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Abstract

This article builds an understanding of regional innovation specializa-
tion by developing a multi-sector model with endogenous growth through
quality improving innovations and spillovers from related technologies.
The model provides an approach to incorporate the relatedness literature
within the mainstream theoretical frameworks of endogenous growth and
economic geography. Each firm’s technology sector and the location of
other firms play a role in each firm’s ability to improve its own technol-
ogy. As a result, firms prefer to co-locate in technologically compatible
clusters. Without relying on scale assumptions, the model for the first
time coherently links related variety knowledge spillovers to mainstream
urban economic frameworks and demonstrates that clustering is possible
in both core and peripheral areas.
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1 Introduction

Recent years have seen a rapid rise in research publications based on the prin-
ciple of relatedness, whereby the pattern of knowledge links between sectors,
skills and technologies, and crucially the extent to which they are related to
each other, is argued to provide important clues as to the nature and pat-
terns of trade and economic growth at both the national and regional levels
(Hidalgo et al., 2018). The relatedness literature has two broad strands of re-
search, namely the product space literature (Hausmann et al., 2007; Hidalgo
et al., 2007; Hidalgo & Hausmann, 2009; Figueroa et al., 2018) and the related
variety literature (Frenken et al., 2007; Boschma & Iammarino, 2009; Neftke
et al., 2011), both of which are implicitly based on a capabilities-type of frame-
work. Although there are some differences between these two approaches in
terms of how relatedness and capabilities are measured and analysed, there are
also enough similarities and overlaps that for our purposes here we can treat
them as simply reflecting different strands of one broad relatedness approach to
economic growth and economic geography which has a few key common char-
acteristics. Firstly, economies of scale play no significant role in determining
growth patterns, and secondly, neither do standard debates regarding special-
ization or diversity. Rather it is the technological or network relatedness between
different activities, as reflected in the knowledge spillovers or common knowl-
edge underpinnings across different types of activities, sectors and capabilities,
that is argued to be crucial for growth.

In the rapidly-growing literature on relatedness two empirical features are
apparent. Firstly, regional economic growth is nearly always characterised by
relatedness, in that the local sectors experiencing growth are typically connected
to each other in terms of their knowledge, technological or skills dimensions. In
particular, the relatedness dimensions share some common features such that
even though the sectors may differ, to some extent they also overlap in terms of
common knowledge characteristics or capabilities. Moreover, these relatedness
features also cut across simple explanations of growth based on regional sec-
toral structure, in that while the distinction between sectoral specialisation and
diversity appears to play little role in explaining regional growth (Melo et al.,
2009; Beaudry & Schiffauerova, 2009; de Groot et al., 2016), relatedness between
local firms and industries appears to be almost always evident in local growth
processes (Cicerone et al., 2019). Secondly, in all countries there are success-
ful clusters of economic activity, and especially knowledge-intensive activities,
which are located well away from the core highly urbanised areas, and which
seem to thrive even without significant scale or proximity effects. At present it
is very difficult to account for either of these observations using current urban
economic, endogenous growth or new economic geography frameworks.

As it stands, the interest in, and the persuasiveness of, the relatedness ap-
proach is based predominantly on many various forms of empirical evidence pro-
vided which support theoretical, typically network-based, relatedness arguments
(Hausmann & Hidalgo, 2011; Kali et al., 2013; Iacopini et al., 2018; Alshamsi
et al., 2018). Yet, at present there are no orthodox theoretical frameworks that



link these relatedness arguments to endogenous growth, economic geography or
urban economic modelling frameworks. Assuming that the orthodox arguments
also reflect many aspects of the growth processes observed in the spatial econ-
omy, then the lack of analytical frameworks linking the relatedness arguments
to the more orthodox approaches represents a weak link in our current under-
standing of the spatial economy. Providing such a theoretical framework is the
purpose of this article.

As in all endogenous growth models, knowledge spillovers have a vital role.
The model described here differs from existing endogenous growth models in
that the addition of multiple sectors and locations allows a description of knowl-
edge spillovers between firms that are technologically and spatially separated,
but also related to differing degrees. The model we present here for the first
time offers a framework to incorporate the concept of technological relatedness
with spatial externalities and endogenous growth, and we find that catastrophic
agglomeration is not inevitable in spite of factor mobility, because firms in an in-
dustry with sufficient own sector knowledge intensity can cluster in a peripheral
location. This implies the emergence of sectoral clusters in both agglomerated
and peripheral locations, a result which is consistent with the empirical find-
ings of the relatedness literature (Figueroa et al., 2018; Neffke et al., 2011). By
developing a model with multiple industries and spillovers based on technologi-
cal relatedness, firms in peripheral locations balance the forces for clustering in
the periphery against forces for agglomeration. Notably it is the sectors with
greater own sector knowledge intensity which are more sustainable in a periph-
eral location than industries with a lower own sector knowledge intensity which
are more affected by forces for agglomeration.

The model builds on the theoretical proximity arguments informed by the
relatedness literature. Firm innovations, economic development, and regional
specialization is described as a branching process (Frenken & Boschma, 2007).
In this framework, a firm’s ability to develop new innovations is related to both
its technological and spatial proximity (Boschma, 2005). Similarly, the density
of related varieties also affects a firm’s ability to develop new innovations or for
a region to diversify (Kali et al., 2013). These features give rise to a network
topology of products (Hidalgo et al., 2007; Hidalgo & Hausmann, 2009) based on
their technological proximity. This network structure has motivated studies into
the dynamics of growth in relation to specialisation and diversification at both
national (Hausmann et al., 2007) and regional levels (Boschma & Iammarino,
2009) as well as within the network structure itself (M. A. Fink et al., 2017; Al-
shamsi et al., 2018). Furthermore, the relatedness literature has now developed
a prescriptive policy approach to account for proximity and path dependency in
regional and industry policies (Balland et al., 2018; Alshamsi et al., 2018). These
types of proximity mechanisms also give technologically related firms an incen-
tive to co-locate in clusters, but the relatedness feature is missing from spatial
endogneous growth models despite providing a key mechanism for explaining
differences in rates of regional innovation. Complex network relationships are
incompatible with orthodox endogenous growth modelling techniques, so much
of the empirical research on growth and proximity relies on defining metrics that



describe the position of a product or region within the network space (Haus-
mann & Hidalgo, 2011; Cicerone et al., 2019). Alternatively, this article shows
how the technological and spatial proximity features of the relatedness litera-
ture can be incorporated into orthodox endogenous growth theory in a relatively
straightforward manner.

The rest of the article is organized as follows. Section 2 adds multiple in-
dustries and related variety knowledge spillovers to the core-periphery model of
growth, Section 3 examines the steady state properties of the model and Section
4 provides a discussion and direction for future research.

2 The model

The model is an extension of standard core-periphery growth models, which are
summarised in Bond-Smith & McCann (2014), to now include several industrial
sectors with multiple varieties in each and growth without scale effects. This
approach enables knowledge spillovers to be described by differing degrees of
technological and spatial separation such that firms take account of the knowl-
edge externalities of related varieties. In all other respects, the model follows
standard approaches with footloose skilled labour that are briefly described here
and fully specified in the appendix. As a result, the catastrophic agglomeration
pattern of standard models is nuanced by industry clustering, even in peripheral
regions, both in spite of and due to factor mobility.

There are two regions. Goods may be produced and consumed in either
region. The two regions are referred to as home and foreign. The model is
described for the home region and analogous equations apply to the foreign
region. Where it is necessary to specify foreign variables, these are denoted by
a tilde () above the variable. There is a traditional goods sector, a manufacturing
sector and a competitive research and development sector. The representative
consumer has typical intertemporal preferences and standard Euler equations
and the transversality condition apply. In specifying the labour market, the
model follows Krugman’s (1991) modelling trick to equalise wages by setting
the worldwide stock of unskilled workers to 1 — u shared equally between regions
and the stock of skilled workers to u. Skilled workers freely migrate between
regions in response to wage pressure at the start of each period.

This remainder of this section specifies the specific elements that lead to
regional clustering before examining the steady state and discussing the model’s
implications.

2.1 Multiple industries

In each discrete time period, traditional goods and a variety of manufactured
varieties are consumed with a preference for higher quality manufactured vari-
eties.
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For simplicity, the time subscript ¢ will be suppressed hereafter where the time
dimension is clear. Monopolistic competition in each sector is modelled via CES
preferences (Dixit & Stiglitz, 1977) for simplicity.
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where 7 indicates the sector of variety j (referred to as variety 4, j), the factor 4, ;
represents the quality of variety 4, j and ¢; ; is its quantity consumed. Equations
1 and 2 use discrete variables and assume each n; is sufficiently large to maintain
simplicity, elegance and intuition, but could also be thought of as a continuum
of manufacturing varieties, sectors and continuous time (by replacing Hf\il with
the product integral Héw f (z)* and 3" with the standard integral I f(z;)dj).
Similarly, the determinstic model in discrete time can be thought of as equivalent
to the expected flow of innovations in a stochastic model in continuous time.

