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1 Introduction

In models of technological change with uncertainty, the assumption of the
diversifiable risk simplifies the analysis considerably. With that assumption,
firms can borrow any amount for R&D at a given interest rate and households
are protected from uncertainty through diversification in the market portfo-
lio. Consequently, the optimal length and breadth of patents can be judged
by the present value of investment projects independently of household pref-
erences. In contrast, I assume that households cannot wholly diversify their
investment risk. With that assumption, firms finance their R&D through
issuing shares and households purchasing these shares face the uncertainly
associated with investment. Consequently, there is a trade-off between patent
length and patent breadth through the proportions of innovating and imi-
tating firms in the entire product cycle and the welfare-maximizing shape of
patents depends on household preferences.

In a growth model of creative destruction, firms can step forward in the
quality ladders of technology by investing in R&D.! If imitation is possible as
well, then economic growth is subject to product cycles as follows. Through
the development of new products, an innovator achieves a temporary ad-
vantage earning monopoly profits. This advantage ends when an imitator
succeeds in copying the innovation, enters the market and starts competing
with the innovator. The structure of a product cycle model is character-
ized in Fig. 1. Let 0 be the starting time at which an innovation occurs,
a the time at which the innovation is imitated, a 4+ b the time at which an
innovation of the next generation occurs. The innovator possesses the whole
market during the imitative period [0,a) and the share ¢; € (0,1) of the
market during the innovative period [a,a + b), while the imitator possesses
nothing during [0, a) and the share 1 — ¢, of the market during [a,a + b). If
imitation is serially uncorrelated, then the probability of a successful imita-
tion is equal to the inverse of the time of the imitation, 1/a. If innovation is
serially uncorrelated, then the probability of a successful innovation is equal
to the inverse of the time of the innovation, 1/b.

A patent is an innovation that is protected by the authorities. In models
with no endogenous growth, the definition of patent length is commonly

LCf. Grossman and Helpman (1991) (in ch. 4), and Aghion and Howitt (1998).
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Figure 1: Stages of the product cycle.

equal to patent life. In a model of endogenous growth, this is however not
adequate. Any patent will be first imitated and then replaced by a patent
of the next generation, usually before its lifetime. Thus, I define patent
length as the time the patentee earns full monopoly profit. In Fig. 1, this is
given by a.? Following Denicolo (1996), Takalo (1998) and Kanniainen and
Stenbacka (2000), patent breadth (or width) can be proxied by the difference
between the flows of profits of an innovator and a successful imitator. On the
assumption that profits are proportional to the market share, Fig. 1 tells that
an innovator earns 1 immediately after the innovation and an imitator earns
1—¢; immediately after the imitation. Patent breadth is then 1—(1—¢) = ¢;.
The broader patents (i.e. the bigger ¢;), the less an incumbent firm’s profit
falls with the entry of a new firm (i.e. the smaller 1 — ¢,).

Patents generate economic growth at the level of the whole economy,
but they are mainly a vehicle of taking over the market at the level of a
single firm. Because duopolists benefit but monopolies do not benefit from a
new innovation, an increase in the proportion of duopoly industries promotes
innovative R&D and economic growth. If patents are long (i.e. a high a in
Fig. 1), then the probability of a successful imitation, 1/a, is small, and if
patents are broad (i.e. ¢; is large in Fig. 1), then an imitator’s profit 1 — ¢;

2This definition of patent length is also equivalent to Horii and Iwaisako’s (2007) con-
cept of Intellectual Property Rights (IPR): If IPR is strengthened, the probability of a
successful imitation 1/a declines.



is low after a successful imitation. Thus, there are two instruments, patent
length and patent breadth, by which the government can control innovative
and imitative R&D, economic growth and social welfare.

In my earlier work work on growth and competition policy (Palokan-
gas 2008), I have extended Wilde’s (1999a, 1999b) growth model with non-
diversifiable risk for a multi-sector economy and incorporated Segerstrom
(1991) and Mukoyama’s (2003) ideas on product cycles and cumulative tech-
nology into it. In this study, I modify that model for patent policy and
introduce a benevolent government that controls patent length and patent
breadth. As a result, I obtain Pareto-optimal patent policy for an economy
with product cycles. The remainder of this paper is organized as follows.
The structure of the model is presented in section 2, the existence of the
equilibrium is proven in section 3 and the product cycle is constructed in
section 4. In sections 5 and 6, welfare-maximizing patents are established as

functions of the rate of time preference.

2 The model

There is a fixed number N of households, each of which supplies one labor
unit. All labor is homogeneous and can be used both in production and in
R&D. Because the labor market is competitive, aggregate labor supply N is
equal to employment in production, z, and labor devoted to R&D, I:

N=z+1 (1)

Because in the model there is no money that would pin down the nominal
price level at any time, it is convenient to normalize the households’ total

spending in consumption at unity:

Py=1, y=>» C, (2)

where y aggregate consumption, P the consumption price and C, consump-
tion by household ¢ € {1,..., N}. The utility for a single household ¢ €
{1,..., N} from an infinite stream of consumption C, beginning at time 7T is

Uu,T)= E/ Coe "Dt with 0 < o <1 and p > 0, (3)
T



where ¢ is time, F the expectation operator, p the rate of time preference
and (1 — o) is the constant rate of relative risk aversion.

