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This dissertation consists of three articles on competition, cooperation, and standardization with

a focus on the important sectors of the digital age.

The first paper, “Asymmetries, Cost Structure, and Firms’ Incentives to Compete” studies how

three characteristics typical to modern software markets impact the strategic decisions of firms.

First, instead of charging prices to end-users firms generate revenue indirectly via advertisement or

secondary products and compete on quality. Second, the costs of providing a high-quality product

increase in the number of customers but at a quickly decreasing rate. Third, firms are asymmetric in

size, with large and small firms coexisting in the same market. We show that firms’ quality choices

can be strategic complements or substitutes. A large firm reacts to an increase in the quality of a

small firm by lowering its quality, while a small firm reacts to an increase in the quality of the large

firm by raising its efforts. Thus, large firms act as quality leaders.

We use these results to study an intervention aimed at moving market shares from a large to a

small firm. Such an intervention was tried by the European Commission in the web browser market.

We show that in a software market, moving market shares from a large to a small firm can lower the

incentives to provide a high-quality product for both firms, thus harming all customers.

The second paper, “Standards and the Common Good: How Competition Fosters Cooperation”

investigates firms’ incentives to invest in a common standard. The interconnected nature of modern

markets and the steep costs of research and development force direct competitors to cooperate in

their R&D efforts. Cooperation can take many forms ranging from collaborative standard-setting

to research joint ventures and open-knowledge initiatives. Firms face a trade-off between their

objectives. Collaboration between firms benefits them collectively as it allows firms to share the

results of their R&D investments. However, it also harms them as their investments also benefit their

competitors.

Based on this observation we study how the market characteristics can encourage or discourage

firms to invest in a shared standard. We show that the quality of the products sold in the market

exhibits a hump-shaped reaction with respect to the number of firms in the standard and the degree

of competition firms face from outside the standard. We find that market-based entry in the standard

is too high in case of a low competition from outside the standard as entry undermines the incentives

of firms to cooperate. Thus, higher entry barriers can increase investment in the standard.

Finally, “Membership, Governance, and Lobbying” studies Standard-setting organizations (SSOs)

that are collectively self-governed industry associations, formed by innovators and implementers.

They are the main organizational form to agree on and manage technical standards, and form the

foundation for many technological and economic sectors. Constructing a model, we study the
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incentives of heterogeneous innovators and implementers to join an SSO, which is endogenously

formed. We also study the effect of SSO governance on membership incentives and on members’

lobbying efforts to get their technologies included in the standard. We show that, depending on

parameter realizations, one of four equilibrium types arises uniquely. The results can reconcile

existing evidence, especially that many SSO member firms are small. We show that raising the

influence of implementers within the SSO increases the standard’s market coverage and lowers

royalty rates but it erodes the innovators’ incentives to contribute to the standard, thereby decreasing

quality and hurting consumers.



2 A S Y M M E T R I E S , C O S T S T R U C T U R E , A N D F I R M S ’

I N C E N T I V E S TO C O M P E T E

2.1 introduction

Software markets are of increasing importance in today’s knowledge economy. In these markets,

competition issues abound. Especially critical are software markets that feature a high level of

concentration and are linked to many other markets such as web browsers. Yet most economic

models are ill-suited for the analysis of competition in software markets, as they fail to take into

account two unique features of software markets: the lack of prices and economies of scale. In this

paper, we link both features with the asymmetry often observed in software market. By doing so we

can gain novel insight into the viability of interventions aimed at equalizing market shares as was

done by the European Commission in 2010 in the market for web browsers.

The first unique characteristic is that software products often generate revenue indirectly instead

of through a price. Consequently, firms compete on the quality of their products instead of prices.1

As prices are zero firms generate revenue via other sources. The advertisement sector forms the

most important source of revenue and finances a large proportion of free-to-use software. However,

firms also follow secondary objectives like steering customers to other products provided by them or

strategic considerations.

In practice, all browsers are provided free of charge as a complete product. To generate profits,

firms rely on profit sharing with search engine providers, who in turn profit from advertisements, or

on other advantages like the ability to use their browsers to steer consumers to other products some

of which are then sold for monthly fees.2

1 This also transpires through the language used by firms: They market their product to customers by claiming high quality
and referring to its innovativeness and customers make their usage decision based on the innovativeness of the product.

2 Google, for example, provides a multitude of online services. This includes Gmail, Google Search, Google Drive, and
Google Docs. All services are offered with a close connection to Chrome that allows them to communicate better with
Chrome than with other Browsers. Furthermore, Google also offers some services as with Chrome by default and uses a
unified platform. A user who creates a Google account to use advanced Chrome features can immediately use it to use
Drive and other services. Finally, some browsers (like Mozilla Firefox) are provided by a not-for-profit organization that
relies on donations to generate the revenue used for its initiatives.
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At the same time, firms compete using the quality of their products. By improving the quality

they can attract new customers and increase their market share. New features are typically heavily

advertised and covered by specialized media. Customers react to changes in quality and switch

to a better browser. However, consumers also base their decision which browser to use on their

taste preferences. Customers prefer the way certain browsers look (Graphical User Interface), which

features they have (integrated email client), how they are integrated with the operating system of

their smartphone or have privacy concerns.3

The second unique characteristic is that software markets, by their very nature, exhibit large

economies of scale. Distributing a software product to additional customers has close to zero

marginal costs as no physical product needs to be produced. However, improving the quality of their

product is more costly for a firm serving a larger number of customers. This describes a realistic

view of software development where smaller firms have an advantage in developing their products.

Related to the market for web browsers there are two reasons for this. First, all modern web-

browsers rely on some server architecture that provides additional services. Nearly all browsers

have the functionality to store information in the cloud, feature automatic updating, and offer

platforms offering curated plugins. The cost of operating this architecture scales with the number

of users. Second, software development is costly for a larger number of customers. Browsers run

on a multitude of hardware and operating systems. Firms need to spend more time on making the

product compatible with the consumers’ different environments and on more resources on support. A

small browser has to spend fewer resources on this, but its costs quickly increase as it becomes more

popular. A large browser has to spend more resources as it covers nearly all possible combinations,

but its costs do not increase with the number of customers as they have already addressed possible

compatibility issues. Costs exhibit (large) economies of scale as firms can leverage their size to make

their products compatible with more devices.4

Both characteristics interact with a third pattern that is typically seen in software markets: the

asymmetry of firms’ demand in the market. The web browser market is dominated by one big firm

and a few small firms.
3 This decision can outweigh any quality differentials. As an example, as of December 2019, 5% of all consumers still

use Internet Explorer which has been replaced by Microsoft by Edge since 2015, is considered unsafe by Microsoft itself
and lacks many features that are considered standard.(https://techcommunity.microsoft.com/t5/windows-it-pro-blog/
the-perils-of-using-internet-explorer-as-your-default-browser/ba-p/331732), Accessed 11/01/2020

4 Debugging plays a big role in software development. Practitioners typically report spending 50% of their time debugging.
Error rate estimates vary. According to Pham and Zhang (1999) commercial software may have over 2000 errors in around
350,000 lines of code.

https://techcommunity.microsoft.com/t5/windows-it-pro-blog/the-perils-of-using-internet-explorer-as-your-default-browser/ba-p/331732
https://techcommunity.microsoft.com/t5/windows-it-pro-blog/the-perils-of-using-internet-explorer-as-your-default-browser/ba-p/331732
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According to StatCounter Global Stats5, in 2010, Microsoft was the dominant firm with a market

share of 55% followed by Firefox with 31%. It delivered Internet Explorer bundled with its Windows

OS.6 This asymmetry was seen as worrisome and has caused regulators to act. In the market for

web browsers, this has taken the form of an intervention directly aimed at equalizing market shares

between firms. Following an antitrust investigation by the European Commission, Microsoft agreed

to display a browser choice notice to make customers aware of alternative browsers and simplify

their installation.7

BrowserChoice.eu took effect in March 2010. During this period Windows presented users in the

EU a screen listing a total of 11 browsers including basic information including a link to download

the browser on two pages. The first tier consisted of the most important browser in random order.

Initially, it showed Mozilla Firefox, Microsoft Internet Explorer, Google Chrome, Opera and Apple

Safari. It is not clear whether BrowserChoice.eu was a successful policy and if the initial transmission

had any impact. However, BrowserChoice was specifically designed to move market shares from

Internet Explorer to less widely used browsers. It did not directly change the customers’ willingness

to switch from a browser to a competitor and thus did not raise the intensity of competition directly.

BrowserChoice.eu expired in December 2014 as no further need for it was seen. By that time

Microsoft’s market share had substantially declined. As of December 2019, Google Chrome is

dominating the market with a share of 69%. Mozilla Firefox had a market share of 9.5%, Apple’s

Safari 9%, and Microsoft Internet Explorer (including Edge)8 have a market share of 8%. Thus,

Chrome has a market share of 7 times its closest competitor and similar patterns are seen in the

market for web searches, operating systems, or the multitude of specific purpose apps available on

the internet.

In this paper, we investigate if an intervention similar to BrowserChoice that moves market shares

from the large to the small firms without changing the intensity of competition directly can be

useful in raising firms’ efforts invested in improving the quality. By doing so we not only gain new

insight in a historic intervention performed but also a new understanding of competition in software

markets. Currently, many software markets struggle with similar aspects to the web browser market.

We also see a renewed interest to intervene and regulate software markets both in the EU and the US.

5 All market shares refer to Desktop Browser Market Share Worldwide http://gs.statcounter.com/browser-market-share/
desktop/worldwide

6 Internet Explorer was first implemented in Windows 98 (1998) and was part of each Windows Version thereafter including
Windows Seven which was released in 2009.

7 See http://europa.eu/rapid/press-release IP-09-1941 en.htm, Accessed 03/05/2016

8 In the discussion we consider Edge as an iteration of Internet Explorer and unless otherwise stated we always refer jointly
to IE and Edge.

http://gs.statcounter.com/browser-market-share/desktop/worldwide
http://gs.statcounter.com/browser-market-share/desktop/worldwide
http://europa.eu/rapid/press-release_IP-09-1941_en.htm
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Thus, gaining a better understanding of this type of intervention is essential to improving the quality

of interventions.

To answer how an intervention aimed at moving market share from one firm to its competitor

effects investment in Research and Development, we develop a static model that incorporates the

two core features of software markets. Firms compete for consumers by investing in product quality.

Based on the number of customers, they generate indirect revenue. Product quality has raises

profits through 2 channels: First, it enables firms to attract additional customers, second, higher

product quality is more effective in generating revenue from each customer. As firms provide higher

quality product consumers spend more time on it, share more information with the platform and

use connected third party products more. Furthermore, the algorithms that help firms provide

high-quality services are the same that enable better-targeted advertisements.

Second, to model the costs of a more heterogeneous user base, the costs of improving quality

depend positively on the number of customers, albeit at a decreasing rate. In software markets,

firms’ costs of providing efforts to improve their products quality do not scale linearly such that

doubling the number of customers raises the costs by only a small percentage. Based on the strength

of the economies of scale, the model presented here nests both strategic substitutes and strategic

complements, and helps to explain the qualitative difference between both. As this paper will point

out, the strategic interaction between efforts depends on the level of asymmetry. Consequently, a

firm with a large market share reacts differently to a change in asymmetry compared to a firm with

a small market share. For the laggard, a small reduction in the number of customers leads to a large

reduction in the costs of quality. For the leader, a small reduction in the number of customers leads

to a small reduction of the costs. Consequently, leader and laggard adjust their efforts in improving

quality in different directions.

