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1 Introduction

This paper attempts to analyze firms’ incentives to invest in cost reducing R&D in differ-
entiated network goods duopoly, where identical competing firms non-cooperatively choose
their respective R&D investment levels before they engage in product market competition.
The framework considered in this analysis (a) distinguishes between degree of product
differentiation and the extent of network compatibility and (b) allows to examine the im-
plications of imperfect compatibility of any order between the two networks (one network
of each firm’s consumers), and, thus, encompasses perfect network compatibility and per-
fect network incompatibility as two special cases. It compares and contrasts equilibrium
outcomes under Bertrand competition with that under Cournot competition in the product
market in order to understand the implications of product market competition on firms’

optimal R&D behavior in alternative scenarios.

It first demonstrates that the strategic nature of competing firms’ R&D investments cru-
cially depends on relative magnitudes of effective network compatibility and product differ-
entiation measures. Each firm perceives that its own R&D investment and its rival’s R&D
investments are strategic substitutes (strategic complements), if effective network compat-
ibility is smaller (larger) than the extent of product substitutability. This is true regardless
of whether there is Cournot competition or Bertrand competition in the product market.
The reason is, investment in R&D by a firm reduces its own marginal cost of production,
which enables that firm to behave more aggressively, i.e. to expand output or undercut
price depending on the mode of competition, in the product market. In the case of smaller
(larger) effective network compatibility compared to the extent of product substitutability,
the direct negative effect of rival firms’ aggressive behavior on a firm’s market demand
dominates (is dominated by) the corresponding indirect positive effect due to increase in
that firm’s effective network size and, thus, a firm’s marginal gain from investing in R&D
decreases (increases) due to increase in its rivals’ R&D investment. Clearly, in absence of
network externalities, as in the case of standard non-network goods oligopolies, the con-

dition for competing firms’ cost reducing R&D investments to be strategic substitutes is



always satisfied, ceteris paribus.! It is well argued that the strategic nature of competing
firms’ choice variables is likely to have significant bearings to the equilibrium outcomes
(see, e.g. Bulow et al., 1985). However, to the best of our knowledge, existing studies
on process innovation in network goods oligopoly implicitly assume that competing firms’
R&D investments are strategic substitutes. This paper offers a more general analysis that

allows for R&D investments to be strategic complements as well.

Next, it shows that in the equilibrium Cournot firms always undertake process innovation,
regardless of whether R&D investments are strategic substitutes or strategic complements.
In contrast, if R&D investments are strategic substitutes, Bertrand firms does not under-
take process innovation in the equilibrium unless the two networks are sufficiently com-
patible to each other. It also demonstrates that (i) when R&D investments are strategic
complements, Bertrand competition results in higher R&D investment by each firm in the
equilibrium compared to that under Cournot competition and (b) when R&D investments
are strategic substitutes and firms undertake process innovation regardless of the nature
of product market competition, each firm invests more (less) in R&D in the equilibrium
under Bertrand competition than under Cournot competition provided that the strength
of network externalities is (not) sufficiently high, given the extent of network compatibility

and degree of product differentiation. These are new results.

A number of studies have attempted to compare equilibrium investments in cost reducing
process R&D under Cournot and Bertrand competition. Considering non-network goods

oligopoly, Qiu (1997) and Lin and Saggi (2002) demonstrate that a Cournot firm always

I'Note that R&D investments can be strategic complements even in case of standard non-network goods
oligopoly, provided that there is sufficiently high R&D spillover (Chalioti, 2019; Amir and Knauff, 2008).
However, the mechanism driving the result of R&D complementarity in the present paper differs from
that in models of R&D spillover in non-network goods industries. In order to alienate the implications
of network compatibility on firm’s R&D behavior and for the sake of simplicity this paper sidesteps the
issue of R&D spillover. Nonetheless, intuitively it can be said that presence of strong R&D spillover in

the present context is likely to enhance the possibility of having strategic complementarity of R&D.



2 The reason behind this result

invests more in process R&D than a Bertrand firm does.
is as follows. Investment in cost reducing innovation by a non-network goods producing
firm has two-fold effect on its profit: (i) the direct positive effect, due to reduction in
its marginal cost of production, and (ii) the strategic effect, which is the indirect effect
of a firm’s R&D investment on its profit via the effect of its R&D investment on its
rival’s strategic variable, quantity or price, for product market competition. A firm’s
marginal cost reduction, due to an increase in its R&D investment, induces contraction in
its rival’s output (price) under Cournot (Bertrand) competition and that, in turn, enhances
(reduces) its profit. As a result, under Cournot (Bertrand) competition the strategic
effect of R&D investment is positive (negative), which further reinforces (works against)
the positive direct effect, in non-network goods oligopoly. In network goods oligopoly,
however, the strategic effect works not only through rival’s strategic variable for product
market competition, but also through strategic interaction between a firm’s own and rival
firm’s strategic variable and consumers’ expectations regarding network size. Note that in
the presence of network externalities, firms’ effective market demands are endogenous. If
a firm produces more output or sets lower price, consumers’ expectations regarding that
firm’s network size increases, which in turn has a positive effect on the equilibrium profit of
that firm. When R&D investment levels are strategic complements, this strategic effect via
consumers’ expectations is sufficiently large to overcompensate the negative strategic effect
via rival’s strategic variable under Bertrand competition. This induces Bertrand firms to
invest more in process R&D than Cournot firms. However, in case of strategic substitutes,
for a Bertrand firm to invest more in R&D than a Cournot firm, overcompensation by this

strategic effect via consumers’ expectations depends on the critical strength of network

While Qiu (1997) and Lin and Saggi (2002) consider horizontal product differentiation, the Cournot-
Bertrand R&D ranking remains the same in case products are vertically differentiated (see Bonnano and
Haworth, 1998). These studies consider that the extent of reduction in marginal cost of production is
increasing in R&D investment, as considered in the present paper. In alternative scenarios, in which the
extent of marginal cost reduction is exogenously given, non-network goods producing Bertrand firms may

invest more in R&D than their Cournot counterparts (Bester and Petrakis, 1993; Pal, 2010).



externalities.

