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Abstract: This study develops a duopoly model describing the optimal choice of R&D risk among R&D projects
with the same expected outcome in a market exhibiting network externalities. It demonstrates that, when firms’
product is incompatible, the level of R&D risk increases in the intensity of network externality. However, when
product is compatible, the impact of network externality on the R&D risk choices depends on the degree of market
coverage. Moreover, firms carry on higher (resp. lower) risk R&D project when their product is incompatible than
compatible in a full-coverage (resp. partial-coverage) market.
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INTRODUCTION

The uncertainty of innovation results is an
important feature of technological innovation activities
(Arrow, 1962). When a firm carries out a R&D project,
it generally doesn’t know the final outcome. Some
work has considered the optimal choice of expected
R&D efforts under uncertainty (Milstein and Tishler,
2006; Cerquera, 2006; Tishler and Milstein, 2009;
Xing, 2011a). Moreover, the firm has to take some risks
when the outcome of R&D is uncertain. Several studies
focus on the optimal choice of R&D risk (Dasgupta and
Stiglitz, 1980; Choi, 1993; Cabral, 2003; Tishler, 2008;
Xing, 2011b).

A market exhibits network externalities when the
utility that a consumer derives from a product increases
as the number of consumers of identical or compatible
products increases (Katz and Shapiro, 1985; Farrel and
Saloner, 1986). There exist several markets (e.g.
telecommunications, consumer electronics, operating
systems, etc.) that present network externalities. Katz
and Shapiro (1994) suggested that “firms’ innovation
incentives are altered by network considerations”.
Some theoretical R&D work has taken into account
network externalities (Kristiansen and Thum, 1997;
Kim, 2000, 2002; Boivin and Vencatachellum, 2002;
Saaskilahti, 2005; Xing et al., 2009). However, most of
them focus on how the network externalities affect the
optimal choice of the expenditure on R&D efforts. In
this study, we investigate the effect of network
externalities and product compatibility on the optimal
choice of R&D risk in a duopoly market by a modified
Hotelling model (Hotelling, 1929). In our framework
R&D innovation is conceived in improving consumer’s
reservation price.

THE MODEL

The basic setup is a variant of Hotelling duopoly
model. A continuum of consumers of mass 1 is
uniformly distributed (according to their preferences)
over a linear market, which is denoted by [0,1]. There
are two firms, denoted firm 1 and firm 2, supplying
products for consumers. Each firm is located at one
ultimate of the interval. Without loss of generality, we
set firm 1 at 0 and firm 2 at 1. In order to improve
market demand, firms perform R&D innovation
activities to increase consumer’s reservation price for
their product.

A consumer purchasing from firm i (i = 1, 2,)
obtains two parts utilities. One part is the reservation
price (or say maximum intrinsic utility), denoted by a; =
a+\;, where a is the reservation price before R&D, A; is
the improvement of reservation price from firm i’s
product innovation. The other part is network utility
associated with network externalities, which is denoted
by a(dtkd)) (i, j = 1, 2 and i # j), where a>0 is the
intensity of network externalities, k € [0,1] is the
extent of compatibility between firms’ product and d;
and d; are the market demands expected by consumers
for firm i and firm j, respectively (Conner, 1995;
Kristiansen and Thum, 1997). If a consumer located at
x purchases from firm i, his/her net utility is given by:

u,=(a+A)+a(d +kd,)— p —tx, buy froml, (1)
u, =(a+A,)+a(d, +kd)— p, —t(1-x), buy from2.

where, p; is the product price of firm i, » and #(1-x)
measure the disutility caused by consuming a product
not coinciding with his/her own taste and t>0 is the
differentiation parameter (let ¢ =1 in this study).
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When the market is fully covered, all consumers
derive non-negative utilities from either type of
product. Assume each consumer buys exactly one unit
of the good from one of the two firms. The location of
consumer who is indifferent between buying from
either firm is X, which is given by u; = u, i.e.,:

(a+A)+ald; +kdy)—p =X =(a+Ah)+ald, +hd)—p, ~(1-x) (2)

As in Katz and Shapiro (1985), we assume
consumers’ expectations on market demand are
fulfilled, i.e., d; (i=12) is the same as firm i’s actual
market demand. All consumers to the left (resp. right)
of the marginal consumer will purchase from firm 1
(resp. firm 2). Therefore, d; and d, satisfy equations
d, = foxdx = X and d, = f; dx = 1 — x. By solving
(2), we obtain:

I-(-ka+h—-4+p,—p (3)
2l -(1-k)ar]

X =

Therefore, the demand functions are :

dlzl—(l—k)a-%—ﬂl—ll-%—pz—pl (4)
21-(1-k)a]
d,—1-120=Raxh =4+ p, = p 5)
21-(1-k)a]

When the market is not fully covered, there exist
consumers not buying from any firms. The location of
consumer who is indifferent between buying from firm
i and not buying is ¥, , which is given by u, =0, i.e.,:

(a+A)+a(d +kd,)— p,—x%=0 (6)
(a+A)+a(d,+kd)—p,—(1-%,)=0 @)

