protectio .)).
In this case, imitators can imitate either country’s innovations. The second scenario
involves asymmetric patent protection { \PP). That is, each country protects only its
own innovations; imitators are not allowed to copy their own country’s innovations,
but they imitate foreign country’s innovations. In the last scenario, we assume that
there is an agreement between the two countries c.ncerned, under which each country
protects not only its own innovations but also the other country’s innovations (sym-

metric patent protection (SPP)). As a result, there is no imitation.

We use numerical examples to compare the world’s investment in innovative R&D
and growth rates under the three different patent protection assumptions. We find
that stronger patent protection leads to a higher world growth rate. Furthermore,
we will show that the equilibrium under the symmetric patent protection assump-
tion is the same as the integrated economy equilibrium. We also look at the effects
of government subsidies (under the APP assumption), through a simple calibration
exercise. The calibration exercise shows that a subsidy to innovation induces more
investment in innovative R&D and thus faster world economic growth while a subsidy

to imitation does the opposite.

The rest of the paper is organized as follows. The next section modifies the basic

model in the second essay to allow the consideration of two countries. Section 3.3
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discusses the equilibrium conditions under the three different patent protection as-
sumptions. We compare the three different scenarios and perform government policy

experiments in section 3.4. Finally, section 3.5 provides some concluding remarks.

3.2 The Model

We consider a world consisting of two countries A and B. Each country’s economy
has the same structure as the closed economy described in the second essay. That
1s, each country performs three activities - consumption good production, innovative
R&D and imitative R&D. In each country, some firms invest in innovative R&D to
discover new technologies for producing higher quality products, and some other firms
invest in imitative R&D to copy the-state-of-the-art technolog.+s for producing differ-
ent varieties. Only those successful firms can produce the-state-of-the-art products.
Once technologies are obtained, all producers can produce one unit of output by us-
ing one unit of labor regardless of quality and vaniety. The following two subsections
describe the representative individual’s preferences and technologies available to the

three activities.

3.2.1 Preferences

We assume that the world economy consists of a continuum of sectors, indexed by
i, located on [0, 1] Country j is populated with identical infinitely-lived individuals
with measure N7, j = A, B. Individuals in both countries consume the same set
of products and share the same preferences. The representative individual’s utility
function, budget constraint, demand functions as well as the product replacement
condition are described in Section 2.2.1 in the second essay. However, we consider

only the case where imitation is of the rent-seeking type (i.e. (M) = 1). For
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convenience, we list the relevant equations below.

U= / = e ?yu(t)dt, (intertemporal utility function) (n
0
1 @
u(t) = /o ln(z 7" Zi,)dt, (instantaneous utility function) (2)
r=0
Mw l

.,-n(M.,)(M.,I[z.,, , UM,.) =1,

(utility index for consumption of good i, quality 7} (3)
/0 " e"ROE(t)dt = Wo, (life time budget constraint) (4)
L] 9 M,
E() = [ Edi= [ 3 Bl = [ (Y przir)di,
r=0 r=0 =1
(expenditure composition) (6)
E,.
T,y = ————. (demand for product i, variety j, quality 7) (7)
MuPur
M., Myry o1
7(H pu, ") > ( H ?, J(f:f',;") (product replacement condition) (8)
1=1
ol r(t) ~ p, (time path of expenditure) (9)

where p is the individual's subjective discount rate, 7 refers to vintage (quality) 7,
¢; is the number of successful innovations in sector i up to time ¢, ¥ > 1 is a measure
of the size of innovation ( the quality improvement of a new product relative to its
old counterpart), z,;, is the consumption of variety j of vintage 7 of sector 1, M,, is
the number of varieties of vintage 7 in sector 1, {}( M,,) represents the individual's
preference for varieties (here, Q(M;;) =1), R(t) is the cumulative interest factor, W,
is the discounted expected life time income at time 0, E(t) the total expenditure at
time ¢, E;(t) is the expenditure on the products of sector i at time ¢, £,,(¢) is the er-

penditure on the varieties of vintage 7 in sector i at time ¢, p,,, is the price of variety ;

3A product of vintage 7 is a product whose quality has been improved r times since time 0.
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of vintage 7 in sector i, E denotes the time change rate of the total expenditure E(t)
and r(t) is the interest rate at time t. We intend to focus on stationary equilibria,* so
in what follo'ws, all variables’ time subscripts will be dropped. Also, the subscripts for
varieties, vinti.ges and sectors can be omitted because of the symmetrical structures

of preference: and production technologies.

