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1 Introduction

In some industries, one feature of recent technological innovation is that
the firms cannot produce a commodity without using the outcome of plural
distinct inventions. Especially in information technology (IT) industries,
one product is comprised of numerous separable patentable elements. For
example, the production of a mobile phone having a digital camera involves
about 19,000 (Japanese) patents and/or utility models.! In this environment,
which is named “cumulative-systems technologies” (Merges and Nelson [9])
or “complex technologies” (Cohen, Nelson and Walsh [2]), the inventors of
the separable patentable elements tend to be different economic agents. In
such cases, the coordination among these inventors affects the interests of
each inventor and also affects their R&D incentives. In fact, over the last
decade of the previous century, a number of studies discussed the effects of
the relationships among inventions on R&D activities, licensining, and the

patent systems.

Considering complex technologies, we can identify at least ideally two
types of relationships among inventions. The first type is cumulative. In
this relationhips, as Scotchmer [13] pointed out, an inventor should engage
in R&D activities based on the outcome of preceding inventions. With re-
spect to cumulative technological innovations, Green and Scotchmer [5], and

Chang [1] showed that externalities due to the lack of coordination among

! Nihon Keizai Shinbun[10] (18 August 2003)



the creators of plural distinct inventions decreased the incentives of each to
invent and develop.

The second type of the relationships among the inventions is complemen-
tary. As we typically have seen in the IT industries, technological innova-
tions occur on the basis of plural distinct inventions developed in different
systems of technologies. In this environment, distinct technologies are com-
plementary to each other as parts of the product produced. Of course, in
complementary technological innovation, an externality problem occurs due
to a lack of coordination among the discoverers of plural complementary
technologies. Heller and Eisenberg [8] pointed out that the existence of such
externality brings a result known as ”the tragedy of anti-commons.” When
the intellectual property rights of plural distinct technologies are assigned to
different agents (firms), an externality brings excessive exercise of exclusive
rights and underutilization of these technologies and discourages incentives
for R&D activities of agents(firms).

When all complementary technologies are necessary to produce a prod-
uct, cross-licensing has strategic importance. If two different firms own one
of two distinct inventions with perfect complementarity, then the two can-
not produce a product at all without a cross-licensing contract. In prac-
tice, as empirical analyses in the appliance and IC industries conducted by
Grindley and Teece [6] and Hall and Ziedonis [7] show, the conditions of the
firms’ cross-licensing of products have a great effect on the incentives of each

for R&D activities in industries where perfectly complementary inventions



are indispensable for producing the product. In the economics literature,
however, few theoretical studies have examined how the conditions of firms’
cross-licensing of technologies affect the firms’ incentives for R&D activi-
ties. Fershtman and Kamien [4] offered one of the few studies of such incen-
tives. They considered a four-stage model in order to focus on the dynamic
prospect of technological innovation. In their model, the first stage involved
initial research in which the firms start to develop the two complementary
technologies. Once each has succeeded in developing at least one of the two
technologies each firm can decide whether to licence—stage 2— or to proceed
to stage 3(without licensing) and to continue the innovation race. When at
least one of the firms possesses both technologies, either through licensing or
through its own development, the game is in stage 4, and the firms produce
their goods and interact in the market. However, in reality, the pace of the
innovation race of complementary technologies is very rapid and the time
horizon is very short in which technologies have economic value in the IT
industries. The model setting in which there are two research stages may

not be suitable for our analysis.

Hence, in this paper, we will analyze on how a cross-licensing system
affects firms’ incentives for R&D activities in a Cournot duoply model in
which there are one innovation race stage, one decision-to-license stage and
one production competition stage. When one of the firms succeeds in devel-
oping both technologies, the market becomes monopolistic since the firm has

no incentive to licence its technologies unilaterally to its rival. Note that the
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only situation in which licensing may occur is a cross-licensing model when
each firm succeeds in developing only one of the distinct technologies. There-
fore, in our analysis, we focus on the case in which each duopolistic firm can
invest in R&D for both of the two distinct inventions that have strong com-
plementarity to each other. We conduct our analysis using a static model
with respect to each firm’s R&D investment; we do not examine dynamic
aspects of innovation.

