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Abstract

We investigate how sharing of cost information affects firms’ incentives to invest in cost reduction

and the role of the observability of rivals’ R&D investment level. We study duopoly price competition

with cost reducing R&D in three cases: the complete information case, unobservable investment case

and observable investment case. The opponents’ cost information is unknown in both the unobserv-

able investment case and the observable investment case, but the investment level is unobservable and

observable, respectively. We find that firms have identical incentives of investment in the complete

information and the unobservable investment case, whereas they will tend to underinvest in cost reduc-

tion when the investment level is observable because a negative strategic effect makes investment less

profitable. Due to this underinvestment, welfare and the consumer surplus decrease in the observable

investment case. These results have implications for the analysis of information sharing in markets

where cost reduction activities are important.
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1 Introduction

In this paper, we study firms’ incentives to invest in cost reducing R&D when information about

R&D investment is shared. More specifically, we consider a situation in which firms are uncertain

about opponents’ R&D investment level and the outcome of R&D, i.e., reduced production cost and

private information about the realized cost can be exchanged. The exchange of private information

between competitors is a common practice in many industries. It is typically implemented by common

agencies such as industrial trade associations which collect, aggregate, and disseminate data on behalf

of their members. Another example of information exchange is the mandatory disclosure requirements

by regulatory agencies, such as the SEC and FASB. Recently, regulatory agencies have increasingly

emphasized disclosure requirements in addition to the financial statements.1 In the US and Canada,

for instance, publicly traded firms are required to augment GAAP mandated disclosures, referred to as

Management Discussion and Analysis (MD&A). In MD&A, firms must discuss and analyze the results

and trends of operations, including cost information.2

We formally study a simple duopoly model with homogeneous products to address the issues re-

lated to information sharing. Each firm first makes cost reducing R&D investment and its outcome is

stochastically realized. Before setting a price, each firm has private information regarding the reduced

production cost. That is, in the absence of information sharing, firms face ex ante uncertainty and ex

post information asymmetry about the result of R&D investment.

Interestingly, even when private cost information is not shared, firms may observe opponents’ R&D

investment level, which can be a signal of the R&D outcome in many cases. For example, the US

Statement of Financial Accounting Standards No.2 (SFAS2) requires firms to reveal R&D expenditure

in its financial statement. However, in several European countries, such as Germany, France, and Italy,

public disclosure of R&D expenditure is not required.3 The observability of the R&D investment level

is likely to affect strategic incentives to invest and the subsequent market outcomes. This situation

leads to important questions about the effect of information sharing on technological improvement and

the role of the observability of the investment level.

To answer these questions, we compare firms’ investment incentives and the eventual market out-

comes under three different information structures: complete information, unobservable investment,

and observable investment. In the complete information case, the outcome of cost reducing investment

1SEC undertakes a comprehensive review of disclosure requirements on public company filings and recommend changes.

MD&A is the most frequent area in the comment letter in 2014 and 2015.
2See Bryan (1997) for the details of MD&A requirement in the US.
3In these countries, government agencies or central banks collect data about R&D expenditures, but such data is kept

confidential by the institutions and is not easily accessed.(see Hall and Oriani (2006))
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is shared before firms choose prices. In the unobservable investment case, realized cost information is

concealed and the rival’s investment level is also unobservable. An intermediate case, the observable

investment case, concerns a situation where realized cost information is private but firms can observe

the rival’s investment level prior to the price competition. We find that both investment incentives and

expected market outcomes are identical in the complete information case and the unobservable invest-

ment case. Moreover, social desirable outcomes can be achieved in these cases. In contrast, investment

in cost reduction is discouraged in the observable investment case, in which both consumers and soci-

ety may be hurt compared to the other two cases. This implies that the effect of information sharing

on investment incentives crucially depends on the observability of opponents’ investment level. The

intuition for this result is as follows.

The exchange of cost information allows the most efficient firm to fully exploit the market power

by choosing its price at the marginal cost of the second most efficient firm, whereas the other firm

sets prices at its own marginal cost and earn zero profit. The cost uncertainty, however, moderates

this concentration and every firm in the market has positive expected profits. Despite this difference

of pricing between information structures, the firms’ expected payoff is identical in the equilibrium

for both cases as long as firms invest the same amount and the symmetry between firms is sustained.

This is analogous to the ”Revenue Equivalence Theorem” in auction theory, which states that the

expected revenue (which equals the expected price in this paper) is the same regardless of whether the

auction is the second price or sealed-bid first price (which is in this paper interpreted as whether or not

cost information is private).4 The implication of the Revenue Equivalence Theorem for the situation

addressed here is that firms’ expected payoff boils down to the probability of winning the market given

c in winner-takes-all type markets. Although firms have private cost information, the symmetric firms

set the same price for each realized cost and like the complete information case, the most efficient firm

always captures the market and hence the probability of winning the market given c is equalized in both

cases. On top of that, if opponents’ investment level is unobservable, there is no room for a strategic

element of R&D expenditures because firms’ moves are not based on opponents’ actual spending but

their beliefs in the price competition stage. The equivalence of the mechanism of winning the market

is sustained and thus firms have an identical incentive to invest in the complete information and the

unobservable investment case.

However, the observability of opponents’ investment level introduces a strategic effect in firms’

equilibrium behavior. It induces firms’ pricing adaptations in the price competition stage following

opponents’ deviation in the R&D competition stage. From the comparative statics analysis, we find

4On the revenue equivalence theorem, see, for example, Klemperer (1999) or Krishna (2002) for the detailed explanations.
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that the more a firm invests in the first stage, the lower the price set by the rival in the following

stage. Although the effect of one firm’s additional investment on its own pricing strategy varies across

specifications of R&D technology, it turns out that under the new configuration of pricing strategies,

investment becomes less profitable, leading to the reduction in investment incentives.5 In other words,

cost reducing investment has a negative strategic effect, which results in the underinvestment in the

observable investment case.

Our results suggest different policy implications from those of the existing literature. Previous

studies such as Sakai (1986), Sakai and Yamato (1989), and Amir et al (2010) find that if firm specific

cost information is private in a price competition, firms have an incentive to conceal the information,

which is beneficial to the social welfare compared to instances when firms exchange the cost informa-

tion. This result justifies a laissez-faire approach to the exchange of cost information and our analysis

obtains weakly same result when investment is unobservable. If investment is observable, however,

firms’ private incentives to share information are not aligned with social welfare. Firms are still willing

to conceal the information while the exchange of information increases social welfare.

The economic literature has extensively studied information sharing.6 Previous studies have in-

vestigated firms’ incentives to share information and its welfare impacts. The key elements of these

analyses are the type of information shared (demand or cost), characteristics of information (common

value or private value), and the type of competition (price or quantity). Most early works, such as Vives

(1984) and Gal-Or (1985), investigate firms’ incentives to share common value information in Cournot

competition and show how the effect of asymmetric information can vary across the type of infor-

mation. Gal-Or (1986), Sakai (1986), and Raith (1996) address cost information sharing in Bertrand

competition, which is closely related with our paper. Gal-Or(1986) and Sakai(1986) find that conceal-

ing information is a dominant strategy for firms if each firm’s cost is independently drawn from the

distribution, whereas Raith(1996) shows that this result is not robust in terms of correlated costs. Sakai

and Yamato (1990) and Amir et al (2010) examine the welfare implications of information sharing and

show that the exchange of cost information in price competition reduces social welfare. Unlike our

work, they analyze the effect of asymmetric cost information with differentiated products. Further, the

present paper introduces cost-reducing investment prior to Bertrand competition so that the effect of

information disclosure can be examined not only with respect to the investment outcome but also the

level of investment.

5In the baseline model and discrete type model in section 6.1, a investor chooses higher price given c after making invest-

ment but in the oligopoly model, the changes in the investor’s pricing strategy cannot be tractable.
6European Commission (1995) provides an overview of theoretical literature and competition policies in various countries

associated with information sharing.
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Thomas (1997) and Arozamena and Cantillon (2004) study about incentives to reduce production

costs in auctions and find that the firm has lower incentives to invest in cost reduction when the invest-

ment level is observable. Similar to our results, they find that less incentives to invest in cost reduction

result from the firm’s anticipation that it will face fiercer price competition.7 However, the analysis in

Thomas and Arozamena and Cantillon assume that only one firm has an investment opportunity at a

time, whereas the present paper analyzes investment incentives when investment is simultaneous.

Our paper is organized as follows: the next section describes the model; in Section 3, we derive

the investment equilibria and compare the investment incentives in each information structure; welfare

implications are analyzed in Section 4; in Section 5, we modify R&D technology in order to assess

the robustness of our results; Section 6 discusses other concerns related to observable investment, and

Section 7 concludes the paper.

2 Model

There is a mass of homogenous consumers normalized to one, each of whom wishes to purchase

one unit of product from the market. Consumers have valuation v > c̄ for the product. Two firms,

labeled 1 and 2, produce homogeneous products. They compete in prices and interact only once in

the market. Firms have identical marginal costs of production ex ante8, denoted by c̄, which may be

reduced through cost reducing R&D investment.9 Before competing in prices, the two firms engage

in R&D activities to lower costs. Cost reductions are stochastic. Specifically, if firm i invests Ii, its

marginal cost of production is uniformly distributed over [c̄− Ii, c̄] and for convenience, let me denote

by fi the probability density and Fi the cumulative density, i ={1,2}. That is, R&D investment can

stretch out the lower bound of the support of distribution of marginal cost. We interpret the present

model as representing the shift to a more reliable technology. If I1 > I2, F1 first order stochastically

dominates F2 and has a higher hazard rate than F2. In contrast to much previous literature which

7Interestingly, Thomas (1997) and Arozamena and Cantillon (2004) highlight the magnitude of the negative strategic effect

of investment by providing numerical examples: in some parameter space, the firm which is allowed to invest may not want to

reduce its cost even when the cost of investment is zero.
8If firms are ex ante asymmetric, they may signal to the rival about their initial cost type through R&D investment. Aoki

and Reitman (1992) analyze the strategic use of R&D investment for signaling.
9Because the ex ante marginal cost is assumed to be c̄, firms would earn zero profit if they do not engage in R&D investment.

Therefore, in contrast to Thomas (1997) or Arozamena and Cantillon (2004), disincentives of investment is not an issue in this

model.
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covers information sharing about cost, such as Gal-Or(1986) and Raith(1996), each firm’s cost is drawn

independently. Because our focus is on the interaction between R&D and pricing competition, not a

common shock to the industry, we assume, for clarity of exposition, that firms’ costs are not correlated.

Additionally, the present model rules out any spillover effect of technologies. The investment cost is

Φ(I), where Φ′(I)> 0, Φ′′(I)> 0, Φ′′′(I)> 0, Φ′(0) = 0, and Φ′(c̄) = ∞.

