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1. INTRODUCTION

In a technology-driven economy, remarkable developments in technology
innovation provide firms with incentives to adopt cost-reducing technologies
so as to gain a competitive advantage. In the past few decades, a grow-
ing literature has emerged to study firms’ endogenous technology adoption
considering the tradeoff between fixed and marginal costs. In a two-stage
oligopoly game, we turn our attention to the comparison of Cournot and
Bertrand framework to see which mode of competition produces a greater
incentive to innovate.

Our paper is based on Mills and Smith (1996), which proposes a two-stage
duopoly game in a homogenous good industry to study why firms adopt
different technologies with identical opportunity sets. In their model, firms
simultaneously choose technologies in stage one and outputs in stage two.
The available technology set is continuous and identical for both firms, with
each technology corresponding to a constant marginal cost and associated
fixed cost. If the technology set is insufficiently convex, the authors show
that firms choose only extreme technologies in equilibrium, and asymmetric
technology choices arise under certain conditions on the technology set and
demand.

In this paper, we extend the Mills and Smith (1996) model to study
technology adoption in a differentiated duopoly under both Cournot and
Bertrand competition. Focusing on the comparison between Bertrand and
Cournot equilibria, we aim to address the questions of which mode of com-
petition leads to more interior technology adoption and which one provides
greater incentive to make cost-reducing investment. If the technology set is
sufficiently convex and the degree of product differentiation is sufficiently
high, we find that (i) Bertrand Competition leads to more interior tech-
nology choices than Cournot competition, and (ii) Cournot competition
provides both firms with more incentives to invest on technology. Further-
more, we conduct welfare analysis under both modes of competition and
show that (i) equilibrium prices are lower and quantities are larger under
Bertrand competition than Cournot competition, and (ii) Bertrand compe-
tition always yields higher social welfare than Cournot competition which
is consistent with the standard welfare ranking.

A number of papers on strategic technology adoption have followed up
on the work of Mills and Smith (1996). Elberfeld (2003) extends the orig-
inal Cournot duopoly setting to an Cournot oligopoly. They show that
asymmetric technology choices can arise as in the duopoly case but the
welfare implications are not robust. Elberfeld and Nti (2004) introduce
uncertainty into the Cournot oligopoly model to analyze the adoption of
a new technology. Pal (2010) examines firms’ choice of technology adop-
tion in a differentiated duopoly considering both Cournot and Bertrand
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competition in stage two. More recently, Zhang et al (2014) consider the
effect of technology spillover on technology choice based on the model of
Elberfeld and Nti (2004). In all of these papers, firms simultaneously make
a choice between two alternative production technologies, which represents
the two extreme technologies in the technology set originally introduced by
Mills and Smith (1996). Our paper, in contrast, studies how firms choose
from a continuous technology set rather than two alternatives choices. The
comparison between Cournot and Bertrand equilibria is further conducted
to see which mode generates more interior technology adoption and which
one provides greater incentive to invest on technology innovation. We be-
lieve our analysis will yield some interesting results to enrich the current
literature.

This paper is a companion to the study in Wang and Zeng (2014), which
focuses on the explanation of heterogenous firms in a Cournot duopoly. Al-
though both papers study technology adoption following Mills and Smith
(1996), they have different problem scenarios. Wang and Zeng (2014) con-
sider a two-stage Cournot duopoly game in a homogenous good industry
and introduce sequential moves in stage one. Their focus is which mode
of moves, simultaneous moves or sequential moves, leads to more asym-
metric technology choices. In this paper, we consider a two-stage duopoly
game in a differentiated good industry and introduce Bertrand competi-
tion in stage two. We mainly study which mode of competition provides
greater incentive to adopt cost-reducing technology and generates higher
social welfare.

Our paper is also related to another strand of literature which study
Cournot and Bertrand competition in a differentiated duopoly. Singh and
Vives (1984) find that if the goods are substitutes, firms always make larger
profits under Cournot competition than under Bertrand competition. By
enlarging the parameter space originally considered by Singh and Vives
(1984) to allow for a wider range of cost asymmetry, Zanchettin (2006)
finds that Singh and Vives’s ranking of profits between the two modes of
competition fails to hold. Wang (2008) revisits this price and quantity
competition by Zanchettin (2006), and concludes that the possibility of
(partial) reversal in profit relationships between two modes of competition
will not alter the celebrated result by Singh and Vives (1984) that firms
always choose a quantity contract in a two-stage game.

The next section presents our model setup and analysis of both Cournot
and Bertrand equilibria. Section 3 provides a comparison of the two com-
petitions. Section 4 concludes the paper. All proofs are in the appendix.
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2. THE MODEL

Consider a differentiated goods market with two firms. The demand
functions are given by ¢; = ﬁ[(l—y)a—pi—l—ypj], where i, j =1,2,i # j,1
¢; (p;) is the quantity (price) of firm ¢ and v (0 < v < 1) is the product
differentiation parameter. The corresponding inverse demand functions are
pi =a—¢q; —7G;-

Firms play the following two-stage game:

e In stage 1: firms simultaneously select a technology from a continuous
set characterized by constant marginal costs ¢; € [cg, co| and fixed costs
F(c;), where ¢, < a, F(c;) is non-negative and twice differentiable on
[cs, ¢a) with F' < 0, F"” > 0.

e In stage 2: firms play Cournot (Bertrand) competition, choosing out-
puts (prices) given the technologies chosen in stage 1.

