
Technology Choice in Dynamic Competition

Abstract

Problem Definition: Firms experiment with different production technologies over time in a

winner-takes-all competition, where the winner is the firm that produces a better product by the

end of the horizon. We examine whether and when introduction of a new technology into this

competitive landscape benefits consumers.

Academic/Practical Relevance: In almost all domains, improved technologies are developed at a

rapid pace with the understanding that these improvements are beneficial to consumers – a claim

that usually goes unchecked. Our model delineates conditions under which this may or may not

be true.

Methodology: We model competition between firms as a dynamic game, where firms choose be-

tween technologies that have uncertain returns and different risk properties in order to maximize

their chances of winning. We analyze the resulting equilibria analytically and through simulation.

Results: We characterize the firms’ strategies in this dynamic environment and then use this char-

acterization to study the impact of new technology introduction on competition and consumer

welfare. In particular, we show that welfare is not necessarily higher –and can in fact decrease–

with new technologies becoming available. Furthermore, we investigate how interim information

about the status of the competition impacts this finding. Specifically, we study the two extremes of

information provision, corresponding to whether firms learn their competitors’ interim results or

not, and show that whether consumer welfare increases or decreases is quite sensitive to how the

risk properties of the technologies compare.

Managerial Implications: Common wisdom implies that consumer welfare would improve as a

result of i) competition between firms, as well as ii) the availability of new and improved tech-

nologies. This paper shows that the combination of these two factors is not necessarily beneficial

to consumers and that this aspect should be taken into consideration by a regulator (for exam-

ple, through the aforementioned information mechanisms) whose goal is to improve consumer

welfare.
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1 Introduction

Competition among firms is one of the main drivers of innovation and improvement of consumer

welfare. Many such competitions take the form of a winner-takes-all contest, where the firm with a

better or more innovative product dominates the market. Innovation, of course, is a highly uncertain

process: firms experiment with different approaches and these approaches lead to (stochastically)

different outcomes. The choices of which approaches to use —which, in turn, are affected by the

available technologies and the competitive environment— are vital to the firm’s competitive edge

and market performance.

This paper considers how firms choose their technologies over time in winner-takes-all competi-

tions. Technologies are characterized by uncertain returns, with some technologies being riskier than

others. Firms compete over a finite horizon by choosing which technologies to use over multiple pe-

riods, and the firm that develops a better product by the end of the horizon wins. In particular, we

consider settings where new technologies become available and study the impact of these technolo-

gies on competition and consumer welfare.

The pharmaceutical industry provides a good backdrop for the above setup. Firms develop new

drugs in an attempt to outperform the competition and receive significant market share, and an ex-

ample of new technology introduction in that domain is the advent of combinatorial chemistry, which

has made it exponentially easier to evaluate the efficacy of potential drugs. As Messeguer and Cortés

(2007) discuss, the technology relies on efficiently combining different chemical compounds that are

known to target specific cancer cell receptors and to test the effectiveness of these new compounds to

see if there is a combination with higher efficacy. The introduction of this technology has reduced the

risks associated with new drug development and made it easier to produce better drugs on average.

On the other hand, consider a new technology like immuno-oncology, which uses the body’s immune

system to attack cancer. Unlike combinatorial chemistry, this technology fails often, i.e. it produces

ineffective treatments, but it also has occasional successes where the drug developed is considered a

breakthrough treatment, e.g. the melanoma drug Keytruda, which Merck planned to stop developing

as earlier trials were not promising. As we discuss below, Merck later reversed course and developed

the drug into a successful contender in the market, with sales of around $1 Billion shortly after its

release.
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This paper answers the following questions in the context of new technology introduction into a

competitive environment. First, how do firms choose which technologies to use over time in order

to maximize their chances of winning the competition? Second, how does the interaction between

competition and new technology introduction affect consumer welfare, i.e. the quality of the end

product that consumers get? As we discussed in the previous paragraph, new technologies generally

offer advancement through consistent improvements (e.g. as in the case of combinatorial chemistry)

or sporadic breakthroughs (as in immuno-oncology), and we want to understand the effect of both

kinds of technologies on consumer welfare. Finally, we are also interested in how interim informa-

tion impacts the answers to the previous two questions. In particular, we are interested in how firms

make their choices if their experimentation outcomes are publicly vs. privately observable, and how

consumer welfare changes under these two scenarios. Understanding this interaction between in-

formation, available technologies, and competitive behavior is essential for policy recommendations

that aim to improve welfare.

Results The paper makes the following contributions by answering the questions posed above. First,

we characterize the players’ strategies and technology choices for a general class of distributions

and use this characterization to determine how consumer welfare changes under the introduction

of a new technology. We find that it can sometimes be the case that firms using technologies that

lead to better outcomes on average can in fact result in consumers being worse off. Furthermore,

if competition is not balanced, in the sense that one of the firms has access to the new technology

while the other does not, then consumers can sometimes benefit more compared to the case when

both firms have access to the new technology. The reason is that a social planner who is interested in

maximizing welfare would try to maintain a portfolio of technologies, hoping for the long shot that

can result from experimenting with a highly speculative technology while keeping a more reliable

technology that is unlikely to deliver an unusually high payoff as a fall back option. However, the

incentives of self-interested firms are not aligned with those of the planner, since the objective is not

necessarily to produce the best outcome but to maximize the chances of beating the competitor, and

therefore competition pushes firms to adopt more conservative approaches. This offers one possible

explanation to claims in the medical literature that technologies like combinatorial chemistry have

overall led to a decline in the efficacy of the drugs produced. As Bennani (2011) states
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By chasing low-hanging fruit, target-based pharmaceutical research has forced most

companies to compete on similar targets and approaches, resulting in duplicative and

nonproductive investments.

The above quote sheds some light on why in our setting a handicapped competition —where one

firm has access to the new technology while the other does not— can better approximate the plan-

ner’s solution than a competition where both firms are on equal footing. As we show though, this is

not always the case and perfect competition can sometimes maximize welfare, and our analysis dis-

tinguishes between these different scenarios by looking at the specific properties of the technologies

used and the path of technology evolution.

Obviously, a social planner or regulator cannot adopt the anti-competitive practice of preventing

a firm from having access to a particular technology, and hence the inefficiency described above can

still persist. We show however that a regulator can offset some of the welfare reduction through the

choice of information mechanism. Firms react differently if they learn about first period performance

of their competitors than if they do not, and we study the impact of these two interim information

disclosure mechanisms –public and private information– on welfare. Specifically, we examine when

should a regulator release interim information about the state of the competition and when she should

stay silent, with the idea of using information or lack thereof as a lever that would make firms choose

the welfare-enhancing action. Indeed, we see firms making choices based on the information they

have learned about their competitors (e.g. through a regulator, patent applications, or other means)

in practice. The aforementioned example of Merck reversing course on Keytruda development is a

case in point. Initially, shareholders expressed skepticism that Merck is ”overinversting in science”,

which made the firm dismiss the emerging immuno-oncology technology as an asset to be licensed

out instead of developed. However, Merck shortly learned that Bristol-Meyers Squibb was having

preliminary success developing a drug for melanoma, which made Merck decide to develop the tech-

nology instead in the hopes of beating its competitor, leading to a new effective drug for consumers

–Keytruda– and financial success for Merck.1 It is possible however that the information mechanism

leading to welfare-enhancing choices is to provide no information, and we discuss this in detail in

Section 3.1.
1Source: The Economist, ”A pharmaceutical firm bets big on a cancer drug”, February 22, 2018.
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Finally, we look at how these results change when technology acquisition is costly. Firms use a

incumbent technology at little or no cost –for example, through patent expiration– but have to incur

a cost to develop or license a new technology. We show that the above results continue to hold in

this case, with a notable exception – depending on the cost of the new technology – where they are

flipped. For example, whereas in some cases it would improve welfare when a regulator does not

announce intermediate results when technologies are costless, it would cease to be so when the cost

to use the new technology is in a certain range, and in fact it would be better for the regulator to

switch from no to public information disclosure. We provide conditions on the properties and costs

of available technologies that can be used as guidelines to determine which disclosure mechanism to

implement.

