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Abstract

This paper analyses the incentives to adopt cost-reducing technology by firms in a horizon-
tally differentiated industry. In our model there are several suppliers of a new technology. The
extent of the cost reduction depends on the quality of the new technology. A firm has to buy the
technology in a ‘scoring auction’. This means that both the price and the quality (which affects
marginal cost of production) of this new technology are no longer given but depend on the
equilibrium outcome in the ‘scoring auction’. We show that the nature of competition (Cournot
or Bertrand) has no effect on the equilibrium decision of the firms to adopt the new technology
when the quality of the new technology offered by the suppliers lies in the interior of the feasible
range of qualities. In this case, both firms adopt new technology. However, when there is a
corner solution, then it is possible to have equilibria where only one firm (or no firm) adopts the
new technology. With corner solution the nature of competition (Cournot or Bertrand) makes
a difference to the equilibrium outcomes.

Journal of Economic Literature No. L13, L11, D43, D44

1 Introduction

Consider a differentiated product duopoly. The firms have the option of investing in a new
technology which is cost-reducing. This may be a new machine which brings down marginal cost of
production (increases efficiency) or a new software which improves product design and effectively
reduces costs. The extent of the reduction in marginal cost depends on the quality of the new
technology. The following questions arise:

1. Will the firms adopt this cost-reducing new technology?
2. Does the nature of competition (Cournot or Bertrand) matter?

In the industrial organisation literature the above questions have been addressed in various
ways. However, our approach will be different. In order to find answers to the above questions we
consider the following two-stage game.

*T am indebted to Masaki Aoyagi, Vijay Kaul, Noriaki Matshushima, Toshihiro Matsumura, Achintya Ray and
Makoto Yano for very helpful comments. Comments from the participants at the Aomori Kyoto International Work-
shop and seminar participants at Tokyo University were also very helpful. The paper was written when I was a
‘Visiting Research Scholar’ at the Institute of Social and Economic Research, Osaka University in 2013-14. ISER
provided me with excellent research facilites and stimulating intellectual ambience and I am very grateful for that.
The usual disclaimer applies.



1. In the first stage firms simultaneously and independently decide whether or not to adopt the
new technology. There are several suppliers of this new technology. The quality of the new
technology lies in the interval [0, Z]. Higher is the quality of the new technology, the lower will
be the marginal cost of production. The extent of reduction in marginal cost depends on the
effectiveness of the new technology in reducing marginal cost. If a firm decides to adopt the
new technology, it has to purchase it in a scoring auction. This means that both the cost
of buying this new technology and the quality of the technology (which affects the marginal
cost of production) are no longer given but they depend on the equilibrium outcome in the
scoring auction.

2. In the second stage the firms engage either in Cournot competition or in Bertrand competition
in a differentiated product market. The mode of product market competition, Cournot or
Bertrand, in the second stage is exogenously determined. The outcome of the scoring auction
is revealed to both the firms before they engage in the second stage duopoly competition.
This means that when a firm engages in second stage competition (Cournot or Bertrand) it
knows the quality choice (and hence the marginal cost) of its rival.

We find that the equilibrium outcome crucially depends on whether or not the quality of the
new technology offered by the suppliers lies in the interior of [0, Z].

In sharp contrast to the related results in the literature we show that both firms choose to
adopt the new technology in the first stage when the quality of the new technology offered by the
suppliers lies in the interior of [0, Z]. This is true regardless of the value of differentiation parameter
and regardless of the nature of second stage competition (Cournot or Bertrand). However, when
there is a corner solution (where all the suppliers offer quality Z) then it is possible to have an
equilibrium where only one firm (or no firm) adopts the new technology. With corner solution in
quality, in some cases the nature of competition (Cournot or Bertrand) makes a difference to the
equilibrium outcomes. We show that this depends on the degree of product differentiation and
the expected cost of acquiring the new technology. It may be noted that with corner solution, our
results are somewhat closer to the existing ones in the literature.

The novelty of our paper is that we use ‘scoring auction’ as a mechanism to buy new technology.
In all papers in the related literature firms adopt the new technology either by incurring a fixed
cost (as in Bester and Petrakis (1993), Pal (2010) and Elberfeld and Nti (2004)) or by participating
in a ‘standard auction’ (as in Das-Verma (2003) and Moldovanu and Sela (2003)).

Why Scoring auction? In the traditional theory of standard procurement auctions, the buyer
(auctioneer) cares only about the price of the object, but not the other attributes.! However, in
many procurement situations, the buyer cares about attributes other than price when evaluating
the offers submitted by suppliers. Non-monetary attributes that buyers care about include quality,
time to completion etc. For example, in the contract for the construction of a new aircraft, the
specification of its characteristics is probably as important as its price (see Branco, 1997). Under
these circumstances, auctions are usually multidimensional: bidders submit bids with the relevant
characteristics of the project (among which is price), then the procurement agency gives a score
to each bid and makes its decisions based on these scores. The essential element of such multi-
dimensional auctions is a scoring rule. For example, the Department of Defence in USA often
relies on competitive source selection to procure weapon systems (see Che, 1993). Each individual

'Tt may be noted that the standard benchmark model of auctions is really a price-only auctions. See Krishna
(2010) for all the major results in the standard model.



component of a bid of the weapon system is evaluated and assigned a score, these scores are summed
to yield a total score, and the firm achieving the highest score wins the contract.

In our set-up any firm which is planning to buy the new technology cares both about the price of
the new technology and the quality that is offered. The reason is simple: both the price and quality
of the new technology affects the profit of the firm. The price of the new technology is like a fixed
cost and the quality of the new technology directly affects the marginal cost of production. For
example, if the firms are airline companies then they may invest in new aircraft with fuel efficient
engines. The more fuel efficient the engines of the new aircraft are, the more will be the savings
in fuel costs (which effectively means that marginal cost of operating a flight comes down). Such
airline companies evaluate offers from suppliers of new aircraft based on not only the prices of the
aircraft but also on the quality of new fuel efficient engines. In a country like India where fuel
costs are very high, airlines greatly value the fuel cost savings. Airline companies in India typically
purchase new aircraft after evaluating competing offers (that include price as well as various quality
parameters) from big aircraft suppliers like Boeing and Airbus.?

We now proceed to provide a brief discussion of the related papers in the literature and show
how our exercise differs from these papers.

The related literature Our two stage game is somewhat close to the approach in Bester and
Petrakis (1993) and Pal (2010). In these two papers the basic model is as follows. First, one firm (or
both firms) decides (decide) whether or not to adopt a cost-reducing technology, by incurring some
given cost. If a firm adopts a cost-reducing technology, the reduction in marginal cost is discrete
and known. Next, the firms engage either in Cournot competition or in Bertrand competition.?
Bester and Petrakis (1993) show that Cournot competition provides a stronger incentive to innovate
than Bertrand competition if the degree of product differentiation is low, and a weaker incentive
if this degree is high. Pal (2010) shows that, if the given fixed cost of the technology is high,
Bertrand competition provides a stronger incentive to adopt technology than Cournot competition
unless the given cost-reducing effect of the technology is very low. On the contrary, if the cost
of the technology is low, Cournot competition fares better than Bertrand competition in terms of
technology adoption by firms.

Note that in the above papers firms have to incur some given fixed cost to adopt the new
technology and the reduction in marginal cost is also given. That is, both the price of the new
technology and the associated reduction in marginal cost are known to the firms in the beginning.
In contrast, in our model, neither the price of the new technology nor the reduction in marginal
cost are known to the firms at the start. Firms come to know of these only after the outcome of
the scoring auction has been revealed.

Another set of papers (for example, Elberfeld and Nti, 2004) deal with the case where the
reduction in marginal cost is itself uncertain. Here a firm may either undertake an up-front in-

2For example in 2011, after evaluating competing offers, IndiGo (a low-cost Indian airline) ordered 180 Airbus
A320s from Airbus for a valuation of $15.6 billion. Earlier India’s national carrier, Air India, had placed an order for
111 Boeing and Airbus aircraft for $11 billion in 2005. As Airbus offers more fuel-efficient aircraft, in Indian aviation
market the demand for its aircarfts is increasing. Boeing’s market share has slumped in the Indian market and Airbus
now controls about 73% of the Indian pie. See Keller (2011) and Singhal (2011) for the information regarding the
order for Airbus aircrafts placed by some of the Indian airline companies.