For simplicity and easy tractability, we assume a quadratic fixed cost
function given by F(c) = tc? — Ac+k, where t > 0, A > 2co, k > Mg —tc2.
With this specification, F > 0, F' < 0 and F”' =2t > 0 for all ¢ € [cg, cqa].

The game is solved by backward induction. We first take a look at
Cournot competition. In the second stage, each firm chooses its output to
achieve profit maximization, given both firms’ technology choices in stage
1 and the rate of output of the other firm:

nzax(a —qi —q; — Ci)Qi - F(Ci)-

By solving firm ¢’s first-order condition to the maximization problem, we
obtain that

20— ) = 7la—c;)
e (1

Therefore, we can rewrite firm 4’s profit as

Qi(cia Cj) =

mi(ci) = (a — qgi(cs, Cj) - ’YQj(Cia Cj) - Ci)Qi(Cia Cj) - F(ci), (2)

which represents the expected profit for firm ¢ in stage 1 given firm j’s
technology choice c;. The second-order condition for an interior maximum
to m;(c;) is that

F"(¢;) > 2( 2)2 =9%(), Vi€ (e, ca) (3)

n other places where i and /or j appear, we also have i, j = 1,2, # j unless otherwise
specified.
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Under Bertrand competition, each firm decides on its price to maximize
profit in the second stage, given technology choices in stage 1 and the rate
of price of the other firm:

1—v)a—p; +p;
max(pi o Cv)( ’Y)CL D +P)/pj

W 1_’72 7F(C7)

The first-order condition to the above profit maximizing problem yields
that

2+ =7v)a+2¢ + ¢
4 —~2 '

We thus obtain firm i’s expected profit in stage 1 as

(4)

Pi(Ci,Cj) =

(1 —~)a —pi(ci,cj) +vpj(ci, cz)
1—~2

mi(e) = (pz'(Cz',Cj) — Ci) —F(ci).  (5)

The second-order condition for an interior maximum to m;(c¢;) is that

2 2-—772
F// 5 Y S
(@) > ===

) =9g"(7), Vei€ (e, ca). (6)
The terms gZ(vy) and g () satisfy the following relationship for all v €
(0,1) (see derivation in the Appendix):

g% (v) > g% () > 1/2.

The above analysis implies that if the continuous technology set is in-
sufficiently convex (i.e., F”(c;) < g°(v),Ve; € (cs,¢a)), then both firms’
stage-one profit functions are convex under either Cournot or Bertrand
competition, leading them to choose only the corners of the technology set
(i.e., ¢; € {cg,cqa}). This situation corresponds to the two-choice tech-
nology adoption model in previous research such as Elberfeld (2003) and
Elberfeld and Nti (2004).

In a closely related paper, Pal (2010) investigates technology adoption
in a differentiated duopoly under two modes of competition (Cournot and
Bertrand) assuming that firms choose between two alternative production
technologies. Pal’s model corresponds to the case of ¢ < 1/4 in our model
in which F”(¢;) < 1/2. That is, Pal (2010) focuses on the case that the
technology set is insufficiently convex.

In this paper, we shall focus on the interesting but still unexplored case in
which the technology set is sufficiently convex. More specifically, we focus
on the situation in which ¢ > 1/4 and the degree of product differentiation is
sufficiently high such that 0 < v < v*, where gZ(y*) = F”(¢;) = 2t. With
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this specification, F"(¢;) > gP(v) > g% (7),Ve; € (cp,¢a).2 As a result,
both firms’ stage-one profit functions are concave under either Cournot or
Bertrand, and both will choose from a continuous technology set rather
than the two extreme technologies as in previous literature.

Without loss of generality, we assume t = 1 and focus on 0 < v < v* =
0.93.3 Hence, the fixed cost function becomes F(c) = ¢ — Ae + k. As A
rises, fixed cost falls for all ¢. The cost parameter A in our model plays a
similar role as r in Pal (2010), and many of our results below are provided
in terms of the level of A.

2.1. Equilibrium under Cournot Competition

Under Cournot competition, in stage 1 firms choose technologies to max-
imize expected profits in (2). The first-order condition for firm i is

2 2h(a—¢)—2(a—c)
4 —~2 4 —~2

= F/(CZ') = 267; — /\7

which yields the best response functions

(a —¢j) — Bt (4—7?)°)
2(4—2)2 -8 ' @

C; =

Solving for equilibrium we have

2+9)?2=yAr—da _ .
224+ 7)22-v) -4 ¢

(8)

* gk
€l =C =

Straightforward calculations imply that ¢z < ¢} < ¢, if and only if 2 <
—C
A< A, where

C _ 9. 4(a - Cﬂ)
AT =2 ) )
3 = 2¢, + —Ha—ca) (10)

2+7)?22-7)
The next proposition summarizes the above results.

PROPOSITION 1. Under Cournot competition, in equilibrium the firms
. . <C . ~C
choose (cg,cs) if A < A%} (carca) ifF AN ;and (¢, ¢5) if AY <A< X .

20Qur analysis can be easily extended to the case where g€ (v) < F''(¢c;) < g (7). In
this case the equilibrium outcomes under Cournot competition in general admit interior
solutions (as in the case that F'/(c;) > g®(v)) while the equilibrium outcomes under
Bertrand competition always lead to extreme solutions (as in the case that F''(c;) <
9° ().