Related Literature Our problem can be viewed as one where firms select risk levels over time in

order to maximize their chances of winning. Several papers consider a similar problem, e.g. Cabral

(2003) and Anderson and Cabral (2007) consider an infinite horizon game where two firms repeat-

edly compete by choosing variance levels for their technologies, and Tsetlin et al. (2004) numerically

study the strategic choice of variability in multi-round contests where players have access to different

normal distributions with the same means but different variances. In these papers, the objective of

the firms is to maximize their long-run cumulative winnings, i.e. every round is an individual game

that one of the two firms can win, whereas in our setup firms experiment over time and the firm with

the best result over the entire horizon wins the whole game. This leads to different dynamics and

different outcomes from the above papers. Gaba et al. (2004) analyze a multi-player one-shot contest

where only one of the competitors is allowed to make a choice between two technologies that have the

same mean but different variances, and hence there are no dynamics and no strategic interaction. In

contrast, our model has players that strategically choose among different technologies (with different

means and variances) and do so over more than one period.

In addition to the above differences, the previous papers attempt to characterize the players’

strategies but do not address the problem from a planner’s perspective: how can a planner design

these competitions so that the experimentation choices of players maximize the expected outcome?

Erat and Krishnan (2012) consider the design of a static contest where a firm delegates the search for

the best technology to a group of agents. They find that the competitive structure leads to an inef-
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ficiency where players cluster around a small subset of the available technologies and leave a large

space of technologies unexplored. Konrad (2014) shows that introducing local competition is helpful

to solve the clustering problem, but similar to Erat and Krishnan (2012), again considers a single stage

competition with the main goal of increasing the breadth of the search.

As we observe in Section 3, the inefficiency described in the previous paragraph is exacerbated

by constraining players to make a single move based on which they either win or get nothing. In

reality, innovation is a more complex process involving many trials and happening over a period

of time. This allows players to make multiple decisions, and an important consequence of taking

that dynamic aspect into consideration is that interim information that the firms obtain can affect

their future decisions and consequently affect the overall outcome. This implies that a planner can

leverage this information provision aspect to try and influence the players’ actions and restore some

of the efficiency that is lost in the one-shot game. Recent work by Markou et al. (2018) empirically

examines the related problem of how firms can choose which projects to invest in when there are

technological uncertainties and competition.

Another stream of related literature is the one on contest design, with most of the focus on how to

maximize the efforts that contestants exert (e.g. Terwiesch and Xu (2008)), the contest prize structure

Moldovanu and Sela (2006), or encouraging/discouraging agents from entering multiple contests Ko-

rpeoglu and Hafalir (2017). In contrast, the focus of this paper is on how competitors select risk levels

through their choices of technologies. Another important difference is that similar to the previously

cited literature, these papers all assume a static setting, whereas we examine the problem over time.

This relates our paper to the literature on dynamic competition, starting with the seminal work of

Harris and Vickers (1987), who characterize the effort provision decisions of the leader and laggard

in a race. Recent work like Bimpikis et al. (2015) and Mihm and Schlapp (2016) embeds this dynamic

competition aspect into contest design, and along with the work of Halac et al. (2017), examines the

role of information provision policies, but the focus is again on agents’ effort decisions and not their

technology choices.
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2 Model

Technologies Let T = {R,S} be the ground set of technologies. Innovating using technology

i = R,S produces a scalar outcome distributed according to Fi, where Fi is a continuous symmetric

distribution over R.2 We assume that Fr and Fs are both following one of the common symmetric

distributions which could be Uniform, Triangle, Normal, Logistic, Laplace or U-quadratic. We refer

to Technology S as a safe technology and Technology R as a risky technology and assume that E(S)

and E(R) exist and are finite. We further assume that E(S) > E(R) and V ar(R) ≥ V ar(S).

Competition Two firms X and Y are endowed with technology sets TX and TY , respectively, with

Tj ⊆ T for j = X,Y . Firms compete over two periods, and in each period they simultaneously select

a technology from their technology sets and obtain a realization from the distribution associated with

the chosen technology. We denote these realizations by xt and yt for the outcomes that firms X and Y

obtain in periods t = 1, 2, respectively. At the end of the second period, Firm X wins the competition

if max{x1, x2} > max{y1, y2}. Firm Y wins otherwise.3 Payoffs are normalized: the winner receives a

payoff equal to 1 and the loser gets nothing. In the baseline model the sets TX and TY are exogenously

given. We discuss the case when firms can acquire technologies at a cost in Section 4.1. We also remark

that our setup allows for a learning-by-doing effect, in the sense that a firm that obtains an outcome

z using technology i in the first period cannot obtain an outcome worse than z if it uses the same

technology in the second period. This amounts to truncating the distribution from the left at z. For

simplicity, we focus on the basic setup without this effect and note in Section 5 that our results go

through for this modified environment.

Information The choices that firms make are influenced by the interim information they have about

their competitors. We consider two information revelation mechanisms, corresponding to whether

players learn their competitors’ interim performance or not, i.e. whether the results of the first period

are made public (or not) before players make their second period decisions. This revelation can be,

for example, through the competitor filing for a patent or the regulator forcing the firm to reveal

the preliminary outcome of its innovation. We assume that information is disseminated through a

2For the rest of the paper we use lowercase r and s in the subscript of Fi for easier readability, so we write Fr and Fs

instead of FR and FS .
3Ties are a zero-probability event in this setup.
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designer or a regulator who commits to one of these two information disclosure policies and that

players can verifiably communicate their performance to the designer so that there is no cheap talk.

In the next subsection, we characterize how firms choose their technologies in the dynamic game,

and contrast this with the one-shot setting common in the literature. We then use this equilibrium

characterization in Section 3 to understand how different paths of technology introduction affect these

choices and consequently, consumer welfare. We define welfare as max{x1, x2, y1, y2}: the expected

value of the maximum of the results achieved by the firms over the entire horizon, i.e. consumers

benefit more as the quality of the end product increases. We then discuss how a designer can utilize

the different information disclosure policies to mitigate the negative effects or reinforce the positive

effects that result from the introduction of a new technology.

2.1 Equilibrium Play

Single Period Competition First we remark that a static competition limited to a single period is

reminiscent of Gaba et al. (2004). Obviously, when firms only have access to a single technology

R, there are no choices to be made and each firm innovates using that technology. When a new

technology S becomes available, the expected payoff from winning the competition for any pair of

strategies is shown in the following table (recall the assumptions on R and S in Section 2):

S R

S (0.5, 0.5) (> 0.5, < 0.5)

R (< 0.5, > 0.5) (0.5, 0.5)

It is immediate from the above table that a firm that has access to technology S in that scenario

always chooses to innovate using that technology, since the probability of winning when the competi-

tor also chooses S is 1
2 and is strictly greater than 1

2 if the competitor innovates using R. This means

that it is a dominant strategy for a firm in a static competition to play S whenever it has access to

that technology, and this misalignment between players’ interests and the interests of consumers can

lead to a decrease in welfare whenever E[max(S, S)] < E[max(R,S)] < E[max(R,R)], and hence the

introduction of technology S, which is a better technology on average, can be socially inefficient.

Our first observation is that the inefficiency described in the previous example is exacerbated
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by the static, one-shot setup. As we mention in the previous section, innovation is usually a trial-

and-error process fraught with uncertainty. This means that firms experiment over time and make

multiple decisions, and this implies that interim information can affect the future decisions of firms

and consequently affect the overall outcome. A planner can therefore leverage this information pro-

vision aspect to try and affect the players’ actions and restore some of the efficiency that is lost in the

one-shot game.

Two-Period Competition To study the impact of dynamics on competition and welfare, we consider

the game above when it is played for two periods in a row, with the winner being the firm with the

highest score at the end of the second period. We start by considering the case where information is

public, i.e. each firm learns about the other firm’s first period score before they make their second

period decisions.

Assume now that TX = TY = {R,S}. We characterize the symmetric equilibrium using back-

wards induction. At the beginning of the second period, firms X and Y make their decisions based

on the outcomes they obtained in the first period. These decisions and the ensuing equilibrium are

described in the following result.

Lemma 1. Let x1 and y1 be the scores that firms X and Y obtained in the first period, respectively, and assume

that x1 > y1. There exists unique values n∗ and z∗ > n∗ such that if x1 ∈ (−∞, n∗], the equilibrium in the

second period is (S, S). If x1 ∈ [n∗, z∗], the equilibrium is (R,S), and if x1 ∈ [z∗,∞), then the equilibrium is

(R,R).

