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Abstract

We develop a simple model of endogenous growth and occugzdtitoice in which skill dif-
ferentiated workers choose between three types of emplolyactvity: production, process inno-
vation, and quality innovation. Incumbent firms invest ingess innovation to reduce production
costs and market entrants invest in quality improvementsder to capture the market from vin-
tage product lines. We use this framework to examine innowahcentives for incumbent firms
in an environment of creative destruction and find that tleeestwo plausible and stable patterns
of product evolution: a corner equilibrium with quality gvth alone, and an interior equilibrium
with both productivity growth and quality growth. We alsaoghthat the process innovation of an
interior equilibrium has important policy implicationsrfeconomic growth.
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1. Introduction

In a modern industrial society, research and developme&bD{Rs critical for the survival of firms in

a competitive market place, and for the growth of the aggeegaonomy. This competition induced

R&D activity takes several forms including the creation efinmarkets through the development of
new products, quality improvements on existing productsl inprovements in existing production

processes. While the growth literature has examined thgss tof research and development activ-
ities extensively, an implicit assumption has been thabgedous growth which stems from quality

or process innovation essentially reflects the same mexarthis paper develops a framework that
examines improvements in product quality and advanceniepi®duction technology as distinct pro-

cesses.

There are many studies that explore the three types of itioovactivity described above. Romer
(1990) and Grossman and Helpman (1990) introduce frameaafrendogenous growth that involve
the introduction of new products with separate marketsuiiinca process of product innovation similar
to the first type of R&D described above. Quality innovatiarresponding with the second type of
R&D has been investigated in many studies that build on ttaditguadders framework of Grossman
and Helpman (1991). Finally, the process innovation aasediwith the third type of R&D discussed
above has been examined by Smulders and van de Klundert)(a885°eretto (1996). There is also
a number of studies that examine the relationship betweendifferent types of innovation-based
growth. For example, Young (1998) and Thompson (2001) ezpteodels that include both product
and quality innovation and Peretto and Smulders (2002)stig&te a model with both product and
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process innovation. To our knowledge, however, no studybleas made of the relationship between
process and quality innovation.

The distinction between these two types of R&D is importaihile process innovation is usually
undertaken by incumbent firms for the purpose of reducinglytion costs, quality innovation is
typically associated with a process of creative destractithereby the market entry of new product
designs supplants vintage product lines. Studies that hpodeess and product innovation, for example
Peretto and Smulders (2002), describe the incentive fagsinnovation by incumbent firms that face
decreasing market shares as a result of market entry by . fifo counter falling market shares,
incumbents increase firm value by developing cost reduchoggss innovations. Once a firm has
entered the market, however, it faces no risk of exit, ancetoee has a strong incentive to invest in
process innovation as it is ensured the full return on imaest. In contrast, we examine the incentive
for in-house process innovation in an environment of cveatiestruction, and accordingly incumbent
firms face a risk of losing the market to a higher quality prtdine, and thus may not be able to capture
the full value of investment in process innovations.

In this paper, we develop a framework of endogenous growthameupational choice in which
workers sort into three activities: quality innovationppess innovation, and production. Quality inno-
vation is undertaken by specialists employed at researtierse Process innovation, on the other hand,
is the result of improvements made to production procesggddmt managers. Production is carried
out by factory employees. This division of labour into spdized occupations is based on a pattern
of comparative advantage that arises with heterogenedligsiowments. Specifically, low-skilled
workers choose employment in production, mid-skill woskar process innovation, and high-skilled
workers in quality innovation. The inclusion of this occtipaal choice framework introduces a mech-
anism that determines the allocation of investment acrossegs and quality R&D on the basis of the
effective labour productivity of each type of innovatiortieity.

We use this framework to investigate patterns of productutiom and find that long-run equi-
librium may be characterized by either a corner solution liclv only quality growth occurs, or an
interior equilibrium with both productivity and quality gwth. In particular, an interior equilibrium is
more likely when the effective productivity of labour in ess innovation is high, the effective produc-
tivity of labour in quality innovation is low, and the size gfiality improvements is small. These results
are strongly dependent, however, on the ranking of skilleldgoroductivity for each type of innovation,
and as such an occupational reversal whereby mid-skillettex® are employed in quality innovation
and high-skilled workers are employed in process innowatiould rule out a corner solution with
quality innovation alone, and might lead to a corner sotutiowhich only productivity growth occurs.

Several secondary results of the model are as follows. , Eitsady-state comparative statics for
the interior equilibrium indicate that an increase in thieafve labour productivity of either type of
innovation increases the rate of economic growth. In cehtr@n increase in the size of quality im-
provements has a negative impact on the growth rate. Whal&rdt result is consistent with Grossman
and Helpman (1991), the second is not. Just as in the stangdaliy ladders model, an increase in
the quality increment spurs the rate of quality innovatibut it also has a negative effect on the rate
of process innovation. The second effect dominates thedfitdtthe growth rate falls. Second, in con-
trast to the market based system, regardless of the rankiskjllebased productivities for innovation,
all three types of long-run equilibria are possible in theialty optimal equilibrium. Third, a simple
comparison of the market equilibrium with the social optimindicates that the market incentives for
innovation are always insufficient and that the market basedth rate is too low.

The remainder of this paper is organized as follows. In $acZ we introduce our basic model
of endogenous growth. Section 3 investigates the chaistatsrof long-run equilibria, and Section
4 presents a steady-state comparative analysis of key rpadaineters. Section 5 derives the social
optimum and compares it with the market based system. ®e6tjgrovides some brief concluding
remarks.