In section 2, we describe our model. In section 3, we analyze the problem
of R&D under the assumption of Cournot duopoly with completely comple-
mentary technological innovations without licensing. In section 4, at first,
we examine the conditions under which cross-licensing might occur. Then,
extending our analysis to the case with cross-licensing, we examine how the
existence of a cross-licensing system affects the firms’ incentives for R&D

activities. In the final section, we present our concluding remarks.

2 Model

Let us consider a duopolistic market in which two firms z and y supply a
homogeneous product. At the first stage, each firm simultaneously invests in
R&D for the two distinct but perfectly complementary technologies, A and
B. By “perfectly complementary technologies,” we mean that neither firm
can produce the goods without using both of the two technologies. Denote

by 24, (> 0) and y4, yg(> 0) the investment levels for technologies A, B of



firm z and the investment levels for technologies A, B of firm vy, respectively.
When a firm succeeds in the development of both of these technologies or
when a firm use the two technologies through licensing, the firm can produce
the product. Assume that each firm has constant returns to scale in its
production technology and that the marginal and average costs are zero for
simplicity. At the end of the first stage, “nature” chooses whether each firm
succeeds in the development of the technologies or not. Suppose that each

firm succeeds in the development of technology 7 with probability

pz;) =1—e", ply;) =1—e%,j=AB. (1)

These probability functions p(-) are well defined since we have, p/(-) > 0,
p"(-) <0, lim, o p'(z) = oo, lim,_op'(y) = c0.?

We also assume these functions are identically and independently dis-
tributed.

At the beginning of the second stage, each firm knows all successes or

failures of both firms’ development efforts with respect to the technologies.

At the second stage, if a cross-licensing system is available, each firm bargains

2In this paper, we assume the effect of the R&D activity on the process of
innovation is static. These properties of the success probability function are similar
to those of the dynamic “memoryless” or “Poisson” patent race model associated
with Reiganum[12]. In her model, the research technology is characterized by the
assumption that a firm’s probability of making a discovery and obtaining a patent
at a point of time depends only on this firm’s current R&D investment level and
not on its past R&D experience. For introductory illustration of the dynamic
patent race model, see section 10.2 of chapter 10 in Tirole[14].
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with its rival and agrees to a cross-licensing contract, and they divide the
total profit according to Nash bargaining. If a cross-licensing system is not
available, the game proceeds to the third stage. At the third stage, there are
two possible market structures, a monopoly and a duopoly. When only one
firm succeeds in the development of the two technologies, this firm is able
to be a monopolist and enjoys a monopoly profit, 7. When the two firms
succeed in developing the two technologies, the market structure becomes a

duopoly, and each firm earns a duopoly profit 72 3.

Here we assume that?*

o > 27P. (2)

3 R&D investment without cross-licensing—

—A benchmark

In this section, we introduce as a benchmark the case in which cross-licensing

is not available to the firms. After each firm invests in R&D for the two

3As a result of using a static framework, we don’t exclude the possibility of the simul-
taneous success of R&D with respect to technology A and/or B. When the firm can invent
around the other patent in technology A(B), the expected profit of each firm in the event
of simultaneous success is represented by 72

“When market demand is linear and each firm has constant returns to scale

technology, we can easily show that this assumption is satisfied.
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technologies during the first stage, nature chooses the outcome of each firm’s
investment. Denote the ¢ th outcome by

0, = [ X}, XE YA Y] € ©, where X}, Y/ € {0,1},j = A,B and X} =
1, Y;j = 0 implies that firm x succeeded in the development of technology 7,
while firm y failed to develop technology j. Because cross-licensing is not
available, we focus on the outcomes in which at least one firm can produce
the product. Under these conditions, all meaningful 6, s are 6; = [1,1,1,0],
0, =[1,1,0,1],03 =[1,1,0,0], 0, = [1,1,1,1], 05 = [1,0,1, 1], 6 = [0, 1, 1, 1],
and 67 = [0,0,1,1]. The outcomes if firm z can produce the goods are three,
in which firm z enjoys a monopoly: 6; = [1,1,1,0], 6, = [1,1,0,1],and
03 = [1,1,0,0]. The outcome of duopoly is 6, = [1,1,1,1]. The other

three of these seven outcomes represent the case in which firm y can enjoy a

monopoly profit.