Lemma 1 shows that equilibrium play in the second period only depends on the score of the leading

firm. In particular, the state space in the second period is divided into three regions according to the

maximum score in the first period. If that maximum score is low, then no firm takes a chance with the

risky technology in the second period and instead both firms continue using the safe technology. If

that score is in an intermediate range the leading firm innovates using technologyRwhile the lagging

firm continues to be conservative and use the safe technology in the hope that two things happen: a)

its rival firm’s experimentation with the risky technology fails to produce a good outcome, and b) the

lagging firm’s own experimentation with the safe technology enables it to produce an outcome that is

sufficient to beat its rival’s first period score. Finally, if the maximum score in the first period is high

enough, then both firms innovate using technology R since the safe technology is unlikely to lead to
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S R

S (0.5, 0.5) (1− U1
X(R,S), U1

X(R,S))

R (U1
X(R,S), 1− U1

X(R,S)) (0.5, 0.5)

Table 1: Expected payoffs in the two period game

any drastic improvements over the already-high performance of the leading firm in the first period.

With this characterization of second-period play, we can calculate the expected payoff of the firms

in the first period. Denote by U1
X(i1, i2) the payoff that Firm X expects to get in the two-period game

when it innovates in the first period using Technology i1 and Firm Y innovates using Technology i2.

The (symmetric) payoff matrix at the beginning of the first period is given in Table 1. Note that, unlike

the single period case, the strategy profile (S, S) is no longer dominant, and the Nash Equilibrium in

the first period would be (R,R) if and only if U1
X(R,S) ≥ 0.5. Formally

Lemma 2. Let Fs be the distribution of Technology S. There exists V ∗1 ∈ (V ar(S),∞) such that both firms

innovate using the risky technology in the first period if V ar(R) > V ∗1 .

3 Does Access to a New Technology Improve Welfare?

We now use the previous lemmas to understand the effects of new technology introduction on wel-

fare in a two-period competition. Obviously, firms cannot be worse off by having access to more

technologies. Our interest is in characterizing whether consumers will also benefit from these new

technologies. We consider two paths of technology evolution, corresponding to when the incumbent

technology is R and technology S becomes available to at least one firm, or the opposite case when

the incumbent technology is S and Technology R becomes available.

Safe Technology Introduction Let the incumbent technology sets be TX = TY = {R} and denote

incumbent welfare by W . Similarly, let the new technology sets be T ′X and T ′Y and denote the cor-

responding welfare by W ′. Without loss of generality, let T ′X = TX ∪ {S} and let T ′Y = TY , so that

only one of the firms acquires the new technology. The following proposition shows that the effect of

adding technology S on welfare depends on how risky —how variable— the incumbent technology

R is. If R is not too variable, then having technology S available enhances welfare. On the other hand,

if R is risky/variable enough, then adding technology S can harm consumers.
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Proposition 1. Fix the distribution of Technology S and the mean of TechnologyR. There exists V ∗2 > V ar(S)

such that W < W ′ if V ar(R) < V ∗2 , and there exists V ∗3 > V ∗2 such that W > W ′ if V ar(R) > V ∗3 .

This result can be explained in the following way. When TechnologyR is not risky enough, adding

the safe technology benefits both consumers and firms, since that technology provides higher average

performance without too much loss of the speculative high end return that could be obtained from the

risky technology. However, when the risky technology is highly variable, adding the safe technology

induces firms to use it instead of the risky technology and this can result in a reduction of welfare.

Proposition 1 formalizes this by showing that there exist low and high thresholds for how variable

Technology R is such that adding Technology S when the variance of Technology R is below the

lower threshold improves welfare, whereas adding Technology S if the variance of R is above the

higher threshold is welfare-reducing. Table 2 provides a numerical example. We note that unlike this

example, the effect on welfare from the introduction of the safe technology is not always monotonic

in the variance of R. We discuss this in greater detail in Section 4.

A critical point to note is that the severity of the impact of new technology introduction on welfare

is monotonic in how many firms have access to that technology, and this monotonicity has important

implications on how the competitiveness of the firms affects welfare. In particular, it can be the

case that if both firms acquire the new technology (and therefore have identical technology sets and

are perfectly competitive) that consumer welfare is improved, as one would expect in a perfectly

competitive situation. Importantly, however, that is not the case if the variance of the risky technology

is high. In that case, an imbalance in competitiveness between the two firms —meaning, that one firm

is able to access the new technology while the other is unable to– can actually lead to consumers being

relatively better off. The reason is that the potential gain that can be obtained from using the risky

technology is lost as competition pushes firms to abandon risk-taking and instead points them to

focus on the safe technology in order to maximize their chances of winning. A firm without access

to the safe technology in that case has no choice but to innovate using the risky technology, which

is what a welfare-maximizing central planner would have firms do — similar to maximizing the

returns from a portfolio of investments— and therefore the actions of the firms when competition is

unbalanced provide a better approximation of the planner’s strategy. This discussion is formalized in
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δ 0 1 2 3 4 5 6 7 8 9
Change in Welfare (%) 20.0 5.8 -2.3 -1.1 -3.1 -4.6 -5.8 -6.7 -7.4 -8.0

Table 2: A numerical example of the effect of safe technology introduction on welfare. In this example,
TX = TY = T ′Y = {R}, T ′X = TX ∪ {S}. Technology S follows a uniform distribution on [4, 5] and
Technology R follows a uniform distribution on [0 − δ, 5 + δ]. Higher values of δ indicate a more
variable incumbent technology R, and are associated with a decline in welfare upon introduction of
Technology S.

the following result.4

Proposition 2. Fix the distribution of Technology S and the mean of Technology R. Denote by W ′ the welfare

when TX = {R,S} and TY = {R}, and by W ′′ the welfare when TX = TY = {R,S}. There exists

V ∗4 > V ar(S) such that W ′ < W ′′ if V ar(R) < V ∗4 , and there exists V ∗5 > V ∗4 such that W ′ > W ′′ if

V ar(R) > V ∗5 .

The above result and discussion imply that a planner who is interested in improving welfare

might desire to impede the safe technology acquisition by one of the firms when the variance of R is

above a certain threshold. Of course, this is generally not possible. Therefore, we explore other ways

to get around this inefficiency in Section 3.1.

Risky Technology Introduction The situation when the incumbent technology is Technology S is

similar. In this scenario the incumbent technology sets are TX = TY = {S} and the corresponding

welfare is denoted by W . The firms’ new technology sets are T ′X and T ′Y and the corresponding

welfare is denoted as W ′. Without loss of generality, let T ′X = TX ∪ {R} and let T ′Y = TY . The

following result shows that welfare always improves upon introducing the risky technology as long

as the variance of that technology is above a certain threshold.

Proposition 3. Fix the distribution of Technology S and the mean of Technology R. There exists V ∗6 such that

if V ar(R) > V ∗6 then W < W ′.

Similarly, Proposition 4 is the parallel result of Proposition 2, and indicates that if one firm has

both technologies and the second firm only has the safe technology, adding the risky technology to

the second firm will benefit consumers as long as the risky technology is variable enough.

4To conserve notation, we will designate welfare using the same symbols from the previous proposition. While the
quantities described are different, they are conceptually similar. This helps us avoid a long list of symbols and subscripts.
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Proposition 4. Fix the distribution of Technology S and the mean of Technology R. Denote by W ′ the welfare

when TX = {R,S} and TY = {S}, and by W ′′ the welfare when TX = TY = {R,S}. There exists V ∗6 such

that if V ar(R) > V ∗7 then W ′ < W ′′.

In fact, we observe a stronger result. We can show in Proposition 5 that when technologies follow

uniform distributions, the introduction of a risky technology always improves welfare. We include

this result to demonstrate how the analysis of this basic setup is still quite complicated because of

the dynamic and strategic aspects, and hence a similar analytical characterization of the result for the

general class of distributions we consider is likely to be intractable. Our numerical results in Section 4

indicate that the stronger result that adding the risky technology to one or more firms portfolio of

technologies always benefits consumers holds for all the symmetric distributions we consider regard-

less of the variance level of the risky technology.

Proposition 5. If Fs ∼ U([a, b]) and Fr ∼ U([c, d]) with c < a < b < d and a+ b > c+ d, then W < W ′.

In contrast with the case analyzed before (when the new technology introduced is technology S),

Proposition 5 indicates that under this path of technology evolution (when the new technology in-

troduced is technology R) welfare does not decrease as firms become more competitive, i.e. welfare

is highest when both firms have access to both technologies. Figure 1 provides a numerical example

showing how the benefit of the introduction of a risky technology changes as a function of that tech-

nology’s variability under the different competitive scenarios, i.e. when only one firm has access to

the new technology versus when both do.