The timing of the game is as follows. In the first stage, firms simultaneously decide how much to

invest. The level of investment by the rival may be observable. After observing its own cost realiza-

tion, firms set prices simultaneously in the second stage. Lastly, consumers’ purchase decisions are

made by choosing the firm which offers the lower price. If cost information is public in the second

stage, a standard two stage Nash game would be played. If cost information is private, a two stage

Bayesian-Nash game would be played. That is, a noncooperative Nash game is played in the R&D

stage, given that firms calculate their expected profits from the second stage. In the second stage, firms

play a Bayesian-Nash game.

3 Basic Analysis

Three information cases are considered in this section: complete information, unobservable in-

vestment, and observable investment. In the complete information case, firms commit to share cost

information at the outset of the game. We assume that the information will be truthfully revealed and

all information is publicly known.10 In the unobservable investment and the observable investment

case, the rival’s cost information is not shared and remains unknown. In the observable investment

case, however, firms can observe the rival’s investment level in the first stage. For each case, we an-

alyze how much firms choose to invest in the equilibrium. By comparing these three cases, we can

examine how the effect of cost uncertainty on investment incentives depends on the observability of

R&D investment.

3.1 Complete Information Case

When the rival’s marginal cost is public, firms play the standard Bertrand game ex post in the

second stage. That is, the lowest cost firm wins the market and sets its price at the rival’s marginal cost.

The other firm charges its marginal cost and earns zero profit. Thus, a firm can earn positive profits by

10In the present model, we assume away partial revelation as in Gal-Or (1986) and focus only on full revelation for simplicity.
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the difference in both firms’ costs, c j −ci, when it turns out that the firm is more efficient in production

than the rival. The profit maximization problem for firm i in the first stage is given by

max
Ii

Pr[ci < c j] ·E[c j − ci|ci < c j]−Φ(Ii).

Once a firm invests more than the rival, it is possible for the firm to have an exclusive level of

efficiency that the rival cannot beat. Thus, the shape of profit function depends on the relative level of

investment. Assume that I1 ≥ I2. The expected profit for firm 1 is

Eπ̄1(I1) = Pr[c1 < c2] ·E(c2 − c1|c1 < c2)−Φ(I1).

Substituting Pr[c1 < c2] = 1− I2

2I1
,11 firm 1’s expected payoff can be rewritten as

Eπ̄1(I1) =
1

2
I1 −

1

2
I2 +

I2
2

6I1

−Φ(I1).

Similarly, if I1 ≤ I2, we have firm 1’s expected profit as

Eπ1(I1) =
I2
1

6I2

−Φ(I1).

Eπ̄i(Ii) and Eπ i(Ii) show that the expected profit function is continuous and differentiable at all

Ii ∈ [0, c̄]. The following Lemma describes firms’ best responses in the first stage.

Lemma 1. Define Īi(I j) as a function which implicitly solves 1
2
− I2

j

6I2
i

−Φ′(Ii) = 0 and Ii(I j) solving

Ii

3I j
−Φ′(Ii) = 0. Then, firm i’s best response, Θi(I j) is given by

Θi(I j) =







Īi(I j) if I j ≤ Io

Ii(I j) if I j ≥ Io where Iosatisfies Φ′(Io) = 1
3

Proof. See Appendix A.

The firm i’s best response intersects with firm j’s best response at Ii = I j = Io and in order to ensure

the stability condition at the symmetric equilibrium, we assume the following condition.

Assumption 1. Φ′′(Io)> 2
3Io

The assumption is equivalent to |Ī′i (I j)| < 1 and |I′i(I j)| < 1 at I1 = I2 = Io. Although the assump-

tion above is implicitly determined by the shape of R&D cost function, it does not require the tight

11The probability of winning the market for firm 1 can be calculated by

Pr[c1 < c2] =
∫ c̄

c̄−I2

∫ z

c̄−I1

dF1(x) dF2(z) =







1− I2
2I1

if I1 ≥ I2

I1
2I2

if I1 ≤ I2
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condition. Suppose that, for instance, the R&D cost function is given by Φ(I) = kI2/(c̄− I). Then, Io

is derived as c̄(1−
√

3k/(3k+1)) and we can check that the condition above is satisfied for all positive

k. Also, from ∂ 2Eπ̄i(Ii)/∂ Ii∂ I j < 0 and ∂ 2Eπ i(Ii)/∂ Ii∂ I j < 0, we can confirm that firms’ investments

in the R&D stage are strategic substitutes.

Proposition 1. If information about cost is shared, there exists a symmetric equilibrium I1 = I2 = I∗CI

such that Φ′(I∗CI) =
1
3
.

Proof. Without loss of generality, assume I1 > I2. The stability condition guarantees that Ī1 is steeper

than I2 at I1 = I2 = Io. Given this, the uniqueness of the equilibrium can be shown by looking at the

changes in slope of best responses. The changes in the slope of firm 1’s best response can be obtained

as Ī′′1 (I2) = − 3I2
1 Φ′′(I1)+I2

2/I1

(3I2
1 Φ′′(I1)−I2

2/I1)2 < 0 and for firm 2, it can be derived as I′′2(I1) =
2I2(9I2

1 Φ′′(I2)−1)

(3I3
1 Φ′′(I2)−I1)2 > 0. In

other words, firm 1’s best response gets steeper as I2 decreases and firm 2’s best response becomes

flatter as I1 increases. Therefore, the two firms’ best responses do not interact in the area of I1 > I2. We

can make a similar argument in the area of I1 < I2 by imposing symmetry of the two firms’ reaction

functions.

The symmetric equilibrium in the R&D stage is given by I1 = I2 = I∗CI where I∗CI is uniquely defined

by Φ′(I∗CI) =
1
3
.

3.2 Unobservable Investment Case

We next consider the unobservable investment case where information about costs is not disclosed

and the rival’s investment is unobservable. Firm i invests in cost-reducing R&D and privately observes

the realized production cost which is drawn from the uniform distribution on [c̄− Ii, c̄]. The more a firm

invests in the first stage, the greater the chance that a low production cost is realized, leading to a high

probability of capturing the market. The information about cost is private, but it is commonly known

that c1 and c2 are independently and uniformly distributed on [c̄− I1, c̄] and [c̄− I2, c̄], respectively.

The equilibrium of the two stage game consists of an R&D investment strategy profile {I1, I2} and a

pricing strategy profile {P1(c1), P2(c2)}, where {I1, I2} is a noncooperative Nash equilibrium in the

first stage and {P1(c1), P2(c2)} is a Bayes-Nash equilibrium in the second stage. On the equilibrium

path, Pi(c) is determined by the firm’s beliefs about the equilibrium investment strategy, Îi, for i = 1,2.

For ease of exposition, we define φi(p) the inverse function of firm i’s equilibrium pricing strategy and

ϕ ji(c) := φ j(Pi(c)) the composite function of Pi and φ j. That is, ϕ ji(c) is firm j’s realized cost when

the two firms’ prices are the same, given that firm i’s cost is c. Plum(1992) shows that the equilibrium
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pricing strategy Pi for i = 1, 2 is continuous and strictly monotonically increasing on [c̄− Ii, c̄] so the

functions φi(p) and ϕ ji(c) can be defined and are continuous, strictly monotonically increasing.

Before proceeding to the equilibrium analysis, we first examine the second stage subgame where

firms compete with price based on the private cost information and beliefs about the rival’s price. In

the second stage, Pi(ci) solves

Max
p

(
p− ci

)(
1−Fj(φ j(p))

)
for each ci ∈ [c̄− Ii, c̄].

Taking logarithm and differentiating with respect to p, we obtain

F ′
j (φ j(p))

1−Fj(φ j(p))
φ ′

j(p) =
1

p−φi(p)
. (1)

The solution to the system of differential equations gives each firm’s equilibrium pricing strategy

but in general, the system of differential equations above does not have an explicit solution. However,

the cost distributions in the present model comes from a special class of distributions which allows for

closed form solutions to the system in (1).

Lemma 2. Given the beliefs on rival’s investment Îi and Î j, firm i’s equilibrium price strategy in the

second stage is

Pi(c) = c̄− c̄− c

1+
√

1− ( 1

Î2
i

− 1

Î2
j

)(c̄− c)2
(2)

Proof. See Appendix A.

Equation (2) gives P1(c̄− I1) = P2(c̄− I2) = c̄− I1I2

I1+I2
≡ p and P1(c̄) = P2(c̄) = c̄, which means

that a firm with the highest value of cost cannot expect positive profits. Given the pricing equilibrium

{P1(c),P2(c)}, firm i’s ex ante expected payoff is calculated as

Eπi(Pi,c) =
∫ c̄

c̄−Ii

(Pi(c)− c)[1−Fj(ϕ ji(c))]dFi(c)−Φ(Ii),

which, after integration by parts, can be rewritten as

Eπi(Pi,c) =−
∫ c̄

c̄−Ii

Fi(c)
d

dc
(Pi(c)− c)[1−Fj(ϕ ji(c))]dc−Φ(Ii).

Using the Envelope Theorem, we obtain

d

dc
(Pi(c)− c)[1−Fj(ϕ ji(c))] =−[1−Fj(ϕ ji(c))]. (3)
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Substituting this expression into the integral, firm i’s profit maximization problem can be written

as

max
Ii

∫ c̄

c̄−Ii

Fi(c)[1−Fj(ϕ ji(c))]dc−Φ(Ii). (4)

Proposition 2. Suppose that the rival’s investment is unobservable. If information about cost is not

disclosed, there exist a symmetric equilibrium, where i) firms invest I1 = I2 = I∗UI in the first stage and

ii) use the same pricing strategy P(c) = c+c̄
2

in the second stage. Moreover, I∗UI is identical to I∗CI .

Proof. See Appendix A.

The incentives to invest in the complete information and the unobservable investment case are iden-

tical because the expected payoffs in the equilibrium are the same in both cases. The reason for the

same expected payoff in both cases is related to the Revenue Equivalence Theorem in auctions. Al-

though our model considers not only of winner-takes-all type price competition, which is similar to an

auction, but also the interaction of the competition with cost reducing R&D investment, the principle

of the Revenue Equivalence Theorem is helpful to explain our result. The Revenue Equivalence The-

orem states that, under the assumptions of a risk-neutral bidder, and a privately known type which is

independently drawn from a distribution, expected payoffs are determined by a mechanism of winning

the object and the expected payoff for a bidder who has the lowest feasible type regardless of the type

of auctions. That is, the expected payoff depends on the winning probability of the market. To see

this, refer to (3), which shows that changes in profits at c as cost increases are equal to the winning

probability at c. Thus, the profit at c is the sum of the winning probability from c to c̄.12 Proposition

2 implies that the effect of additional investment on the winning probability is identical in both cases.