2. Themode

Consider an economy with three economic activities: pradoc(L), process innovationM(), and
quality innovation f). The production sector consists of a unitary mass of imihsstindexed by
w, within each of which firms produce goods for consumption aathpete according to Bertrand
competition. Process innovation refers to research andlaement (R&D) undertaken by incumbent
firms with the objective of reducing production costs. Qwailnnovation, on the other hand, refers
to market entry through the development of new product desibat improve the quality of existing
product lines. The sole factor of production is a labour das€workers who choose employment based
on heterogeneous skill endowments.

Anillustration of the product space for a representatigsiry is provided in Figure 1. The vertical
axis measures the level of the product quality, and the boté axis measures the productivity of pro-
duction technology. We define the state-of-the-art of argimeustry as the product that has the highest
available quality and is produced using the most efficiecittelogy, and refer to the firm producing
the state-of-the-art as the industry leader. Focusing seretie quality and continuous process improve-
ments, a successful research effort in the quality innokagiector leads to the introduction of a new
product line with a quality of\ times the quality level of the current state-of-the-arte ashed lines
in Figure 1 denote the product lines associated with diffecgiality levels, and the parameter> 1
is the vertical distance between them. In contrast, theoimsh process innovation of incumbent firms
results in an improvement in the effective productivity afikers producing the current state-of-the-art.
This productivity growth is illustrated by the horizontat@ws in Figure 1.

Quality
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Figure 1: The process and quality dimensions of productutieo

Technology

The product space described in Figure 1 suggests threebfmpsihs for product evolution. In the
first, consecutive quality innovations improve the quatifythe state-of-the-art, but no process innova-
tion occurs, as described by the arced arrows running uphéheertical axis in Figure 1. In the second,
there are consecutive process innovations, but qualityviaiion never occurs. This path is described
by the arrow running along the horizontal axis. The thirdeptil path of product evolution consists
of continuous process innovation with the intermittentadtiction of quality improvements. In what
follows, we will argue that, depending on the skill-baseddurctivities of labour in process and quality
innovation, only the first and third types of product evalatare feasible in long-run equilibrium.

2.1. Households

The demand side of the economy consists of a representatiastic household that chooses optimal
saving and expenditure paths with the objective of maxingjdifetime utility. Intertemporal prefer-
ences are described by

U:/ e " log u(t)dt, @
0
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where p is the subjective discount rate, and instantaneous utility takes the form of a quality-
augmented Dixit-Stiglitz consumption index with a unitatgisticity of substitution between industries:

logu(t):/o1 log Z)\jm(m,w,t)dw . 2
J

Product quality and quantity are respectively denoted/ogndz(j, w, t). Quality is increasing i, the
number of quality innovations that have been introducedrbg t in industryw, and hence consumers
prefer higher quality products.

Intertemporal optimization requires that the represemtdtousehold select an expenditure path that
maximizes lifetime utility (1) subject to an intertempotaldget constrainB(0) > f0°° e FOB(t)dt,
where R(t) = f(f r(s)ds is the cumulative interest factor(t) is the risk free rate of returnk(¢)
is expenditure, and3(0) is the present value of the future flow of household income phe initial
value of assets. It is well known that the solution to thismation problem is the expenditure path
described by the following Euler equation:

B =T @
where a dot over a variable denotes time differentiationnddéorth, we set expenditure as the model
numeraire, ana(t) = p at all moments in time.

With a unitary elasticity of substitution across industribouseholds allocate expenditures evenly
across all product lines, and the demand function for the-stithe-art in industryw becomes

1

p(j,w,t)’ )

z(j,w,t) =
wherep(j,w, t) is price. In each industry, households consume only the gotidthe lowest quality-
adjusted price and demand is therefore zero for all prodbatsare not state-of-the-art. For the remain-
der of the paper we suppress time notation where possible.

2.2. Occupational choice

The workforce has a mass of one, and workers are indexed byogeheous skill levels;, that are
distributed according to a time-invariant finite distrilout F'(z), with density f(z), and supporf0, 1].
Employment is modeled after the occupational choice fraomkewf Roy (1951). In a perfectly com-
petitive labour market workers are free to select employtnfrem the economic activities available:
production (), process innovation){), and quality innovationi). We follow Saint-Paul (2004) and
assume that a worker’s skill-based productivity in eaclvitgtis determined byp;(z),i € {L, M, H}.
These productivities are time-invariant, strictly incsieay in skill level, and satisfy the following as-
sumptions:¢r,(0) = ¢ (0) = ¢ (0) = 1, and

Syz) _ Sl _ (2
o1(z) ~ oz op(z)

for all z, where a prime indicates partial differentiation with resfto the variable shown in parenthesis.
These assumptions ensure that each worker has a compaciaetage in one type of activity, that is,
production for low-skilled workers, process innovation fieid-skilled workers, and quality innovation
for high-skilled workers.

Given the competitive nature of the labour market, all firrperating in the same sector must pay
employees the same effective, or per-unit, wage. Workesesghemployment in the activity that offers

(5)

Lyeaple (2005) uses similar assumptions for the labour manlkastatic model of trade.



the highest wage incomeu(z) = max{wror(2), wrpron(2), wpop(z)}, wherewy, wyy, andwg
are the effective wages earned respectively for each effaatit of low-, mid-, and high-skilled labour.
The wage distribution is therefore

wror(z) 0<z<2
w(z) = S wydm(z) 21 <2<z, (6)
wpop(z) 22<2<1

wherez; andz, are the threshold skill levels for workers that can earn #meswage income in either
production and process innovation, or process innovatimhogality innovation, respectively, and are
therefore indifferent between employment in either of éhastivities.