Because R&D firms finance their expenditure by issuing shares and the
households save only in these shares, aggregate income is equal to the value
of consumption, Py, plus wages paid in R&D, wl, where w is the wage and
[ labor devoted to R&D. Given (2), it is then true that

N
ZAL:wl—i—Py:wl—kl, (4)

=1

where A, is the income of household ¢ € {1,..., N} and Zfil A, aggregate
income. All households are risk averters and share the same preferences.
Competitive firms produce the consumption good from a great number
of intermediate goods that are evenly placed over the limit [0, 1]. Each inter-
mediate good j € [0, 1] is a composite good of the products of a number n;
of firms in industry j € [0, 1]. Because a broader variety of products provides
more services to households, an increase in the total number of firms n; in any
industry j raises every household’s welfare.> Aggregate consumption is then
produced from the products z;, of all firms x € {1,...,n,} in all industries

j € [0,1] through Cobb-Douglas technology as follows:

1
logy—/ log(nEBjxj)dj—/
0 0

log Ty = Z ¢f€ 10g<%>7 ¢f€ > ¢f€+1 for k < ny, Z gbm = 17 (5)
k=1 K k=1

1 1
log(Bjz;)dj + 6/ logn;dj, €>0,
0

where n; is the number of firms in industry j, B; the productivity parameter
in industry j, x; the quantity of intermediate good j, ¢, the constant weight
of the sth firm’s product z;, in the production of intermediate good j in
industry j, and € is a constant.

In any industry j, the first firm is always an innovator, while the rest
Kk = 2,...,n; are imitators. In equilibrium, by (5), firm x’s market share is

equal to ¢.. The entry of new firms through successful imitations decreases

3In general, the property that product variety increases welfare is commonly established
through a CES production function. In this study, the replacement of the Cobb-Douglas
function (5) by a CES function would excessively complicate the analysis.



the innovator’s market share.? I assume that patent breadth ¢ is the gov-
ernment’s policy variable that decreases the imitators’ market shares:

ox(p) with ¢ <0 for k > 1. (6)

When patents are broader, the imitators x > 1 have less properties in their
products and they are able to supply less variants of the innovated good.
Consequently, their market shares ¢, fall. From (5) and (6) imply that the
innovator’s market share ¢, is an increasing function of patent breadth .
The productivity parameter in industry j [Cf. (5)] is determined by

jiluTju > L (7)

where g is a parameter and 7; an index of technology in industry j. The
invention of a new technology in industry j raises the index 7; by one and
the level of productivity by u > 1.

There are two types of R&D in any industry: innovative R&D that
aims at creating a new state-of-the-art product in the industry; and mita-
tive R&D that aims at creating a close substitute for the incumbent state-
of-the-art product at the same level of technology. Following Palokangas
(2008), I assume that there are constant returns to scale in imitative, but
decreasing returns to scale in innovative R&D, for simplicity. Following Horii
and Iwaisako (2007), this can be justified by the possibility of duplication:
when two workers innovate in the same industry, they produce very likely
less than a double amount of innovations. With constant returns to scale for
all R&D, households would invest entirely in either innovating or imitating
R&D depending on which one of these yields a higher rate of return.

When firm « in industry j innovates, its technological change follows a
Poisson process gj.. in which the arrival rate of innovations, Aj,, is

Njw =20 A>0, 0<v<l, (8)

ik

where [, is the firm’s labor input and A and v are constants. During a short
time interval d¢, there is an innovation dg;, = 1 in firm s with probability

Aj.dt, and no innovation dg;, = 0 with probability 1 — A;.dt.

4T ignore the possibility that firms 3,...,n; crowd out the market share of the second
firm, for simplicity. Since in equilibrium there will be only two producers per industry,
this would only complicate the model without any change in the results.



I use he relative productivity between imitative and innovative R&D, a,
as a proxy for patent length. The bigger a, the more difficult it is to imitate
and the longer time it takes to produce a successful imitation for an invention.
When firm « in industry j imitates, its technological change follows a Poisson
process (), in which the arrival rate of imitations is in fixed proportion A/a
to the firm’s own labor input [j,:

FJK = (A/a)ljm a>0. (9)

During a short time interval dt, there is an imitation d@);, = 1 with proba-
bility I';.dt, and no imitation d@ ;. = 0 with probability 1 —I';.dt.

Each R&D firm distributes its profit among those who had financed it
in proportion to their investment in the firm. Because both innovation and
imitation follow a Poisson process, the values of shares in R&D projects
are random variables and household ¢ € {1, ..., N} maximizes its utility (3)

subject to the random development of these values.

3 The steady-state equilibrium
In this section, I prove the existence of the following equilibrium:

Definition. The economy is in a stationary-state equilibrium, if the follow-
ing properties are satisfied:

(1) The industries j are run either by monopolies (n; = 1) or duopolies
(nj = 2). Non-producing outsiders imitate to enter any of the monopoly
industries and the incumbent duopolists innovate to become a monopoly
in the same industry.

(i) The proportions of monopoly and duopoly industries in the economy
(denoted v and (3, respectively) are constants over time. Every time a
new superior-quality product is discovered in some industry, changing
this from a duopoly into a monopoly, imitation must occur in some
other industry, changing this from a monopoly into a duopoly.

(iii) The profits of a typical monopoly and a typical duopolist are constant
over time.



(iv) The wage w, total labor in production, z, and total labor in R&D, I,
are constants over time.

(v) The labor input n of a typical innovating firm in R& D, the labor input
Y of a typical tmitating firm in R&D, and the average growth rate of
consumption, g, are constants over time.

3.1 The production of goods

The representative consumption-good firm maximizes its profit

n;
=Py~ [ S pud
JE0,1] k=1
subject to technology (5), given the output price P and the input prices pjy.
Noting (2), this implies
=0, pp—PY 6PV — % foraln (10)
0z, Tjx  Tjx
All intermediate-good firms produce one unit of their output from one la-
bor unit. The product of the newest generation provides exactly the constant
i > 1 times as many services as that of earlier generation. A firm of earlier
generation earns the profit 117, = (p;?fi — w)x?, where p?, is its output price
and z7, its output. Every firm with the newest technology pushes and keeps
the firms with older technology out of the market by choosing its price p;, so
that these earn no profit, 11, = 0 and p?, = w. This yields p;. /= Pl = W,
Noting this, (5) and (10), one obtains the equilibrium conditions:

Pr _ On 1
ik — ) ik — T T H'n: ik ik — H}H7 i — — d
Dj HW, T P w7 (pjr — w)z; ) Lj o "
1 1
xi/ rjdj = — forall j and x; Ilj; =11 =1—— >0 forn; =1,
jel0.1] pw 1%