There is a vast and growing literature on innovation by oligopolistic firms in the presence of
network externalities. Following Farrell and Saloner (1985, 1986) and Katz and Shapiro
(1985, 1986) several authors have analyzed the relation between network externalities and
firms’ incentives for product innovation in oligopolies.®> However, the issue of process inno-
vation in the presence of network externalities has received rather limited attention in the
literature so far. To the best of our knowledge, Boivin and Vencatachellum (2002), Saask-
ilahti (2006) and Naskar and Pal (2020) are the only exceptions in this regard. Considering
that networks are perfectly compatible, Boivin and Vencatachellum (2002) examine the
impact of network externalities on process R&D in a homogeneous network goods Cournot
duopoly. They argue that in the presence of network externalities firms invest at least as
much in process R&D as in the absence of network externalities.® Saaskilahti (2006) allow
for R&D spillover and imperfect network compatibility, but restricts the analysis to the
case of price competition in a linear city model. Very recently, Naskar and Pal (2020)
offer an analysis of differentiated network goods producing firms incentives to invest in cost
reducing process R&D under alternative modes of product market competition, quantity
and price, in two alternative scenarios: (i) perfect incompatibility of networks and (ii) the
extent of network compatibility is same as the extent of product substitutability. This pa-
per is closely related to Naskar and Pal (2020). However, unlike Naskar and Pal (2020),
this paper considers a wider parameter space that allows for the extent network compat-
ibility to vary from zero (i.e. perfect incompatibility) to one (i.e. perfect comparability).
The present analysis encompasses the scenarios considered in Naskar and Pal (2020) as
special cases. More importantly, while the scope of Naskar and Pal (2020) is restricted
to the case of strategic substitutability of R&D investments by firms, this paper considers

both strategic substitutability and strategic complementarity.

3See Katz and Shapiro (1992), Kristiansen and Thum (1997), Kristiansen (1996, 1998), Cerquera

(2006) and Xing (2014), to name a few.
4They also show that the equilibrium may not be unique, when network effect is non-linear. The present

paper considers, for simplicity, that consumers’ marginal willingness to pay is linearly in network size.



The remaining part of the paper is organized as follows. Section 2 presents the framework
of the model. Section 3 and Section 4 analyze the equilibrium R&D behavior of firms
under Bertrand competition and Cournot competition, respectively. Section 5 presents the
main result of Cournot-Bertrand R&D comparison. A discussion on comparison of other

equilibrium outcomes is presented in Section 6. Section 7 concludes.

2 The Model

Consider that there are two firms in the market. Firms produce network goods, which
are differentiated. Consumers of a network good derive higher utility, if more consumers
consume that good. That is, there are two networks, one for each firm’s product. These
two networks are either perfectly compatible, or perfectly incompatible, or imperfectly
compatible to each other. In case these two networks are compatible to each other, utility
of consumers of one good increases due to increase in the number of consumers of the
other good as well, while the extent of such an increase depends on the degree of network

compatibility and the strength of network externalities.

The utility function of the representative consumer is assumed to be as follows.”?

i +d3+26q g

Y3+ Y5+ 2kyr vo

+n[(y1+ky2)qr +(Yot+kyr)ge —

Ulqr,q2;v1,92) = o ((1+¢2)
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(1)
where o (> 0) is a demand parameter, ¢; (> 0) denotes the quantity produced by firm
i, and y; (> 0) denotes the consumer’s expectation about firm i’s total sale, i = 1, 2.

8= 82125%2 € (0,1) is the product differentiation parameter. A lower value of /5 indicates

5This form of the utility function is a generalization of the utility function considered in several studies
including Hoernig (2012), Bhattacharjee and Pal (2014), Pal (2014), Pal (2015) and Song and F.S.Wang
(2017), to name a few (henceforth ‘h-utility function’). The utility function (1) encompasses the h-utility
function as special case in which k£ = . The utility function (1) is the same as in Naskar and Pal (2020).
However, Naskar and Pal (2020) restrict their analysis by considering two special cases, k = 8 and k = 0,

only.

]



higher degree of product differentiation. In other words, § measures the extent of product
substitutability. The parameter k € [0, 1] measures the extent of network compatibility:
a higher value of k indicates greater compatibility between the two networks. The two
extreme values k = 0 and k = 1 corresponds to perfect incompatibility and perfect com-
patibility, respectively, between the two networks. Thus, the effective network size of firm
iis given by s; = y; + ky;; i, =1, 2, i # j. The parameter n = %[g—g] = %[g—g] € [0,1),
1 = 1,2, measures the strength of network externalities: a higher value of n indicates
stronger network externalities, while n = 0 corresponds to the case of non-network goods.
U

Clearly, kn = %[a—q] €[0,1); 4,7 =1, 2, i # j measures the extent of effective network
5 7

compatibility in the present context.b

The direct market demand function of good i (= 1,2) derived from the above utility

function is as follows.