Note that since the demand functions in (7) exhibit a constant price elasticity
and a unitary expenditure elasticity, they can be aggregated across consumers of the
world to obtain aggregate demand functions with exactly the same form with £ being

the world aggregate expenditure.

3.2.2 Technologies

We assume that all the three activities (consumption good production, innovative
R&D and imitative R&D) use labour as their only input. It is also assumed tuat
each individual is endowed with one unit of labour which is inelastically supplied to
one of the above mentioned activities. So the total labour supply is N?. Each type

of activities is described as follows.

Consumption Good Production

We assume that all consumption good producers, have access to the same constant-
return-to-scale technology with each unit of labour producing one unit of output
regardless of quality and variety. We also assume that all goods are freely tradable
internationally so all producers have access to the world market. But only successful

innovators and imitators are able to produce the state-of-the-art products. It is

‘In a stationary equilibrium, the total expenditure E is constant, so the interest rate r(t) must
be constant and equal to the individual’s subjective discount rate p.
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assumed that old technologies are the common knowledge of both countries.® Since
the consumer buys only those products with the lowest quality-adjusted prices ( if
lower-quality and higher-quality products have the same quality-adjusted price, then
we have assumed that the consumer buys only higher-quality products), for each

variety, the highest price the producer can charge is
p=7 mjin(w", j=A4,B), (10)

where w’ is country j’s wage rate. Assume p > max;(w’, ; = A, B).® From the
demand functions (7), we know that the profit flow, » (M), for each producer in any
sector in country j is

”'p"” —Ilj— j=A,B. (11)

=

Note that, compared with a closed economy, producers (both innovators and imita-
tors) now enjoy larger markets (larger E) for their products, but at the same time,
they face potentially more competitors (larger M). Also, producers in the lower-wage

country have higher profit flow because of lower production costs (lower w).

Innovative R&D

Technologies for producing new higher-quality products have to be discovered
through innovative R&D. Innovation in country j is assumed to follow the Poisson
process with the arrival rate A{yf, where )} and y} are respectively the productivity
of innovative R&D and the amount of labour used in an innovative firm in country ;.
As before, it is also assumed that innovations in either country can not be targeted to

specific sectors; they occur randomly and independently across firms, across sectors,

8The assumption about information flow has two implications: First, an open economy can benefit
from free flows of technologies; Second, the pricing of the-state-of-the-art products is constrained by
the lower cost of production (the lower wage rate).

®This assumption is needrd to guarantee a positive profit flow for innovators in the higher-wage
country. Otherwise, innovations occur only in the lower-wage country. This suggests the possibility
that innovators in the higher-wage country may not be able to compete with those in the lower-wage
country if the wage difference is too large. We will not cousider this case in this paper.
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across countries and over time. Once an innovative R&D firm succeeds in discovering
a higher quality product in a certain sector, it becomes the sole producer of that
sector {the monopoly of the world market) and enjoys the monopoly profit until
either another firm discovers an even higher quality product in the same sector at
which time it is driven out of business or until some other imitative R&D firms copy
the state-of-the art product to produce different varieties at which time it has to
share the product market with these imitators. Let W} be the value of an innovative
R&D firm in country j and V; be the value of a successful innovation which occurs

in country j, then we have the Bellman equation
pW7 = max{MjyjV{ - yj}. (12)
v}>0
Assuming free entry into innovative R&D, we have W} = 0. Then
0 = max{Ajy;V{ — y7}. (13)
v;>0
The first-order condition is
MV}P <w', y} > 0, with at least one equality. (14)

The value function of innovation is derived in Appendix 3.3. As mentioned at the
beginning of this paper, we plan to consider three patent protection scenarios. Cor-

respondingly, we have three different value functions of innovation in country j.

Case 1: No Patent Protection

1 ¥, An] p—w’
V!=[———In(1 + —=L2CC_ E, 15

Case 2: Asymmetric Patent Protection

1 ALnl

V? = In(1 + —
"= g " S N

N ‘p“” E, i # 4, (16)




Case 3: Symmetric Patzant Protection

e L
p+X;An} P

)E, (17

where the superscript j refers to couniry j, A% is the productivity parameter for an
imitative R&D firm, n} and n; are the aggregate labour employment in innovative

R&D and imitative R&D respectively.