3The threshold value v* = 0.93 is obtained from gZ(y*) = 2.
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We may interpret choosing cg as making full investment in new technol-
ogy, choosing ¢, as making no investment in new technology, and choos-
ing ¢ as making intermediate investment. Notice that both firms always
adopt identical technology. In equilibrium with technology (c*,c¢*), we

have ¢¢ (c¢*,¢*) = p{(c*, ¢*) —c* = “erc,y, and ¢ (c*, ¢*) = (&1%)22 —F(cY),
i=1,24

2.2. Equilibrium under Bertrand Competition

Under Bertrand competition, in stage 1 firms choose technologies to max-
imize expected profits in (5). The first-order condition for firm i is

2_9 2(1 — 2ve; + 2(v2 = 2)¢;
i i (( Ma | 2v¢ + (72 )C>:20i_/\,
(I-=")d-7)\ 2—-v 4—v

which yields the best response function

o= 202 =)+ (1)U =*)PA-22 - 9*)(2 -7 =)
o 2(1—72)(4 —72)2 —2(2 —4?)? '

(11)
Solving for equilibrium we have®

o 207 =2at A2y - )E ) _ (12)
22— +2R ) T

Straightforward calculations imply that cg < ¢f < ¢, if and only if A8 <
A< XB, where

2(2 —7*)(a —cp)

AP =2¢c5 + ,
CEEEEDICEED

B, L 227
A 72a+(2+7—72)(4—72)'

The next proposition summarizes the above results.

4We show how firms use innovation as a strategic device to compete in a Cournot
duopoly game. In different settings, some economists examine firms’ competition from
other aspects, such as capacity investment, inventory investment and strategic outsourc-
ing. See in Ohnishi(2009, 2011) and Chen (2010).

5Note that asymmetric equilibria may occur when A% < A < . If the best response
equations (11) have slopes less than —1 (or equivalently, v < 0.8658), in addition to
the interior Nash equilibrium, there can be two asymmetric Nash equilibria which are
located on the boundary of [cg,cqa] X [cg,ca]. In the following analysis, we ignore the
two asymmetric equilibria since they are unstable.
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PROPOSITION 2. Under Bertrand competition, in equilibrium the firms
—B —B
choose (cg,cg) if A < AB: (carca) if A> X" and (¢, ;) AP <A< X,

By = % *
In equilibrium with technology (c*, ¢*), we have ¢ (c*, ¢*) = %
a—c* B+ #\ _ (a—c)>(1—7) *\ g
Waandﬂ-i (c",c )—W‘F(C ),i=1,2.

3. COMPARISON OF COURNOT AND BERTRAND
EQUILIBRIA

In this section we compare Cournot and Bertrand equilibria in terms of
firms’ technology adoption decisions and social welfare.

3.1. Cournot vs. Bertrand in Technology Adoption

To see how firms’ technology adoption decisions differ under alternative
modes of product market competition, we obtain the relationship between
the critical values given in (9), (10), (13) and (14), in the following lemma.

3
_ al
T (64 —2v7 =) 2= (1+)

(i) AP < X9 <AB <A ifco—cs > H(Y)(a—c);
(ii) AP <XB < A% < XC ifcy—cs < H(Y)(a—ca).

LEMMA 1. Denote H(v) 6 We have that

Figure 1 depicts the pure-strategy Nash equilibrium choices of firms re-
garding technology adoption corresponding to different levels of A\ under
alternative modes of competition. The two patterns correspond to the two
cases in Lemma 1.

Clearly, Cournot competition and Bertrand competition lead to different
choices of technology for A” < A < A°, while both firms choose (cs,cs)
for A < AP and (CasCa) for X > ¢, Secondly, the range for both firms to
make full investment in new technology is wider under Cournot competition
than under Bertrand competition. On the contrary, the range for no firm
to adopt the best (i.e., lowest marginal cost) technology is narrower un-
der Cournot competition than under Bertrand competition. Furthermore,
Cournot competition leads to more full investment while Bertrand compe-
tition leads to more zero investment. Firms may either make intermediate
investment in certain regions depending on the value of the adoption cost
parameter \.

A natural question then arises regarding which competition mode leads
to more interior solutions and which one in general invests more to reduce
marginal cost.

6Note that H(v) is an increasing function of .
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FIG. 1. Technology adoption under Cournot and Bertrand

Cournot (cpcp) (cpcp) . (ce,cd) (c&cd) (Ca Ca)
A _
| I_ |
AB * * * * }\
Bertrand (cﬁ, CB) (cpcp) (cp,cp) (Car Ca) (Ca Ca)

v

(a) Pattern 1: ¢o —cg > H(7v)(a — cq)
Cournot (CB, CB) (CB, CB) (CB' CB) (cg,c0) c (€ €o)
2B B [ [

A A
Bertrand (cprcp) (circp) (CarCe) (Car ) (Car )

v

(b) Pattern 2: co — cg < H(y)(a — cq)

LEMMA 2. Regarding interior solutions, we have that

(i) AP — AP > ¢ -2,
(it) cf —ct >0, and O(c; —c)/OX < 0.