(1 = B)a—pi+ Bp; +n(l —kB)y; + n(k — B)y,
1— 32

Corresponding inverse market demand function of firm ¢ can be written as

pi=a—q — B +nly +ky); i, j=1,2,0#j. (2b)

Clearly, the larger the effective network size s; = y; + ky; of firm ¢, higher is the consumers’

willingness to pay for good ¢ for any given quantities ¢; and g;.

Initially, each firm has the same constant marginal cost of production ¢, (0 < ¢ < «).
However, firm ¢ (= 1,2) can reduce its marginal cost of production from ¢ to (¢ — z;) by
investing x; € [0,c] in process R&D. The cost of firm i’'s R&D investment is given by
Fi(z;) = (A\/2) (z;) 2, where A\(> 0) is the R&D cost parameter. We assume that marginal
cost of R&D increases at a sufficiently higher rate with the increase in R&D investment, i.e.

0% F;(x;)
81‘12

= ), is sufficiently large, as implied by Assumption 1, which ensures that second

6Note that kn = _%[%g]; i,j=1,2 1]
7 Loy,



order conditions and stability conditions are satisfied in each of the cases considered in this

analysis.

20(1-4%) (2-n-)

c(2—n+kn—B—pB2)*[(2—B)(1+8)—(1+k)n] and Ay =

Assumption 1: A\ > max{\;, \2}, where \; =
2a(1752)(27n7ﬁ2)
@tk B A2 B)LA) (TR

It is easy to check that Ay > (=)\q, if B > (=)kn; Otherwise, \; < Ao, if 5 < kn.

We consider a sequential move game between competing firms, in which R&D investment
levels are decided before the product market competition takes place. Stages of the game

are as follows.

Stage 1: Firms choose investment level of R&D, x; and z;, independently
and simultaneously. Once R&D decisions are taken, these be-

come common knowledge.

Stage 2: Consumers form expectation about firms’ sales and, hence, about
network sizes. Subsequently, firms engage themselves in product

market competition.

In the product market either Cournot competition or Bertrand competition takes place.
The nature of product market competition is considered to be exogenously given and known

to all from the very beginning of the game.

We mention here that stages of the sequential move game considered in this analysis are
the same as in Naskar and Pal (2020). Note that firms are ‘network-size taking’ while

competing in product market a la Katz and Shapiro (1985) and Amir and Lazzati (2011).7

"That is, firms can not credibly commit to output levels/prices but they credibly commit to R&D

investment levels in stage 1 which consumers use to form expectations about firms’ outputs. Alternative



We characterize the sub-game perfect Nash equilibrium (SPNE) of the game by backward
induction method. In doing so, following Katz and Shapiro (1985) and Amir and Lazzati
(2011), we assume that consumers’ expectations are fulfilled in the equilibrium. That is,
we impose the additional condition of rational expectations by consumers in stage 2 a la

Naskar and Pal (2020).

3 Bertrand Competition

First consider that firms engage in Bertrand competition in the product market. Thus, in
stage 2, the problem of firm ¢ can be written as follows.

max 7" = piqi(pi, pj; Vi, vi) — Ci(@(pis pjs vir ys); ) 4y 5 =1, 2, i # 5 (3)

pi
where C;(g;; z;) = (¢ — 2;)g; + 327 is the total cost of firm i and g,(-) is given by equation
(2a). Note that, while choosing p;, firm i considers p;, v;, y;, z; and z; as given. Solving

this problem we get firm i’s price reaction function as follows.

pi = %[a(l — B) 4+ c+ny;(1 — k) + ny,;(k — 5) + Bp; — xi] (4)

It is easy to see that prices p; and p; are strategic complements for all values of n. Price
reaction function of firm ¢ depends upon y; as well as y;. It’s worth noting that if consumers’
expectation about firm’s own output is higher, it shifts the reaction function outward and
this shift is positively related with the strength of network effects, n, whereas higher
consumers’ expectation about rival’s output shifts the reaction curve outward (inward)
if £ > (<) B and the direction of shift is reinforced by stronger network externalities.

Following Katz and Shapiro (1985), we obtain Rational Expectations Nash Equilibrium by

scenarios in which (a) firms credibly commit to both R&D investment levels and output/price decisions

and (b) firms can not credibly commit to any of the strategic variables, are beyond the scope of this paper.



imposing y; = ¢;, ¢ = 1,2. The equilibrium prices and quantities in stage 2 are as follows:

p:(U—5ﬂ2+5%—U—kﬁﬂdl—n—kn+ﬁ%+ﬂl—yﬁ+
Z 2-—n+kn—-pF-p)(2-6)1+p)— (1+k)n)

(n(3—n+k*n) —2—2knf + (2 —n)B*z; + (kn — B)(1 — )z,
G—n+hn—F- @@= B +A) - (1+hmn)

(5)

2
2

(=) (1 —Kk)n — (1= B)(2+B)) + (kn— B)z; + (2 —n— %) x; (©)
2—n+kn—F-0)(2-5)1+p)—(1+kn)

and similarly for firm j. The resulting expressions are well defined for V3 € (0, 1), k € [0, 1]

qi =

and n € [0,1). The second order and stability conditions are satisfied.

In stage 1, firms conduct process R&D simultaneously and independently to maximize
their respective profits. That is, the problem of firm ¢ in stage 1 can be written as

M[%:c] 72 (pi(z, x5), pj(@i, k), 24); i, j = 1, 2,0 # j. Ignoring the non-negativity constraint,
x;€|0,c

the first order condition of the problem yields the following.

