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Abstract

This paper argues that asymmetry in countries’ trade exposure is an important determinant of firms’
R&D, productivity and countries’ welfare. We model a choice of R&D in a given trade network focusing
on asymmetric hub-and-spoke networks and symmetric networks. We find that R&D, productivity
and total surplus are highest in a hub economy and lowest in a spoke, while intermediate levels
are exhibited by countries in a symmetric network. Thus, regional/preferential trade agreements,
resulting in asymmetric trade networks, benefit hubs but harm spokes. By contrast, multilateral trade
agreements, resulting in a complete network, generate equal R&D and welfare benefits for all countries.
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1. INTRODUCTION

The last three decades of globalization, expansion of the World Trade Organization (WTO) and unpre-
cedented spread of preferential trade agreements between countries have resulted in international trade
network turning progressively large and complex. One of its key features is large asymmetries in countries’
exposure to international trade, where some countries trade with many foreign partners, while others trade
with only a few. In the literature, such trade network is often described as core-periphery or hub-and-spoke
in structure, both in overall terms and at the commodity-specific level.! Figure 1 provides an illustration.

The main message of this paper is that this asymmetry in countries’ trade exposure is an important
determinant of firms’ innovation, productivity and countries’ welfare. It benefits countries that trade with
many but harms those that trade with a few.

This message has a number of relevant implications. First, it suggests that disregarding asymmetry of
the trade system may lead to biased empirical estimates of the impact of trade on innovation, productivity,
welfare and — in the long run — on countries’ economic growth.? Second, it implies that firms’ innovation
incentives and productivity as well as countries’ welfare depend on the type of their trade agreements with
other countries — multilateral or preferential /regional — since each type of trade agreements is associated
with a specific type of countries’ involvement in the overall network of trade. Third, by bringing the main
message of the paper to the context of inter-regional trade within one country, we obtain that asymmetry in
inter-regional trade relations may be an important factor contributing to the commonly observed disparities
in firms’ productivity and wealth across regions.? Finally, interpreting asymmetry of the trade network
more generally as asymmetry in firms’ market coverage, the implications of our analysis are that “core”
firms, that sell in a larger number of markets (for example, through online trade) or produce a good that
meets higher demand due to being more central in the product space (mass product), should have more
incentives to invest in R&D and exhibit higher productivity.

The effects of trade on firms’ innovation and endogenous productivity growth has been a subject of
extensive research in trade literature. Recent empirical studies find that trade openness increases firms’
incentives to innovate and adopt new technologies.* Complementary to empirical work, theoretical studies
identify various channels for this effect. Traditionally, most of these studies analyze a setting with just
two countries, home and foreign, or offer numerical results for the setting with more than two countries.

In this paper, we propose an analytical framework with multiple countries to examine how the impact

of trade on firms’ R&D and productivity depends on structural features of the trade network and in

ISee, for example, Wonnacott (1990, 1991, 1996), Kowalczyk and Wonnacott (1992), Puga and Venables (1997), Baldwin
(2004), Yang and Gupta (2005), De Benedictis et al. (2005), Deltas et al. (2006), Horaguchi (2007), Chong and Hur (2008),
Kali and Reyes (2007), Alba et al. (2008), Fagiolo et al. (2009), De Benedictis and Tajoli, 2011, and Konig et al., 2014.

2This bias is already anticipated by empirical research that emphasizes the importance of trade network topology for
countries’ economic growth and trade benefits (Kali and Reyes, 2007; Yang and Gupta, 2005).

3Strong wealth polarization exists in many countries. For example, according to the statistics reported by The Economist
(March 10th, 2011), Britain and the U.S.A. have the widest regional disparities in a group of developed countries covered by
the survey. Average GDP per head in central London is more than nine times larger than in parts of Wales; and the District
of Columbia in the U.S. is five times as rich as Mississippi. Italy and Germany have the smallest regional spread, yet incomes
in their most affluent areas are still almost three times those of the poorest.

4For example, Verhoogen (2008) reports that Mexican exporting firms are more likely than non-exporters to use more
advanced production techniques, and Bustos (2011) finds that Mercosur trade agreement generated an increase in new
technology spending by Argentinian exporters. Similar findings are reported by Lileeva and Trefler (2010) for Canada,
Bernard et al. (2006, 2007) for the U. S., Topalova (2004) for India and Alvarez and Lopez (2005) for Chile.
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Figure 1: The world trade network at the commodity level in year 2016. The colours represent geographic
regions. The node size is proportional to the export market share of the country. The link thickness is
proportional to its world trade share. Source: UN Comtrade Database (WITS Trade Data Visualization).

particular, its asymmetry. Building on the models of intra-industry trade in oligopoly setting (Goyal and
Joshi, 2006; Saggi, 2006; Chen and Joshi, 2010), we assume that there is a single firm in every country
producing some homogeneous good that can be sold in the domestic market and in each of the foreign
markets.> A firm’s ability to sell in foreign markets, however, depends on the level of import tariffs and
other trade costs, making trade possible only between those countries where these costs are sufficiently
low.® Such possibility of trade is denoted by a link. Given a configuration of trade links, firms then
compete in different markets by choosing their cost-reducing R&D and afterwards, output levels for the
separate product markets. In this setting we are interested in the effects of trade network asymmetry on
firms’ incentives to innovate. The key idea is that asymmetry in trade relations creates heterogeneity in

aggregate demand and competition faced by firms in different countries, which in turn, affects R&D.

5We opt for oligopolistic competition, rather than monopolistic competition, which is more commonly assumed in inter-
national trade theory, since process R&D merges better with Brander (1981) oligopoly model than with Krugman (1980)
monopolistic competition model.

SThese could be countries that are geographically close or have a history of established relations with each other (e.g.
due to colonial links, common language, a tradition of business and other interactions). Import tariffs are also low (or zero)
between countries that negotiated trade agreements or other regulations reducing trade barriers.



Two factors are important determinants of R&D in this model. The first is the aggregate demand of
a firm, or its market size. As in D’Aspremont and Jacquemin (1988), Goyal and Moraga-Gonzdlez (2001)
and more recently Konig et al. (2014a), we consider the cost of R&D to be fixed. Instead, the returns
to R&D are larger the larger the aggregate demand.” As a result and consistently with much empirical
evidence (Griliches, 1957; Gustavsson et al., 1999; Acemoglu and Linn, 2004), firm’s incentives to innovate
increase in its market size. The latter, in turn, is determined by the number of markets where the firm
sells its good and the level of competition in each market. The second factor is the fact that competition
in R&D takes place before competition in a product market. As emphasized by Brander and Spencer
(1983), when R&D is chosen before the associated output is produced, imperfectly competitive firms use
R&D for strategic purposes rather than simply to minimize costs. They have higher incentives to reduce
their marginal costs through R&D investment as this increases their own and reduces each of their rivals’
output levels, and the larger the number of rivals, the stronger this effect.

In asymmetric trade networks firms are heterogeneous in both their aggregate demand and the level
of competition they face. The main challenge is then to determine how this heterogeneity translates into
firms’ R&D decisions. Note that the joint action of the two driving forces for R&D is not immediately
straightforward. On the one hand, a trade link provides an access to another market, which amplifies
the aggregate demand of a firm and thereby increases its incentives for R&D (a positive scale effect). On
the other hand, it also opens the domestic market of a firm to another competitor, which (i) reduces its
domestic market share and thus reduces R&D (a negative market size effect of competition), but also (ii)
intensifies the firm’s strategic incentives for cost reduction and thus increases R&D (a positive strategic
effect of competition). Moreover, the strength of the described effects depends on the number of trade
partner’s own links, as it determines the extent of both changes — in firm’s market size and in the level
of competition. In fact, as trade partner’s own links only add to competition faced by a firm in the trade
partner’s market (without offering access to their market), their effect on R&D of the firm reveals the sign
of the overall competition effect. This sign turns out to be negative. Thus, in asymmetric trade networks,
R&D of a firm with many trade links may be higher as a result of a larger scale effect or lower as a result
of higher competition.

We consider two large classes of trade network structures. In the spotlight of our analysis is the
class of asymmetric, hub-and-spoke networks, where some countries (hubs) have a relatively large number
of trade partners whereas other countries (spokes) have only a few partners. We use such networks to
approximate the core-periphery structure common in the actual trade networks.? For simplicity, we focus
on networks where all hub nodes are the same and all spoke nodes are the same, so that each network can
be characterized by just four parameters: the number of trade partners of a hub, number of trade partners
of a spoke, share of hubs among trade partners of a hub, and share of spokes among trade partners of a

spoke. A variation in the first two parameters allows addressing the effects of asymmetry in countries’ trade

"In contrast to this model, D’Aspremont and Jacquemin (1988), Goyal and Moraga-Gonzdlez (2001) and Kénig et al.
(2014a) focus on the role of R&D collaboration and spillovers between firms and assume that all firms compete in one
market, either in both their choices, R&D and output, or only in output.

8See Figure 1 and references in footnote 1 to the literature that describes trade networks as core-periphery or hub-and-spoke
in structure.



involvement. A variation in the last two allows studying the effects of the exact pattern of asymmetry, that
is, how for a given degree of asymmetry, the composition of partners with high and low trade involvement
matters for firms’ incentives to innovate. The results of our analysis for the hub-and-spoke networks are
then compared with the benchmark case of symmetric structures. In a symmetric network all countries
have the same number of trade partners. For example, in the symmetric complete network any country is
linked with every other.

The primary result of this paper is that the trade network asymmetry promotes R&D and productivity
of a hub firm and hinders those of a spoke. Comparing hub-and-spoke and symmetric networks, we find
that R&D investments are highest in a hub, lowest in a spoke and intermediate at a firm in a symmetric
network. Furthermore, the larger the degree of network asymmetry, the larger the difference between R&D
spendings of a hub and a spoke. We also find that a larger trade exposure of country’s trade partners has
a negative effect on firm’s incentives to innovate, which reveals that the overall competition effect of trade
on R&D in our model is negative. In particular, for any given degree of network asymmetry, the larger
the share of hubs among trade partners of a country (hub or spoke), the lower its R&D.

Given this latter finding about the negative overall effect of competition, the observed effects of asym-
metry are intuitive. R&D of a hub is larger than R&D of a firm in the symmetric network because even
when they have access to the same number of foreign markets, the competition faced by a hub in each
of these markets is lower than the competition faced by a firm in the symmetric network.? If on top of
that the number of foreign markets of a hub is larger, then the positive scale effect of trade increases the
difference between R&D of a hub and R&D of a firm in the symmetric network even further. Conversely
for spokes, given the same number of foreign markets, a spoke is exposed to higher foreign competition
than a firm in the symmetric network. Thus, in any hub-and-spoke network, R&D of a hub is larger
than R&D of a spoke, while R&D of a firm in a symmetric network is in-between the two. Moreover, the
difference in R&D of hubs and spokes becomes larger when either their market size differences increase —
if the number of directly accessible markets of a hub increases or the number of directly accessible markets
of a spoke declines, — or when their competition differences increase — if the share of spokes among hub’s
trade partners increases or the opposite occurs at a spoke.

We then examine the welfare implications of trade in the symmetric and star networks, the latter being
the simplest type of the hub-and-spoke structure. We find that for the same number of direct trade partners
of a hub in the star and a country in the symmetric network, the highest firm’s profit and total surplus
are achieved in the hub, while the highest consumer surplus is attained in a country of the symmetric
network. A spoke exhibits the lowest levels of consumer surplus and total surplus and either the lowest or
intermediate profit. Furthermore, the larger the degree of asymmetry in the star network, associated with
a larger number of hub’s trade partners, the larger the welfare gaps between countries. However, at the
aggregate level the benefits of trade are always highest in a symmetric network: the symmetric complete
network delivers the highest aggregate consumer surplus and total surplus, while the symmetric empty
network is best for the aggregate profits.

Given the focus of the paper on the role of trade network asymmetry, in the baseline model we consider

9This is because some of the hub’s foreign markets are spokes, which trade with only a few countries.



the network itself as exogenous and focus on the comparative static effects of a change in the relative
number of country’s trade partners on firms’ innovation and countries’ welfare.!® The assumption of
network exogeneity is necessary for the purposes of our study as in a setting with identical countries,
asymmetries in countries’ trade relations do not emerge endogenously. This has been demonstrated earlier
in the network formation literature that abstracts from R&D (Goyal and Joshi, 2006; Furusawa and
Konishi, 2007; Mauleon et al., 2010) and is also confirmed in our network stability analysis, where we show
that depending on the definition of welfare, stable networks tend to be complete, empty or consist of a set
of one or more isolated countries and a complete component.'!