3Boone (2001) analyses the effects of intensity of product market competition on R&D incentives in a model
capturing the strategic interactions between firms with different cost levels. Bonano and Haworth (1998) analyses
the relationship between intensity of competition and the profitability of innovative activity. In a context where
there is conflict between static and dynamic efficiency, Delbono and Denicolo (1990) compare the equilibrium R&D
investment under Bertrand and Cournot competition in a symmetric and homogeneous oligopoly.



vestment to adopt the new technology with low marginal cost, or it may continue to use the old
technology with high marginal cost. The cost of adoption of such a new technology is given. After
technological commitments have been made, uncertainty in marginal cost is resolved, and the firms
play a Cournot oligopoly game.? It is shown that if in equilibrium both technologies are employed,
more uncertainty about the new technology increases (decreases) the number of innovating firms
and decreases (increases) the product price if the up-front investment is large (small). In Elberfeld
and Nti (2004) the second stage competition is Cournot only and consequently, the issues regarding
differences due to nature of competition (Cournot or Bertrand) do not arise.

Note that in Elberfeld and Nti (2004) the cost of the new technology is given but the reduction
in marginal cost (due to adoption of new technology) is uncertain. In contrast, in our model, before
the outcome of the scoring auction is known, both the cost of the new technology and the quality
of the new technology (and consequently the reduction in marginal cost) are uncertain.

There is yet another set of papers in the literature in which there is first an auction for a
patent and then the equilibrium outcome of this auction influences the future interaction (oligopoly
game) among agents. For example, in Das-Verma (2003) and Moldovanu and Sela (2003) a cost-
reducing process innovation protected by a patent is sold to one of several firms. The firms bid
non-cooperatively for this process innovation. Following the auction, in the second stage of the
game, the firms compete against each other in an imperfectly competitive product market. The
process innovation won from the first stage auction lowers the winning bidder’s cost in the product
market. The value of the patent for a firm is the difference between the profit it makes in case
it acquires the patent, and the profit in case it does not.” Das-Verma (2003) examines whether
a first-price, sealed-bid auction is efficient in allocating a process innovation amongst oligopolists
engaged in either Cournot or Bertrand competition and shows that for Cournot, there exists a
symmetric, unique equilibrium in strictly increasing strategies (that are allocatively efficient). For
Bertrand, such an efficient equilibrium may not exist. The paper by Moldovanu and Sela (2003)
considers several firms engaged in price competition under conditions of asymmetric information
about production costs. Incomplete information about production costs yields an auction model
with both private and common value components. The main result in this paper is that standard
auction mechanisms lead to inefficient allocations.

Like Das-Verma (2003) and Moldovanu and Sela (2003) we have an auction prior to product
market competition. But ours is a scoring auction whereas these papers use a standard auction.
In these papers there is a reduction only in the winning bidder’s cost in the product market. In
our set-up any firm can choose to reduce its marginal cost by purchasing the new technology in
a scoring auction. The new technology is not protected by any patent. Hence, in our model it is
possible to have a scenario where both firms reduce marginal costs by adopting the new technology.
Moreover, unlike Das-Verma (2003) and Moldovanu and Sela (2003), in our model the reduction in
marginal cost does not depend on firms’ types but on the quality of the new technology.

Plan of the paper In section 2 we provide the model of our exercise. Section 3 gives the
equilibrium analysis of scoring auction. In section 4 we discuss the second-stage equilibrium in the
product market. Section 5 provides our major results. We analyse whether in equilibrium, the
firms choose the new technology or not. We do so both for the case where the quality of the new
technology offered by the suppliers lies in the interior of [0,Z] and for the case when there is a

4In a different approach, Jensen (1992) examines the welfare effects of adopting an innovation when there is
uncertainty about whether it will succeed or fail.

’Note that we will not be dealing with patent races. There is a huge literature on patent races (starting with the
classic papers by Dasgupta and Stiglitz, 1980 and Loury, 1979).



corner solution (where the suppliers offer quality Z). Section 6 provides some concluding remarks.
Lastly, the appendix provides the proofs of most of our propositions.
We now proceed to provide the model of our exercise.

2 The Model

We consider the following two-stage game.

Stage 1 : Firm 1 and firm 2 simultaneously and independently decide whether or not to adopt
the new technology. There are n suppliers of the new technology. A firm has to buy the technology
in a ‘scoring auction’.

Stage 2 : Firms 1 and 2 engage either in Cournot competition or in Bertrand competition in
a differentiated product market.

First stage scoring auction A firm ¢ which decides to adopt the new technology solicits bids
from n suppliers. Each bid is two-dimensional. It specifies an offer of promised quality,  and
price, ¢, at which a fixed quantity of products with the offered level of quality x is delivered. The
quantity is normalised to one. For simplicity quality is modelled as a one-dimensional attribute.
The quality of the technology is « and = € [0, ] .

The cost of supplying the new technology is given by ¥ (z,0;) = x6; where 0; is the type of the
supplier 7.

Prior to bidding each supplier ¢ learns its cost parameter ; as private information. The buyer
and other suppliers (i.e. other than supplier i) do not observe 6; but only knows the distribution
function of the cost parameter. It is assumed that 6; is identically and independently distributed
over [Q, 9] where 0 < @ < . The distribution function of 6; is given by F (.) and the density
function by f(.).

Let S (x,¢) = s (z) — ¢ denote a scoring rule for an offer (z, ¢), where s (.) is strictly increasing
in . The rule is assumed to be publicly known to the suppliers of the new technology at the
start of bidding. In our model s (z) is equal to the second-stage gross profit of the firm seeking the
new technology. This profit depends on (i) the nature of the second stage competition (Cournot
or Bertrand) and on (ii) whether the firm and its rival have chosen the new technology or not.
Also, in our model ¢ is the amount paid by the technology seeking firm to the supplier winning the
contract. That is, ¢ is like a fixed cost of purchasing the technology. Consequently, the second-stage
net profit of the firm is s (x) — ¢.

The firm awards the contract to a supplier whose offer achieves the highest score. This is similar
to a standard auction. In this paper we will model only first-score auction. In a first-score auction
the winning supplier’s offer is finalised as the contract.

Second-stage duopoly competition For the second-stage competition we consider a represen-
tative consumer’s utility function based on Dixit (1979). Scores of papers in the literature have
used this. A small sample of such papers is as follows: Singh and Vives (1984), Hackner ( 2000),
Bester and Petrakis (1993), Zanchettin (2006) and Pal (2010).

This auction rule is a two-dimensional analogue of the first-price auction. In a second-score auction the winning
supplier is required to match the highest rejected score. In meeting this score, the supplier is free to choose any
quality-price combination. See Che (1993) for the details.



On the demand side of the market, the representative consumer’s utility function of two differ-
entiated products, q; and g2, and a numeraire good, qg is given by

U=a(q+q)— % (6 + & +270102) + qo-

The parameter v measures the degree of product differentiation. We consider the case of
substitute goods: 0 < v < 1. Lower value of v denotes higher degree of product differentiation,
i.e., lower degree of substitutability between products. Note that when ~ is close to unity then the
products are nearly homogeneous (perfect substitutes) and when 7 is close to zero the products are
nearly independent

The utility function generates the system of linear demand functions

1 . S
sla(l—7) —pi+qpsl; 4,5 = 1,25 i # j.

Qz‘zil_fy

The inverse demand functions are

pi=a—q —q; ,J=1,2; i #j.

Initially (before the adoption of new technology) the marginal cost of production of firms 1 and
2 is c.
o . o a4+v/9a2 182 —16ac .
We assume the following: (i) a > 2c¢ (ii) v € (0,7) where v = =%+ 92(1(2;%2 16ac  This ensures
that both firms produce strictly positive output in equilibrium in Cournot competition as well as
in Bertrand competition for all possible cases.

If firm 1 adopts the new technology of quality = its marginal cost reduces to ¢ (1 — kA (x))
where k > 1, A(0) = 0, X' (x) > 0 for all z > 0 and kX (z) < 1 for all z. If firm 2 adopts the
new technology of quality x its marginal cost reduces to ¢ (1 — A (z)). Note that A (z) denotes the
effectiveness of the new technology in reducing marginal cost. Since k > 1 firm 1 is more competent
at reducing marginal cost. Note that £ = 0 is equivalent to not adopting the new technology.

Before giving our main results we need to provide some preliminaries on order statistics.