The expected profit of firm x, m,(x4, 2B, ya,ys) is given by

Te(Ta, 28,94, y8) = (1—e ™) (1 —e®B)(1—e¥)(1—e¥)rP (3)
+(1—e™)1—e"){(1 —e¥4)e 5 +

(1—e¥B)e ¥4 fe¥a. e rM g, — 2p.

Then firm x solves the following maximization problem:



Maz mo(Ta, 25, Y4, YB), given ya,yp.

The first order condition with respect to x4 is give by

0Ty
ox A

= e 4 (1 — e "B)(1 — e ¥4)(1 — e ¥B)rP

+e (1 —e ™) {(1 —e¥4)e ¥5

+ (1 —e¥B)e ¥4 feVa.e¥BlgM 1 =0,

(4)

Since all the probability functions p(-) are identical, we focus our analysis

on a symmetric Nash equilibrium. Let us denote the probability of the

development of technology by s = e™@4 = 778 = 794 = ¢7¥B = ¢77,

first-order condition (3) is rewritten to be

s(1—s)*mP +s2(1 —s)(2 — s)7™ —1

=s(1—s){(1—s)*7m” +52—s)m™} —1=0.

The

The s*, if any, that satisfies equation (4) may constitute a symmetric

9



Nash equilibrium if it satisfies the second-order condition. We have

Zl“{ = e AL — e E)(1 — e ¥4)(1 — e ¥B) P
—e Al —e "B {(1 —e¥)evB
+(1 —e7¥B)e VA 4 e7VA . eTVE LM (6)
and
(%i%m = e e "B (1 — e YA)(1 — e ¥B) P
+e TAe B (1 —e YA)e ¥B
+(1 —e¥B)e VA - g7Va . gUB M (7)

Since s* satisfies equation (4), we have

= 5" (1—s){(1—s)P + 52— sx)rM} =—1, (8)

10



and

= (s")?{(1 — s*)*nP + 5% (2 — s*)7M}

s=s*

0?1,
8$38$A

(S*)2 _ s* (9)

:3*(1—3*) 1—s*

where the second equality holds since s* satisfies equation (4).

Thus, the second-order condition is given by

0%
‘ | —-1<0, (10)
LA |g=g*
and
oR 0?7y -1 s* 5" 2
2 Ox o 1—s*
Ory  Orpra = Tl=1-— >0. (11)
&2r,, &%, s* -1 1—s*
2 ok
Orpox 4 0% g 1-—s

We can show that if s* satisfies 0 < s* < 3, then inequality (9) holds.

Proposition 1 Suppose that 7° + 37™ > 16. Then, there exists a sym-
metric Nash equilibrium investment level

2*=—Ins} > —In(3)

11



When there is R€D investment competition in an industry with completely

complementary technologies without a licensing system.

Proof. Let the left-hand side of equation(4) equal ¢(s), then ¢(s) can be

rewritten into

p(s) = [ — 7P)s* =3[z — 7P)s® 4 27 — 37P)? + 7Ps — 1. (12)

From the assumption, 7 — 7P > 7M™ — 279 > 0, we have

lim ¢(s) = lim ¢(s) = oo. (13)

S§——+00 §——00

Furthermore, from (10) and the assumption of this proposition, we see

that

$(0) = &(1) = —1 < 0 and 6(1/2) = # 100 (14)

Also we have ¢'(s) = (1 — 8)2(1 — 4s)wP + s(4s? — 9s + 4)7™ s0

#'(0) =P >0 and ¢'(1) = -7 < 0. (15)

From (13) and the intermediate value theorem, there exists at least one

12



s € [0, 1] such that ¢'(s) = 0.