Lemma 2(i) implies that Bertrand Competition leads to more interior
technology solutions than Cournot competition. When both firms choose
an interior technology, the marginal cost is lower under Cournot competi-
tion and the difference in marginal costs decreases with the cost of technol-
ogy adoption. Combining the results in Lemma 2(ii) and Figure 1 yields
at any given A, both firms are (weakly) more willing to invest to reduce
the marginal cost under Cournot competition than under Bertrand com-
petition.

The results in Lemma 1 and Lemma 2 give us the following Proposition.

PROPOSITION 3. Firms choose symmetric technology under both Cournot
and Bertrand competition. Although Bertrand competition leads to more in-
terior technology solutions than Cournot competition, firms invest more on
technology to reduce marginal costs under Cournot competition.

Our results are based on the assumption that the technology set is suf-
ficiently convex so that both firms choose from a continuous technology
set rather than the two extreme technologies in the set. However, if the
technology set is insufficiently convex, then both firms choose from the two
extreme technologies and conclusions similar to those in Pal (2010) apply.
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3.2. Cournot vs. Bertrand in Welfare

Next, we move on to the ranking of Cournot and Bertrand competition in
terms of social welfare. We start with the equilibrium prices and quantities.
Based on the results in Section 2.1 and Section 2.2, we directly compare
equilibrium prices and quantities under two modes of competition in each
region in Figure 1 and then obtain the following two lemmas.

LEMMA 3. The equilibrium prices of both firms are higher under Cournot
competition than under Bertrand competition.

LEMMA 4. The equilibrium quantities of both firms are larger under
Bertrand competition than under Cournot competition.

Implied by the above two lemmas, although firms invest more on tech-
nology to reduce marginal costs of production under Cournot competition
than Bertrand competition (Proposition 3), firms still charge lower prices
and produce more under Bertrand competition than under Cournot com-
petition. It also follows from Lemma 3 that consumer surplus is higher
under Bertrand competition since the equilibrium prices of both firms are
lower under Bertrand competition.

We next turn to the ranking of firms’ profits.

LEMMA 5. Both firm’s profits are higher under Cournot competition
than under Bertrand competition.

Lemma 5 implies that higher technology adoption under Cournot com-
petition generates higher industry profit.

Based on the above results, a switch from Cournot competition to Bertrand
competition increases consumer surplus but decreases firms’ profits. As a
result, the welfare ranking of the Cournot and Bertrand equilibria is not so
clear. Given the equilibrium strategy (c*,c*), we obtain equilibrium con-
sumer surplus (C'S = %(q% +27¢1q2 +¢3) under both modes of competition
as

—C*)2 CSB(C* C*): (a’_c*)2 )
’ ’ (2=7)2(1+7)

Co o %\ _ a
OS5 e) = (457

Thus, we are able to obtain social welfare under both modes, which is
the sum of consumer surplus and industry profits.

*

a—C
247

WE(e",¢) = (3+7)( )? = 2F(c"), (15)
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(a—c")?
2-=72%(1+7)
PROPOSITION 4. In a two-stage duopoly game where firms simultane-
ously decide the optimal technology adoption from a continuous technology
set in stage one and compete in either Cournot or Bertrand competition in

stage two, Social welfare is higher under Bertrand competition than under
Cournot competition.

WEB(e*,¢*) = (3 —27) —2F(c"). (16)

Although a switch from Bertrand competition to Cournot competition
increases firms’ profits, the gain in firms’ profits is smaller than the loss in
consumer surplus. Thus, as for social welfare, Bertrand competition yields
more. That is, the standard welfare ranking holds. Recall that we focus
on the case that the technology set is sufficiently convex and the product
differentiation is relatively high. If the technology set is insufficiently con-
vex, firms choose two extreme technologies and Cournot competition may
lead to higher social welfare than Bertrand competition in some situations
(see Pal (2010)).

COROLLARY 1. If the technology set is insufficiently convez, for any
given v € (0,1), Cournot competition may lead to higher social welfare
than Bertrand competition when Cournot competition leads to higher tech-
nology adoption than Bertrand competition.

Implied by Proposition 4 and Corollary 1, the convexity of technology set
and product differentiation are very critical to the social welfare ranking of
the two modes of competition. The traditional efficiency result holds for a
sufficiently convex technology set (large ¢) and high product differentiation
(small 7). Otherwise, the opposite results may hold in some situations.

4. CONCLUSION

In a horizontally differentiated industry, firms have the motivation to em-
ploy a cost-reducing technology to gain a competitive advantage. Economists
have investigated from different aspects to see how technology adoption
occurs in a duopoly as a result of strategic choices. Among them, some
researchers focused attention on the comparison of Cournot and Bertrand
competition to see which one provides a greater incentive to innovate.

In this paper we revisited Cournot and Bertrand competition in a differ-
entiated duopoly with endogenous technology adoption. We assume that
the technology set is a continuous interval as opposed to the two choice
model in the literature to investigate firms’ incentives to adopt new tech-
nologies under Cournot and Bertrand competition. With this enlarged pa-
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rameter region, we find that the convexity of technology set and the degree
of product differentiation play a very important role in technology adoption
and efficiency comparison of the two modes of competition. Specifically,
with our attention focused on the case with a sufficiently convex technol-
ogy set and sufficiently high product differentiation, we show that Bertrand
competition leads to more interior solutions but Cournot competition pro-
vides more incentives to invest in technology. Furthermore, the standard
ranking of welfare continues to hold in this dynamic environment.