The reasons for this are two-fold: first, in the equilibrium, firms invest symmetrically so that costs are

drawn from identical distribution function in both cases; second, given that the cost distributions are

symmetric, firms use the same pricing strategy for all c in the unobservable investment case. If firms’

prices are the same for each c, a firm that has more efficient production technology wins the market

as in the complete information case. Investment cannot affect this equilibrium pricing strategy be-

cause when competing with price, firms cannot adjust to the rival’s actual investment level but instead

choose a pricing strategy based on their belief about the rival’s investment. Therefore, in this case,

cost uncertainty does not diminish the efficiency of the investment relative to the complete information

case.

12The expected profit in firm i’s profit maximization problem in (4) is indeed equivalent to the expected value of the sum of

the winning probability from each feasible c to c̄.
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We show that if firms are ex ante symmetric, the information structure about the investment out-

come does not affect investment incentives. However, this result relies on the assumption in the unob-

servable investment case that the investment level is unobservable. If the investment level by the rival

can be observed prior to the price competition, this equivalence of investment incentives may no longer

hold. We will analyze this case in the next subsection.

3.3 Observable Investment Case

When cost information is private, cost reducing investment prior to the price competition has two

effects in the present model - a direct effect and an indirect effect. The investment directly improves

the investor’s cost distribution so that the investor can obtain the advantage in production efficiency

over the rival. We have shown that the complete information case and unobservable investment case

have the same direct effect. If the investment level is observable, however, the investment forces

firms to modify pricing in accordance with the new cost distribution. We will show that investment

has a negative indirect effect, or strategic effect, in the observable investment case which results in

less incentive to invest in cost reduction. This result may not be surprising because investment acts

as a ”tough” commitment to the rival by allowing the investor to have a higher chance of getting a

low cost. With strategic complementarity of price competition, one may anticipate that investment

makes the competition more fierce and harms expected profits. However, the following example shows

that pricing strategies are not strategic complements when the rival’s cost information is unknown.

Suppose that two firms compete in price for a homogeneous product. The information about cost is

private, but it is commonly known that each firm’s cost is drawn from a uniform distribution on [0,1].

Under the symmetry, the equilibrium pricing strategy for each firm is Pi(ci) =
1+ci

2
for i = {1,2}.

Suppose that firm 1 changes its pricing strategy: P̃1(c1) =
a+bci

a+b
for all c ∈ [0,1], where a > 0, b > 0,

and a 6= b. Note that if a > b, P̃1(c) > P1(c) for all c ∈ [0,1] and vice versa. Then, firm 2 reacts by

solving Max
p

(p− c)(1−F1(φ̃1(p))), or Max
p

(p− c)(1− (a+b)p−a

b
). The new best response for firm

2 is still P2(c) =
1+ci

2
. Regardless of whether firm 1 changes pricing strategy more aggressively or

less aggressively, firm 2’s response does not change. We can also construct other examples in which a

firm reacts either more aggressively or less aggressively against a change in the rival’s behavior. This

is because firms do not care about the expected absolute level of a rival’s price, but instead, it is the

responsiveness of winning probability to a change in price that matters. Thus, it is still worthwhile to

analyze how observable cost-reducing investment interacts with the price competition.

In the observable investment case, the nature of equilibrium pricing strategy is similar to the one in

the unobservable investment case discussed in Lemma 2, but here, firms can adjust pricing strategies

11



c

P(c)

P1(c)

P2(c)

Figure 1: Pricing Strategy in Observed Investment Case

based on the observed investment by the opponent after the first stage. Thus, the equilibrium pricing

strategy in Lemma 2 will be used by substituting Î with I. Note that firm i’s pricing strategy depends

on not only its realized cost and the rival’s investment level, but also its own investment level. When

cost information is private, firms which play Bayes-Nash game set prices by considering the rival’s

equilibrium pricing strategy. Because each firm’s cost distribution can affect how the rival will compete

in prices, Pi(c) depends on Ii.

The equilibrium pricing strategy in (2) shows that for all c in the common support of two firms,

firm i’s price increases, whereas firm j’s price decreases in firm i’s investment level. This result may

seem counterintuitive to the nature of price competition. It is not surprising that firm j’s responds to

the rival’s more aggressive investment by lowering its price. However, firm i’s reaction is to set a less

aggressive price not merely relative to the rival, but in absolute terms. As seen in the example above,

the pricing strategies in the incomplete information case are not generally strategic substitutes and

are determined by how a new pricing strategy by the rival makes the winning probability responsive

to price changes. To see this, refer back to (1). Given that c is uniformly distributed, (1) can be

rewritten as φ ′
j(p)/(c̄−φ j(p)) = 1/(p−φi(p)), which shows that changes in firm i’s pricing strategy

after investment depends on how investment affects the hazard rate of firm j’s pricing. Due to the fact

that the directions of the two firms’ responses are different, the effect of the observability of investments

on the R&D competition is not easily predictable when firms invest simultaneously.

The adjustment to the rival’s deviation in the first stage is reflected through the term ϕ ji(c) in (3).

Given the pricing equilibrium (P1(c|I1, I2), P2(c|I1, I2)), the first order condition with respect to I1 in the

first stage can be obtained as
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Φ′(I1) =
∫ c̄

c̄−I1

∂
{

F1(c)[1−F2(ϕ21(c|I1, I2))]
}

∂ I1

dc− (−1)F1(c̄− I1)
︸ ︷︷ ︸

= 0

[1−F2(ϕ21(c̄− I1|I1, I2))]

=
∫ c̄

c̄−I1

[ ∂F1(c)

∂ I1

[1−F2(ϕ21(c|I1, I2))]

︸ ︷︷ ︸

direct effect

+F1(c)
∂ [1−F2(ϕ21(c|I1, I2))]

∂ I1
︸ ︷︷ ︸

indirect effect

]

dc

(5)

The first term and second term of RHS in (5) represents the direct effect and indirect effect, respec-

tively, of additional investment on the investor’s profit. In this subsection, we focus primarily on the

symmetric equilibrium, where I1 = I2 and P1(c) = P2(c).

Proposition 3. Suppose that the rival’s investment is observable. If information about cost is not

disclosed, both firms choose to invest I1 = I2 = I∗OI in the symmetric equilibrium, where I∗OI is less than

the equilibrium investment level in the complete information and unobservable investment cases.

Proof. First, we determine whether the second order condition for the firms’ maximization problem is

satisfied. By differentiating the profit function twice in terms of I1, we have

∂ 2Eπ1

∂ I1
2

=−
∫ c̄

c̄−I1

(c̄− c)2(I2
2 +(c̄− c)2)

I5
1 I3

2

√
A

5
·B dc−Φ′′(I1)

where

A = 1− (
1

I2
1

− 1

I2
2

)(c̄− c)2 and B = 2I2
1 (c̄− c)2/I2

2 +2(I2
1 − (c̄− c)2)−3(c̄− c)(I1 − (c̄− c))

Because I1 ≥ c̄−c for all c ∈ [c̄− I1, c̄], 2(I2
1 − (c̄−c)2) is greater than 3(c̄−c)(I1− (c̄−c)), and hence

the second order condition is satisfied. It can be shown that R&D investments are strategic substitutes

by looking at the sign of ∂ 2Eπ1/∂ I1∂ I2.13 Furthermore, the slope of the best response is less than 1 at

I1 = I2, implying that the stability condition of the symmetric equilibrium holds.14.

By imposing symmetry, we obtain from (5)

Φ′(I∗OI) =
∫ c̄

c̄−I∗OI

(c̄− c)(c̄− c)

I∗3
OI

− 1

I∗OI

(1− c̄− c

I∗OI

)
∂ϕ21(c|I1, I2)

∂ I1

|I1=I2=I∗OI
dc

=
1

3
− 1

20
=

17

60

(6)

13The term ∂ 2Eπ1/∂ I1∂ I2 is given by

∂ 2Eπ1

∂ I1∂ I2
=

∫ c̄

c̄−I1

(c̄− c)2(
3(c̄− c)3

I3
1 I4

2

√
A

+
1

I2
1 I2

2

√
A
)(

c̄− c

I1
−1)dc

Because c̄−c
I1

−1 is negative for all c ∈ [c̄− I1, c̄], ∂ 2Eπ1/∂ I1∂ I2 < 0.

14The slope of best response, |Θ′
1(I

∗
OI)|= | ∂ 2Eπ1

∂ I1∂ I2
/ ∂ 2Eπ1

∂ I1
2 |= 13/84I∗OI

71/84I∗OI+Φ′′(I∗OI)
< 1
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Because the R&D cost function,Φ(I), is assumed to be convex, I∗OI is less than I∗CI or I∗UI .

The proposition states that the strategic effect of investment is negative in the symmetric equi-

librium. From equation (2), we know that the investor’s price increases in investment, whereas the

rival’s price decreases in investment for all c in the common support. The strategic effect of invest-

ment through firms’ pricing may make the investor’s markup rise but, as mentioned in the previous

subsection, the expected payoff boils down to the probability of winning the market. Obviously, the

probability of winning the market for the investor is lower than the rival in the common support. More-

over, unlike the situation in the complete information and unobservable investment cases, the investor

cannot capture the market for sure in the stretched support because the lowest prices of their equilib-

rium strategies are the same.

The effect of the observability of investment information is reminiscent of the influence of the ob-

servability of contract information in vertical delegations. Fershtman and Judd (1987) and Bonanno

and Vickers (1988) found that by delegating downstream pricing, firms can establish a Stackelberg

leadership advantage vis-a-vis their competitors, which can lead to higher prices and profits than that

present without vertical delegation. Katz (1991) and Coughlan and Wernerfelt (1989) then responded,

effectively saying that this result critically depends on the level of information that competitors have

about vertical contracts among their competitors. If competitors don’t have any contract information

about the cost and structure of how upstream divisions sell to downstream divisions, then the ”Stackel-

berg advantage” results of Fershtman and Judd and Bonanno and Vickers are not robust.

4 Welfare Analysis

In the previous section, incentives to innovate were analyzed. These can be ranked as follows:

I∗CI = I∗UI > I∗OI

The normative interpretation of the result above can be obtained by considering the social planner’s

problem. If a social planner can control investment and price decisions, she would set prices equal to

costs. Denote the minimum possible marginal costs by c. The social planner’s problem can be written

as

max
I

v−E(c)−2Φ(I) = max
I

v− c̄+
2I

3
−2Φ(I)
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The first order conditions for investment decisions follow as Φ′(I∗FB) =
1
3
. That is, the cost reducing

R&D investment in the complete information and unobservable investment cases achieve the socially

optimal level.

If all agents have the same valuation for the product, social welfare is a function of the minimum

actual cost, corresponding to the investment level. As shown above, whereas the investment level in

the complete information and unobservable investment cases is the same as the first best level, the

observable investment case induces underinvestment. This implies that both the complete information

and unobservable investment case achieve the socially optimum level, whereas social welfare decreases

in the observable investment case.

WFB =WCI =WUI >WOI

We next analyze how consumer surplus may vary across information regimes. Because demand is

assumed to be inelastic, it is sufficient to derive the expected price that consumers are charged in order

to calculate consumer surplus.