Imitative R&D

The process of imitation is assumed to have the same structure as that of inno-
vation. We assume that imitation in country j follows the Poisson process with the
arrival rate ALy%, where y2 is the amount of labour employed in an imitative R&D
firm in country j. Like innovation, we also assume that imitation occurs randomly
and independently across firms, across sectors, across countries and over time. In each
sector, a successful imitator becomes the sole producer of the new variety but shares
the product market of that sector with the innovator and other imitators, if any. The
processes of innovation and imitation in both countries generate a stationary distri-
bution of the type K of sector across sectors.” At an, point in time, some sectors
have one producer (i.e. the innovator), some sectors have two (the innovator and one
imitator), some have three (the innovator and two imitators) and so on. The value
of a successful imitation depsnds crucially on this distribution. Let W be the value
of an imitative R&D firm in country j and V} be the value of a successful imitation
that occurs in country j, and assume free entry into imitative R&D, then we have a

Bellman equation and a zero profit condition similar to (12) and (13). The first-order

"The ivpe of sector refers to the number of producers (also the number of varieties) in that sector.
The type of sector (more precisely, the variable X — 1) is geometrically distributed across sectors.
See Appendix 3.2 for derivation.




condition is:

ALV < w?, yl > 0, with at least one equality. (18)

Like the value function of innovation, the value function of imitation varies with the

patent protection assumption. ®

Case 1: No Patent Protection

V(}’ _ EJ ‘\Inl [(1+ Zj A;n )ln( ZJ A6'"'(7)
pLJ AC"C ZJA’ J ZJAI n}
p+ ¥, AN} ¥, Mn P W
~(1+ —==2"0)n(1 + — E, 19
(14 BB 4 oo 2o (19)

Case 2: Asymmetric Patent Protection
_ ariNmy 1
(Tjasts EAENE — XenT) ;M) + p X jix5 E10CTC
E, i
2.,;.:#1 &Aéné

Vi =

Ei.j.#j f}&'"%' )
21 ’\;"JI

[(1+

)In(1 +

-(1+ _____L_l_'.)m(l + +;;.§{n’,')](p > B i#) (20)
2

Case 3: Symmetric Patent Protection
Vé =0, (21)

where £} is the fraction of innovations that occur in country 2.

%See Appendix 3.3 for derivation.




Labour Market

06

Labor is assumed to be internationally immobile. Then assuming full employment,

we have the labour market clearing conditions corresponding to the three patent pro-

tection assumptions. °

Case 1: No Patent Protection

; E
nj +ng + [§18 + &&(1 - B) P N,

(22)

where £ is the fraction of imitations that occur in country j, E/p is the total world

employment in consumption good production, and 3 is ihe output share of all inno-

vators, which is given by

2 ’\Inl- ¥, Ac"'c
B = -—1 14 22°6°¢ =)
3, Aeng (1+ ¥; An}

Case 2: Asymmetric Patent Protection
J ) 3 3 E 3
ny+ng + €18+ (1 - €)1 —ﬁ)]; = N7,
where

ﬂ_.

2] Afnl ln(l + ES,J,I.#J &Aénb
24,;,3#3 61’\0‘"0 E; A;ﬂ;

Case 3: Symmetric Patent Protection

ni + s;’-f— =N, i,j=AB.

9See Appendir 3.4 for derivation.

).

(23)

(24)
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Capitai Market

Finally, we assume that capital is internatior ally mobile and there exists a perfect
capital market. R&D firms borrow funds from this market to pay their researchers
and issue nisky securities. The equilibrium interest rate r clears the market at each
moment in time. Jince there is a continuum of sectors and innovations and imitations
occur independently across firms and across sectors, individual investors are able to

completely diversify away risk by holding a diversified portfolio of securities.

3.3 Equilibria

We consider only stationary equilibria. In equilibrium, the world total expenditure
E, the employment n} in innovative R&D and the employment n{, in imitative R&D
are all constant; the instantaneous interest rate r is also constant and equal to the
individual’s subjective discount rate p. With the normalization E = 1, a stationary
equilibrium is described by a constant sequence of {n},n%,w'};-4 5 satisfying one

set of the following conditions:

Case 1: No Patent Protection
MV} <w’, n} >0, j = A, B, with at least one equality, (25)
MVE <w?,nd >0, j = A, B, with at least one equality, (26)

and (22), where V7 and V{ are given by (15) and (19) respectively.