The threshold skill levels determine the effective labaypies and the effective relative wages
for each activity:

L(n) = /OZI¢L<z>dF<z>, M(z1, 22) = /22¢>M<z>dF<z>, H(z) = /Z¢H<z>dF<z>, 7)

whereL(z1), M (z1, z2), andH (z2) are the effective labour supplies for production, processvation,
and quality innovation, respectively. Note tHa(z,) > 0, M'(z1) < 0, M'(z2) > 0, andH'(z2) < 0,
where a prime indicates a partial derivative with respecth® variable shown in parentheses. To
simplify the mechanics of the model we introduce the vadaplz) = ¢r.(z1)/ P (z1) andf(zz) =

o (z2)/dm(22) to describe the relative productivities of the marginal keos that correspond with
each skill threshold.

2.3. Production

Firms in the production sector use an industry-specific rieldgy that requires the employment of
low-skilled workers and depends on the current level of potiglity in the industry. In particular, the
production function is

z(m,w) = m(w)L(w), (8)

wherem(w) is current productivity and.(w) is firm-level employment of effective low-skilled labour.

Firms operating in the same industry compete according tvd&l competition, and as a result the
industry leader producing the state-of-the-art capturesentire market. The profit maximizing price
of the industry leader is a limit price that is set just low eglo to force the closest rival firm out of the
market. We denote the productivity of the closest rival fismgw). Then the industry leader sets a
quality-adjusted price that is just equal to the marginat @ the closest rivalp(w)/\ = wr,/m(w).
This limit price allows the industry leader to earn opemimofit on sales equal to

_ W)
Am(w)’

m(w) =1 9)

where we have used the demand function (4), the limit pricihg, and the marginal cost of the industry
leader,wy, /m.
2.4. Processinnovation

As discussed above, in each industry productivity growtly mrése from in-house process innovation
undertaken by the incumbent industry leader. The develaprred adoption of new technologies for
the production process follows

m(w) = am(w)M (w), (10)



wherea is a positive parameter(w) is a firm-specific technology spillover, add (w) is firm-level
employment of effective mid-skilled labour in process imation for industryw. The technology con-
straint (10) includes both the development and adoptiomeévations that improve the production
process.

The effective labour cost associated with process innowasiw,; M (w), and in view of operating
profit on sales (9), an incumbent firm with positive produtgigrowth earns the following instanta-
neous profits:

_ mw)
Am(w)

Mw)=1 —wyM(w). (11)
The incentive to invest in process innovation is clear. Apriovement in the productivityn of the
incumbent firm decreases the limit price to marginal cosbrat/Am, and increases operating profit
on sales (9). Itis important to note that while advances @ulpction technology are known to all firms
in the industry, rival firms have no incentive to invest in g&anprocess innovations for the production
of vintage product lines as they would still have to set a &igluality adjusted price than that of the
state-of-the-art, and would therefore not be able to ce@uositive market share.

At any given time the value of the industry leader is equaht piresent value of expected profit
flows: v(w) = [T e~ I prUws)dsT (), t)dt, wherew(w) is the risk associated with loss of the market
from the introduction of a new state-of-the-art productigiesThe industry leader chooses an optimal
path for investment in process innovatidd(w) with the objective of maximizing the value of the
firm v(w) subject to the technology constraint (10). The currentevddiamiltonian function for this
optimization problem ig{(w) = 1 — m(w)/Am(w) — wpr M (w) + ((w)am(w)M (w), where¢(w) is
the shadow value of productivity.. Noting that the industry leader perceives a constant Valuthe
productivity of the closest rival firmigz(w), the optimal paths fol (w), m(w), and((w) satisfy the
first order conditiong (w) = wys/am(w) and
am(w) Wiy

+ilw) > ———
ptiw) Am(w)wyr  wpy

; (12)
and a standard transversality condition for an infinitezwnjlim; . e~ Jo pruws)ds ey tym(w,t) =
0. The asset condition (12) states that when the industryefeaxhibits positive productivity growth,
the return on investment in process innovation must equalik free interest ratep] plus the risk-
adjustment associated with market entfy). Otherwise M (w) is set equal to zero ané(w) = 0.

2.5, Quality innovation

We now turn to the quality innovation sector where perfectiynpetitive firms invest in R&D in order
to enter the market with new product designs that improventpe qualities of current state-of-the-
art products. Each new product design includes a qualitydrgment and a production process that
adopts all of the quality improvements and process innomatthat have been introduced to date in the
respective industry. Therefore, a new product design hasilityjthat is one increment greater than the
current state-of-the-art and reproduces the productigitgl m of the current industry leader.

A new quality innovation is successfully developed in intdps with probability «(w)dt if research
is undertaken for a time interval @ft at an intensity of.(w). This research intensity requires the
employment of3 H (w) units of effective high-skilled labour, whergis a positive parameter. With free
entry and exit, there is active quality innovation when tRpeeted cost of successfully developing a
new quality innovation is equal to the present value of theemimal profit stream that is earned with
successful market entry. The value of a new quality innoveis thusv(w) and the free entry condition



for quality innovation i8

v(w) <

wH
7 (13)

This entry condition binds when there is active quality ivattion, and taking its time derivative yields
the following asset equation:

p+iw) = (14)
where.(w) is once again the risk that a subsequently developed quljiyxovement will allow a later
entrant to capture the market. This asset equation staeghinrate of return on a quality innovation
must equal the rate of return on a risk-free asset ofze plus the risk premium(w).