Similarly, we find that efforts are strategic substitutes for the leader and strategic complements

for the laggard.9

The main source of asymmetry we consider is an inherent advantage in attracting customers

which can stem from historical bias or from other products that they are selling. Then we consider an

intervention aimed at lowering the asymmetry between firms and study its impact on firm behavior.

We show that the impact of a policy aimed at equalizing market shares can have undesirable

consequences in this case. Supporting the small firm can raise total efforts exerted if the level of

asymmetry is low but can reduce total efforts if the asymmetry is high. Consequently, even when

9 Whether efforts are strategic substitutes or complements depends on how a change in one firm’s efforts impacts the
marginal profitability of its competitor’s efforts. The difference between strategic complements and substitutes can be
best summarized by: “whether more “aggressive” play ([. . . ]) by one firm in a market lowers or raises competing firms’
marginal profitability in that market” (Bulow et al., 1985).
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exclusively considering the short-run implications of regulatory intervention, aiming for perfect

symmetry in such markets might reduce the incentives to innovate directly. Consequently, the result

of such a policy is a decline in the efforts of both firms.

As an example of the mechanisms at work, consider the implementation of BrowserChoice such

that Internet Explorer loses market shares to a small competitor (say Opera) and a large competitor

(say Firefox). For Internet Explorer, the revenue effect dominates such that losing market shares

reduces its incentives to exploit the now reduced user base, thereby lowering its efforts. If those

customers now use Opera, the costs of Opera increase rapidly. The net inflow of different customers

raises their development costs and puts a strain on their infrastructure. Thus, opera exerts fewer

efforts on improving its quality. If instead Firefox gains those customers it is well prepared to handle

them. Firefox has a large developer team and server architecture and it already runs on a multitude

of systems. Thus, the costs of development do not increase much while the additional customers

make exerting efforts more profitable.

This points to the importance of understanding the nature of strategic interaction in a specific

market and provides an argument against a one-size-fits-all approach to competition policy and

a cautious approach towards policies aimed at equalizing market shares. However, we see that

equalizing market shares between a large and a small firm as was done as part of BrowserChoice can

harm the incentives of the large and the small firm alike, thus harming customers.

2.2 literature

Our paper is related to three big strands of literature. The literature on competition and innovation,

contest theory, and the literature on networks and platforms.

There has been a long strand of literature in Industrial Organization addressing the effect of

competition on innovation. First, Schumpeter (1942) postulates a negative relationship, Arrow

(1962) advocates a positive relationship, and Scherer (1967) claims a more nuanced invert-U shaped

relationship.

Empirical evidence is also mixed. Blundell et al. (1999) and Nickell (1996) study UK firms and

find a negative relationship. Similarly, Goettler and Gordon (2011) shows that the competition

between Intel and AMD on the processor market lowers Intel’s Research and Development efforts

such that Intel would exert higher efforts if it were a monopolist. In contrast, Porter (1998) and Porter

(2008) claim that competition is highly conducive to innovation. He points out that specifically in the
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US (Delgado et al., 2010) innovation occurs in clusters of high competition where the environment

stimulates innovation and process improvements. Yet, Aghion et al. (2005) finds an inverted-U

relationship between patents and concentration (panel of UK Firms). Recently, Aghion et al. (2015)

makes the case that the increase in competition UK firms face due to the entry of Chinese firms

increases their innovative activity.

The theoretical literature has also studied the relationship between asymmetry and innovation.

Budd et al. (1993) uses a dynamic model to analyze if quality symmetry tends to increase or decrease

over time and show that it decreases if asymmetry leads to greater industry profits. Similarly, as

part of their analysis Aghion et al. (2005) develops a theoretical model that shows how an increase

in competition discourages laggard firms and encourages technologically close firms. The core

mechanism is that for a high degree of asymmetry lowering competition can encourage the laggard

to catch up. Instead, for a low degree of asymmetry firms try to escape the intensive end-market

competition caused by firms being symmetric, thus shying away from symmetry. Dasgupta and

Stiglitz (1980) develops a model of innovation where R&D is increasing in concentration for low

levels of concentration and has an ambiguous effect for high levels of concentration and strongly

depends on the market structure. Other papers have studied the effect of asymmetry on the market

outcome in a one-shot game. Ishida et al. (2011) studies a market of asymmetric composition and

shows how entry by high-cost firms can discourage high-cost R&D, thus benefiting low-cost firms.

Salant and Shaffer (1999) shows that in a two-stage Cournot model of R&D and market competition,

an increase in asymmetry can have welfare improving effects and Boone (2000) shows how the effect

of competition on innovation depends on how a change in competition impacts firms’ profits and the

sensitivity of their profits to changes in their marginal costs.

There are three contributions of this paper to the literature on competition and innovation. First,

while dynamic models have shown that an increase in competition has a hump-shaped relationship

with innovation, this paper shows that such an effect can already arise in a static model and thus is a

true equilibrium effect beyond an adjustment effect. Second, following the consensus in the literature

regarding the market structure being an essential determinant of the impact of competition on

innovation, we show that the economies of scale in the cost structure specific to the software market

by themselves give rise to a hump-shaped relationship between asymmetry and innovation. In these

markets, economies of scale are an essential determinant of market structure when studying the link

between innovation and competition or asymmetry. Finally, we show how to combine asymmetries,

economies of scale in costs, and indirect revenue in a model for the software market which has not

been done before. As a side note, our results are not only explicable to exclusive software markets
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but also hardware markets that have substantial economies of scale and a (partially) indirect profit

function.

Closely related to this paper is the literature on contests with biases (where one firm has a higher

likelihood of winning the contest) and handicaps (where one firm has a higher cost of providing

efforts). In general, a contest consists of a contest success function that assigns a prize to contestants

based on their efforts and an effort-cost function determining their costs. Two classical examples for

contests are

The contest literature has focused on contests with (ex-ante) symmetric contestants (see Tullock,

2001 and Lazear and Rosen, 1981). However, recent papers have shown that biased, contests can

lead to better selection, and higher effort exertion if firms are heterogeneous in their cost structure

even if the designer does not know the identity of the high-type agent. Drugov and Ryvkin (2017)

and Kawamura and de Barreda (2014) find that an advantage of the high-ability (low-ability) agent

discourages the low-ability (encourages the high-ability) agent, thus improving selection and total

efforts. In contrast, Epstein et al. (2011) and Franke et al. (2013) find that contest designers maximizing

joint efforts have an incentive to partially equalize the bias between firms.

In line with the contest literature, we study the analogue to biases and handicaps. As such our

model could be rephrased as a contest with biases and handicaps using a Lazear-Rosen contest

success function (Lazear and Rosen, 1981). Three aspects set us apart: First, we consider an effort

cost function that depends positively on demand. Secondly, we focus on how biases or handicaps

modify the strategic interactions between firms. Finally, we consider only one source of heterogeneity.

Based on this, contrary to most contest literature, we find that even partial leveling of the playing

field can discourage all firms in the market.

Web-based software markets have been studied by the literature on network effects and two-

sided markets.10. The literature analyzes markets that can be split into buyers and seller with an

intermediary platform. The core concept discussed is the two-sidedness of the markets such that the

valuation of buyers and sellers depends (positively) on participation of the other side.

In Armstrong (2006) agents derive a utility from using a platform that depends on the platform

itself and on the number of participants on the other side of the market. Agents are charged a

lump-sum fee by the platform. They find that the profit maximizing price implies that one side is

subsidized with a price below marginal costs. This encourages their participation and improves the

value of the other side of the market, which is charged a higher price. Such a cross-subsidy is a core

result of most papers on two-sided markets (e.g. Rochet and Tirole, 2006, or Weyl, 2010).

10 A summary of the important aspects of competition in network effects is given in Katz and Shapiro (1994), and an overview
of two-sided markets in Rochet and Tirole (2006)
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In contrast, the literature on platforms has typically studied the trade-off between competition

for and competition in the market. Geroski (2003) discusses the connection of both and links them to

competition policy. They find that competition for the market is typically not a good substitute for

competition in the market as they provide different incentives. Among others, competition for the

market tends to reward innovation, development of new products, and marketing, while innovation

in the market rewards low prices.

Another focus on the literature is the possibility of market tipping. Argenton and Prüfer (2012))

study a model of search engine competition, where the quality of the search engine is proportional

to its number of customers. Having a larger number of customers gives a large firm an advantage

which enables it to drive smaller competitors out of the market.

In contrast to the literature on network effects and platforms, this paper focuses on the cost

structure and uses an abstract per-customer revenue function instead of prices. A large segment of

software markets is now free-to-use and advertisement-financed and thus better modeled using an

abstract revenue function. At the same time, software markets exhibit large economies of scale on the

cost side. The per-customer and the cost function can both be derived from some network effects.

2.3 model

In this section, we first describe the model used to analyze how changes in asymmetry impact the

firms’ decision to invest efforts in their quality and discuss how the model design relates to the

market for web browsers. We then solve the model and define the main propositions relevant to the

results.

2.3.1 Model Setup

To study competition in software markets we define a model of two firms i ∈ {1, 2} competing over

customers with heterogeneous preferences by investing efforts xi in R&D. Without loss of generality,

we consider firm 1 as the market leader and firm 2 the laggard. The source of revenue is abstracted

away. For simplicity, firm i derives a profit of liγ(xi) from each customer, where per-customer profit

has the same shape for both firms up to a scalar li > 0. We discuss γ(·) in detail after defining the

demand function.
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Demand is given by a continuum of customers with unit mass and a heterogeneous level of

preference towards one of the products. Customer k’s preference is given by θk ∈ Θ. A value

of θk � 0 implies that customer k has a strong preference for firm 2, θk � 0 that she has a

strong reference for product 1, and θk = 0 that she is indifferent between the firms. Preferences

are exogenously determined and distributed according to the CDF G(·) and the PDF g(·). The

distribution does not feature any mass such that G(·) is twice continuously differentiable on Θ.

When making their usage decision, consumer compare the quality of both products and factor in

an exogenous pressure ψ ≥ 0 (w.l.o.g.). The parameter uniformly raises customers’ preference for

product 1. Customer k uses product 2 if and only if θk ≥ x1 − x2 + ψ. By assumption, ties occur

with measure 0. Consequently, the demand for firm 1 is q1(x1, x2|ψ) = G(x1 − x2 + ψ), with firm 2’s

demand being q2(x1, x2|ψ) = 1− q1(x1, x2|ψ).

The parameter ψ raises the demand for the product of firm 1. This can be due to different reasons

two of which are of relevance here. First, in the software market and the market for web-browser

specifically, firms provide other related goods and services which allows them to default customers

to their browsers. For example, Microsoft uses its high market share of operating systems to increase

the popularity of Internet Explorer in the browser market which translates in a high ψ. Secondly, a

governmental intervention can be aimed at lowering ψ. As we discussed, the European Commission

used BrowserChoice with the stated goal of making it easier for Windows customers to switch from

Internet Explorer to its competitors. Thus, it had a one-sided impact of lowering ψ and moving

customers from Internet Explorer to its competitors while not affecting the customers’ willingness to

switch.