21— B2)(2—n — ) ((a — &)(2 —n+ kn — B — §%) — (kn — B)z;) i,j=1,2i#]
(2 —n+kn—5_52)2((2_5)(1+ﬁ) —_ (1 —|—]€)n)2)\ - 2(1 —52)(2 —n—52)2’ (7) ) &y .

€T; =

Lemma 1: If the extent of product substitutability is greater (smaller) than effective net-
work compatibility, under Bertrand competition firms’ R&€D investment levels are strategic
substitutes (strategic complements): %[%] < (>)0, if B> (<)nk; Vi, j=1,2,i#j.

Proof: See Appendix.

Strategic substitutes and strategic complements above have been defined as in Bulow et al.
(1985). Lemma 1 defines a cut-off for effective network compatibility in terms of extent
of product substitutability below which R&D investment levels change from being strate-
gic substitutes to strategic complements. It implies that, under Bertrand competition in
the product market, firms’ R&D reaction functions are downward (upward) sloping in the

x1xo-plane, provided that the extent of product substitutability is greater (smaller) than

10



effective network compatibility. The reason is as follows. A firm has greater incentive to
reduce its marginal cost of production, if market demand for the product is higher. Now,
if the rival firm invests more in R&D, rival firm’s marginal cost of production reduces by a
larger amount, which enables the rival firm to behave more aggressively (by setting lower
price) in the product market. More aggressive play by the rival firm in the product market
has two opposing effects on the other firm’s demand: (a) a negative effect due to product
substitutability and (b) a positive effect through network size due to network compatibil-
ity. If the extent of product substitutability is greater (smaller) than the effective network
comparability, the negative effect dominates (is dominated by) the positive effect and, thus,

a firm’s marginal profitability of R&D reduces (increases) due to an increase in rival firm’s

R&D.

Note that, if the two networks are perfectly incompatible to each other (kK = 0) or the
extent of network compatibility is same as that of product substitutability (k = (), the
condition for firms’ R&D investments to be strategic substitutes (8 > kn) is always satis-
fied. Existing studies on process R&D in network goods oligopoly assumes that k& € {0, 5}
and, thus, focuses only strategic substitutability of R&D investments. Considering non-
network goods oligopoly Chalioti (2019) and Amir and Knauff (2008) argue that firms’
R&D investments can be strategic complements in case R&D spillover is sufficiently high.

However, the underlying mechanism driving Lemma 1 is very different from that in Chali-

oti (2019) and Amir and Knauff (2008).

Now, solving firms R&D investment choice problems in stage 1, we obtain the equilibrium
R&D investment levels as follows (where superscript B denotes the equilibrium under

Bertrand competition).

11



2(1-5*)(a=c)(2=n—p?) - 2
B _ ) T @A B (LRmPA- 2 12 T B> B =k

0, otherwise

It is easy to observe that the condition 2 —n — 32 > B — kn is satisfied for all 8 < kn,
since 8 € (0,1), n € [0,1) and k € [0,1]. However, if 8 > kn, 2 —n — 3> > 8 — kn may or
may not hold true. It implies that, if R&D investments are strategic complements, under
Bertrand competition in network goods oligopoly firms’ equilibrium R&D investments are
always positive. In contrast, if R&D investments are strategic substitutes, firms may not
invest in R&D in the equilibrium under Bertrand competition in network goods oligopoly.
Further note that, if n = 0, 2—n—3? > —kn holds true for all 3 € (0,1); i.e. in standard

non-network goods oligopoly, under Bertrand competition firms always invest in R&D.

Proposition 1: In the presence of network externalities, if RED investment levels are
strategic complements, a Bertrand firm always invests in process R€/D. On the other hand,
if REID investment levels are strategic substitutes, there exists a critical value k of strength
of metwork externalities for given m and [ such that a Bertrand firm invests in process
RED if and only if k > k, where k=1 — # <1.

Proof: See Appendix.

The mechanism behind the above proposition can be understood through the direct and
the indirect effects of a change in x; on firm ¢’s profit.

dr? awf+a7rf opP | onP [ oy 3pf+ Oy OpF\ orP [ oy; apf+ dy; Op? ©
dr;  Ox; op} O dy; \ Opf Ox;  Opf Ox; dy; \ OpP Oz Op¥ Ox

)

In equation (9), effects of an increase in x; on firm #’s profit have been decomposed in
to three components. The first term on the right hand side is the direct effect, which is
positive; because, an increase in R&D investment by a firm reduces its marginal cost and

that in turn increases its profit. The second term on the right hand side is the strategic

12



effect, which is negative. The reason is (i) a reduction in marginal cost of a firm induces
it to set a lower price and that causes its rival firm to lower price too (% < 0) and (ii)
a reduction in rival’s price adversely affects a firms profit (% > 0), thus, the effect of z;
on 2 through its effect on p; is negative. The third term captures second order effect of
network externalities, which works through effects of firm’s own and its rival firm’s prices
on consumers’ expectations about each firm’s output. This second order effect is negative,
itk <1-— % = ko, i.e. if networks are sufficiently incompatible; since in that case the
increase of firm i’s effective network size (s; = y; + ky;) due to an increase in consumers’
expectation regarding firm j’s sales (y;) is sufficiently small. When the second order effect
is negative, it together with the negative strategic effect dominates the positive direct
effect, if network compatibility is even less, i.e. if k < k (< ko).2 It follows that, when
R&D investments are strategic substitutes (§ > kn), a Bertrand firm invests in process
R&D only if the two networks are sufficiently compatible to each other, given the strength
of network externalities and the extent of product substitutability. Nevertheless, it can be
checked that, if in the presence of network externalities Bertrand firm invests in process

R&D, it invests more than that in the absence of network externalities (n = 0).