Lemma 3. If cost information is public, the expected price that consumers are charged is given by

E(p) =
∫ c̄

c̄−I2

[

F2(c)+ cF ′
2(c)−F1(c)F2(c)

]

dc (7)

If cost information is private, the expected price that consumers are charged is given by

E(p) =
∫ c̄

c̄−I2

[

F2(c)+ cF ′
2(c)+F1(ϕ12(c))

{
ϕ12(c)F

′
2(c)−F2(c)− cF ′

2(c)
}]

dc (8)

Proof. See Appendix A.

At the symmetric equilibrium, (7) can be rewritten as

E(p∗) =
∫ c̄

c̄−I∗

[

F2(c)+ cF ′
2(c)−F1(c)F2(c)

]

dc = c̄− I∗

3
(9)

And because ϕ12(c) = c in the symmetric equilibrium, (8) becomes

E(p∗) =
∫ c̄

c̄−I∗

[

F2(c)+ cF ′
2(c)−F1(c)F2(c)

]

dc = c̄− I∗

3
(10)

Equations (9) and (10) show that if firms are symmetric, expected prices depend on investment.

Because I∗CI = I∗UI , the expected prices in the complete information and unobservable investment cases

are identical, implying that consumer surplus in both cases is the same as well. Due to underinvestment,

however, the expected price in the observable investment case is greater than in the other two cases,

leading to higher profits but lower consumer surplus.

EπCI = EπUI < EπOI

CSCI =CSUI >CSOI
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Proposition 4. In the complete information and unobservable investment cases, total welfare achieves

the socially optimum level. In the observable investment case, each firm’s expected profit increases but

both social welfare and consumer surplus decrease.

Proposition 4 contrasts the implication of asymmetric information about costs and investment. The

asymmetric information about costs does not affect competition at all in this environment. Of course, it

should be kept in mind that this implication results from the features of the model of inelastic demand

and independently drawn costs. Nonetheless, this strong result about the implication of cost uncertainty

highlights the impact of observability of investment. Even in an environment where asymmetric infor-

mation about costs plays no role in competition, welfare implications can vary depending on whether

information about investment is revealed.

This is an important point. As noted above, previous research dealing with cost information sharing

concluded that a firm’s private incentive to share the information is aligned with social welfare. Specif-

ically, if firms compete in prices, cost information sharing harms social welfare, but firms also do not

have an incentive to share the information about costs. This implies that there is no reason to forbid

cost information sharing if it is not part of a collusive agreement. However, our result suggests that an

additional criterion – observability of investment – should be considered when the anti-competitiveness

of cost information sharing practices in industries where R&D activities for reducing costs play a sig-

nificant role in competition.

5 Robustness

In the baseline model, we analyze cost reducing R&D incentives and other market outcomes under

each information structure. Yet, notwithstanding the attractive feature of the baseline model that it

yields a closed-form solution to the system of differential equations in (1), the model has some limita-

tions: its applicability is limited to duopoly competition between symmetric firms with specific R&D

technology. In this section, we extend the baseline model to another R&D specification so that we can

check the robustness of our main results.

Suppose that n firms compete with prices in the market and they have ex ante the same level of

efficiency in production, i.e, ci = c̄ for ∀i. To analyze the oligopoly competition, we modify the R&D

technology as follows. Suppose that every firm has the same support of the cost distribution, say

[c, c̄] after making investment. For convenience, define ∆ := c̄− c. The cost distribution after R&D

investment is assumed to be

G(c; I) = 1−
[

1− c

∆

]I

(11)

16



This is a common specification of modeling R&D in previous literature. In this specification, I can

be interpreted as the number of R&D activities and c is the lowest number among independently drawn

R&D results. The result of investment is bounded at a certain level, but the cost distribution of a firm

with greater I first-order stochastically dominates rivals’ distributions. All other settings, including the

assumptions on R&D cost function, the timing of the game and the equilibrium concepts in each case,

are the same as in the baseline model. The following proposition presents the comparison of investment

incentives in each case.15

Proposition 5. In oligopoly competition, there exists a symmetric equilibrium in the complete in-

formation and unobservable investment cases. The symmetric investment equilibrium in the complete

information and unobservable investment cases achieve the socially optimum level of investment. How-

ever, in the symmetric investment equilibrium in the observable investment case, firms invest less than

socially desirable level.

As with the baseline model, if investment is unobservable, firms choose to invest symmetrically in

the unobservable investment case and hence the equivalence between the complete information case

and unobservable case holds. Observable investment also induces underinvestment in the equilibrium,

implying that investment has a negative strategic effect. Unlike the baseline model, however, the

direction of strategic effect can clearly be derived. Recall Lemma 2 in the previous section: if a firm

engages in additional investment, it always makes the rival price lower, whereas the investor prices

less aggressively given any c in the common support. The effect of investment on each firm’s pricing

strategy is not tractable here. But what we do know from the proposition above is that the marginal

benefit of investment is reduced due to the adjustment of firms’ pricing strategies to investment. In

other words, if a firm invests more in the first stage, it will have a lower chance to win the market. This

shows the robustness of our main result and yields the same welfare implications as in the baseline

model.

Proposition 6. In oligopoly competition, the complete information case and unobservable investment

case implement the socially optimum level of total welfare. In the observable investment case, however,

both social welfare and consumer surplus decrease.

15The detailed derivation is in Appendix B.
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Figure 2: Mixed Pricing Strategy in Observed Investment Case

6 Discussion

6.1 Asymmetric Equilibria

In previous sections, we have focused on the symmetric equilibrium in the analysis. Indeed, the

complete information and unobservable investment case in both models have a unique symmetric equi-

librium16 and as mentioned in section 3.2, this is the crucial reason why market outcomes are identical

in those cases. However, considering the nature of a negative strategic effect, we can anticipate that

the post-investment symmetry between firms can be broken when investment is observable. Specifi-

cally, firms may have an incentive to deviate to a lower level of investment because, compared to the

unobservable investment case, a strategic effect allows the firm to have a relatively higher chance of

winning the market. This explanation can be confirmed by modifying R&D technology as follows.

As is the case in the baseline model, firm 1 and 2 compete with price for a homogeneous product.

Two firms are initially symmetric, that is, ci = c̄ for i = {1, 2}. Consider the following simple R&D

technology. In the R&D stage, a firm can engage in R&D activities to reduce costs to the lower level,

c. Specifically, if a firm invests I ∈ [0, 1], its marginal costs can be lowered to c with probability of

I. Let’s denote a firm’s monopoly profits as π̂ and assume that the R&D cost function is Φ(I) = k
2
I2,

where k represents the R&D cost parameter. The detailed analysis can be found in appendix C.17

In the complete information and unobservable investment cases, there exists a unique symmetric

equilibrium for investment and they are identical. Furthermore, they achieve the socially optimal level

16The uniqueness of the symmetric equilibrium is sustained even under a wider class of cost distributions than the one used

in our model.
17The implications for private incentives of information sharing and investment are present in the case where firms face a

general form of downward sloping demand.
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as the baseline model. The interesting case is the observable investment case. In the discrete type case,

firms face two types of payoff functions in the price competition stage, depending on whether they

invest more or less than the rival. This induces two strategies for firms in the R&D stage: the aim to

invest more than the rival or, inversely, less than the rival. In the equilibrium, one firm chooses the

former strategy, while the other firm chooses the latter, implying that only asymmetric equilibria exist

in the R&D stage.

As noted above, this is due to a strategic effect of investment. Suppose that I1 > I2. When cost

information is private, pure pricing equilibrium does not exist and firms use mixed strategies in the

equilibrium. Unobservable investment cannot break the symmetry between firms, and firms therefore

use the identical pricing strategy. If firms can observe the rival’s investment level, however, firm 2

uses the same mixed strategy, K2(p) as in the unobservable investment case, whereas firm 1 modifies

the pricing strategy, K1(p) by putting more weight on high prices. Specifically, there exists a mass

point at the highest price in order to prevent more fierce competition as shown in Figure 2. It can be

interpreted as a mixed strategy version of the strategic effect of investment. The strategic effect enables

firm 2 to deviate from the symmetric equilibrium in the unobservable investment case. Due to this

strategic effect, firm 2 can earn more profit at the lower level of investment because the reduction in the

probability of winning the market is lower than in an environment without the strategic effect. Coupled

with the savings in R&D cost, asymmetric equilibria arises in the observed investment case. This is

another possible effect of observable investment.

6.2 Asymmetric Firms

Up until now, we have assumed that the costs of firms are drawn from the identical distribution.

If we focus on price competition between symmetric firms without the consideration of cost reduc-

ing investment, information disclosure plays no role in the competition and expected value of market

outcomes are identical regardless of information structures. However, if firms’ production efficiencies

are ex ante heterogeneous, information disclosure could induce additional effects on market outcomes.

In order to explore this possibility, we will study an asymmetric version of the baseline model, using

numerical methods.

The model we lay out in this subsection is the same as the baseline model, except for firms’ initial

production technologies. Specifically, before engaging in cost reducing investment, firm i’s cost is

drawn from a uniform distribution on [c̄− δi, c̄]. If δ1 > δ2, firm 1 is more efficient from an ex ante

perspective. For convenience, define δi + Ii := δ̃i. Then, c̄− δ̃i is the lower bound of firm i’s cost

distribution after the investment. The c.d.f of firm i’s cost after the investment are denoted F̃i(c).
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The model is analyzed by using numerical methods, assuming v = 6, c̄ = 5, and Φ(I) = I2/(c̄− I).

The results show changes in outcomes when firm 1’s efficiency is increased from δ1 = 1.1 to δ1 = 2,

whereas firm 2’s efficiency is fixed at δ2 = 1. We compare results under the complete information and

observable investment cases so that we can confirm whether the anti-competitiveness of incomplete

cost information can be carried over to the asymmetric firms’ case. The details can be found in appendix

D.

Figure 3 shows asymmetric firms’ investment level. The solid curves represent the aggregate level,

whereas dotted and dot-dashed curves graph the individual level in the observable investment case and

complete information case, respectively. As in the symmetric firm case, complete information provides

the socially optimal level of investment incentives to both firms, but the aggregate level of investment

in the observable investment case is consistently lower than in the complete information case. This

result mainly comes from the underinvestment by firm 1 which is ex ante more efficient.

Figure 4 plots how the expected prices of firm 1 and firm 2 (dotted curves), as well as the expected

market price (solid curves) change in each case. Obviously, when cost information is public, the

expected prices of firm 1 and firm 2 are the same, but they are different in the observable investment

case. At any initial degree of asymmetry, firm 1’s price is lower than firm 2’s, implying that firm 1 sets

the price more aggressively in a stochastic sense, although firm 2 sets the price lower at any given c in

the common support.

Figure 5 graphs the probabilities that firm 1 has a lower price and lower cost in the observable

investment case. The fact that those curves are not identical indicates that the market is sometimes

served by a firm which has a higher cost. This is because firm 2 prices more aggressively than the

rival at ∀c ∈ [c̄− δ̃2, c̄]. Thus, the difference between the two curves in figure 5 represents the product

inefficiency due to incomplete information.