According to fulfilled consumers’ expectations on

market demand, we obtain d; = f0x1 dx =%, and

1 _ _ _ _ _

dy= [;dx=1-%. % and X, meet ¥ < X,

because the market isn’t full coverage. Therefore, the
demand functions are :

dl:(1*0‘)(‘1*217P1)+ak(a+ﬂ'zfpz) (8)
(1-a) -a’k’

d2=(1—&)(a+/12—p22)+0€k(2(1+ﬂ|—p1) (9)
(l-a)y —a'k

Assume the marginal cost is equal to zero and the
fixed cost is only caused by the R&D investment for

both firms. Thus, the profit function for firm i is given
by:

7 =pd; —1(y;,0,), i=12 (10)
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where, I(u;, ;) stands for the investment cost of firm i.
We suppose the R&D outcome for firm i (i.e. 4;) is
uncertain when it performs innovation activities, whose
probability distribution is 1~[w;, o;], where, ;€ [0, )
and o; € [0,0) represent the expected value and
variance of 4, respectively (i.e. E () =, and V (4;) =
;). Note that the variance of R&D outcome represents
the risk of the R&D program and both firms are risk
neutral in this study. Provide the R&D cost function has
the following structure:

I(/ui’o-i):f(/’li)-‘rg(o-i)’ i=12 (11)

We further assume that f > 0, g' > 0, g'(0) = 0 and
that g" > 0, which guarantees that the second-order
conditions for R&D are satisfied and that the unique
equilibrium risk level is interior.

In this study, our setup is a two-stage game model.
In the first stage, each firm chooses its R&D program
(the optimal risk). In the second stage, each firm
chooses the price of its product.

EQUILIBRIUM

As usual, we solve the equilibrium by backwards
induction.

When market is fully covered:

Stage 2: Each firm chooses price: In this stage, each
firm chooses product price in order to maximize its
profit function, taking its rival’s product price and the
outcomes of R&D program (which were completed in
the first stage and are certain in the second stage) as
given. The first-order conditions yield the following
equilibrium prices:

p;,:3[1—(17k)r;c]+(ﬂ1 — %) (12)
pgzsn—a—mg]—@—ﬂz) (13)

iy 82%m;
Note that the second-order conditions (ﬁnzl=
i

—1/[1 -)k)a] < 0,i=1, 2) are met when (1-k) a. < 1.
Provide this condition is satisfied in this study.

Substituting (12) and (13) into (4) and (5), we
obtain the demand functions:

g < A=0-Ral+ (- 4) (14)
6[1-(1-k)a]
g H=1-Ra]-(4-4) (15)

2

61— (1-k)a]
The resulting profits of the firms are:

7 = Bl=(=hal+ (4 -y
! 18[1-(1-k)a]

—1(y,0) (16)
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ﬂ7={3[1_(1_k)a]_u‘_/12)}2—I(unoz) (17)
: 18[1-(1-k)a] ?

Stage 1: Each firm chooses R&D risk: In this stage,
each firm determines the risk of its R&D project taking
the rival’s as given. Since the R&D efforts are uncertain
in the first stage, both firms choose their optimal
decisions by maximizing their expected profit
functions. The expectation for (16) and (17) are
respectively given by:

1

_ (11— _ 2
E(ﬂl)iilg[l—(l—k)a][(:;(l (I=K)a)+ (4 = 1)) (18)
+O—1+O'2_260VM1’A2)]_1(/1130-1)
1 2
E(ﬁz)=m[(3(1*(1*k)a)*(ﬂ1*ﬂz)) (19)

+0;+0; =200v(4, )] = 1(14,,0,)

where, cov(), A,) represents the covariance of A; and A,
and is assumed to equal a constant.

Firms need to evaluate the risk when they carry out
R&D projects because uncertainty exists. As in Tishler
(2008), we focus on the choices of the optimal R&D
risk by comparing R&D projects with identical
expected efforts (i.e., u; = w). The first-order
conditions of (18) and (19) are:

L e (20)
181-(-ka] oo,

1 _A,00) _ 21
181-(1-k)a] oo,

Substituting (11) into (20) and (21), we have:

1 \ .

—e'(6)=0, i=12 22
8- (-ha] £ @)
where, of is the equilibrium R&D risk level for firm i.
Obviously, of = o7. Let of = of, i = 1, 2. We set

68
nf =1/[18(1 — k)a)] and can prove ﬁ > 0 whenk =

¢ a¢
0, é =0 whenk=1 and # < 0. Using (22), we have
the following result.

Proposition 1:

e When k =0, ¢ increases in a; when k = 1, ¢/
doesn’t depend on
e o/ is higher when k = 0 than when k = 1

The result suggests that, in a full-coverage market,
when firms’ product is incompatible, they execute
higher risk R&D project if the network externality is
more important. However, when firms’ product is
compatible, their optimal R&D risk choices don’t
depend on the network externality. Moreover, the
extent of product compatibility affects the optimal
R&D risk choices. Further, firms will carry on higher

risk R&D project when their product is incompatible
than compatible.