4 Cournot Competition

Now consider that firms engage themselves in Cournot quantity competition in the product

market. In such a scenario, firm ¢’s problem in stage 2 is as follows.

max = pi(di, 455 Yoo U5) 4 = Cilain @:); 4, j =1, 2,1 7 s (10)
where C;i(g;, z;) = (c— x;)¢; + 527 and p;(-) is given by equation (2b). From the expression

C
of 7 it is easy to check that 8%_[%7;?] < 0, i.e., each firm perceives that ¢; and ¢; are
¥ 7

strategic substitutes.

8o — k= =22 > 0.

13



Solving the quantity choice problem (10) of firm ¢, we obtain its quantity reaction function,

which is given by (11).

1 . L
qz:§(a—c—ﬂqj+xi+nyi+knyj); i,j=1,2,i#] (11)

Note that, unless the two networks are perfectly incompatible to each other, both (i) an
increase in consumer’s expectations regarding firm i’s own sales and (ii) an increase in
consumer’s expectations regarding rival firm j’s sales shift firm i’s quantity reaction curve
outwards: %@f“yﬂ =n/2 > 0 and %@me) =nk/2 > 0,Vn € (0,1) and k € (0,1].
Nonetheless, the positive effect of consumers’ expectations about a firm’s own sales on its
quantity choice is larger than the the positive effect of consumers’ expectations about its
rival firm’s sales, unless the two networks are perfectly compatible to each other (k = 1).

In the later case, these two positive effects are of equal magnitude.

Firms quantity reaction functions (11) along with the Rational Expectations conditions
y; = ¢; (as in Katz and Shapiro (1985)) yields the following stage 2 equilibrium prices and

quantities, respectively, under Cournot competition.

(at+c(l—n+B8—kn)(2—n+kn—B)+ (n3—n+k?n)—2kns + % —2)z; — (B — kn)x;

pi = 2—(1—kn—-p8)2—n+p5—kn)

(12)

and
(a—=c)2—(1—-kn—-p0)+2—-n)x; — (B —kn)z;
4+ (1 —k*)n? — B2 —n(4 - 2kPB) ’

It is easy to check, from equation (13), that (a) aq"i >0, (b) g—gé_ > ()0, if p < (>)kn, and

ox
(© |3

9q;
o >| 2L .

Ox;

Now, in stage 1 firms choose R&D investment levels, simultaneously and independently,
to maximize their respective profits. Thus, the problem of firm i (= 1,2) is given by
7 (i, 25) = pilwi, x;) @iz, x5) — Ciqi(wi, ), 2:); 4,5 = 1,2, i # j. From the first order

2;€[0,]
condition of the problem of firm ¢ we get its R&D reaction function as follows.

14

)



22— ) (0 - )@ - (k- B+ (G —kna)
2=k BP@—n—kntpPr—2@_np = b2iAT (14

xT; =
Lemma 2: Under Cournot competition in the product market, each firm perceives that
its own RED investment and its riwal firm’s RED investment are strategic substitutes

(strategic complements) in case the extent of product substitutability is greater (smaller)

O] < ()0, if B> (<)nk; Vi, j=1,2,i # ).

than effective network compatibility: %[
J

Proof: See Appendix.

Lemma 2 implies that under Cournot competition in the product market each firm’s R&D
reaction functions are downward (upward) sloping in the xjxe-plane, if § > (<)nk, as
under Bertrand competition (Lemma 1). The intuition is also the same as that under
Bertrand competition. The following Proposition is immediate from Lemma 1 and Lemma

2.

Proposition 2: In network goods duopoly, regardless of the nature of product market
competition — Cournot or Bertrand, the strategic nature of firms’ investments in process
RED depends on relative magnitudes of (1) product substitutability and (ii) effective network
compatibility. If the former is greater (smaller) than the later, levels of RED investments

are strategic substitutes (strategic complements).

From Proposition 2 it follows that, if firms’ R&D strategies are strategic substitutes (strate-
gic complements) under Bertrand competition, these are also strategic substitutes (strate-
gic complements) under Cournot competition; and vice-versa. It can be checked that in the
special case, when the extent of product substitutability is equal to the measure of effec-
tive network compatibility (8 = kn), there does not exist any strategic interaction between
firms at the R&D stage (i.e. in stage 1), irrespective of whether there is Cournot compe-

tition or Bertrand competition in stage 2. In such a knife-edge scenario, R&D investment
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by a firm does not directly depend on its rival firm’s R&D investment.

Corollary 1: If 8 = kn, - [220] =0, g€ {C,B}; Vi, j=1,2, i #j

Proof: See Appendix.

Now, solving firms R&D reaction functions (14), we obtain the equilibrium R&D invest-

ment level of each firm as follows.

. 22— n)(a —¢)
o S 2-8-(10—kmn)(2—-n—kn+B)2A-2(2-n)’ (15)

where the superscript C' stands for Cournot competition.

Proposition 3: In the presence of network externalities, Cournot firms always invest in
process RE€D, regardless of the strategic nature of their R€D investments.

Proof: See Appendix.