We also show that our main findings regarding the effects of trade network asymmetry on R&D are
robust to a number of model modifications. These include relaxing the assumption of linear demand,
allowing for cross-country differences in market size and cost structure, assuming the existence of R&D
spillovers, and modelling the trade network asymmetry by a nested split graph. We find that for a
reasonable extent of these modifications, a larger exposure to trade through direct trade links promotes
R&D, and that hubs do more and spokes do less R&D than a firm in the symmetric network.

The rest of the paper is organized as follows. In the next section we discuss the closely related literature.
In the following section, we describe the baseline model and the determinants of firms’ incentives for
R&D. Subsequently, we turn to the results of the equilibrium analysis for the case of hub-and-spoke and
symmetric trade networks and we compare the findings. We then present the results of the welfare analysis
and endogenous network formation. Finally, we consider a number of model extensions. The last section

presents the conclusions. The proofs are provided in the Appendix and Supplementary Appendix.

2. RELATED LITERATURE

This paper is related to the literature on the effects of trade on firms’ innovation incentives and/or pro-
ductivity at the firm level. Theoretical studies identify different channels for these effects: the improved
allocation of resources through specialization in multi-product firms (Grossman and Helpman, 1991; Eckel
and Neary, 2010), the knowledge spillovers effect (Rivera-Batiz and Romer, 1991; Grossman and Helpman,
1991), the increased profitability of lower unit-cost technology due to access to a larger market (Yeaple,
2005; Atkenson and Burstein, 2010; Van Long et al., 2011), the pro-competitive effect of trade openness
(Aghion et al., 2005; Impullitti and Licandro, 2013), and others.'?

Among these studies the most closely related to our paper are oligopoly models of intra-industry trade
between countries that are the same or similar in their endowments and technologies.'® This literature
is not large. Early contributions include Jensen and Thursby (1986, 1987), more recent developments are

Impullitti and Licandro (2013), Haaland and Kind (2008), Van Long et al. (2011), and Dewit and Leahy

10We show that this enables the comparison of a large variety of complex network structures.

1 Trade network asymmetries are likely to emerge in a setting where countries are a priori different in their market size
and/or firms’ marginal production costs. Consistently with Pires (2012), countries that are larger and/or more productive
should be more involved in the international trade.

12Tn addition, the “new” trade literature with increasing returns in production (Krugman, 1979, 1980; Helpman, 1981)
and the firm heterogeneity literature (Melitz, 2003; Melitz and Ottaviano, 2008; Arkolakis et al., 2014) take the firm-level
productivity as exogenous and address the effects of trade on productivity at the industry level.

13Similarity in endowments and technologies sets aside the “comparative advantage” explanation of trade asserted in the
traditional trade literature (the Heckscher-Ohlin and Ricardian models).



(2015). These studies provide the rationale for the impact of trade on firms’ innovation incentives and for
the effect of R&D subsidies, focusing on a setting with just two countries — home and foreign — or on a
setting with more than two countries but such that all countries are absolutely symmetric (including the
symmetry in firms’ market size). A common assumption in this literature is that firms from all countries
trade either in a single “world market”, where the demand for good and competition between firms are
increased compared to their autarky levels, or that they trade in separate, “segmented markets” but so that
all firms have access to all markets and compete with each other. Clearly, such approach does not allow
investigating the effects of asymmetry in countries’ trade relations, which is the focus of this paper.!'* In
addition, Pires (2012) analyzes a two-country trade model with asymmetric markets. However, the market
size differences of firms in this model are imposed by assumption rather than implied by differences in
their exposure to trade. Therefore, the focus of the paper is also different from the one in our paper. It
is not on the impact of trade and asymmetries in trade on firms’ R&D but in some sense, the other way
round: Pires (2012) explores how (assumed) market size differences and the implied differences in firms’
R&D affect the amount of firms’ export.!®

In terms of modelling approach, our paper combines the framework of the oligopolistic models of trade
where trade relations between countries are represented by a network (Goyal and Joshi, 2006; Mauleon
et al., 2010) and the framework of the models on R&D collaboration in oligopoly (D’Aspremont and
Jacquemin, 1988; Goyal and Moraga-Gonzdlez, 2001; Konig et al. (2014a)). In contrast to the former,
which focuses on network formation and efficiency of the trade networks, we are interested in R&D and
the effects of a given network structure on firms’ incentives to innovate.!® In contrast to the latter,
which studies R&D collaboration between firms that compete in a single market (either in both R&D and
output, or only in output), we consider a model where firms compete in multiple markets and the number
of competitors in each market is determined by the number of its trade links. This means, in particular,
that each firm ¢ makes not two but n; 4+ 2 decisions, choosing the level of R&D investment and production
quantities for the domestic and n; foreign markets.'”

Finally, our paper is also related to the literature on trade agreements and political economy of trade.
This literature examines the conditions that determine welfare gains of regional/preferential agreements
between countries (see survey in Feenstra (2004, Chapters 6 and 9)), the economic rationale and con-
sequences of different trade rules embodied in the GATT and the WTO (Krishna and Krueger, 1995;
Bagwell and Staiger, 1997, 2002), and the incentives for countries to join regional trade agreements versus
multilateral agreements (Bhagwati, 1993; McLaren, 2002; Baldwin, 1995). This literature, while rich
and diverse, overlooks the question of firm innovation and productivity and the difference in those across

different types of trade agreements.

14There is also a substantial literature on trade under oligopoly that does not address R&D, but examines motives for
trade, gains from trade, etc. Classic references include Brander (1981), Brander and Krugman (1983), Venables (1985), Dixit
and Grossman (1986), Yomogida (2008), Neary (2003, 2009), and Eckel and Neary (2010).

15In an extension (section 7.2) we consider a model, where in addition to firms’ market size differences emerging from
asymmetries in their exposure to trade, countries themselves are also different in size: larger countries, by assumption, have
more consumers and generate higher demand for firms that sell in these countries.

16Network formation in this setting (with R&D) is addressed in section 6.

1TKénig et al. (2014a) considers R&D collaboration between firms located in multiple markets, but there is no trade
between them as each firm produces output only for its own market. Also, R&D and output decisions in this model are made
simultaneously, which eliminates the “strategic” role of R&D investments and allows deriving R&D in arbitrary networks.



3. BASIC MODEL

We consider a setting with N countries, where at least some of the countries are involved in intra-industry
trade with others, as represented by links in the trade network. In each country there is a single firm
producing some homogeneous good that it can sell in the domestic market and in each of the directly
linked foreign markets. Given a configuration of trade links, firms compete in different markets by first
choosing their cost-reducing R&D and then output levels. In this model we examine the effects of the trade
network structure on firms’ R&D incentives. We now introduce some terminology and provide a formal
description of the trade network, the economy, the two-stage game between firms and the equilibrium

notion.

3.1. TRADE NETWORK

Trade relations between countries are modeled as a network in which nodes represent countries and links
indicate the pairs of countries between which tariffs and other trade costs are sufficiently low.!® For
simplicity, we suppose that the low trade costs between linked countries are, in fact, zero and high trade
costs are trade prohibitive by being larger than the highest possible market price (T > a, see eq. (1)).
Thus, only the countries that are directly linked in the network can trade, in which case they offer each
other a free access to their domestic market.!?

For any ¢ € 1 : N, N; denotes the set of countries with whom ¢ has a trade link in the network. These
are direct trade partners of i. Let n; = |N;|. Similarly, N? denotes the set of direct trade partners of direct

trade partners of i that are different from i itself. We call countries in N? two-links-away trade partners

of i. Note that some countries can be simultaneously ¢’s direct and two-links-away trade partners.

3.2. DEMAND AND COST STRUCTURE

Each country has one firm producing some homogeneous good that can be sold in the domestic market
and in the markets of its direct trade partners. This gives rise to oligopolistic market structure in all
countries.?? Given the focus of the paper on the role of the trade network asymmetry, we consider the
countries as identical in all but their position in the network, and we address the role of cross-country
differences in market size and marginal costs in an extension (section 7.2).

Let us denote the output of firm 4 sold in country j by y;;. The total output of firm ¢ is then
Y = ZjGNiU{i} vij, while the total output sold in country j is ZkeNju{j} Yr;- All firms selling their good

in country j face an identical inverse linear demand given by:2!

(1) pi=a-b >

keN;U{j}

18For example, countries for which trade barriers are low due to trade agreements or geographic proximity or historically
established relations are connected by the link.

19The same representation of trade network is proposed in the network formation model of Goyal and Joshi (2006). In
footnotes and in the Supplementary Appendix we show that most of our results continue to be valid when unit trade costs
between linked countries are set at a positive level 7.

20The same setting with a single firm per country is considered in Goyal and Joshi (2006), Chen and Joshi (2010) and
Mauleon et al. (2010). Note, however, that all model predictions would stay qualitatively the same if the number of domestic
firms in each country was scaled up to K > 1 as long as each firm’s market share remains positive in every market.

21Tn section 7.1 we explore the effects of concave demand functions.



where a,b > 0 and ZkeNju{j} Yr; < a/b.
Each firm has a constant marginal cost of production v > 0. It can reduce it by investing in process
R&D, which is itself costly and adds to firm’s fixed costs. Let z; denote the R&D effort of firm i. Then

the (linear) production cost function is given by:

(2) c(yi, xi) = (v — 2i)Yis

where 0 < ; <~y Vi € 1: N. The R&D cost function is quadratic and given by??
(3) 2(x) = 62

for some § > 0. Thus, when firms choose their innovation efforts, they face a trade-off between investing
more in R&D and achieving lower marginal costs at the expense of higher fixed costs, and vice versa.
However, firms with a larger overall market (domestic and foreign) can cover their fixed costs of innovation
more easily due to increasing returns in production. The straightforward implication of this is that the
overall market size of a firm, that is, its aggregate demand on the market is an important determinant of
firm’s incentives to innovate.

The demand and cost structure described above give rise to the following profit function of firm :

(4) =y la—byy—b D> oy |y — (v — )y — ol

jENiU{i} ke]\/}u{j},k#i
It is equal to the total revenue collected by the firm in its domestic and foreign markets minus the costs

of overall production and R&D.

3.3. TWwWO-STAGE GAME

Firms choose their level of R&D and the subsequent production plan via interaction in a two-stage non-
cooperative game. At the first stage firms simultaneously choose their R&D efforts, which determines their
marginal cost of production. Given this cost, at the second stage firms compete in Cournot fashion and
simultaneously choose their production quantities for the domestic market and for the markets of their
direct trade partners.

Note that the two-stage nature of decision making in this game means that R&D investments chosen
at the first stage are used for strategic purposes rather than simply to minimize costs. Higher R&D
allows firms to increase their own and reduce each of their competitors’ output levels, and the larger the
number of competitors the stronger this effect.?? Thus, competition does not only affect firm’s incentives
to innovate via its impact on firm’s market size (negative market size effect of competition on R&D). It
also affects these incentives directly by intensifying firm’s strategic incentives for marginal cost reduction
(positive strategic effect of competition on R&D). This makes the level of competition another important
determinant of firm’s R&D in our model.

The levels and nature of competition, in turn, are determined by the configuration of trade links and

are quite specific in this game. First, observe that firms compete with each other not in one but in

22Quadratic cost of R&D implies diminishing returns to scale in innovation, which finds some support in the empirical
literature (e. g. Fung (2002)).
23See Brander and Spencer (1983) for the detailed analysis of these strategic considerations in firms’ R&D choice.



several separate markets. Second, since only directly linked countries trade, a firm competes only with
its direct and two-links-away trade partners. Furthermore, any direct trade partner of firm ¢ competes
with 4 in its own market and in the market of firm 4, while any two-links-away trade partner of 7, who
is not simultaneously its direct trade partner, competes with ¢ only in the market(s) of their common
direct trade partner(s). This two-links-away radius of interaction does not mean, of course, that firms
located further away from 4 do not affect its R&D and production choices. As soon as the trade network
is connected, these firms affect the decisions of i indirectly, through the impact they have on R&D and
production choices of their own trade partners and trade partners of their partners, etc. Therefore, the

entire network and its precise structure matter.