Figures 6-9 compare market outcomes in the observable investment case and complete information

case. Figure 9 shows that the information disclosure has a positive effect on total welfare, which is

consistent with the symmetric case. However, our main result about consumer surplus and industry

profits is not sustained under the assumption of ex ante asymmetry. In the asymmetric firm case,

there are two effects of cost uncertainty in addition to the underinvestment. On the one hand, if cost

information is private, it is possible for a firm with higher cost to win the market in the asymmetric

case, as shown in figure 5. Taken toghther with the underinvestment as in the symmetric case, this

possibility induces additional welfare loss. On the other hand, the more efficient firm cannot fully

exploit the market power and set a price less than the rival’s cost in the observable investment case

because the advantage on efficiency does not guarantee capture of the market. This effect becomes

larger as the degree of asymmetry is greater, and most surplus is taken by the more efficient firm as
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shown in figure 7.

The result implies that there is no clear cut policy implications when firms are ex ante asymmet-

ric. When firms are somewhat symmetric, our main results are robust. That is, when the degree of

asymmetry between firms is small, information disclosure increases both consumer surplus and social

welfare. When one firm is much stronger than the rival, however, information disclosure may hurt

consumers, whereas it remains beneficial to society. Therefore, judgments about information disclo-

sure depends on whether authorities give greater priority to consumer or society when the difference in

initial technology between firms is huge.

7 Conclusion

This paper explores the effect of information sharing practices on R&D investment incentives and

implications of observability of the investment level. Although the assumption of investment observ-

ability is appropriate in many situations, our understanding of its effect has been largely limited to

date.

In sections 3 and 4, we analyzed a pure Bertrand duopoly model in a situation where firms have

private information about the stochastic R&D outcome and showed that market outcomes are identical

when the investment level is unobservable regardless of whether or not cost information is private. If,

however, firms can observe the opponents’ investment level, we show that this observability of invest-

ment distorts firms’ pricing strategy and it induces a negative strategic effect when cost information is

not shared. Firms in turn invest less than in the complete information case, leading to lower consumer

surplus and total welfare. We found in section 5 that this effect is robust in another type of R&D tech-

nology and oligopoly competition. However, under the assumption of asymmetry between firms prior

to R&D competition, our results about industry profits and consumer surplus are reversed when the

production efficiency of one firm initially dominates the rival’s.

In this paper, we constructed a simple model with inelastic demand on homogeneous product which

induces identical market outcomes when investment level is not observable. However, this result can be

altered if the model embraces downward-sloping demand and/or horizontal differentiated product. It

would be interesting to investigate how market outcomes are changed under each information structure

when assumptions on demand and product type are relaxed. Nevertheless, the present paper formalizes

the mechanism through which the observability of R&D investment introduces strategic incentives to

invest in a situation where firms face ex ante uncertainty and ex post information asymmetry about the

R&D outcome. It also highlights what the crucial elements to consider in evaluating the welfare effects

of information sharing are. Furthermore, beyond the observability of the investment level, the degree
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of ex ante asymmetry between competitors should be an important criterion.

A Appendix A: Basic Model

A.1 Proof of Lemma 1

First, consider optimal Ii when I j ≤ Io. Note that Φ′(I j)<
1
3

for all I j ∈ [0, Io). If firm i invests less

than the rival, dEπ i(Ii)/dIi =
Ii

3I j
−Φ′(Ii). Because dEπ i(0)/dIi = 0, dEπ i(I j)/dIi > 0, and Φ′(Ii) is

convex, dEπ i(Ii)/dIi > 0 for all Ii ∈ [0, I j], implying that firm i’s profit increases as Ii increases up to

Ii = I j. If firm i invests more than the rival, dEπ̄i(Ii)/dIi =
1
2
− I2

j

6I2
i

−Φ′(Ii). Note that MR = 1
2
− I2

j

6I2
i

is concave, whereas MC = Φ′(Ii) is convex for all Ii. Coupled with dEπ̄i(I j)/dIi > 0, there exists a

unique Ī∗i = argmax Eπ̄i ∈ (I j, c̄). Therefore, firm i’s profit is maximized at Īi(I j) when I j ≤ Io.

Second, suppose I j ≥ Io. Note that Φ′(I j) >
1
3

for all I j ∈ (Io, c̄]. If firm i invests more than the

rival, MR < MC at Ii = I j and its profit declines further as Ii increases because of the convexity of MC

and concavity of MR for all Ii. If firm i invests less than the rival, dEπ i(0)/dIi = 0, dEπ i(I j)/dIi < 0.

Then, there exists a unique I∗i = argmax Eπ i ∈ (0, I j), implying that firm i’s best response is Ii(I j) when

I j ≥ Io.

A.2 Proof of Lemma 2

The method of derivation is mainly based on Plum(1992). Substituting p = Pj(c) and rearranging

(1), we have

P′
j(c) =

Pj(c)−ϕi j(c)

c̄− c

From the definition of ϕ ji and P′
j(ϕ ji(c)) =

Pi(c)−c

c̄−ϕ ji(c)
,

ϕ ′
ji(c) =

P′
i (c)

P′
j(ϕ ji(c))

=
Pi(c)−ϕ ji(c)

Pi(c)− c
· c̄−ϕ ji(c)

c̄− c

(12)

The equilibrium can be described by (12) and the following boundary value

Pi(c̄) = ϕ ji(c̄) = c̄, ϕ ji(c̄− Ii) = c̄− I j (13)
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Taking the logarithm of (12) and differentiating with respect to c, we have

∂

∂c
ln(ϕ ′

ji(c)) =
P′

i (c)−ϕ ′
ji(c)

Pi(c)−ϕ ji(c)
− P′

i (c)−1

Pi(c)− c
+

∂

∂c
ln

(
c̄−ϕ ji(c)

c̄− c

)

=
1

c̄− c
− c̄−ϕ ji(c)

(Pi(c)− c)(c̄− c)
− Pi(c)−ϕ ji(c)− (c̄− c)

(Pi(c)− c)(c̄− c)
+

∂

∂c
ln

(
c̄−ϕ ji(c)

c̄− c

)

=− Pi(c)−ϕ ji(c)

(Pi(c)− c)(c̄− c)
+

1

c̄− c
+

ϕ ji(c)− c+Pi(c)−Pi(c)

(Pi(c)− c)(c̄− c)
+

∂

∂c
ln

(
c̄−ϕ ji(c)

c̄− c

)

= 3
∂

∂c
ln

(
c̄−ϕ ji(c)

c̄− c

)

Therefore, we obtain

ϕ ′
ji(c) = A

( c̄−ϕ ji(c)

c̄− c

)3

where A is some positive constant. Solving the differential equation given by (12) and applying the

boundary condition, we derive the solution

Pi(c) = c̄− c̄− c

1+
√

1− ( 1
I2
i

− 1
I2

j

)(c̄− c)2
(14)

A.3 Proof of Proposition 2

Suppose that I1 > I2. In firm 1’s profit maximization problem, the first order condition with respect

to I1 yields

Φ′(I1) =
∫ c̄

c̄−I1

(c̄− c)(c̄−ϕ21(c))

I2
1 I2

dc (15)

Similarly, the first order condition for firm 2 is given by

Φ′(I2) =
∫ c̄

c̄−I2

(c̄− c)(c̄−ϕ12(c))

I1I2
2

dc (16)

Substituting ϕ21(c) with t in (18), we have

Φ′(I1) =
∫ c̄

c̄−I2

(c̄−ϕ12(t))(c̄− t)

I2
1 I2

ϕ ′
12(t)dt (17)

From (2), we have ϕ ′
12(c) = 1/

√

1− ( 1
I2
2

− 1
I2
1

)(c̄− c)2. Dividing the expression inside the integral sign

in RHS of (16) by the one in RHS of (17), we have I1/(I2 ·ϕ12(c)). From ϕ ′
12(c̄− I2) =

√

I1/I2 and

ϕ ′
12(c̄) = 1, we obtain I1/(I2 ·ϕ12(c̄− I2)) =

√

I1/I2 and I1/(I2 ·ϕ12(c̄)) = 1. Because
√

I1/I2 > 1 and

ϕ ′′
12(c) =−( 1

I2
− 1

I1
)(c̄−c)/(1−( 1

I2
− 1

I1
)(c̄−c)2)3/2 < 0 for all c∈ [c̄− I2, c̄], we have I1/(I2 ·ϕ12(c))≥

1 for all c ∈ [c̄− I2, c̄], which implies that RHS of (16) is greater than RHS of (17).
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Given I1 > I2, RHS of (16) is greater than RHS of (17) but it leads to a contradiction because

Φ′(I1) > Φ′(I2). Similarly, both (16) and (17) cannot be satisfied if I1 < I2. Therefore, firms choose

I1 = Î1 = I2 = Î2 = I∗UI in the equilibrium.

In the symmetric equilibrium, pricing strategy in the second stage can be derived as P(c) = c+c̄
2

from (2) and in the first stage, firms profit maximizing problem becomes

Φ′(I∗UI) =
∫ c̄

c̄−I∗UI

(c̄− c)2

I∗3
UI

dc =
1

3

which implies that I∗UI and I∗CI are identical.