For simplicity, zero transport costs are assumed. This allows the model to
focus exclusively on the location and growth effects of technical externalities in
research and development. In an extension of the basic model, it is possible
to include trade costs or other spatial externalities to demonstrate how firms
balance many factors in making location and investment decisions, but here the
article focuses only on technical externalities in research and development.

Standard optimization techniques are used to solve for short run equilibrium
prices and wages.

2.2 Technology

Production of an individual variety involves a fixed (labour) investment in a
quality improving innovation (in the previous period) and a constant marginal
cost. Production of each variety is contestable through these quality improve-
ments produced by a competitive research and development sector with free
entry. In each period, the quality leader produces variety i,j and potential
investors or firms, including incumbents, choose whether to enter in the follow-
ing period. If a firm enters, it selects a variety and conducts research effort
to develop a quality improvement sufficient to gain a niche monopoly position
for production in the following period only. Incumbent firms cannot retain the
inter-temporal spillover beyond one period of production because free entry in
the R&D sector allows each variety to be contestable. Therefore all production
firms must invest in a quality improving innovation in the period prior to pro-
duction and each firm’s decision horizon is only one period long. Firms last for
as long as they continue to innovate, but it is also possible to consider that each
firm dissolves after one period of research and one period of production, to be
replaced by a new innovating firm.



Multiple industries and varieties enables a multi-sector knowledge spillover
mechanism to be added to the model of endogenous growth without scale as-
sumptions (Young, 1998; Bond-Smith et al., 2018). The fixed cost of manu-
facturing in the subsequent period ¢ is the skilled labour requirement in the
previous period, ¢ — 1, to achieve the targeted quality level A; ;; given by:

(3)
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where v and 7 are constants that may be used for calibration and A;, ji—1 is an
index of technological opportunity for variety ¢, j, representing the intertemporal
spillover of knowledge available to variety i, j researchers. The fixed cost can
be thought of as two components: a standard fixed cost of ye” irrespective of
quality improvement and a cost of ye4it/Aiit—1 — ~en for achieving a quality
improvement.

The spillover of knowledge between firms is imperfect. Ag < 11is a scalar that
describes the proportion of knowledge that is available to a firm that is spatially
separated from the location of that knowledge. The same logic of firms being
separated by geographic space, can also be applied to manufacturers of different
varieties being separated by technological space. Each component of knowledge
is also assumed to be weighted according to a related variety approach (Boschma
& Frenken, 2009), where the relatedness of technology describes how useful the
knowledge is to innovation in a firm’s own variety (i.e. proximity in techno-
logical space). For simplicity, it is assumed that varieties in the same sector
are weighted equally and varieties in other sectors are also weighted equally.
Knowledge of a firm’s own variety is given a weight of one, knowledge from
innovations within the firm’s own sector a weight of A\yy < 1 and knowledge of
other sectors a weight of Ay; < 1 where A\py < Ay < 1. If the firm’s selected
variety was previously produced in the foreign region, it has the same spatial
weight as any foreign knowledge Ar < 1. Evidently, the relatedness of different
varieties in the real world is not as simple. To reflect this, it is possible to weight
knowledge from every individual pair of varieties by a proximity measure from
which firms choose an optimal variety and location (Boschma, 2005), but this
additional complexity in a theoretical model of growth is left for future research.
For example, Hidalgo et al. (2007); Boschma et al. (2015) and Balland (2016)
estimate measures of the proximity of every pair of industries based on a co-
occurrance matrix. Maintaining simplicity, these estimates could also be used to
calibrate the related and unrelated industry spillover parameters in this model.
This technical externality in research and development triggers a “clustering ef-
fect” as it induces firms to cluster in locations alongside other firms in their own
sector. Firms must also consider this effect alongside incentives to locate in a
larger agglomeration where there are more sources of knowledge spillovers from
other sectors. This incentive to locate with the larger share of manufacturing,
is described as the “agglomeration effect”.

The knowledge input to innovation is therefore made up of three compo-
nents: knowledge of the variety’s own quality level, knowledge from within the



firm’s own sector and knowledge from other varieties in other sectors. It is
assumed that knowledge from all sources is additive. For developing a quality
improvement to produce in period ¢, the knowledge spillover that is an input to
innovation has three weighted components:

1. the knowledge at time ¢ — 1 from the firm’s own variety i, j, represented
the by quality level _
Ajji—1 0t Ajji1, (3a)

2. the weighted average knowledge of quality from varieties within the firm’s
own sector ¢ weighted by location

Y em, Aigi-1+ AR Y pen, Aiki-1 4 (3b)
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3. a weighted average knowledge of quality improvement from other manu-
facturing sectors weighted by location
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where A describes the quality improvement in each period and Ag represents the
weighting for knowledge that is sourced from firms in a different location than
the firm producing variety i, j. Note that in the steady state with zero transport
costs, the firms in each sector are clustered in either the home region or the
foreign region, but not both. Therefore, each of these components will include
only the home region variables or the foreign region variables. In an unsteady
state, or between steady states, both types of variables could be included.

For a home region firm producing variety i, j, the overall index of techno-
logical opportunity is given by:

A, j+—1 = max (Ai,j,tfly )\Rgz‘,j,tq) + A A (nitn) t—1 + A Aivare—1. (3d)

That is, the index of technological opportunity is the knowledge associated
with the latest innovations in the firm’s own variety weighted by location plus
a weighted average of the knowledge associated with innovations of all other
varieties weighted by location and technological relatedness. As a result, firms
may face a trade-off in the costs of innovation between locating in a cluster
of technologically related firms or locating in an agglomeration of relatively
unrelated firms. It is this trade-off which leads to the possibility of including
clusters in an endogenous growth model and offers amenable implications for
regional innovation and growth policy.

It is assumed that the number of sectors is fixed such that there are always M
sectors. The number of varieties in each sector is determined by the parameters
of the model and the distribution of skilled workers and industries. It is possible
for new varieties to replace existing varieties or to expand the range of varieties



in an industry. If the variety has never been produced before, the knowledge
of a firm’s own innovations is replaced by a weighted average of innovations for
its selected sector ¢. This maintains symmetry in each sector even when a new
variety is introduced. The index of technological opportunity for new varieties
is given by:

A Z ieEn,; Ai,j,t—l*‘r)\R, Zkeﬁ, Ai,k,t—l — —
Aijji—1 = I * + AV Ai(naig) t—1 + A Aivare—1

ni+n;

= (14 X\v) AiV(m-&-m),t—l + A Aivar,i—1-
(3¢)
This specification means that each firm in the same location faces the same costs
of improving an existing variety in that region or introducing a new variety. As
a result, no two firms choose the same variety because monopoly profits are
always greater than individual duopoly profits. Analogous equations exist for
foreign firms.

2.3 Innovation

Based on standard techniques for constrained optimisation firms select a quality
improvement where the elasticity of research cost with respect to quality is equal
to the elasticity of demand with respect to quality.

Eii?jtt = EAi,;,ft (4>

Rearranging Equation 4 obtains:
g — 1 - Ai,j,t

= (5)
Ui Aijt

which describes the preference of firms to invest in quality improvement. By
substitution into Equation 3, the cost of innovation or preference to invest and
the number of skilled workers employed in research by each firm per period is:

nAi gt

Fijp = yefuit-t = ye”~ 1, (52)

Firms select a quality target of:

oc—1 ~ — —
Ajji= " {max (Ai,j,tfla )\RAz‘,j,tq) + A Aiv(ni+7,),0—1 + )\MANM,tq} .
(5b)
This is a quality improvement multiplier of:
A _o-1 14 M A (ni4mi) -1 + A Aivari—1
max (Ai,j,t—la )\Rgi,j,tq) n max (Ai,j,t—la )\RAVi,j,t—1>

(5¢)
Assuming this multiplier is always greater than one, there are always quality
improvements in equilibrium.



Quality improvement per period is given by:

Ii ji = Aij — max (Az',j,t—h ARAi,j,t—l) =

Ui

Intuitively Equation 6 (also Equations 5b and 5¢) has two components. Quality
improvement is made up of the innovation from direct investment in R&D (or
R&D-based innovation):

-1 ~
<U - 1) max (Ai,j’t,h )\RAi,j,tA) (6a)
n
plus the quality improvement due to the variety specific knowledge spillover:
oc—1 — _
AV Aiv(ni+7),t—1 + A Aivase—1] (6b)

giving the total quality improvement as given in Equation 6.