(11)

where x is total employment in production [cf. (1)]. Thus, the property (iii)
of a stationary-state equilibrium is proven.
Noting (11), one can observe the following. First, the innovator will

earn the constant profit II as long as it remains the monopoly producer in



the industry. Because a household holds the share of all firms in its same
portfolio, it does not invest in innovative R&D in the monopoly industries.
Second, if anyone invests in imitative R&D to enter a monopoly industry 7,
then its prospective profit is I, but if it does that (with the same cost)
to enter an industry 5 with x > 1 producers, then its prospective profit is
IL x+1 < Ijo. Thus, it invest in imitative R&D only to enter a monopoly
industry, but not to enter an oligopoly industry. This means that there
can be at most two producers in an industry. From (a) and (b) above it
follows that in equilibrium there are only monopoly industries with imitative
R&D or duopoly industries with innovative R&D. Thus, the property (i) of
a stationary-state equilibrium is proven.

I denote the set of monopoly industries by © C [0,1]. The relative pro-
portion of duopoly industries, 3, and the relative proportion of monopoly
industries, «, are then given by

6= dj, a:/ d=1-p. (12)
j¢0e JEO

Thus, the property (ii) of a stationary-state equilibrium is proven. Following
Mukoyama (2003) and Tang and Wélde (2001), I define the proportion of
duopoly industries in the economy, (3, as the scale of competition.

3.2 Employment, output and growth

Given (1) and (5), the wage w becomes a function of total labor in R&D, I:

1 1 1
w=—

=-—— W >0. 13
o aN v (13)

This proves the property (iv) of a stationary-state equilibrium. Higher de-
mand for labor in R&D (i.e. a bigger 1) raises the wage w.

According to the properties (i) and (ii) of a stationary-state equilibrium,
duopolists labeled 1 and 2 innovate and none imitates in duopoly industries
j ¢ O, while outsiders imitate and none innovates in monopoly industries
J € ©. Because according to technology (9) imitation yields constant returns
to scale, all outsiders in monopoly industry j € © behave as if there were a
single outsider firm labeled 0. The structure of industries is given by Fig. 2.
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(called R&D firm 0)
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Figure 2: Competition and the number of firms in the economy.

In duopoly industries j ¢ © the two producers employ /;; + [;» and in
monopoly industries 7 € © the outsider employs /o labor units in R&D.
Total employment in R&D, [, is the sum of all firms’ employment in R&D:

li/ (lj1+lj2)dj+/ l;dj. (14)
i¢e

JjEO®
Given (7), the average productivity in the economy, B, is defined as a function

of the technologies 7; of all industries j € [0,1] as follows:

1 1
log B = / log B;dj = (logu)/ 7;dj. (15)

0 0
Noting (1), (5), (11), (12) and (15), aggregate consumption y takes the form
y = elatosl+blog2ly p — oeBlos2yp — BN —[)B, §=elog2>0. (16)

The arrival rate of innovations in duopoly industry j ¢ © is the sum
of the arrival rates of both duopolists in that industry, Aj; + Ao [CE., (8)].
Because only duopoly industries j ¢ © innovate, then the average growth
rate of the average productivity B({tx}) in the stationary state is given by

1
g = (log ,u)/ Pr(7; increases by one)dj = (log /L)/ (Aj1 + Ajo)dj, (17)
0 jgo

where Pr(-) denotes the probability.



3.3 Innovation and imitation

In monopoly industry j € O outsider 0 and in industry j ¢ © duopolists 1
and 2 issue shares to finance their labor expenditure in R&D. Because the

households ¢ € {1, ..., N} invest in these shares, one obtains

N N
ZSLJU = wl;o for j € O, ZSW“ = wlj, for k € {1,2} and j ¢ O, (18)
=1 =1

where wl} is the imitative expenditure of outsider 0 in monopoly industry j €
©, wlj, the innovative expenditure of duopolist x € {1,2} in industry j ¢ ©,
S,jo household ¢’s investment in outsider firm 0 in monopoly industry j € ©,
S,;x household ¢’s investment in duopolist x in industry j ¢ O, Zi\il S.j0
aggregate investment in outsider firm 0 in monopoly industry 7 € O, and
Zf\il S.jx aggregate investment in duopolist  in industry j ¢ ©. Household
¢’s relative investment shares in outsiders 0 and duopolists « € {1,2} are
Bjo = jLT?(J) for j € ©; i, = iLTJ]Z for j ¢ ©. (19)
When household ¢ has financed a successful R&D firm, it acquires the
right to the firm’s profit in proportion to its relative investment share. Noting
(11), the profit sharing in the economy can then be characterized as follows:

s,jx household ¢’s profit from duopolist « € {1,2} in industry j ¢ ©;

i,y household ¢’s investment share in duopolist x € {1, 2} in industry j ¢ ©
[cf. (19)];

I1;, the profit that duopolist x € {1,2} in industry j ¢ © shall earn after
innovation has changed it into a monopoly;

I1,.i,5, the profit that household ¢ shall get from duopolist k € {1,2} in

industry j ¢ © after innovation has changed this into a monopoly;
5,50 household ¢’s profit from outsider 0 in industry j € ©;
i,jo household ¢’s investment share in outsider 0 in industry j € © [cf. (19)];

II;> the profit that outsider 0 in industry j € © shall earn after imitation

has changed it as the second duopolist;

10



I1,9%,50 the profit that household ¢ shall get from outsider 0 in industry j € ©
after imitation has changed it into the second duopolist.