2.6.  Short-run equilibrium

We now close the model and characterize the short-run bquith by combining the equilibrium con-
ditions for each activity with the effective supplies of lgwnid-, and high-skilled labour. As the
effective mid- and high-skilled wages are based on the &feetow-skilled wage, it is convenient to
begin by deriving a condition that ties the product markdéhteffective supply of low-skilled labour.
Substituting the limit pricing rules(w) = A\wr/m(w) into the demand function (4) and setting the
result equal to the production function (8) for the averagtustry, we obtain the following condition
for the effective low-skilled wage rate:

B m
~ AmL(z)’

wr,

(15)

where the index has been dropped to indicate average vitaes,m = fol m(w)dw, m = fol m(w)dw,

andL(z) = fol L(w)dw are respectively average rival firm productivity, averaggustry leader pro-
ductivity, and average firm-level employment in productiofhe effective low-skilled wage rate is,
therefore, a negative function of the threshold skill levgland a positive function of the limit price to
marginal cost ratian /Am for the average industry leader.

Next, we examine the market clearing conditions for effecthnid-skilled and high-skilled labour.
These segments of the labour force are fully employed ingg®and quality innovation, respectively,
and therefore the average research effort in each type ofation equals the effective labour supply:

m™m

= aM (z1, z2), L= (H(z9), (16)
wherer/m is average productivity growth for the economy, and the expected probability that a
new quality innovation will arrive in a representative istly at each moment in time. While the effort
in process innovation is a function of both skill thresholégisandz, the effort in quality innovation is
a function ofz, alone.

3. Long-run product evolution

This section characterizes long-run equilibria and thesoaiated patterns of product evolution. In par-
ticular, we show that under the skill-based labour prodit@s assumed in (5), there are two possible
patterns of long-run product evolution: a pattern with guahnovation alone, and a pattern with both

process and quality innovation. We refer to the former asraszcsolution and the latter as an interior
solution.

2This specification for quality innovation closely followsat of Grossman and Helpman (1991), and therefore includes a
scale effect. However, as our objective is a comparisoneirtbentives for process and quality innovation, to keeprbdel
tractable, we normalize the population to unity and do nosader issues relating to this scale effect.



Before deriving dynamic equations for the skill thresholds introduce a variable to describe the
average length of a product cycle. Figure 2 illustrates tlodugion of production technology for both a
representative industry and the average industry. Thedmtal and vertical axes respectively measure
the productivity of the industry leader and the producyiwt the closest rival firm. In the representative
industry, shown in Figure 2a, when an entering firm capturesrarket with a new quality innovation,
its initial production technology is the same as that of ganest rival. Thus, each new entrant begins
with a productivity level on then = m locus. As an incumbent, the firm then invests in process
innovation, and its productivity moves to the right along athpdescribed by a dashed arrow. The
level of productivity growth depends on the length of timddoe the next market entry, the timing
of which is determined stochastically. During this timeeivial there may be no productivity growth if
subsequent entry is immediate, and infinite productivitngh if subsequent entry never occurs. When
entry does occur, the industry jumps vertically to #héw) = m(w) locus. In this way, the pace of
quality innovation matches the speed of growthriiw), which in turn depends on the length of the
interval with process innovation.

a) Representative industrny) b) Average industry
m m
m(w) = m(w) m=m
- = X
45° 45°
m m

Figure 2: Average product cycle duratiory (

The average industry, depicted in Figure 2b, captures theage time interval between quality
innovations for all industries. We define a new variakle= m/m to describe the ratio of average
industry leader productivityn = fol m(w)dw to average rival firm productivityn = fol m(w)dw. This
ratio must, by definition, take values between zero and omgindyl that the time derivative of average
rival firm productivity ism = (m — m)3H (z2), which simply states that the current industry leader
becomes the closest rival when a firm enters the market wigwaquality innovation, we can derive
the motion for the average productivity ratio by substitgt{16) into the time derivative of = m/m:

X = (1= Xx)BH (22) — xaM (21, 22). (17)

The average productivity rati® converges to one when there is quality innovation, and nanhiy,
but no process innovation. On the other hand, when there@eps innovation, but no quality innova-
tion, the average productivity ratio converges to zero.sehmases are respectively described byiite
line and the horizontal axis in Figure 2b.
Turning next to the skill thresholds, the motion fer is obtained from the asset condition for

process innovation (12) using (15) and (16), witky = u(z1)wr, andy = m/m:

. [al(z) | X ] [L'(Zl) M'(Zl)] i

7= + = —p—BH(z - : (18)

FERE | TG )

In a similar manner, the motion fax, is derived from the asset condition for quality innovatidd)
using (11), (13), (15), (16), andy = 6(z2)wys with (18):

4y [aL(m) B = X)L(z1) — Bu(z1)xM (21, 22)} {9/(22)] o

p(z1) 11(21)0(22)x 0(22)

(19)



Together (18) and (19) describe the dynamics of labour allos. The model is thus reduced to a
system of three differential equations in three variables.

We are interested in long-run equilibria with a constardcation of labour across sectors. Accord-
ingly, we examine steady-state equilibria with constaféaive labour supplies. Setting, z5, andy
equal to zero, the steady-state system is described byltheiftg conditions:

BH (z2)

x= BH (z) + aM(z1,22)’ (20)
_al(z)
p+ BH(z2) = i(z) (21)
) = B(A—1)L(z1) alL(z) B M (z1,22)
bt = 2o s+ [ ) M @2

where (22) has been obtained by substituting (20) and (24)@®) set equal to zero.