Case 2: Asymmetric Patent Protection

(25) with V/ defined by (16), (26) with VZ defined by (20), and (23).
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Case 3: Symmetric Patent Protection

(25) with V7 defined by (17), (26) with VZ defined by (21), and (24).

We will consider only the equilibrium with nf > 0, n{-; > 0 (except case 3),
j = A,B. Similar to the closed economy model, we know that the world growth

rateg =Y, Ajn}ln .

3.4 Patent Enforcement and Growth

In this section, we use numerical examples and a calibration exercise to see the impact
of patent enforcement and other government policies on the world growth rate. To
this end, we further simplify the model. The two countries are assumed to be identical
(same size of population, equal productivity of innovative R&D and imitati : R&D,
i.e. NV = N,X} =1, and M, = A¢,j = A, B).

3.4.1 The Effect of Patent Protection

We choose a subset of the values of the parameters (A;, Ac, 7, p, N) with (A1, Ac,v,p, N)
= (1, 4.5, 2, 0.05, 1) as the benchmark values. The equilibrium values of (n;,n¢) and
the resulting growth rates are shown in Tables 3.1.3.5 in Appendix 3.6.

The numerical examples show that SPP always has the highest growth rate, NPP
always gives rise to the lowest growth rate and APP is in between. The result is quite
intuitive. Since we assume that imitators do not improve the quality of products
but produce different varieties of the same quality and share the product markets
with innovators, given the total world expenditure E, more imitators implies lower

profits flaws for the innovators. Stronger patent protection simply reduces imitations,
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therefore increases the profitability of innovation, which attracts more innovation and
hence push economic growth. Furthermore, Appendix 3.5 shows that SPP equilibrium
is equivalent to the integrated economy (with patent protection) equilibrium. This is
because innovators have the same technology, enjoy the same profit flow and face the
same production cost in both a single country economy and the integrated economy.

Therefore, in aggregate, they invest the same amount (of labor) in innovative R&D.

3.4.2 The Effect of Public Policy

We also perform public policy experiments under the APP assumption. Unlike the
patent protection experiments, we do a simple calibration exercise. We consider the
U.S. economy. Suppose it trades its products with a similar economy. We need to
determine the values of the model’s five parameters (A7, Ac,7,0, N). Of these pa-
rameters, the size of population is normalized to 1 and the subjective discount rate
is chosen to be 0.05. The other three parameters (A1, A\c,7) are interdependent. The
speed of innovation (or imitation) is meaningful only in terms of the size of innovation.
For example, an innovation that takes 1 year and improves the productivity of inter-
mediate goods by 21% is the same as two innovations each of which takes 6 months
and improves the productivity by 10%. The speeds of innovation and imitation are
also related to each other. So we can also normalize the speed of innovation A to 1.
Therefore, only two parameters (Ac,7) are left to be determined. To determine the
values of these two parameters, we use the results of Mansfield et al (1981) and Lucas
(1988). Mansfield et al (1981) found that, on average, the ratio of the imitation time
to the innovation time was about 0.70. This ratio is represented by (A\n;)/(Acne) in
our model, so we expect to have (A n;)/(Acnc)=0.70 in equilibrium. Furthermore,
in Lucas (1988), the employment in research was estimated to be in the range of 18%
to 28% of the total employment. We interpret the employment in research as the sum
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of the employment in innovative and imitative R&D and choose the percentage to be
25%. Therefore, we also expect that in equilibrium we have (n; + ng)=0.25. The
values of (Ac, ) that satisfy the above two condition are (4.432972, 1.368150). The
equilibrium values of (n;,nc), along with the effects of public policies are reported in
Table 3.6 in Appendix 3.7.