The changes in the profits of firms in industry j are functions of the

increments (dg;1, dgja, dQ o) of Poisson processes (g1, gj2, Qjo) as follows:?

dSij = (Hjnibjn - Sbjm)den - SLjnde(Q;én) when .7 ¢ @;
dSLjO = (HjQiLjO — Sbj(])deO when j < @ (20)

These functions can be explained as follows. If a household invests in inno-
vating duopolist x in industry j ¢ O, then, in the advent of a success for
that duopolist, dg;, = 1, the amount of its share holdings rises up to I1;17,.,
ds,jx = 114, — 8., but in the advent of success for the other duopolist
¢ # kK, its share holdings in duopolist « fall down to zero, ds,j, = —s,jx.
If a household invests in imitating outsider 0 in monopoly industry 7 € ©,
then, in the advent of a success for firm 0, dQ)jo = 1, the amount of its share
holdings rises up to Il;9¢,50, ds.jo = 127,50 — S,50-

3.4 Households

Because investment in shares in R&D firms is the only form of saving in the

model, the budget constraint of household ¢ is given by

A, = PC, +/ S.jodj +/ (Suj1 + Sij2)dy, (21)
j€© j¢©
where A, is the household’s total income, C, its consumption, P the consump-
tion price, S,jo the household’s investment in outsider firm 0 in monopoly
industry j € ©, and S, the household’s investment in duopolist « in indus-
try j ¢ ©. Household ¢’s total income A, consists of its wage income w (the
household supplies one labor unit), its profits s,;; from the monopoly in each
industry j € © and its profits s,;; and s,jo from the duopolists 1 and 2 in
each industry j ¢ ©. This yields

AL =w + / Sledj + / (Sbjl + SLjQ)dj' (22)
j€O j¢e

>This extends the idea of Wilde (1999a, 1999b).

11



Household ¢ maximizes its utility (3) by its investment, {S,;o} for j € ©
and {S,j1, 5,2} for j ¢ ©, subject to its budget constraint (21), the stochas-
tic changes (20) in its profits, the composition of its income, (22), and the
determination of its relative investment shares, (19), given the arrival rates
{A;s,Tjo}, the wage w and the consumption price P. In Appendix A, this
maximization problem is solved by a similar dynamic program as in Palokan-
gas (2008), with the following result.® In the households’ stationary equilib-
rium in which the allocation of resources is invariable across technologies,

the following conditions are satisfied (cf. Appendix A)

ljm = 77(@7 @) for J ¢ 67 877 877
: . il = 2
lio =1 = t35[l — 26n(a,¢)] forje€O, da >0, oo 0 (23)
1—p7  pf A . (N =D?u

+ g= with A(l) = =22
P Tog 1 n(a, ) % N/IT =1
A" dlog A 1 2 [A N
A a vno v ledl-xTey—p &9
g = (2A\log ) An(a, @)™ (25)

According to (23), with longer or broader patents (i.e. a bigger a or a bigger
), households invest more in each innovative firm to escape the competition
(i.e. n rises). For given innovative investment 1 per firm, there is a trade-off
between patent length a and patent breadth ¢. According to (24), a house-

ij—gu; g is equal to the marginal rate of

hold’s subjective discount factor p +
return to savings, u? AA(l)/n(a, ¢)”, which is a decreasing function of patent
length a, patent breadth ¢ and total employment in R&D, [. According to
(25), an increase in patent length a, patent breadth ¢ or the scale of compe-
tition [ increases the growth rate g. Given (23) and (25), the property (v) of

a stationary-state equilibrium is proven.

4 The product cycle

Given the property (ii) of the stationary-state equilibrium, the rate at which
industries leave the group of duopoly industries £ ¢ © in a small interval dt,
B(Aj1 + Aj)dt, is then equal to the rate at which the industries leave the

6A detailed proof will be delivered to a reader on request.

12



group of monopoly industries j € ©, al'jodt in that interval dt:
B(Ag1 + Ag2) = al'jo for k ¢ © and j € ©. (26)
From equations (8), (9), (12), (23) and (26) it follows that

Lo AN a0 2ant
al'jo/f3 (L=B)o/B  1/B—2n

Solving for the scale of competition, [, yields

B=m+an'")""/2. (27)

Given (24), the inverse of the function A is

_ 1-— u" 77”

1

= A 0 —q . 28
: <( IOg 2 ) AHU) ( )

Inserting (27) and (28) into (25) and noting (7), (8), and (24), one obtains

_ Alogp N\ .
= J
7t al (( logu >Au") (9, a,m,p),
9] _1-—p" ng >0 aJ  n'g <0 97 g
dg  log pu AuslA " 9p AN " Oa n’ +a

<0,

oJ  vgn'! 1—pe vgn’~t 1—p® \voJ L_10J
877_)\WZA’<’0+ log p ) 77”—|—a_< + logug>nap+m da
< 0. (29)

The equation (29) defines the growth rate g as a function of x. Unfortunately,
the variable g appears in both sides of the equation, which makes this de-
pendence mathematically ambiguous. This ambiguity can be eliminated by
the stability properties of the model. Assume that vector (x,n, \) changes

so that J(g,x,n,\) increases.”

This raises the growth rate g by the same
amount, which generates a further increase 0.J/0g in J. If 0J/0g < 1, there
will be a sequence of dampening increases in g until a new equilibrium is at-

tained. If 0J/0g > 1, then there will be ever accelerating increases in g and

"Formally, this can be proven as follows. Assume that an increase in the growth rate g
is in fixed proportion w > 0 to the perturbation G(g,m, 3) — g from the equilibrium: § =
wl|J (g, a,p,0)—g]. This system has a stable equilibrium only if 9¢/0g = w[d.J/0g—1] < 0,
which is equivalent to 9J/dg < 1.