Now, let A;, A2 and A3 be the three roots of equation ¢'(s) = 0. We have

(S—Al)(s—)\g)(s—)\g) = 83—()\1+)\2+)\3)82+(>\1)\2+)\2)\3+)\3/\1)S—)\l/\2>\3 = 0.
(16)

Dividing ¢'(s) = 4[7M — 7P]s3 — 9[xM — 7P]s? + 2[27M — 37 P]s+ 7P =0

by 4[7M — 7P], we get

57— =5+ s+ = 0. (17)

By comparing (14) and (15), we obtain

9

)\1+)\2+)\3=Z>O, (18)
27M — 37P
AMA2+ A3+ X\ = ————— 1
1A2 T A2A3 + AzA o[ — 7D’ (19)
and

D
e . 2
)\1)\2)\3 4[7TM _ﬂ-D} <0 ( O)

¢ From (18), we can see that any of the following three cases holds: (i)all

13



roots are negative , (ii)two roots are positive and one root is negative, or
(iii)two roots are imaginary and one root is negative. However, from (11),
(12), and (13), we see that cases (i) and (iii) never occur, and we can see
therefore conclude that case (ii) occurs. Here, suppose that 0 < Aj, Ay < 1,
and A3 < 0. Then, \{ + X+ A3 < A1+ Xy < 2 holds, but if so, this conclusion
and (16) contradict each other. Thus we have one negative root, one positive
root in {s:0 < s < 1} , and one positive root in {s: s > 1}. In addition to
this argument and the fact that ¢(s), the biquadratic function of s, has at
most three extreme points, we can conclude that ¢(s) is unimodal in s € [0, 1]
, 0 it has a maximum point as shown by Figure 1. Therefore we have two
s* € (0,1) , say s} and s} such that 0 < s} < 1 < s}, < 1. However, we
see that only s} (< 1) satisfies the second-order condition (9), and the result

follows. m

[Insert Figure 1 here]

4 R&D investment with cross-licensing

In this section, we investigate the case in which firms(a firm) can license
to each other their (its) technology (technologies) if they(it) succeed(s) in
the development of the technology(technologies). ~We assume that they
determine a licensing fee by Nash bargaining if they agree to have a licensing

contract. We assume that after the licensing agreement each firm produces

14



Cournot equilibrium quantity of output under the realized marginal cost
incurred with benefit of licensing.’

We can see two possible cases in which licensing may occur. From the
assumptions about the symmetry of the firms, we can focus on the cases in
which firm z licenses its technology to firm y. In 63 = [1,1,0,0], the market
becomes a monopoly controlled by firm x , so it has no incentive to license
its technologies to its rival.

(Case 1) 6; =[1,1,1,0] or 03 = [1,1,0, 1]

In this case, unilateral licensing of one technology may occur from firm

x to firm y. Consequently, the market becomes a duopoly. Denoting the

license fee by N; , the Nash bargaining function B; is given by

Bl = [7TD +N1 —7TMH7TD _Nl]

°Both firms may agree to a contract in which a licensee firm is obligated to pay to the
licensor firm half of the monopoly profit brought by producing at the lowered marginal cost
realized by the licensing; the license fee would serve as compensation for no production of
the good by the licensor. The final gain of each firm after the payment of this contract is, of
course, larger than that realized when firms compete in a Cournot manner as we assumed
in our model. However, the former is interpreted as an illegal act from the antitrust point
of view. See the discription in Section 3.2 and Example 4 in the Appendix of “Antitrust
Guidelines for Collaborations among Competitors [3]” issued by the U.S. Federal Trade
Commission and the U.S. Department of Justice. They say that “Agreements of a type
that always tends to raise price or reduce output are per se illegal.” Thus a contract under
which only the licensee produces the monopoly output and pays half of the monopoly profit
as a licensing fee to the licensor seems to be per se illegal. We thank Kuninobu Takeda,
associtate professor of Antitrust Law at Osaka University for this suggestion regarding
antitrust and for the source of this citation. Hence, we assume that two firms compete in
a Cournot manner after the licensing contract.