3.4. EQUILIBRIUM

We use the subgame perfect Nash equilibrium as a solution concept for the game. We find it by backward
induction and provide the details of derivations in the Appendix. First, we observe that the profit function
of each firm is concave in firm’s own choice variables — production quantities at the second stage of the
game and R&D effort at the first stage.?* Second, we show that the solution of the system of (linear) first-
order optimality conditions at each stage exists and is interior as long as certain restrictions on parameters
hold. Namely, as soon as the demand in each market, governed by parameter a, is sufficiently high relative
to the marginal production cost v (Assumption 1), all production quantities y;; and R&D investments x;
of all firms are strictly positive. And as soon as R&D is sufficiently costly, due to a high enough value of
0 (Assumption 2), the amount of R&D investments will not exceed the upper threshold of ~.
Assumption 1 a > v (1 + max;e1.5 ;).
Assumption 2§ > ibrzrg\)]{ > (72’%1)2 ('ynj + a).

JEN;U{i}

Thus, under these assumptions, the system of the first-order optimality conditions at each stage de-
termines the equilibrium production quantities and R&D efforts of firms, where all production quantities
and R&D efforts are strictly positive and R&D does not exceed 7.2° In what follows we will assume that
Assumptions 1 and 2 hold.

We also show that the Nash-Cournot equilibrium of the second stage is always unique, while the
equilibrium of the first stage is either unique or unique for all but a few values of parameter §. In the
Appendix we demonstrate that the system of the first-order conditions at the R&D stage can be represented
in the matrix form as (51 — %B) cX = %u, where I is the identity matrix, while matrix B and vector u are
composed of functions of n; for all i € 1: N. Then as soon as ¢ is different from each of the eigenvalues of
matrix %B, the matrix (51 — %B) is invertible, and the system of the first-order conditions has a unique
solution. This, for example, is always the case when all eigenvalues of %B are negative or some are positive
but not large enough to satisfy Assumption 2. For simplicity, in the following we will focus on such generic

values of 6 under which the solution is unique.2®

24 At the first stage the concavity is ensured when parameter § is high enough, which follows from Assumptions 1 and 2.

25Tn the Appendix we also show that under Assumptions 1 and 2, the equilibrium profits of all firms are strictly positive.

26 Otherwise, the R&D equilibrium that we discuss is one of many but it is still a reasonable choice: it represents the unique
symmetric equilibrium, where firms with the same position in the network exert identical R&D effort.



The equilibrium has two notable properties. First, the equilibrium output of firm ¢ for any country
Jj € N; U {i}, that is, i’s share of market j, is increasing in firm’s own R&D effort and decreasing in
R&D efforts of i’s rivals in market j. Second, the equilibrium R&D efforts of firm ¢ and its direct and
two-links-away trade partners are strategic substitutes from i’s perspective. Intuitively, by exerting higher
R&D efforts, firm ¢’s rivals capture larger market shares, and this reduces returns to R&D for firm 1.

Finally, we note that our focus on specific, hub-and-spoke and symmetric networks in the subsequent
analysis is explained, on the one hand, by our interest in the effects of the trade network asymmetry, that
are well captured in this setting, and on the other hand, by the complexity of the (network-dependent)

coeflicients of matrix B and vector u, that makes the analysis in general networks infeasible.

4. RESULTS

In this section, we derive the equilibrium R&D efforts of firms in hub-and-spoke and symmetric trade
networks. Given the two driving forces for R&D — firm’s market size and the level of competition it
faces, — the main challenge is to determine how an asymmetry in countries’ exposure to trade, and the
associated differences in firms’ overall market size and competition, translate into R&D differences. As
larger exposure to trade also means higher level of competition faced by a firm, the positive scale effect
of access to a greater market can be dominated by the negative market size effect of competition, or
reinforced by its positive strategic effect.?” The strength of each effect is determined not only by country’s
own and its trade partners’ position in the network, but also by a broader network structure, so that
minor differences even within a class of asymmetric networks (such as due to differences in trade partners’

composition) lead to different incentives to innovate. In what follows we investigate these effects.

4.1. ASYMMETRIC TRADE NETWORKS

We approximate the core-periphery tendency in real-world trade networks by an asymmetric, hub-and-
spoke structure.?® It involves two types of countries: hubs, that have a relatively large number of direct
trade partners, and spokes, that have only a few partners. For simplicity, all hubs are assumed to be
the same and all spokes are the same, too, which allows describing the network by just four parameters:
np, the number of direct trade partners of a hub; n,, the number of direct trade partners of a spoke; ¥,
the share of hubs among direct trade partners of a hub; and ¢, the share of spokes among direct trade
partners of a spoke. Asymmetry of the network is captured by considering 1 < ng < ny, and the larger
the difference between ny and ng, the larger the degree of asymmetry. The values of ©» and ¢ determine
the composition of countries’ direct trade partners, that is, the exact pattern of asymmetry. We consider
0 <¥,p < 1, where ¢ = ¥ = 0 represents the case in which hubs trade exclusively with spokes and vice

versa.?? Clearly, not all combinations of the four parameters are feasible but those that are feasible form

27In fact, the negative market size effect of competition is itself a result of two opposite effects (where the negative
component prevails): the negative market share effect and positive markups effect. The latter increases firm’s overall demand
by means of a reduction in price markups.

28In an extension (section 7.4), we consider an alternative way of modelling an asymmetric trade network as a nested split
graph.

29The examples of ¢ = 1) = 0 are Type 1 and 3 networks in Table 1. We also note that setting ns = n; = n eliminates the
difference between hubs and spokes and turns the network into a symmetric network of degree n (¢ and ¢ are meaningless
in this case), while setting ¢ = 1) = 1 effectively splits the network into two symmetric components of degree ns and ny,.
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Table 1: Examples of hub-and-spoke trade networks

Network characteristics Network

Type 1: Single star (ny bilaterals of a hub with spokes)

np>1,ns=1,v=0¢p=0

Type 2: Stars with linked hubs

nh>17ns:15w>07‘p:0

Type 3: Stars sharing spokes

np,>1,ns>1,9v=0 =0

Type 4: Stars with linked hubs, sharing spokes

np>1,ns>1,1v>0, =0

Type 5: Stars where some spokes are linked with each other

$ay
X
S
7
NN

np>1,ns>1,9v=0¢p>0

Remark: Red nodes indicate hubs, green nodes indicate spokes.

a rich set of different hub-and-spoke architectures. Some examples are presented in Table 1, where Types
1 -5 of the hub-and-spoke network differ either in their degree of network asymmetry (difference between
np and ng) or in the pattern of asymmetry (values of 1 and ¢).

Though hub-and-spoke networks offer only a simplistic description of actual trade networks (cf. Fig-
ure 1), they capture the key feature of asymmetry in countries’ exposure to trade, while keeping the
analysis tractable. In trade policy, hub-and-spoke networks can be viewed as a representation of re-
gional /preferential type of trade. When signed by members of the WTO, regional trade agreements signify
a major departure from the basic WTO principle of non-discrimination, according to which all WTO coun-
tries are obliged to grant each other unconditionally any benefit or privilege affecting custom duties and
charges on equal, non-discriminatory basis. By contrast, in regional trade agreements (customs unions and
free-trade areas), countries within the agreement are treated more favorably than those outside: import
tariffs are completely eliminated between the members of the agreement, but kept on imports from the
rest of the world. Regional trade agreements have become prevalent in the last two decades, with some
countries being parties to several agreements. This results in the network where different regional trade
agreements “overlap”, forming the hub-and-spoke structure of the type considered here.

In what follows we first derive the equilibrium R&D investments of hub and spoke firms. These can be
found as the unique solution of the system of the first-order conditions (12) (see Appendix). In equilibrium,

all hub firms exert identical R&D effort =} and all spoke firms exert identical R&D effort «}, presented in
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(14). With this solution in hand, we then perform comparative statics to examine the impact on R&D of
a change in each of the four parameters describing the hub-and-spoke network.

Our main findings can be summarized as follows. First, a larger degree of asymmetry in the trade
network, associated with an increase in nj or a decrease in ns or both, leads to a larger disparity in
innovation efforts of hubs and spokes. While for a hub, the larger the asymmetry, the larger the equilibrium
R&D, for a spoke the opposite is true, at least when certain conditions hold. Moreover, for a given degree
of asymmetry, R&D of both a hub and a spoke increases in the share of spokes among their direct trade

partners. Formally, these findings are stated below.

Proposition 1 (hub-and-spoke network). Consider hub-and-spoke trade networks, where ny < np < i
for some i > 1. There exists A > 0 such that for any 6 > A and for any ns < np <n and 0 <, p < 1,

the following statements are fulfilled:

1. the equilibrium R&D effort xj of a hub is monotonically increasing in the number of hub’s direct

trade partners, ny, and monotonically decreasing in the number of spoke’s direct trade partners, ng;

2. the equilibrium R&D effort % of a spoke is monotonically decreasing in the number of hub’s direct

trade partners, np;

3. the equilibrium R&D effort % of a spoke is monotonically increasing in the number of spoke’s direct

trade partners, ng, if at least one of the conditions holds:

. . . 1
(a) the share of other spokes among direct trade partners is at least 1/3: ¢ > 3,

(b) the gap between ny and ng is relatively small: np, < ni, that is, 1 < 2 < ng;

nsg —

4. the equilibrium R& D efforts of both a hub and a spoke are monotonically increasing in the share of
spokes among their direct trade partners: x} is monotonically decreasing in 1, and x is monoton-

ically increasing in .

Proposition 1 implies that the larger the number of directly accessible markets, the higher the incentives
for R&D (parts 1. and 3.), but the larger the number of competitors in these markets (two-links-away
trade partners), the lower these incentives (parts 1., 2. and 4.). In fact, the latter suggests that the overall
effect of competition on R&D, revealed since only the number of firm’s competitors increases, while the
number of accessible markets remains the same, is negative. That is, the negative market size reducing
component of the competition effect outweighs its positive strategic component.3? Still, the positive scale
effect of trade between any directly linked countries is strong enough to outweigh the negative competition
effect: this is always true for hubs, and in cases (a), (b) for spokes.3!

Given these observations about the scale and competition effects of trade in hub-and-spoke networks,

the results of Proposition 1 are intuitive. For a hub, a larger asymmetry is associated with a larger number

30 Alternatively, this can be demonstrated in a simple model where N firms compete in a single market of a fixed size, by
first choosing R&D and then output for that one market. There it is easy to show that equilibrium R&D is decreasing in N.

31In Supplementary Appendix we further investigate the impact of direct and two-links-away trade partners on R&D of
a firm in a generic network under the assumption of small local effects. Consistent with Proposition 1, we find that in a
generic network, new direct trade partners tend to increase R&D of a firm, and this effect is stronger, the smaller the number
of competitors in the new markets.
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of directly accessible markets (higher ny) and lower number of competitors at least in some of these markets
(lower ng). For a spoke, the implications of asymmetry are the opposite. Moreover, for any given n; and
ns, the larger the share of spokes among direct trade partners of a country (hub or spoke), the lower the
foreign competition.

It remains to understand conditions (a) and (b) which ensure that an increase in ng promotes R&D of
a spoke.?? Recall that the specification of a hub-and-spoke trade network in this model is such that an
increase in the number of spoke’s direct trade partners ng is associated with an increase in the number
of both types of partners — hubs and spokes. Then since the market share that can be gained in a hub is
“small” — smaller than the market share to be gained in a spoke, an increase in spoke’s foreign market
share due to access to new markets may actually be smaller than a decrease in its domestic market share
due to increased competition. That is, the positive scale effect of an increase in ng on spoke’s market size
and R&D may be dominated by the negative competition effect.?® Conditions (a) and (b) ensure that this
would not be the case if either (a) hubs represent only a relatively small share of direct trade partners of
a spoke, or (b) the number ng of competitors in a spoke’s market is comparable to ny, so that the loss in
the domestic market share of a spoke does not exceed the gain in a new hub’s market.

The results of Proposition 1 can be employed to rank R&D efforts of firms in different types of hub-
and-spoke networks. For example, Corollary 1 describes the comparisons that can be made with respect
to hub-and-spoke networks of Table 1. Here we denote by z}, the R&D of a hub and by z}; the R&D of

a spoke in Type ¢ of the hub-and-spoke structure, where ¢ € 1 : 5.