13



the system will never end up with an equilibrium. Because the comparative
static properties of a constant-growth equilibrium cannot be analyzed by an
unstable model,® T assume 9J/dg < 1. Given 0 < 0J/0g < 1 and (24), the

comparative statics of the equation (29) implies the function

oG 0J 0J oG . 0J oJ
g—G(a,’rlup)u %_% (1_8_g><073_P_3_P (1_a_g)<0’

0G [0G 0] o) e

da ) Op Oa/ Op (¥ +a)p’

oG . 8J dJ 1—p \voG _,0G
=/ (1-Z2) = == 122 <.

on  On ( 89) <p+ logug)n 0p+m7 <0 (30)

da

The results (30) can be explained as follows. When households are less
patient (i.e. the rate of time preference, p, is higher), their subjective discount
factor p + %g is higher, they save less and invest less in R&D [i.e. [ falls,
cf. (24)]. With a lower level of R&D, the growth rate g falls. Assume that
patent length a or patent breadth ¢ decreases (i.e. a or n(a,y) decreases).
This reduces households’ incentives to invest in innovative R&D. In that case,
a smaller proportion « of industries with end up as monopolies and a larger
proportion § will remain as duopolies [cf. (27)]. With a larger proportion
of innovating duopolies, the growth rate g will be higher [cf. (25)].

5 The government

Given (27), (28) and (30), there is one to-one-correspondence from patent
length a and patent breadth ¢ to the growth rate g and the scale of compe-
tition, . This means that I can solve the optimum in two stages. First, I
replace (a, ) by (g,3) as the control variables in the government’s optimal
program and obtain the government’s optimum in terms of (g, 3). Second,
in subsection 6.3, I transform the optimum so that it can be expressed in
terms of patent length a and patent breadth .
From a household’s equilibrium conditions (24) and (25) it follows that

A A(l { L ]_1 {—g y/@_,,)
o + — Y —
wAaD | log 41 ! (2Alog p)3

80nly in a stable system, a small change of the vector (¢, a, o) generates a small change
in the equilibrium value of the endogenous variable g.
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Noting (8) and (24), this defines total employment in R&D, [, as the following

function of the growth rate g and the scale of competition, :

o v/p A(l) ol A(l) 1—pue
l(g76>p)> %_ V—lA/(l) >07 a_p_ A/(l)/(p+ log,ug> <Oa

o [v/ig  1—u 1—p \'TAQ0)
dg [1—V+ log 41 (p+ log ) | AQ) (31)

Given (2), the symmetry across the households ¢« = 1, ...,n yields C, = y/N.

Noting C, = y/N, (16) and (31), a single household’s consumption relative
to the level of productivity, ¢ = C,/B({tx}), can be written as follows:

.G y/N _ 68 _l<gaﬁap)
10c 1 0l 180 1 0l
Ea_g:—l—Nﬁ_g<O’ 85_6 l—N%' (32)

Noting this, a single household’s utility function (3) takes the form
U, T)=E / B({tx})7e "Dy, (33)

The government chooses the growth rate g and the scale of competition,
3, to maximize a household’s welfare (33) subject to stochastic technological
change (8). I denote by T ({tx}) the value of any industry using current tech-
nology t;, and by T(tj +1, {tk#}) the value of industry j using technology
tj+1, when other industries k& # j use current technology ¢;. In each duopoly
industry j ¢ O, the arrival rate of innovations that change technology from
tj to tj41 is equal to Aj; + Ajo, while there are no innovations in monopoly
industries j € ©. Noting this, the Bellman equation for the government’s

maximization problem is given by
pY({tr}) = max]—"( ,B,p), where

. 0(975)”
F(g,8,p) = Bt}

Because in equilibrium technological change is symmetric throughout all in-

+ /¢@(Aj1 + o) [T (5 + 1, {trgs}) — T({te}) ] dj

novating industries,

T(t;+ 1, {ters}) — T({te}) = T(t+ 1, {ten}) — T({ts}) for j ¢ ©,

9Cf. Dixit and Pindyck (1994).
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then, noting (17), this Bellman equation changes into

pY({ty}) = max]-“(,ﬁ,p), where

F(g,8,p) = % + [T+ 1 {ted) = T({te})] /%‘@(Ajl +Aj2)dj
= REPED 4 Y+ 1 () - T D) (34)
6 Public policy
6.1 The welfare-maximizing scale of competition
Noting (32) and (34), one obtains
B = argmax F(g, 3, p) = argmax (g, 3, p). (35)

This can be rephrased as:

Proposition 1 The welfare-maximizing scale of competition is the scale (3

of competition that maximizes current consumption c.

The change of duopoly industries into monopoly industries has two opposite

effects on consumption:
(a) It increases the variety of products and the index of consumption.

(b) Because duopolies employ more than monopolies, it increases total in-
vestment in R&D and deprives these resources from the production of
the consumption good.

The opposite effects (a) and (b) are in balance when innovative R&D per
firm maximizes consumption.

The first-order condition corresponding to (35) is dc/05 = 0. Given (31)
and (32), this condition is equivalent to

v/B A(l)  al
v—1A(l) 9B

= (N = 1)s. (36)
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Noting (11) and (24), this equation defines that at the government’s opti-
mum the scale of competition, 3, must be negatively associated with total

employment in R&D, [:

B(l) = v/o A(l) 1 _ v/ (1+&) 5 <0,

v—1A()N—-1 1-v 1 —(II/N

g (1—1I)I/N II/N
T3 TR+ NI —I/N) 2010 (37)

Because duopolies employ more workers in production than monopolies, a
transfer of labor from R&D to production (i.e. a smaller [) is associated with
a higher proportion J of duopoly industries.