APPENDIX: PROOFS
Derivation for gZ(y) > g€ (v):

It is obvious from (3) that g“(7) is increasing in  and therefore g© () >
g% (0) = 1/2. Furthermore, based on (3) and (6), we have

By Cran _ 2 - _ \N__2
9°()—g (7)_(4_72)2< 1—~2 4>_(4_72)21_72>0‘

Proof of Proposition 1:
Since their profit functions are concave, both firms choose interior tech-

nology when cg < ¢} < ¢o. That is, cg < W% < Cq, which
reduces to
4(a — 4(a — cq
2¢g + (a —c) <A< 2¢q + (a — ca)

(2+7)%(2-7) 2+7)2(2-7)

Since 4y < 2(4 — 7?)? — 8, the slope of the best response equation (7),
2(4__77427)2_8 > —1. As a result, the interior solution obtained in this case is
unique.

Furthermore, each firm’s best response curve is always equal to cg if

A< 2cs+ % and ¢, if A > 2¢,, + %. Thus we have the
results.

Proof of Proposition 2:

Since their profit functions are concave, both firms choose interior tech-
2017 =2)at A 24y —7*) (A=) _
2(72—2)+2(2+7—7%)(4—7?) @

nology when cg < ¢j < ¢o. That is, cg <
which reduces to

2(2— %)(a — ca)
@+ -7

2(2 —y*)(a—cp)

<A< 24 +
G+r— )1

2c5 +
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Furthermore, each firm’s best response curve is always equal to cg if

2(2—v?)(a—c . 2(2—~v3)(a—ca
>\h§ 2¢cp 1+ % and ¢, if A > 2¢,, + M%. Thus we have
the results.

Proof of Lemma 1:

We first show that A¢ > AP and A > AP, From (10) and (14), we
obtain that

¢ 1B 4(a — ca) 22 —~*)(a = ca)
A AT =t 2+7)22-7) % QC+r-1H@E-4?)
:2(a—ca)< 2 2 — 42 )
d—792 \ 24y (A+72-9)
2(a — ca) 7’

Similarly, we have

Yo—cs) _p_, 229 —c)

C_ C e —— .
A SRt G R ) A PRy

Next, we focus on the relationship between A? and AY. We have that

. 2(2 = 7)(a - ca) 4a - cs)
)\B—)\C:2ca+ —2cg — ——
. C+y-(A-7) 77 2+
2 (2-7%)(a - ca) 2(a—06)>
(C Cﬂ) 4_72< 2_’_,},_72 2+’y
(a— ca) 2(a—ca) 2(ca—cp)
:2( —Cﬂ B — —
4 ¥ 2—|—v ~¥2 2+ 247
273
= 2 C, ————(a — C,
- e ) - A
(6+47—27 -°) 2°
= —C a4 — Cq)-
A+ B T a g @
Ay C . 3(a—cq 3\ C .
Hence, \B > X\ if ¢, —c5 > (6+47_232£73)(2)_7)(1+7), and A\B < \“ if

73 (a—cq)
(64+47—272—¥3)(2—7)(1+7)

Cq —Cg <

Proof of Lemma 2:
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We first look at part (i). From (9) and (10), we have that
A=A =2(cq—cp) (1l — —————
A =He el e )

From (13) and (14), we have that

).

~B B 2*"}/2
A=A =2(cy, —c3)(1 —
B ( 2 2+y—=73)4-1?)

).

As a result,

NP AB (329

= 2(Cq — C 2 . 27')/2
= 2(cq ﬁ)<(2+7)2(2—7) (2+7—72)(4—72))
=2(cq — ¢ )2(2_7)(1+7)_(2—72)(2+7)
T PP )
,.YS

2+7)2(2-7)*(1+7)

= 2(C(X - CB)(
> 0.

Thus we have part (i).
To prove part (ii), we rewrite ¢} and ¢} as follows:

. A249)°2-9)—4a | (A=20)2+7)*(2-19)

IR G ] ) gy i T G ) p

oo 200 =2at A2y == L (A=20)2 47 =9 )
P22 -2) 422+ - D) - ) 22 =2) +2(2+7 -7 -’
As a result,
¢ — ce
_ (A—2a)(4—w2)( 2-71+79) B 2+ )

2 (P=2)+2+7=-7)4-7%) (24+7)?2-v) -2
_ (A=20)(4 -9 -

2 (2 =2)+2+r =) =) (2+7)2*(2-7) -2)
(20 ) S C el

20 =2+ 2+7 =) =) (2+7)2@2-7)-2)

It is obvious that the fraction (the second term) in the last expression has
a positive sign because 0 < 7y < 1. Therefore we have d(c¢; — ¢})/OX < 0.
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Next we look at the first term in the last expression. Since A\ < X\ < \C,
we have

4(a — cq)
2+7)%2-7)
=2(a—cq)(1—

20—\ > 24—\ =2a—2¢, —

)

@rre—
> 0.

Thus we have ¢ — c; > 0. That is, ¢j > c.

Proof of Lemma 3:
Under Cournot competition, p¢'(c*, c*) = a—c” | ¢* and under Bertrand

2y
competition pf (c*,c*) = w + ¢*. When technology adoption is

identical under both Cournot and Bertrand competition, it follows obvi-
ously that pic > pP. Next, we show that plC > pP holds when technology
adoptions are different under Cournot and Bertrand competition.