Corollary 1. Consider Types 1-5 of the hub-and-spoke trade network. Suppose that (i) ny is the same
across all types, (ii) ns is the same across all types where ng > 1 (Types 3, 4 and 5), and (iii) ¥ is the
same across all types where 1 > 0 (Types 2 and 4). Then firms’ equilibrium R&D efforts in Types 1-5 of

the hub-and-spoke structure can be ranked as follows:>*

* * * * * * * * * * *
Tpy > Tps > Tpgy  Thy > Thy > Thy,  and Ty > Ty > Tgy, Ty > Tgo.

Note that amongst all hub-and-spoke networks, a star (Type 1 network) is the one where hub enjoys the
lowest competition in its foreign markets. Therefore, for a fixed number of a hub’s direct trade partners,
the hub of a star invests in R&D most. As the number of rivals in a hub’s foreign markets increases,
R&D of the hub declines. This is the case when either the number of a spoke’s direct trade partners, ng,
increases (Type 3 network), or the share of hubs among direct trade partners, ¥, grows (Type 2 network),
or both changes in ng and ¢ happen simultaneously (Type 4 network).For spokes, the situation is reversed.
In a star (Type 1 network) each spoke has access to a single foreign market. Then given a fixed number
of a hub’s direct trade partners, the market size and R&D of a spoke in the star are smaller than in

other hub-and-spoke networks. As the number of direct trade partners of a spoke, ng, increases (Type 3

32In a model where trade costs between the linked countries are not zero but 7 per unit of export, another condition is that
the trade costs of firms are sufficiently high (to restrict the amount of exports from new trade partners): 7 > ﬁ(a —7).
Note that this condition is only meaningful when ¢ < %, i.e., when (a) does not hold.

33This outcome seems to be rather rare though. For example, by calculating the model for the star network under various
parameter assumptions, we find that initiating trade with the hub decreases R&D of a spoke only when the number of
competitors in the hub’s market (other spokes) is above 100.

34The last two inequalities, xtq > a¥y and x%, > x¥,, require in addition, that at least one of two conditions (a), (b) of
Proposition 1 holds, under which z} is increasing in ns.
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network), its market and R&D expand, and they expand even further if the share of spokes among direct
trade partners, ¢ , grows (Type 5 network).

To further examine the effects of asymmetry in the trade network, in the next section we compare our
results for hub-and-spoke networks with those for a symmetric network, where all countries have the same
number of direct trade partners. This will also allow us to demonstrate that in any hub-and-spoke network
R&D of a hub is strictly larger than R&D of a spoke, as the former turns out to be larger and the latter

— smaller than R&D of a firm in the symmetric network.

4.2.  SYMMETRIC TRADE NETWORKS. COMPARISON WITH ASYMMETRIC NETWORKS

In symmetric, or reqular trade networks, each country has the same number n of direct trade partners. n
is sometimes called the degree of a symmetric network. When n = N — 1, every country has a trade link

with every other country, and the network is called complete.

Figure 2: Complete network with 8 countries

The complete network can be thought of as representing multilateral trade between countries as it
satisfies two fundamental principles of the GATT: “reciprocity” and the “most favoured nation” principle
of non-discrimination.?® Clearly, when all countries are linked with each other and tariffs are zero on all
links, both principles apply.

In a symmetric network, all countries are identical, and the unique solution of the first-order conditions
at the R&D stage of the game is such that 7 = z* for all € 1 : N. That is, the equilibrium R&D
investments of all firms are the same and equal to

(5) *(n -

)= .
—146b(1 + )

This is clearly increasing in n, which implies that firms’ incentives to innovate become stronger as the

number of a country’s direct trade partners increases.3%

Proposition 2 (symmetric network). In a symmetric network of degree n, where n < n for some

n > 1, firm’s equilibrium R& D effort =* is monotonically increasing in n for any n < n.

35The former implies that each country agrees to reduce its trade barriers in return for a reciprocal reduction by another,
while the latter states that all countries in the multilateral trade system should be treated equally, that is, tariffs imposed
by a country on imports from any other country in the system must be the same.
a—y— T:— TT

*1+6b(1+ n-ll-l )2

36When tariffs between the linked countries are 7 > 0, it is easy to show that x*(n) = . This is also

monotonically increasing in n.
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Thus, even though higher n means not only access to a larger number of foreign markets but also
higher competition in each country, the total effect promotes R&D of every firm. In fact, it is the positive
component of the competition effect — the strategic marginal cost reduction — that is responsible for the
R&D rise.3” The other two effects — the negative market size effect associated with increased competition
and the positive scale effect associated with access to a new market — exactly offset each other: in a
symmetric network, as new links are formed, the reduction in the domestic and foreign market shares
suffered by each firm is exactly compensated by the participation in the new market.3®

Now, bringing the results of our equilibrium analysis in this and previous section together, we can
compare R&D of firms in symmetric and hub-and-spoke trade networks. The following proposition states
that in any hub-and-spoke network, R&D of a hub is larger than R&D of a spoke. Moreover, hubs do

more and spokes do less R&D than a firm in the symmetric network, even when the number of direct trade

partners of a hub (resp., spoke) is the same as in the symmetric network.

Proposition 3 (comparison of symmetric and hub-and-spoke networks). Consider a hub-and-
spoke network defined by parameters 0 < ¥, < 1 and 1 < ng, < np, and any symmetric trade networks
of degree ngs and ny. There exists A > 0 such that for any 6 > A, R&D of firms in hub-and-spoke and

symmetric networks can be ranked as follows:

xp > x(np) > ¥ (ng) > x}.

The proof is based on the observation that a symmetric network of degree n;, can be regarded as a hub-
and-spoke network “composed only of hubs”, that is, where ng in the hub-and-spoke network has increased
to become equal to ny. Similarly, a symmetric network of degree n, can be regarded as a hub-and-spoke
network “composed only of spokes”, where nj; has decreased to become equal to ngs. Then inequalities
xf > x*(np) and £*(ns) > z} follow immediately from parts 1. and 2. of Proposition 1 about the negative
effect of larger n, on «} and larger nj on «}. The last, “connecting” inequality «*(ny) > x*(n,) is implied
by Proposition 2.3°
The next proposition combines the results of Proposition 3 and Corollary 1 and provides the ranking

of equilibrium R&D efforts of firms in different types of hub-and-spoke networks (see Table 1) and in the

symmetric networks.

Proposition 4 (extended comparison). Consider Types 1-5 of the hub-and-spoke trade network. Sup-
pose that (i) ny, is the same across all types, (ii) ns is the same across all types where ng > 1 (Types 3,
4 and 5), and (iii) v is the same across all types where ¥ > 0 (Types 2 and 4). Then firms’ equilibrium
R&D efforts in Types 1-5 of the hub-and-spoke network and in the symmetric network can be ranked as

37To be more precise, the positive markups reducing component of the competition effect contributes to that, too. See
footnote 27.

38Note that by contrast, in asymmetric, hub-and-spoke networks, the negative market size effect of competition is generally
not offset by the positive scale effect.

39The intuition is, again, suggested by the negative competition effect of firm’s two-links-away trade partners in a hub-
and-spoke network. While in a symmetric network of degree n;, the number of firm’s competitors is ny in each of its foreign
markets, in a hub-and-spoke network, the number of hub’s competitors is ny only in ¥ny of its foreign markets and smaller in
the rest. Conversely for a spoke, the number of its competitors in the foreign markets is larger than for a firm in a symmetric
network of degree ns. Thus, for the same number of direct trade partners, a hub is exposed to lower and spoke to higher
competition than a firm in the symmetric network. This leads to corresponding differences in R&D.
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follows:
iy > Xpg > Thy >t (ng) > x¥(ng) > xhs > aly >l
and

Tpy > Tho > Thy > ¥ (np) > 27 (ng) > xhy > Ty

The first sequence of inequalities is demonstrated by Figure 3, where R&D is shown as a function of
np. 20 R&D is depicted in red for a hub (highest in a hub of the star), in green for a spoke (lowest in a

spoke of the star) and in blue for a firm in the symmetric network of degree ny.
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Figure 3: Equilibrium R&D in a symmetric and hub-and-spoke trade networks as a function of ny,.

We also compare aggregate R&D of the same total number of countries in the complete trade network
and in the simple star. We find that even though R&D of the hub in a star is higher than R&D of a single

country in the symmetric network, aggregate R&D is lower in the star (see Figure 8).

5. WELFARE ANALYSIS

To complement the analysis of the effects of trade network asymmetry on R&D, in this section we compare
the welfare implications of trade within a symmetric network and within a star, the simplest type of the
hub-and-spoke structure. A higher degree of asymmetry in the star is associated with a larger number of
spokes (hub’s direct trade partners). We consider four different measures of welfare in a country: consumer
surplus, domestic firm’s profit, total surplus and production cost.*’ Firm’s profit, m;, and production cost,
¢;, were defined in section 3.2, while consumer surplus, C'S;, is given by CS; = % (a— pi)2 due to linearity

of the demand function, and total surplus is W; = m; + CS,;.

40Figure 7 in the Appendix demonstrates this sequence as a function of ns.
41In Supplementary Appendix we show how the results of this analysis change with the introduction of positive import
tariffs between the linked countries.
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5.1. EFFECTS OF NEW TRADE LINKS AND ASYMMETRY

Starting from the case of an asymmetric, star network, we find that as the number of hub’s direct trade
partners, ny, increases, the profit, total surplus and production costs rise in a hub but decline in a spoke.
Consumer surplus increases in both types of countries but it increases at a higher rate in a hub.*? Thus,
according to all measures of welfare, a higher degree of asymmetry in the star network widens the gap
between the hub and the spokes. And even though the aggregate welfare in the star is shown to increase,

the benefits of larger asymmetry (and star size) are mostly reaped by the hub.

Proposition 5 (welfare in a star). In any star network where the number of hub’s direct trade partners
is np > 2, as ny, increases, firm’s profit, production cost and total surplus increase in a hub but decline in
a spoke, whereas consumer surplus increases in both types of countries. The aggregate profit, production

cost, consumer surplus and total surplus in the star all increase in np.*3

For the hub an access to a new spoke market leads to a large expansion in its overall production, not
only at the extensive margin but also due to larger market shares it gains in all countries as a result
of higher R&D/competitiveness. Then even though hub’s marginal cost declines, its total production
cost increases. Also, hub’s profit grows despite the mounting production costs and lower market prices.
Moreover, a lower price in the hub benefits the consumers. As a result, the total surplus of the hub
improves due to an increase in both, firm’s profit and consumer surplus. By contrast, in a spoke economy
only consumer surplus is increasing in ny as a result of stronger competition with the hub. The overall
market size of a spoke shrinks, leading to lower firm’s profit, total surplus and production cost, where the
latter declines even with the marginal cost rising (because of R&D cuts).

In a symmetric trade network, the welfare changes associated with a larger number of direct trade
partners n are similar to those at the hub in a star. However, trade with a new partner in a symmetric
trade network leads to a much smaller expansion of a firm’s aggregate demand compared to that of a
hub. These still ensure that the total production cost, consumer surplus and total surplus in each country
increase in n.** But firm’s profit declines as larger aggregate demand does not make up for the increase in
total production cost and lower prices. Thus, differently from the hub, where both consumer surplus and
hub’s profit contribute to the increase in total surplus, in a symmetric network, the total surplus improves

due to an increase in consumer surplus only.

Proposition 6 (welfare in a symmetric network). In any symmetric network of degree n > 0, as
n increases, firm’s production cost, consumer surplus and total surplus increase in each country, whereas
firm’s profit decreases. The aggregate production cost, consumer surplus and total surplus in the symmetric
network increase in n. The aggregate profit decreases in n if the number of countries is fized, but in the

complete network of degree n > 1, as n increases, the aggregate profit increases.*®

We now present the comparison of welfare levels in a hub, spoke and a country in a symmetric network,

42The latter is implied by Proposition 7.

43Results for the production cost require that R&D cost parameter, 8, is higher than required by Assumption 2.