From Table 3.6, we see that in each country about 19% of labor is employed in
innovative R&D and 6% is employed in imitative R&D. A subsidy of 1% to innovation
in either country will increase its employment in innovation from 0.183070 to 0.194403
and decrease its employment in imitation from 0.¢60930 to 0.055343. Moreover, the
innovation subsidy will also encourage (discourage) the other country’s employment in
innovative (imitative) R&D. The employment in innovation (imitation) will increase
(decrease) from 0.189070 (0.060930) to 0.194376 (0.55412). As a result, the 1% in-
novation subsidy raises the world growth rate by about 0.33% (=0.121867-0.118532).
A subsidy to imitation in either country will induce (reduce) the employment in im-
itation (innovation) in both countries. A subsidy of 1% will lower the world growth

rate by about 0.32% (=0.118532-0.115289). Hence we have the following conclusion:

Subsidizing one country’s innovative R&D not only increases this country’s in-
vestment in innovative R&D, but also increases the other country’s investment in
innovative R&D, therefore raises the world growth rate; subsidizing any country’s

imitative R&D does the opposite.

The reason for this result is as follows. When a country subsidizes its innovative
R&D, then within that country, the marginal cost of innovation decreases, as a result,
investment in innovative R&D increases. At the same time, the subsidy to innovation

indirectly increases the cost of imitation relative to that of innovation, so investment
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in imitative R&D decteases. Moreover, the subsidy also influences the other country's

investment in innovative R&D. Under the APP assumption, imitators can copy only

foreign country’s innovation. So the other country’s investment in innovative R&D

increases as a result of the decrease in this country’s investment in imitative R&D.
Therefore, both countries have more investment in innovative R&D and the world

growth rate rises. A subsidy to any country’s imitative R&D has the opposite effects.

3.5 Conclusions

This paper has constructed three patent protection scenarios to look at the impact
of government intervention (patent protection and public policies) on the world eco-
nomic growth. Given the assumption that imitation is of the rent seeking type, we
provide two intuitive and important messages. The first message is that with the
APP assumption stronger patent protection induces a higher world growth rate. The
second message, which is also related to the first one, is that any public policy that

discourages innovation (encourages imitation) hurts the world economic growth.

However, the results may not be robust to the model specifications. The assump-
tion about the role of imitation implies that imitation is socially useless because it
does not contribute to growth. If we assume that imitation also contributes to growth,
then the impact of government intervention may be different. Therefore, whether a
government should encourage innovation or imitation depends on two factors: the
importance of imitation relative to innovation and the extent of market distortions.
Thus, empirical evidence is needed in order for decision makers to choose the right

policy.




Appendix III

Appendix 3.1: Distributions of Innovations And Imitations Between

Countries

Let 6 and {é be the proportion of country j's innovations and imitations respec-
tively, then

N} . Mnk
b= =g i=AB
! L; Mnd , L;lenc

Appendix 3.2: Stationary Distribution of the Type of Sector

As in Appendix 2.1 in the second essay, the random variable { K — 1) follows a
geometric distribution. Let 6, be the proportion of type k sectors, then we have

0.1 = (1 - 01)1 - 010,
Oh=01C-0,(14+C)k=23,..,

where I = §; Mjnj and
T Mn§, for NPP,
C =4 Tijigi&irink, for APP,
\ 0, for SPP.
Let 6, = 0, k=1,2,..., we have

P (21)

I+C’
0‘ = (T:owa).-lo;, k = 2, 3,.... (28)

For NPP and APP, (K — 1) follows geometric distributions. For SPP, the distri-
bution is degenerate.
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Appendix 3.3: Derivation of V7 and V2

Let V2, be the value of the ith successful imitation in country j, j = A, B, then

we have the Bellman equation

V3, = (== - PRI +3) = IVE, - C(VE, - Vi), (29)
where

¢ - Y, \gng, for NPP,

| M.nl, for APP.

Equation(29) implies
(p+1+C)VE - (B2)E/(i +1)

Ve = G (30)
Let ¢] = ‘—'T'igi‘-‘i—’ nd ¢ = 24€ 5 1, then (30) becomes
=P Vi,1) — 8l
= (¥)Vé - ;)_:::(W)"""#- (31)
We rewrite (31) as
o =% E e (3

Since the value of a new successful imitation decreases as more imitations succeed

and approaches zero as the number of successful imitations goes to infinity, we have

Vi, .
0= im e = Ve~ I &
il
= Vél ['p’l ( )_ 1]:

which gives

z__w_’
- 11——'2,—— (33)

- (W in(
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From the Bellman equation for the value of innovation, V7, i.e.
-’
[ 4

Vi = (B=)E - vy - ¢(vi - v2),

where

¥, eng, for NPP,
C= che, t #3, for APP,

0, for SPP,
and
. -w.
VCJI = C"l(:_ w' ): i ?é]'
we have

. (E2)E+ OV

J= 2 : 4
Vi p+1+C (34)
Then substituting V2, with 7 = M&tc— into (34), we get the value function of

innovation

¢ “i{p—w"
p+I/.4. p

Vi = [é,-m(l + )E.