2.4 Labour market clearing

Labour market clearing requires that the total labour used in home region man-
ufacturing (Lys) and R&D (Lg) are equal to the total supply of regional skilled
workers (Lg). In equilibrium, the skilled labour used in manufacturing in the
home region is the worldwide expenditure on manufactured goods produced in
the home region divided by the price per unit and multiplied by its marginal
cost:

L= B="—us(E+E), (7)
D o
where S = %152;21\422”:@1 o = Z;L(JME':L-EP)C is the total market share of

manufacturing expenditure held by home region firms. The labour used in
research is equal to the number of firms in the next period multiplied by the
investment in research labour by each individual firm:

M
Lpy=~e"! Z N 441- (8)
i=1

Home region skilled labour market clearing in period t therefore requires:

M
oc—1 ~ _
Lig,=——uS (E + E) + ~ve? ! Zni’t‘H' (9)
g i=1

Analogous equations exist for foreign region manufacturers. Labour market
clearing, the firm profit function and the free entry relation can be applied
using standard techniques to solve for the equilibrium and steady state number
of varieties in each industry and region.!

o—1 ~ oc—1 — —
( - 1) max (Ai,j}tfly )\RAi,jytfl)‘i’ ” AV Aiv(ni+7n)i—1 + A Aivare—1] -

(6)



3 Steady state

Firms exist where there are skilled workers to be employed and it is assumed
there is no unemployment. Furthermore, with zero transport costs, all wage
pressure in the model is a result of the costs and benefits of firm location de-
cisions. Workers migrate in response to wage pressure until a steady state is
reached where wage pressure has dissipated or all skilled workers and their em-
ploying firms agglomerate in a single region with the highest wage. In the steady
state, wage pressure has dissipated such that all skilled workers and firms prefer
their present location and could not find a higher wage by switching location
individually. Analysis of the steady state proceeds on the basis of comparing
alternative location choices for firms, which influences wage pressure and migra-
tion, leading to the steady state. To minimise their labour cost for innovation,
firms form alongside other firms in the same sector to maximise the knowl-
edge available for innovation. This is the mechanism for innovation clustering.
In the steady state no firm or its workers want to leave their present location
because access to knowledge spillovers is maximised by remaining in that lo-
cation, holding the location of all other firms constant. In unsteady states,
greater knowledge spillovers are available to some firms in a sector, leading to
wage pressure. Steady states exist with clusters of firms from the same sector
in a peripheral region (i.e. a region with a smaller share of manufacturing) if
the sector has a sufficient own sector knowledge intensity that firms prefer the
peripheral location over relocating to the agglomerated region in order to access
knowledge spillovers from the cluster.

3.1 Requirements for switching firm

For a home region firm located alongside all other firms in the same sector
considering a switch to the foreign location, the function for the preferred in-
vestment in innovation in the new location is the same as in Equation 5a (with
notation FH), but with the knowledge input to innovation adjusted by the new
location of the firm:

Aiji—1 = ArAiji-1 + MW Ai(nita) -1 + A Aiwari—1.- (10)

When located in the foreign region the firm ideally also prefers to select a qual-
ity improvement where the elasticity of research cost with respect to quality is
equal to the elasticity of demand with respect to quality. Elasticities are the
same in either region, so Equation 5 is the same for foreign firms. In assessing
the costs and benefits of each alternative location, contestability and the free
entry criteria requires the firm achieves the greatest quality improvement avail-
able from the alternative location choices in order to participate in the market
in period t. As a result, firms in the location that receives the highest knowl-
edge spillover for that industry determine the quality target required for entry.

That is, A;;: = max <UT_1A"J¢*1’ ”T_IAZ-J’Fl). In unstable states, firms in

a location with lower knowledge spillovers require additional skilled workers to
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achieve the target (i.e. Fj;; > ve’~1) and must offer a lower market clearing
wage than the other region in order to satisfy the free entry condition. Anything
less than this will mean a new firm can create a greater innovation in the higher
technology region and take the market from the incumbent.

In the real world, firms would also consider factor prices, trade costs and
the value of sales in each location in addition to those factors considered here.
Greater value of sales or lower factor prices could justify a firm choosing a lo-
cation that is suboptimal for R&D (or a firm choosing a more optimal location
for R&D despite a suboptimal location for factor prices or sales), but it is the
balance of these which determines the overal optimal location. These addi-
tional factors complicate the model and are therefore left aside to focus only on
knowledge externalities in research.

3.2 The requirements for a steady state

This section considers possible distributions of manufacturing and research (both
steady and unsteady states) where migration of skilled workers due to the spa-
tial inequality of wages and the switching location of firms due to differences
in knowledge spillovers lead to the steady state. The steady state is defined
as constant regional division of economic activity and population. In such a
steady state there is constant investment in R&D and a constant quality im-
provement from R&D based innovation, as defined by Equation 6a, but there
may be declining or increasing diffusion-based innovation (Equation 6b). This
is a steady state, because firms and workers have no incentive to switch region
between periods and therefore the distribution of economic activity is “steady”.
This definition of a steady state is required, because sectors with a relatively
higher quality level A achieve lower rates of quality improvement from diffusion
than sectors with a low quality level A and therefore, the spillovers from other
sectors change over time. This is a similar relationship to that discussed in
the distance to frontier literature (Acemoglu et al., 2006), but focused on the
relatedness between different varieties.

Consider an unsteady state with a cluster of firms in the home region defined
by a relatively greater number of firms in the same industrial sector i locating
in the home region (n; > 7;). In an unsteady state, Section 3.1 implies a
greater research effort for foreign region firms in sector ¢ to enter the market
(Fjjt > ve”~1) such that the number of researchers per firm varies between
regions, but in regions where a firm requires more skilled workers to achieve the
innovation target for entry, firms offer a lower market clearing wage to avoid
losses. A home region firm in that cluster will only switch if the firm can achieve
greater return on investment in the new location:

vV oV
oF Z wF

(11)
where V is defined as price less marginal cost multiplied by total production

in one period. Therefore, a firm will choose the location where the cost of
innovation is the lowest, driving wage pressure and the migration of workers,

11



because a lower wage would be offered if there is lower knowledge spillovers.
With migration driven by wage pressure, unequal wage rates are not sustained
because migration equalises wages and reinforces the location of switching firms.
Wages, prices and value equalise between locations in the steady state. The
requirement for a firm to remain located in the home region simplifies to:

F>F, V4, 1, (11a)

although location changes to reach the steady state could take multiple periods
because migration does not happen instantaneously.

All firms in the same sector and location have the same cost of innovation.
Each individual firm is small relative to the size of the entire market, so it
is assumed that individual firms do not account for any effect on wages from
switching location. If Equation 11a does not hold true for one firm in sector ¢
such that the firm switches location, it will also not hold true for other firms in
sector ¢ (even more so after the first firm switches) such that all home region
firms in the sector will also eventually switch location. In addition, if a sector
were shared equally across two regions, a single firm switching means one region
would now have the larger share of industry and Equation 11a would no longer
hold true for firms remaining in the original location. As a result of these ad
hoc dynamics, each sector will remain clustered in one location in the steady
state, determined by hysteresis, until Equation 11a no longer holds.

Knowledge spillovers are greater with industry clustering (i.e. concentration
of firms in the same sector n; > 7n;), and with agglomeration (i.e. concentration
of sectors Y . ,,mi > >,y 7). These two factors determine firm loation.
Firstly, firms prefer locations with a greater share of their own sector such that
firms in each sector cluster in a single location - the so-called “clustering effect.”
But firms must balance this attraction with a preference to locate where there
are more firms overall, because greater concentration of all manufacturers also
increases knowledge spillovers. This alternative force for firm concentration with
all manufacturing firms is described as the “agglomeration effect”. Depending
on the distribution of each sector, these forces may be in the same direction
or could be in opposite directions. Sectors that cluster in the smaller region
may still sustainably produce in that location if the clustering effect is greater
than the agglomeration effect, because the clustering force is in the opposite
direction. This scenario is described as a “peripheral cluster”.

As described above, the quality improvement required for entry is set by
the highest level of quality from either region that is available for the fixed cost
of ve® L. Assume this quality level is obtained in the home region such that
Ajji—1 < A and F = ve°~ 1. The cost of achieving the quality level A; ;;
for a firm that is switching to the foreign location is:

nA; it

F = rye#isi— (12)

Firms select a quality target determined in the home location, given by Equation
5b. Analogous equations exist if the foreign region is the technology leading
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region for variety j. The intertemporal spillover of the firm’s own knowledge
diminishes by 1 — A when the firm switches. Substituting the knowledge input,
modified for the foreign region (10), and the targeted quality level (Equation
5b) into Equation 12 gives:

i,j,t71+>‘VZi~V(n,i+ﬁi),f,—1+)‘MZi~VM,t—1

A
- (0—-1) = =
F = ve ARAGL G t—1TAV Ajy(n,;47;),t—1TAM Aivm,t—1 . (12&)

The difference between entry costs in the home region F' and entry costs in
the foreign region F' is the exponent in F is multiplied by the ratio of knowl-
edge spillovers in each location alternative, where the weightings depend on the
current locations of other firms. If foreign knowledge spillovers are lower, there
will be a greater cost of innovation in the foreign region as given by Equation
12a. Substituting (12a) and F = ~ve’~! into Equation 1la and rearranging
shows that in the steady state, the firm chooses the location where knowledge
spillovers are greater. In this case firms choose the home location, because

Ai,jﬂf—l + )‘VZiV(nH-ﬁi),t—l + )\MZiVM,t—l >
ArAijt—1+ )\sz'v(nﬁﬁi),tq + A Aivni—1. (13)

It can be seen that the inequality holds for two types of sectoral steady states. In
the first type, all varieties and industries are agglomerated in a single location,
determined by hysteresis. The clustering effect from locating alongside produc-
ers of technologically related varieties (i.e. the same sector) and the agglomer-
ation effect from locating alongside other manufacturers, are both in the same
direction towards a single agglomerated location. An alternative scenario where
varieties in each industrial sector are split equally between the two locations
is not a steady state, but a knife-edge, because if a single firm were to switch
locations due to ad hoc dynamics, that location that would have marginally
higher knowledge spillovers and therefore all firms would also eventually switch
to the larger region. The second type of steady state is where each industrial
sector is clustered in a single location and sectors are shared between locations.
In this type of steady state sectors may not be shared equally between regions,
because the clustering effect for firms in industry clusters in a peripheral region
may be greater than the agglomeration effect.