Figure 3 provides numerical illustrations of the steadjtesasset conditions for process innovation
(21) and quality innovation (22). By definition the skill #sholds take values between zero and one,
andz; < z,. Thus, the shaded area below tie® line indicates unfeasible combinations of the skill
thresholds. There are three possible equilibria: an mtexquilibrium that occurs at point where
conditions (21) and (22) intersect, a corner solution withcpss innovation that occurs at pointand
a corner solution with quality innovation that occurs atrpoi

a) Unique interior equilibrium b) No interior equilibrium
z2 z2
1 - 1 g
(21) ) @y
(22) (22)
C
d
e dy b
(25) b
(&
@) )
€4
21 z1
0 1 0 1

These figures are drawn using a uniform distributionffge) and the following assumptiongi, = 1,
ov =z, ém =2%,a=1,8=1,andp = 0.05. In panel a)\ = 2 and in panel b) = 3.5.

Figure 3: The process and quality dimensions of productutieo

We begin with an examination of the corner solution with gsxinnovation (point). Substituting
2z = 1l andH = 0 into (18) and setting the result equal to zero, this longequilibrium is described

by

o= OéL(Zl) . (23)
(z1)
Note thaty drops out of the system. Given that this condition binds;ettie active process innovation
in all industries and the average rate of productivity grovetdetermined byn/m = aM(z1). As
such, z; will take a value between zero and one, similar to pairt Figure 3. Settingd = 0 and
x = 0in (18), and taking the derivative with respectz4q we find that this corner solution is clearly a
saddle point.




Next, we investigate the characteristics of the cornertmwluvith quality innovation (point).
Settingz; = 29, M = 0, andy = 1 in (22), this long-run equilibrium is described by

B = 1)L(2)
1(22)0(z2)

This condition implicitly pins down the threshold skill lelz, that allocates labour between production
and quality innovation. The basic features of this long-aquilibrium are similar to those of the
standard quality ladders model. Accordingly, setting= z5, M = 0 andy = 1 in (19), and taking the
derivative with respect te,, we can show that this corner solution is also a saddle point.

The characterization of the interior equilibrium with bgifocess and quality innovation (poiejt
is a little more involved. Taking the total derivatives ofLj2and (22), we find that while the slope
of the asset condition for process innovation is positibe, slope of the asset condition for quality
innovation is non-monotonic. In order to show that the syestdte asset conditions only intersect
once, we substitute (21) into (22) to derive the followingeistment locus:

BA-1)
af(z2)

p+ BH(z2) = (24)

M(Zl, ZQ)
0(z2)

where the positive value for the right-hand side indicatest6(z2) > 5(A—1) is a necessary condition
for the existence of an interior solution. This locus ddsesiall threshold skill combinations for which
the returns to process and quality innovation are equalydimg the intersection of the steady-state
asset conditions (21) and (22). Moreover, the total ddviedbr (25) indicates that the slope of the
investment locus is positive. This fact, combined with thgative slope of (21) ensures that an interior
equilibrium is always unique when it exists.

The existence of an interior equilibrium requires that teged conditions and the investment locus
intersect above thé5 © line shown in Figure 3. This will be the case whexsatisfiesyf(z2) > 5(A —
1). To show this, we first examine (21). There are two points tErest, the corner solution at point
and the intersection of (21) and tH&° line (pointd), which satisfiep + BH (z2) = aL(z2)/u(z2).
Both points occur for values of; that lie between zero and one, and if the investment locussesd
between these two points, a feasible interior equilibriveists. Settingz; = 0 in (25), we can derive
a condition that allocates labour between process andtygiratiovation (L=0). By definition the value
of z, that determines this labour allocation must lie between aed one (point). Similarly, setting
z1 = 1in (25), we find thatzy = 1 (M=H=0). Finally, settingz; = 25 in (25), we find that if the
investment locus crosses thg° line, the intersection will occur whered(z,) = 3(A—1), for example,
point f. The investment locus lies above thg® line for values ofz; to the left of this intersection, and
below the45 ° line for values ofz; to the right of this intersection. The points outlined abowuply that
a feasible interior equilibrium exists iff(z2) > 5(A — 1). We summarize this result in the following
proposition.

lp+ BH ()] H(=) [1 - ] — (BN~ )H(22) + p (25)

Proposition 1 A unique interior equilibrium exists fagf(z2) > 5(A — 1).

The existence of an interior equilibrium is likely when théllsbased labour productivity of work-
ers in process innovation is large relative to the skilldshiabour productivity of workers in quality
innovation, that is, whew,,(z2)/¢m(22) is large. Similarly, a large effective labour productivity
process innovationa(), a small effective labour productivity in quality innoi@ (3), and a small
guality increment X) are all conducive to the existence of an interior equilibri

In the Appendix, we example the local dynamics around therimt equilibrium and obtain the
following proposition for the local stability of the interi equilibrium.

Proposition 2 All feasible equilibria are saddlepath stable.

Proof: See Appendix A.1.
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We have shown that there are three possible stable steag;sbut which of these equilibria ac-
tually occurs in the long-run? Under the dynamic framewogkhave adopted all agents have perfect
foresight, and investors with rational expectations adjagir investments in process and quality in-
novation until all arbitrage opportunities have been exgtb Holding the skill thresholds constant
and taking the partial derivatives of (21) and (22) with exdfdoz;, we find that the rates of return to
process innovation and quality innovation are less thamiseadjusted nominal interest rate for skill
threshold combinations that lie below (21) and (22), retpely. Additionally, comparing the intersec-
tion of (21) and thet5 ° line with the intersection of (22) and thé ° line, we find that (21) lies above
(22) for all values ofz; whenaf(z2) < B(A — 1). Therefore, only the interior equilibrium erases alll
arbitrage opportunities when it lies above #i€ line. On the other hand, when the interior equilibrium
lies below thet5 ° line, the only equilibrium with no arbitrage opportunitissthe corner solution with
guality innovation.