3.1 Information and Welfare

In our model, firms make sequential decisions in two periods, and a planner can try and influence

these decisions through the interim information that is provided (or not) to the firms after they have

played in the first period but before they select which technology to use in the second period. In

this section, we examine how information about the firms’ first-period performance impacts welfare

under the two extremes of information revelation: full information, where first period results are

revealed after the first period, and no information, where first period results are revealed only at the

very end. The previous section studied equilibria and welfare in the full information regime. When no
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(a) Uniform Distribution (b) Normal Distribution

Figure 1: Two numerical examples of the introduction of risky technologies. In the left figure, Tech-
nology S follows a uniform distribution on [10, 20] while TechnologyR follows a uniform distribution
on [0− δ, 20 + δ], with δ represented on the horizontal axis. In the right figure, Technology S follows
a normal distribution N(15, 8) while Technology R follows a normal distribution N(10, σr), with σr
represented on the horizontal axis. W is the welfare when TX = TY = {S}, W ′ is the welfare when
TY = {S} and TX = {R,S}, and W ′′ is the welfare when TX = TY = {R,S}. In the figure, W , W ′ and
W ′′ are increasing as δ and σr increases. Once δ and σr crosses a certain threshold, we always have
W ′′ > W ′ > W .

interim information is provided, firms make their decisions based only on their own performances in

the first period. The optimal decision rule in that latter case is a simple threshold rule that compares

the outcome obtained in the first period with a given cutoff value and decides which technology

to choose in the second period accordingly. We use that characterization with the results from the

previous section to compare consumer welfare under the two information regimes.

A discussion about how information can be used to influence the decisions of firms should assume

that at least one of the firms has access to both technologies, since otherwise there are no decisions for

either firm to make. We therefore assume that at least one of TX or TY contains both technologies R

and S. The planner commits to the disclosure mechanism before competition starts, and as we discuss

below, the choice of which mechanism to use depends on how the variances of the available technolo-

gies compare. For technology sets TX and TY , we denote by WI the welfare under full information

and WNI the welfare under no information. We have the following proposition.

Proposition 6. There exists V ∗ > V ar(S) such that WNI > WI if V ar(R) > V ∗, for any TX and TY such

that either TX = T or TY = T .
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Proposition 6 states that if the risky technology is highly variable, then the social planner should

commit to a no-disclosure policy. We summarize the reason –outlined formally in the proof– as fol-

lows. It is intuitive that if the planner was centrally optimizing the choices of the firms, then there is a

value V ∗ such that if the variance of the risky technology is higher than V ∗ then the planner’s optimal

technology choices would be to have both players pick the risky technology exclusively in the second

period as the high-risk high-reward approach offers the best option for increasing the final expected

outcome. We then show that the cutoff threshold in the no-information equilibrium —the score above

which firms choose Technology R in the second period and below which they choose Techology S—

goes to zero as the variance of R approaches V ∗, and hence both firms choose to use the risky tech-

nology in the second period, similar to the centralized solution and aligning with the incentives of

the planner. In comparison, the equilibrium thresholds under full information are strictly positive,

and firms can revert to playing Technology S in the second period based on their knowledge of how

their score compares with their competitor’s score, e.g. if both firms obtain low outcomes in the first

period, and can see that their opponent has also obtained a low score, then both firms choose the safe

technology in the second period – which is suboptimal from the planner’s perspective and a case that

does not arise under the no-information mechanism.

The situation is reversed when the variance of Technology R is comparable to that of Technology

S. In this case, firms always use the latter technology in the first period regardless of which informa-

tion mechanism is deployed. However, the choices in the second period are different under the two

information mechanisms. Before we describe these choices, we note that a social planner would use

Technology R in the second period if either outcome in the first period is high enough. Under full

information, and as we have seen in the previous section, the technology chosen by each firm in the

second period depends on the maximum score obtained in the first period, i.e. it depends on both

outcomes. However, under no information, the choice of the firm in the second period only depends

on its own outcome. This implies that under the no information mechanism there will be cases where

the lagging firm still uses Technology S in the second period even though the rival firm has obtained

a fairly high outcome in Period 1. Such cases will not arise under full information as the lagging

firm will use Technology R in Period 2, aligning with the social planner’s choices and improving the

maximum outcome and welfare compared to the no information case.
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While we are able to characterize which information mechanism to use when considering the

variability extremes of the risky technology, the situation when that technology is only moderately

variable is much more complicated. The integrals that describe the payoff functions are analytically

intractable and do not lend themselves to closed-form solutions, and hence an analytical character-

ization of the equilibria in that case is elusive. To illustrate this complexity, we solve the problem

numerically for several cases in Section 4.2. The most interesting property of the solution is that the

information mechanism that improves welfare switches back and forth between full and no informa-

tion as the variability of the risky technology increases.

4 Extensions and Simulations

4.1 Costly Technology Acquisition

In this section, we impose a fixed cost for acquiring a technology. A firm incurs that cost only once in

order to be able to use the technology as many times as it likes, i.e. potentially twice if acquired in the

first period or once if acquired in the second. To simplify the discussion, we normalize the cost of one

of the technologies to zero and consider the relative cost of the other technology, which means that

the incumbent technology is always available (e.g. through the expiration of a patent), but the other

technology can only be used at a cost that accounts for licensing or development. This cost is denoted

by cr for Technology R or cs for Technology S.

As expected, how firms react depends on the cost. When the cost is too high, no firm adopts the

new technology and the game is essentially the same with firms continuing to use the incumbent

technology exclusively. When the cost is low enough, all our previous results –including the results

about the impact of information– remain intact. The notable exception is when the cost is in an

intermediate range. In that case some of the results about the role of information are reversed. In

particular, the result in Proposition 6 is flipped: it is now more socially beneficial to reveal interim

information when technology acquisition costs are in an intermediate range compared to the case

when it was better to not reveal information when using either technology was costless or incurred a

low cost. We next formalize these results.

Denote by Wn
i consumer welfare under private information when Technology i is available to be
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Figure 2: Effect on welfare when the incumbent technology isR and Technology S becomes available.
The effect is not monotone in the variance of R: Regions where welfare decreases are interspersed
with regions where consumers are better off.

acquired at cost ci. The corresponding welfare under full information is denoted by Wi. Recall that

the value of winning the competition is normalized to 1, and so the costs ci that we consider are in

[0, 12 ], it is intuitive to show that the firms will not buy the costly technology if its cost exceeds half of

the final reward.

Proposition 7. a) Suppose cr = 0, if cs ∈ [0, 12 ], then there exists V ∗r such that Wn
s ≥Ws if V ar(R) ≥ V ∗r .

b) Suppose cs = 0, if cr ∈ [0, 14 ] , then there exists V ∗r1 such that Wn
r ≥ Wr if V ar(R) ≥ V ∗r1 and if

cr ∈ (14 ,
1
2 ], cs = 0, then there exists V ∗r2 such that Wn

r ≤Wr if V ar(R) ≥ V ∗r2.

Proposition 7 states that when the safe technology has a cost and the risky technology is costless

(or, alternatively, when the risky technology has a moderate cost and the safe technology is costless),

then the result in Proposition 6 continues to hold: providing no information when the risky technol-

ogy is variable enough leads to higher consumer welfare. On the other hand, as the cost of the risky

technology increases, the result is reversed, i.e. consumer welfare is improved by revealing infor-

mation. The reason for this reversal is that firms would not invest in an expensive risky technology

unless they place all their hopes of winning in obtaining the long-shot outcome. This will happen

if a firm learns (through interim revelation) that its competitor has obtained a high result in the first

period and that this result is unlikely to be beaten through the use of the safe technology. The lagging

firm then opts to use the expensive risky technology, which aligns with a planner’s choice. Without

revelation, firms would rather save on the expensive costs of the risky technology and stick with the

safe technology in the hope that their rival has not had a good outcome in the first period, which will

lead to cases where the lagging firm is unlikely to improve on a high first-period outcome obtained

by its rival. Such cases will not arise in the planner’s solution or under the full-information revelation

mechanism.
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4.2 Managerial Insights from Numerical Experiments

We have analytically characterized how consumer welfare changes for the cases when the risky tech-

nology is characterized by high or low variability, and we studied the role of information in these

cases. Characterizing equilibria and welfare analytically for regimes where the risky technology is

only moderately variable is analytically intractable. While the integrals that describe the payoff func-

tions have no closed-form solutions, we can still numerically compute them in different scenarios and

use that to calculate the equilibrium and corresponding welfare. In the following, we provide more

managerial insights for the above questions through numerical experiments.