44 A5 in the hub, the production cost increases despite the improvement in the marginal cost.

45Results for the production cost and aggregate profit in the complete network require that R&D cost parameter, &, is
higher than required by Assumption 2.
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where the number of direct trade partners of a hub and a country in the symmetric network is the same.
The next proposition and Figure 4 assert that the highest firm’s profit and total surplus are achieved in
the hub, while the highest consumer surplus is attained in a country of the symmetric network. A spoke
exhibits the lowest levels of consumer surplus and total surplus and either the lowest or intermediate profit.
In what follows we use subscripts h and s for the welfare measures in a hub and in a spoke, respectively,

and no subscript for a country in the symmetric network.

Proposition 7 (comparison of symmetric and star networks). Consider a symmetric network of
degree n and a star with n spokes. For any n > 2, the firm’s profit, consumer surplus and total surplus in

a hub, spoke and a country in the symmetric network can be ranked as follows:

mh(n) >m(n) >ms(n) V2<n<3 and m(n)>ms(n)>mn(n) VYn >4,
CS(n) > CSp(n) > CSs(n),

Whi(n) > W(n) > Ws(n).

Moreover, as n increases, the differences in profit, consumer surplus and total surplus described by these

inequalities become larger (in case of the difference between ms and 7 this holds at n > 4).

In a hub, the highest level of the total surplus, W}, (n), results from the highest profit as the level of the
consumer surplus is actually higher in the symmetric network.*® In a spoke, the profit is second highest
at any n > 4, and the lowest total surplus is a result of the lowest consumer surplus.*” Furthermore, as all
welfare differences between countries increase in n, a larger degree of asymmetry in a star network leads
to a larger divergence in profits, consumer surplus and total surplus not only between a hub and a spoke

but also between a country in the star (hub or spoke) and a country in the symmetric network.
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Figure 4: Firm’s profit, consumer surplus and total surplus in a symmetric network (blue) and star network
(red in a hub, green in a spoke).

5.2. EFFICIENCY IN THE CLASS OF SYMMETRIC AND STAR NETWORKS

Let us now consider the implications of the welfare analysis at the aggregate level to study the efficiency
of trade networks within the class of symmetric networks and stars. The result on aggregate welfare in
Proposition 5 implies that the larger the star network, the more efficient it is according to all measures of

welfare apart from the total production cost, which is smallest when nj, = 2. For the class of symmetric

46 As Figure 4 shows, the profit of the hub is much larger than the profit of a firm in the symmetric network for any n > 2.

47These results find support in earlier studies. For example, Baldwin (2004), Kowalczyk and Wonnacott (1992), Deltas
et al. (2006), Lloyd and Maclaren (2004), and De Benedictis et al. (2005) find that the total surplus and income levels of
spokes are lower than those of hubs and of countries in the complete network.
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networks Proposition 6 implies that for a given, fixed number of countries N, the unique efficient network
is complete (n = N — 1) when welfare is measured in terms of consumer surplus or total surplus, and it is
empty (n = 0) when welfare is measured by firms’ profits or production costs. Also, the larger the number
of countries in the efficient (complete or empty) network, the higher the aggregate consumer surplus, total
surplus and profit.

Now, comparing the efficiency of symmetric networks and stars, we find that for the same total number
of countries, the benefits of trade are highest in a symmetric network. Namely, if welfare is measured by
consumer surplus or total surplus, it is the symmetric, complete network that delivers the best outcome
to the set of N countries, while if welfare is measured by profits, the empty network is the best.*® Thus,
the network that is efficient in the class of symmetric networks is also efficient in the class of symmetric

networks and stars.

Proposition 8 (efficiency). Consider a class of symmetric networks and stars. If welfare is measured
in terms of consumer surplus or total surplus, then for any fired number of countries N > 3, the unique

efficient network is complete, while in terms of profits the unique efficient network is empty.*?

In the proof we show that for the same total number of countries, Wesor < Weompiete a0d Tstar < Tempty-
The inequality for consumer surplus, CSgtqr < CScompiete, follows immediately from Proposition 7.50 We
note that in view of our findings in section 6, the efficient networks, — complete and empty, — turn out
to be pairwise stable. But there exist other pairwise stable networks that are not efficient, revealing the
common discrepancy between stability and efficiency in network formation games.

In section A-3 of the Supplementary Appendix we also address the question of a socially optimal level of
R&D expenditures and first-best R&D. The former refers to R&D that maximizes each country’s consumer
surplus or total surplus, instead of firm’s profit. We show that in either case, the socially optimal R&D
is higher than the profit maximizing one. The latter refers to the level of R&D that maximizes the joint
profit of all firms or joint consumer surplus or total surplus of all countries. We find that for any country
i, R&D of its direct and two-links-away trade partners imposes negative externalities on i’s profit and

! In case of profits and total surplus

total surplus but positive externalities on 4’s consumer surplus.®
optimization, internalizing the negative externalities leads to lower R&D of all firms and strictly improves
the profits and total surplus of all countries. In case of consumer surplus optimization, R&D of each firm is
maximal, i.e., z; = 7, under both decentralized and centrally made decisions, so that there is no efficiency

loss due to decentralization.

6. TRADE NETWORK STABILITY

So far we have taken a trade network as exogenous. Suppose now that prior to market interactions between

firms in our baseline model, a government in each country has an opportunity to form pairwise trade links

48The highest total profit in the empty network is achieved due to aggregation of profits of N countries: a single-country
profit in the empty network is lower than in a hub but higher than in a spoke.

49Tn the proof, the inequality for total surplus, Wstar < Weomplete; Wwith N = 3 and N = 4 requires a slightly stronger
condition on § than in Assumption 2: § > % - 5.

50Tn addition, one can show that Teomplete < Tstar for any N > 3 (for N > 5 this follows from Proposition 7).

511t is easy to show that CS; is increasing in R&D of 4’s direct trade partners, while both m; and W; are decreasing in
R&D of its direct and two-links-away trade partners (for W; this holds at least in case of symmetric and star networks).
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with other countries. The question is which network structures will be stable and how it depends on
the objective that is pursued at the network formation stage. We assume that each government seeks to
maximize its country’s welfare, where three main definitions of welfare are used: the domestic firm’s profit,
m;, consumer surplus, C'S;, and total surplus, W;.

We employ a relatively weak notion of network stability borrowed from Jackson and Wolinsky (1996).
It is based on the idea that any trade link is formed bilaterally, upon consent of both involved countries,
but can be severed unilaterally. To define it formally, let us say that if countries ¢ and j are connected by
a link in the trade network g, then ij € g, and if i and j are not linked, then ij ¢ g. Networks obtained
by adding or deleting a link ij to/from network g are denoted by g + ij and g — ij, respectively. Given
this notation and given the welfare function S; € {m;, CS;, W} of each country i, the network g is called
pairwise stable if (i) for all ij € g, Si(g) > Si(g —ij) and S;(g) > S;j(g — ij), and (ii) for all ¢j ¢ g, if
Si(g) < Si(g +ij), then S;(g) > S;j(g +ij). That is, in a stable network, no country can benefit from
deleting one of its trade links, and no pair of countries can benefit from forming a link.

Below we present some general findings on network stability. Essentially, we show that depending on
the definition of welfare, stable networks tend to be complete, empty or consist of a set of one or more
isolated countries and a complete component. Similar findings are reported in the trade network formation
model of Goyal and Joshi (2006), although the absence of R&D decisions in that model allows for a more
complete characterization of stable outcomes. An asymmetric network, such as star, is not stable for any
measure of welfare as any two spokes have an incentive to form a link. This is the reason why in the
baseline model of this paper, focusing on the effects of trade network asymmetry, the network structure is
taken as exogenous.

¢

First, we state a “positive” result, asserting the stability of certain networks.

Proposition 9 (stable networks). The following statements hold:

1. For any welfare definition, — in terms of domestic firm’s profit, consumer surplus or total surplus, —

and for any number of countries N > 3, the complete network is stable.>?

2. If welfare in each country is equal to the domestic firm’s profit or total surplus, and N > 4, then the
network that consists of two components, — one with N — 1 countries and complete, and the other

with a single country, — is stable. It is not stable if welfare is equal to the consumer surplus.

8. If welfare in each country is equal to the domestic firm’s profit, then the empty network and the
network that consists of k > 1 singleton components and one complete component with N —k > 3
countries, are stable. These networks and other networks with more than one singleton component

are not stable if welfare is equal to the consumer surplus or total surplus.

The proof that the complete network is stable relies on the observation that with any welfare definition
no country can gain by deleting a trade link. When welfare is measured by the domestic firm’s profit or

total surplus, the network with one singleton component and one complete component of size N —1 > 3

52In fact, if welfare is equal to consumer surplus or total surplus, this also holds at N = 2. With profits, a network with
two linked countries is not stable, as each firm benefits from deleting a link.
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is stable because the isolated country is better off in autarky. Indeed, when an isolated country forms
a trade link with a country in the complete component, the overall profit of its erstwhile monopoly firm
declines due to increased domestic competition and only a small profit gain in a competitive foreign market.
Therefore, even though the increased domestic competition also raises consumer surplus, the total surplus
drops below the autarky level. Moreover, if social welfare in each country is given by profits, the number
of singleton components in a stable network can be larger than one because profits of each autarkic firm
decline not only from forming a link with a country in the complete component but also from forming
a link with another isolated country. For the same reason the empty network is also stable when link
formation is guided by the domestic firm’s profit considerations. If, instead, the government cares about
consumer surplus or total surplus, then the empty network and, more generally, any network with more
than one singleton component is not stable, because forming a trade link between two autarkic countries
increases both countries’ welfare.

The results of Proposition 9 are analogous to those in Goyal and Joshi (2006). However, owing to a
simpler formulation of the welfare function in their setting, which only depends on the number of country’s
direct and two-links-away trade partners but not on their R&D, Goyal and Joshi (2006) can also prove
that the other networks are not stable. In our model, other stable networks may exist, but what we can
show is that the networks described in Proposition 9 are the only networks that are stable for all N > 3.
This follows from observing that in case of three or four countries, no other stable networks exist: when
N = 3, the complete and empty networks are the only networks that are stable under different measures of
welfare, and when N = 4, these are the complete, empty and the network that consists of two components
— a singleton and the complete component with three countries.®?

Finally, an important “negative” result is that with any measure of welfare, an asymmetric, star
network is not stable. Intuitively and in line with the previous network formation literature, in a setting

with identical countries, asymmetries in countries’ trade relations are unlikely to emerge.

Proposition 10. For any welfare definition, — in terms of domestic firm’s profit, consumer surplus or

total surplus, — and for any number of countries N > 3, the star network is not stable.

In the proof we show that this has to do with the fact that any pair of spokes in the star have an

incentive to form a link.

7. EXTENSIONS

In this section, we report the results of a number of extensions of our baseline model. First, we allow for
a more general, non-linear market demand function. Second, we extend our model to cross-country differ-
ences in market size and marginal costs. Third, we explicitly account for the possibility of R&D spillovers
between firms. Finally, we present a different way of modelling asymmetric trade networks by nested split
graphs.’* We show that for a moderate extent of these modifications, the basic conclusions of our baseline

model remain the same. The detailed derivations and proofs can be found in the Supplementary Appendix.

53The case of N = 3 is straightforward in view of the results presented here, while the proof for N = 4, together with the
illustration of relevant network structures, is provided in the Supplementary Appendix.
54In Supplementary Appendix we also consider the model with positive trade costs between the linked countries.
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7.1. NON-LINEAR DEMAND

One important concern is that our main results, regarding the effects of trade links and network asymmetry,
depend critically on linearity of the market demand function. In this section we relax the linearity assump-
tion and consider the inverse market demand given by p(Q;) = an? for 8 > 1, where Q; = ZjeNiU{i} Yji
is the total quantity sold in market i. 8 > 1 guarantees that the inverse demand is downward-sloping and
concave in each country. The linear model obtains as a special case when = 1.

In this more general setting we find that though the equilibrium at the R&D-choice stage might not
be unique, the symmetric equilibrium, where R&D of all firms in identical network positions are the same,
has the same properties as in our baseline model. Namely, R&D of a firm in a symmetric network of degree
n is increasing in n, while R&D in a star with n; spokes is increasing in n; for the hub and decreasing
in ny, for a spoke. Thus, our basic finding, that a larger asymmetry in the star increases the gap between

R&D investments of a hub and a spoke, continues to hold with concave demand functions.?®

Proposition 11 (effects of n and n;). Consider a symmetric network of degree n and a star with ny,
spokes. Suppose inverse demands are downward-sloping and concave in each country, given by p(Q;) =
a— Qf with 8 > 1. Then in a symmetric network, firm’s equilibrium R& D, x*, is increasing in n. Also,
in a star, there exists A > 0 such that for any 0 > A, the equilibrium R&D of the hub, zj,, is increasing

in ny, while the equilibrium R&D of a spoke, x%, is decreasing in ny,.