Correspondingly, we have

| T —L—T—Z'”‘.’"".’ B’

| {):,. Mont, In(1 +;’_+§Z, .\,..;)]( G )E, for NPP,
Vi={ (g In(l + 5% ;',t,,,,))(&f;—"’-)z, i#j, for APP,

ﬁzl ;\‘}ni(p-pwj )E, for SPP.

\

Now we derive the value function of imitation. From (32) and (33), we have

(=¥ \E
Vi =l 22

where of = (W)U in(gEs) - 1] - TiL (W) 1k Let §

assumptions that imitations occur ;andomly and independently across sectors and

-,-f—c-, then the

only foreign innovations can be imitated to produce different varieties implies
' ) Dbl G;Vg,-, ~ for NPP,
Vé = 6} 221 och,l'i 1 # jr for APP,
0, for SPP.
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The calculation of V{ is exactly the same as that of V¢ in the second essay, which
gives the value function of imitation

R+ Bhna s §§€"f)

”YLII

-(1+—2 i )in (1+—t—°},‘£ J(B=X)E, for NPP,
ﬁ}: at"l .
(2 355 t'xcnc-x’c )2 A "I+pE|J|¢,G ::”c

0+ 20y (1+ gt

(1 +_L_r_1)1 a1+ —f‘fw”('im i#j, for APP,
0, fox SPP.

Appendix 3.4: Deri-ation of Shares of Production

Let 57 be country j’s share of production, then

5 =68 +4(1-8),

where

&, for NPP,
6 = 1- 6}1 t # j) for APP)
0, for SPP,

and

1 1 1
ﬂ = 01 + -2-05-{- 5034- et Eo,k + ...

Since 8, = §*°16,, and § = , we have

I+L.

— 1 12
ﬁ_o,(1+26+36 +...)

—01 lz 13
g+ 380+ 38 +.)

PR SRS SR
= FIn(;—5) = zl(1 + 7)
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2 l"n‘} Z.l’cn{:
s:, ijc n-:,i ln(] + -f,x,'_g), for’ N,PP,
Aln? Cia .f‘l
m In(1 + —‘}ﬁfg), for APP,

1, for SPP,

because I = }; Ain}, and
{ ¥, Men, for NPP,
C =

Z.,,-,.,e,- &)«'Eﬂé, for APP,
0, for SPP.

Appendix 3.5: Equivalence of SPP and Integrated Economy Equilibrium

The integrated economy of two countries is the same as a one country economy
with a population of twice the original size (i.e. 2N), then we know from the second

essay that

7-1 l4
N; = (——)2N) - —
I (7)( ) py

where N; is the total employment in innovative R&D in the integrated economy.
On the other hand, under the SPP assumption (with the normalization £ = 1 and

symmetric assumption), the equilibrium conditions are

1 y-1,
p+2A,n,( v )=, (35)
1
n;+%7—w=N. (36)

Solving (35) and (36), we have

v-1 P
nr=(—)N - =
1= v ) 22y

Then the world employment in innovative R&D is simply 2n;, which is exactly the

same as N;.



Appendix 3.6: The Effect of Patent Protection

Table 3.1: Different Speeds of Innovation
PatentProtection n I ne g
Benchmark Ar=1.0 -
NPP 0.049419 0.396300 0.068509
APP 0.348212 0.138464 0.482724
SPP 0.487500 0.000000 0.675819
Ar=11
NPP 0.062665 0.396158 0.095559
APP 0.458104 0.030503 0.698574
SPP 0.488636 0.000000 0.745133
Ar=1.2
NPP 0.079019 0.389586 0.131452
APP 0.489583 0.000000 0.814447
SPP 0.489583 0.000000 0.814447
Ar=1.3
NPP 0.098806 0.377001 0.178066
APP 0.490386 0.000000 0.883765
SPP 0.490566 0.000000 0.884090
Ar=1.4
NPP 0.122274 0.358802 0.237311
APP 0.491071 0.000000 0.953077
SPP 0.491071 0.000000 0.953077