In our experiments we consider six distributions (Uniform, Triangle, Normal, Logistic, Laplace

and U-quadratic) and pick three values for the mean of the safe technology µs ∈ {20, 30, 40}, three

values for the mean of the risky technology µr ∈ {5, 10, 15} while fixing the variance of the safe

technology at σs = 10 and changing the variance of the risky technology σr ∈ (10, 50]. The insights

we present here are consistent for all of our numerical experiments.

Welfare as a function of the variance of the risky technology R: We have shown in Section 3 that

when the variance of the incumbent technology R is low, the addition of a safe technology enhances

welfare, but when the variance of R is high, adding a safe technology has the opposite effect. The

most important finding that emerges from our numerical exercise is that the relationship between

welfare and the variance of the risky technology is not monotone. As Figure 2 shows, welfare does

not steadily decrease as the variance of R increases, but can instead switch back and forth depending

on how variable R is.

The above behavior results from the sensitivity of first-period choices to the variance of R and

the misalignment of these choices with those of a social planner in some regions. The strategies in

the second period are unaffected: firms use Technology R whenever the maximum score in the first

period is high enough, and the choices of the firms and the planner are aligned. The difference in

welfare between the incumbent technology and when the new technology is introduced can be be

seen in Figure 2. When the variance of Technology R is low enough (δ < δ∗1), the social planner as

well as any firm with access to that technology chooses Technology S in the first period. Because of

this, welfare improves as in the figure up to δ∗1 . At that point, the variance of Technology R makes

this technology appealing enough that a social planner switches to this technology in the first period.
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Firms however still prefer to use Technology S as it still maximizes their expected payoff in Table 2

and this misalignment leads to an inefficiency and welfare being worse off as can be seen in the

range (δ∗1 , δ
∗
2), where the difference in welfare between the incumbent technology and when the new

technology is available becomes positive. As the variance of R increases further in the range δ > δ∗2 ,

firms start choosing that technology in the first round as well, and their choices are aligned with

those of the planner again, leading to welfare improving again as a result of the new technology

introduction (since they now have the option to choose that technology in the second period in case

they obtain a low result from the risky technology in the first period). The final part of Figure 2 is

explained by our analytical result in Proposition 1. In the numerical experiments, another situation we

observe is that the thresholds δ∗1 and δ∗3 can coincide and the range (δ∗1 , δ
∗
3) can vanish. Hence, below

that certain threshold, consumer welfare increases when a safe technology is introduced. Conversely,

welfare decreases when a safe technology is added beyond the threshold. In all of our experiments,

we either observe four regions as in Figure 2, or two regions where welfare is increasing in one region

and decreasing in the other.

Welfare as a function of information: The relationship between information and welfare is equally

delicate when the variance of the risky technology is moderate, as shown in Figure 3. We have

shown that when the variance of the risky technology is low then providing information yields higher

consumer welfare, and conversely, when this variance is high then providing no information yields

higher welfare. As the variance of Technology R increases, a social planner would switch to using

Technology R in the first period in the range (δ∗1 , δ
∗
2 ]. Firms switch to that technology in the first pe-

riod as well under the no information mechanism, but not under information sharing. Thus, firms

are more aligned with the planner’s choices in the first period under no information sharing. This

however comes at the cost of losing the advantage of full information in the second period, where

firms react to the highest outcome in Period 1 instead of their own outcome. The net gain in that

region is such that this loss is more than offset by the gain from switching to Technology R in the first

period, and hence the no information sharing is a better choice overall in that region.

As the variance increases further, in the region (δ∗2 , δ
∗
3 ], firms switch to Technology R in the first

period as well, and hence the advantage that the no information mechanism possessed in the region

(δ∗1 , δ
∗
2 ] disappears. This leads to information sharing now being the better choice for the planner as
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Figure 3: A demonstration of which information mechanism results in higher welfare as a function of
the variance of the risky technology. Here FS ∼ U([4, 5]) and FR ∼ U([2−δ, 5+δ]), δ∗1 = 0.9, δ∗2 = 1.16,
and δ∗3 = 4.

it is better aligned with the planner’s choices in both periods. Finally, as the variance is high enough

(δ > δ∗3), the social planner’s actions is to always choose Technology R in both periods and, as we

described in Section 3.1, the no information mechanism mimics the planner’s actions in that case and

provides an advantage over full information. In our numerical experiments, we again observe that

the thresholds δ∗1 and δ∗3 can coincide and the range (δ∗1 , δ
∗
3) vanishes as a result. Hence, below that

certain threshold, consumer welfare is higher under information sharing and beyond that threshold

welfare is higher under no information sharing. Finally, and similar to the previous subsection, in

all of our experiments we either observe four regions as in Figure 3, or only two regions, one region

where full information is better and one where no information is better.

Information Provision Heuristic Finding the exact variance cutoffs for switching between the in-

formation mechanisms requires explicitly solving for the dynamic equilibria of the game under the

different information regimes, which can be quite complicated even for the simplest distributions.

Because of this, we provide a simple single-threshold policy: if the variance of the risky distribution

is at least equal a the value V ∗ in Proposition 6, then the no-disclosure mechanism is used. Other-

wise, the full information mechanism is used whenever the variance of the risky technology is strictly

less than V ∗. We numerically solve for the optimal policy as well as the heuristic and compare both

results. We denote the welfare obtained under our heuristic with Sheuristic and the welfare obtained

under the optimal policy by Soptimal. Our performance measure is given by the following formula

Soptimal − Sheuristic
Soptimal

× 100 = percentage loss due to heuristic policy. (1)

We apply this heuristic for settings with uniform and normal distributions. We find that the per-

formance loss for the uniform distribution is at most 4% and is less than 0.2% on average, with a

standard deviation of 0.75%. The loss for the normal distribution is at most 5.2%, with an average of
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0.1% and a standard deviation of 0.53%. Details of the simulation, including how to find the value

V ∗, can be found in the appendix.

5 Final Remarks

This paper studies the effects of new technology introduction into a competitive landscape. We first

characterize how firms choose their technologies in a dynamic environment, and show that depend-

ing on the risk properties of the new and existing technologies, these choices do not always align with

those of a social planner. Because of this, new technologies becoming available may have an adverse

effect on consumer welfare even when they offer some advantages over existing technologies. This

inefficiency can become worse if more firms have access to the new technology, as maximizing the

chances of winning might lead firms to abandon riskier technologies that offer the potential for occa-

sional breakthroughs in favor of more streamlined technologies that carry higher chances of beating

the competition but also lead to improvements that are only marginal, an effect that is documented

in the medical literature as discussed in Bennani (2011). Although our base model is fairly simple,

it can easily be extended in several directions without changing our main managerial insights. For

example, if we assumed that the firm using a particular technology ’learns’ so that if they use the

same technology again in the second period, their second period result is at least as high as their first

period result, this can easily be modeled and we can show that Proposition 1, 2, 3, 4 and 6 remain

unchanged. We believe many of the insights gained from our basic model are still valid even if we

extend our model in different directions.

Because controlling what technologies firms can or cannot acquire is unrealistic or at least fraught

with regulatory difficulties, we explore information provision as an alternative way of influencing the

choices of firms. We study the two extremes of information provision, corresponding to whether firms

learn their competitors’ interim results or not, and show that the choice of which mechanism better

approximates the social planner’s objective is quite sensitive to how the variances of the technologies

compare. An interesting open question is what the optimal information revelation mechanism is. This

is a decidedly difficult problem and, as documented in Hörner and Skrzypacz (2016), one that remains

unsolved except for some special cases when the planner’s goal is to control effort choices instead of

technology choices. As we have seen in the current paper, the strategic and dynamic aspects of the
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problem combine to make analytical closed-form solutions unlikely except for specific scenarios.