Proposition 3 There are two possible long-run equilibria: (i) fetf(z2) > G(\ — 1) the interior
equilibrium with process and quality innovation descriltke long-run pattern of product evolution,
and (ii) for af(z2) < B(X\ — 1) the corner solution with quality innovation describes tbed-run
pattern of product evolution. The corner solution with pes innovation alone is never a long-run
equilibrium.

The results summarized in Proposition 3 correspond withifei@. The long-run interior equilib-
rium that occurs forf(z2) > (A — 1) corresponds with point in Figure 3a. On the other hand,
the long-run equilibrium that arises fard(z2) < B(\ — 1) corresponds with poink in Figure 3b.
The second result given in Proposition 3 is strongly dependa the ranking of skill-based labour
productivities (5) for process and quality innovation. &fieally, the higher productivity of workers
in quality innovation allows for a greater allocation of ¢alv to production. Since aggregate demand
is an increasing function of the wage income of low-skilledrkers, the larger allocation of labour
to production leads to greater demand and increases the rietlinvestment in quality innovation.
This allows for arbitrage opportunities through the recti@n of investment from process innovation
to quality innovation and ensures that the corner solutiih guality innovation becomes the long-run
equilibrium when an interior equilibrium is not feasible.

In order to emphasize the dependence of Proposition 3 omgsisun (5) for skill-based labour
productivities, we consider an occupation reversal whetib skill-based productivities of workers in
process and quality innovation respectively becampéz) and¢,,(z). Under this occupation reversal
high-skilled workers are employed in process innovatiod emd-skilled workers are employed in
quality innovation. Reconfiguring the model, the steadyestisset conditions for process and quality
innovation respectively become

B al(z)
p—l—ﬂM(zl,Zg) = 7[[‘(21)9(22), (26)
o+ BM(z1,20) = | (A — 1) + SMG2) | L) 27)

M(z1,22) ] p(z1)

The basic features of the reconfigured system can be examsneglithe procedure employed above
to characterize the original system. Here our objective ismphasize the dependence of Proposition
3 on the skill-based productivities for workers employedath type of innovation. To this end, we
simply describe the reconfigured system using the numeliigstirations provided in Figure 4.

Once again two cases for the long-run equilibrium emerge.firbt is shown in Figure 4a where a
long-run equilibrium with both process and quality inndeatoccurs at point. The second is shown
in Figure 4b where the corner solution with process innovatit pointa dominates the corner solution
with quality innovation at poinb. An occupation reversal for mid- and high-skilled workdverefore
reverses the second result of Proposition 3.

11



a) Unique interior equilibrium b) No interior equilibrium

zZ2 b zZ2 b
1 . 1

27) (26)
(27) (26)

z1 zZ1
0 1 0 1

These figures are drawn using a uniform distributionfge) and the following assumptiongir, = 1,
o =265 =22, a=1,3=1,andp = 0.05. In panel a)\ = 1.5 and in panel b) = 3.

Figure 4: Occupation reversal for mid-skilled and highiekii workers

4. Compar ative steady-state analysis and long-run growth

In this section we investigate the effects of changes in mpdemeters on the long-run allocation
of labour and the rate of economic growth. In the Appendix,use a steady-state comparative static
analysis of (21) and (25) to obtain the following propositio

Proposition 4 The long-run skill threshold; depends positively on the discount ragg, (effective
labour productivity in quality innovation), and the size of quality innovation&)( but depends nega-
tively on effective labour productivity in process inndeat(c). The long-run skill threshold, depends
negatively om\, but the relationships between and p, o, and 3 are ambiguous.

Proof: See Appendix A.2.

A rise in the discount ratepf increases the opportunity cost of investment in innovatand leads
to an increase in the employment share for production. Arease in the quality increment) also
leads to a decrease in the overall employment share of itinaydut increases the share of quality
innovation. The lack of a specific functional form for thelkHKistribution F'(z), however, leads to
ambiguous results far and 5. While z; is negatively and positively related toand 3, respectively,
the relationship between these parameterszarisiunclear.

In order to pin down the relationships betwegnandp, «, and3, we assume that the distribution of
skills is described by"(z) = z*, wherek is a shape parameter. Table 1 gives the signs of comparative
statics for several possible shapes of this skill distrdmut

Table 1: Comparative statics: numerical examples

dp da dags
k=0.1 — + +
k=1.0 + + +
k=2.0 + + +

These comparative statics are signed uding 2, M = (237" — 217%) /(1 + k), andH = —kz3"% /(2 + k),
and the following assumptiong=0.05,a=1, 8=1, andA=2.

Based on the comparative statics summarized in Propogitiand the numerical examples pre-
sented in Table 1, we make the following conclusions. Anéase ina. unambiguously decreases
employment in production (a fall is;), and decreases employment in quality innovation (a risg)in

12



Employment in process innovation increases and thus windlgpace of quality innovation slows, the
rate of productivity growth rises. An increase (i on the other hand, unambiguously increases em-
ployment in production (a rise igy) and decreases employment in quality innovation (a risg)nin
this case the direction of change in employment in processvation is determined by the relative size
of changes irr; andz, and therefore depends on the shape of the skill distribui@rsuch, the effects
of changes irg on the pace of quality innovation and the rate of produgtigitowth are ambiguous.