15



Then we have

— =P - N, —(@P + N, —aM)y =M 2N, =0

or equivalently

7-(M

Nl:T'

The resulting profits of firm x and firm y are

o™ 5, M

D
T + 5

respectively. Since the threat points of firm z and firm y are 7™ and 0,
respectively, these profits are greater than the profits of firms x and y after

side payment for licensing. So licensing may not occur in this case.

(Case 2) 0 = [1,0,0,1] or 9 = [0,1,1,0].

In these cases, cross-licensing between firm z and firm y occurs, and
the market becomes a duopoly. Denote by N the license fee, the Nash
bargaining function B, is given by

By = [P + NpJ[nP — Ny.

Then we have

—:WD—NQ—(WD+N2):—2N2:0,

16



or equivalently

NQIO.

The profits of firm x and firm y after side payment for licensing are identical,

which is greater than the threat-point profit, zero. Cross-licensing occurs.
From the above observation, the expected profit of firm x with cross-licensing,

ﬁ(an TB,YA, ?JB) is given by

To(TA, T, YA, YB) = To(TA, TB, YA, YB)

+ (1 —e™)e ™ e ¥4 (1 — e ¥8)P

+e (1 —e"B)(1— e_yA)e_yBﬂD. (21)

Note that the second (third) term of (21) shows an additional expected
profit associated with the cross-licensing contract if firm x succeeds in the
development of technology A (B), while firm y succeeds in the development
of tehnology B(A). By using symmetry, the profit-maximizing condition

with respect to x4 can be written as

17



or,  Om,

= + e TAeTTBeTYA(]l — 6_y5>7TD
8$A 6xA

—e A1 — e ®B)(1 — e ¥A)e VB P

= ¢(s) + s’ (1 —s)(2s — )x” = 0.

Define

V'(s) = ¢'(s) + s(—8s> + 9s — 2)7?,

we get

18
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and

Y1) = ¢(1) -7 = -7 - 7P < ¢'(1) = —aM < 0. (27)

Rearranging 1 (s)with respect to s yeilds

Y(s) = [ — 3nP)s* — 3[aM — 27P)s® + 2™ — 27P)s* + 7Ps — 1. (28)

We obtain the following lemma on the extreme points of 1 (s).

Lemma 1 (s) has a unique mazximum in [0, 1].
Proof. In order to examine the extreme points of 1(s),the first-order condi-

tion 1s

Y'(s) = 4™ — 37P)s® — 9[xM — 27P)s® + 4[xM — 27P]s + 7P = 0. (29)
Suppose that ™ —37P £ 0. Then, dividing both sides of (27) by 4[7™ —37P]
yields

83_9[7TM—27TD]82+ [7TM—27TD]8+ P _0
4[mM — 37 D] [tM —37D]" * 4[xM —3xP]

Using the relationships between the roots of the cubic equation and coeffi-

cients, we have
9[rM — 27 D]

M+ + = ——7—"—
1+ 2+ 3 4[7TM—37TD}7

(30)

19



7].D

)\1)\2)\3 - _—4[7TM — 37‘(‘D} .

(31)

If ™ — 370 < 0, then we see that the right hand sides of (29) and (30)
are negative and positive, respectively.  If all of the three roots of (27) are
real roots, then two of them are negative and one is positive. If (27) has
one real root and two imaginary roots, the real root must be positive since
(30) has a positive sign. In both cases, (27) has a unique positive real root.
Taking this fact and equations (24) and (25) into consideration, we can see
that the mazimum ezists in [0,1]. Neat suppose that 7™ — 37P > 0. In
this case, we see that the right-hand sides of (29) and (30) are positive and
negative, respectively. Since the sign of (30) is negative, as we see on ¢(s)
in the proof of proposition 1, we can see that any of the following three cases
holds: (i) all roots are megative, (ii) two roots are positive and one Toot is
negative,or (iii) two roots are imaginary and one is negative. However, from
the signs of (29)and (30), we see that cases (i) and (iii) never occur. So
we can conclude that case (ii) occurs. Here suppose that 0 < Ay, A < 1
and A3 < 0. Then, M +da+ X3 < M+ X <2< 2 < %homs,
since ™ — 370 > 0. But then this and the fact that the sign of (29) is
positive contradict each other. So (27) must have one negative root, one
positive root in {s : 0 < s < 1} and one positive root in {s : s > 1}.
From this fact and (24), (25), we can see that there exists a mazimum in
0,1].  Finally suppose that #™ — 37P = 0.  Then, from (26) we have