The underlying mechanism behind Proposition 3 is as follows. In stage 1, firm ¢ chooses
x; by taking z; as given and correctly anticipating implications of R&D choices on stage 2

equilibrium outcomes. Note that, for any given z;,

dr{’ _ onf i or? aq]'c or¢ dy; ¢F  OnE Oy, 8%(,7
dr;  Ox; 8qjc ox; y; 0q¢ Ox; 0y, 8qjc ox;

Vi, j=1,21#5 (16

An increase in x; affects firm ¢’s profit through three channels. First term on the right hand
side is the direct effect, which is positive unless z; is sufficiently large. This is because,
a reduction in marginal cost of firm ¢ positively affects its gross profit (i.e. profit before
deducting cost of R&D). Second term on the right hand side is the strategic effect which is
also positive, since a reduction in marginal cost of firm ¢ reduces the rival’s output which
in turn has a positive impact on ¢’s profit. The third term in the square bracket on the
right hand side is second order effect due to network externalities which is also positive,

the explanation of which is as follows. A reduction in firm ¢’s marginal cost increases
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its output and, thus, increases consumers’ expectations regarding its sales, which has a
positive effect on its profit. Hence, the effect of a firm’s R&D on its profit via consumers’
expectations regrading its own sales (the first term in square bracket) is positive. On the
other hand, a reduction in firm ¢’s marginal cost decreases rival firm j’s output. In the
equilibrium, consumers anticipates it correctly and lowers their expectations regarding firm
7’s sales, which adversely affects firm i’s demand and profits. Hence, the effect of a firm’s
R&D on its profit through consumer’s expectation regarding its rivals sales (the second
term in square bracket) is negative. However, the second order effect through consumers’
expectation regarding a firm’s own sales is stronger than that through through consumers’
expectation regarding rival firm’s sales. Since the direct effect, the strategic effect as well
as total second order effect are positive, it is always profitable for a Cournot firm to invest

in process R&D in the presence of network externalities.

We mention here that Cournot firms always invests in R&D in absence of network exter-
nalities (n = 0) as well. The presence of network externalities enhances Cournot firms

incentives to invest in R&D.

5 Bertrand-Cournot R&D Comparison

In this section we compare the equilibrium R&D investment levels under Bertrand and
Cournot competition. In the absence of network externalities, Cournot firms invest more
in process R&D than Bertrand firms (Lin and Saggi, 2002) because strategic effect of a
decrease in marginal cost acts against the direct positive effect in case of Bertrand compe-
tition, as discussed in previous sections. However, in the presence of network externalities,
this result may reverse. We compare the results under two cases, strategic complementar-

ity and strategic substitutability of R&D investment levels.

Proposition 4 : In network goods duopoly the ranking of equilibrium RED investments
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under Bertrand and Cournot competition is as follows.

(i) When firms’ RED strategies are strategic complements, each firm invests more in
process RED in the equilibrium under Bertrand competition compared to that under

Cournot competition: when 3 < kn, 2P* > z* ¥V n € (0,1).

(i1) When RED investment levels are strategic substitutes, there exists a critical level
n*(6,k) € (0,1) of strength of network externalities such that a Bertrand firm invests
more in process RED than a Cournot firm, if the strength of network externalities is

greater than the critical level: when 8 > kn, x5* > 2%* if n. > n*(3, k).

Proof: See Appendix.

The intuition behind Proposition 4 is as follows. When product differentiation is large (i.e.
B is less) so that R&D investment levels are strategic complements, intensity of product
market competition is less and thus the magnitude of negative (positive) strategic effect of
R&D under Bertrand (Cournot) competition is less. In turn, Bertrand R&D investment
level is always higher than Cournot R&D investment level. On the other hand, for R&D in-
vestment levels to be strategic substitutes, 5 must be sufficiently large. A larger [ increases
the intensity of product market competition and that in turn increases the magnitude of
negative (positive) strategic effect of R&D in Bertrand (Cournot) competition. Hence, for
Bertrand R&D to be greater than Cournot R&D, network effects should be sufficiently

large, i.e. n > n* should hold true.

In the knife-edge scenario in which there is no strategic interaction between firms in terms
of R&D investment choices (i.e. when 5 = kn), the equilibrium R&D investment under
Bertrand competition is greater than that under Cournot competition. The intuition is

similar to that in the case of strategic complementarity of R&D investments.

Corollary 2: If B = kn, 2% > 29V n € (0,1)

Proof: See Appendix.
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Note that, if k£ € {$,0} as in Naskar and Pal (2020), firms R&D investments are strategic
substitutes. From Proposition 4(ii) it follows that (a) 2% |,_5> 2 |15, if n > n*(83, B),
and (b) 28 |j—o> 29 |i—0, if n > n*(B,0). Clearly, results of Naskar and Pal (2020)

emerge in special cases of the present analysis.

6 Further Comparisons

Although the focus of this paper is on firms’ R&D investments, a discussion on implications
of network compatibility on the equilibrium output and prices under alternative modes of

product market competition, Bertrand versus Cournot, seems to deserve some attention.

Corollary 3: Suppose that R&D investment levels are strategic complements (i.e. 8 <
kn). Then, output and profit of each firm in the equilibrium under Bertrand competition
are higher than those under Cournot competition. Bertrand equilibrium prices are also
higher than Cournot equilibrium prices in the presence of sufficiently strong network ex-
ternalities (% <n<1).

Proof: See Appendix.