(i). When firms choose (cg, cg) under Cournot competition and (¢}, ¢f)
under Bertrand competition, we have A < 2. After simplification, we
obtain that

a—cp (a—cp)(1—7)
2+ 2—~

(L4+7) (2a(2+ 372 =) +2¢5(6 + 4y — 572 =3 + ) + (v — 2)(2 +7)2N)
2(2+7)(6+4y — 572 — 3 +94) ’

pi (esyca) —pi(chch) = +ep—( +¢)

which is a decreasing function of A\. Thus, p{(cs, cg) — p2(cf, cf) is greater
than

(1+7) (20(2+ 392 = 74) + 265(6 + 47 = 572 = 4 +94) + (7 = 2)(2 +7)°2°)
22+7)(6+4y =592 =72 +7%) ’

which can be reduced to

2(1+9)(a = ep)r*(3 = 7*)
22+7)(6+4y =592 =7 +74)

Therefore, we have p{’(cs,cg) — pZ(c;, c;) > 0.
(ii). When firms choose (¢}, ¢}) under Cournot competition and (¢}, cj)
under Bertrand competition, we have AY < A < AB. After simplification,

we obtain that

3 Y212+ 12y = 792 = 73 + 92 +9°))(2a — N)
2(=6 — 4y + 292 +93)(6 + 4y — 572 — 3 + %)’

Py (e el)=pf (e, ) =
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which is a decreasing function of A\. Thus,

Y212+ 12y — 792 = 793 + 4% +9°))(2a — AB)

Cr x _* B/ x _*
i (CerCe) — Dy (CpyCp) > —
D; ( c ) p ( b b) 2(_6_47_’_2,72_;'_73)(6_*_47_572_,},3_‘_74)

~ (a—ca)*(B=77)

= > 0.
1242y — 892 + 74

(iii). Similarly, after simplification we obtain that
2a(7? = 2) + (=4 — 4y +¥2 + )\
2(—6 — 4y + 292 +3)
(a—c)(1—7)
2—v

PZC(C;C:) —piB(CQ,CQ) =

—Cq )

which increases in A. Thus,

p?(c:,c:) _piB(CaaCa)
2a(7* = 2) + (4 =4y +7° +9°)AP (a—ca)(1—7)
2(—6 — 47 + 292 +3) R Y

_ (a—ca)®’(3 -9
12 + 2y — 8y2 4 4

> 0.

(iv). We next show that p{(cs,cs) > pP(ca,ca) when pattern 2 arises.
Note that for pattern 2 we have ¢, — ¢g < H(7)(a — ¢o), which can be
rewritten as (a — cg) < (1 4+ H(7y))(a — ¢o). We therefore have

a—ca (1+7)(a—cp)

2—v 247y

- a—cg (A +)(a—cp)
2-701+H(v)) 247

_ PL+7B 9% =0

C+N6+4y =57 =7+~

ps (cs,c8) — P (ca,ca) =

Proof of Lemma 4:

When technology adoption is identical under both Cournot and Bertrand
competition, it follows obviously that ¢ > qu . The following analysis is
similar to the proof for Lemma 3.

(i). After simplification, we obtain that
qu(Cﬁ’,C,@) - qu(CZ,CZ)

Ca(d+ 692 — 29%) +2¢5(6 + 4y — 592 — 2 + 1) + (12 — 4)A
22+ 7)(6+4y =57 =3 + %)

)
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which decreases in A. Thus, ¢Z(cs,cs) — ¢ (¢}, c}) is greater than

a(4 4672 — 291 + 2c5(6 + 47 — 572 — 43 + 1) + (12 — 4H)A°
22+7)(6+4y =59 =% +7*)

)

which can be reduced to

(a—cs)7*(3—7°)
22+ 7)(6+4y =59 =¥ +9%)

Therefore, we have ¢®(cs,cs) — ¢ (¢}, c;) > 0.
(ii). After simplification, we obtain that

2 2 4
v . (12 — Ty + %)) (2a — A
af (cp,c5)—af (ciret) = — ( 2 3 ) 2) 3 4y’
2(=6 — 4y + 292 +9%)(6 + 4y — 572 —7* + )

which is a decreasing function of A. Thus,
2 24 4 1B
* %k * % Y 12777 +'7 2(17)\
PG }) — € (cErel) > = et )k R
(=6 =4y +29% +7%)(6 + 47 =572 — 7% + %)
(a—ca)r*(3-7%)

= - > 0.
2 =@+ )6+ 4y =292 —~7)
(iii). Similarly, after simplification we obtain that
. o a—cCa (7 = 4)(2a = N)

B c

Z(Casca) —q; (chych) = — ,

o ce) =060 ) = ) T 06— a4 277 )
which increases in A. Thus,

a— Cq (72 — 4)(2a — \B)

B Cr *x x
i (CayCa) —q; (Corcc) >
@i’ ( ) =@ ) 2—-—7)1+7y) 2(—6—4y+292+13)

_ (a—ca)V*(3—177) S0

(2=7)A+7)(6+4y — 292 —3)

(iv). After simplification, we obtain that

a— Cq _a—cg
2-71+7) 2+’

67 (Casca) = af (cp,cp) = (

Following part (iv) in the proof for Lemma 3, we immediately obtain that
a4 (ca, ca) > af (cs, cp).