Assumption 2.1: Demand is linear and symmetric in efforts s.t.:

g(x1 − x2 + ψ) = g

G(x1 − x2 + ψ) =
1
2
+ (x1 − x2 + ψ)g

Without Assumption 2.1 a higher demand for a firm can lead to higher efforts as more customers

are indifferent between both products. By ruling out this possibility and eliminating any demand

slope effects we can focus on the mechanisms behind the cost function. Furthermore, the assumption

also rules out any asymmetry in demand beyond ψ.

The model features a single time period, and the preferences can be based on given interactions

and the default product. This drastically simplifies the analysis and allows us to derive clearer

results, yet gives interesting interactions between the firms’ efforts. This assumption is not limiting
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as the general profit function used here could be modified to incorporate the expected value of

current market shares for future profits. Appendix 2.B gives a simple dynamic model, that leads to a

qualitatively similar result.

Firms compete in R&D efforts to increase the quality (or attractiveness) of their products. Per-

customer profit11 (liγ(xi)) is increasing in the firm’s effort such that γ′(xi) ≥ 0.12 Furthermore,

per-customer profits are concave such that γ′′(xi) < 0. Let qi be the demand for firm i’s product. The

following assumption formalizes the requirements on per-customer profits:

Assumption 2.2 (Revenue): The per-customer revenue is strictly positive, strictly increasing, and strictly

concave in xi such that γ(xi) > 0, γ′(xi) > 0, and γ′′(xi) < 0. Furthermore, for x̃ = min{xi : qi(xi, 0) = 1}

the per-customer revenue function satisfies liγ(x̃)− x̃2

2 < 0.

The first part of the assumption is straight-forward. Given that pinning down the per-customer

revenue (or benefit) function for free-to-use digital products is difficult, we only specify it up to

a general class of functions. The second part of the assumption guarantees that foreclosing the

market is prohibitively costly for the firm. It is useful to rule out equilibria with foreclosure explicitly.

Foreclosure is a danger in software markets, as some papers have shown, the study of foreclosure is

not our main interest here. However, the demand for a firm can approach 0 arbitrarily closely.

This function accurately models the revenue of web-browsers. For them advertisements are the

most important revenue source - often indirectly.13 Mozilla Firefox, for example, generates most

of its revenue via search partnerships where a search engine provider pays to have their search

engine be the default in the web browser or per search done via the web browser’s built-in search

function.14 The income from search engine providers itself is derived from advertisement revenue.

Other browsers profit from selling data on user behavior or societal trends, while still others profit

from synergies with their core business (e.g. Microsoft).

Most providers of online advertisement allocate slots based on a generalized second-price auction

mechanism. In a nutshell, the ad-slot is awarded to the highest k bidders and each bidder pays

the next lowest bid. If all firms submit truthful bids and the value of the bid increases linearly

with the number of customers the revenue from the auction increases linearly with the number of

possible recipients (advertisers can reach more people). Secondly, a larger number of customers

11 Thus, we consider liγ(·) the net profit one customer brings to the firm such that any marginal costs that are independent
of xi and qi are already subtracted.

12 A model variant where γ(qi) is a function of the market share as bigger firms might have more power on connected
markets has been studied. This adds a channel for strategic substitution but does not qualitatively change the main result
for the type of per-customer revenue function discussed here.

13 This was not true during the onset of the market when browsers were sold. For example, Netscape Navigator was retailed
at around 50 USD. (see http://www.pcmag.com/article2/0,2817,2259414,00.asp)

14 Mozilla has agreements with most major search engine providers https://www.mozilla.org/en-US/foundation/
annualreport/2016

https://www.mozilla.org/en-US/foundation/annualreport/2016
https://www.mozilla.org/en-US/foundation/annualreport/2016
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gives the firms more options to target specific groups. Combining both gives a per-customer profit

function that is increasing but at a decreasing rate with the number of customers and the quality.

The per-customer profit function is then concave and increasing in the number of customers or the

quality of the browser as given in Assumption 2.2.

Assumption 2.3: Per-customer revenue satisfies:

2gliγ′(0) ≤ and 2gγ′(x) + qγ′′(x) ≤ 0

−γ′′′(xi)

γ′′(xi)
≤ 3g

qi(xi)

Assumption 2.3 is technical in nature and guarantees a quasi-concave profit function. The first

row guarantees that the marginal incentives to invest in x do not increase too quickly. If it were not

satisfied the profit function can feature a second local maxima for very low levels of xi if demand is

low. The second row guarantees that qiγ
′′(xi) is decreasing in x which implies that if the function is

concave for an effort level it is also concave for any effort level exceeding it.

The unique characteristic of this model is the structure of the R&D costs. The total costs of R&D

are given as:

Ci(x1, x2) = qα
i (x1, x2)x2

i /2 with α ∈ [0, 1]

R&D costs depend on the number of customers served (qi) and the product quality (xi). Costs are

increasing and convex in quality and increasing and concave in the number of customers. Conditional

on their efforts and market shares, both firms have the same R&D function.

Firms offer a product with costs of supply increasing in quality xi. However, supply also features

economies of scale such that if they increase their market share by 1% they increase their costs

by α%. The parameter α measures the cost elasticity with respect to the number of customers(
∂Ci
∂qi

qi
Ci

= α
)

. Thus, the smaller α the larger are the economies of scale. For the extreme case of α = 1,

no economies of scale exist and each unit supplied has the same costs. Then the model features

constant marginal costs that are increasing in the quality of the product (e.g. using a better material,

a more labor-intensive process). In the other extreme case of α = 0, an increase in the number of

customers does not affect the total costs. The costs of supplying the product are purely fixed and

independent of the number of customers and only depend on quality (e.g. a new functionality can

be immediately used by all customers and requires no variable distribution costs).

In reality, neither of both extremes models the software market accurately. First, classical

production costs play close to no role in the market as no physical product is manufactured. Second,
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features are costly to develop and implement, but the costs are not independent of the number of

customers. Developing new features involves costs beyond the fixed development costs. A new

feature needs to be developed in a way that is compatible with the hardware and software used by

customers. For some products, this effect is weak as they run on a homogeneous set of machines. In

contrast, widely used software such as web browsers is used by customers on a heterogeneous set of

machines. For small browsers, these costs are small as its customers are homogeneous but increasing

its user base raises the cost as the addition of new types of users implies new configurations. In

contrast, large browsers already need to run on a large number of machines and gaining new

customers adds fewer special cases. Furthermore, most software and nearly all web browsers have

some online component. All big browsers offer cloud storage and synchronizing for settings and

bookmarks and maintain a library of extensions. Furthermore, web browsers solicit bug reports

by users and manage support forums. These features are costly in terms of capital and labor, and

improving them is more costly for a large browser than it is for a small browser. Third, customers

typically expect lower stability and refinement of features from small browsers than from large

browsers. Thus small browsers can develop features quickly without much testing, while large

browsers cannot.

2.3.2 Model Analysis

In this section, we first determine the profit-maximizing effort level for all firms and characterize the

equilibrium. Following this, we determine the firms’ reactions to changes in the other firm’s efforts.

Finally, we determine the firms’ reaction to changes in the parameter ψ, measuring the advantage

firm 1 has in attracting customers, and to changes in parameter li, measuring the efficiency with

which firm i generates revenue from its customers.

Combining costs, revenue and demand yields the profit function:

πi(x1, x2) = qi(x1, x2)liγ(xi)− qα
i (x1, x2)x2

i /2 (2.1)

This yields an implicit solution for the firm’s profit maximizing effort level, base on which we define

the Nash Equilibrium.

∂πi

∂xi
= q1−α

i

(
∂qi

∂xi

1
q2

i

(
qiliγ− αqα

i x2
i /2
)
+ liγ′(xi)

)
− xi = 0 (2.2)
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Proposition 2.1 (Existence of Equilibrium): If Assumptions 2.1, 2.2, and 2.3 are satisfied, a Nash Equi-

librium in the firms’ efforts exists defined by a tuple (xC
1 , xC

2 ) in which both firms set their efforts to maximize

their profits given their competitors choice with xi, qi > 0 for i ∈ {1, 2}. Furthermore, firm i’s profit function

is strictly concave in xi locally around the equilibrium. The equilibrium efforts are given by:

xC
i = q1−α

i

(
∂qi

∂xi

1
q2

i

(
qiliγ− αqα

i x2
i /2
)
+ liγ′(xi)

)
(2.3)

Proof: see Appendix 2.A.1. This proof consists of four parts. First, we show that in equilibrium

firms sell a positive quantity as the costs of foreclosing the competition are prohibitively expensive.

Second, we show that the profit function is positive, increasing and convex for small values of x

and concave for large values, which implies that profits are quasi-concave in x. Third, we show

that profits are strictly concave at the equilibrium. Both points are derived from the profit function

being first increasing and convex and then turns concave. Finally, we combine all results to show the

existence of a Nash Equilibrium.

Proposition 2.2 (Sign of the Reaction Function): For each firm i exists a value α̃i ∈ (0, 1) with α̃2 ≤ α̃1

such that the sign of the reaction function at the equilibrium satisfies:

dxi

dxj


> 0 for α > α̃i

= 0 for α = α̃i

< 0 for α < α̃i

Proof: see Appendix 2.A.2. The proof for the proposition is straight-forward. For α = 0 the

reaction is negative and for α = 1 it is positive. Furthermore, the reaction function features as single

crossing.

Proposition 2.2 gives the main mechanism of relevance to the paper. A higher level of economies

of scale (a smaller α), such that a higher proportion of the costs are dependent on the number of

customers causes firms reaction functions to be positively sloped. For a higher level of effort of the

other firms their best response is a lower level of effort. In contrast, for a small level of economies of

scale(high α) efforts are more likely to be strategic complements. Furthermore, this effect impacts a

large firm more strongly than a small firm.

The intuition for this is simple. First, consider α < α̃2 such that firms’ efforts are strategic

substitutes. For a small α, higher efforts of firm j lead to lower demand for firm i and lower

incentives for firm i’s to use efforts to raise per-customer profits (γ(xi)). Consequently, firm i’s best

response is to lower its efforts. We refer to this as revenue effect.
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For α > α̃1 firms efforts are strategic complements such that if firm j exerts lower efforts so does

firm i. For a large α, the per-customer costs of increasing quality depend strongly on the number of

customers. If firm j exerts a higher level of effort, this implies a smaller market share for firm i and

thus lower costs of investing in efforts for firm i. Thus, firm i’s best response is a higher effort level.

We refer to this as cost effect.

For intermediate values such that α ∈ (α̃2, α̃1), reactions go in different directions. If the market

leader (firm 1) exerts higher efforts the costs of firm 2 are much lower, thus implying higher efforts.

If the market laggard (firm 2) exerts higher efforts the firm 1 costs remain unchanged, while the

smaller number of customers implies a lower incentive to exert efforts. The revenue effect dominates

for the larger firm and the cost effect dominates for the smaller firm.

In the main section, we discuss two possible sources of asymmetry: value extraction and customer

bias. In the first case, firms differ in their ability to extract value. For a given number of customers

and level of effort, firm 1 produces a higher value-per-customer than firm 2. This is implemented

using a scalar li such that liγ(xi) with l1 > l2 = 1. One firm might possess better algorithms to

display targeted advertisements or have stakes in firms producing complementary services to which

it can steer its consumers. These aspects can be endogenous but only in the long-run as they require

strategic contracts and connections that are difficult to implement.15 Google, for example, offers a

large array of services next to its web browser. Thus, it might have an advantage over its competitors

in profiting from customers using its browsers by steering them to Google Search, Gmail, Shopping,

and other services.