2.1 Order Statistics : some notations and preliminaries

Let y1,y2..yn denote a random sample of size n drawn from F(.). Then t; < to... < t,, where t;s
are ;s arranged in increasing magnitudes, are defined to be the order statistics corresponding to
the random sample y1,y2....Yn.

We would be interested in ¢; (lowest order statistic) and ¢ (second lowest order statistic). The
corresponding distribution functions and density functions are Fy(.), F»(.) and fi(.), fa(.)-



Note that

i) = 1-(1-F®)"

and Fo(t) = 1—(1—F@)" —nF@t)(1—F@)" !
filt) = n(1=F@®)"" ()

and fa(t) n(n—1)F(t) (1 - F()" " f(t)

3 Equilibrium in scoring auction

Each auction rule can be viewed as a Bayesian game where each supplier picks a quality-price
combination (z,¢) as a function of its cost parameter. We now provide the first result (from Che,
1993).

Lemma 1 A unique symmetric equilibrium of a first-score auction is one in which each supplier
with type 0 offers

zs(0) = arg max s(x)— a6
z€[0,Z]

0 _ n—1
6,00 = 200+ [w0[{p G| a

remark 1 Note that since S (x5 (0),¢,(0)) = s(xs(0)) — ¢4 (0) is strictly decreasing in 6 the firm
with lowest type (6) wins the contract in equilibrium’ .

We will assume that @ () > 0 for all § € [#,60]. This ensures that even the least efficient
supplier (Whose type is 9) of the new technology quotes positive quality index in equilibrium.

The expected payoff to firm ¢ which chooses the new technology is the expected value of
(s (x) — ¢), where s (x) is the second-stage profit. Now using lemma 1 we get

0
Exp. (s (w)—¢)=/6 (s (25 (0)) — 6, () f1(6) do

B 0 0 1—F(t) n—1
_ /0 (s(ms(ﬁ))—xs(é?)ﬁ— /9 24 (£) [1-1?(9)] dt) 1(0)do

We now provide our next result which also follows from Che (1993). In the appendix we provide
a much simpler proof.

Lemma 2 The expected payoff to firm i in a first-score auction is as follows:

’ ? 1-F@)]""
/6 (s(ws (0)) — s (0) 0 — /9 2a (1) [I—F(Q)] dt) F1(0)do

0
_ / [s (a5 (0)) — 5 (8) 6] f2 (6) dO

We will need lemma 2 to prove some of our main results.

"See Che (1993) for the formal demonstration.



4 Equilibrium in the second stage

The mode of product market competition, Cournot or Bertrand, in the second stage is exogenously
determined. The outcome of the scoring auction (held in the first stage) is revealed to both the
firms before they engage in the second stage duopoly competition. This means that when a firm
engages in second stage competition (Cournot or Bertrand) it knows the quality choice (and hence
the marginal cost) of its rival.

At the end of first-stage there are three possible cases : (i) no firm has adopted the technology
(ii) only one firm, either firm 1 or firm 2, has adopted the technology (iii) both of them have
adopted the technology.

We use the following notations for equilibrium outcomes (‘C’ stands for ‘choose the new tech-
nology’ and ‘D’ stands for ‘don’t choose’):

1 C): firm 1 and firm 2 both adopt the new technology

3 firm 2 adopts the new technology but firm 1 does not

. (C,
2. (C,D): firm 1 adopts the new technology but firm 2 does not
. (D
4. (D

C):
,D): both firms do not adopt the new technology
4.1 Cournot competition

We first analyse the case when there is quantity competition in the second stage. Let z; and ¢,
respectively be the equilibrium quality obtained and the payment made by firm ¢ in the first-stage
if it adopts the technology.

Cournot quantities and profits are denoted by ¢; and 7; respectively.

Note that

x?c = 2PP =0and
DC DD
1 = 1 = 0

Similarly

2§P = 2PP =0 and
cCD __ DD __ 0
2 = ¢ =0

The equilibrium outcomes in stage 2 in the case of quantity competition in the product market,
given the technology adoption decisions of firms, are as follows.



1. When no firm adopts the new technology:

PP = (a—c)(2-1)
Z (4-7?%)
PP = [gPP)?

2. When both firms adopt the new technology:

O = (a—c)(2—7)+c(2kX (2§9) — v (2§9))
(4—17%)

O = P - o

G = (a—c)(2—7) +c(2) (2§7) — vk (27))
(4-7?)

T

3. When firm 1 adopts the new technology but firm 2 does not:

P = (a—c) (2 —7)+2ckA (zFP)
(4-17?)
nfP = [P - of”
cp  (a—c)(2—7) —ckX (2{P) v
q2 = a7
ﬂ.gD _ [QQCD] 2

4. When firm 2 adopts the new technology but firm 1 does not:

e _ @0-9Q-) - (@)
! (4—9?)

¢ = [PC)

po _ (a—¢)(2—7)+ 2cA (£B2Dc)
® A=)

I

4.2 Bertrand competition

We now analyse the case when there is price competition in the second stage. Let y; and ®;
respectively be the equilibrium quality obtained and the payment made by firm ¢ in the first-stage
if it adopts the technology. Bertrand prices, quantities and profits are denoted by p;, b; and B;
respectively.



Note that

y¢ = y’P =0and

eP¢ = PP =o.
Similarly

ys? = yyP =0and

ogP = ePP =0

When firms compete in terms of price in the product market in stage 2, given the technology
adoption decisions of firms of stage 1, the equilibrium outcomes are as follows.
1. When no firm adopts the new technology:

PP = a(2-—7-7")+c(2+1)
' (4—=7%)

PP — (a—c) (2_7_72)

' (1= (=77

BPP = (1-7) pPP)°

2. When both firms adopt the new technology:

[ a@—v—vﬂ+€@+7)]
R —c (26X (1) +12 (85))

(4—77)
[ (a—c)(2-7-7") ]
poo L (RAGEY) — A (1) —77RA (41))
! (1= (4=7?)
ch _ (1 . 72) [b?cf . (I)?c
[ a(2—v=7})+c(2+7) ]
po0 = L=° (22 (557) + kA (179))
? (4—12)
[ (a—c)(2—’y— 2) ]
joo _ LAeAET) =72 (15) — kA (ui'7))
? (I=7%)(4-7?)
B¢ = (1-+% [bQCC] — o5¢

3. When firm 1 adopts the new technology but firm 2 does not:

10



o a(2—v=793) +c(2+7) — 2k (y{P)

o (4=9?)

pop _ (a=9)(2-7-7%) + kA (517) (2-17)
' (1-92)(4-12)

Bch _ (1 . 72) [b?DJQ . (I)lCD

WD a(2—v=73) +c(2+7) — vk (y¢P)
2 (4—12)

jop _ (a=0) (2=7=7%) —evkA (y7)
? (I=9%) (4=

BP = (1) 7]

4. When firm 2 adopts the new technology but firm 1 does not:

PO a(2—7—=72) +c(2+7) —cyA (¥7°)
' (4—1?)

o _ (0= (2-7-7%) — e\ (1)
' (1-1%) 4 —9?)

BPC = (1-9%) [pPT’

DO a(2—v=793) +c(2+7) —2cA (¥9°)
2 (4-19?)

o _ (@m0 2-7-7)+er (1) (2-77)
? (1=9%) (4 -2

B2DC _ (1 _ W2) [b2DC]2 _ <I>2Dc

5 Equilibrium in the first-stage

In the first stage when firm i decides to choose the new technology or not, its choice is dictated by
the expected value of its net payoff in the second stage. For example, if firm 1 goes for the new
technology and 2 also does so, then expected net payoff to 1 is

/90 m1C(6) 11 (0)d0 = /: ([ @) = 65 ©)) 11 (0) a8

Using lemma 2 we know that



Let

Then in the first stage the choices before the two firms can be summarised as follows. The first
payoff matrix deals with the case of quantity competition and the second one deals with the case
of price competition.

2
c D

~CC ~CC ~CD ~CD

1 C 7T1077T2C T ,Tg
~DC ~D ~DD ~DD

D 7y, 7y T 5T

Cournot
2
C D
HCC HRCC HCD HCD

1 C Bl 7B2 Bl 732

nDC RDC  H»DD HDD
D Bl 7B2 Bl 7B2

Bertrand

5.1 Equilibrium when quality of the new technology lies in the interior

We now proceed to provide our first set of major results when the quality of the new technology
offered by the suppliers lies in the interior of [0, Z].
/ 2 —
Proposition 1 If ) (z) < —% for all z € (0,Z) and z, () € (0,Z) for all 0 € [0,0] then
the following is true.
7$C > #P0 #99 > #GP 7#7P > #PPand #5C >
BYY > BPC BYC > BYP, BYP > BPPand BYC > BPP.