7.2. DIFFERENCES IN MARKET SIZE AND COST STRUCTURE

In the baseline model we assumed that all countries were identical in all but their position in the network.
In particular, the size of each country’s market and the cost structure of each firm are the same across
countries. In this section we examine the role of this symmetry assumption.

We parametrize differences in market size of the countries in terms of different values of the demand
parameter a, and we capture differences in firms’ costs by considering different values of the marginal cost
~. To keep the analysis tractable, we will suppose that in asymmetric, hub-and-spoke networks, differences
in market size and domestic firm’s cost exist only between a hub and a spoke country, but these differences
can, in general, be of any sign and value. Let ay,, v, denote the market size and firm’s marginal cost of any
hub, and as, s denote the market size and marginal cost of any spoke. We start the analysis by solving
our model once again for firms’ equilibrium output levels and R&D. We then focus on comparative statics.
As before, our main concern is the effects of new trade links and network asymmetry on R&D of hubs and

spokes and how those compare with R&D in symmetric networks.
7.2.1 EFFECTS OF DIRECT AND TWO-LINKS-AWAY TRADE PARTNERS

Note that with asymmetric market sizes and costs, the fact that ny > ng, does not, in general, guarantee
that a hub has a larger overall market or, when it does, that it benefits from it since hubs can be much less
efficient than spokes, i.e., v, > 5. Indeed, we find that the effect of direct trade links on R&D of any firm

(hub or spoke) is now certain to be positive only when the firm’s marginal cost is not higher (or not much

55Given the complexity of the involved expressions, the result for the star is derived numerically for a broad range of
parameters consistent with Assumptions 1 and 2 and any 0 < zp, x5 < 7.
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higher) than the marginal cost of its trade partners and when the size of a new foreign market relative to
its number of competitors, is sufficiently large. For example, for a hub, R&D is increasing in the number
of its direct trade partners, ny, as long as v is lower (or not much higher) than v, and also, — in case
when the share of spokes among hub’s direct trade partners is high (¢ is low), — as long as the market size
of a spoke, as, is large enough relative to ap, and/or the number of competitors in a spoke’s market, ng, is
small enough relative to that in a hub, nj. The latter ensures that an increase in hub’s aggregate demand
due to a new foreign market is sufficiently large relative to a loss in its domestic market share due to the
increased competition. On the other hand, the effect of two-links-away trade partners on R&D of either
a hub or a spoke is always negative irrespective of the market sizes and costs. This suggests, as before,
that competition tends to hinder firm’s innovation. The (lengthy) formal statement of these comparative
statics effects is relegated to the Supplementary Appendix. Proposition 1 obtains as its special case.

The described findings imply that in any hub-and-spoke network, a larger degree of asymmetry asso-
ciated with an increase in ny leads to a lower R&D of a spoke and higher R&D of a hub, where the latter
holds at least under the mentioned conditions. Similarly, a larger degree of asymmetry associated with a
decrease in n, leads to a higher R&D of a hub and lower R&D of a spoke, where the latter is ensured by
another set of conditions, symmetric to those that we described for the hub. Now, the difference in the
sufficient conditions means that if in a given hub-and-spoke network, asymmetry increases due to both
changes — an increase in nj and decrease in ng, — the effects on R&D of both a hub and a spoke are a
priori not clear as it may happen that only one of the two sets of conditions is satisfied. What is evident,

however, is that for a small enough difference in v, and -4, both sets of conditions are likely to hold.
7.2.2 COMPARISON WITH SYMMETRIC NETWORKS

We now turn to the central comparison in this paper — between symmetric and asymmetric networks and
between hubs and spokes in a given asymmetric network. Remarkably, the former holds just as in the
baseline model: in any hub-and-spoke network, R&D of a hub is larger and R&D of a spoke is lower than
in a symmetric network, keeping the market size, cost efficiency and the number of direct trade partners
of a hub (resp., spoke) the same as in the symmetric network. Furthermore, whenever a, — v, is large
enough relative to as — s, — for which it is sufficient, for example, that a;, > as and v, < v, — R&D of a
hub is guaranteed to be larger than R&D of a spoke (and R&D in symmetric networks is in-between the
two). In what follows, we will denote by x*(n, a,~) the equilibrium R&D of a firm in a symmetric network

of degree n, where each country’s market size is a and firm’s marginal cost is .

Proposition 12 (comparison of hub-and-spoke and symmetric networks). Consider a hub-and-
spoke network defined by parameters 0 < 1, < 1 and 1 < ng < ny, with market size and firm’s marginal
cost equal to ap, v, in a hub and as, s in a spoke. Also, consider two symmetric trade networks with
network degree, market size and firm’s marginal cost equal to ng, as, vs in the first and ny, ap, vn in the
second. Then there exists A > 0 such that for any § > A, the following relation between R& D of a firm in

a hub (spoke) and a firm in a symmetric network of the same degree, market size and marginal cost holds:
xy > x*(np,an,yn) and ¥ (ng, as,7vs) > Tk

s
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_ (+n)?(—(1+np)>+b6(2+n4)?)

= TP (0 n. P Toe(2ing?) < Lo then it

Moreover, if (an, — 1)/ (as —7vs) > v(ng,ns), where v(ng,ns)
holds that

xp > " (np, an,yh) > 5 (ns, as,vs) > T

Alternatively, R&D of a hub is larger than R&D of a spoke, xj > x}, under a combination of two other

sufficient conditions:

2
1. either (i) an = as or (i) v+ ¢ < 1— % and ap/as < (nn+2) (ns+1)

< T OF (iii) v+ >1— % and

(nn+2)?(ns+1)
anfas > GG G and

2. Yu/vs < w(np,ns, ,¥), where w(ng, ng, , ) < 1.

The main part of the proof employs the same argument as in Proposition 3. A symmetric network of
degree ny, can be regarded as a hub-and-spoke network in which ns has increased to become equal to ny,
and similarly, a symmetric network of degree ng can be regarded as a hub-and-spoke network in which ny
has decreased to become equal to ng. Then inequalities x} > x*(np, an,vp) and z*(ns, as,vs) > x5 follow
immediately from our finding that R&D of a hub is decreasing in ns and R&D of a spoke is decreasing
in ny. Next, we observe that in a symmetric network, both a larger degree and larger value of a — v lead
to higher R&D of a firm (see eq. (5)). Then as long as a — v, > as — 7s, the “connecting” inequality in
Proposition 12, between R&D in two symmetric networks of degree nj, and ng, also holds. More generally,

given (5), it holds when (ap — 1)/(=1+ 8b(1+ -25)?) > (a5 — 7s)/(—1 + (1 + -4+)%), which leads

to the exact condition on (ap — v,)/(as — 7vs). Under this condition we obtain the ranking of R&D in
hub-and-spoke and symmetric networks analogous to the one in Proposition 3.%¢

Finally, the two alternative sufficient conditions for R&D of a hub to be larger than R&D of a spoke
obtain from a direct evaluation of x; — ;. Note that these conditions allow for a, < a,. The intuition
is as follows. When v + ¢ is sufficiently close to one, each hub has a large share of other hubs among its
direct trade partners and/or each spoke is linked mostly to spokes. Then R&D of a hub is larger than
R&D of a spoke as soon as the market size of a hub, aj, is large enough relative to that of a spoke, as,
and/or the number of competitors in a hub, ny, is not too large relative to that in a spoke, ns.5" Instead,
when ¥ + ¢ is not so large, a substantial share of hub’s trade partners are spokes and vice versa, and then
the market of a spoke should be relatively large and/or sufficiently less competitive than the market of a
hub. This indicates, as before, that a larger market has positive and stronger competition negative effect

on R&D of a firm. Moreover, in both cases hubs should be more efficient than spokes.

7.3. R&D SPILLOVERS

As another extension of our model, we consider a possibility of R&D spillovers between directly linked
countries. Indeed, such a possibility is supported by some empirical research which finds that international

trade is an important conduit for technology transfers (Acharya and Keller, 2009). We model R&D

56The intuition is again suggested by the negative competition effect on R&D of firm’s two-links-away trade partners in a
hub-and-spoke network: for the same number of direct trade partners (as well as market size and marginal cost), a hub is
exposed to lower and spoke to higher competition than a firm in the symmetric network.

2
57"Note that % is increasing in ny and decreasing in ns.
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spillovers by assuming that the total cost reduction for each firm stems not only from its own R&D effort
but also from the research knowledge of its direct trade partners, which is either fully or partially absorbed.
This means that the cost of producing the amount y; by firm ¢ is now given by
(6) c(yi wi {xtjen) = (v =z —p Y @)y,
JEN;

where p € (0, 1] reflects the level of spillovers, or the marginal cost reduction due to trade partner’s effort.5®

In this setting, where individual R&D has positive spillovers on the costs of rivals, it is natural to
expect that incentives to innovate will be lower. Indeed, each firm’s R&D now helps its direct trade
partners gain larger market shares, while its own market share is increased by a lesser extent. This reduces
the marginal returns to investing in R&D at any given number of direct trade links, and may also lower or
even reverse a positive impact on R&D of adding new links. On the other hand, just as own R&D of firm
i lowers marginal costs of its direct trade partners, their R&D lowers the marginal cost of i. This makes
1 relatively more competitive and helps to expand its market, which fosters innovation. Therefore, direct
trade partners (or adding a new direct trade partner) may, in fact, give an extra boost to firm’s incentives
for R&D. Moreover, the higher the level of spillovers p is, the stronger the described effects should be.

Our findings appear to be consistent with the negative effect of spillovers on R&D, or more precisely, we
find that the negative component of the spillovers effect prevails. First, in all considered types of networks
R&D of each firm is reduced compared to the case without spillovers and this reduction is larger at higher
p. Second, the effects of new direct trade links tend to be positive either at any level of spillovers — in case
of a hub, — or at low and medium spillovers, — in case of a spoke and a firm in a symmetric network. At
last, in the class of considered networks and when p is not too high, R&D of all firms can be ranked as
before, with hub’s R&D being higher and spoke’s — lower than in a symmetric network.

We start the analysis by solving the model with the new cost functions. As in the baseline model, both
stages of the game result in linear first-order conditions that produce the unique, interior solution as long
as a and ¢ are sufficiently large (Assumptions 1 and 2). At the second, output-choice stage, the production

quantities of firm ¢ are given by:

1
(M v = W £ 2) a*’YJF(ni*l)(IiJFPZIj)*Z(Ij+PZ$k) )
JEN; JEN; kEN;
1 :
®) vi = g et DE AL w) = > (@t 3w |, VieN:
J'EN; keN;U{j} k#i k€N

Observe that, as before, x; has a positive effect on i’s market shares in the domestic and foreign markets,
though this effect is now weaker due to x;’s simultaneous positive impact on market shares of its rivals:
these are all other firms trading in market i and those of the firms trading in market j € N; that are the
direct trade partners of i (for example, firm j itself).59 This weaker effect of x; on i’s production quantities

reveals the first, negative effect of spillovers on i’s incentives to innovate. On the other hand, R&D of

58This way of modelling R&D spillovers is common in the literature on R&D collaboration (D’Aspremont and Jacquemin,
1988; Goyal and Moraga-Gonzdlez, 2001; Konig et al., 2014a).

59Tndeed, the effect of x; on y;; is positive because n; + 1 > pn; for any p € (0,1]; similarly, the effect of x; on Yij is
guaranteed to be positive whenever n; 4+ 1 > pn;, which is also true for any p.
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i’s direct trade partners, > x;, now tends to have a positive effect on i’s domestic and also foreign

JEN;
market shares: the effect on y;; is only certain to be negative when spillovers are low (p(n; +1) < 1), while
the effect on y;; is always positive unless these direct trade partners are also two- and three-links-away
trade partners of 4. This positive effect of R&D of direct trade partners of ¢ on its market shares when p
is sufficiently high reveals the second, positive effect of spillovers on i’s incentives to innovate.