The comparative statics discussed above have implicafiimnmlicies that target the long-run rate
of economic growth through changesdnand 5. In this model, the long-run economic growth rate
is determined by the rate of growth in instantaneous ut{fy Focusing once again on the average
industry and noting that households only consume the sfatiee-art in each industry, steady-state
instantaneous utility can be rewritten lag u(t) = (log A\)I(t) + logz, wherel(t) = fot t(s)ds is
the expected number of quality improvements before timdoting that/(¢) = SH(z2)t in long-run
equilibrium and using the production function (8) gives

logu(t) = BH(z2)tlog A + logm + log L(z1), (28)

where the first term on the right-hand side captures théyutiérived from the level of product quality,
and the second and third terms capture the utility derivexsh fihe quantity of goods consumed. Taking
the time derivative of (28) yeilds
u(t)
= w = [BH(z2)log A+ aM (21, 22), (29)
where we have used (16), and the fact that Z, = 0 in long-run equilbrium.

Given the ambiguity associated with comparative staticghi® general case, we cannot resolve the
relationship between model parameters and the long-rumtiynate without once again resorting to a
specific form for the skill distribution. Table 2 presentsmarical examples for different shapes of the
specific skill distribution assumed above.

Table 2: Determinants of the growth rate: numerical exasple

A g dg  dg g
dp do d3 )\

k=01 - + + —
k=10  — + + —~
k=20  — + + -

These comparative statics are signed uding 2, M = (237" — 217%) /(1 + k), andH = —kz3"* /(2 + k),
and the following assumptiong=0.05,a=1, 5=1, and\=2.

First, the long-run growth rate is negatively related to diszount rate £). This result replicates
the results of quality-based innovation models where matept households are associated with a
higher rate of growth. Second, an increase in the qualityement @) also leads to a decrease in
long-run growth. This result differs from existing liteva¢ where an increase xraises the growth
rate through an increase in the pace of quality growth (@nassand Helpman (1991)). The rate
of quality innovation also rises in our model, but this pesiteffect is dominated by the decrease in
productivity growth that occurs as workers are shifted dpirocess innovation and into production and
guality innovation. Third, an increase in the productivifyeffective labour in either type of innovation
has a positive effect on the growth rate. Last, we note thaim@novement in the shape of the skill
distribution, that is, an increase k) unambiguously leads to an increase in the long-run groaten r
(not shown in Table 2). This result supports empirical rsstiiat link innovation output with labour
force quality, for example, the share of college graduatekeé labour force (Bottazi and Peri (2003);
Hanushek and Kimko (2000)).
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5. Social optimum

In this section we investigate the socially optimal allématof labour. Focusing on the average industry
the planner’s objective is to maximizé = [ e~*" [(log \)I(t) + log m(t) + log L(z1(t))] dt subject
to the technology constrainis(t) = m(t)aM (z1(t), z2(t)) and I(t) = BH(z(t)), whereI(t) =
fot BH (z(s))ds is once again the expected number of quality improvementsdaced before time
t. This utility maximization problem can be solved using tleldwing current value Hamiltonian
function: H = (log A\)I + logm + log L(z1) + GGamM (21, 22) + (28H (z2), where¢; and(, are
respectively the shadow values of average productivityaagdality improvement.

A long-run equilibrium with a constant allocation of laboacross activities is characterized by
Q/Q = —m/m and constant values fof, 2z, and(s. Solving for the necessary conditions, the
steady-state system can be reduced to two conditions irkihéhsesholds:

r= auj:((zjl))’ (30)
(log \)BL(21)
NI 5D

where (30) must bind for positive productivity growth, ar@dY must bind for positive quality growth.
These conditions assume the role of the asset conditionsa(®iL(22) in the market based system of
Section 2.

Figure 5 illustrates three possible cases for the sociatmoph using numerical examples. In the
first panel the optimal labour allocation is at pointwhere only process innovation occurs. In the
second panel the social optimum is at painthere both types of innovation occur. In the third panel
the social optimum is at poidtwhere only quality innovation occurs.

a) Process Innovation b) Process and quality innovation ¢) Quality innovation

z2 V) zZ2
1 ¢ 1 1

(30)| \ (31) (31)\ | (30) (31) (30)

\

Z1 z1 zZ1
0 1 0 1 0 1

These figures are drawn using a uniform distributionffgr) and the following assumptionsi, = 1, ¢ = 2,
¢ =2, a=0.3, 6 =2,andp = 0.05. In panel a)\ = 1.1, in panel b)\ = 1.45 and in panel c) = 2.2.

Figure 5: Social optimum

The socially optimal equilibrium can be characterized dovics. While (30) is a vertical line in
z1-z9 Space, (31) has a strictly negative slope. These conditidlhsross above the; = 2, diagonal
if 25 takes a higher value than thethat satisfies (30). This will be the case witgn;) > (log A\)3/a.
Next, the conditions will cross below, = 1 if the value ofz; that satisfies (31) at, = 1 is lower
than the value of; that satisfies (30). This will be the case whéesg A\)3/a > 1. Finally, holding
zo constant, the partial derivatives of (30) and (31) with ee$foz; indicate that the return to process
innovation is greater than the discount rate for skill thad combinations to the right of (30), and that
the return to quality innovation is greater than the distaate for skill threshold combinations to the
right of (31). We summarize these points in the followingpwsition.
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Proposition 5 The socially optimal steady-state labour allocation elstdi) process innovation only
for0(z1) > 1 > (log \)3/«, (ii) process and quality innovation fak(z;) > (log \)3/a > 1, and (jii)
quality innovation only folog \)3/a > 6(z1) > 1.