A.4 Proof of Lemma 3

When firms’ cost information is observable, the expected price when firm 1 wins the market can be

calculated as

E(p1|p1 < p2) ·Pr[p1 < p2] = E(c2|c1 < c2) ·Pr[c1 < c2]

=
∫ c̄

c̄−I2

c

∫ c

c̄−I1

f1(x)dx f2(c)dc

=
∫ c̄

c̄−I2

F1(c)cF ′
2(c)dc

Similarly, the expected price when firm 2 wins the market is

E(p2|p1 > p2) ·Pr[p1 > p2] = E(c1|c1 > c2) ·Pr[c1 > c2]

=
∫ c̄

c̄−I1

c

∫ c

c̄−I2

f2(x)dx f1(c)dc

=
∫ c̄

c̄−I2

cF2(c) f1(c)dc (using integration by parts)

=
∫ c̄

c̄−I2

[{
1−F1(c)

} d

dc

{
cF2(c)

}]

dc

Therefore, the expected price is given by

E(p) = E(p1|p1 < p2) ·Pr[p1 < p2]+E(p2|p1 > p2) ·Pr[p1 > p2]

=
∫ c̄

c̄−I2

[

F2(c)+ cF ′
2(c)−F1(c)F2(c)

]

dc
(18)

When firms’ cost information is private, given c, the expected price when firm 1 wins the market
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can be written as

E(p1|p1 < p2) ·Pr[p1 < p2] =
∫ c̄

p
p[1−F2(φ2(p)]dF1(φ1(p)) (using integration by parts)

=−
∫ c̄

p
F1(φ1(p))

d

dp
{p[1−F2(φ2(p))]}dp

(19)

From (1), we have d
dp
{p[1 − F2(φ2(p))]} = −φ1(p)F ′

2(φ2(p))φ ′
2(p). The equation (19) can be

rewritten as

E(p1|p1 < p2) ·Pr[p1 < p2] =
∫ c̄

p
F1(φ1(p))φ1(p)F ′

2(φ2(p))φ ′
2(p)dp (20)

Substituting p = P2(c), we obtain

E(p1|p1 < p2) ·Pr[p1 < p2] =
∫ c̄

c̄−I2

F1(ϕ12(c))ϕ12(c)F
′

2(c)dc

Similarly, the expected price when firm 2 wins the market can be derived from (20)

E(p2|p1 > p2) ·Pr[p1 > p2] =
∫ c̄

p
F2(φ2(p))φ2(p)F ′

1(φ1(p))φ ′
1(p)dp

Substituting p = P2(c), we obtain

E(p2|p1 > p2) ·Pr[p1 > p2] =
∫ c̄

c̄−I2

cF2(c)F
′
1(ϕ12(c))ϕ

′
12(c)dc (using integration by parts)

=
∫ c̄

c̄−I2

[{
1−F1(ϕ12(c))

} d

dc

{
cF2(c)

}]

dc

Therefore, the expected price is given by

E(p) = E(p1|p1 < p2) ·Pr[p1 < p2]+E(p2|p1 > p2) ·Pr[p1 > p2]

=
∫ c̄

c̄−I2

[

F2(c)+ cF ′
2(c)+F1(ϕ12(c))

{
ϕ12(c)F

′
2(c)−F2(c)− cF ′

2(c)
}]

dc

(21)

B Appendix B: Oligopoly Case

B.1 First-Best Case

If a social planner can control investment and price decisions, she will set prices equal to costs. The

social planner’s problem can be written as

W (I) = v−
∫ c̄

0
c dJn(c; I)−nΦ(I)

= v− c̄+
∫ c̄

0
Jn(c; I)dc−nΦ(I)
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where W (·) is the total welfare and Jn(·) is the distribution of lowest actual cost among n active

firms. The social planner’s problem yields the first order condition.

W ′(I) = n

(

−
∫ c̄

0
(1− c

c̄
)nI · ln(1− c

c̄
)dc−Φ′(I)

)

The first order conditions for investment decisions follow as

Φ′(I) =
c̄

(nI +1)2

B.2 Complete Information Case

In the complete information case, given that each firm’s investment level, firm i’s expected payoff

is EΠi(ci) = E(c j − ci|ci < c j < ck, ∀k 6= i, j) ·Pr[ci < c j < ck, ∀k 6= i, j]−Φ(Ii).

E(c j − ci|ci < c j < ck, ∀k 6= i, j) =

∫ c̄

0
∆i ·gi(∆i|∆k < ∆ j < ∆i, ∀k 6= i, j)d∆i −

∫ c̄

0
∆ j ·g j(∆ j|∆k < ∆ j < ∆i, ∀k 6= i, j)d∆ j

(22)

where gi(x|∆k < ∆ j < ∆i, ∀k 6= i, j) = gi(x) ·Pr[∆k < x, ∀k 6= i]/Pr[∆k < ∆i, ∀k 6= i]. Also, the proba-

bility of having the lowest ∆ is given by

Pr[∆k < ∆i, ∀k 6= i] =
∫ c̄

0
∏
k 6=i

∫ z

0
gk(x)dxgi(z)dz =

Ii

∑n
k=1 Ik

E(∆i|∆k < ∆i, ∀k 6= i) =
∫ c̄

0

∑n
k=1 Ik

Ii

· Ii ·
( z

c̄

)∑n
k=1 Ik

dz =
c̄(∑n

k=1 Ik)

∑n
k=1 Ik +1

Simliarly, we have

E(∆ j|∆k < ∆ j < ∆i, ∀k 6= i, j) =
∑k 6=i Ik

∑k 6=i Ik +1
· c̄(∑n

k=1 Ik)

∑n
k=1 Ik +1

Therefore, equation (22) can be rewritten as

E(c j − ci|ci < c j < ck, ∀k 6= i, j) =
c̄(∑n

k=1 Ik)

(∑k 6=i Ik +1)(∑n
k=1 Ik +1)

(23)

Firm i’s expected payoff is given by

EΠi(ci) =
c̄ · Ii

(∑k 6=i Ik +1)(∑n
k=1 Ik +1)

−Φ(Ii) (24)

and the first order condition for firm i is

Φ′(Ii) =
c̄

(∑n
k=1 Ik +1)2

(25)
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Equation (25) implicitly solves the best response, Θi(I j). From ∂ 2EΠi

∂ I2
i

= − 2c̄
(∑k 6=i Ik+1)(∑n

k=1 Ik+1)3 −
Φ′′(Ii) < 0, we can see that the second order conditions for the firm’s maximization problem are sat-

isfied. The uniqueness of symmetric equilibrium can be easily checked when n = 2. The slope of the

reaction function is

|Θ′
i(I j)|= |∂

2Eπi/∂ Ii∂ I j

∂ 2Eπi/∂ Ii
2
|=

2c̄
(Ii+I j+1)3

2c̄
(Ii+I j+1)3 +Φ′′(Ii)

< 1

which is a sufficient condition for the uniqueness of the equilibrium. In the symmetric equilibrium,

firms’ optimal R&D investment level is

Φ′(I∗) =
c̄

(nI∗+1)2
(26)

In complete information case, the expected price at which the product is sold is calculated as

EP∗
CI = E(c j|ci < c j < ck, ∀k 6= i, j) =

(2n−1)I∗+1

((n−1)I∗+1)(nI∗+1)
c̄ (27)

B.3 Unobservable Investment Case

Next, we consider the situation where firms’ investment and costs are unobservable. Given that firm

i’s marginal cost is ci, suppose that firm i’s pricing strategy is Pi(ci) and let φi be the inverse pricing

function. Denote H(c)≡ 1− c
c̄
. Firm i’s profit is given by

πi =
(
Pi(ci)− ci

)
·Pr[ck > φk(Pi(ci)), ∀k 6= i]−Φ(Ii)

= ∏
k 6=i

[
1−Gk(ϕki(ci))

](
Pi(ci)− ci

)
−Φ(Ii)

= ∏
k 6=i

H(ϕki(ci))
Ik
(
Pi(ci)− ci

)
−Φ(Ii)

(28)

Then, the ex ante expected profit for firm i is

Eπi =
∫ c̄

0
∏
k 6=i

H(ϕki(ci))
Ik
(
Pi(cI)− ci

)
dG(ci; Ii)−Φ(Ii)

= G(c̄; Ii)∏
k 6=i

H(ϕki(c̄))
Ik
(
Pi(c̄)− c̄

)

︸ ︷︷ ︸

= 0

−G(0; Ii)
︸ ︷︷ ︸

= 0

∏
k 6=i

H(ϕki(0))
Ik
(
Pi(0)−0

)

−
∫ c̄

0
G(c; Ii)

d

dc
∏
k 6=i

H(ϕki(c))
Ik
(
Pi(c)− c

)
dc−Φ(Ii)

By using the Envelope Theorem, we have

d

dc
∏
k 6=i

H(ϕki(c))
Ik
(
Pi(c)− c

)
=−∏

k 6=i

H(ϕki(c))
Ik (29)
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So, firm i’s expect profit can be rewritten as

Eπi =
∫ c̄

0

[
1−H(z)Ii

]

∏
k 6=i

H(ϕki(z))
Ik dz−Φ(Ii)

The first order condition for firm i in R&D investment stage follows as

Φ′(Ii) =−
∫ c̄

0
H(z)Ii ∏

k 6=i

H(ϕki(z))
Ik lnH(z)dz (30)

Let’s consider the case of two firms. Assume that I1 > I2. Then, from Maskin and Riley(2000)

(Proposition 3.5. (ii)), we have φ1(p)< φ2(p) for all p ∈ (p, c̄), where p = Pi(0), i = {1,2}. From (30),

we obtain the following equation

Φ′(I1)−Φ′(I2) =
∫ c̄

0
H(z)I2H(ϕ12(z))

I1 lnH(z)dz−
∫ c̄

0
H(z)I1H(ϕ21(z))

I2 lnH(z)dz

Since I1 > I2 and Φ′′(·) > 0, LHS of the equation above is positive. But RHS of the equation is

negative because ϕ12(c)< c < ϕ21(c) for all c ∈ (0, c̄), leading to a contradiction. The same argument

can be applied when I1 < I2. Therefore, there does not exist asymmetric equilibrium in the unobservable

investment case.

In the symmetric equilibrium, I1 = · · · = In = I∗ and P1(c) = · · · = Pn(c),∀c ∈ [0, c̄], implying

φ1 = · · ·= φn. Then, (30) becomes

Φ′(I∗) =−
∫ c̄

0
H(z)nI∗ lnH(z)dz =−

∫ c̄

0

(

1− z

c̄

)nI∗

ln
(

1− z

c̄

)

dz =
c̄

(nI∗+1)2
(31)

It implies that the symmetric equilibrium of R&D investment in the unobservable investment case

is identical to the one in the complete information case.

By using standard methods in Myerson (1981), the symmetric price equililbrium can be derived as

P1(c) = P2(c) = P∗(c) = c+
1

H(c)(n−1)I∗

∫ c̄

c
H(t)(n−1)I∗dt

=
1

(n−1)I∗+1
c̄+

(n−1)I∗

(n−1)I∗+1
c

(32)

for all c ∈ [0, c̄]. In the equilibrium, the expected price at which the product is sold is

EP∗
UI =

1

(n−1)I∗+1
c̄+

(n−1)I∗

(n−1)I∗+1
E(c) =

(2n−1)I∗+1

((n−1)I∗+1)(nI∗+1)
c̄ (33)

Compared to the complete information case, the expected price is the same in the unobservable

investment case.
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B.4 Observable Investment Case

In the observable investment case, only the rival’s investment level is commonly known, while

firms cannot observe the rival’s realized cost. The observed investment level by the rival can directly

affect firms’ pricing strategies in the second stage. Since firms can observe rival’s investment level, it

can directly affect firms’ pricing strategies in the second stage. Given the pricing equilibrium
(
P1(c;I),

· · · , Pn(c;I)
)
, firm i’s ex ante expected payoff is given by

Eπi(Pi,c;I) =
∫ c̄

0

(
Pi(c;I

)
− c) ·Pr

[
ck > ϕki(c;I), ∀k 6= i

]
dGi(c)−Φ(Ii)

=
∫ c̄

0

(
Pi(c;I)− c

)

∏
k 6=i

[
1−Gk(ϕki(c;I))

]
dGi(c)−Φ(Ii)

By using the same method in the unobservable investment case, we obtain the following equation.