In addition, the production quantities of firm i for each market are now also affected by R&D of the
firms that do not themselves trade in these markets but that affect the competitiveness of those firms
that do. Namely, y;; is affected by R&D of i’s two-links-away trade partners and y;; is influenced by
R&D of its direct and three-links-away trade partners. This influence of three-links-away trade partners
on i’s market shares and profits introduces a new difficulty into our analysis. Recall that in the baseline
model, the profit of each firm at the first, R&D stage is fully determined by R&D of ¢ and its direct and
two-links-away trade partners. Then irrespective of the network structure it is certain that firm ¢ is never
at a distance of one link from itself (i ¢ N; ) and always at a distance of two links from itself (i € N;
for any j € N;). It is, therefore, easy to keep track of the “locations” of x; in the profit function, which
is important for deriving the optimality conditions. With R&D of three-links-away trade partners in the
profit function, it is generally impossible to say whether i is at a distance of three links from itself or not:
it depends on the network structure. For this reason, in the rest of this section we restrict our attention
to the complete network as a representative of symmetric structures and Type 3 hub-and-spoke network
(with np, > ns > 1 and ¢ =1 = 0), one example of which was presented in Table 1, as a representative of

asymmetric structures. The class of Type 3 networks includes a star as a special case when ny, = 1.
7.3.1 EFFECTS OF p AND TRADE LINKS

As before, we study the dependence of each firm’s equilibrium R&D on the number of trade links and
network asymmetry. We start, however, by observing that for any given number of trade links and network
asymmetry, the overall effect of spillovers on R&D is negative. In line with the intuition that spillovers
reduce the marginal returns to investing in R&D, all firms in the complete and Type 3 hub-and-spoke
networks exert lower R&D efforts in the presence of spillovers. Moreover, the stronger the spillovers, the

lower the R&D.

Proposition 13 (effects of p). Consider a symmetric, complete network of degree n and Type 3 hub-
and-spoke network with ny, > ng > 1 and ¢ = ¢ = 0. The equilibrium R&D of a firm in the complete
network is decreasing in the level of spillovers p for any p € (0,1]. Also, in Type 3 hub-and-spoke network,
there exists A > 0 such that for any 06 > A, R&D of both a hub and a spoke is decreasing in p for any
p € (0,1].

We further find that an increase in the number of direct trade partners still has a positive effect on
R&D of each firm, though in case of a firm in the complete network and in case of a spoke, this is certain
to hold only when spillovers are medium and low. Also, in a spoke, another sufficient condition (similar to
the one in the baseline model) is in place: the number of competitors in a hub’s market, n;,, should be not

very high compared to the number of competitors in a spoke’s own market, n,, to make sure that spoke’s
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overall demand increases rather than decreases when a new link is formed. Furthermore, competition from
two-links-away trade partners lowers R&D of either a hub or a spoke irrespective of the level of spillovers.
Thus, in line with our earlier findings, for a broad range of spillover levels, a larger degree of asymmetry

in the hub-and-spoke network leads to a larger difference in R&D of hubs and spokes.

Proposition 14 (effects of n, n, and n,). Consider a symmetric, complete network of degree n and
Type 3 hub-and-spoke network with ny > ns > 1 and p =¥ = 0. In the complete network, the equilibrium
R&D of a firm, x*, is increasing in n as long as p < 2/3. Also, in Type 8 hub-and-spoke network, there

exists A > 0 such that for any § > A and for any np, > ngs > 1, the following statements are fulfilled:

1. the equilibrium R&D effort xj of a hub is increasing in the number of hub’s direct trade partners,

np, and decreasing in the number of spoke’s direct trade partners, ns, for any p € (0,1];

2. the equilibrium R&D effort x of a spoke is decreasing in the number of hub’s direct trade partners,

ny, for any p € (0,1];

3. the equilibrium R& D effort x% of a spoke is increasing in the number of spoke’s direct trade partners,

ns, if at least one of the conditions holds:5°

23+23n;, —n?

(a) ns =1 and either np, <9 or both 9 < ny <23 and p < E e

are true,
(b) ns =2 and either ny, < 27 or both np, = 28 and p < 7/8 are true,

(c) ng >3 and ny, < 6ng +n? + 8.

The intuition for these results is similar to the one for Proposition 1, but due to the adverse effects of
spillovers on R&D, it does not hold when p is high. For example, it is easy to show that in the complete
network, the effect of new trade links on R&D becomes negative when p is close to one. Essentially, when
spillovers are strong, their deterring influence on firm’s incentives to innovate associated with a new trade
partner prevails over the positive effects due to the market expansion. Similarly, in a spoke, as a new link
is added, R&D is only guaranteed to increase when spillovers are not too high (and ny, is not much larger
than ny). This is, however, not the case in a hub, where the positive effect of market expansion is strong

enough to outweigh the negative influence of spillovers even when they are high.
7.3.2 COMPARISON OF HUB-AND-SPOKE AND SYMMETRIC NETWORKS

Finally, since all the comparative statics above holds as before at low and medium p, the key ranking of
R&D in the complete and Type 3 hub-and-spoke networks remains the same, at least in a lower range of

spillovers. Proposition 15 establishes this result.

Proposition 15 (comparison of hub-and-spoke and symmetric networks). Consider a symmetric,
complete network of degree n and Type 3 hub-and-spoke network with np > ns > 1 and ¢ =1 = 0. There
exists A > 0 such that for any 6 > A, the following relation between R&D of a firm in a hub (spoke) and

a firm in the complete network of the same degree holds:

xp >a"(ny) and z*(ng) > x},

2

60The sufficient condition for all restrictions on ny, is that n; < n2,

as in Proposition 1.
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Moreover, if p < min{
then it holds that

xy > " (np) >z (ns) > .

Thus, at least at low and intermediate spillovers, R&D of a hub is larger than R&D of a spoke, while
intermediate levels are exhibited by a firm in the complete network. Figure 5 demonstrates this result and

also compares R&D with and without spillovers.

Figure 5: R&D as a function of ny, in a hub (red), spoke (green) and complete network (blue) at p =0
(solid) and p = 1/3 (dashed).

7.4. NESTED SPLIT GRAPH REPRESENTATION OF ASYMMETRIC TRADE NETWORKS

In the baseline model we approximated the core-periphery nature of the real-world trade networks by
hub-and-spoke structures. In this section we extend our analysis to nested split graphs, which according
to a recent study by Konig et al. (2014), capture the same core-periphery feature well. By definition
(Mahadev and Peled, 1995), the nodes of a nested split graph can be partitioned into a set of nodes that
are all connected among each other (dominating set) and sets of nodes that are disconnected among each
other (independent sets). Moreover, the neighbourhoods of the nodes are nested. To keep the analysis
tractable, in what follows we will focus on simple nested split graphs with just two independent sets S, So
and two partition subsets of the dominating set Hy, Hy. The degrees of nodes within each subset are the
same but distinct across the subsets. In this case the formal definition imposes that the neighbourhoods

N; of nodes are nested in the following sense:

Vi € 51 N; = H,,

VieSy N; = H;UH,,

Vie Hi N = S,UH,UH\{i},

Vi € Hy N; = S1US;UH UHy\ {i}.

Figure 6 illustrates this type of structure, where much of the notation is borrowed from Konig et al.
(2014). The nodes in the dominating set (within the black frame) induce a complete network, while the
nodes in the independent sets (within the gray frame) induce an empty network.

Let us denote by ng1, ns2, np1 and npe the degrees of nodes within each of the sets Sy, So, H1 and

H,, respectively. By definition, npe > npy > nge > ng1. Thus, we obtain a trade network with countries

61For example, at ns = 2 and nj, = 6, as on the picture in Table 1, this means p < 5/7.
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Figure 6: Representation of a nested split graph with four distinct positive degrees. A line between two
sets indicates that every node in one set is linked to every node in the other. The black frame indicates
the dominating set, and the nodes in the independent sets are included in the gray frame. Next to each
set, the degree of the nodes in the set is indicated.
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of four different degrees. Countries with the highest degrees, in sets Hs and Hj, can be regarded as hubs
of the trade network (or the core), while the other countries, in Sy and Si, are spokes.5?

We solve our model for the case of such a nested split network and examine the dependence of R&D
on firm’s position in it. As before, the unique equilibrium is symmetric in the sense that firms’ R&D are
only distinct across the sets S1, S, H; and Hs, but identical within each set. Those can be found from
the system of four linear first-order conditions. Comparing these four distinct R&D levels, we obtain the
results that are consistent with the insights for the hub-and-spoke networks. A larger exposure to trade by
means of direct trade links translates into larger R&D expenditures as long as the market share gained in
the foreign markets is not lower than the market share lost domestically due to the competition with the
foreign firms. The latter appears to be a concern only when comparing R&D of firms in S; and S3. While
a firm in Sy has access to a larger number of foreign markets (H; in addition to Hs), a competition in these
markets is rather harsh (firms in H; compete with all other firms in H; and Hs). Thus, having access to
these additional markets would only promote R&D of a firm in Sy (beyond R&D in S7) if the number of
competitors in each of the H;’s markets, ny1, is not much higher than the number of competitors in the
domestic market, nso. Recall that a similar condition was also in place to guarantee that R&D of a spoke
in a hub-and-spoke network increases in ns (Proposition 1). The intuition for the other comparisons is
straightforward: overall market access is higher and competition in the foreign markets is lower for firms
in Hy compared to H; and for firms in H; compared to Sy. This leads to x}, > z}; > x3, > %, where

Tii, Tag, 3y and z7, denote the equilibrium R&D of firms from each of the four sets.

Proposition 16 (comparison of R&D in Sy, S3, H; and Hs). Consider an asymmetric trade network
represented by a nested split graph with two independent sets of countries Sy, So and two partition subsets
of the dominating set Hy, Ho, where npo > np1 > nga > ng1. There exists A > 0 such that for any § > A,
R&D of all firms can be ranked as follows:

* * * *
Tpy > Ty > Tgy > Ty,

where the last inequality holds at least as long as np1 < %?182 + 2.

62Note that in a special case where sets S; and Hj are empty this nested split graph becomes a special case of our hub-
and-spoke network, such that spokes in Sy are linked only with hubs (¢ = 0, ns = |Hz|) and hubs in Ha are linked with
spokes and among themselves (¢ > 0, np, = |Ha| + |S2| — 1).
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Thus, the main insights of our analysis, — that the trade network asymmetry generates higher R&D at
firms in more connected countries and that the larger the difference in countries’ connectivities, the larger

the difference in R&D, — remain valid if we model asymmetric trade networks by nested split graphs.

8. CONCLUSIONS, POLICY IMPLICATIONS AND DISCUSSION

This paper develops a model of intra-industry trade with firm-level productivity improvements via R&D.
It focuses on the effects of trade network asymmetry on firms’ innovation incentives and countries’ welfare.
Overall, the trade network asymmetry promotes R&D, productivity and welfare of a hub and hinders those
of a spoke. First, we find that in any hub-and-spoke network R&D investment of a hub is larger than R&D
of a spoke, while R&D of a firm in a symmetric network is in-between the two, even if the number of trade
partners of a hub (resp., spoke) is the same as in the symmetric network. Second, the larger the degree of
network asymmetry, the larger the difference between R&D spendings of a hub and a spoke. We show that
the driving force behind these results is the difference in the aggregate demand and level of competition
faced by firms in different countries, which in turn is generated by the differences in the interaction of the
scale and competition effects of trade.

As for the welfare, we find that for the same number of direct trade partners of a hub in the star and a
country in the symmetric network, firm’s profit and total surplus are highest in the hub, while consumer
surplus is highest in the symmetric network. A spoke exhibits the lowest levels of consumer surplus and
total surplus and either the lowest or intermediate profit. Furthermore, an increase in the degree of
asymmetry of the star network (due to an expansion in the number of hub’s foreign markets) increases
the welfare gaps between a hub and a spoke, while an expansion of the symmetric network improves each
country’s welfare, except profits.

In a number of extensions we verify that for a range of modifications, the main insights from our baseline
model continue to hold in a setting with concave inverse demand functions, cross-country differences in
market size and firms’ marginal costs, R&D spillovers between directly linked countries and the nested
split graph representation of the trade network asymmetry. For example, in all of these extensions, R&D
of a firm tends to increase in the number of own trade links, at least as long as certain conditions on
countries’ relative market sizes and costs hold and as long as R&D spillovers are not too high. Also, with
cross-country differences in market size and cost structure, we obtain that whenever aj, —~;, is large enough
relative to as — vs, R&D of a hub is guaranteed to be larger than R&D of a spoke and R&D in symmetric
networks is in-between the two. The same ranking of R&D in a hub, spoke and a symmetric network holds
in a setting with R&D spillovers, provided that they are not too strong.