P(s) = =3[rM — 27P])s3 4+ 2[7M — 27P)s? + 7Ps — 1 = —37Ps? + 27D 52

20



+7Ps—1. So we also have ' (s) = —9nPs? +4nPs+ 7P = 0. Dividing
both sides of this by wP(# 0) wyields: —9s®> + 45+ 1 = 0. Solving this with

respect to s, we get

. 2+V13
s =—",
9

So 1(s) has a unique mazximum s* = “9@ in [0, 1]. It has a mazimum point

as shown by Figure 2, and the lemma holds. m
[Insert Figure 2 here]

¢From (21), we can easily show that

VIIA

U(s) S @(s) & s

VIIA
l\')'l =

(32)

Combining (22), (23), (24), and (25) with Lemma 1, we can present our

main result.

Proposition 2 Suppose that 7P + 37M > 16. Then, there exists a sym-
metric Nash equilibrium investment level z*
*=—Ins; >z*=—Ins; > —1In(3)
in REID investment competition with completely complementary technolo-

gies with a licensing system.

Proposition 2 above states that the introduction of a cross-licensing sys-
tem discourages each firm’s R&D investment, when duopolistic firms can

produce goods by using two completely complementary technologies. Let
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us explain an economic intuition behind this result. Consider that firm z
increases infinitismaly its R&D investment for the technology A. The cross-
licensing system adds two terms to the expected profit of each firm without
cross-licensing, shown in (21). The second and third terms in (22) indicate
the marginal revenue associated with the introduction of the cross-licensing
system. The R&D investment increases the success probability of the tech-
nology A’s development and raises the expected profit resulting from licensing
the technology A to firm y. This positive effect appears in the second term
in (22). On the other hand, this R&D investment reduces the failure prob-
ability of the technology A’s development, or the probability that firm x can
introduce the technology A from firm y in exchange of its developed tech-
nology B. This generates a unfavorable impact on the expected profit shown
in the third term of (22). This negaive effect shows an opportunity cost
associated with the R&D investment. The equilibrium level of R&D invest-
ment without a cross-licensing system is sufficiently high and the resulting
success probability of development is also high (it exceeds 1/2). Since this
initial R&D investment is high, the marginal opportunity cost dominates the
marginal benefit (revenue), if each firm engages in the coss-licensing system
and increases its R&D investment. Each firm, then, has an incentive to

decrease its R&D investment.
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5 Concluding Remarks

In this paper, we have explored by analyzing a simple static innovation model
the incentives for R&D investment by duopolistic firms facing technological
innovation in completely complementary technologies. At first, as a bench-
mark we derived the symmetric Nash equilibrium investment levels in R&D
between competing firms in completely complementary technologies without
a licensing system. We examined the conditions under which cross-licensing
occurs. Then, by deriving the symmetric Nash equilibrium investment levels
of this model, we investigated how the existence of a cross-licensing system
affects firms’ incentives for R&D activities in a Cournot duopoly. We also
showed that the existence of a cross-licensing system discourages a firm’s
R&D investments. Intuitively, we would suggest that the existence of a
cross-licensing system decreases the firms’ incentives for R&D through the
chance that they may each benefit from the exchange of their technologies.
There remain many topics for future research. We focused on the sym-
metric equilibrium in order to make our analysis easy. In reality, however,
firms cannot be symmetric in industries where complementary technologies
are indispensable for the production of goods. The role of R&D ventures that
do not produce products but concentrate on R&D, increases in prominence
in such industries. Also, since we concentrated on the effect on incentives for
R&D, we did not examine the effects on social welfare at the equilibrium.

To clarify how governments should plan and exercise policy for technolo-
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gies under complementary technological innovations, it is important for us

to explore the implications on economic welfare at the equilibrium in our

model.
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