248 HONGKUN MA, X. HENRY WANG, AND CHENHANG ZENG

Proof of Lemma 5:

First, when technology adoption is identical under both Cournot and
Bertrand competition, for example (cg, cg), we have that
273

TH PR+

i (g, cp) — ) (g, cp) = (a— 05)2(

C

Similarly, 7¢ (ca, €a) = T2 (Cay ca) > 0. Next we look at the situations when

technology adoptions are different under the two modes of competition.

(i). In pattern 1, if AP <A< )%, and (¢}, cf) under Bertrand competi-

. v x ea)2 a—c)2(1— »
tion. we have 7% (cg, cg) — w2 (¢, cf) = ((0‘2;5‘))2 — ((272&))2((1+])) -—A=¢ —

cg)(c; — cp), where ¢ is given in (12) as a function of A. As a result, we
write

i (ca,cp) =77 (e, ch) 2 Fi(N).
Next we show that Fj()\) decreases in A.

To do that, we denote a}:;)(\’\) £ G4()\). Differentiating I ()\) with regard

. 1( 2(=147)A+7)(—4+~>)%(=2a+ )
to A yields G1(\) = 1( ( (21471)5(72_,%37&)2 atd)
n (447472 19° —") (20(=247%) ~2¢5 (6-+47 572 —7°+7*)+(=247)2 (2+37+7°)2) )
(6+47—57y2—y3+7%)2
(—247)2(2+3v+7%) (20(=2472)+2¢5 (6447 =577 —7* +7) H(—4—4y+472+7° —)A)
+ (6+47—572—v3+~1)2

Similarly, differentiating G (\) with regard to A yields that

9G1(\) _}( 2(v* = 1)(=4++%)?°
0N 4A\(6+4y — 572 — 3 +44)2
L 22492243y ) (A =y 4 97 =)
(6 +4y =572 =77 +791)?

) <o.

Thus, G1()) is decreasing in A. That is, for all M« AC,

OF1(\) o By (—a+cg)y
B\ _GI(A)<G1(A)_6+4’}/*5’}/2*73+’Y4 <0,

which implies that F}()) is also decreasing in A. As a result, for all \? <
A<,

3(—72 — 84y + 6072 + 7373 — 18y — 219° + 270 + 297
Fl()\)>F1(Ac):v( 7+ 607" + 73y gl VA2 +297)

(=247 @2 +7)3(6+4y =572 = 7% +4)?

That is, 75 (cs, cp) > 72 (c}, c}).

> 0.
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Similarly, for A® < A < AP in pattern 2, we also have G1(\) < G1(A®) < 0.
Thus, F1(\) is decreasing in A. Furthermore, since AY > 2B , we have
Fi1(\) > F1(AB) > F1(\9) > 0. That is, 7¢(cg,c5) > 78 (¢}, ¢f) continues
to hold.

(ii). In pattern 1, if AY < X < 2B, we have

e (cs ) = w7 (b, ch)

R S R Lt B

2492 2-72(+9)
_ 73(288 + 3367 — 31292 — 3767 + 1329 + 1579° — 2675 — 29497 + 27 + 27) (X — 2a)?
B 4(—6 — 4y + 292 +73)2(6 + 4y — 572 — 73 +74)?

= —c)(G — )

> 0.

(iii). In pattern 1, if A2 < XA < A9, we have 7 (c%, ¢})) — 78 (ca, ca) =
(a—c2)? (a—ca)?(1—7) A % % h s in (8
CEE R R 76 e el (A —ca — ¢f)(ca — ), where ¢ is given in (8) as
a function of A\. As a result, we write

i (cs,€0)) = 17 (Casca) £ Fa(A).

c)c

Next we show that F»()) increases in .

To do that, we denote a%)(\/\) £ Go()). Differentiating F»(\) with regard

s Tde _ (=242 (4% (=2a+)) (=247)(24+7)*
to A yields G2(A) = S=irae s — (L+ =racsmee) (o -
—4a—(—2+w><z+w>2x)

2
—4a—(—2+7)(2+v)2/\) _ (22e4) (_C“'H‘_ —42( 241 (24?2

T2 2(—217)(247)? A2 217 (212 . We then have
that
—24+7)(247)?
G2 (N) (24922492 22492+ 7)?(1+ ,432(,31(@(317)2) 0
X 2(=6—4dy+29% +97) —4—2(-2+7)(2+1)2 '

Thus, for all \B < A < X%,

OF>(\) 4 p —(a—ca)y(12 + 14y — 1292 — 11793 + 37 + 27°)
£ Ga(A) > Ga(A7) = >0,
P 2(A) > G2(A7) (=24 7) (L +7)(—6 — 4y + 292 +73)2
which implies that F5()) is also increasing in .
Thus, for all \Z < X\ < \°,
- 3(—72 — 84 6072 4 73v3 — 18y* — 21795 4+ 2790 + 277
FQ(/\)>FZ()\B):W( v+ 607" + 73y g AR AN

(=247 +7)2C+ (=6 — 47y + 292 +1°%)?

That is, 7 (c%, ¢) > 78 (cas ca)-
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Similarly, for A < XA < A€ in pattern 2, we also have Go()\) > G2(AY) >
Ga(AB) > 0. Thus, Fo()\) is increasing in A. As a result, Fy(\) > Fo(A¢) >
Fy(AB) > 0. That is, 7&(ck, ¢%)) > 78 (ca, ca) continues to hold.