We note that the application domain of our paper is not isolated to competition amongst firms,

but can easily accommodate situations within a firm where workers compete with each other. In

these cases different departments can possess different skill sets —corresponding to technologies in

our framework— and understanding which skills to add or not add (e.g. through hiring) to a group

to increase the quality of the best solution resulting from competition moves the problem from the

exogenous endowments we assumed in this paper closer to a centralized design problem. Finally,

while the goal of our paper is to model and contribute to the theoretical understanding of these

competitive environments, this area can greatly benefit from a detailed empirical investigation that

looks into how firms use different technologies over time and how these choices are shaped by the

competitive landscape.
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Appendix

Proofs in Section 2.1

Throughout the Appendix, we denote by fs and fr the probability distribution functions of the safe
technology and the risky technology, respectively. Before we consider the case TX = TY = {R,S}
which is emphasized in the main body of the paper, we first characterize firm X’s best choice if
firm X has the full technology set while firm Y only has one technology, i.e. TX = {R,S}, TY =
{S} or TY = {R}. The following lemma shows that player X will play the risky technology when he
is far behind or far ahead.

Lemma 3. Let x1, y1 be the result achieved by X and Y in the first period. The best choice of X in the second
period would be:

If y1 > x1, then when y1 ∈ (−∞, α∗), then player X prefers S. When y1 ∈ [α∗,∞), then player X prefers
R where α∗ solves the equation

∫∞
y1
Fy(x2)fs(x2)dx2 =

∫∞
y1
Fy(x2)fr(x2)dx2.

If x1 > y1, then when x1 ∈ (−∞, β∗), then player X prefers S. When x1 ∈ [β∗,∞), then player X prefers
R where β∗ solves the equation 1−

∫∞
x1
Fs(y2)fy(y2)dy2 = 1−

∫∞
x1
Fr(y2)fy(y2)dy2.

The following lemma shows that firm X will choose the risky technology when R is variable
enough.

Lemma 4. Fix the distribution of technology S and the mean of technology R, there exists V ′1 ∈ (V ar(S),∞)
such that player X would play the risky technology in the first period if V ar(R) > V

′
1 .

We leave the proof of Lemma 3 and 4 in the online appendix.

Proof of Lemma 1

In the second period of the game, given x1 > y1 and following Lemma 3, we know if firm X uses the
safe technology then firm Y prefers the safe technology if and only if x1 ∈ (−∞, y∗] where

y∗ solves
∫ ∞
y1

Fs(x2)fs(x2)dx2 =

∫ ∞
y1

Fs(x2)fr(x2)dx2 .

Otherwise, if firm X uses the risky technology then firm Y prefers the safe technology if and only if
x1 ∈ (−∞, z∗] where

z∗ solves
∫ ∞
y1

Fr(x2)fs(x2)dx2 =

∫ ∞
y1

Fr(x2)fr(x2)dx2 .

On the other hand, if firm Y takes the safe technology then firm X’s best response is the safe technol-
ogy if and only if x1 ∈ (−∞, n∗] where

n∗ solves 1−
∫ ∞
x1

Fs(y2)fs(y2)dy2 = 1−
∫ ∞
x1

Fr(y2)fs(y2)dy2 .

Otherwise, if firm Y takes the risky technology then firm X’s best response is the safe technology if
and only if x1 ∈ (−∞, x∗] where

x∗ solves 1−
∫ ∞
x1

Fs(y2)fr(y2)dy2 = 1−
∫ ∞
x1

Fr(y2)fr(y2)dy2 .
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To complete the proof, we show in the next Lemma shows the relationship between the thresholds.

Lemma 5. x∗ < n∗ < y∗ < z∗

We leave the proof of Lemma 5 in the online appendix and with Lemma 5, we are able to establish
that in the second period, given that x1 > y1, if x1 ∈ (−∞, n∗], the NE is (S, S). If x1 ∈ [n∗, z∗], the NE
is (R,S), and if x1 ∈ [z∗,∞), the equilibrium is (R,R).

Proof of Lemma 2

Denote by U1
Xg(S,R) the winning probability of player X when choosing the safe technology while

player Y chooses the risky technology in the first period. It suffices to prove that U1
X(S,R) < 0.5

when the risky technology is variable enough. From the proof of Lemma 4, there exists V ∗1 such that

U1
Xg(S,R) < U1

X(S,R) < 0.5 if V ar(R) > V ∗1

where the first inequality follows from comparison with the case in Lemma 4 and the fact that in this
case, player Y also has access to both technologies.

Proof of Proposition 1

The proposition shows that when the risky technology is not variable enough, then adding the safe
technology would benefit consumers (and vice versa when the risky technology is variable enough).
We first consider the case when risky technology is variable enough.

First, since S andR follow one of the following distributions: Uniform, Triangle, Normal, Logistic,
Laplace and U-quadratic, it is easy to verify that

There exists V ∗0 ∈ (V ar(S),∞) such that if V ar(R) > V ∗0 ,E[max(S, S)] < E[max(S,R)] < E[max(R,R)] .
(2)

Further, we define frr(x1) := E[max(x1, R,R)], fsr(x1) := E[max(x1, S,R)] and fss(x1) := E[max(x1, S, S)].

Lemma 6. If E[max(R,R)] ≥ E[max(S,R)] ≥ E[max(S, S)], then frr(x1) ≥ fsr(x1) ≥ fss(x1) for x1 ∈ R.

The following lemma shows that if R is variable enough and we compare the expected value of
the maximum of four random variables coming from R or S, then the expectation is increasing in the
number of times technology R is used.

Lemma 7. If E[max(R,R)] ≥ E[max(S,R)] ≥ E[max(S, S)], then E[max(R,R,R,R)] ≥ E[max(R,R, S,R)] ≥
E[max(R,R, S, S)] ≥ E[max(R,S, S, S)] ≥ E[max(S, S, S, S)].

We leave the proof of Lemma 6 and 7 in the online appendix. Since TX = {R} and TY = {R}.
Then T ′X = {R,S} and T ′Y = TY = {R}. At the beginning, both of the firms have a single technology,

W = E(max(R,R,R,R)) ,

For this case, in the first period, following Lemma 4, player X prefers the R in the first period when
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the risky technology is variable enough. Then,

W ′ =

∫ z∗

−∞

∫ x1

−∞
fsr(x1)fr(x1)fr(y1)dx1dy1 +

∫ ∞
z∗

∫ x1

−∞
frr(x1)fr(x1)fr(y1)dx1dy1

+

∫ x∗

−∞

∫ y1

−∞
fsr(y1)fr(x1)fr(y1)dx1dy1 +

∫ ∞
x∗

∫ y1

−∞
frr(y1)fr(x1)fr(y1)dx1dy1

< 2

∫ ∞
−∞

∫ y1

−∞
frr(y1)fr(x1)fr(y1)dx1dy1 = E(R,R,R,R) =W .

where the inequality follows from Lemma 6. As a result, when the risky technology is variable
enough, there exists V ∗3 ∈ (V ar(S),∞) such that W > W ′ if V ar(Fr) > V ∗3 .

We now show the result for the case when the risky technology is not variable enough. If V ar(R)→
V ar(S), then S dominatesR. Hence, if playerX adds the safe technology, then he or she would switch
fromR to S. Since S has higher mean and same variance asR, this increases consumer welfare, hence,
W < W ′. By continuity, the inequality still holds by slightly decreasing the variance of R. As a result,
there exists V ∗2 < V ∗3 such that adding the safe technology is beneficial to consumers i.e., W < W ′.

We can prove proposition 2, 3 and 4 similar to proposition 1 so we just omit the proof.