Clearly, in the case of strategic complementarity of firms’ R&D investments, standard
Bertrand-Cournot profit ranking is always reversed. The reason is, in the presence of
network externalities, the strategic variable for product market competition (quantity or
price) affects firms’ profits through two channels: (i) the direct effect, which is negative
in case of more aggressive play in the product market and (ii) the indirect positive effect
via consumers’ expectations. The overall effect is always higher for Bertrand firms than
Cournot firms, whenever R&D investments are strategic complements. From Corollary 3,
it also follows that Bertrand competition results in higher consumers surplus and social
welfare (the sum of consumers surplus and firms profits) than Cournot competition in the

case of strategic complementarity of R&D investments, as in non-network goods oligopoly.
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Corollary 4: Suppose that R&D investment levels are strategic substitutes (i.e. § > kn)
and firms undertake process R&D regardless of the mode of product market competition
(i.e. 2—n — B2 > B —kn). Then, the equilibrium output (price) of each firm is higher
(lower) under Bertrand competition than that under Cournot competition.

Proof: See Appendix.

From Corollary 4 it follows that, when R&D investment levels are strategic substitutes
and firms have incentive to invest in process R&D, the implication of the mode of product
market competition on the equilibrium price and output remains the same as in the case of
non-network goods oligopoly. However, it turns out that Bertrand-Cournot profit ranking
in the case of strategic substitute R&D investments is ambiguous. We mention here that
Pal (2014) argues that the standard Bertrand-Cournot profit ranking gets reversed in the
presence of strong network externalities. However, unlike as in this paper, Pal (2014)

considers that £ = 8 and firms do not undertake any R&D activities.

7 Conclusion

This paper develops a model to examine the implications of the mode of product mar-
ket competition, Bertrand versus Cournot, and network compatibility on the equilibrium
investments in marginal cost reducing process R&D by differentiated network goods pro-
ducing firms. The framework considered in this paper is fairly general, which allows for
a larger parameter space compared to Naskar and Pal (2020). It demonstrates that in
network goods duopoly firms’ R&D investments may be strategic substitutes or strategic
complements, unlike as in Naskar and Pal (2020). If the extent of product substitutabil-
ity is less (more) than the degree of effective network compatibility, each competing firm
perceives that its own R&D investment and its rival firm’s R&D investment are strategic
complements (substitute), regardless of whether firms engage themselves in Bertrand or
Cournot competition in the product market. This is a novel finding. Further, it shows

that, while Cournot firms always invest in R&D, Bertrand firms do not always have the
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incentive to invest in R&D in case firms’ R&D strategies are strategic substitutes. When
firms R&D strategies are strategic complements, Bertrand competition results in higher
investment in R&D in the equilibrium Compared to Cournot competition. In contrast,
when firms R&D strategies are strategic substitutes, the equilibrium investment in R&D
under Cournot competition is higher than that under Bertrand competition, unless there
is sufficiently strong network externalities. These are new results. This paper, thus, offers
new insights to understand the implications of network compatibility and product market

competition on firms’ optimal investments in process R&D.

The analysis of this paper considers that market demand functions are linear in expected
network size as in Naskar and Pal (2020). While this assumption helps to directly compare
results of this paper with that of existing studies and also to keep the analysis fairly simple,
it seems to be interesting to allow for non-linear effects of network sizes on demand. We

leave this for future research.
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Appendix

Proof of Lemma 1
In the case of Bertrand competition,

0 0nP0), 2kn = 3) (1 = ) 2 —n— )

dr;" O, 2—n+kn—3-0)"((1+kn—(2-75)(1+0))?
Since k, 5 € (0,1) and n € [0, 1),

1—/3%>0,2—n— %> 0 and the denominator in the above expression is a squared term,

hence positive.

oxp(y, | > 0168 < kn

ox;

Therefore, % [

<0,ifB > kn

That is, x; and z; are strategic complements if 5 < kn and strategic substitutes if 5 > kn.

[QED]

Proof of Proposition 1

The equilibrium R&D investment level of each firm under Bertrand competition is given

2(a—c)(1-42)(2-n—p?) - 0. if
(1-8%)(2—n—B2)+(2—n+kn—B-52)((1+k)n—(2—5)(14+5))2X 1

2 —n — 32 > B — kn holds true. Otherwise, if 2 —n — 3% < 8 — kn, 25 = 0.

by equation (8). Note that, 7% = —

Now, note that when 8 < kn, the inequality 2 — n — 32 > 8 — kn always holds true, for
n € [0,1), k € [0,1] and g € (0,1). It implies that, when R&D investments are strategic
complements, i.e. 8 < kn, B > 0.

Now, when 8 > kn, the inequality 2 — n — 82 > B — kn holds true, provided that
k> 1—# = k. Alternatively, when 8 > kn and k < k, the inequality 2——32 > B—kn
does not hold. It follows that, when R&D investments are strategic substitutes, i.e. when

B > kn, for %* > 0 to hold, we must have k > k. [QED)]

Proof of Lemma 2
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In the case of Cournot competition,

0 onCl), 22— n)(kn — )
Ox;" Oz, ~  (2—n—kn+B)*2—n+kn— )2

et ] 0, if 8 < kn

Since the denominator is positive and 2 —n > 0, pryd
J

ox;
<0,if B > kn

Therefore, x; and z; are strategic complements if 3 < kn and strategic substitutes if

3> kn. [QED]

Proof of Proposition 2

The proof follows directly from Lemma 1 and 2.

Proof of Corollary 1
We have the following.