Eπi =
∫ c̄

0

[
1−H(z)Ii

]

∏
k 6=i

H(ϕki(z;I))Ik dz−Φ(Ii)

We have the first order condition for firm i in R&D investment stage as

Φ′(Ii) =
∫ c̄

0

[
−H(z)Ii ∏

k 6=i

H(ϕki(z;I))Ik lnH(z)

+∑
j 6=i

[
1−H(z)Ii

]∂H(ϕ ji(z;I))I j

∂ Ii
∏

k 6=i, j

H(ϕki(z;I))Ik
]
dz

(34)

The equation (34) implicitly defines firm i’s reaction function Ii = Θi(I j). The first term in RHS of

(34) shows the benefit from the R&D investment. The investment gives the firm i a higher probability

of having the cost advantage over rivals so that it can win the market. The second term is an additional

effect compared to the unobservable investment case.

Since the firms are ex ante homogeneous, there exists a unique symmetric Nash equilibrium in

the R&D competition stage if the stability condition is satisfied. Throughout the analysis, we assume

that the stability condition is satisfied and focus on the symmetric equilibrium. In fact, we cannot

rule out the possibility of the existence of asymmetric Nash equilibria in the first stage due to the

additional effect mentioned above. The stability condition is assumed for analytical tractability but

since there exists a unique symmetric investment equilibrium in the unobservable investment case, the

direct comparison between the two cases can be achieved under this assumption.

We cannot apply the standard theorems regarding differentiability with respect to the parameters

of the solution of a differential system because, in general, explicit forms of pricing functions and

inverse pricing functions cannot be derived. We can circumvent this difficulty by defining functions

αi(q;I) = Pi(G
−1
1 (q; Ii);I) and β ji(q;I) = G j(φ j(Pi(G

−1
i (q; Ii);I);I); I j), that is, αi(q;I) is firm i’s price
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as a function of its cost quantile and β ji(q;I) is firm j’s cost quantile when firm i and firm j set the same

price given firm i’s cost quantile.

From the first order condition in the price competition stage, we have the following equations.

∑
k 6=i

d log(1−Gk(φk(p;I); Ik))

dp
=

1

p−φi(p;I)

Summing up all equations except the one for firm i and subtracting the equation for firm i, we find

−G′
i(φi(p); Ii) ·φ ′

i (p)

1−Gi(φi(p))
=

1

n−1

{ −(n−2)

p−φi(p;I)
+∑

k 6=i

1

p−φk(p;I)

}

(35)

Simliarly, we obtain the equation for firm j.

−
G′

j(φ j(p); I j) ·φ ′
j(p)

1−G j(φ j(p))
=

1

n−1

{ −(n−2)

p−φ j(p;I)
+ ∑

k 6= j

1

p−φk(p;I)

}

(36)

By multiplying (36) by the inverse of (35), we obtain

d

dq
β ji(q;I) =

1−β ji(q;I)

1−q

−(n−2)

α(q;I)−G−1
j (β ji(q;I);I j)

+ 1

α(q;I)−G−1
i (q;Ii)

+∑k 6=i, j
1

α(q;I)−G−1
k (βki(q;I);Ik)

−(n−2)

α(q;I)−G−1
i (q;Ii)

+ 1

α(q;I)−G−1
j (β ji(q;I);I j)

+∑k 6=i, j
1

α(q;I)−G−1
k (βki(q;I);Ik)

(37)

The initial conditions are β ji(0;I) = 0 and β ji(1;I) = 1 and we can use the former condition to

solve the differential equation.

Let α̂i(q) =
∂αi(q;I)

∂ Ii
|Ik=I∗ ∀k and β̂ ji(q) =

∂β ji(q;I)
∂ Ii

|Ik=I∗ ∀k. Differentiating (37) with respect to Ii,

setting all Ik equal to I∗, we have

β̂ ′
ji(q)+

[
n−1

αi(q;I∗)−G−1
i (q; I∗)

·
∂G−1

j (q; I∗)

∂q
+

1

1−q

]

β̂ ji(q) =
n−1

αi(q;I∗)−G−1
i (q; I∗)

· ∂G−1
i (q; I∗)

∂ Ii

(38)

In the symmetric investment level, each firm’s pricing function αk(q;I∗) is given by

αk(q;I∗) = G−1
k (q; I∗)+

∫ cH

G−1
k (q;I∗)(1−Gk(t; I∗)n−1)dt

(1−q)n−1

Substituting this expression into the equation (38), we have

β̂ ′
ji(q)+

[
(n−1)(1−q)n−1

∫ cH

G−1
k (q;I∗)(1−Gk(t; I∗)n−1)dt

·
∂G−1

j (q; I∗)

∂q
+

1

1−q

]

β̂ ji(q)

=
(n−1)(1−q)n−1

∫ cH

G−1
k (q;I∗)(1−Gk(t; I∗)n−1)dt

· ∂G−1
i (q; I∗)

∂ Ii

(39)

From the equation (39) and the initial condition β̂ ji(0) = 0, we obtain

β̂ ji(q) =−A · (1−q)(((n−1)2 +2)I∗+n−1) log(1−q)− I∗)−A · I∗(1−q)
((n−1)2+1)I∗+n−1

I∗ (40)
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where A = (n−1)((n−1)I∗+n−1)
I∗(((n−1)2+2)I∗+n−1)2 . By the definition of ϕ ji(c;I) and β ji(q : I), we have

∂ϕ ji(c;I)

∂ Ii

|Ik=I∗ ∀k =
∂G−1

j (Gi(c; Ii); I j)

∂q
|Ik=I∗ ∀k

(
∂β ji(Gi(c; Ii);I)

∂q
· ∂Gi(c; Ii)

∂ Ii

+
∂β ji(Gi(c; Ii);I)

∂ Ii
︸ ︷︷ ︸

=β̂ ji(q)

)

|Ik=I∗ ∀k

(41)

Subtituting (40) into (41),
∂ϕ ji(c;I)

∂ Ii
|Ik=I∗ ∀k can be rewritten as

∂ϕ ji(c;I)

∂ Ii

|Ik=I∗ ∀k =
c̄

I∗

(

1− c

c̄

)1−I∗

[

−B ·
(

1− c

c̄

)I∗
(
((n−1)2 +2)I∗+n−1

)
log

(

1− c

c̄

)

+B ·
{(

1− c

c̄

)I∗

−
(

1− c

c̄

)((n−1)2+1)I∗+n−1}

−
(

1− c

c̄

)I∗

log
(

1− c

c̄

)]

(42)

where B = A · I∗.

This implies that
∂ϕ ji(c;I)

∂ Ii
|Ik=I∗ ∀k > 0, ∀c ∈ [0, c̄]. Coupled with

∂H(c)I j

∂c
< 0,

∂H(ϕ ji(c;I))I j

∂ Ii
|Ik=I∗ ∀k <

0, ∀c ∈ [0, c̄]. We know that LHS and the first term in RHS in the equation (34) are the same as the

one in unobservable investment case but the second term in RHS is negative for all c ∈ [0, c̄]. Given

the convexity of the R&D cost function, Φ(·), symmetric level of R&D investment in the observable

investment case cannot be greater than the one in the unobservable investment case.

B.5 Welfare Analysis

Under the box demand, the results above are ready to be applied to the welfare analysis.

First, the R&D investment level in the equilibrium in each case can be compared.

I∗FB = I∗CI = I∗UI > I∗OI

If all agents have the same valuation of the product, social welfare is a function of minimum actual

cost, corresponding to the investment level. As shown above, whereas the investment level in com-

plete information and unobservable investment case is the same as the first best level, the observable

investment case induces underinvestment. This finding implies that both the complete information and

unobservable investment case implement the socially optimum level, while social welfare decreases in

the observable investment case.

The symmetric investment equilibrium gives rise to the standard pricing function (analogous to the
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bidding function in auction theory):18

P∗(c; I) = c+
1

H(c)(n−1)I∗

∫ c̄

c
H(t)(n−1)I∗dt =

1

(n−1)I∗+1
c̄+

(n−1)I∗

(n−1)I∗+1
c

Thus, the expected price of the product is given by

EP∗(I) =
1

(n−1)I∗+1
c̄+

(n−1)I∗

(n−1)I∗+1
E(c) =

(2n−1)I +1

((n−1)I +1)(nI +1)
c̄

Since
∂EP∗(I)

∂ I
=− n(n−1)I((2n−1)I+2)c̄

(((n−1)I+1)(nI+1))2 < 0 and I∗UI > I∗OI , we obtain EP∗
OI > EP∗

UI . We already showed

that EP∗
UI = EP∗

CI . Therefore, the expected price of the product under each regime is ranked as

EP∗
OI > EP∗

UI = EP∗
CI

The comparison of consumer surplus under each regime follows as

CSCI =CSUI >CSOI

C Appendix C: Discrete Case

As noted in the footnote in section 4.1, all results in proposition 5 except social welfare are sustained

in the broad class of demand function. Therefore, in this section, we analyze the model under the

assumption of general downward-sloping demand. D(p) is a market demand with D′(p) < 0 and

define profits of a firm with low cost, excluding R&D cost, as π(p) = (p− c)D(p). We assume that

π(p) is strictly concave in price. In order to simplify the result, denote the monopoly price for the firm

with low cost as p∗ = argmax
p

π(p) and define p̂ = min{c̄, p∗}. Let’s further denote the maximized

profit with low cost as π̂ = π( p̂). The timing of the game is the same as the baseline model.

C.1 Complete Information Case

Given firms’ R&D investment level, firm i can earn positive profit, π̂ , only if firm i succeeds in

reducing its cost whereas the rival fails in the complete information case. Therefore, firm i’s expected

payoff is given by

EΠi = Ii(1− I j)π̂ −Φ(Ii)

Then, the first-order condition in the R&D stage is (1 − I j)π̂ − kIi = 0 and, by symmetry, the

equilibrium of R&D investment is given by

18See Myerson (1981) for the detailed derivation.
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I∗CI =
π̂

π̂ + k

C.2 Unobservable Investment Case

When cost information is private, a two stage Bayesian game is considered. We first show strategies

of firms in equilibrium and then show that firms have no incentive to deviate from the strategy. In the

second stage, high cost firms would set price at the marginal cost. For privately informed low cost

firms, however, there does not exist a pure strategy equilibrium in the second stage subgame because

it has two motivations under cost uncertainty. On the one hand, the firm is tempted to enjoy market

power given that the rival remains at high cost. On the other hand, the firm will try to undercut and

capture the market if it believes the rival has also succeeded in R&D. Regardless of which strategy the

rival uses in the second stage, the low cost firm i expects to definitely earn (1− I j)π̂ so two moves of

the low cost firm should be balanced at the expected profit. Let Ki(p) be the distribution function of

firm i which describes the mixed strategy the low cost firm plays. Then, it requires

(1− I j)π̂ = (1− I j)(p− c)D(p)+ I j ·Pr(p < p j)(p− c)D(p)

= (1− I j)(p− c)D(p)+ I j(1−K j(p))(p− c)D(p)

(43)

in the support of [p, p̂], where p satisfies πi(p) = (1− I j)π̂ . From (28), we obtain

K j(p) =
1

I j

− (1− I j)π̂

I j(p− c)
(44)

Suppose that (I∗i , I∗j ) is a Nash equilibrium in the first stage. If firm i deviates from I∗i , firm j still

believes that the rival plays I∗i and invests by I∗j . Then, firm j plays the mixed strategy described in

(44) over [p j
∗, p̂] where p j

∗ satisfies π(p j
∗) = (1− I∗j )π̂ . No matter how firm i sets the price in the

second stage, its expected profit is given by EΠi = Ii(1− I∗j )π̂ −Φ(Ii) which gives the same shape of

best response in complete information case if replacing I∗j with I j. It implies that I∗UI =
π̂

π̂+k
is a Nash

equilibrium in R&D stage.