Note: Ap=4.5, y=2, p=0.05, N=1,
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Table 3.2: Different Speeds of Imitation
“PatentProtection ny ne g

Ac=4.0

NPP 0.067822 0.390220 0.094021
APP 0.487251 0.000249 0.675473
SPP 0.487500 0.000000 0.675819
Ac=4.2

NPP 0.059395 0.393839 0.082339
APP 0.424049 0.063304 0.587857
SPP 0.487500 0.000000 0.675819
Ac=4.5

NPP 0.049419 0.396300 0.068509
APP 0.348212 0.138464 0.482724
SPP 0.487500 0.000000 0.675819
Ac=4.8

NPP 0.041797 0.396160 0.057943
APP 0.289552 0.196029 0.401404
SPP 0.487500 0.000000 0.675819
Ac=5.0

NPP 0.037684 0.395012 0.052241
APP 0.257620 0.227036 0.357137
SPP 0.487500 0.000000 0.675819

Note: Ar=1, =2, p=0.05, N=1.
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Table 3.3: Different Sizes of Innovat; u
PatentProtection n; nc g

v=1.5

NPP 0.035160 0.236953 0.028512
APP 0.227892 0.087757 0.184805
SPP 0.316667 0.000000 0.256795
v=2.0

NPP 0.049419 0.396300 0.068509
APP 0.348212 0.138464 0.482724
SPP 0.487500 0.000000 0.675819

v=2.5

NPP 0.057681 0.495845 0.105705
APP 0.420338 0.168986 0.770304
SPP 0.487805 0.000000 0.893942
v=3.0

NPP 0.063111 0.563366 0.138669
APP 0.468407 0.189355 1.029195
SPP 0.658333 0.000000 1.446505
v=3.5

NPP 0.066961 0.612063 0.167773
APP 0.502738 0.203912 1.259623
SPP 0.707143 0.000000 1.771765

Note: A\;=1, Ac=4.5, p=0.05, N=1.
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Table 3.4: Different Subjective Discount Rates
“PatentProtection ny ne g

p=0.05

NPP 0.049419 0.396300 0.068509
APP 0.348212 0.138464 0.482724
SPp 0.487500 0.000000 0.675819
p=0.06

NPP 0.051654 0.387313 0.071607
APP 0.347562 0.136478 0.481823
SPP 0.485000 0.000000 0.672353
p=0.07

NPP 0.053677 0.379100 0.074412
APP 0.346869 0.134544 0.480863
SPP 0.482500 0.000000 0.668887
£=0.08

NPP 0.055526 0.371512 0.076975
APP 0.346135 0.132657 0.479845
SPP 0.480000 0.000000 0.665421
p=0.09

NPP 0.057226 0.364442 0.079332
APP 0.345361 0.130818 0.478772
SPP 0.477500 0.000000 0.661956

Note: A\;=1, A¢c=4.5, v=2, N=1.
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Table 3.5: Different Sizes of Population -
PatcntProtection ny ne 9 —
N=1.0
NPP 0.049419 0.396300 0.068509
APP 0.348212 0.138464 0.482724
SPP 0.487500 0.000000 0.675819
N=1.2
NPP 0.056833 0.485438 0.078787
APP 0.418463 0.168192 0.580113
SPP 0.587500 0.000000 0.814448
N=14
NPP 0.064059 0.575297 0.088805
APP 0.488687 0.197954 0.677464
SPP 0.687500 0.000000 0.953077
N=16
NPP 0.071147 0.665705 0.098631
APP 0.558893 0.227736 0.774790
SPP 0.787500 0.000000 1.091707
N=138
NPP 0.078128 9.756542 0.108308
APP 0.629086 0.257533 0.872098
SPP 0.887500 0.000000 1.230336

Note: Ay=1, Ag=4.5, v=2, p=0.05.

Appendix 3.7: The Effect of Public Policies
Table 3.6: The Effect of Subsidies

Subsidy  (n},n})

(n, ng)

g

“Benchmark (0.189070, 0.189070) (0.060930, 0.060930) 0.118532
s} =001  (0.194403, 0.194376) (0.055343, 0.055412) 0.121867
- =001 (0.183873, 0.183921) (0.066434, 0.066348) 0.115289

Note: #; and s, are respectively country j's subsidies to innovative and imitative

R&D; A;=1, \c=4.432972, v=1.368150, p=0.05, N=1.
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