Proof of Proposition 5

Since TX = {S} and TY = {S}, we have

W = E[max(S, S, S, S)] =
3b+ a

4
. (3)

For the situation T ′X = {S,R} and T ′Y = {S}, we first look at player X’s strategy. In the second
period, according to the case 1 in the proof of Lemma 3, if x1 > y1, player X uses the risky technology
iff x1 ≥ n∗ where n∗ = 2ad+b2−ab−bc−bd

a+d−b−c and if y1 > x1, player X uses the risky technology iff y1 ≥ y∗

where y∗ = a + (b − a)
√
a2−2ac−b2+2bd+c2−d2

a+d−b−c . In the first period, player X uses the safe technology iff
U1
X(S, S) ≥ U1

X(S,R).
We define W ′(ix), ix ∈ {S,R} as the welfare of consumers when player X uses technology x in

the first period and play optimally in the second period. Then

W ′(S) =
1

(b− a)2
{∫ n∗

a
(x− a)E[max(x, S, S)]dx+

∫ b

n∗
(x− a)E[max(x,R, S)]dx

+

∫ y∗

a
(x− a)E[max(x, S, S)]dx+

∫ b

y∗
(x− a)E[max(x,R, S)]dx

}
(4)

and

W ′(R) =
1

(b− a)(d− c)

{∫ n∗

a
(x− c)E[max(x, S, S)]dx+

∫ b

n∗
(x− c)E[max(x,R, S)]dx

+

∫ y∗

a
(x− a)E[max(x, S, S)]dx+

∫ b

y∗
(x− a)E[max(x,R, S)]dx+

∫ d

b
(b− a)E[max(x,R, S)]dx

}
(5)
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With a straightforward derivation, we are able to prove the following inequalities:

W ′(S) ≥W (6)

and

U1
X(S, S) ≤ U1

X(S,R)→W ′(R) ≥W (7)

if c < a < b < d and a+ b > c+ d. And since W ′ =W ′(S) if U1
X(S, S) ≥ U1

X(S,R) and W ′ =W ′(R) if
U1
X(S, S) ≤ U1

X(S,R), we could establish that W ′ ≥W is always satisfied.

Private Information Competition and Proofs in Section 3.1

Before we compare consumer welfare of competition without information sharing and competition
with information sharing, we first analyze the player’s strategy in the private information competi-
tion.

Case 1: TX = {R,S}, TY = {R}orTY = {S}

For the competition without information sharing, player X is not able to observe player Y ’s result in
the first period. He would only make decision depending on his own result. The following Lemma
shows that player X’s best choice in the second period has a threshold result. The result shows that
player X would take the risk if he already gets a desirable result.

Denote Fy2 as the cdf of the random variable max(y, y) where y ∈ {R,S}. Also, let fy2 be the
probability distribution function of Fy2 . Define U2

X(x, y, x1) as the player X’s winning probability in
the second period given that playerX uses the technology x ∈ TX and gets x1 in the first period while
player Y uses the technology y ∈ TY .

Lemma 8. Let x1 be the number got by player X in the first period and for any y ∈ {R,S}. The best choice of
X in the second period would be:

If 1−
∫∞
−∞ Fs(y)fy2(y)dy ≤ 1−

∫∞
−∞ Fr(y)fy2(y)dy, then player X always prefer R.

Otherwise, there exists p∗ which is the unique solution of the equation 1 −
∫∞
x1
Fs(y)fy2(y)dy = 1 −∫∞

x1
Fr(y)fy2(y)dy. Then, if x1 ∈ (−∞, p∗], player X prefers S and if x1 ∈ [p∗,∞), player X prefers R.

In the first period, player X would make his decision by calculating the expected payoff. A result
similar to Lemma 4 is shown in the following:

Lemma 9. Fix the distribution of the technology S and the mean of the technology R, there exists V ∗2n such
that player X would play the risky technology in the both periods if V ar(R) > V ∗2n.

We can prove lemma 8 and 9 similar to lemma 3 and 4 so we omit the proof.

Case 2: TX = {S,R}, TY = {S,R}

Since this is a symmetric game, in the first period, the NE should be: both firms play R or both firms
play S.

Lemma 10. If, in the first period, both players use S, the unique symmetric BNE in the second period is that
there exists s∗ (could be −∞) such that player’s strategy is he plays S if his own result is below s∗ and uses R
otherwise. Similarly, in the first period, if both players use R, the unique symmetric BNE in the second period
is that there exists r∗ (could be −∞) such that player’s strategy is he plays S if his own result is below r∗ and
uses R otherwise.
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Denote U1
X(Fx, Fy) as the player X’s winning probability in the first period given that player X

uses technology x ∈ TX and player Y uses technology y ∈ TY in the first period. Similar to the game
with public information, in the first period, the NE would be is (R,R) if U1

X(Fr, Fs) ≥ 0.5 and is (S, S)
otherwise.

Lemma 11. Fix the distribution of the technology Fs and the mean of the technology Fr, there exists V ∗3n such
that both players would play the risky technology in the both period if V ar(Fr) > V ∗3n.

We leave the proof of Lemma 10 and 11 in the online appendix.

Proof of Proposition 6

When the risky technology is variable enough, following Lemma 9 and Lemma 11, in the competition
with no information sharing, players would use the risky technology in both periods once they have
access to the risky technology. Hence, the players behave like they only have the risky technology.
Specifically, we prove the result by considering the following cases. We define W (TX , TY ) as the
consumer welfare of the competition with information sharing when player X and Y are having
technology set TX and TY , respectively.

Case 1. TX = {S,R}, TY = {R}. Further let T 0
X = {R}. Then, following Proposition 1, their exists

V ∗ such that

WNI =W (T 0
X , TY ) > WI =W (TX , TY )

if V ar(R) > V ∗.
Case 2. TX = {S,R}, TY = {S}. Further let T 0

X = {R}. Then,

WNI =W (T 0
X , TY ) and WI =W (TX , TY )

Hence,

WNI = E(max(Fr, Fs, Fr, Fs)) = 2

∫ ∞
−∞

∫ x1

−∞
fsr(x1)fs(x1)fr(y1)dx1

and

WI =

∫ n∗

−∞

∫ x1

−∞
fss(x1)fs(x1)fr(y1)dx1dy1 +

∫ ∞
n∗

∫ x1

−∞
fsr(x1)fs(x1)fr(y1)dx1dy1

+

∫ y∗

−∞

∫ y1

−∞
fss(y1)fs(x1)fr(y1)dx1dy1 +

∫ ∞
y∗

∫ y1

−∞
fsr(y1)fs(x1)fr(y1)dx1dy1

< 2

∫ ∞
−∞

∫ x1

−∞
fsr(x1)fs(x1)fr(y1)dx1dy1 = E(Fr, Fs, Fr, Fs) =WNI

where the inequality is still following from Lemma 6. As a result, when the risky technology is
variable enough which means there exists V ∗ ∈ (V ar(S),∞) such that WNI > WI if V ar(Fr) > V ∗.

Case 3. TX = {S,R}, TY = {S,R}. Further let T 0
X = {R} and T 0

Y = {R}. Then, following
Proposition 1 and 2, their exists V ∗ such that

WNI =W (T 0
X , T

0
Y ) > WI =W (TX , TY )

if V ar(R) > V ∗. Hence, when the risky technology is variable enough, the consumer welfare of
the competition without information sharing is better than that in the competition with information
sharing.
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Proof of Proposition 7

Case 1. TX = {S,R}, TY = {R} and cs ∈ [0, 12 ], cr = 0. In this case, firm Y only has access to the
costless technology R and firm X could pay a cost to acquire technology S.

Since we add costs to technology S, following Lemma 9, in the competition without information
sharing, player X still uses the risky technology in both periods. When the risky technology is vari-
able enough, welfare is maximized when Player X uses R in both periods. Hence, in the competition
with information sharing, consumers are hurt when player X chooses the safe technology. Hence,
Ws ≤Wn

s when the risky technology is variable enough.
Case 2. TX = {S,R}, TY = {S} and cs = 0. In this case, firm Y only has access to the costless

technology S and firm X could pay a cost to acquire technology R.

• cr ∈ [0, 14)
We claim that when V ar(R) → ∞, in the competition without information sharing, player X
uses the risky technology in both periods. If he uses the risky technology in the first period,
then he doesn’t need to pay any cost again in the second period. Hence,

U1
X(R,S) = P(max(R,R) > max(S, S))− cr =

3

4
− cr . (8)

On the other hand, if he uses safe technology in the first period, then

U1
X(S, S) =

∫ ∞
−∞

max(U2
X(R,S, x1), U

2
X(S, S, x1))fs(x1)dx1 , (9)

where U2
X(R,S, x1) = P(max(x1, R) > max(S, S)) − cr and U2

X(S, S, x1) = P(max(x1, S) >
max(S, S)). Also,

P(max(x1, R) > max(S, S))− cr − P(max(x1, S) > max(s, S))

= P(x1 > max(S, S)) + P(x1 < max(S, S))P(R > max(S, S)|x1 < max(S, S))− cr
− [P(x1 > max(S, S)) + P(x1 < max(S, S))P(S > max(S, S)|x1 < max(S, S))]

=
1

2
P(x1 < max(S, S))− cr − P(S > max(S, S), x1 < max(S, S))

=
1

2
(1− F 2

s (x1))− cr −
∫ ∞
x1

(F 2
s (x)− F 2

s (x1))fs(x)dx

≤ 1

2
(1− F 2

s (µs))− cr −
∫ ∞
x1

(F 2
s (x)− F 2

s (µs))fs(x)dx =
5

24
− cr <

1

4
− cr , (10)

where the inequality follows from that the formula is increasing in (−∞, µs) and decreasing in
(µs,∞). Following (9),

U1
X(S, S) = P(max(S, S) > max(S, S)) +

∫ ∞
−∞

[max(U2
X(R,S, z), U2

X(S, S, z))− U2
X(S, S, z)]fs(z)dz

<
1

2
+

∫ ∞
−∞

(
1

4
− cr)fs(x) = U1

X(R,S) (11)

where the inequality follows from (10) and the last equality follows from (8). Hence, in the
competition without information sharing, player X uses R in both periods when the risky tech-
nology is variable enough. When the risky technology is variable enough, the consumer welfare
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is maximized when player X uses R in both periods. Hence, in the competition with informa-
tion sharing, consumers are hurt when player X takes the safe technology. Hence, Wr ≤ Wn

r

when the risky technology is variable enough.