3.3 The requirements for steady state peripheral clusters

With symmetry and clustering of all varieties in each sector in the steady state,
the inequality becomes much simpler such that A; ;. for all varieties in sector
¢ and Ziv(ni_;’_ﬁi))t_l can be denoted as a quality parameter for any randomly
selected variety in sector i, A; ;. By the nature of Cobb-Douglas preferences
specified in Equation 1, each sector in aggregate contributes equally to utility.
Relative quality magnitudes between sectors describe the knowledge intensity
of each sector as an input to innovation relative to the knowledge inputs from
other sectors. This comparative technology measure is described as “own sector
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knowledge intensity” and it is expressed by a relatively higher A; for sector
1. That is, if sector i has a higher own sector knowledge intensity, it means
firms in sector ¢ source a higher share of knowledge from within their own
sector compared to firms in other sectors who source a lower share from their
own sectors. By substituting 3c the inequality can be rearranged to describe a
knowledge intensity threshold for sector ¢ to produce sustainably in the home
region:

= Am ZmeM ﬁmAm,t—l - ZmeM nmAm,t—l
it—1 = = .
I+ )‘V ZmeM N + ZmeM om

If sector ¢ has a quality target greater than this threshold level, it is possible
for sector ¢ to be clustered in the home region in the current period, even if
the home region is not the location of other sectors. If all other sectors are
agglomerated in the foreign region, this increases the threshold for the quality
parameter in sector i. If this threshold is satisfied for all sectors, this is a steady
state, because no single firm will switch location in the coming period, wages
are equal across locations so there is no change in labour endowments in each
region, all firms will grow at the same rate in each industry and will continue
to grow in future periods.

In the steady state, this threshold property is easy to test for each variety,
because, to be met in all sectors, it only needs to be tested for the variety
(or sector) with the lowest technology level in each location. If technology in
any single sector is below this threshold, this sector will switch region and the
relevant threshold will be redetermined.

A (13a)

3.4 The steady state in the long run

The steady state was defined such that a distribution of economic activity is
sustainable indefinitely. Therefore, this technology parameter threshold must
be met indefinitely for the distribution to be a steady state. The last case
to consider is whether greater innovations in the agglomerated sectors in the
foreign region lead the threshold to grow faster than quality in the peripheral
cluster. That is, equation 13a must be met for all time periods. If it is not
met in the current period (for the innovations that occurred in ¢ — 1), the firm
will switch. There are two clear steady states. The core-periphery outcome is
where all sectors cluster in a single region and is a long-run steady state where
all firms benefit from co-locating. Alternatively, the equal distribution outcome
where half the sectors are clustered in each region is a steady state if there
is also an equal distribution of technology intensities. Each location will have
equal growth in the quality levels of comparable technology-intensive industries,
so there will be no incentive for firms or workers to switch location during any
time period.

A third type of steady state, the peripheral cluster equilibrium, where clus-
ters of firms in the same sector(s) are located in the region with a smaller share
of all industrial sectors, is also possible to be a steady state if the increases in
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quality levels in the peripheral cluster are greater than or equal to the change
in the threshold which enables the peripheral cluster to continue in the coming
period. This allows the threshold to hold in subsequent periods. Consider how
the technology threshold changes over time. Taking the discrete derivative of
the threshold (Equation 13a), there is an additional threshold that determines
whether the distribution is a long-run steady state:

)\M ZmeM ﬁm;{'mvtfl — ZmeM 'erAm,tfl (13b>
1+ Ay ZmeM Ny, + ZMEM Tim .

ArAi1 > A (

The discrete derivative of the quality target function (5b) with respect to time
yields:

o—1

AAir =1 = ( - 1) Ait—1+ M\ Aiy(nism) -1+ A Aswari—1. (13¢)

Substituting this into the differentiated inequality (Equation 13b) and rearrang-
ing gives:

Ly >~ ( Zmers onTint = 2 nens ol | (13d)
1+ )‘V ZmeM Nm + ZmeM Nm

As long as the size of innovation is greater than the difference between the
aggregate innovations in either region, divided by the total number of firms and
multiplied by lj‘_—f‘){v, sector ¢ can last indefinitely in a peripheral cluster.

Since I,y = Ai+ — A;1—1, the thresholds can be combined (Equations 13a
and 13d):

At Dmment Fom Amt— 1= e ar M A t—1 < A <
1+Av men MmtD et Tom = A%tfl >

A Am (ZmeM ﬁm(A"’»‘*AmJ—l)*st,M "m(AmriAmvt—l)) (136)

Lt T TRy Yment Pmt2 o mens Pom

Since Equation 13a is already satisfied, Equation 13e can be rearranged to:

>\ ~m;4m - mAm
Ai,t > M ZmeM n it ZmeMﬁ 7t' (13f)
14+ Ay Y oment m 2 mens Tom

This is the same as the earlier threshold advanced one period. Therefore, if
the threshold is met for technology levels in the current period for the marginal
industries (one in each region), it will also be met for all industries in all fu-
ture periods. As a result, whenever the threshold is met for all sectors, the
distribution of technology and economic activity is a steady state.

3.4.1 Summary of steady states
Three possible steady states have been derived:

1. Equal Distribution: even distribution of technology and number of sectors
per region.
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2. Core-Periphery: all industry agglomerates in a single region.

3. Peripheral Cluster: an industry that is own industry technology intensive
produces sustainably in the periphery. A home region peripheral cluster
in sector ¢ must have a knowledge input to innovation that satisfies:

A,y > AM ZmeM ﬁmAm,t—l - ZmeM nmAm,t—l
it—1 = = .
1+ )‘V ZmeM N + ZmeM om

4 Discussion: The impact of knowledge spillovers

Consider how varying the knowledge spillover parameters Ag, Ay and Ay, affects
technology improvement and the distribution of economic activity. Increasing
AR increases the level of knowledge transfer between locations. Economic inte-
gration which increases the ability to transfer knowledge between locations is
growth-enhancing. If there is a peripheral cluster (either medium or long-term)
or equal distribution steady state, firms benefit from the additional transfer of
knowledge between locations which boosts all firms’ abilities to improve tech-
nology. The impact is greater for a region with a smaller share of manufac-
turing, because a greater share of their technology improvement comes from
inter-regional knowledge spillovers than for the agglomerated region. This re-
sult is consistent with results found by Baldwin et al. (2003) where knowledge
spillovers are growth-enhancing.

Baldwin & Forslid (2000) found that increasing regional knowledge spillovers
is stabilising for equal distribution outcomes, because it allows the equal distri-
bution to remain a steady state for a larger range (at the lower end) of transport
costs. Similarly it was found that regional knowledge spillovers are destabilising
for the core-periphery outcome. Bond-Smith et al. (2018) had a similar conclu-
sion regarding stability with the addition that the consequences in the quality
ladders model may be more catastrophic than in the product variety model be-
cause varieties switch location. Since transport costs are assumed zero in this
model, stability is considered in terms of the effect on the steady state threshold
of peripheral clusters, from changing each of the knowledge spillover parame-
ters, . Changing A has no effect on the steady state threshold as described in
Equation 13a, so with the definition of stability used here, Ag is neither stability
enhancing or diminishing. However the threshold is affected by Ay and Apy.

Au increases the steady state threshold (Equation 13a). This implies that in-
creases in \js are destabilising, because they could trigger a change in the steady
state. Policies which increase the ability for knowledge to transfer between sec-
tors has two effects, it makes both locations more attractive by increasing the
knowledge available for technology improvement, but it has a greater effect on
the region with a greater share of industry. Consequently, increases in Ay; re-
duce the relative own sector knowledge intensity of each sector, making lower
knowledge intensive sectors more likely to switch to the agglomerated location.

Ay decreases the threshold for a similar related reason. Increasing Ay makes
locating alongside other firms in their own sector more valuable. As a result,
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it increases the relative own sector knowledge intensity of each sector, making
lower knowledge intensive sectors less likely to switch to the agglomerated lo-
cation. Therefore, Ay is stability-enhancing due to increasing the benefits from
the clustering of related technology firms. This result implies that peripheral
regions which specialise in particular industries and diversify into related indus-
tries based on common capabilities are more resilient to economic shocks that
could otherwise trigger catastrophic agglomeration processes.