The second possible source of asymmetry is in the consumer bias for which we vary the previously

introduced demand shifter ψ. Recall that parameter ψ gives firm 1’s advantage in attracting customers.

This can be the result of past interactions or switching costs, a predominant position in a connected

market, or being the main supplier in the business segment of the market. Consider for example

Microsoft’s Internet Explorer whose market share has for a long time surpassed its competitors by a

substantial margin. 16

In reality, both types of asymmetry may exist and interact with each other. However, in this paper,

we consider them separately. Thus if a bias in consumer choice exists firms have the same extraction

technology and vice versa.

Lemma 2.1 (Advantage Translates to Market Shares): A positive ψ or a l1 > 1 translates to a larger

market share for firm 1. Mathematically, let q∗i denote the equilibrium market share of firm i for a given ψ and

15 This type of asymmetry is isomorph to a model with different cost scalars such that c1 6= c2. By redefining the revenue
function as l̃i = li/ci we can eliminate cost heterogeneity while leaving firms decision variables unchanged.

16 See http://www.netmarketshare.com, Accessed 10/01/2019

http://www.netmarketshare.com
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li respectively. ψ = 0 and l1 = l2 demand is symmetric such that q∗1 = q∗2 . An increase in ψ or li raises the

demand for the advantaged firm:

dq∗1(ψ)
dψ

= −dq∗2(ψ)
dψ

> 0

dq∗1(l1)
dl1

= −dq∗2(l1)
dl1

> 0

dq∗2(l2)
dl2

= −dq∗1(l2)
dl2

> 0

Proof: see Appendix 2.A.3. The proof follows directly from the profit functions being quasi-

concave and continuous and firms only reacting to each other via the market shares. Firms cannot

over-react to changes in the other firms efforts. If an increase in the advantage of firm i would

imply that the equilibrium market share of firm i is not lower firm j best response function needs

to have a slope above 1 (such that firm j ‘over-reacts’ to any changes in xi) which implies that the

previous equilibrium could not have been optimal. A similar argument holds for changes to the

other parameters.

Lemma 2.1 guarantees that an advantage in ψ or li translates in a larger market share for the

advantaged firm. It is necessary to sign the effect of a change to asymmetry. It would be violated if

a firm finds it profitable after an increase of l1 to lower its efforts or to over-react to changes in ψ.

Given the model design, such a situation is not possible. Based on Proposition 2.2 and Lemma 2.1

the reaction of firms to changes in this levels of asymmetry are:

Corollary 2.1 (Reaction to ψ): Firm 1’s best response to an increase in ψ has the opposite sign as its

best response to the efforts of firm 2. In contrast, firm 2’s best response to ψ has the opposite sign as the best

response to the efforts of firm 1. Mathematically:

sgn
dx1

dψ
= − sgn

dx1

dx2

sgn
dx2

dψ
= sgn

dx2

dx1

Proof: see Appendix 2.A.4. The advantage ψ acts like free efforts for firm 1 or a reduction in the

efforts by firm 2. The result follows immediately from firm 1 (2) reacting to an increase of ψ as it

would to a decrease in x2 (increase in x1).
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Corollary 2.2 (Reaction to li): Firm 1’s best response to an increase in li has a positive sign. Firm j’s best

response to li has the same sign as its best response to firm i’s efforts. Mathematically:

sgn
dxi

dli
> 0

dxj

dli
=

dxj

dxi

dxi

dli

Proof: see Appendix 2.A.5. An higher li leads to higher efforts by firm i without directly impacting

firm j’s profits. Firm j only reacts to firm i and changes its effort as it would in reaction to a change

in xi.

Proposition 2.2 gives the sign of the reaction of firms to its competitor and forms the core of the

paper. Corollaries 2.1, and 2.2 follow directly from it and give the reaction of the firms to changes in

the level of asymmetry. These results are summarized in Table 1. Before we discuss their implication

in Section 2.4, it is useful to get a deeper insight in the economic underpinning.

α < α̃2 α ∈ (α̃2, α̃1) α > α̃1

leader laggard leader laggard leader laggard

reaction dx1
dx2

> 0 dx2
dx1

> 0 dx1
dx2

> 0 dx2
dx1

< 0 dx1
dx2

< 0 dx2
dx1

< 0

bias dx1
dψ < 0 dx2

dψ > 0 dx1
dψ < 0 dx2

dψ < 0 dx1
dψ > 0 dx2

dψ < 0

value leader dx1
dl1

> 0 dx2
dl1

> 0 dx1
dl1

> 0 dx2
dl1

> 0 dx1
dl1

> 0 dx2
dl1

< 0

value laggard dx1
dl2

> 0 dx2
dl2

> 0 dx1
dl2

< 0 dx2
dl2

> 0 dx1
dl2

< 0 dx2
dl2

> 0

Table 1: Firms reactions to changes in parameters

The unique characteristic of the model is the cost function specification. Most standard models

of firm competition consider only one of the extreme values of α, such that either all firms’ efforts

are strategic complements (α = 1) or strategic substitutes (α = 0). As we see, focusing on differently

signed reactions changes how we should evaluate interventions. First, consider the cost function and

its derivatives with respect to the firm’s efforts:

Ci(x1, x2) = qα
i x2

i /2

∂Ci(x1, x2)

∂xi
= xiqα

i

(
α

2

(
xi

g
qi

)
+ 1
)

∂2Ci(x1, x2)

∂xi∂xj
=

(
xiqα

i α
g
qi

)
︸ ︷︷ ︸

I

(
(1− α)

g
qi

xi

2
− 1
)

︸ ︷︷ ︸
I I

(2.4)

By design, demand is exhaustive (q1 + q2 = 1) such that ∂qi
∂xi

= − ∂qi
∂xj

= g.
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The firm’s costs depend on the efforts and the market share of firm i. The parameter α ∈ [0, 1]

measures how directly costs scale with the number of customers. If α = 0, costs are independent

of the number of customers - e.g. an improvement to the code can easily be implemented on every

device. Conversely, for α = 1, R&D directly raises the unit costs - e.g. using a more expensive

material. In between, α ∈ (0, 1) and effort costs increase at a decreasing rate with the market share

such that an increase in the market share by 1% leads to an increase in the costs by α%.

Consider the second derivative of the cost function in Equation (2.4). Higher efforts xj by firm j

imply a lower market share for firm i ( ∂qi
∂xj

= − ∂qi
∂xi

). The strength of the impact this has on the cost

function depends on how strong the market shares react to changes in xj and how strong the cost

function changes with the market share (I). This term directly scales with α. Furthermore, for α = 0

the cost structure remains unchanged. Term I is strictly positive and acts as an amplifier. If xiqα
i

is high, then so are marginal costs of providing efforts and firm i reacts stronger to any change in

its incentives. If g
qi

is large, a change in the efforts of firm j leads to a large change in the demand

of firm i. Term I I links the proportion of the marginal costs that vary with the demand with the

proportion that is independent of the demand. The higher 1− α, the higher is the fixed proportion

and the more likely the function is to be negative. Similar, if the efforts are high such that the costs

are high or if the quantity is low such that the costs are relatively flat in the number of customers a

change in 1− α impacts a firm more heavily.

Now consider the profit function’s first derivative:

∂πi(x1, x2)

∂xi
=

g
qi

(
qiliγ(xi)− αqα

i x2
i /2
)

︸ ︷︷ ︸
extensive margin

+

intensive margin︷ ︸︸ ︷
qiliγ′(xi)− qα

i xi (2.5)

Efforts are driven by two effects. Higher efforts by firm i lead to more customers for firm i and

fewer for firm j (extensive margin). It also changes the per-customer profit and the costs (intensive

margin). Positively, higher efforts imply a higher per-customer profit. Negatively, higher efforts

imply higher costs of providing a high-quality product.

The first-order condition given in Equation (2.5) determines an implicit solution for the firms’

optimization problem. For some parameter values, the equilibrium may end in a corner solution

such that one firm satisfies the whole market. This case is analytically trivial and economically

uninteresting and is thus ruled out using Assumption 2.2. For a discussion of this case see Appendix

2.C.1.
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The second derivative is given as:

∂2πi(x1, x2)

∂x2
i

= g
(

2liγ′(xi) +
α(1− α)

2
q(α−2)

i x2
i g− 2αq(α−1)

i xi

)
+ qi(x1, x2)liγ′′(xi)− qα

i (x1, x2)

(2.6)

In the main section of this paper, we assume that demand is linear (see Assumption 2.1. The

shape of the demand function can have a substantial impact on the results. For a discussion of the

profit functions for different demand shapes we refer to Appendix 2.C.3 and Appendix 2.C.4.
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Figure 2.1: Reaction Functions

Figure 2.1 shows the firms’ reaction functions to each other’s efforts for different values of α

(columns) and degrees of asymmetry (ψ, rows) in the firms’ ability to attract customers. The reaction

functions for different values of li are qualitatively similar. The main difference between ψ and li is

that ψ shifts firm 2’s reaction function down and firm 1’s reaction function up, while li rotates the

reaction function of firm i and leaves the other firm’s reaction function unchanged.17

For all reactions, we observe a jump such that firm i’s best response to a very high effort level

of firm j is to exert 0 efforts. If firm j invest enough effort that firm i’s market share is 0 and it is

not profitable for firm i to raise its efforts sufficiently firm i’s best choice is to provide zero effort.

Thus, we see a jump to zero at this critical effort level. Assumption 2.2 rules out that this can form

an equilibrium.

For α = 0.0 the reaction functions are downward sloping, for α = 0.3 they are close to flat, and

for α = 1.0 they are upwards sloping. From Equation (2.3) we see that efforts are driven by three

17 The rotation point may not be on the graph as it is where qi(r(xj), xj) = 1 i.e. for low efforts of the other firm.
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effects: First, efforts are the higher the more customers are under threat
(

∂qi
∂xi

1
qi

)
. This effect is more

powerful for the laggard than for the leader, as the leader has relative to her market share fewer

customers to gain. However, a higher γ(·) raises the incentives of the firm to attract customers. As

liγ(xi) is increasing in xi a firm with a higher effort finds it more attractive to attract customers in

terms of revenue generated.

Second, the higher liγ(·), the greater are the efforts of firm i. A firm that derives a higher profit

from each customer has a higher incentive to exert effort to increase its market share. The efforts also

depend on γ′(·). If the per-customer profits react strongly to efforts, firms use higher efforts to raise

them. While this is true for the functions as a whole, the effect depends on the effort level.

Third, for high values of α the costs per customer increase faster with the number of customers. In

Equation (2.3) this raises q1−α
i and q1−α

i
q2

i
which makes γ′(xi) and γ(xi) more important in determining

the efforts. As the economies of scale become less firms focus more on the per-customer revenue and

less on expansion.

In general, equilibrium efforts are increasing in α and the leader exerts more efforts than the

laggard. However, for high values of α the market leader exerts fewer efforts against a weak opponent

than against a nearly equally matched opponent. For a high α the incentive of firms to use efforts

depend strongly on their demand via their costs. Thus, a strong laggard implies that the market

leader has a small market share and thus finds it more profitable to invest in quality. In this case, the

cost structure works against asymmetry as losing market shares makes a firm more aggressive. For

low values of α this is the other way around such that losing market shares makes a firm behave

submissively.