• cr ∈ [14 ,
1
2)

When V ar(R) → ∞, in the competition without information sharing, we claim that player X
still uses the safe technology in both periods. If he uses the risky technology in the first period,
then he doesn’t need to pay any cost again in the second period, hence he would also use the
risky technology in the first period. Since

U1
X(R,S) = P(max(R,R) > max(S, S))− cr =

3

4
− cr

≤ 1

2
= P(max(S, S) > max(S, S)) ≤ U1

X(S, S) =
1

2

In the first period, player X uses the safe technology. In the second period, he is still comparing
U2
X(R,S, x1) and U2

X(S, S, x1). Following (10), U2
X(R,S, x1) < U2

X(S, S, x1) if cr ≥ 1
4 . Hence, in

the competition without information sharing, player X uses S in both periods when the risky
technology is variable enough. When the risky technology is variable enough, the consumer
welfare is minimized when player X uses S in both periods. Hence, Wr ≥ Wn

r when the risky
technology is variable enough.

Case 3. TX = {S,R}, TY = {S,R}, cr = 0 and cs ∈ [0, 12 ]. In this case, both firms could pay a cost
to acquire technology S.

Since we add costs to technology S, following Lemma 11, in the competition without information
sharing, both players use the risky technology in both periods. When the risky technology is variable
enough, the consumer welfare is maximized when both player use R in both periods. Hence, in the
competition with information sharing, welfare decreases when firms pick the safe technology. Hence,
Ws ≤Wn

s when the risky technology is variable enough.
Case 4. TX = {S,R}, TY = {S,R} and cs = 0. In this case, both firms could pay a cost to acquire

technology R.

• cr ∈ [0, 14)
We claim that when V ar(R)→∞, in the competition without information sharing, both players
use the risky technology in both periods. If both of them use the risky technology in the first
period, then they don’t need to pay any cost again in the second period. Following Lemma 11,
both of them would also use the risky technology in the second period. Hence,

U1
X(R,R) = P(max(R,R) > max(R,R))− cr =

1

2
− cr (12)

On the other hand, if player X deviates to the safe technology in the first period, then

U1
X(S,R) =

∫ ∞
−∞

max(U2
X(R,R, x1), U

2
X(S,R, x1))fs(x1)dx1 (13)

where U2
X(R,R, x1) = P(max(x1, R) > max(R,R)) − cr and U2

X(S,R, x1) = P(max(x1, S) >
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max(R,R)). Also,

P(max(x1, R) > max(R,R))− cr − P(max(x1, S) > max(R,R))

= P(max(x1, R) > max(R,R))− cr −
1

4
<

1

4
− cr (14)

Following (13),

U1
X(S,R) = P(max(S, S) > max(R,R)) +

∫ ∞
−∞

[max(U2
X(R,R, x1), U

2
X(S,R, x1))− U2

X(S,R, x1)]fs(x)dx

<
1

4
+

∫ ∞
−∞

(
1

4
− cr)fs(x) = U1

X(R,R) (15)

where the inequality follows from (15) and the last equality follows from (12). Hence, in the
private information competition, player X is not profitable to deviate to S in the first period. In
a conclusion, when the risky technology is variable enough, in the private information compe-
tition, both players would use the risky technology in both periods.

Consumer welfare is thus maximized when both players use R in both periods. Hence, in the
public information competition, consumers are hurt if players take the safe technology. Hence,
Wr ≤Wn

r when the risky technology is variable enough.

• cr ∈ [14 ,
1
2)

When V ar(R)→∞, in the competition without information sharing, we claim that both players
use the safe technology in both periods. If both players use the safe technology in the first period
and in the second period, given player Y still use the safe technology. Player X is comparing
U2
X(R,S, x1) = P(max(R, x1) > max(S, S)) and U2

X(S, S, x1) = P(max(S, x1) > max(S, S)).
Following (10), we have U2

X(R,S, x1) < U2
X(S, S, x1) if cr ≥ 1

4 . Hence, both of them would use
the safe technology again in the second period.

On the other hand, if player X deviates to the risky technology in the first period, then he
does not need to pay any cost again in the second period, hence he would also use the risky
technology in the second period. Since

U1
X(R,S) = P(max(R,R) > max(S, S))− cr →

3

4
− cr

<
1

2
= P(max(S, S) > max(S, S)) = U1

X(S, S)

Hence, in the competition without information sharing, player X is not profitable to deviate
to R in the first period. In a conclusion, when the risky technology is variable enough, in the
competition without information sharing, both players would use the safe technology in both
periods.

The consumer welfare is minimized when both players uses S in both periods. Hence,Wr ≥Wn
r

when the risky technology is variable enough.

Information Disclosure Heuristic

Let µs, σs denote the mean and standard deviation of the safe technology and µr, σr denote the mean
and standard deviation of the risky technology. Fix µs, σs, µr and let σr change in the interval [σs,∞).

30



We have shown in Proposition 6 that when the risky technology is variable enough, consumer
welfare under no disclosure is higher than consumer welfare under full disclosure. Furthermore,
our numerical results suggest that in the opposite case —when the risky technology is not variable
enough— consumer welfare under full disclosure is higher than consumer welfare under no disclo-
sure. When the variance of the risky technology is in the middle range, we don’t have an analytical
result that compares welfare under the two disclosure mechanisms. However, our simulations show
that in this range, the difference in welfare between the two mechanisms is not large.

Based on the above, we propose a simple heuristic threshold policy: when σr < V ∗, we use full
disclosure, and when σr ≥ V ∗, we use no disclsoure. We compare consumer welfare under this
heuristic policy to the optimal consumer welfare obtained by solving for the optimal policy numeri-
cally.

We denote consumer welfare obtained from this heuristic threshold policy and consumer welfare
obtained from the optimal policy as Sheuristic and Soptimal, respectively. Our performance measure is
given by the following formula

Soptimal − Sheuristic
Soptimal

= percentage loss due to heuristic policy. (16)

We present the way of computing V ∗ in the online appendix. Our results for the uniform and
normal distributions are as follows:

Uniform Let S ∼ U(a, b) and R ∼ U(c − δ, d + δ). We have: a ∈ {4, 7, 10, 13, 16} and b ∈
{17, 21, 25, 29, 33}, c = 2, d = b, and δ ∈ [0, 10]. Discretize the interval of δ into N = 21 points,
for a total of 5 ∗ 5 ∗ 21 = 275 cases. Our numerical results show that the mean of Soptimal−Sheuristic

Soptimal

among these cases is equal to 0.0019 and the standard deviation is equal to 0.0074. The maximum
loss is 0.0436.

Normal Let S ∼ N(µs, σs) and R ∼ N(µr, σr). We have : µr ∈ {5, 10, 15}, µs ∈ {20, 30, 40}, σs =
10. σr ∈ {13, 15, 17, 19, 21, 23, 25, 27, 29, 31, 33, 35, 37, 39, 41, 43, 45, 47, 49, 51, 53, 55, 57, 59, 61, 63}. We
have a total of 3 ∗ 3 ∗ 26 = 234 cases. Our numerical results show that the mean of Soptimal−Sheuristic

Soptimal

among these cases is equal to 0.001 and the standard deviation is 0.0053. The maximum is 0.0516.
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