These results capture many of the features of empirical research on regional
growth and regional policy frameworks. For example regional economies exhibit
patterns of relatedness (Boschma & Frenken, 2009) and the growth path of re-
gions depends upon relatedness (Neffke et al., 2011). This would be particularly
clear in an expanded framework in which A\, differs by varying degrees for every
pair of industries, but the degrees of relatedness here are sufficient to intuitively
see these regional growth characteristics. In this way, the model captures the
implications of the product space(Hidalgo et al., 2007) for regional economies
(Cicerone et al., 2019). The model also captures many of the principles of
regional development policies (McCann & Ortega-Argilés, 2015).

5 Directions for future research

The model presented here offers a framework to consider related technology
spillovers and the role of clustering for firm location and innovation decisions
that can also be applied to other modelling techniques. The knowledge spillover
and relatedness properties are parsimoniously captured by just three parame-
ters Ar, Ay, and Aps. There is now a growing body of empirical research that
can be used to calibrate the parameters Ar, Ay, and Ap;. There is a grow-
ing literature on connectivity (McCann & Acs, 2011) and diffusion (Haldane,
2018) that can be used to calibrate Ag. In terms of calibrating Ay and Ay,
there are increasing numbers of papers that give regional weightings. In most
of the entropy-based related variety literature the weightings of the knowledge
flows are determined by the structural employment shares of each of the sectoral
categories, and from the empirical research of scholars such as Koen Frenken,
Ron Boschma, Frank Van Oort, Frank Neffke and their co-authors, there are
now estimates for many different countries and regions. Meanwhile, follow-
ing (Teece et al., 1994), other types of frameworks use coherence measures of
co-occurrence as weightings for knowledge flows (Rocchetta & Mina, 2019). Fur-
thermore, regional applications of the Hausmann-Hidalgo types of complexity
measures (Daboin et al., 2019; Escobari et al., 2019; Mealy et al., 2019; Mealy &
Coyle, 2019) use network-centrality models based on the conditional probabili-
ties of specialisation to weight these knowledge spillover values, although these
latter models need to be adjusted using bootstrapping techniques to make them
meaningful at the regional level (Cicerone et al., 2019). Delgado et al. (2016)
use similar relatedness metrics to define types of clusters that alternatively can
be used to assign firms as related-industry members of each cluster. As such
the model offers a technique to integrate the empirical findings in the relat-
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edness literature within the theoretical frameworks of endogenous growth and
new economic geography. There are a number of implications that are unique to
this approach offering insights for regional growth beyond the existing orthodox
frameworks.

If there were also a stochastic aspect to the model, such as a probability
of R&D also developing a new variety or quality improvement in an alterna-
tive sector, in addition to the expected quality improvement in the firm’s own
variety, this could lead to the emergence of new peripheral clusters and the
constant shifting of new peripheral clusters between peripheral locations and
agglomerated locations. This is an example of using the modelling techniques
in Duranton (2007) or Brezis & Krugman (1997) as an additional extension to
the model presented here.

The stochastic emergence of alternative or replacement varieties, even in pe-
ripheral locations, can be thought of as the historical events that emerge prior
to the model described here as well as an ongoing churn of industry as in the
original models by Duranton (2007) and Brezis & Krugman (1997). Therefore
the results of such a hybrid model can be implied by the results of all three
models. As with Duranton (2007) or Brezis & Krugman (1997) it could be ex-
pected that there will be switching of industry between locations but by adding
a technological relatedness approach this is now partially endogenous switching
from peripheral to core locations and partially stochastic churning of industry
between locations. The framework here is consistent with these models, but
provides an additional richness of endogenously sorting industries between pe-
ripheral and core locations due to technical externalities and sectoral knowledge
intensity. Both of these stochastic models (Brezis & Krugman, 1997; Duranton,
2007) explain the rise and fall of locations through the stochastic emergence of
new technologies in new locations, but fail to explain why a peripheral location
might not be an optimal choice for some industries.

Combining Duranton (2007) or Brezis & Krugman (1997) with the model
presented here, is expected to suggest that new industries are most likely to
emerge in already agglomerated locations, but peripheral clusters will remain
part of the economic landscape, developing new peripheral clusters, but at a
lower frequency than core locations. Of the industries that emerge in the pe-
riphery, only the sectors with a level of own sector technology intensity greater
than the relevant threshold can remain sustainable in the medium or long term.
Furthermore, the emergence of innovations in an alternative sector is likely to be
in related industries, so such a framework would help to explain both regional
branching (Boschma & Frenken, 2009) and the sorting of sectoral clusters be-
tween peripheral and agglomerated locations as well as support regional policy
frameworks based on relatedness (Balland et al., 2018).

Acknowledgements

This research was undertaken with financial support for both authors at various
times from the Marsden Fund (08-UOW-022-EHB) and for the first author also

18



from the University of Waikato. For many helpful comments and suggestions we
are grateful to Jacques Poot, Les Oxley, Simona [ammarino, Henry Overman,
Peter Tyler, Martin Richardson, Henri de Groot and two anonymous referees,
as well as participants at the European Congress of the Regional Science As-
sociation International, Conference of the European Trade Study Group, Aus-
tralasian Trade Workshop and Australasian Macroeconomics Workshop and in
seminars at the University of Cambridge and the London School of Economics.
Declarations of interest: none

References

Acemoglu, D., Aghion, P., & Zilibotti, F. (2006). Distance to frontier, selection,
and economic growth. Journal of the European Economic Association, 4(1),
37-T4.

Alshamsi, A., Pinheiro, F., & Hidalgo, C. (2018). Optimal diversification strate-
gies in the networks of related products and of related research areas. Nature
Communications, 9.

Baldwin, R. E. & Forslid, R. (2000). The core-periphery model and endogenous
growth: stabilizing and destabilizing integration. Economica, 67(267), 307—
24.

Baldwin, R. E., Forslid, R., Martin, P., Ottaviano, G., & Robert-Nicoud, F.
(2003). Economic Geography and Public Policy. Princeton University Press.

Balland, P.-A. (2016). Relatedness and the geography of innovation. In Hand-
book on the Geographies of Innovation chapter 6, (pp. 127-141). Edward Elgar
Publishing.

Balland, P.-A., Boschma, R., Crespo, J., & Rigby, D. L. (2018). Smart special-
ization policy in the european union: relatedness, knowledge complexity and
regional diversification. Regional Studies, 0(0), 1-17.

Beaudry, C. & Schiffauerova, A. (2009). Who’s right, Marshall or Jacobs? The
localization versus urbanization debate. Research Policy, 38(2), 318-337.

Bond-Smith, S. & McCann, P. (2014). Incorporating space in the theory of
endogenous growth: Contributions from the new economic geography. In
M. M. Fischer & P. Nijkamp (Eds.), Handbook of Regional Science (pp. 213—
236). Springer Berlin Heidelberg.

Bond-Smith, S., McCann, P., & Oxley, L. (2018). A regional model of endoge-
nous growth without scale assumptions. Spatial Economic Analysis, 13(1),
5-35.

Boschma, R. (2005). Proximity and innovation: A critical assessment. Regional
Studies, 39(1), 61-74.

19



Boschma, R., Balland, P.-A., & Kogler, D. (2015). Relatedness and technological
change in cities: the rise and fall of technological knowledge in us metropolitan
areas from 1981 to 2010. Industrial and Corporate Change, 24(1), 223-250.

Boschma, R. & Frenken, K. (2009). Technological relatedness and regional
branching. Papers in Evolutionary Economic Geography (PEEG), (0907).

Boschma, R. & Iammarino, S. (2009). Related variety, trade linkages, and
regional growth in italy. Economic Geography, 85(3), 289-311.

Brezis, E. S. & Krugman, P. R. (1997). Technology and the life cycle of cities.
Journal of Economic Growth, 2(4), 369-83.

Cicerone, G., McCann, P., & Venhorst, V. A. (2019). Promoting regional growth
and innovation: relatedness, revealed comparative advantage and the product
space. Journal of Economic Geography.

Daboin, C., Escobari, M., Hernandez, G., & Morales-Arilla, J. (2019). Eco-
nomic complexity and technological relatedness: Findings for american cities.
Brookings Institution Technical Paper.

de Groot, H., Poot, J., & Smit, M. (2016). Which agglomeration externalities
matter most and why? Journal of Economic Surveys, 30(4), 756-782.

Delgado, M., Porter, M. E., & Stern, S. (2016). Defining clusters of related
industries. Journal of Economic Geography, 16(1), 1-38.

Dixit, A. K. & Stiglitz, J. E. (1977). Monopolistic competition and optimum
product diversity. American Economic Review, 67(3), 297-308.

Duranton, G. (2007). Urban evolutions: The fast, the slow, and the still. Amer-
ican Economic Review, 97(1), 197-221.