2.4 discussion

Section 3.3 defined the model, solved it, and provided the basic mechanisms for the effect. In this

section, we discuss two types of asymmetries and how firms react to changes in them. For this

we separately consider asymmetries in value extraction (l1) and consumer bias (ψ). The results

themselves immediately follow from Proposition 2.2, and Corollaries 2.1 and 2.2. The results are

driven by two effects. First, for a lower number of customers the firm has lower incentives to extract

value from them, thus provides lower efforts, which gives the cost effect. Second, for a lower number

of customers, it has lower costs of providing a high-quality product. Thus, it exerts higher efforts to

attract new customers, which gives the revenue effect. If costs are mostly variable such that α is high,



2.4 discussion 23

the first effect dominates and if costs are mostly fixed such that α is low, the second effect dominates.

To better understand the mechanism at play, we discuss both mechanisms in detail using the extreme

cases of α = 0 and α = 1 in which only one effect is active at a time.

cost effect For α = 1 all costs are variable and scale one-to-one with the quantity. The reaction

of firms is exclusively driven by the costs effect. The equilibrium efforts are implicitly defined by:

xi =
g
qi

(
liγ(xi)− x2

i /2
)
+ liγ′(xi) (2.7)

The reaction function is given by:

dxi

dxj
= −g

(
liγ′(xi)− xi

)︸ ︷︷ ︸
>0

/
−∂2πi(x1, x2)

∂x2
i︸ ︷︷ ︸

>0

(2.8)

The profit maximizing effort level without competition(g = 0) would be xi = liγ′(xi) which only

maximizes per-customers profit. However, efforts not only increase the per-customer profits but also

attract new customers. The existence of the competitor has a positive effect on the efforts and firms

invest more than the monopoly amount liγ′(xi) in their quality.

This higher effort level inflicts a loss on the firm proportional to the number of customers. Thus,

for a higher level of the competing firm this loss is lower and firm i to behave more aggressively and

exerts higher efforts. In this case, efforts are strategic complements, similar to Bertrand competition.

revenue effect For α = 0 all costs are fixed and independent of the quantity. The reaction of

firms is driven by the revenue effect. The equilibrium efforts are given as:

xi = liγg + liγ′qi (2.9)

The reaction function is given by:

dxi

dxj
= −g

(
liγ′(xi)

)︸ ︷︷ ︸
<0

/
−∂2πi(x1, x2)

∂x2
i︸ ︷︷ ︸

>0

(2.10)

The marginal costs of effort provision vanish. Efforts depend on the number of customers that can

be attracted and the number of customers that can be exploited. Having fewer customers erodes

the incentives to exploit them while the costs of attracting additional customers remain unchanged.
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Thus, a higher level of effort by its competitor implies lower incentives for the firm to exert efforts.

The market behaves like a Cournot market as efforts are strategic substitutes.

2.4.1 Software Market

Equipped with the insights on the effect of fixed costs and variable costs, we now focus on the case

of an intermediate α. For small levels of α < α̃2 the revenue effect dominates for both firms and the

efforts of both firms are strategic substitutes. For α > α̃1 the cost effect dominates for both firms and

the efforts of both firms are strategic complements. As α increases the revenue effect loses importance

while the cost effect gains importance. Thus, we now focus on α ∈ (α̃2, α̃1).

This case models the software market where the costs of adding new features increase in the

number of customers but at a decreasing rate. The profit-maximizing efforts can be written as:

xC
i =

g
qi

(
q1−α

i liγ(xi)−
α

2
xi

)
+ q1−α

i liγ′(xi) (2.11)

The reaction function is given by:

dxi

dxj
= −g

liγ′(xi)︸ ︷︷ ︸
I

− αqα−1
i x︸ ︷︷ ︸
I I

+ α(1− α)gqα−2
i

x2

2︸ ︷︷ ︸
I I I

 (2.12)

For intermediate values of α, the sign depends on the size of the three parts of equation (2.12). Term

I is the per-customer net profit and captures the revenue effect that is the most important effect for

α = 0. Term I is not directly impacted by α but gives the firm constant incentive to decrease its

efforts in response to an increase in its competitor’s efforts.

Term I I is the direct marginal cost of providing efforts and how they change with the number of

customers. It captures the cost effect that ist most important for α = 1. An increase in the efforts of

firm j lowers the number of customers which reduces the costs of providing quality. A greater α raises

the importance of this term but also changes its shape. As the marginal costs are always negative an

increase in α strengthens the dependence of marginal costs on the efforts of the competitor and leads

to efforts being strategic complements.

The parameter α also affects the shape of I I with respect to the market share. For a given

market share distribution (qi, qj) the expression (q1−α
i , q1−α

j ) lies closer together as α increases. Thus,

asymmetries play less of a role for small values of α in determining the reaction of firms. Thus, a
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small firm is relatively less aggressive for higher values of α. This is essential for our results as it

causes firms to exhibit different reactions depending on their size.

Finally, the term I I I is the indirect change to the marginal costs. A higher xi leads to a higher

demand for firm i. The slope of this change is increasing in xj. Thus, if a firm has fewer customers

raising its efforts is more costly as an increase in efforts leads to a greater change in costs. This

partially counteracts the effect of the term I I.

The firms’ behavior is driven by the relative importance of increasing per-customer profits and

attracting additional customers. For different levels of economies of scale (α) the incentives of firm i

are impacted differently by changes to xj. If α = 0, a lower number of customers makes raising per-

customer profits less important but leaves the incentives to expand unchanged. In such a situation,

it is more costly for firm i to exert higher efforts as they are further above the profit-maximizing

non-competitive quantity. If α = 1, a lower number of customers does change the incentive to extract

profits from the customer base while rendering customer attraction cheaper. Thus, the firm exerts

higher efforts.

2.4.2 The Role of Asymmetry

So far we have shown the importance of economies of scale in determining the reaction of firms

to changes in asymmetry. In this section, we discuss the role that the initial level of asymmetry

plays in this. The revenue and cost effects impact firms of different sizes differently. The cost of

providing efforts is especially large for a small firm and any reduction to it grants a large bonus to

competitiveness. Thus, a lower market share can lead to higher efforts by a smaller firm even if it

does lead to lower efforts by the larger firm.

Figure 2.2 shows the reaction function of both firms to an increase of its competitors efforts for

α ∈ [0, 1]. For small values of α, the reactions of both firms are negative, for large values they are

positive. In between, in the shaded area, the reaction is positive for the laggard but negative for the

leader.

In general, we see that asymmetry and a small but positive level of economies of scale are

necessary for the large firm to react differently from the small firm. Secondly, we see that the more

likely customers are to switch, the more likely efforts are to be strategic complements. Finally, we see

that the higher α is the more likely efforts are to be strategic complements.

Higher efforts for the large firm imply a lower market share of the small firm which implies lower

costs of providing efforts if α is small but positive. The small firm fails to make use of economies of
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Figure 2.2: Reaction of firms

scale which renders its technology inefficient. However, any reduction in customers grants it some

relief. Consequently, the small firm exerts higher efforts if the large firm does so.

As the R&D costs feature a constant elasticity of α a decline by a few customers from a large

customer base hardly changes the costs. Thus, a large firm reacts to the change in the revenue

opportunities by exerting lower efforts. For the small firm, the cost effect dominates. Consequently,

both types of interventions impact large and small firms differently.

First, consider an increase in one firm’s ability to extract value from its customers (an increase in

li). Such an intervention raises firm i’s incentive to raise its efforts as it can extract a higher profit

from its customers. Thus, firm i raises its quality leaving its customers better off. Its competitor, firm

j, is not directly impacted by this. Instead, it reacts to the change in the efforts of firm i. As it loses

market share we find that for small values of α it lowers its efforts, independent of its size. For firm

j the revenue effect dominates. This leads to a lower quality of firm j, which leaves its customers

worse off. Consequently, the identity of the firm being targeted has to be carefully weighed.

For a large α, the reaction the cost effect dominates and firms of all sizes react by increasing their

efforts. As firm j loses customers its efforts become a cheaper tool in attracting customers. Firm j

then also provides higher quality. Consequently, an increase in one firm’s ability to generate value

from its customers leaves customers of both firms better off.

For intermediate levels of α, the revenue effect dominates for a large firm, while the cost effect

dominates for the small firm. Thus, the identity of the firm being targeted matters. Enabling to large

firm to generate more value from its customers lowers the efforts of the large firm and of the small

firm, leaving all customers better off. Instead, targeting the small firm raises the efforts of the small

firm while lowering the efforts of the large firm and thus, suffers from a trade-off.
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The other policy intervention possible is to change customers’ bias towards the large firm by

changing ψ. An increase in ψ means that for a given level of effort the large firm attracts additional

customers and the small firm loses customers. A decrease in ψ implies that the large firm loses

customers to the small firm. Consequently, BrowserChoice was directly aimed at reducing Microsoft’s

advantage in the market and thus lower ψ. Recall that by Lemma 2.1 a reduction in ψ leads to firm 1

having a lower market share in equilibrium.

For a small α moving market shares from the large to the small firm leads to an increase in the

efforts of the large firm and a decline in the efforts of the small firm as the revenue effect dominates

for both firms. Thus, customers of the large firm are harmed, while customers of the small firm gain.

For a large α moving market shares from the large to the small firm leads to a decline in the efforts

of the large firm and an increase in the efforts of the small firm as the cost effect dominates. In this

case, customers of the large firm gain, while customers of the small firm are harmed.

Now consider the intermediate level of α, as we expect it to be the case in software markets.

For the small firm, the cost effect dominates while the revenue effect dominates for the large firm.

Moving market shares from the large to the small firm then discourages the large firm as it has fewer

customers to profit from. It also discourages the small firm as it has higher costs and thus lowers its

efforts. In consequence, both firms lower their quality harming all customers.

2.5 conclusion

This paper presented a model of R&D competition in software markets. The model features the

two most important characteristics of software markets. First, firms generate indirect revenue from

customers instead of charging a price. Second, firms compete in quality. While raising the quality is

costly, the costs of doing so are increasing in the number of customers but at a decreasing rate.

By varying the economies of scale we show that firms’ efforts can be strategic complements or

substitutes. The sign depends on two effects. First, as part of the revenue effect, a lower market share

implies a lower incentive for a firm to increase the revenue generated from customers. Consequently,

the firm lowers its efforts in response to an increase in its competitor’s efforts and efforts are strategic

substitutes. Second, as part of the costs effect, a lower market share implies lower costs of attracting

new customers. Thus, an increase in the efforts of one firm causes its competitor to raise their efforts

and effort are strategic complements. We show that the revenue effect dominates if the economies of
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scale are low or for large firms, while the cost effect dominates for high economies of scale or small

firms.

Within this framework, we discuss two possible interventions. The first intervention supports one

firm without harming the incentives of the other firm. This can be achieved by reducing the tax rate,

lowering barriers, cutting red tape, and making it easier to monetize the existing consumer base. The

second intervention transfers customers from the dominant firm to its competitor. Such an action

can be achieved by supporting consumer choice, hindering lock-in, and simplifying advertisement

for the smaller firm.