When market isn’t fully covered:
Stage 2: Each firm chooses price: The first-order
conditions yield the following equilibrium prices:

_R0-0) - @KV (-ajakd; 23)
' A1-a) -’k
- 20-2) —oﬁkzz]ﬁ2 (-a)akh (24)
4l-a) —a'k
where, { = 2a-o-akllG-atrakla  \oro  that  the

4(1-a)2-a?k?

second-order conditions meet when (1-a)*-a’k*>0.

Provided this condition is satisfied in this study.
Substituting (23) and (24) into (8) and (9), we

obtain:

__ RO-oy-a’Kli-a)h

" l-a) -k )41 -a) - a’k’] (25)
(1-a)aka,

[(1-a) -’k |41 -a) - a’k’]

+@

__ RU-o)-oKN0-e)d,
P - ) -k NA( - a) -’k (26)
(1-a)akl,

[(1-a)® -k [40 - ) —a’k?]

+a@

(1-a)a
(1-a—ak)[2(1-a)+ak]

where, @ = . The resulting profit

functions are:

. :([2(1—,1)2 — IV, + (- a)ak, %ij

41 —01)2 -’k
20-a) ~a'K -k +(-ayakh, , (27)
[A-a) -2k ][40- @) — k]
—1(p,0,)

. =[[2(1—05)2 K+ (=a)aks | ng
41-a) -k’

[20-a)’ -k 1- )4 + (- )’ ekl o (28)
[(1-a) -’ K41 -a) - a’k’]
—1(1,,0,)
Stage 1: Each firm chooses R&D risk: The

expectation for (27) and (28) are given by:

4(1-a) -a’k’
R(1-a) -’Kll-a)u +(1-a)u, v le
[(1-a)’ - [40-a) —a’k*]
R(1-a) -’K*T(-a)o, +(1-a)ako, (29)
[4(1-a) -’k T[(1-a) —a’k’]
2(-a) -’k 11-a)(1-a+ ak)cov(A,A,)
[4(1-a)’ - T[1-a) - a’k?]
_I(/lwo-l)

)= [[2(1711)2 -’k + (- @) aku, +§jx
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E(;[:):[[2(1—z;z):_,),zkz]ﬂ2 + (- a)aky, +§]x

A(-a) -a’k’
([2(1 —a) -’ -a) +(-a)s | ijr

[(-a) -k ][40 -a) —a’k*]
R(-a) -’k T(1-a)o, +(1-a)'ako, (30)
[4(1-a) - T[(1-a)’ - a’k’]
[2(1-a)* -a’k’ (1 - a)(1-a+ak)cov(d,4,)
[4(0-a) -’ Tl(1-a) -a’k’]
_I(ﬂyo-z)

The first-order conditions of (29) and (30) are:

[20-a)f ~a’KT-a)  duwo)_, G1)
[4(1-a)y - KFl(l-a) -a’k*] 8o,
20-a) -KT(-a) o) _, (32)

[4(-a) -’k T(1-a) —a’k*] oo,
Substituting (11) into (31) and (32), we have:

R(-a) -k F(1-a)
M-y - 1~y -’k

]—g'(af)=o,i: 1,2 (33)

where, af is the equilibrium R&D risk level for firm i.
Obviously, of = o3. Let 0/ = 05,1 =1, 2. We set
e _ [21-a)?]a?k?(1-a)
M = [4(1-a)2-a2k2]2(1-a)2—a’k?
ae
when k =0 (or k =1) and é > (. Using (33), we have
the following result.

ae
and can prove é >0

Proposition 2:

e Whenk=0ork=1, 0y increases in a
e 0oy is lower when k = 0 than when k = 1

The result suggests that, in a partial-coverage
market, when firms’ product is compatible or
incompatible, they both execute higher risk R&D
project if the network externality is more important.
Moreover, firms will carry on lower risk R&D project
when their product is incompatible than compatible.
Combined with the previous section, we find that the
impact of network externality and compatibility on the
optimal risk choices may depend on the degree of
market coverage.

Comparing equilibrium R&D risks in different
coverage market, we have the following result.

Proposition 3: whenk=0ork =1, of < ay.

This implies that, when firms’ product is
incompatible or compatible, they both carry on lower
risk R&D project if the market is fully covered than
partially covered.

CONCLUSION

This study investigates the impact of network
externality and compatibility on the optimal choices of

R&D risk in a duopoly market. Firms carry out R&D
programs with identical expected outcome. We find
that, when firms’ product is incompatible, the optimal
level of R&D risk increases in the intensity of network
externality. However, when their product is compatible,
how network externality affects the optimal R&D risk
choices depends on the degree of market coverage: if
the market is fully covered, the optimal level of R&D
risk doesn’t depend on network externality; while if the
market is partially covered, it increases in the intensity
of network externality. Moreover, firms will carry on
higher (resp. lower) risk R&D project when their
product is incompatible than compatible in a full-
coverage (resp. partial-coverage) market. That is how
compatibility affects the optimal R&D risk choices
depends on the degree of market coverage. Finally,
when firms’ product is incompatible or compatible,
they both execute higher risk R&D project if the market
is partially covered than fully covered.
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