Escobari, M., Seyal, I., Morales-Arilla, J., & Shearer, C. (2019). Growing Cities
that Work for All: A Capability-Based Approach to Regional Economic Com-
petitiveness. Technical report, Brookings Institution.

Figueroa, C. J., Jun, B., Glaeser, E. L., & Hidalgo, C. (2018). The Role of
Industry, Occupation, and Location-Specific Knowledge in the Survival of New
Firms. Working Paper 24868, National Bureau of Economic Research.

Frenken, K. & Boschma, R. A. (2007). A theoretical framework for evolutionary
economic geography: industrial dynamics and urban growth as a branching
process. Journal of Economic Geography, 7(5), 635-649.

Frenken, K., Oort, F. V., & Verburg, T. (2007). Related Variety, Unrelated
Variety and Regional Economic Growth. Regional Studies, 41(5), 685-697.

Haldane, A. G. (2018). The uk’s productivity problem: Hub no spokes. In
Academy of Social Sciences Annual Lecture.

20



Hausmann, R. & Hidalgo, C. (2011). The network structure of economic output.
Journal of Economic Growth, 16(4), 309-342.

Hausmann, R., Hwang, J., & Rodrik, D. (2007). What you export matters.
Journal of Economic Growth, 12(1), 1-25.

Hidalgo, C., Balland, P.-A., Boschma, R., Delgado, M., Feldman, M., Frenken,
K., Glaeser, E., He, C., Kogler, D., Morrison, A., Neffke, F., Rigby, D., Stern,
S., Zheng, S., & Zhu, S. (2018). Unifying Themes in Complex Systems (IX),
chapter The Principle of Relatedness, (pp. 451-457). Springer.

Hidalgo, C. A. & Hausmann, R. (2009). The building blocks of economic com-
plexity. Proceedings of the National Academy of Sciences, 106(26), 10570—
10575.

Hidalgo, C. A., Klinger, B., Barabasi, A.-L., & Hausmann, R. (2007). The
product space conditions the development of nations. Science, 317(5837),
482-487.

TIacopini, I., Milojevi¢, S., & Latora, V. (2018). Network dynamics of innovation
processes. Physical Review Letters, 120, 048301.

Kali, R., Reyes, J., McGee, J., & Shirrell, S. (2013). Growth networks. Journal
of Development Economics, 101(C), 216-227.

Krugman, P. (1991). Increasing returns and economic geography. Journal of
Political Economy, 99(3), 483-99.

M. A. Fink, T., Reeves, M., Palma, R., & S. Farr, R. (2017). Serendipity and
strategy in rapid innovation. Nature Communications, 8.

McCann, P. & Acs, Z. (2011). Globalization: Countries, Cities and Multina-
tionals. Regional Studies, 45(1), 17-32.

McCann, P. & Ortega-Argilés, R. (2015). Smart Specialization, Regional
Growth and Applications to European Union Cohesion Policy. Regional Stud-
ies, 49(8), 1291-1302.

Mealy, P. & Coyle, D. (2019). Economic Complexity Analysis. Technical report,
Greater Manchester Independent Prosperity Review.

Mealy, P., Farmer, J. D., & Teytelboym, A. (2019). Interpreting economic
complexity. Science Advances, 5(1).

Melo, P. C., Graham, D. J., & Noland, R. B. (2009). A meta-analysis of esti-
mates of urban agglomeration economies. Regional Science and Urban FEco-
nomics, 39(3), 332 — 342.

Neftke, F., Henning, M., & Boschma, R. (2011). How do regions diversify over
time? industry relatedness and the development of new growth paths in
regions. Economic Geography, 87(3), 237-265.

21



Rocchetta, S. & Mina, A. (2019). Technological coherence and the adaptive
resilience of regional economies. Regional Studies, (pp. 1-14).

Teece, D. J., Rumelt, R., Dosi, G., & Winter, S. (1994). Understanding cor-
porate coherence : Theory and evidence. Journal of Economic Behavior &
Organization, 23(1), 1-30.

Young, A. (1998). Growth without scale effects. Journal of Political Economy,
106(1), 40-63.

22



Appendix: The model

Consider an economy with two production sectors: traditional and manufac-
tured goods. Each has its own factor of production: unskilled and skilled labour
respectively. There is also an innovation sector that develops quality improve-
ments in manufactured varieties using skilled labour and knowledge spillovers
that are subject to spatial and varietal characteristics. Technological knowledge
related to all manufactured varieties is an input to research and development,
but knowledge spillovers do not transfer perfectly between locations or vari-
eties. The usability of knowledge for innovation is associated with the spatial
and technological proximity of related varieties: there is a greater ability for
firms to use knowledge of varieties produced in the same location or within the
same technological sector. Firms which choose to locate alongside other manu-
facturers with technologically related varieties therefore have greater access to
technological knowledge and a lower cost of quality improvement. This factor
is the mechanism responsible for industrial clustering.

Model specification

There is a traditional goods sector, a manufacturing sector and a competitive
research and development sector. The manufacturing and research sectors both
employ mobile skilled labour. Unskilled labour is immobile and is employed in
the traditional goods sector which is included in the model to ensure trade, even
with full manufacturing agglomeration. Unlike similar models, manufacturing
is extended to many sectors. The utility function uses a Cobb-Douglas function
to describe preferences between traditional goods and manufacturing sectors
with Dixit-Stiglitz preferences in each sector. To keep the model tractable and
without loss of generality, there are assumed to be two locations where firms
and workers (consumers) can choose to locate. In order to focus on the technical
externalities associated with innovation clustering, transport costs are assumed
zZero.

Preferences

The representative consumer has a taste for traditional goods and a range
of manufactured varieties from several industrial sectors with a preference for
higher quality manufactured varieties. The two regions are referred to as home
and foreign. The model is described for the home region and analogous equations
apply to the foreign region. Where it is necessary to specify foreign variables,
these are denoted by a tilde () above the variable. With p > 0 as the discount
rate, the representative consumer has inter-temporal preferences given by:

U:Zatant, a=1/(1+p), (1)

t=0



where Q; is consumption of traditional goods produced in either region (Cr) and
manufactured goods from M sectors in period ¢ with Cobb-Douglas preferences:

M
s
Q=Cr ' [[CH, o<p<L (1a)

i=1

For simplicity, the time subscript ¢ will be suppressed hereafter where the time
dimension is clear. Monopolistic competition in each sector is modelled via CES
preferences (Dixit & Stiglitz, 1977) for simplicity.
o1
g—1
C; = Z (Ai7jci7j) v , o>1, (1b)
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where subscript ¢ indicates each sector, subscript j refers to each of the individ-
ual varieties j in sector ¢, the factor A, ; represents the quality of variety j in
sector ¢ and ¢; ; is its quantity consumed. Ottaviano et al. (2002) point out the
limitations of CES preferences in a trade model, but the focus here is the inputs
to innovation and the outcomes for growth rather than retail price competition.
Other forms of competition may yield a more realistic picture of price competi-
tion, but would have similar implications for innovation and firm location and
would involve a more complicated derivation. Varieties can be purchased from
domestic manufacturers or imported from foreign manufacturers, where n; and
n; are the number of home and foreign manufacturers in sector i. Symmetry
in prices, output and quality levels is assumed for all varieties in each sector
1, meaning the variety subscript j can be suppressed and Equation 1b can be
simplified to:

Ci=|n; (Az‘Ci)%l +n; (z‘ii(?i) ”01} o (1c)

where A; and ¢; refer to the quality and quantity of any single symmetric variety
in sector 7. While each sector is assumed symmetric, symmetry is not assumed
across sectors and some sectors may have higher or lower measures of quality
(and knowledge).

Equations la and 1b use discrete variables and assume each n; is sufficiently
large to maintain simplicity, elegance and intuition, but could also be thought
of as a continuum of manufacturing varieties, sectors and continuous time (by
replacing Hf\il with the product integral Hé\/l % and Y with integral signs |[).
The determinstic model in discrete time can be thought of as equivalent to the
expected flow of innovations in a stochastic model in continuous time.

Intertemporal utility optimisation implies the transversality condition and
Euler equation:

L )
t—1 +p

where F; is consumer expenditure in period ¢, p is the rate of time preference
and 7 is the rate of return on savings between periods ¢t — 1 and t. The equation




applies to all workers in both locations. World expenditure is normalised in
each period ¢ such that, E 4+ E = 1, Vt.

For simplicity, zero transport costs are assumed. This allows the model to
focus exclusively on the location and growth effects of technical externalities in
research and development. In an extension of the basic model, it is possible
to include trade costs or other spatial externalities to demonstrate how firms
balance many factors in making location and investment decisions, but here the
paper focuses only on technical externalities in research and development.