In a software market, encouraging the dominant firm in terms of market share leads to higher

efforts by both firms while encouraging the laggard does not do so. Encouraging the dominant firm

leads to higher efforts, this, in turn, implies a lower market share for its competitor and a lower cost

of providing efforts. Thus, it also leads to higher efforts by the small firm. In contrast, a higher level

of effort by the small firm implies lower incentives to raise per-customer profit from the lower higher

market share for the dominant firm and thus lower efforts. Consequently, raising asymmetry raises

the efforts for both firms, while lowering asymmetry lowers the efforts for both firms. This stresses

the importance of motivating the market leader to exert efforts.

We discuss an intervention by the European Commission that was aimed at decreasing the

asymmetry between web browser in terms of market share. Such a policy was implemented in the

antitrust ruling forcing Microsoft to simplify the choice of different web browsers for its customers.

BrowserChoice made it easier for users of Microsoft Internet Explorer to switch to other browsers.

Thus, it was directly aimed at moving market shares from the largest firm to its smaller competitor.

As we discussed, doing so lowers the incentives of Microsoft while also lowering the incentives of

other firms. The net effect is a decline in the efforts of all firms. Consequently, such an intervention

is not optimal in the case of software markets.

Of course, a policy supporting the market leader or incumbent can cause severe problems in the

long run potentially even creating a monopoly. However, as we show, such interventions feature

a trade-off between symmetry and innovation and need to be carefully tuned as not to lower the

incentives of the market leader, who because of the structure of strategic interactions has a direct

impact on other firms effort choice.
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2.a proofs

2.a.1 Proposition 2.1

This proof consists of four parts. First, we show that both firms sell a positive quantity in equilibrium.

The reason for this is that the costs of foreclosing the competition are prohibitively expensive. Second,

we show that the profit function is positive, increasing and convex for small values of x and convex

for large values. For this we require that the third derivative is not to large. This implies that the

profits are quasi-concave in x and strictly concave at the equilibrium. Finally, we combine all results

to show existence of a Nash Equilibrium.

positive quantity: First, we show that given Assumption 2.2, both firms sell a positive quantity

in equilibrium such that q1, q2 > 0.

Proof. Consider firm i exerting high enough efforts x̃ such that the demand for firm j if the efforts

are xj = 0 are 0 firm j. The critical efforts are given by x̃ = min{xi : qi(xi, 0) = 1}. By Assumption

2.2 it makes strictly negative profits for any x greater or equal to x̃. Instead for efforts xi = 0 firm 1

would guarantee itself non-negative profits. Thus x > x̃ cannot be part of an equilibrium.

quasi-concave profit function: Given Assumptions 2.2, 2.1, and 2.3, Profits are strictly

quasi-concave for efforts in the range xi, xj ∈ [0, x̃], where [0, x̃] is the compact and convex strategy

space after elimination of never-best responses.

Proof. Given the assumptions, profit function and its derivatives are given by:

πi(x1, x2) = qi(x1, x2)liγ(xi)− qα
i (x1, x2)x2

i /2

∂

∂xi
πi(x1, x2) =

∂qi

∂xi

(
liγ(xi)− αq(α−1)

i x2
i /2
)
+ liqiγ

′(xi)− qα
i xi

∂2

∂x2
i

πi(x1, x2) =
∂qi

∂xi

(
2liγ′(xi) +

α(1− α)

2
q(α−2)

i x2
i

∂qi

∂xi
− 2αq(α−1)

i xi

)
− qα

i + qiliγ′′(xi)

For a fixed qi by definition ∂qi
∂xi

= 0 such that the profit function is given as qiliγ(xi)− qα
i x2

i /2. In

this case the profit function is the sum of two concave functions and thus strictly concave. This

immediately shows that for each xi > xr such that qi(xr, xj) = 1 or xi < xl such that qi(xl , xj) = 0 the

function is strictly concave. Thus, we can limit our analysis to the case of xi ∈ (xl , xr).
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Based on Assumption 2.2 we can ignore all xj values that lead to qi(0, xj) = 0 and all xi values

that lead to qi(xi, 0) = 1 as never best responses. Let the segment NB = (x̄, ∞) be the region such

that for firm i’s demand satisfies qi(0, x̄) = 0. Then by Assumption 2.2 x̄ is a better response than

(x̄, ∞) which implies that NB can be eliminated using elimination of never-best responses. The

remaining set remains compact.

By using the linearity of the demand such that qi(xi) = (k0 + gxi) we can rewrite the profit

function as:

πi(x1, x2) = (k0 + gxi)liγ(xi)− (k0 + gxi)
αx2

i /2

∂πi(x1, x2)

∂xi
= gliγ(xi) + (k0 + gxi)γ

′
i(xi)− gα(k0 + gxi)

α−1x2
i /2− (k0 + gxi)

αxi

Consider a x̂ such that the first derivative of the profit function is negative. As all the negative parts

of the derivative are decreasing, it is sufficient for strict concavity that gγ(·) increases at a slower rate

than qγ′(·) or equivalently that 2gγ′(x) + qγ′′(x) ≤ 0. Thus, the profit function is strictly concave

and decreasing for all x > x̂.

This criteria is difficult to achieve for small levels of q. A weaker one can be obtained by noting

that all negative parts are strictly concave and strictly decreasing. Let the R(xi) = qiliγ(xi) be the

revenue as a function of xi. Taking the derivatives yields:

R′(xi) = gliγ(xi) + qiliγ′(xi)

R′′(xi) = 2gliγ′(xi) + qiliγ′′(xi)

R′′′(xi) = 3gliγ′′(xi) + qiliγ′′′(xi) ≤ 0

Additional to 3gliγ′′(xi) + qiγ
′′′
i (xi) ≤ 0 we also require that for xi = 0 the function is increasing

such that gliγ(0) + qiliγ′(0) > 0. Which is also the case as its the sum of two positive function. If

this criteria is fulfilled, the function is quasi-concave as it moves from an increasing, convex function

to a decreasing concave function. Profits are revenue minus costs. As the negative costs are a strictly

concave and decreasing function the sum of both remains quasi-concave.

Consequently, the profit function after elimination of never-best responses is quasi-concave and

the strategy space remains compact.

concavity around the equilibrium We now show that the profit function is concave around

the equilibrium.
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Proof. We just established that the profit function is quasi-concave on a bound space with market

shares lying between (0, 1). This, together with the costs function immediately implies that the

efforts are strictly positive. Thus, the efforts of both firms are an interior solution to their profit

maximization.

From Equations 2.5 and 2.6 we know that both first and second derivatives of profits with respect

to efforts exist at the optimum. Together with quasi-concavity this implies that at the equilibrium the

first derivative is equal to 0 and the second derivative is strictly negative. Thus, the profit function

strictly concave around the equilibrium.

As the profit function is quasi-concave on a compact and convex space, existence is guaranteed

(see Fudenberg and Tirole, 1991, p. 34). Furthermore, the profit function is strictly concave around

the equilibrium.

2.a.2 Proposition 2.2

Proof. The proof for this is straight-forward. As the reaction functions are continuous in α, negative

for α = 0 and positive for α = 1 there needs to exists an α̃i such that firm i’s reaction function is 0.

We have also established that if the reaction function of the laggard (firm 2) is negative, the reaction

of the leader is also negative and if the reaction function of the leader is positive the reaction of the

laggard is also positive. Thus we find the three cases listed in the proposition.

Second, we proof uniqueness. First, for intermediate values of α an increase in the efforts xj has

the same effect as an increase of α (making the cost function steeper) for firm i and a decrease of α

(making the cost function flatter) for firm j. Now consider a threshold α where the reaction move

from positive (below α) and to negative (above α). Firm j would optimally raise its efforts, which

leads firm i to react by decreasing its efforts and firm j to increase them further. Thus, locally around

this specific α no equilibrium can exists. As the reaction is continuous in α this implies that only a

single crossing can exist. Concluding the proof.
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2.a.3 Lemma 2.1

Proof. For ψ = 0 the market is symmetric and demand is equally shared with q1 = q2 = 1/2.

Corollary 2.1 gives the reaction of the firms to a change in ψ. Based on this we can derive the change

to the demand of firm i as:
dq1

dψ
=

∂q1

∂x1

(
dx1

dψ
− dx2

dψ
+ 1
)

Firm 2 reacts to an increase in ψ by ε in the same way it would react to x1. Thus if firm 1 finds it

optimal to reduce its efforts by a sufficient amount in response to an increase of ψ such that the net

effect is a reduction in qi, it would have done so also for the lower level of ψ. Thus if firm 1 would

react to an increase in ψ with a reduction in x1 this would make the reduction of x1 less attractive.

The new equilibrium would feature a larger market share by firm 1.

Now consider asymmetry in value extraction with l1 ≥ l2 = 1. For l1 = 1 the market is symmetric

and both firms have the same market shares. Firm 1 reacts to an increase in l1 by raising its efforts.

Firm 2 is not directly impacted, but reacts to firm 1. However, this reaction is dampened, such that

x1 > x2 and q1 > q2 for l1 > 1.

2.a.4 Corollary 2.1

In this proof we first calculate the reaction of firms to a change in ψ and then compare it to the

reaction to the other firms efforts. Thus, firm 1 (2) reacts to an increase in ψ as it would to an increase

in 2 (decrease in 1).

Proof. Starting from the first-order condition, we calculate the reaction of the firms efforts to a change

in ψ as:

0 =
∂2π1

∂x2
1

dx1 +
∂2π1

∂x1∂x2
dx2 +

∂2π1

∂x1∂ψ
dψ

Both, ψ and x2 only enter the profit function through q1 = G(x1 − x2 + ψ). Thus, we find:

∂2π1

∂x2
1

dx1 =
∂2π1

∂x1∂x2
(dx2 − dψ)

∂2π2

∂x2
2

dx2 =
∂2π2

∂x2∂x1
(dx1 + dψ)
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Thus, if dx2 − dψ < 0 we have that sgn dx1
dψ = − sgn dx1

dx2
and if dx1 + dψ > 0 we have that

sgn dx2
dψ = sgn dx2

dx1
. These two criteria are equivalent to saying that the reaction of the firms do not

overcompensate for the change in ψ. However, if this were the case the original efforts could not

have been an equilibrium as firms would then also have increased their efforts. Consequently, we

find that firm 1 reacts to a change in ψ in the opposite direction as it would to a change in x2 and

that firm 2 reacts to a change in ψ in the same direction as it would to a change in x1.

2.a.5 Corollary 2.2

First we show that firm i raises its efforts in response to an increase in li. Then other firm reacts to

this increase directly.

Proof. Firm j’s profit function is independent of li. Thus, firm j only react to the reaction of firm i.

Thus, calculating the reactions to a change in li yields:

dxi

dli
= − ∂2πi

∂xi∂xj

/
∂2πi

∂x2
i

dxj

dli
− ∂2πi

∂xi∂li

/
∂2πi

∂x2
i

dxj

dli
= −

∂2πj

∂xj∂xi

/
∂2πj

∂x2
j

dxi

dli
dxj

dli
=

dxj

dxi

dxi

dli

From this we derive:

dxi

dli
=

− ∂2πi
∂xi∂li

/
∂2πi
∂x2

i

1−
(

∂2πi
∂xi∂xj

∂2πj
∂xj∂xi

)/(
∂2πi
∂x2

i

∂2πj

∂x2
j

)

dxi

dli
=

− ∂2πi
∂xi∂li

/
∂2πi
∂x2

i

1− dxj
dxi

dxi
dxj

Per definition of the equilibrium, the denominator is strictly positive and ∂2πi
∂x2

i
< 0. Furthermore, we

have that:

−∂πi

∂li
= γ(xi)qi(xi, xj)

− ∂2πi

∂xi∂li
= γ′(xi)qi(xi, xj) + γ(xi)

∂qi(xi, xj)

∂xi
> 0

Thus, dxi
dli

> 0 and sgn dxj
dli

= sgn dxj
dxi

.
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2.b dynamic model

For simplicity and ease of exposure the model used in this paper is a single period static model.