DC _ ~DD
2 T .

Proof Given in the appendix.l

’ 2 —
Proposition 2 If \" (z) < —% for all x € (0,z) and x4 (0) € (0,Z) for all 6 € [0,0] then
there is a unique subgame perfect equilibrium, where it is a strictly dominant strategy for both firms
to adopt the new technology in the first stage regardless of the nature of second stage competition

(Cournot or Bertrand).

12



Proof The proof is straightforward and follows directly from proposition 1 and the payoff matrix
provided in section 5.1

Comment We now provide a simple intuition behind our result. Given the rival’s decision, if
firm ¢ does not choose the new technology its marginal cost remains at ¢. Note that non-adoption
of the new technology is equivalent to choosing x = 0. If = 0 the second stage net profit to firm
i is s(0) (since the firm has not chosen the new technology it does not have to pay for it). If the
firm chooses the new technology it organises a scoring auction. From lemma 1 we know that a
supplier of type 6 will quote quality x; (f) = arg max,¢(o z (s (z) — ) in the scoring auction. By
hypothesis of proposition 2, zs (6) € (0,z) for all § € [¢,6]. This means s (x5 (6)) — x5 () § > 5 (0)
which implies that the expected value of s (x5 (0)) — x5 (0) 0 is strictly greater than the expected
value of s(0). From lemma 2 we know that the expected payoff to firm i is the expected value of
s(zs(0)) — x5 (0) 0. Consequently, firm ¢ always gains by choosing the new technology.

We now compare and contrast our result to the related results in the literature. Bester and
Petrakis (1993) investigate how the incentives for cost reduction in a differentiated industry depend
upon the degree of product differentiation. This paper shows that Cournot competition provides
a stronger incentive to innovate than Bertrand competition if the degree of product differentiation
is low, and a weaker incentive if this degree is high. Pal (2010) shows that, if the given fixed cost
of the technology is high, Bertrand competition provides a stronger incentive to adopt technology
than Cournot competition unless the given cost-reducing effect of the technology is very low. On
the contrary, if the cost of the technology is low, Cournot competition fares better than Bertrand
competition in terms of technology adoption by firms.®

In sharp contrast to the related results in the literature we show that the nature of competition
(Cournot or Bertrand) has no effect on the equilibrium decision of the firms to adopt the new
technology when the quality of the new technology offered by the suppliers lies in the interior of
[0,Z]. In our model both firms chooses to adopt the new technology in the first stage regardless of the
value of ~y in the relevant range and regardless of the nature of second stage competition (Cournot
or Bertrand).

5.2 Equilibrium when quality of the new technology is z

The previous section dealt with the case where the quality of the new technology offered by the
suppliers lies in the interior of [0,Z]. Now we attempt to analyse the case when there is a corner
solution (where the suppliers offer quality z). We show that it is possible to have an equilibrium
outcome like where either (i) none of the firms adopts the new technology or (ii) where only one of
the firms adopts the new technology. We now provide our next result.

Lemma 3 If \" (z) > 0 for all z € (0,%) then x5 (0) = T for all § € [0,0]. This is true regardless
of the nature of second stage competition (Cournot or Bertrand).

In Elberfeld and Nti (2004) the second stage competition is Cournot only and consequently, the issues regarding
differences due to nature of competition (Cournot or Bertrand) does not arise. In Das-Verma (2003) and Moldovanu
and Sela (2003) there is a reduction only in the winning bidder’s cost in the product market. In our set-up any firm
can choose to reduce its marginal cost by purchasing the new technology in a scoring auction. The new technology is
not protected by any patent. Hence, in our model it is possible to have a scenario where both firms reduce marginal
costs by adopting the new technology.
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Proof Given in the appendix.ll

In this case (when A (x) > 0), any supplier of the new technology, regardless of its type, offer
Z in equilibrium. In the scoring auction equilibrium we have the following:

zs(0) = zforallde [0,0].

¢s(0) = =

This means

cc

cc
U1

And as before
DC
o7

DC
Y1

DC
@

Let

- /j (;;;g;;)"ldt]

mch:J:gczxgczj

CD cc DC =
Yy =Y =Y =T

= :E?D::L'QCD::UQDD:0
_ ¢DD_ oD _ DD _
= @1 =0 =Py =

DD D DD
yP =P =yPP =0

= PP =ofP =alP =9

0
z:/e 07, (0) do

That is, z is the expected value of the second lowest type.

Now note the following:

6
A0 = (1o G

(O)))" — . (6)9) f2(6) o

]
= [ @@+ er@ k)2 - 59] 1o 0)

(4—7?)

(0= 2= +eA@ 2h—1D?

Similarly we can compute fr{) C,

LCC RDC RCC RCD RBCD RBDD
Bl 7B1 7B2 ,B2 ,Bl ,Bl

xTz.
(4-7%)
frgc, frgD, ﬁch, #PP, fr?c and #2P. Also we can compute

, BPC and BPP.

We now come to our next result.
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Lemma 4 (i) 3 unique k € (1,00) s.t.

(a—¢)(2=7)(k—1)+cA(@) (F —ky— 1) = 0.

(i1) 3 unique k € (1,00) s.t.

2(@—c)(2—v—7") (k—1)+cA(T) (2

Proof Given in the appendix.l

remark 2 For the rest of the paper we will assume that X" (z) > 0 for all x € (0,Z). From lemma
8 we know that this means any supplier of the new technology, regardless of its type, offers T in
equilibrium. This implies that when a firm chooses to adopt the new technology, it knows with
certainty both the quality (Z) of the new technology and also the associated decrease in marginal
cost of production. This aspect is very different from our previous case where the quality offered by
the suppliers lies in the interior of [0,Z]. However, as in the previous case, before the outcome of
the scoring auction is known, the firms do not know with certainty the cost of the new technology.

Now note that following results.

Lemma 5 (i) If k € (1,k) then

~CD  ~DD . ADC
T 2

— T >

(ii) If k € (k,00) then

~CD _ ~DD _ ~CC _

w{T — @y > Ty

(111) If k € (1,K) then

#5P > #(C

#PC 5 4DC _

o

DC

—#PC s

#PP >

#§

#5¢

— '72) (@2 — 1) - 257] =0.

~CD

— 7y

.

BEP — BPP 5 BPC _ BPP 5 BCC _ BPC 5 BEC _ BOD.

(i) If k € (k,00) then

BOP — BPP > BOC - BPC s BPC _ BPP 5 BYC - YD,

Proof Given in the appendix.l
Now note that
750 — 7P > 0 =

. R A (Z) (2 —~2
BZCC_BQCDZO{:> C(%’)( ’Y)

7P —#PP <0 =

(1—92) (4 =12
4ck (Z)
(4-72)°

ckA (7) (2 =)

m[<a—c><2—v>+cA<f><1—m>J 2 2

[2(a—c) (2—'7—72)—1—0)\(3?) (2—72—2/{7)] > Tz

BYP — BPP < =

(1=9%)(4-9%

The next two results provide conditions under which either (C,C') is the equilibrium outcome

or (D, D) is the equilibrium outcome.
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Proposition 3 (i) If

de) (z

2AD )@ ) + oA (@) (L k) 2 72

(4—77)
then both firms adopting the new technology is the unique subgame perfect equilibrium when firms
engage in quantity competition in the second stage. That is, the equilibrium outcome in the first

stage is (C,C).
(ii) If

cA (@) (2-97)
(1-92) (4 =927
then both firms adopting the new technology is the unique subgame perfect equilibrium when firms

engage in price competition in the second stage. That is, the equilibrium outcome in the first stage

is (C,C).

[2(a—c¢) (2—7—7%) +cA (T) (2—72—2/{:7)] > zz

Proof Given in the appendix.ll

Comment From Proposition 3 it follows that for any given v € (0,7) and ¢, when a is large
enough then (C, () is always the unique equilibrium outcome for both auantity and price compe-
tition. The intuition behind this is simple. a can be thought of as proxy for market size. When
market size is large enough any firm has an incentive to lower marginal cost and, thereby increasing
it’s market share as tapping the large market fetches more gains as compared to the additional cost
of purchasing the new technology.