6.2 The welfare-maximizing growth rate

I try the solution that the value function is of the form

T({te}) = " B({tx})? /0 (38)

where 1 is independent of the endogenous variables of the system. From (7),
(15) and (38) it then follows that

Yt + L {tg)) (Bl +1{ts})\"  [(Bit; + 1D\,
T({t}) _( B({tx}) ) _< B;(t;) ) =n (39)

Inserting (38) and (39) into the Bellman equation (34), we obtain

. g
=0+ "—1/ AN+ ANp)dj =9+ (p° —1
P (1 ) jée( j1 32) (e )log,u

and

g

1-
9 =p+—tg. (40)
log pu

Noting (31), (32), (36), (37), (38), (39) and (40), one obtains

af 0—130%4_,“ —1

09

Yt = 025 + 2] Tr(in)

cdg Jlogu
g Oc

S+ s Tr(n)

c g Ulog,u
gbﬂ%b

)
>93l po =1

l—NG_g ologu

(e
(Gs

log I
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B 1—p° v 1—p° 1—p N7 1 AQ)
_{(p+ log 1 g)L—VJF logug<p+ logug) ]l— (1)
o—1 1o
e (0

ologpu
v 1—pue 1—pue 1 A(l) wp =10
—-T({t
_1—y<pjL log 1 g) * log,ug}l—NA’(l)+alogug ({h)
v 1—u? 1l—p |1—-v ue —
t
_1—V<p+ log p g) i logug} v/6 B+010gu ST

'MF‘WW(LJV‘”4w+”‘ s} 2T (0))

Il
— —

log 1 v log p alog,u
_ [ logpp 1 1} T 5 1
P ey v e T e

According to (41), there is 9F /0g > 0 in the case 0§ < v. Noting the
structure of the function (5), this result can be rephrased also as follows:

Proposition 2 There can be a finite welfare-maximizing growth rate only if

the households appreciate product variety high enough (i.e. if 6 > v/(af3)).

If the households do not appreciate product variety high enough (i.e. if
d < wv/o), then it is socially optimal to allocate more labor in R&D and to
speed up growth indefinitely. For the remainder of this paper, I focus on the

case where there is a welfare-maximizing growth rate:

d>v/(of). (42)

The first-order condition corresponding to the maximization F in (34) by
the growth rate g is 0F/dg = 0. This, (41) and (42) imply that the optimal
growth rate g is an increasing function of the rate of time preference p:

g= 1_ 1 Cplogp dg g plogp ot 1
v 00B(a,n)] p—=1 dp p (w-1)g v dof v
(43)

6.3 The welfare-maximizing patent shape

In subsections 6.1 and 6.2, the government’s optimum was defined in terms
of the scale of competition, 3, and the growth rate ¢g. In this subsection, I

define the patent shape (a, ) that corresponds to that optimum.
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Inserting (37) into the equation (27) yields I/3(1) = 2(n+ an'™). Noting
(37), this equation defines that at the government’s optimum total labor
devoted to R&D, [, must be an increasing function of both patent length a
and patent breadth ¢:

N —1
l:&-(&ﬂﬁv %_ (1_£> ! >0,

da  \l pB) a+n
% (1 _pNTwtl-v [ 1‘”)%
6’n_<l 5) (a+n”)n_<n T 90" (49

With an increase in patent length a or patent breadth ¢, a larger proportion
a of industries will end up as monopolies and a smaller proportion ( as
duopolies. Because monopolies employ less in production, this reduces the
demand for labor in production. With lower employment in production,
wages fall and R&D firms employ more labor (i.e. [ increases).

To obtain an unambiguous solution, I make the plausible assumption!?

1—1m /1\"

)

where 1 —v is the returns-to-scale parameter in innovative R&D [cf. (8)], [/ N
the proportion of labor devoted to R&D and I1/(1 — II) the ratio of profits
to wages in production. If the returns to scale in innovative R&D are too
decreasing, so that (45) does not hold, then the results are unambiguous.
Given (24), (27), (30), (44) and (43), there is a system of two equations

o) = Glanp). €an) =27 ((o+ =00 2L ). o

where a and ¢ are unknown variables and p is an exogenous variable. Differ-

entiating this system totally and noting (24), (44) and (43), one obtains [cf.
Appendix B|

da/dp <0, dp/dp > 0. (47)

These results can be rephrased as follows:

10Tn advanced economies, the proportion of research workers, [/N, is less than % and
the ratio of profits to wages in production, II/(1 —II), less than . This implies v > 3
and 1—v < %. It is plausible to assume that the returns to scale parameter in innovative

R&D, 1 — v, is less than %.
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Proposition 3 The less patient the households in the economy (i.e. the
bigger p), the shorter (i.e. the smaller a) and the broader (i.e. the bigger @)

the welfare-maximizing patent.

The interpretation of proposition 3 is the following. When households

are impatient (i.e. p is high), their subjective discount factor p + i:g“ ;g is

high. Provided that innovative investment per firm 7(a, ¢) is held constant,
this decreases their savings, investment and employment [ in R&D [cf. (24)].
In order to maintain full employment, the government must decrease patent
length a to increase the proportion 3 of duopoly industries, because duopolies
employ more workers in production than monopolies. Simultaneously, it must
increase patent breadth ¢ to hold innovative investment per firm n(a, )
constant [cf. (23)]. This shows that patents should be taylored short and
wide for an economy with impatient households.

7 Conclusions

This study examines a multi-industry economy in which growth is generated
by creative destruction. In each industry, a firm that creates the newest
technology by a successful innovation crowds out the other firms with older
technologies from the market and becomes the first producer of the industry.
A firm creating a copy of the newest technology starts producing a close sub-
stitute for the innovator’s product and establishes an innovation race with the
first producer. Because systematic investment risk cannot be eliminated by
diversification, the households hold the shares of all firms in their portfolios.

Innovations are protected by patents. Some characteristics of a patent
postpone the expected time the patent will be imitated (e.g. increase patent
length), while the others protect the patentee’s profits after a successful im-
itation (i.e. increase patent breadth). With these two instruments, the gov-
ernment can regulate innovative and imitative R&D, economic growth and
social welfare. The main findings of this study are as follows.

An increase in patent breadth or patent length increases innovative R&D
per firm. This changes duopoly industries into monopoly industries, which
has two opposite effects on consumption: It decreases the variety of products

and lowers the index of consumption. On the other hand, because duopolies

20



employ more than monopolies, it decreases total investment in R&D and
releases resources from R&D to consumption. These opposite effects are in
balance when innovative investment per firm maximizes consumption. When
this optimal consumption is maintained, there is a trade-off between patent
breadth or patent length. This means that patents must be taylored either
broad and short or narrow and long.