However, most of the results are also present in a dynamic model. In this section, we discuss an

extension to a dynamic model. However, because of the added complexity, we limit the discussion

to numeric simulations and a very specific functional form. However, the results hold for a more

general functional specification.

We consider a dynamic model of competition between two firms i ∈ {1, 2}. In each period t both

firms set their efforts xt = (xt,1, xt,2) ∈ R2
+. Then they obtain profits and incur costs based on the

current demand qt = (qt,1, qt,2) and the efforts exerted. In the following analysis we suppress the

sub-index t whenever there is no risk of confusion. The firms’ flow profits are given as:

πi(x, q) = qi
√

xi − qα
i x2

i /2

As before, α stands for the cost elasticity with respect to demand. For α = 0 costs are independent of

the demand as in the ideal software market. For α = 1 efforts increase the marginal costs that are

constant in the number of consumers.

The main difference is that in the dynamic model current demand is independent of current

efforts. Instead demand reacts with a one period lag to the efforts exerted. mathematically we

assume that:

qt = (1− δ)qt−1 + δ f ((x))

Consumers do not immediately switch to the better product but only do so at a rate of the learning

rate δ. The function f (·) is the steady state demand function and besides the efforts may incorporates

other biases of consumer similiar to the bias discussed in the main section of the paper. Finally, firms

maximize the sum of expected profits with a discount rate of ρ.

For the numeric simulation we use a Logistic demand model instead of the Hotelling Model used

in the paper. The Logistic demand model has to advantages that are of use in this model. First,

demand is always bound such that qi ∈ (0, 1), thus avoiding any kinks or potential monopolization.

Second, the consumer mass is the highest in the center with, this makes the reaction functions quicker

at converging to a fixed point. Finally, the logistic demand makes it numerically easier to solve the

market.

fi(x) =
exp(xi)

∑j∈{1,2} exp(xj)
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Figure 2.3: Results dynamic model

The solution is found by using value function iteration that converges to the steady state outcome.

As an additional benefit, the procedure also yields the solution to a finite horizon game.

Figure 2.3 shows the results of the simulation for different values of α. Looking at the total efforts

we see that for α = 1 total efforts are maximized for extreme, lamp-sided market shares. This is

driven by the laggard exerting a large number of efforts as they fall behind. For a small firm, efforts

are relatively cheap, while still providing the benefit of a higher stock of customers. Thus, small

firms exert a large number of efforts. If they gain market shares, efforts become more expensive so

they reduce them.

For an intermediate level of α total efforts are maximized if firms are equal in size. From figure

(b) we see why: As the market share of firm i increases so it increases its effort as it gains more by

exploiting its customers. However, the bigger the market share gets, the bigger also the marginal

costs of the efforts become. Thus it reacts less and less to an increase.

In line with the results in the main section of the paper, for the intermediate level of α = 0.4 we

find that while equal-sized firms seem to exert the most efforts and efforts of firms are increasing as

a firm gains market share, this is not true for the smallest firms. In fact, for very small firms gaining
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market shares lowers their own efforts. As it gains market shares it profits more from a higher level

of customers but also faces higher costs of efforts. For very small firms the cost effect dominates,

leading to lower efforts.

As a caveat, in all cases, the market share is moving towards the steady state level of equal

split market shares. Thus asymmetry tends to not be persistent. There are still differences between

the different markets, the most of which being that especially for high levels of α but to a lesser

degree also lower levels, high asymmetries are eliminated quickly as compared to smaller degrees of

asymmetry.
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2.c robustness

2.c.1 Monopolist

It is theoretically possible that one firm finds it optimal to cover the whole market. Without loss of

generality assume that firm i serves as the monopolist such that qi = 1, xj = 0, and qj = 0. Let x̃ be

the smallest effort necessary to capture the whole demand be x̃ = min {xi : qi(xi, 0) = 1}}.

x∗i =


x̃ if γ′(x̃)− x̃ < 0

γ′(x∗i ) else

In the first case a monopolist exerts just enough effort to foreclose the market. In the second case a

monopolist exerts more effort than is required to obtain all of the market. For xi = x∗i to be profit

maximizing we require that the marginal profits for qi are positive such that:

lim
xi→x̃+

∂πi(xi, 0)
∂xi

= gγ(x̃) + γ′(x̃)− αg
2

x̃2 − x̃ ≥ 0 (2.13)

For xi = x̃ and α > 0 the marginal profits of firm j are positive at xj = 0:

lim
xj→0−

∂πj(xj, x̃)
∂xj

=


gγ(0)− 0 if α = 0

gγ(0)
(2.14)

If equation (2.13) is satisfied but (2.14) is not, the market features at least one equilibrium in

mixed strategies. Additional, it may or may not have a pure strategy equilibrium with positive

market shares for both firms, as has been discussed in the main section. It does not feature a pure

strategy equilibrium with foreclosure. However, there is very little to be learned form discussing the

mixed strategy equilibrium.

If both requirements are satisfied firm i takes over the market. In this case the reaction of firm i

to small changes in xj can be threefold:

dxi

dxj
=


0 if xi > x̃

1 if xi = x̃ and limxi→x̃+
∂πi(xi ,0)

∂xi
> 0

> 1 else
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In the first case the firm overexerts efforts, so a change in firm j’s behavior doesn’t impact its

choice as it still has a market share of 1. In the second case, firm i compensates such that it market

share stays at 1. In the last case, firm i reacts by stopping foreclosure and we return to a competitive

environment.

The same principle applies to a change in the parameters: It has no effect, increases the efforts of

firm i to keep up the monopoly, or leads to entry and competition between two firms with positive

market shares.

2.c.2 Abstract profit function

πi(xi, qi(x1, x2)) = R(xi, qi(x1, x2))− C(xi, qi(x1, x2)) (2.15)

∂

∂xi
πi(xi, qi(x1, x2)) =

∂

∂xi
R(xi, qi(x1, x2))−

∂

∂xi
C(xi, qi(x1, x2))

+

(
∂

∂qi
R(xi, qi(x1, x2))−

∂

∂qi
C(xi, qi(x1, x2))

)
∂qi

∂xi

∂2

∂xi∂xj
πi(xi, qi(x1, x2)) =

(
∂2

∂xi∂qi
R(xi, qi(x1, x2))−

∂2

∂xi∂qi
C(xi, qi(x1, x2))

)
∂qi

∂xj

+

(
∂2

∂q2
i

R(xi, qi(x1, x2))−
∂2

∂q2
i

C(xi, qi(x1, x2))

)
∂qi

∂xi

∂qi

∂xj

Assume: ∂qi
∂xj

= − ∂qi
∂xj

= −g̃

∂2

∂xi∂xj
πi(xi, qi(x1, x2)) = −

(
∂2

∂xi∂qi
R(xi, qi(x1, x2))−

∂2

∂xi∂qi
C(xi, qi(x1, x2))

)
g̃

−
(

∂2

∂q2
i

R(xi, qi(x1, x2))−
∂2

∂q2
i

C(xi, qi(x1, x2))

)
g̃2

Assume: ∂2

∂q2
i
R(xi, qi(x1, x2)) = 0
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∂2

∂xi∂xj
πi(xi, qi(x1, x2)) = −

(
∂2R

∂xi∂qi
− ∂2C

∂xi∂qi

)
︸ ︷︷ ︸

>0

g̃ +
∂2C
∂q2

i︸︷︷︸
<0

g̃2

The last expression is negative and large in absolute terms for small values of qi. If qi is small

than attracting addition customers lowers the costs (economies of scale). The greater the number of

customer the smaller this gain.

The first expression is the net return of customer to the efforts. The expression is negative as

additional customers reduce the gain per customer. If this were net the case than increasing the

efforts would lead to additional customers and an increase in the return per customer. Thus, the

previous level was not profit maximizing to begin with.

For small values of qi the second term dominates and efforts are strategic complements. As qi

increase it becomes less relevant. At the same time the first term increases in importance. Thus

efforts become strategic complements as the firm gains additional customers.

In the model in the paper the parameter α affects the relative importance of both aspects. An

increase in α weakens the last effect thus it makes efforts more likely to be strategic complements.

2.c.3 Loyalty: Double Peaked Distribution

As discussed the market for smartphones exhibits a high degree of customer loyalty. According to a

2013 survey by WDS 76% of all IPhone customers continue to buy a new IPhone. This percentage is

58% for Samsung - the manufacturer with the greatest sales among Android phones.18 This shows

that both customers staying with a firm and switching are relevant in numbers.

Loyalty is modeled with a double peaked distribution of g(·). Half of the customers exhibit a

preference for each of the brands. Customers loyal to firm 1 are drawn from a distribution with

E(θ) < 0. More generally this implies that ∂2qi
∂x2

j
= − ∂2qi

∂xi∂xj
> 0. Figure 2.4 illustrates one example for

such a g(θ). The peaks represent two groups of loyal customers.

The first-order condition remain unchanged and the second derivative with respect to xj is:

18 WDS http://www.wds.co/apple-samsung-vs-rest, Accessed 24/01/2016

http://www.wds.co/apple-samsung-vs-rest
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∂πi(x1, x2)

∂xi
=

∂qi(x1, x2)

∂xi

(
liγ(xi)− αq(α−1)

i x2
i /2
)
− qα

i xi + qiliγ′(xi)

∂πi(x1, x2)2

∂xi∂xj
=

∂2qi(x1, x2)

∂xi∂xj

(
liγ(xi)− αq(α−1)

i x2
i /2
)

+
∂qi(x1, x2)

∂xi

(
α(1− α)q(α−2)

i x2
i /2
)

− ∂qi(x1, x2)

∂xj

(
αq(α−1)

i xi − liγ′(xi)
)

∂πi(x1, x2)2

∂x2
i

=
∂2qi(x1, x2)

∂x2
i

(
liγ(xi)− αq(α−1)

i x2
i /2
)

+
∂qi(x1, x2)

∂xi

(
α(1− α)q(α−2)

i x2
i /2
)

− ∂qi(x1, x2)

∂xi

(
αq(α−1)

i xi − liγ′(xi)
)

+
∂qi(x1, x2)

∂xi

(
liγ′(xi)− αq(α−1)

i xi

)
− qα

i + qiliγ′′(xi)

The reaction function is given as:

dxi

dxj
=

(
−

∂π2
i (x1, x2)

∂x2
i

)−1

︸ ︷︷ ︸
>0

∂π2
i (x1, x2)

∂xi∂xj



2.c robustness 41

Using that ∂qi(x1,x2)
∂xi

= − ∂qi(x1,x2)
∂xj

and ∂2qi(x1,x2)
∂xi∂xj

= − ∂2qi(x1,x2)
∂x2

i
the equations simplify to:

∂2πi(x1, x2)

∂xi∂xj
=

∂qi(x1, x2)

∂xi

(
α(1− α)q(α−2)

i x2
i /2 + αq(α−1)

i xi − liγ′(xi)
)

− ∂2qi(x1, x2)

∂x2
i

(
liγ(xi)− αq(α−1)

i x2
i /2
)

−∂2πi(x1, x2)

∂x2
i

=
∂2πi(x1, x2)

∂xi∂xj

− ∂qi(x1, x2)

∂xi

(
liγ′(xi) + αq(α−1)

i xi

)
+ qα

i + qiliγ′′(xi)

The only new aspect of the reaction function is

∂2qi(x1, x2)

∂x2
i

(
liγ(xi)− αq(α−1)

i x2
i /2
)
=

∂πi

∂qi

which gives the change to revenue per customer in response to a change in the number of customers,

ignoring firm reactions.