We now show that is also possible to have equilibria where no firm chooses to adopt the new
technology.

Proposition 4 (i) If
Ack (T)
(4927
then both firms not adopting the new technology is the unique subgame perfect equilibrium when
firms engage in quantity competition in the second stage. That is, the equilibrium outcome in the
first stage is (D, D).
(ii) 1f

[(a—c)(2—7)+ckA(z)] < 22

ckX (z) (2 —~?)
(=2 E=?)
then both firms not adopting the mew technology is the unique subgame perfect equilibrium when

firms engage in price competition in the second stage. That is, the equilibrium outcome in the first
stage is (D, D).

5 [2(a—c¢) (2—7—9%) +ckA (@) (2-9%)] < 22

Proof Given in the appendix.ll
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Comment Proposition 4 shows that for any given v € (0,1) and any a, if ¢ is small enough
then (D, D) is always the unique equilibrium outcome for both quantity and price competition.
The intuition behind this is simple. When c is very small, then even without adopting the new
technology, a firm’s costs are low and hence the incentive to lower it further is not there as it has

to incur an additional fixed cost (of purchasing it).

We now show that in both quantity and price competition, it is also possible to have equilibria
where one firm chooses to adopt the new technology whereas the other firm does not.

5.2.1 Quantity competition

We first deal with Cournot competition. First, consider the following four terms: (7‘(‘10D ﬁf) b ),

(erDC — 7T2DD), (ACC A?C) and ( 7S¢ — QCD). Lemma 5 show that regardless of the value of k,
the term ( 7D _ 77{3 b ) is strictly higher than the others and the term (ACC “CD ) is the strictly
lower than the others. The relative position of (73 7DC _ 7DD ) and (7§ 7¢C 7D ) depends on whether
k is higher than k or not.

We now provide the main results with quantity competition and Corner solution in quality. First
note that when k € (1,k) then #¢P — #PP > 7DC¢ _ 7DD 5 700 _ 7DC 5 70C 70D

Proposition 5 Suppose k € (1,k) and there is quantity competition in the second stage.
(i) If either

AP =470 > 0> 799 — #9P > 47¢ - #PC > 25 — aFP
or
#0P =470 > 799 — 2P > 279 —#79 > 0> #§C —25P

then there is a unique subgame perfect equilibrium where firm 1 chooses to adopt but firm 2 does
not. That is, the equilibrium outcome in the first stage is (C, D).

(ii) If
~DC

#D — 7DD 5 4DC _ 7DD 5 o 5 7§C _ 7PC 5 700 _ 7(D

then there are two subgame perfect equilibria where one ﬁrm chooses to adopt but the other does
not. That is, the equilibrium outcome in the first stage is either (C,D) or (D,C).

Proof The proof follows directly from the payoff matrix provided in section 5.1

Note that lemma 5 also shows that when k € (k,00) then #{P — #PP > 7{¢ _ zD¢ -
~DC ADD ~CC ~CD
Ty > Ty —T9 .

Proposition 6 Suppose k € (k,00) and there is quantity competition in the second stage.
(i) If either

ﬁ?D—ﬁ?D>O>7?€ —7r1 >7T§)C DD>7r§O—7TgD
or

#¢P — 7DD 5 70C _3DC 5 o > 7DC — 7DD 5 7§C _ 7§D
or

’fF?D—T('l >7rlcc >7r2DC T >0>AC(J AgD

then there is a unique subgame perfect equzlzbmum where firm 1 chooses to adopt but firm 2 does
not. That is, the equilibrium outcome in the first stage is (C, D).
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Proof The proof follows directly from the payoff matrix provided in section 5.1

5.2.2 Bertrand Competition

We next consider price competition. The results are very similar. The proofs of propositions 7 and
8 follow directly from the payoff matrix provided in section 5.

As before consider the following four terms: (B?D - BlDD>, (BQDC - BQDD), (Blcc — Bf)c>,
and (BQCC — EQCD>. Lemma 5 show that regardless of the value of &, the term (BloD - BlDD) is
strictly higher than the others and the term (BQC ¢ Eg b ) is the strictly lower than the others.
The relative position of (BQDC - BQDD> and (Bélcc — élDC> depends on whether £ is higher than
K, Or not.

When k € (1,5,) then BSP — BPP > BPC _ pbD » BCC _ pbC » BEC _ pED,

Proposition 7 Suppose k € (1,k) and there is price competition in the second stage.
(i) If either
BEP — BPP > 0> BPC — BPP > BYC - BPC 5 BYC — RSP
or
BYD _ gbP  pbC¢ _ BPD - BCC _ PO 5 o > BYC — BYP

then there is a unique subgame perfect equilibrium where firm 1 chooses to adopt but firm 2 does
not. That is, the equilibrium outcome in the first stage is (C, D).

(i) If
BYP - BPP > BYY — BYP > 0> BYY — BPY > BC - BV
then there are two subgame perfect equilibria where one firm chooses to adopt but the other does
not. That is, the equilibrium outcome in the first stage is either (C, D) or (D,C).

Lemma 5 also shows that when k € (k,00) then BSP — BPP > BYC — BPC » pPC _ BPD
BSC — RSP,

Proposition 8 Suppose k € (k,00) and there is price competition in the second stage.
(i) If either
BOP _BPP 50> BEC - BPC s BPC PP 5 BYC  BEP

or
BEP - BPP 5 BEC  BPC 0 BPC - BPP  BYC RGP
or
BYP — BPP > BfY - BPC > BYY - BYP > 0> BYY - BYP
then there is a unique subgame perfect equilibrium where firm 1 chooses to adopt but firm 2 does
not. That is, the equilibrium outcome in the first stage is (C, D).
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Comment Note that k represents firm 1’s relative competence vis-a-vis firm 2. Since & > 1 firm
1 is more competent than firm 2. Hence, when k is high enough (i.e. either £ > k in quantity
competition or k > k in price competition), then it is never an equilibrium outcome where firm
1 does not adopt the new technology but firm 2 does. This arises because firm 1 is far more
adept than firm 2 at reducing marginal cost. When k is low enough (i.e. k € (1,k) in quantity
competition or k € (1,k) in price competition) and if it’s the case that the outcome (D, D) does
not arise in equilibrium, then for all feasible parameter values there is always an equilibrium where
firm 1 adopts the new technology in equilibrium.

5.2.3 Cournot vs Bertrand

We proceed to explore the question as to whether the nature of competition (Cournot or Bertrand)
make a difference. We show that the nature of competition sometimes make a difference in the case
when there is a corner solution (where the suppliers offer quality ).

In Cournot competition, a reduction in firm 4’s unit cost increases its output, ¢;, and decreases
it rivals output, g;. Total supply, ¢; + ¢;, is increased. This particular effect is strategically
advantageous for firm ¢. On the other hand, in Bertrand competition, a reduction in firm 4’s unit
cost decreases price of both firms. This is strategically disadvantageous for firm i because its
output is positively related to the other firm’s price. This implies that in contrast with Cournot
competition, Bertrand competition creates a negative strategic incentive to adopt a new technology.
However, it may be noted that the gains from a cost reduction not only depend on the strategic
effect but also on how much total production costs are decreased. Therefore, if price competition
results in a higher output than quantity competition, it may be the case that Bertrand competition
induces a greater overall incentive to adopt a new technology than Cournot competition.’

We now come to our next result.

2a—2 20—2
Lemma 6 If WC,&@ <7, then for v € (07 m)

#¢P —aPP > BP — BPP

2a—2
and for v € (325%555.7)

7D — 7DD P _ DD

Proof Given in the appendix.l

Now from lemma 6 we know that the following scenarios are possible: (i) v € (0, %)

and 7P —#PP > 0 > BEP—BPD and (i) v € (#%1) and 7P —#PP < 0 < BEP—BPP.
This brings us to our next main result. The proof follows directly from the payoff matrix

provided in section 5.

Proposition 9 (i) If vy € (0, #‘iﬂ@) and 7P —#PP > 0 > BEP — BPP then (D, D) is the

unique equilibrium outcome under Bertrand competition. However, (D, D) is never an equilibrium

under Cournot competition. (ii) If v € (#%,1) and 7P — #PP < 0 < BEP — BPP then

(D, D) is the unique equilibrium outcome under Cournot competition. However, (D, D) is never
an equilibrium under Bertrand competition.