In contrast to the market based system, where a long-ruerpaif product evolution with process
innovation alone was not feasible, the socially optimatigratof product evolution may entail process or
quality innovation alone, or both types of innovation oecmg simultaneously depending on parameter
values and the shape of the skill distribution.

Before concluding, we note that the socially optimal alt@wa of labour to innovation activity is
greater than that of the market based system. This can befremera comparison of (21) and (30)
which indicates that the skill threshold is always greater for the market based system.

Proposition 6 Market incentives for innovation activity are always irfguént.

This result differs from that of the quality ladders modelGssman and Helpman (1991) where
the market incentives for R&D may be excessive or insufficai@pending on the size of the quality
incrementA. In our model while a general comparison of the investmeiotation between process
and quality innovation is not possible, overall market imoaes for labour allocation to innovation
activity are insufficient and the socially optimal growtheas always higher than that of the market
based system.

6. Conclusion

The innovation activity of firms is critical for both theirstival in the competitive market place and the
growth of the aggregate economy. This innovation actialges several forms including the creation
of new markets through the development of new products,tglaiprovements on existing products,
and improvements in existing production processes. Whiegrrowth literature has examined these
types of R&D activities extensively, an implicit assumptiof this literature has been that endogenous
growth which stems from quality or process innovation etaly reflects the same mechanism. This
paper develops a model of endogenous growth and occuplationiae that examines improvements in
product quality and advancement in production technolagglistinct processes.

In particular, workers sort into three activities on theiba$ heterogenous skill levels and different
skill-based productivities for each activity; low-skillevorkers are employed in production, mid-skilled
workers in process innovation, and high-skilled workergality innovation. While process innova-
tion is undertaken by incumbent firms with the objective afuging the costs of production, quality
innovations are developed by new firms entering the markat. iiodel therefore allows for a charac-
terization of goods according to both the quality perceigadonsumers and the technology employed
in production. We use the model to investigate patterns oflyet evolution and find that long-run
equilibria may be characterized by either a corner soluiiith only quality growth, or an interior equi-
librium with both productivity and quality growth. This colusion is strongly dependent, however,
on the ranking of skill-based productivity for workers inchaype of innovation, and an occupational
reversal whereby mid-skilled and high-skilled workerspexgively sort into quality and process inno-
vation rules out a corner solution with quality growth alpaed may lead to a corner solution in which
only process innovation occurs.

There are two possible extensions. First, the endogenaystlymodel includes a scale effect
whereby an increase in population size leads to an increaseployment in innovation and raises
the long-run rate of economic growth. A large body of researoncludes, however, that the scale
effect is empirically implausible (see, for example, Jo(E395)). Second, in our model the elasticity
of substitution between industries is one. This assumpgir@empts an analysis of the incentives for
R&D when market entry is characterized by drastic qualityowations (see, for example, Li (2003)).
We leave these issues for future research.
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Appendix

This appendix provides details of the stability analysid the steady-state comparative static analysis
for an interior equilibrium.

A.1 Stability analysisfor an interior equilibrium

The dynamic system around a long-run interior equilibriungists of one state variablg)(and two
control (z; andzs) variables, and saddlepath stability therefore requiresregative and two positive
eigenvalues. Using a Taylor expansion of (17), (18), and, (@@ obtain the Jacobian matrix for a
linearized system as follows:

-5 —xaM'(z1) [xebH + (1 — x)3H] Lzl
/(2 (5 -1 ) ‘
J = _i_g[L(Ll) _u(ui)} J22 o3 aE
AL [0/(2)] . N oy T/ ()] —
59X2 [ (.92)} 732 _uL — BH 1(12) |: (02)}

where

/ / -1
oy = % — aM'(z) {L (z21) p (21)]

L ,
o[ s )
e [ o]

and we have used (22), (23), (24), and the fact Hafz2) = —6(22)H'(22). The leading principal
minors of J are—H/x < 0, —fH«aL/pux < 0, and

1= D[l BT ol O] M [y 23] e [0Ca)]

M [a()\ —1)L +p} M'(z1) [L/(Zl) M’(Zl)]_l H'(22) [QI(ZQ)]_l <0.

9 L M L (=) H ]

Following from |.J| < 0 there are either three negative eigenvalues or one negatiyéwo positive
eigenvalues. All of the leading principal minors are nagathowever, and is not negative definite.
The former case can therefore be ruled out, and the intesimg-tun equilibrium with process and
quality innovation is saddlepath stable. This proves Psitjon 2.

A.2 Steady-state compar ative static analysisof theinterior equilibrium

The steady-state comparative statics summarized in Ftigpo4 are derived using the total derivatives
of (21) and (25):

’ ’ dp
ol [Lz) el g () [ dz ] [ L B 0] da
_ [ﬁ()\ _ 1) + %)\} M'é21) a9 dZQ %% _% b23 by Zf ;
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where

g = H'(z3) {5 B ﬁ()\a; 1) N pg)]\q]\ﬂ B M'ézz) {g()\ 1)+ %] + 9'(022) [ﬁ()\e— 1) {E

by — —H 4 21 [ﬁH+aM+%},
af 1

b24:§|:§—|—M:|

Noting thatA = aj1a90 — a12a21 < 0, we can use Cramer’s rule to obtain the following:

dzi  ag — aizby

X

PAM
T E

d_p = N > 0,
- , / /
dzy 10 L
TN _-@2; - b22a12} <0,
o _ 2 :BH'@) n B“J)L [L'(;l) - ’“‘/fl)” |
- ) / /
i e PR
o 1[0k (1) WCONODIE )y BO=0]] (0D )
% _ _ali)% =0,
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