(iv). In pattern 2, A¥ < X < A“, we have

s (e, c8) — 77 (Car Ca)

e (a-c)(1-n)

S @rr @A) e ) )
(a—cs)?® (a—ca)*(1=7)
2+7)?2  2-7201+9)

9,9 2 (g —cg)? 4 a—c 3 — 342 3

=(@=ca) (—4132&—0324_( -2) - R e

(A7 = ca = cp)(ca — c5)

(2+7)2(2-7) a—co (2721 +7) )

Notice that the last equation is a quadratic expression of “—2. Since
_ 2 _ 2 a2,.3
_i::__zg > 0 and (Wﬁ—?ﬂ—él( —2132 )(?E;ly)?;zliz) ) < 0, we therefore
have that
-3 2 _ 2 4 _ 3 -3 2 3

+7° (a—cp) +( L0 34y =34,

—4+7?(@-ca)?  (24+7)%*2-7) Ta—ca  (2-7)21+7)

As a result, 7 (cg, cg) > 7B (Ca, Ca)-

Proof of Proposition 4:

First, when technology adoption is identical under both Cournot and
Bertrand competition, for example (cg, cg), we have that

V(2 42y —4)
2+7)22-7)21+7)

Similarly, W€ (ca, ca) — WB(ca, ca) < 0. Therefore, Bertrand competition
generates more social welfare than Cournot competition.

Denote the marginal cost under Cournot competition by ¢¢ and that un-
der Bertrand competition by ¢, where ¢® < ¢’. Next, we show that when
firms choose different technologies under Cournot and Bertrand competi-
tion, social welfare is lower under Cournot competition. Note that the
welfare functions (15) and (16) consist of two terms, where the second
term is the fixed cost of technology adoption. We know that F'(c;) varies
inversely with ¢;, so F(c?) > F(c?). As a result, if the first term in (15)
is smaller than the first term in (16), we obviously obtain that Bertrand
competition leads to higher social welfare. In the following, we show that

< 0.

W (e, c) — WP (cg,c5) = (a — cp)?

a—c® o (a —cb)?
2+, <CTPEEa

(3+7)(
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always holds in the region A® < X < \€.

(i). In pattern 1, A% < X\ < A“, firms choose (cg,cz) under Cournot
competition and (cj, ¢i) under Bertrand competition. We have

5oy (@=@)? _ (1+7)B =242 )

2=7)21+7) A6 +4y =572 =3+

which is a decreasing function of A. Thus,

(a—c)?
2=7?2(1+7)
2 (1478 —29)(4—1%)*(2a = 1)
I (IR S ey
~ (a—cp)*7*(=36 — 127 + 5997 + 199° — 249* — 895 + 375 +47)
2+7)2(6+4y =592 —=7° +74)?

(B+)(50) - (B-2)

<(B+7) (=2

< 0.

(ii). In pattern 1, A < A < AB, firms choose (¢, ¢*) under Cournot
competition and (cj, ¢i) under Bertrand competition. We have

a—ct

B+NETE? - (3 - 2)

(2-7)?21+7)
(2a — A\)2(4 — 742)?42(=36 — 127 + 5972 + 199 — 244* — 84° + 395 +77)
4(—6 — 4y + 292 +43)2(6 + 4y — 572 — 3 +44)2

<0.

(iii). In pattern 1, A < A < A, firms choose (c,c’) under Cournot

cr-c

competition and (cq, ¢o) under Bertrand competition. We have (3+)( a—cc )? =

2+~
252 2
(447(16)_55’;72),5221;?)) , which is a decreasing function of X. Thus,

a— c* 2

c\2 (CL—Ca)
(34‘7)(2_’_7) —(3—27)m
(4 =7°)*B +7)(2a — AP)? (a—ca)?
T e S R ) o p I
(0= ca)*¥?(—36 — 12y + 5972 +199% — 249" — 89° + 395 +77)
- (2= 7)2(1+7)2(=6 — 47 + 292 +93)?

< 0.

(iv). In pattern 2, A® < XA < AP, firms choose (cg,cs) under Cournot
competition and (cj, ¢}) under Bertrand competition. Since A\Z < A% it
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follows straightforwardly from above part (i) that (3 + 7)(‘121043 )2 —(3 -
*\ 2
2) Sty < O
(v). In pattern 2, AP < X < A9, firms choose (cg,¢s) under Cournot
competition and (cq, ¢,) under Bertrand competition. Note that for pat-
tern 2 we have ¢, —cg < H(y)(a—cg), which can be rewritten as (a—cg) <
(1+ H(v))(a — ca). We therefore have

S L [ee s
< (3+,Y)(1 + H(v))?(a = ca)® —(3-2y) (@ —cq)?

(2+7)? 2=7)2(1+7)
(a = ca)?¥3(—36 — 127 + 5992 + 1973 — 244* — 8v° + 370 +77)
(2=7)2(1+7)(=6 — 4y +29% +%)°

< 0.

(vi). In pattern 2, A° < A < X°, firms choose (¢}, ¢*) under Cournot
competition and (cq,cy) under Bertrand competition. Since AP < AC, it

follows straightforwardly from above part (iii) that (3 + v)(%55)2 — (3 —

2 2y
(a—cq)
2@yt <O
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