"We follow section 4 of Bester and Petrakis (1993) for the discussion in this paragraph.
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Comment Proposition 9 shows that when the degree of substitutability () is low then (D, D) is
the only equilibrium under Bertrand competition whereas it is never an equilibrium under Cournot
competition. Also, when the degree of substitutability (7) is high then (D, D) is the only equilibrium
under Cournot competition whereas it is never an equilibrium under Bertrand. This conclusion is
somewhat similar to Bester and Petrakis (1993) where it is shown that Cournot competition provides
a stronger incentive to innovate than Bertrand competition if the degree of substitutability () is
low, and a weaker incentive if this degree is high.

The intuition behind this result is related to the differences in the strategic effects under Cournot
and Bertrand competition.!’ Note that when v = 0, price and quantity decisions result in the same
outcome. For low values of « the type of market competition has only a small impact on firm
1’s output. This implies that the gain from reducing total cost does not differ very much in the
two categories of equilibrium (Bertrand or Cournot) when v is low. Consequently, the strategic
effect dominates and new technology adoption becomes relatively more attractive under Cournot
competition.

The following may now be noted.
Lemma 7 The following inequality holds true for any k > 1 and for any v € (0,1),
7#§¢ — 7P > BYC — BYP
Proof Given in the appendix.l

From lemma 7 it is clear that the following is a possibility.

#$¢ —7¢P > 0> BYC — BSP
The above is equivalent to

m [(a—2¢)(2—=7)4cA(T) (1 — k)]
e (Z) (2 — 72)

> Tz > 5
(1-=7%)(4-9%

[2(a—0) (2—7—7%) +cA(@) (2— 72 — 2kv)]

We now come to our last main result. The proof follows directly from the payoff matrix provided
in section 5.

Proposition 10 If
4e) (T) _
AAD 0 - ) 2= 2) + A @) (1= k)
(4—=77)
cA (@) (2-17)
(1—92) (4 —7?)
then under Cournot competition (C,C) is the unique equilibrium outcome. Under Bertrand com-
petition at most one firm chooses to adopt the new technology in equilibrium.

> 72> 2(a—c)(2—7=7") + A (@) (2—7° — 2ky)]

"We follow section 5 of Bester and Petrakis (1993) for this intuition.
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Comment From lemma 5 we know that the term (ﬁgc —#§P ) is the lowest among the four

terms: (ﬁ?D — ﬁ{jD), (fréjc - erDD), (ﬁ?o - frf)c) and (frgc — ﬁgD). As noted before, we have

4e) (T)
(4727
Since Zz is the expected cost of acquiring the new technology it means that when ( >0
then the cost of the new technology is relatively low. In proposition 10 we get that under Cournot
competition (C,C) is the unique equilibrium outcome. But under Bertrand competition at most
one firm chooses to adopt the new technology in equilibrium. That is, the incentive to invest in
a new technology is higher under Cournot when its cost (Zz) is relatively low. This is somewhat
similar to Pal (2010).

A simple intuition behind our result is as follows.!! Following technology adoption, Bertrand
competition not only leads to lower prices (strategic effect), but also results in a lower market share
of the non-adopting firm (selection effect) than Cournot competition. We have noted earlier that
the strategic effect provides more incentive to adopt technology under Cournot competition than
under Bertrand competition. However, the selection effect works in the opposite direction.

Note that when only one firm adopts the cost-reducing technology, the selection effect domi-
nates the strategic effect and as a result new technology adoption is more attractive under Bertrand
competition than under Cournot competition. On the other hand, if both firms adopt the tech-
nology, the selection effect disappears and the gain from technology adoption are higher under
Cournot competition than under Bertrand competition. A firm’s gain from technology adoption
is clearly higher when only that particular firm adopts the technology. Therefore, when the cost
of the technology is relatively low, in equilibrium, both firms adopt the technology under Cournot
competition whereas it’s not so under Bertrand competition.

ﬁ_gC’ ~CD

-5 >0 T2 < [(a—c)(2=7)4+cA(Z) (1 —Eky)]

#§C — #5P)

6 Conclusion

This paper analyses the incentives to adopt cost-reducing technology by firms in a horizontally
differentiated industry under two alternative categories of product market competition, Cournot
and Bertrand. Our approach is different from the related papers in the literature. We consider a
two-stage game. In the first stage firms simultaneously and independently decide whether or not to
adopt the new technology. In the second stage the firms engage either in Cournot competition or in
Bertrand competition in a differentiated product market. In our model there are several suppliers
of a new technology. The quality of the new technology lies in the interval [0,z]. Higher is the
quality, the lower will be the marginal cost. The extent of the cost reduction depends on the quality
of the new technology. A firm has to buy the technology in a ‘scoring auction’. This means that
both the cost of buying this new technology and the quality of the technology (which affects the
marginal cost of production) are no longer given but they depend on the equilibrium outcome in
the scoring auction.
In contrast to results in the literature we show the following:

1. The nature of competition (Cournot or Bertrand) has no effect on the equilibrium decision
of the firms to adopt the new technology when the quality of the new technology offered by
the suppliers lies in the interior of [0,Z]. In this case, both firms adopt new technology in
equilibrium.

""We follow Pal (2010) to provide our intuition.
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2. However, when the quality of the new technology offered by the suppliers is z for all types
(corner solution), then it is possible to have an equilibrium where only one firm (or no firm)
adopts the new technology.

3. When there is corner solution in quality, in some cases the nature of competition (Cournot
or Bertrand) makes a difference in the equilibrium outcomes. This depends on the degree of
product differentiation and the expected cost of acquiring the new technology.
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Appendix

Proof of Lemma 2 We have to show that

/:( 20 (0)) — s (0) 0 — /x [1_ ]_1>f1(0)d9

0
- /0 [s (x5 (0)) — 25 (0) 0] f2(0) dO

Note that

[ L oli=ra] «aew
_ n/:/:lm (t)[ 5(2))} 1dt]( @) (0) e

0 0
[/e zs () (1= F (£)" dt] F(O)do————(1)

Changing the order of integration we can write (1) as

n/: [/:x (t)(l—F(t))”ldt] f(0)do
= n/: Uetf(e)de} zs (t) (1 — F (£)" tdt

_ n/eF(t) 2o (8) (1= F (1)) Vdt
0
" (O)F(6)(1— F(0)" do— — — —(2)

= n

= |

Using (2) we now get

/j ( (20 0) — 2, (0)0 - /ja:s (v [ijﬁ((?)]_j £ (0) do

0
= TL/H |:{3 (375 (9)) — s ((9) 0} (1 - F (9))7171 f (0) — Ty (9) F ((9) (1 —F (9))7171] do

0
= 0 [ (e 0) =2 01 0) 2 O PO (1= FO) o -~~~ (3

Let
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Then using the envelope theorem we get that
K'(0) = —5 (0) — — — — (4a)

From (3) we can now write

0
n/@ [{s (@5 (0) — x5 (0) 0} £ (0) — xs (0) F ()] (1 = F (9))" " db

7] 0
= n/e [K(0) f(0)+K'(0) F(0)] (1—F(6)"" dGzn/@ (1—F(0)" 1 d(K (0) F (0))

7 0
- n [(1—F(9))"1K(0)F(0)]0—n/9 K(O)F@)d(1—F@)""
8 - 8
= 0 [ KOFO@-10-FO)210)@ = [ K0) 2000
o 0

= / [s(zs(0)) —xs(0)0] f2(0)dO (using 4). — — — — (5)

9
Hence, from (3) and (5) we get that

/ 9 <s (@ (0) = (0)0— | "t [ijﬁ((g]_l) f1(0)do

0
- /0 s (20 (6)) — 2. (9) 6] f2 (6) db.

This completes proof of lemma 2.1

Proof of Proposition 1 We will first show that 7¢ > #P¢. The rest of the inequalities can
be proved using exactly similar logic.