Because monopolies have no incentives to innovate, the growth rate in-
creases with the proportion of duopoly industries. With non-diversifiable
risk, there is a trade-off between patent length and patent breadth for given
innovative investment per firm. When households are impatient, they save
less and and invest less in R&D. This, in turn, decreases employment in R&D.
In order to maintain full employment, the government must decrease patent
length to increase the proportion of duopoly industries, because duopolies
employ more workers in production than monopolies. Simultaneously, it
must increase patent breadth for given innovative investment per firm. Thus,
patents should be taylored short and wide for with impatient households.

Appendix
A. Results (23)-(25)

I denote:
{Sukv} vector of sz, for k € [0,1] and v € {0, 1,2},
{Sukjyw} vector of s, for k € [0,1], k # j and v € {0, 1,2},
{7} vector of 7, for k € [0, 1],
{m2;}  vector of 7, for k € [0,1] and k # j.

According to (11), the profit of a monopoly is II and the profit of the first
(second) duopolist II;1 = ¢ 11 (IIj2 = ¢oII). I define the following value

functions:

Q({SL]W}, {Tk}) the value of receiving profits s,z, from all firms v in all in-

dustries k£ using current technology 7.
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Q(Hiw, 0, {sukjyo}, 75 + 1, {Tk#}) the value of receiving the profit IIi,j,
from firm x in industry j ¢ © using technology 7, + 1, but receiving no
profits from the other firm which was a producer in that industry when
technology 7; was used, and receiving profits s,(xxj), from all firms v

in other industries k£ # j with current technology 7.

(gblﬂzbﬂ, Palliyjo, {Sukri)o }s {Tk}) the value of receiving profits ¢»11i,,, from
firms x € {1,2} in industry j € ©, but receiving profits s,(j), from
all firms v in the other industries k # j with current technology ;.

Household ¢ maximizes its utility (3) by its investment, {S,;0} for j € © and

{S,j1, 5,52} for j ¢ ©, subject to (19), (20), (21) and (22), , taking w, P and

{Ajx,Tjo} for all j and k as exogenous. The Bellman equation associated

with the household’s maximization is'!

PQU{smo}, {m}) = . max E (48)

S5 > 0 for all j

with

. CU /@ [ (¢1H’LL]17¢2H2L]2,{S (k#5) } {Tk}) ({stU}7{Tk})i|d]
/¢® Z AJ” (TWiijis 0, {8uthtiyo }> 75 + 1 {Ths ) — Q{500 } {Tk})]dj,

k=1,2

(49)
where p is the rate of time preference (constant), C? the household’s instan-

taneous utility, Aj, the arrival rate of innovations that increases the value of

profits from duopolist x in industry j ¢ © by the amount

Q(HZ.L]'R, 0, {SL(]ﬁéj)U}, T + ]-, {Tk;ﬁj}) - Q({SLkv}7 {Tk})7

and I'jy the arrival rate of imitations that increases the value of profits from
outsider 0 in industry j € © by the amount

Q(p1 i1, Gollive, {8, ktgyo s {0 }) — Q{Suko }s {7 })-
Because 0C,/0S,;, = —1/P by (21), the first-order conditions are given by

d . o
Njy—— |:Q<H2ij 07 {Sb(kij)v}77—j + 17 {Tk;ﬁ]}) - Q({SL]C’U}7 {Tk}>i| = %CL !

jlidsajn
for j ¢ © and x € {1,2}, (50)

1 Cf. Dixit and Pindyck (1994).
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d . : e
Fjom [Q(¢1Hm1,¢2ﬂhj2, {suziots {7}) — Q{50 }, {T’“})] - ]_DOL 1

for j € ©. (51)

I try the solution that for each household ¢ the propensity to consume,
h,, and the subjective interest rate r, are independent of income A,, i.e.
PC, = h,A, and Q = C?/r,. I denote variables depending on technology 7;
by superscript 7; and a vector that consists of ¢, for all k& by {¢;}. Since
according to (22) income A{™ depends directly on variables {s/¥}, I denote

AfT’“}({sLT’,; ). Assuming that h, is invariant across technologies yields
POICIH = b AT ({57 (52

The share in the next innovator 7; +1 is determined by investment under the

present technology 7;, s/’ "L = IIi"_for j ¢ ©. The share in the next imitator

LK LK
is determined by investment under the same technology 7;, s;]f,i = (/5,.1111'3,i
for j € ©. The value functions are then given by
. : 1 NG
Q{siko} {r}) = Uiy, Gollijo, {Suhzip s {7h}) = T_(CL{ )7,
. 1 Ti+1 {7k }\ O
(Wi, 0, {suriyo b 75 + L ATins}) = T—(Cﬂ“{ ) (53)
Given this, one obtains
O ({Sukv}s
Wswad dd) _ (54)
dS,;
From (19), (22), (52), (53), s/ = I, for j ¢ © and x = 1,2, and
S35 = Golli %) for j € © it follows that
9 Z:l . 8532 .
—— =11 for j ¢ © and Kk = 1,2, == = @Il for j € O,
01,3, Do
gAY g g}
: = =1,
883-:1 aséo
i’ 1 i’ 1
170 . LIk .
e for j € O©, = = for j ¢ ©,
95/ w{m}l%’“} 05,7, w{m}@{g}
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dQ (i, 0, {Su(krjyo }> 75 + 1 {Tiss })

s
= E(CTJ"F]- {Tk#J})U 1 aCTJJrl Amei} aATJJrl A7k} s Z-ijjl 822—]]n
r, aATJ+1 Ak5} 333"'1 8ZZH 85;2
hv—/
h, /Pt Tk} =1 =II
oh, CLTjJrL{Tk#j} o=l ;7 ITh, C:j+17{7k#j} o-1
_ Hoh( )" B _ Theo ) figoe, ()
r, Pt AT} aSL;n wa{rk}p7j+1,{rk¢j}lj{;k}
(‘blHZlea(bZHZLJQ’{SL (k#7) } {Tk})
dS;JO
{7} {me} T
= (ot 2900 04T S T
r, ‘ 814;{%} SZJJ‘O aZLjO aSLtJO
N ——
=h,/Pl7e} =1 =¢oll
~ golloh, vt Oify ngHhLU(CL{Tk})J—l o a .
— rLP{Tk}( ) 55 or j € 0. (56)