0 dmE0), _ 2kn =) (1= ) (2= n — )
Orj” Ox; ~ (2—n+kn—F—p5)"((1+kn—(2-p)(1+p))?

and
9 [aWZC‘<)] _ 2(2—n)(kn—ﬁ)
Or;" dr; © (2—n—kn+pB)22—-n+kn—p)2
It can be easily seen that both the expressions above are zero when 3 = kn.

Hence, if 8 = kn, 22[%50] =0, g € {C,B}; Vi, j =1, 2, i # j. [QED]

Proof of Proposition 3
From equation (15), the equilibrium R&D investment level in Cournot competition is as

follows.
o 22— n)(a o)
2-p—-—(1—-kn)(2—-—n—Fkn+p)2A—2(2—n)

The above expression is positive for all values of n € [0,1), k € [0,1] and 8 € (0,1).

Hence, a Cournot firm always invests in process R&D. [QED]
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Proof of Proposition 4
The equilibrium R&D investments of each firm under Cournot and Bertrand competition

are, respectively, given by equations (8) and (15).

Now, first consider that 3 < kn. Then, 2—n— 3% > 38— kn holds true, since n € [0,1), 8 €

: : Bx _ 2(1—p%)(a—c)(2—n—p%)
(0,1) and k € [0, 1]. It implies that o™ = G 5 s B 20 T

with ¢*, which is given by equation (15), it is easy to check that

0. Comparing this z?*

B > 2% vVn e l0,1).

Next, consider that both 3 > kn and 2 — n — 32 > B — kn hold true. Then zP* =

2(1-5%)(a—c)(2=n—?)
@=nhn—p—B2)((2—F) (1+5)— (1-R)m) PA—2(1—p2) 2—n—p)

(15). Tt follows that in this case #%* > 2 if and only if G < H, where

(> 0) and 29*(> 0) is given by equation

 (2-n—p2—Bkn) (2-n—p24B—kn)’ (2—n—ftkn)(2—n-+B—kn)?
G = (B2 2—n—57)) and H = 2—n) :

It can be checked that, forn > 5, G < HV k, § € (0,1). Now, (i) whenn =0, G > H
and (ii) when n = 8, G < H. Further, % — %—Z < 0 for n € (0,5). Hence, for given k
and 3, there exists n*(8, k) € (0, ), such that for n > n*(3,k), H < G = x5 > 2%
Hence, investment level in process R&D under Bertrand competition will be greater than

that under Cournot competition, if n > n*(j, k).

Finally, consider that 8 > kn, but 2 —n — 32 < 8 — kn. Then 2z > 0 = 2%*, from

equations (8) and (15). [QED]

Proof of Corollary 2
If 8 = kn, the inequality 2 — n — 3% >  — kn holds true. Hence, from equations (8) and
(15), we have the following.

Bx 2(1-p%)(a=c)(2—n—p?)

T = TR A @A +A - (rm A2 FE—ap ~ 0 and
20* = 22—n)(a—c) >0,Vnel01),se(0,1) and k € [0,1]
(2—B—(1—k)n)(2—n—kn+B)2A—2(2—n) ’ » =) ’ » ol

Comparing the above two expressions, it follows that z%* > 2¢* V n € [0,1), 8 € (0,1)
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and k € [0, 1] such that § = kn is satisfied.

[QED]

Proof of Corollary 3 & 4

(i) When 5 < kn,

Be _ (=) I+ Kkn+(2-p)A+6)((A-F)2+6) -1 —kn)A
20=)2=—n=p)+C-n+kn—-5-0)(2-0)1+5) - (1+k)n)?A

o (0= 02— (1L—kn—B)2—n—kn+HA

2—(1—k)n—pB)2—n—kn+B)2\—2(2—n)

o (latc(l=—n—kn+p)2-1—-kn—-pF)2—-—n—kn+B)A—2(2—n)
b 20 —E)n—B)2—n—kn+B)2r—22—n)
2(a—c)(B—kn)(1-52)" (2-n—p52)
(2—n+kn—B—B2)((1+k)n—(2—B)(1+8))?A-2(1-8%)(2—n—p5?)’

M= 2(a—c)(1—62)(2—n—[32)(2—n(3—n+k2n)+2kn6—(2—n)62)
= Eontkn= B FRn- @A) (TP A-2(1-F)@-n—F?)’

N=(1-kn—-01-8)2+8))(cd—n—kn+p)+a(l—p3%), and
K=@2-n+kn—3-p5)(1+kn—(2-8)(1+5).

Then, pB* = LN

q

Let L =

From the above expressions, it can be checked that ¢%* > ¢©* for all n € [0,1), k € [0, 1]

and 5 € (0,1) such that g < kn.

B c 1+
p*>p*when1+—§<n<1.

Equilibrium profits are as follows.

B _ (a=0)*(1=-2)A((2-n—kn—6—5%)"(1+k)n—(2-)(1+5))2A-2(1-6) (2-n—52)°)
N (2(1-B%)(2—n—B2)— (2—n-+kn—B—B2)(1+k)n—(2—B)(1+8))2))° ’

s (@=02A(=2(2—n)2+(2—(1—k)n—B)2(2—n—kn+B)2))
- (—2(2—n)+(2—(1—k)n—B) (2+n+kn—pB)2\)*
It can be checked that 75* > 7¢* for all n € [0,1), k € [0,1] and 8 € (0,1) such that

b < kn.

™
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(ii) When 3 > kn and k > k, we obtain the same expressions as in (7). It can be easily

checked that ¢®* > ¢“* and pP* < p©* for alln € [0,1), k € [0,1] and B € (0,1). [QED]
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