Step 1 We will show that z§¢ (0) < 2£¢ (0) for all 0 € [6,6].
From lemma 1 we know that for any 6 € [0, 6], 25¢ (0) solves

2§¢(0) = arg max s(z)— z6
z€[0,Z]

= arg max (qQCC)2 — 0
€z B

€0,z
e (a—c)(2—7)+c(2)\(x)—vk)\(:nfc)) 2—3: -
- TR < (4-77) ’ (6)

We have (6) since, as noted earlier, in this particular case s (z) is the gross second stage profit when
both firms choose the new technology. Since zs (6) € (0,z) for all § € [0, 0], 25 (6) is the solution
in z of the following (10C and 20C):

a—cC — C xXr) — .CCCC ? ]
2 (( ) (2 7)+<4(_2i2<)) hA (2 )>> —48| = 0————(Ta)
- 9 -
s <<a—c><2—v>+(igzi§;c>—vm(x%’c))> a8 < 0————(m)
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(7a) and (7b) imply that 25 (0) is the solution in z of the following:

e (z) [(a_c)(2—'y)+2c)\(x)_c,yk>\(x?c)]_9 00— ———(8a)
(4927
= c) (2 —7) + 2eA (2) — cykA (279) } +2¢ (X (:r))z} < 0————(8b)

e

Since k > 1 and \’ (z) < —% for all z € (0,%), (8b) will always be satisfied.

Similarly, 1€ () is the solution in x of the following:

40/\(
(4-192)?
¢)(2— )+2c)\(x)}+2c()\'(:c))2} < 0————(9)

sla—c)(2—7)+2cA(2)] -0 = 0————(9a)

4c

TEPDE N (2){(a -

Again, since k > 1 and \' (x) < % for all x € (0,Z), (9b) will always be satisfied.

Note that since z, (6) € (0,z) for all § € [0,0], we must have 2{'“ () > 0. This means that
LHS of (8a) is strictly lower than the LHS of (9a). Moreover, from (8b) and (9b) we get that the
both the LHS of (8a) and (9a) are strictly decreasing in z. Hence, we get that 25'¢ (6) < 22 (0)
for all 0 € [Q, 9]

Step 2 Using a logic similar to the one used in (8a) and (8b) we get that z{'¢ (6) is the
solution in z of the following:

dckN (z)
(4—92)°
[A” (@) {(a—c) (2= ) + 2k (z) — cyA (25€) } + 2ck (V (x))ﬂ < 0——— —(10b)

[(a—c)(2—7)+2ckA (z) — cyA (:Ugc)] -0 = 0————(10a)
4ck
(4—72)?

As before, (10b) will always be satisfied. We know that #{ fe <[q1 (zs (0))] R (9) 9) f2(0)do

Note that when firm 1 computes its expected payoff (771 ) it takes the expected value of acgcc (9)
as given. Let Ezp.x$C (0) = 2§¢ and let Exp.zfC (0) = #P¢. Then

0
A0 = [ (1€ 0 =257 0)0) £ 0)a

5 . 2
-/ [(<“ —Aeoh)te E?_(ﬁc)c ©) =7 (mgc))> % (0) 9] f @) —— ——(11)
a—c)(2—7)—cX(2P¢ ?
#DC _ (qf)C) _ [( ) (2 (47) 72))\( 2 )7] 4
From (11) and (12) we get
#6C — #bC
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Ik [((a_c)(z—v)w(?k(m?c(@))—VA(%CC)))2 — 27 () 9] 12 (6)do

_ (4—%)
B [(a—c)@—v)—cx(@é’cw 2
(4—?)
; ((ac>(2w>+c(2a(_w§20)(e))vk(@gc)) ) ’
N / (a-0)2—7)-eA(3DC)7 ) f2(0)df = == =(13)
’ - ( (Zf.yz) . A/> - 3390 (0)0
Note that
(a—c)(2—7)+c (Qk)\ (m?o (9)) — A (gﬁgc)) 2 B (a—c)(2—7)—cA (%DC) v 2 e
=) @) e
— ¢ [ 2kA (x?C (9)) :| |: 2 ((L - C) (2 - '7) _ J}OC (9) 0
(4—~2)2 [ 7 (A (@F9) = A (259)) | [ +2ckA (27C(0)) — ey (A (299) + X (25)) !

Using (10a) we get can write the above as

c [ 2k (2§€ (0)) } { 2(a—c)(2—7) ]
(4—~2)2 | +7 (A (@29) = A (259)) | | +2ckA (27 (0)) — ey (A (29€) + A (25))
4ckx?C O) N (:Jclco (9))
- (4—19)°

Hence, we get that

((a —c)(2—7)+c (Qk)\ (:L'?C (9)) — A (:2;200))>2 B ((a —¢)(2—7)—cA (i'QDC) 7)2 co

[(a —¢)(2—7)+2ckA (a:?c (9)) — YA (ig’C)}

(4—12) (4—+2) —x7 (0)0

c [ 2k (€ (6)) } [ 2(a—c)(2-7) ]
(422 L+ (A (@79) = A (@59)) | [ +26kA (27 (0)) — ey (A (32) + A (25))

4ckafC (6) X (5 (6))

(4 —~2)2 [(a—c)(2—7)+ 2ckA (289 (8)) — ey (ng)] o _(14)
Step 3 Now let
glx) = C{ 2k (2) ][ 2(a—c)(2—7) ]
(4—~2)2% [ +7 (A (299) = A (35°)) 120k () — ey (A (29€) + A (259))
SR @) 20 () - e (6] - - -~ (1)

From step 1 we know that 22¢ > #{* and this implies that X (i‘QDC) > A (33200) From the
assumptions of our model we have a > 2¢, v € (0,1) and kX (.) < 1. Using these facts in (15) we
get that

g(0)>0————(16)
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Note that
g (z) = 4zk [—/\” (z) {(a—c) (2 =) + 2ckX (z) — cyA (:f:gc)} — 2ck (X (:17))2} ————(17)

% for all z € (0,%) we get that

Since ' (z) < —
g (z) >0 for all z € (0,z) — — — — (18)
From (17) and (18) we get that
g(x)>0 forallz € (0,z) — — ——(19)
This means for any 6 € [Q, é}
g (m?c (9)) >0=
c 2k (2§¢ (0)) ] [ 2(a—c)(2—- 7)
(4-— 72)2 + ()\ ( Dc) A (56200)) +2ckA (:cloc (9)) —cy ()\ ( ) + A (ACC))
ckx§C !
Acka® (O) N (277 (6) [((a—c) (2 =)+ 2ckA (xlcc (0)) — cyA (a:ZCC)]
(4927
> 0————(20)

Using (20) in (14) we get that

(a—c)(2—7)+c(2X (279 (0)) — A (259)) 2_ (a—c)(2—7) —cA (309~ ? co
-7 90

> 0————(21)

Using (21) and (13) we get that #{¢ — 7P > 0. W

Proof of Lemma 3 We will prove it for the case where both firms choose the new technology.
the other cases can be proved similarly. From lemma 1 we know that for any 6 € [6,6], z$¢ (0)
solves

2$¢(0) = arg max s(x)— z0
xz€(0,z]

= arg max (q?C)Q — 0

z€(0,7]
_ (a =) (2= 9) +¢ (26 (1) = (2§)) |
= arg xrg{zg;;} ( = -z — — — —(22)
Now note that
% [(qlcc)2 — x@] = ?ﬁfk/\'y(:;g [(a —¢)(2—=7) + 2ckX () — cyA (l‘gc)] —0————(23a)
52 c " a—c)(2— ,
92 [(qlco)2 —xe] = (ﬁ’;)z [/\ (ac){ +26[€(A () )—(2(;7;(1:200) }+2ck (X (m))z] — —(23b)
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We have assumed that zs () > 0 for all § € [6,6]. This means 8‘9 [( - m@} >0atz=0.
Since a > 2¢, v € (0,1) and kX () < 1 for all z € [0,Z] (by assumption), from (23b) we get that if
A" (x) > 0 then % [(qf0)2 — 1:0} > 0 for all z € [0,z]. This means that - {(q1 )2 - m@] > 0 for
all z € (0,). This implies 2{'C (§) = z for all 6 € [¢,6].1

Proof of Lemma 4 Let
h(k)=(a—c)(2—7)(k—1)+cA (@) (K —ky—1) — — — — (24)

Then
W (k)= (a—c)(2=7)+cA (@) (2k—7) — — — —(25)

Since k > 1 and v € (0,1) we have
h(1) <0and h' (k) >0 forall k>1 —— — —(26)

(26) implies 3 unique k£ € (1,00) s.t. h (k) = 0. This proves lemma 4 (i). Part (ii) of lemma 4 can
be proved using similar logic.ll

R 2 R
Proof of Lemma 5 We know that #{ fe ([ql x5 (0))]” — s (0) 9) f2(0)df and #P¢ =
(¢ ) . From lemma 3 we get that when A" (z) > 0 for all z € (0,2), 27 () = 2§ (0) =
2% (0) = 7. Note that z = f: f2(0)

A0 = [ (1 0) - £ ©)6) @)

_ /é [((a—C) (2 —7)+ c(2kX(7) _’7)‘(5”))>2—a:0] f2(0)do

P (4-19%)
_ (la=@=te@A@ @)\ _
B < (4-12) ) 1)
o _ (poy2_ [la=9@=n-aA@~y]*
b0 o = [ .