Labour

In specifying the labour market, the model follows Krugman (1991) by setting
the worldwide stock of skilled workers to p and the stock of unskilled workers
to (1 — p), shared equally between regions. With Ly and Ly the supply of
unskilled workers in the home and foreign regions respectively is:
1—up ~ 1—p

Ly = 7 Ly = 5 (3)
so that total production of traditional goods is shared equally between regions.
Unskilled workers cannot migrate between locations. The choice of units (u
skilled workers and 1 — p unskilled workers) is a normalisation that ensures
prices and wages in the traditional goods sector are the numéraire and that the
wage rate of skilled workers equals that of unskilled workers. If the number
of skilled workers were specified differently, the wages of skilled workers are a
constant multiple of the wage rate of unskilled workers. Similarly, a portion
of skilled labour could be specified as highly skilled to work in research and
development only (as in Forslid & Ottaviano (2003)) and the wages of highly
skilled workers would be a constant multiple of the skilled and unskilled work-
ers’ wages. Heterogenous workers, education and skill levels are not the focus
of the model. Simplicity is maintained by avoiding these additional multiples
using Krugman’s (1991) modelling trick. A scaling factor could also be used to
calibrate the model to any arbitrary growth or wage rate.

Ly describes the number of skilled workers in the home region (subscript K
describes the “knowledge sectors” of manufacturing and research and develop-
ment) such that: 3

Lk + Lk = p. (4)

Manufacturing and research and development are subject to footloose labour
where skilled workers migrate freely in response to wage pressure wg ; — Wk
at the start of each period. If there are wage differences between regions at the
beginning of a period, there will be migration of skilled workers. The ad hoc
dynamics from the standard core-periphery model in Fujita et al. (1999) are
assumed. Remaining analysis focuses on the steady state and any migration
equation could be assumed to facilitate reaching the steady state. With zero
transport costs there is no need to define real wages separately from nominal
wages for the purpose of migration, because there are no price differences be-
tween regions. Firms may face different costs of innovation in different locations.



As such, a region with higher innovation costs (i.e. less knowledge spillovers
available) will be unable to pay as highly for skilled labour to maintain prof-
itability. This would lead to short-term wage differences that disappear with
migration. Migration leads to the steady state and provides the requirement
that skilled wages equalise between locations in the long run.

Technology

Production of an individual variety involves a fixed (labour) investment in a
quality improving innovation (in the previous period) and a constant marginal
cost. Production of each variety is contestable through these quality improve-
ments produced by a competitive research and development sector with free
entry. In each period, the quality leader produces variety 7,7 and potential
investors or firms, including incumbents, choose whether to enter in the follow-
ing period. If a firm enters, it selects a variety and conducts research effort
to develop a quality improvement sufficient to gain a niche monopoly position
for production in the following period only. Incumbent firms cannot retain the
inter-temporal spillover beyond one period of production because free entry in
the R&D sector allows each variety to be contestable. Therefore all production
firms must invest in a quality improving innovation in the period prior to pro-
duction and each firm’s decision horizon is only one period long. Firms last for
as long as they continue to innovate, but it is also possible to consider that each
firm dissolves after one period of research and one period of production, to be
replaced by a new innovating firm.

Multiple industries and varieties enables a multi-sector knowledge spillover
mechanism to be added to the model of endogenous growth without scale as-
sumptions (Young, 1998; Bond-Smith et al., 2018). The fixed cost of manu-
facturing in the subsequent period ¢ is the skilled labour requirement in the
previous period, ¢t — 1, to achieve the targeted quality level A; ;; given by:

()

_ NAige/Aige-1 if A, ., > A

€ W Aige Z Aigit—1

i1 (i, Aia-1) = 1% L =
ve otherwise,

where v and 7 are constants that may be used for calibration and A; j ;1 is an
index of technological opportunity for variety ¢, j, representing the intertemporal
spillover of knowledge available to variety i, j researchers. The fixed cost can
be thought of as two components: a standard fixed cost of ye” irrespective of
quality improvement and a cost of ye4it/4iit—1 — ~en for achieving a quality
improvement.

The spillover of knowledge between firms is imperfect. Ag < 1 is a scalar
that describes the proportion of knowledge that is available to a firm that is spa-
tially separated from the location of that knowledge. The same logic of firms
being separated by geographic space, can also be applied to manufacturers of
different varieties being separated by technological space. Each component of
knowledge is assumed to be weighted according to a related variety approach
(Boschma & Frenken, 2009), where the relatedness of technology describes how



useful the knowledge is to innovation in a firm’s own variety (i.e. proximity in
technological space). For simplicity, it is assumed that varieties in the same sec-
tor are weighted equally and varieties in other sectors are also weighted equally.
Knowledge of a firm’s own variety is given a weight of one, knowledge from
innovations within the firm’s own sector a weight of Ay < 1 and knowledge of
other sectors a weight of A\p; < 1, such that 1 > Ay > Apy > 0. If the firm’s
selected variety was previously produced in the foreign region, it has the same
spatial weight as any foreign knowledge A\ < 1. Evidently, the relatedness of
different varieties in the real world is not as simple. To reflect this, it is possible
to weight knowledge from every individual pair of varieties by some kind of prox-
imity measure from which firms choose an optimal location (Boschma, 2005) but
this would not demonstrate additional insight in a theoretical model of growth.
This technical externality in research and development triggers a “clustering ef-
fect” as it induces firms to cluster in locations alongside other firms in their own
sector. Firms must also consider this effect alongside incentives to locate in a
larger agglomeration where there are more sources of knowledge spillovers from
other sectors. This incentive to locate with the larger share of manufacturing,
is described as the “agglomeration effect”.

The knowledge input to innovation is therefore made up of three compo-
nents: knowledge of the variety’s own quality level, knowledge from within the
firm’s own sector and knowledge from other varieties in other sectors. It is
assumed that knowledge from all sources is additive. For developing a quality
improvement to produce in period ¢, the knowledge spillover that is an input to
innovation has three weighted components:

1. the knowledge at time ¢ — 1 from the firm’s own variety i, j, represented
the by quality level B
Ajji—ror Aijia, (5a)

2. the weighted average knowledge of quality from varieties within the firm’s
own sector ¢ weighted by location

_ . . Ai it—1 + )\ fis A’L —
Ai(ni+7i) -1 = 2 jens Aiito1 AR Lneny Aikit and (5b)

n; +n;

3. a weighted average knowledge of quality improvement from other manu-
facturing sectors weighted by location

— ZmeM,jEnm Am,j,t—l + Ar ZmEM, kERm Am,k,t—l

Awmi—1 =
b= M M -
Zm:l N'm + Zm:l Nm

;o (50)

where A describes the quality improvement in each period and g represents the
weighting for knowledge that is sourced from firms in a different location than
the firm producing variety i, j. Note that in the steady state with zero transport
costs, the firms in each sector are clustered in either the home region or the
foreign region, but not both. Therefore, each of these components will include



only the home region variables or the foreign region variables. In an unsteady
state, or between steady states, both types of variables could be included.

For a home region firm producing variety i, j, the overall index of techno-
logical opportunity is given by:

A ji—1 = max (Ai,j,tfly )\Rgz‘,j,tq) + A A (nitn) t—1 + A Aivare—1. (5d)

That is, the index of technological opportunity is the knowledge associated
with the latest innovations in the firm’s own variety weighted by location plus
a weighted average of the knowledge associated with innovations of all other
varieties weighted by location and technological relatedness. As a result, firms
may face a trade-off between the costs of innovation by locating in a cluster
of technologically related firms or locating in an agglomeration of relatively
unrelated firms. It is this trade-off which leads to the possibility of including
clusters in an endogenous growth model and offers amenable implications for
regional innovation growth policy.

It is assumed that the number of sectors is fixed such that there are always M
sectors. The number of varieties in each sector is determined by the parameters
of the model and new varieties can emerge to replace existing varieties. If
the variety has never been produced before, the knowledge of a firm’s own
innovations is replaced by a weighted average of innovations for its selected
sector ¢. This maintains symmetry in each sector even when a new variety is
introduced. The index of technological opportunity for new varieties is given
by:

— Diens Aigt—1HAR D e, Aikt—1 — —
Aijr = =4 : + AV Aiv(nitis) t—1 T A Aivare—1

ni+n;

= (14+Av) Aivni+m) -1 + A Aivare—1-
(5e)
This specification means that each firm in the same location faces the same costs
of improving an existing variety in that region or introducing a new variety. No
two firms choose the same variety because monopoly profits are always greater
than individual duopoly profits. Analogous equations exist for foreign firms.

Short-run equilibrium

The short-run equilibrium describes the prices, wages, production and inno-
vation in each period. Equilibrium prices, wages and production follow from
optimisation within each manufacturing sector from Dixit-Stiglitz utility. The
overall optimisation requires firms to choose a location, sector, variety and in-
vestment in quality-improving innovations based on the skilled worker location,
consumers’ taste for variety and quality and the firms’ access to knowledge in
alternative locations.



Prices, wages and production.