The findings of the paper suggest some policy implications. First, interpreting the hub-and-spoke
network as a trade network that emerges in the process of regional/preferential trade liberalization, and
the symmetric complete network as a result of multilateral trade liberalization, we conclude that R&D
and welfare gains of regionalism versus those of multilateralism depend heavily on the relative number of
regional trade agreements signed by countries. If a country signs a relatively large number of regional trade

agreements and thus becomes a hub in the trade network, then its R&D/productivity and many measures
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of welfare are higher than R&D/productivity and welfare of a country in the multilateral trade system.
On the other hand, a country that is involved in a relatively small number of regional trade agreements
derives lower R&D and welfare gains than a country in the multilateral system. This implies that from the
perspective of a small economy, which can only become a spoke in the regional trade system, the prospects
for productivity improvements and welfare gains are generally better in the multilateral trade system than
in the regional system. In contrast, for hubs the regional alternative is more attractive. Furthermore,
the finding that opening to trade with new countries in the symmetric trade network promotes R&D and
welfare of every country implies that an expansion of the WTO benefits all member states. Differently,
in asymmetric regional trade systems, an expansion mostly benefits those countries that are immediately
involved in a new trade agreement.

At last, considering the results of the paper in application to the inter-regional trade within one
country, we obtain that regions where businesses are better connected to markets in other parts of the
country outperform their more isolated neighbours, both in terms of welfare and firm productivity. This
points towards the importance of regional trade and business integration and provides new insights into the
reasons for large productivity and wealth gaps between regions in many countries. Similarly, interpreting
asymmetry of the trade network more generally as asymmetry in firms’ market coverage, the implications
of our analysis are that firms that sell their product in a larger number of markets, — for example, by
attracting consumers through online trade on multiple platforms, — or produce a good that appeals to a
larger number of consumers due to being more central in the product space (a mass product versus niche

product), should have more incentives to invest in R&D and exhibit higher productivity.
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9. APPENDIX
APPENDIX A: SOLVING THE TWO-STAGE GAME (SECTION 3.4)

The game is solved by backward induction. Consider each stage in turn.
Stage 2: output choice At the second stage, each firm i € 1 : N chooses a vector of profit maximizing
production quantities {yi;};jen,ui}, given the vector of R&D efforts {z;}ic1.n. The profit of firm i, m;, is

given in (4) and can be written as:

9) =y | bl by D> kg |+ (a— v+ )y — o
FJEN,;U{i} EeN;U{j} k#i

Note that function ; is additively separable and linear-quadratic in output levels {;;}jen,u{) of firm
1. Moreover, it’s strictly concave in own production quantities since b > 0. Then the solution of the system
of linear first-order conditions determines the equilibrium of the second stage as long as this solution is

interior, that is, y;; > 0 for any ¢ and any j € N; U {i}. The unique solution of the system is given by

1 o .
(10) Yij = e a—vy+(nj+1)z; — Z ,xk Vi,j € N; U{i}.
keN;U{j} k#i

All of these quantities are strictly positive as soon as the demand in each market, governed by parameter

a, is sufficiently high relative to the marginal production cost :%3
Assumption 1 a > v (1 4+ max;e1.n n;) -

Moreover, as we demonstrate below, when Assumption 1 holds, also the R&D investments of all firms are
strictly positive.
Stage 1: R&D choice Incorporating the second-stage solution (10) into firm ¢’s profit function (9), we

obtain a function of R&D efforts of i and its direct and two-links away trade partners:

1 (nj + 1) 5 2 n; +1
™= - Z ﬁ—é x; + =(a—") Z v Ti —
b o (n; +2) b Po® (n; +2)
(a) Dl R I ECEED DD D s e S}

JEN; JEN; kEN; ki
where f({zk}ren,un2) is a term independent of z;.%4
This profit function is linear-quadratic in firm i’'s own R&D effort z;. It is strictly concave in x;

for sufficiently high values of the R&D cost parameter §, § > %Z JENULG} % Then the vector of

63Note that under Assumption 1 and condition that 0 < z; < 7,

(a=—~v—njv) = (a—(y+9n;)) >0 Viel:N VjeN;U/{i}.

1 1
Yii = bn; +2) b(n, + 2)

Moreover, ) < v ensures that ZkeNju{j} Yrj < a/b (see demand specification in (1)):

TL]' —|— 1 1 TL]' + 1 a
DRFFISUELIRRS SIS NS - S EL T
keN; o0} b(n; +2) b(n; +2) keN; oL} b(n; +2) b

64Simple algebra confirms that

2
1 1
fedienon) =5 2 W(“_”‘ > x’“)

JEN;U{i} keEN;U{j},k#i
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equilibrium R&D efforts of all firms can be found as a solution of the system of linear first-order conditions,

provided that this solution is interior, i.e., 0 < x; < 7v:

1 (nj +1)? { n;+1 nj+1 ] nj+1
- +0| z T;+ Tk
b Z (nj 2)2 ! bz n; + 2)2 (n +2)2 | ggkezvz:k;m (nj +2)2

1 n; + 1
(12) =2a=y) Y -5 i€l:N.
b jenog i+
In matrix form, this system can be written as
1 1

where x is a vector of R&D investments, I is the N x N identity matrix, vector u is composed of

(@ =) Xienugy (:T)z at each position 7, and N x N matrix B is defined as follows. A diagonal
i J

element of B at p0s1t10n i1 is equal to ZjeN-U{i} %, and an element at position ij for i # j is either
- [(TZle)z + (n +2 ] if j is only a direct trade partner of i, or — Zj JENIAN, ﬁ if j is only a two-

links-away trade partner of i (via ¢’s direct trade partners j' € N;), or the sum of the two if j is both,
direct and two-links-away trade partner of i, or 0 if j is neither of the above.5> The determinant of matrix
(61— $B) is equal to the product of its eigenvalues, (§ —v1) - ...+ (§ — vn), where {v;} are the eigenvalues
of matrix %B.GG Then it becomes apparent that as soon as § # v; for all 7, the matrix (61 — %B) is

nonsingular, and the system of equations (13) has a unique solution. Without much loss of generality we

1.\ '1
—(s1--B) -u
((5 b ) bu

Below we show that this solution is interior, i.e., 0 < z} <« for any ¢ € 1 : IV, if not only Assumption

focus on such values of §. Then

1 but also Assumption 2, requiring that R&D is sufficiently costly, holds. First, observe that since all
coefficients multiplying the R&D efforts of firms on the left-hand side of (12) are positive (provided that
the profit function is concave in x;), the best-response function of firm 7 is decreasing in R&D efforts of its
direct and two-links-away trade partners. That is, the efforts of firm ¢ and its direct and two-links-away
trade partners are strategic substitutes from 4’s perspective. Then 0 < x} < 7 as soon as the best-response
effort of a firm is greater than zero even when the efforts of its rivals are equal to v, and that it remains
below v even when the efforts of its rivals are zero. The former is provided by Assumption 1 (and the

condition on 0 making sure that the profit function is concave), while the latter is ensured by

i+1
(7:3]:2)2 (’ynj —+ a).

Assumption 2 § > —1bmax
VoieN . o
JEN;U{i}

Thus, if the demand for the good is sufficiently large relative to the production cost (Assumption 1)
and R&D is sufficiently costly (Assumption 2), the returns to R&D are high enough to induce strictly
positive R&D investments in all countries but not high enough for R&D to exceed the upper threshold of

~. Furthermore, Assumption 2 is also sufficient for the concavity of the profit function as it is stronger

65From this definition and the formula for profit in (11) it follows that matrix B captures the strength of local interactions
between firm’s own R&D decision and R&D decisions of its direct and two-links-away neighbours in determination of the
firm’s profit.

66 All {v;}’s are different real numbers as matrix %B is real and symmetric.
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) 2
than 6 > %Z JEN;Ui} %, at least under Assumption 1. Thus, both assumptions together imply
i J

that the system of the first-order conditions (12) determines the equilibrium R&D investments and these

investments are strictly interior for all firms.

Solution of the first-order conditions (12) for a hub-and-spoke network:

((a ) <ns<nh,+1)<<p71> _ ns(n3+1>«>) _ (nﬁl)(aw))

(np+2)2 (ns+2)2 (ns+2)2
(_ be — (ns+D)np (=1 (ns(e=1+1)  (ns+1)%np(p=1)  2np(np+1)v  np(np+D)d(npp—1) + (”h,+1)2(”h¢+1))+
(nat2)? (nat+2)2 (nn+2)2 (nn+2)2 (nnt2)?
no(nat1)e L (Dl (netDnp(b—1) _ np(nptD)dy  (np+1)(a=r)
o MU a (RIS G + e T ) (0 (R — ) — e )
s - 2
ne(ns4D)e | _natl | np(natDd | nptl
nemn(1 = 9)(1 = ) (25 + gl + M + <nh,h+2>2) -
ma (1 +)(0=D(np (P=1)+1) | malrptDA=l) _ (na 41 (ragtl) 4 2nalnatle | na(natDelnap—1)
(b5+ (nn+2)? + nh+2) (ns+2)2 + (ns+2)? + (ns+2)? )
(ns+D)np(p—1)(ns(p—1)+1) (ns+1)%ny (p—1) 2np (np+1)9 np(mp+D(npp—1) (np+1)% (npp+1)
(b5+ (nt2)2 T T e T T (et T i +2)2 T o) )
ns(ns+)p ns(n +1)(50_1) (ns+1)(a—7)
(“_’V)( et D2 T (mnt2)? )+ otz
"5(nh+1)(‘/’ 1)("7%("[) 1>+1) ”5<nh+1) (‘P 1) (n5+1)2(n5¢+1) 2”5(ns+1)¢ "5(ns+1)‘P(nsS" 1)
I zs (b3 + (nnt2)? T nr? R L e LA (e CTA. (14)
_ ns(ns+1)¢ ns+1 np(np+1)y np+l
ns (1 ‘P)( natD? T mat2? T (r2? T (nh+2>2)

In a star (ns = 1,¢ = 1 = 0) this becomes:

(np+1D)(a=y) _ 2(a—v) (np+D? | dny natl 2 2 (np+1)(a=7)
(_ Gt 9 ) ( b+ o T ) * ((mf+2)2 + 5) (_gnh(a_w S PSS )

Ts =
np+1 (np+1)2 4n (np+1)2 (1—np)(np+1) 4
Mth ((”hh+2)2 + ) (bé— 22 h) (b5 22 T (m2)? 5)
(a—7) (3b6 (2n} + 12n + 33n3 + 43n, + 18) — 4nj, — 48nj, — 159n;, — 1700, — 51) (15)
Th =

276262 (np, + 2)% — 3b6 (4n + 37n3 + 12602 + 1790, + 86) + 4nd + 48n3 + 15902 + 1700y, + 51

Positivity of the profit function under Assumptions 1 and 2:

The profit function in (11) can be written as:

1 n;+1 1 n;+1 1 n; +1 n; +1
i = 2 I = (aq — g - —(a — v — v J *_
Vig 371 [b(a ’7)]% (ng+2)2 +b(a ’7)( +2 b EZ |:n1+2 (n]+2)2 xﬂ

i+l 1 (n; +1)
-G X Y o ]_[_b 2 (nrap O

JEN; kEN; ki JEN,U{i}

24+ f({@r ) ken,unz)-

Given the first-order conditions (12), this reduces to:

1 1 1)2 1 4+ 1)2
S 2[—b (7"‘?;2)#5 2-|-2 3 %M e
it (nj +2) eNog) (n; +2)
1 nj+1)? N
+ f({xk}keNiuNf): b Z Enj-—&—Z;? +0 %2+
jeN;u{iy + Y
2

1 1 .
TR PR e= 1 Lk DR

JEN;U{i} keN;U{j} k#i

It is easy to see that this expression is strictly positive whenever Assumptions 1 and 2 hold.
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APPENDIX B: FIGURES
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Figure 7: Equilibrium R&D in a symmetric and hub-and-spoke trade networks as a function of n.
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Figure 8: Aggregate equilibrium R&D in the star and in the complete trade network.
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