Using (27) and (28) we get that

200 _ 2DC  _ <(G—C)(2—7)+0(2)\(5‘)—7)\(53'))>2 _

Lo B (4_72) — 2T
_ [(G—C)(Q—'y)—cA(g‘;)yr
(4—72)
4ck (Z) ) .
m[(d-fi)(2—7)+c>\(;p)(k_7)]_Zx____@g)
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Using similar methods we can compute #5¢ — #§P (P — #PD and #P¢ — #DP. We list all of
them below.

#0400 = S a0 2 =) + A @) (k)] - 27 - - - - 600
#GC RGP = m[(a—c><2—v>+cx<a-:><1—m>1—zf————(?mb)
#¢D _#bD = m[(a—c)(?—’y)-ﬁ-ck)\(x)]—zx————(BOc)
#DC _ 7DD m[(a—c)(?—’y)—i—c/\(g_c)]—zi:————(?)Od)

Note that v € (0,1). Then, for all k& > 1 by inspecting (30a) to (30d) we get that 7P — PP s

strictly greater than 7{'C —#PC¢ #§C _7¢D and #P¢ — PP Similarly #5¢ — 25 is strictly lower

than frlcc — ﬁ?c, frch —#PP and ﬁQDC — #PP Now we will compare ﬁloc — ﬁlDC and 7?2DC — 7DD,
Note that
(77 = #PC) — (#5° — #3P)
deh (z -
_ 7(2)2 (a—) 2 =) (k—1)+eA(@) (k2 —ky—1)] — — — — (31)
(4 =77
Using (24) we can write
. . . . deX (7)
(W?C—W?C) — (ﬂ'é)c—ﬂgD) = — 5 sh(k) ————(32)
(4-7%)
From (26) and from the proof of lemma 4 we know that h (1) < 0, h (k) = 0 and A’ (k) > 0 for all

k > 1. This means for all k € (1,k) we have (7{¢ — #D%) < (729 — #DP) and for all k € (k, 00)

we have (frlcc —#P C) > (ﬁ'QD C _#bD ) Combining this with our previous discussion we get that
if k € (1,k) then

~CD ~DD ~DC

#CD _4DD 5 4l ~CC _ ADC o ~CC _ 2CD.

— PP > 7§ T >y — Ty
And, if k € (k,00) then
6P DD 5 g0C _3DC o 3DC _ 3DD - 760 _ 30D,

This proves parts (i) and (ii) of lemma 5.

Routine computations show that

ACC  ADC ckA (7) (2 - %) 2(a—c)(2=v—7% o
v T (1-9%) (4927 { + ckX (Z) (2 —72) — 2c9A (2) ] zr (33a)
e ep OB [ 0@t |
B; Bs o (1 _72) (4_72)2 { + cA (Z) (2 _72) — 2cky\ (7) ] 2T (33b)

c T -2
57— 0p7 = S2DET o0 0 r o) 4ar @) 2] -7 - -39
A (@) (2-77)
(1-92) (4 —~2)?

BPC¢ _ BPP 2(a—c)(2—7—7%) +eA (@) (2—+7)] — 22 — — (33d)
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Note that v € (0,1). Then, for all & > 1 by inspecting (30a) to (30d) we get that BEP — BPP s
strictly greater than B{C — BPY BEC — BEP and BPC — BPP. Similarly B{C — BSP is strictly
lower than BYC — BPC BEP — BPD and BPY — BPD. Using a logic exactly similar to one used
before we can show that for all £ € (1, k) we have (ﬁfc — BlDC> < (Bé)c - BQDD) and for all

k € (K, 00) we have (Bloc - BP C) > (BQD ¢ _ BbD ) Combining this with our previous discussion
we get that if k£ € (1, k) then

BYP _ BPP 5 BPC_ BPD 5 BOC . BPC 5 BYC . BED
And, if k € (K, 00) then
BOP — BPP = BYC — BPC 5 BPC _ PP 5 BYC — RSP,
This proves parts (iii) and (iv) of lemma 5.1
Proof of Proposition 3 We know that (see the discussion before the statement of proposition
3)
. . de (T _ _
200 _AOD 5 (4_22;2[(a—c)(2—7)+cx(x)(1—m)] >
cA @) (2-7%)
(1=9*)(4—-9%

Using the above fact and using lemma 5 we get for all k£ € (1, 00)

BSC — B > 0 = s[2@—¢) (2= =) +eA(@) (222 —2ky)] > T2

~CD _ DD 2DC _ DD ~CC _ 2DC  ~CC _ ~CD
T T 7T2 — Ty T, Wy — Ty, Ty Ty > 0————(34a)
BYP — BPP, BPY - BPP, BYY — BPY, BYY - BYP > 0————(34b)

Therefore, from (34a) (or 34b) and the payoff matrix in section 5 we get that both firms adopting the
new technology is the unique subgame perfect equilibrium when firms engage in quantity (or price)
competition in the second stage. That is, the equilibrium outcome in the first stage is (C,C).H

Proof of Proposition 4 We know that (see the discussion before the statement of proposition

3)
4dck
A0 —#PD < = (C (5))2 [(a—¢) (2 =) + ckA (2)] < z2
. A kA
BCP _ BPP < IO CZT) o0y (27— ) + kA @) (2 - 2] < 22
(1-92) (4 —~2)?
Using the above fact and using lemma 5 we get for all k£ € (1, 00)
e RN A e I A I G510
BEP - BPP. BYC - BEP, B{C - BPCLBEC - BEP < 0 - - (0)

Therefore, from (35a) (or 35b) and the payoff matrix in section 5 we get that both firms not
adopting the new technology is the unique subgame perfect equilibrium when firms engage in
quantity (or price) competition in the second stage. That is, the equilibrium outcome in the first
stage is (D, D).1
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Proof of lemma 6 Note that
(#P = #PP) - (BP - BPP)
ckX (z) 3

- @,_7%(4__7%2[2@1—C)Ur—7)—wk7A(iﬂ-__.__(3®

Let
Ly)=2(a—c)(1—7)—ckyA(z) — = — = (37)
Note that

1(0)=2(a—c)>0,1(1) = —ckA(Z) <0and ' (y) <0 for all v € (0,1) — — — —(38)

From (37) and (38) we clearly get that

2a — 2c
i d
I(y) > 01f7€<0’2a—2c+ck)\(:z)) an

2a — 2¢
if 1) - —— (39
) < 0d W€<2a—20+ck)\(£)’> (39)

From (36) we know that

A . . . B ckX (z) 3
(#0P _ #PD) _ (Bch _ BlDD> — 72)21 (y) — — — — (40)

using (39) and (40) we get that

R R 2a — 2¢
~CD  ~DD CD DD .
e —(BYY — B ) f d
( ! ! ) ( ! ! > Vibye <0’ 2a—2c+ck)\(:c_)> o
R R 2a — 2¢
~CD ~DD CD DD .
a7y -7 —(BYY — B > frve 1) ————(41
( 1 1 ) ( 1 1 < 0i <2a—2c+ck:/\($_) > (41)

 a4V9a7 18 T6ac _
It maybe recalled that v € (0, 1) where 7 = at 92‘1(Zf852 16ac #{%

—atV9ar48ci_16ac g, ysing (41) we can state that if 5—29=2¢_ < 7, then for v € (O %>

and

. We cannot compare

2(a—c) 2a—2c+ck\(Z) ? 2a—2c+ck\(T)

we get #{P —#PD > BEP — BPD and for v € (#%,1) we get 7{P —#PD < BCP _BPP m

Proof of Lemma 7 Note that

(ﬁgc _ ﬁgD) _ (BSC _ B2CD>

3 —
1A (2) _
= 2(a—c)(1—7)+cA(Z)(2k —7)] — — — —(42)

(T=) (A=)
Since a > 2¢, v € (0,1) where 7 < 1 and k& > 1 the RHS of (42) is strictly positive. Hence,
(7%200 - erCD) > (BZCC — BQCD> for all k> 1 and for all v € (0,7).1
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