C.3 Observable Investment Case

In the observable investment case, pure strategy pricing equilibrium does not exist because firms

compete with prices under cost uncertainty. The nature of a mixed strategy in the second stage is
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similar to the one in the unobservable investment case. However, we should consider the case where

firms invest asymmetrically as well because of the observability of investment level in this regime.

Let us assume that firm 1 invests more than firm 2 in the first stage. Suppose that both firms use the

same pricing strategy as that used in the unobservable investment case. It then turns out that firm 1’s

minimum price level in the support of pricing strategy would be less than the rivals minimum price

level and firm 1 obviously does not have any incentive to set the price lower than the rivals minimum

price. Accordingly, this equilibrium can no longer sustained.

Rather, firm 1 would set prices at a higher level as it can expect that it is more likely to have the

market power. And, for firm 2, it would set prices aggressively relative to the rival because it knows its

investment level is lower than the rival. Thus in equilibrium, the expected payoff to the low cost firm

is equalized for both firms even when firms invest asymmetrically. Given that I1 > I2, the distribution

used in mixed strategy for firm 1 is

K1(p) =
1

I1

− (1− I2)π̂

I1(p− c)

and the distribution describing the strategy for firm 2 is

K2(p) =
1

I2

− (1− I2)π̂

I2(p− c)

The distributions show that firm 1 sets price less aggressively compared to the rival and note that

K1(p) has a mass point on p̂. In the observable investment case, therefore, firms have two types of

investment strategies: aggressive investment and passive investment. Firms’ expected profit for each

investment strategy is given by

Πi =







Ii(1− Ii)π̂ −Φ(Ii) if Ii ≤ I j

Ii(1− I j)π̂ −Φ(Ii) if Ii ≥ I j

If a firm chooses the aggressive investment strategy, the optimal investment level is

Ii =







I j if I j ≤ π̂
2π̂+k

π̂
2π̂+k

if I j ≥ π̂
2π̂+k

And if a firm choose the passive investment strategy, the optimal investment level is

Ii =







I j if I j ≥ π̂
π̂+k

1
k
(1− I j)π̂ if I j ≤ π̂

π̂+k
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Denote ΠA
i the expected profit of firm i when it chooses the aggressive investment strategy and ΠP

i

the expected profit when firm i chooses the passive investment strategy. Lemma A.1 demonstrates how

firms use these two investment strategy given the rivals R&D level.

Lemma 4. There exists Ĩ ∈ ( π̂
2π̂+k

, π̂
π̂+k

) such that ΠA
i > ΠP

i , ∀Ii < Ĩ and ΠA
i < ΠP

i , ∀Ii > Ĩ.

If the rival’s R&D level is very low, then a firm would be willing to invest aggressively so that it

can effectively increase the chance to hold a dominant position in the market in terms of cost. But as

the rival increases its investment level, switching the strategy would be profitable because, as shown

above, once the rival observes that its own investment level is greater than the other’s, the rival tends

to set the price at p̄. Then, this firm may want to invest passively and enjoy the chance to undercut the

rival.

The fact that Ĩ < π̂
π̂+k

implies that there is no symmetric equilibrium in R&D stage under the

observable investment case. The equilibrium of investment in the observable investment case is

(I∗1 OI, I∗2 OI) = (
π̂

2π̂ + k
(1+

π̂

k
),

π̂

2π̂ + k
) or (

π̂

2π̂ + k
,

π̂

2π̂ + k
(1+

π̂

k
))

Comparing the investment equilibrium with the one in previous cases, the aggregate level of invest-

ment in the observable investment case is less(greater) than the one under other regimes if π̂ < (>) k.

Interestingly, regardless of value of parameters, both firms earn more profits in the observable invest-

ment case. This is because, unlike the baseline model, one firm’s additional investment does not affect

the rival’s pricing strategy. So the firm with passive investment strategy does not price aggressively

and, in turn, price competition becomes softened.

If we assume that demand is inelastic and the valuation of all consumers on the product is v, we can

easily see that I∗CI = I∗UI achieves a socially desirable level and the observable investment case induces

over- or under-investment, depending on the value of the parameters. Moreover, considering that firms

capture more surplus in the observable investment case, it hurts consumers as well.

D Appendix D

D.1 Complete Information Case

The lower bound of firm i’s cost distribution is reduced by Ii after the investment, i.e, the support

of firm i’s cost distribution is changed to c ∼ U [c̄−δi − Ii, c̄], or U [c̄− δ̃i, c̄]. Let F̃i(c) = 1− c̄−c

δ̃i
be

the c.d.f of firm i’s cost after R&D activities.
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In the price competition stage, if ci < c j, firm i sets the price at the rival’s marginal cost and its

profit is c j − ci. Otherwise, firm i would charge its marginal cost and earn zero profit. Thus, firm i’s

expected payoff Eπi is equal to E[c j − ci|ci < c j]Pr[ci < c j]. If δ̃1 > δ̃2, firm 1’s expected payoff can

be written as

Eπ1(c;I) =
∫ c̄

c̄−δ̃2

c[1− F̃2(c)]dF̃2(c)−
∫ c̄

c̄−δ̃1

c[1− F̃2(c)]dF̃1(c)−Φ(Ii)

=
∫ c̄

c̄−δ̃2

c[1− F̃2(c)]dF̃2(c)−
∫ c̄−δ̃2

c̄−δ̃1

cdF̃1(c|c < c̄− δ̃2)

−
∫ cH

c̄−δ̃2

c[1− F̃2(c)]dF̃1(c|c > c̄− δ̃2)−Φ(Ii)

=
1

2
(δ̃1 − δ̃2)+

δ̃ 2
2

6δ̃1

−Φ(Ii)

(45)

If δ̃1 < δ̃2, firm 1’s expected payoff is

Eπ1(c;I) =
∫ c̄

c̄−δ̃2

c[1− F̃2(c)]dF̃2(c)−
∫ c̄

c̄−δ̃1

c[1− F̃2(c)]dF̃1(c)−Φ(Ii)

=
δ̃ 2

1

6δ̃2

−Φ(Ii)

(46)

Define I∗i such that Φ′(I∗i + δi) =
1
3
. Then, firm i’s best response in the R&D competition stage is

given by

Φ′(Ii) =







1
2
− δ̃ 2

j

6δ̃ 2
i

if Ii < I∗i

δ̃i

3δ̃ j
if Ii ≥ I∗i

(47)

which gives the equilibrium in the R&D competition stage at the intersection of best responses. By

using the same method in section 3.4, the expected price in complete information case is given by

E( p̃CI) =
∫ c̄

c̄−δ̃2

F̃2(c)+ cF̃ ′
2(c)− F̃1(c)F̃2(c)dc (48)

Consumer surplus is derived by CS = v−E( p̃CI) and the industry profit is calculated by summing

up (45) and (46), followed by total welfare, W =CS+∑Eπi.

D.2 Observable Investment Case

By using the same method in section 3.3, the pricing strategy for firm i can be derived as

Pi(c;I) = c̄− c̄− c

1+
√

1− ( 1

δ̃ 2
i

− 1

δ̃ 2
j

)(c̄− c)2
(49)
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and the inverse pricing function is

φi(p;I) = c̄− 2(c̄− p)

1+( 1

δ̃ 2
i

− 1

δ̃ 2
j

)(c̄− p)2
(50)

Given the pricing equilibrium (P1(c;I), P2(c;I)), firm 1’s ex ante expected payoff is given by

Eπ1(P1,c;I) =
∫ c̄

c̄−δ̃1

(P1(c;I)− c) ·Pr[c2 > ϕ21(c;I)]dF̃1(c)−Φ(I1)

=
∫ c̄

c̄−δ̃1

(P1(c;I)− c)
{

1− F̃2(ϕ21(c;I))
}

dF̃1(c)−Φ(I1) (by using integration by parts)

=−
∫ c̄

c̄−δ̃1

F̃1(c)
d

dc
(P1(c;I)− c)

{
1− F̃2(ϕ21(c;I))

}
dc−Φ(I1)

By using the Envelope Theorem, we obtain

d

dc
(P1(c;I)− c)

{
1− F̃2(ϕ21(c;I))

}
=−

{
1− F̃2(ϕ21(c;I))

}

Substituting this expression for the integral, we then have

Eπ1(P1,c;I) =
∫ c̄

c̄−δ̃1

F̃1(c)
{

1− F̃2(ϕ21(c;I))
}

dc−Φ(I1) (51)

The first order condition with respect to I1 is

Φ′(I1) =
∫ c̄

c̄−δ̃1

∂ F̃1(c)
{

1− F̃2(ϕ21(c;I))
}

∂ I1

dc− (−1) F̃1(c̄− δ̃1)
︸ ︷︷ ︸

= 0

{
1− F̃2(ϕ21(c̄− δ̃1;I))

}

=
∫ c̄

c̄−δ̃1

[
∂ F̃1(c)

∂ I1

{
1− F̃2(ϕ21(c;I))

}
+ F̃1(c)

∂

∂ I1

{
1− F̃2(ϕ21(c;I))

}
]

dc

(52)

From the fact that ∂
∂ I1

{
1− F̃2(ϕ21(c;I))

}
< 0 for all c ∈ [c̄− δ̃1, c̄], cost-reducing investment has

a negative strategic effect as in the symmetric model. Applying the same method in section 3.4, the

expected price in the observable investment case is

E( p̃OI) =
∫ c̄

c̄−δ̃2

F̃2(c)+ cF̃ ′
2(c)+ F̃1(ϕ12(c;I)){ϕ12(c;I)F̃ ′

2(c)− F̃2(c)− cF̃ ′
2(c)}dc (53)

The equation (51) and the corresponding equation for firm 2 give the industry profits and consumer

surplus is derived by CS = v−E( p̃OI). Total welfare follows as W =CS+∑πi.
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Figure 3: Investment Level

Figure 4: Price Level
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Figure 5: Product Inefficiency

Figure 6: Aggregate Profits

Figure 7: Profits
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Figure 8: Consumer Surplus

Figure 9: Welfare
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