Yo rawln pinh

I focus on a stationary equilibrium where the growth rate g and the
allocation of labor, (l,.,x), are invariant across technologies. Given (1),
(13), (15) and (16),, this implies

l};’c} =, oW =2=N-1 o™ =w=1/(zp),

plmd Crthmzd s Bt}

pritilnat — ol gyl gl (57)

Inserting (17), (49), (53) and (57) into (48) yields

o—%+/<Mﬁmm@+/@ 0di | Q{5 h 7) = (G

J
/ [ 3 00 (s 7 1, ()

k=1,2

- / L0 (i1, matujo, {Sutkstiyo b {Th}) dj
j€o

{m} o
E ey - [ 3 sy
i¢e

T T
L k=1,2 v

— [p + /ee(Aﬂ + Aﬂ)dj]

o T —pe
= - (C{Tk}) [,o—n—l— a g}

log p
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This equation is equivalent to
1—p°
log p

r,=p+ g. (58)

Because there is symmetry throughout all households ¢, their propensity
to consume is equal, h, = h. This, (4), (18), (21) and (52) yield

wl = w/ ljodj + w/ (lﬂ + ZJQ)dj = w/ ljodj + / (ljl + bg)dj
j€O j¢e j€EO Jj¢e

N N

> [ / S.odj + / (Sij1 + Sbjg)djl = (A -PC)=(1-1)>_A

=1 =1 =1

=(1—-h)(1+wl)

and
h,=h=(1+wl)" (59)

Inserting (8), (9), (54), (55), (56), (57), (58) and (59) into (50) and (51),
one obtains

0111111"(67{”“})”_1A oTlhy” (CI)7 A UH’w (C{T’“}) A

71/_

Tj+1,{7’k¢j} o—1
- JH}: EUC; pnrﬂ,{r)k#j}Ajﬁ = Ajn%wQ(H% {sumei b7 + 1, {7izs})
P{Tk} (C{Tk}) for j ¢ © and k € {1, 2}, (60)
() aHh(O{Tk})"*lA oIl (CIF) T agullh, (G Ty
a (p—i— = >wP{Tk} rw P} N rawljo P}
= Faodioﬁ(%mma GoTTi,jo, {Sum@ki) }> {7k }) = pgk} (") for j e O,

(61)

Given p > 1, my < 1II/2, (60) and (61), one obtains

. p /v
ljli = 77(@7 QO) for J ¢ @a . na ! 877 877
Lio =1 for j € O, (a,¢) Pa(p) ] da 0 Oy >0 (62)
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Equations (8), (11), (12), (13), (14), (17), (59), (61) and (62) yield

l—/ (lﬂ+lj2>dj+/ ljdj—2n/ djw/ dj = (1— B)v + 26n,
Jjge JISS) Jj¢e j€O

Y =(1-26n)/(1-p), (63)
A= )\ljl-,;” = An'™" for j ¢ © and & € {1,2},
= (log M)/ (Aj1 + Aja)dj = (2log p) BN = (2Xlog 1) Bn' ™, (64)

g
77” 1— ,u a hH IT
p+ 0
log u A log ,u )\QSQ w (1 + wl)w

N =02l (N =020l (N —1)%

- = A(l) with
N—l+l/u Nom - g A0 v
A dlog A 1 2 1 2 1
VA 7T Ay Al oy B vy By vy BN
N I N
-3 >t v = v (66)
Relations (62), (64), (65) and (66) yield (23)-(25). O

B. Results (47)

Differentiating the equations (46) totally and noting (24), (30), (37), (36),
(43) and (45), one obtains

Ga GT7
J = o & — )\MGA, (p+ 1Ogug) |
/ =1 1— 0
:\C:‘ﬁ/[(\l{:_u/) <77V L > §a 1/l6 /gf/ﬁ iné:(va logi g) <0,
+ - - +
da 1 Gp —q G77
dp -7 AN"A' (1+ i)g“#g ) & - /\u"A/ (p +1 log ug)
< 1 v G - G”
T | —5ks (1+EEg) & - s (o + =)
< 1 G’i G” ,
T | ~xew &~ Au"A/ 7 (0 + e 9)

ﬂ{<1_£’>_n+1—y_w7”_ll1
J I\l B) (a+n)n n'+a
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v l
\?(a%—n)n +ﬁ \q_:—/ v 6]
+
v N\ 1 ’
<‘%<ainv> G‘%) %‘1“%]
S
+

v 1 g\ 'l 1 10
<‘%<T> (7‘%> v 7o Hflv}“)’
a v v —
\—:-/\qj/_n/&\,_/ - I v

dn G,—¢ G,
dp J fa — s (14 52529

> _— v 1—u°
log p \7 ’ fa _)\,un"A’ (]‘ + logM g/) ‘

G, 1—u” g) l }
= — | — 1 —_ a
J{ ( " log 11 p 77“+chrg

AN 1_@)‘1}
logpup/nmt+a a+n?\ 1l 0

N\ —1 B __ 40
> G‘%) G7 (“11 Mg)(‘%%%—l)“]
a v 0 —
7 I gup
+ + +
1 g\ [ —1 11 11
- +1 (7‘%) G7 (Af g”)(ﬁﬁ“)“}
CL 14 O I
7 L\ log u p
+ - + +
1 (1 pg\'a, 11 T
S} 22 w-)c=——+1) +1
>a—|—77”<l B) 7 |V Uy a Yt
N—— N—— ~
+ + + +
1— AN I I1
e o N € R U L 50
a+n\l O J 2N1-11 1—v
N—— N — ~ ~
+ + + +

From these inequalities and the definition of 7 in (23) it follows that

dp _(dn _ On da
dp  \ dp 8@ dp
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