Consumers allocate expenditure across all sectors to maximise utility subject to
the budget constraint

PTCT+ZPiCi§E+E7 (6)
ieM

where E+ E describes world expenditure (which is normalised to one), Py is the
price of traditional goods, P; is the price index of each manufacturing sector i
and C} is the total consumption index of each sector i given by Equation 1b. By
optimisation and the nature of Cobb-Douglas preferences, 1 — y is the share of
expenditure spent on traditional goods and {7 is the share spent on all varieties
in each industrial sector i:

PrCr = (1— p) (E n E) . PCi= % (E n E) VieM.  (6a)

Traditional goods We include a ‘traditional good’ sector produced by im-
mobile labour to elegantly model of the general equilibrium and steady state
spatial pattern. This assumption allows for a more realistic spatial pattern
that includes some level of immobile demand. The traditional goods sector is
addressed briefly and otherwise the remainder of the analysis focuses on the
knowledge sectors of innovation and manufacturing.

The traditional goods sector is perfectly competitive and has constant re-
turns to scale. Unskilled workers provide one unit of production per period
and with 1:1 technology, total production of traditional goods is Cpr =1 — p
produced by both regions. Free trade of goods ensures equal nominal prices
and wages in the two regions. With full employment of 1 — u unskilled workers,
1:1 technology and normalised world expenditure E + E =1, the first part of
Equation 6a is solved such that the traditional goods sector is the numéraire:

wTC’T:wT(l—,u):PTC’T:PT(If,u):(l—,u) E+E and
U~)TCT:U~)T(1—,U,)ZPTCTZPT(].—,M):(1—/1,) E+E
(6b)
Hence: R R
wr=wr=Pr=Pr=FE+F=1. (GC)

Manufacturing Following a fixed investment in period ¢t — 1, firms may pro-
duce any quantity in period t at a constant marginal (labour) cost of wg/.
All workers provide one unit of labour per period. To simplify the model, it
is assumed that only the quality leading firm in each variety can produce each
period and any former incumbents exit the market such that all firms produc-
ing in the current period were innovators in the previous period. Alternative
assumptions could also provide for monopoly procing such as the assumption
in Akcigit & Kerr (2018). Moreover, there is no economies of scope and each
variety is produced by a different manufacturer.



The Cobb-Douglas demand function from home region consumers for variety
1,7 is:

I (E + E)

Cii =

where p; ; and A; ; represent the price and quality of variety 7, j respectively

and P; is an index for sector i of the price and quality of all varieties in that
sector given by:

AT TP (7)
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The sector price index is defined such that the total amount spent on sector ¢
is P,C; = 17 (E + E’) as in Equation 6a. While expenditure was normalised to

one in each period, E + E, is retained for explanatory purposes.

In period ¢t — 1, each firm selects a quality improvement for production in
period ¢ with its associated cost of innovation (Equation 5) and its period ¢ price
to maximise the monopolistically competitive profits discounted for time:

(pi,j,t - 5wK,t) Cij,t

— i Foa (A A
pljnflfgfﬂ 1_’_7' wK,t 14%,4,t 1( 1,7,ts 41,9, 1)7 (8)

where ¢; is demand from domestic and foreign consumers for variety ¢ produced
in the home region, 8 is the marginal and per unit skilled labour requirement
of producing one more unit of variety 4,j. Fj;;—1 is the number of skilled
workers required by the firm in the research and development sector to achieve
a target quality level of A; ; ;. Each firm maximises profit subject to the demand
function for the domestic and exported variety that the firm produces. A home
region manufacturer is subject to the demand function given by Equation 7.
As innovation occurs in the period prior to production, firms discount future
profit for time. It is assumed that each firm takes expected price and quality
setting behaviour of other firms as given and ignores the effects of its own pricing
decisions on the price quality index. That is, P; (or 151) is treated as fixed when
differentiating by p;. These assumptions are plausible with a sufficiently large
number of firms in each sector. By differentiation, the first order conditions are
given by:

8ci i
Ciji + (it — Pwk,) 6plji =0 o
(pijt — Pwk,t) 0¢; jq % =0. (8b)
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As is usual in Dixit-Stiglitz models, free entry is assumed and the number
of varieties in each sector is determined endogenously by the elasticity of sub-
stitution and the size of each region. With free entry into the research and



development sector, firms make zero profits as its entire mark up is invested
in innovation. Profits are zero in equilibrium, because if profits were positive,
the marginal skilled worker could shift to the R&D sector and produce greater
quality improvements or an additional variety. The free entry condition is given
by:

(Pijt — Bwict) Cij

1+7r

From the first-order conditions, rearranging Equation 8a finds that prices are a
constant mark-up over marginal cost based on the elasticity of substitution:

= w15 j i1 (At Aijie-1) - (8c)

o
Pije = —— Pk (9)

With zero transport costs, exported varieties have the same prices as domestic
varieties. It is also possible to normalise manufacturing prices to one by setting
b= "Tfl, but in the model here, 8 remains to describe labour productivity.

Innovation

Dividing the second first order condition (Equation 8b) by the free entry con-
dition (Equation 8c) and rearranging, firms select a quality improvement where
the elasticity of research cost with respect to quality is equal to the elasticity of
demand with respect to quality.

Ci,j, _ Fi j,
AL]J; - EAi,]j,tt
(10)
_ _ _Aige
o—1 nAMYtil.
Rearranging Equation 10 obtains:
o-1_ 77Ai’j’t , (10a)
n Ajji—

which describes the preference of firms to invest in quality improvement. By
substitution into Equation 5, the cost of innovation or preference to invest and
the number of skilled workers employed in research by each firm per period is:

A5t

Fijo=netiit-1 =ye” 1. (10b)
Rearranging further, firms select a quality target of:

o —

1 ~ _ _
Aije = [max (Ai,j,t—la /\RAi,j,t—1> + AV Api(nitiig) -1 T+ AMAiVM,t—l} :

(10c)
This is a quality improvement multiplier of:

Aijt _o- 1 14 )‘Vziv(m—kﬁi),t—l + AMZWM,tq
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(10d)



Assuming this multiplier is always greater than one, there are always quality
improvements in equilibrium.
Quality improvement per period is given by:

Lijt = A; j+ — max (Ai,j,t—h /\RAi,j,t—l) =

o—1 ~ o—1 — —
< P 1> max (Ai,j,t—la /\RAi,j,t—l)+T AV Aiv(nit7n)i—1 + A Aivare—1] -
(11)
Intuitively Equation 11 (also Equations 10c and 10d) has two components. Qual-

ity improvement is made up of the innovation from direct investment in R&D
(or R&D-based innovation):

1 ~
<U — 1) max (Ai,j,tfla )\RAi,ijl) (11&)
Ui
plus the quality improvement due to the variety specific knowledge spillover:
oc—1 — _
[)‘VAiV(nqz-‘rﬁi),t—l + AMAiVM7t—1:| (11b)

giving the total quality improvement as given in Equation 11.

Labour market clearing and endogenous variety

Labour market clearing requires that the total labour used in home region man-
ufacturing (Lys) and R&D (Lg) are equal to the total supply of regional skilled
workers (Lg). In equilibrium, the skilled labour used in manufacturing in the
home region is the worldwide expenditure on manufactured goods produced in
the home region divided by the price per unit and multiplied by its marginal
cost:

Ly = 8= 1S (E+E) (12)
P o
where S = 2icpy MiPiC, — ey MPiCh o the total market share of
M mipici,+3 0L, nipié; M(EJrE)

manufacturing expenditure held by home region firms. The labour used in
research is equal to the number of firms in the next period multiplied by the
investment in research labour by each individual firm:

M
LR,t = ’760_1 Z ’ni,t+1. (13)
=1

Home region skilled labour market clearing in period ¢ therefore requires:

oc—1

M
Ly, = wS (E + E) + e ! Z N 41 (14)
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Analogous equations exist for foreign region manufacturers.
The reward for investing in R&D to develop a quality improvement is the
operating profit in the following period. With constant mark-up over marginal

cost, the operating profit 7 is the value of sales shared equally between firms,
- S(E+E

divided by o: 7™ = =z — 1S(E+E)

i=1 T

the amount each firm spends on innovation is its present value share of profit.
The free entry relation can be rearranged to:

. By the free entry condition (Equation 8c),

o

s (E+E) 4
oYM niy (147

T = =~ve’ P =F,_,. (15)

Substituting this expression (advanced one period) into Equation 14, obtains:

pSti1 (Et—H + Et+1)
o(l1+r)

(c—1)

LK,t = /j/St (Et + Et) + (15&)

Rearranging the Euler equation given in Equation 2 and solving for the value of
consumer expenditure on manufactured goods as a function of the parameters
gives:

ULK’t
(c—1)+a

Equilibrium requires the economy to move to a steady state level of consumer
expenditure with a constant interest rate 14+r =14p = é Substituting (Equa-
tion 15b) into the modified free entry relation (Equation 15) and rearranging
determines the total number of firms in the home region across all industries as
a function of the parameters:

1S, (Et + Et) - (15b)

M
Zni = I Lo (15¢)

o—1)+a]yeo—1’

In the steady state an analogous function exists for foreign firms. Similarly, the
total number of firms in each industry in the steady state across both regions is
given by:

_ (L +Ix)a _ por 154
M= e — D+ alre - Mo—D+aqe 1 0
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