The sign of ∂πi
∂qi

must be positive. Although it can be locally profit maximizing to exert efforts

such that ∂πi
∂qi

< 0 if the liγ′ is sufficiently large, this would imply that πi(xC
i , xC

j ) < 0 < πi(0, xC
j ) and

violate the participation constraint.

Proposition 2.3: Let xC
i be the equilibrium efforts of the original game. Increasing the split between both

customer groups such that more customers become loyal to their respective brands while the market shares

remain unchanged such that ∂qi(x1,x2)
∂xi

∣∣∣
xi=xC

i

remains unchanged and ∂q2
i (x1,x2)

∂x2
i

∣∣∣
xi=xC

i

increases, leaves the equi-

librium unchanged but reduces the reaction functions of firm i.

Proof. The second derivative of the demand does not enter the FOCs of the firms. Thus the

equilibrium efforts remain an equilibrium. Additionally, the sign of ∂πi
∂qi

must be positive. Otherwise,

πi(xC
i , xC

j ) < 0 < πi(0, xC
j ) and the firm would prefer to exert no efforts. Consequently, a positive

term is subtracted from the numerator and denominator. Thus, the reaction depends on the size of

the original reaction.
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2.c.4 Asymmetries in G(·)

The second case of asymmetry that we discuss is an asymmetry in the demand structure. More

precisely, we consider that one firm faces a higher demand then its competitor if the efforts are

symmetric. To facilitate this a parameter ψ is added to the demand function such that:

q1(x1, x2) = G(x1 − x2 + ψ) (2.16)

Parameter ψ acts like free R&D - it raises demand while leaving the per-person revenue and costs

unchanged. A higher ψ can be the result of entrenchment and other historic aspects of the market

such as being the default option being distributed with an operating system. Consider for example

Microsoft’s Internet Explorer which’s market share has a for a long time surpassed its competitors by

a huge margin. 19

A positive ψ implies that more customers are loyal to firm 1 relative to firm 2. Additionally, we

assume that c1 = c2 = 1, that g(·) = g̃ and that liγ(·) = γ2(·) = γ(·). The equilibrium efforts then

are:

xC
i =

g̃
qi

(
q1−α

i γ(xi)−
α

2
x2

i

)
+ q1−α

i γ′(xi) (2.17)

As previously discussed, the first-order effect of an increase in xj is a decrease in xC
i for small α and

an increase for large α. In fact the reaction of firm 1 to a decrease in ψ is equal to its reaction to an

increase in x2. A reduction in ψ cannot lead to an increase of the efforts of both firms.

Proof. This would require that dx1
dx2

> 0 and that dx2
dx1

< 0. This requires that:

α

(
g̃
qi

)2 (
γ(xi)q1−α

i −
x2

i
2

)
+ (1− α)

(
− g̃

qi
q1−α

i γ′(xi)

)

First, ψ > 0 implies that q1 > q2, otherwise dx2
dψ = dx2

dx1
> 1 for at least one parameter set, which

cannot be the case as then x2 could not be profit maximizing. Furthermore, x1 > x2. If x2 > x1 then

firm 2 needs to have a higher per-customer profit than firm 1. However, then firm 1 would find

it profitable to match firm 2’s efforts as marginal profits are increasing in the customer base. The

incentives to positively respond to an increase in the compositors profits are negatively dependent

on the market share. Thus, an increase in firm 2’s market share leads to only a small change in the

costs of firm 1. Thus, it is less likely to lower its efforts.

19 See http://www.netmarketshare.com, Accessed 03/05/2016

http://www.netmarketshare.com
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dx1
dψ > 0 dx1

dψ < 0
dx2
dψ > 0 intermediate α

and g, high ψ
high α, high g,
low ψ

dx2
dψ < 0 low α, low g, high

ψ
not possible

Table 2: Comparison of Reaction Sign

Thus, we can observe 3 different cases: dx1
dψ > 0, dx2

dψ > 0: An increase in ψ raises total efforts and

is advantageous for all customers. dx1
dψ > 0, dx2

dψ < 0: An increase in ψ harms the customers of the

laggard and helps the customers of the leader. dx1
dψ < 0, dx2

dψ > 0: An increase in ψ helps the customers

of the laggard and harms the customers of the leader.

As before, we observe that for low level of α the reaction is always negative and for high levels

it is always positive. In between, for α = 0.08 the reaction is now positive or negative for both the

leader and the laggard. The main reason for the difference is that the measure of asymmetry used

here directly impacts both firms.

For a small g̃ the efforts are strategic substitutes for both firms and for a high g̃ they are strategic

complements. Lets consider a level of g̃ (g̃ ≈ 0.46) such that firms do not directly react to each other

in absent of any asymmetry. As asymmetry increases the reaction of the leader becomes negative.

The increase in its market share does not directly affect its efforts, but it flattens its cost curve. Thus,

an increase in the efforts of firm 2 steepens the cost curve and encourages the leader to lower its

efforts.

Similarly, the reaction of firm 2 becomes positive. An increase in asymmetry makes its efforts

steeper. Thus, it reacts to an increase of the efforts of the leader by increasing its efforts due to the

reduction of its unit costs.
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Figure 2.5: Comparison for different ψ
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2.d network effects

In this section we briefly calculate the reaction signs for the case when the revenue per customer

depends not on xi but instead on qi. This unfortunately makes the outcome less pronounced while

leading to a similar result. The profit function is given as:

πi(x1, x2) = qi(x1, x2)liγ(qi)− qα
i (x1, x2)x2

i /2

q1(x1, x2) = G(x1 − x2)

q2(x1, x2) = 1− G(x1 − x2)

From this the derivatives are:

∂πi(x1, x2)

∂xi
=

∂qi(x1, x2)

∂xi

(
liγ(qi)− αq(α−1)

i x2
i /2 + qiliγ′(qi)

)
− qα

i xi

∂2πi(x1, x2)

∂x2
i

=
∂2qi(x1, x2)

∂2xi

(
liγ(qi)− αq(α−1)

i x2
i /2 + qiliγ′(qi)

)
+

∂qi(x1, x2)

∂xi

((
2liγ′(qi) +

α(1− α)

2
q(α−2)

i x2
i + qiliγ′′(qi)

)
∂qi(x1, x2)

∂xi
− 2αq(α−1)

i xi

)
− ∂qi(x1, x2)

∂xi
αqα−1

i xi

∂2πi(x1, x2)

∂xi∂xj
=

∂2qi(x1, x2)

∂xi∂xj

(
liγ(qi)− αq(α−1)

i x2
i /2 + qiliγ′(qi)

)
∂qi(x1, x2)

∂xi

∂qi(x1, x2)

∂xj

(
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α(α− 1)
2

q(α−2)
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i + qiliγ′′(qi)
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For the linear demand function the equations simplify to:

∂πi(x1, x2)

∂xi
= g

(
liγ(qi)− αq(α−1)

i x2
i /2 + qiliγ′(qi)

)
− qα

i xi

∂2πi(x1, x2)

∂x2
i

= g
((

2liγ′(qi) +
α(1− α)

2
q(α−2)

i x2
i + qiliγ′′(qi)

)
g− 2αq(α−1)

i xi

)
− gαqα−1

i xi

∂2πi(x1, x2)

∂xi∂xj
= −g2

(
2liγ′(qi)−

α(α− 1)
2

q(α−2)
i x2

i + qiliγ′′(qi)

)
+ gαqα−1

i xi
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Substituting the two extreme values of α into the cross derivative yields:

∂2πi(x1, x2)

∂xi∂xj
= −g2 (2liγ′(qi) + qiliγ′′(qi)

)
α = 0

∂2πi(x1, x2)

∂xi∂xj
= −g2 (2liγ′(qi) + qiliγ′′(qi)

)
+ gxi α = 1

Thus, to have a reaction function that features strategic substitutes for α = 0 and strategic com-

plements for α = 1 we require that for qi at the equilibrium for the respective parameters we

have:

2liγ′(qi) + qiliγ′′(qi) > 0 α = 0

2liγ′(qi) + qiliγ′′(qi) <
xi

g
α = 1

The first equations implies that, at the equilibrium, the revenue function cannot be too concave. If

this were the case a decrease in qi would increase liγ so substantially, that the firm would find it

profitable to increase qi. However if this would have been the case, the firm should have invested in

a higher market share to begin with and thus qi could not have been an equilibrium.

The second equation implies that relative to xi
g the liγ cannot too steep. If revenues are the main

driver of efforts and firms invest into market shares mainly because of the revenue per consumer

increase then a reduction in this erodes their efforts.



3 S TA N DA R D S A N D T H E C O M M O N G O O D : H O W

C O M P E T I T I O N F O S T E R S C O O P E R AT I O N

3.1 introduction

Few firms perform research and development (R&D) in isolation. The increased use of highly

sophisticated products that are interconnected and rely on compatibility with existing and future

products renders the development of new technology increasingly expensive. In response, most

industries have acknowledged that duplication of research efforts is costly and joint development

has advantages, even for firms acting as rivals.

One of the most important implementations of this cooperation is the joint development of

technical standards. Such standards are important for firms to provide high-quality products while

avoiding costly duplication. Many recent innovations would have been economically infeasible if it

were not for competing firms working together in developing the standards necessary. Standards

like 5G, HTML5, USB, or the multitude of IEEE standards covering any field of communications are

jointly developed by firms who are competitors in the market.1

However, few standards are set and then remain immovable. Standards receive updates or

iterations2 and firms need to develop additional functionality built based on them. Firms who have

joined the relevant standard-setting organization and committed themselves to produce products

based on the standard do not stop there. They also need to develop high-quality products based on

the standard and contribute to the specification of the standard. In this paper, we study this aspect

using investment in firm-specific quality, which benefits the firm, and investment in standard-specific

quality, which benefits the whole standard.

This paper contributes to the literature on standards and research joint ventures by explicitly

studying the incentives of firms to contribute to the standard after it has been set which has been

studied insufficiently by the previous literature. Specifically, we are interested in how the degree of

1
5G, for example, is developed by a large number of contributing firms including Qualcomm, Huawei, LG, Siemens,
Amazon, and Microsoft. (see https://webapp.etsi.org/3gppmembership, accessed 07/02/2020)

2 Consider USB 1, 2, 3; or LTE, 3G, 4G, 5G. For a model of generational standard-setting see Larouche and Schuett (2019).

https://webapp.etsi.org/3gppmembership
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product market competition the firms in the standard face from outside the standard impacts firms’

incentives to contribute to the standard and is modulated by the number of firms in the standard.

We find that first, the relationship between firms’ investment in the standard and the quality of the

alternative product outside of the standard has an inverted-U shape and second, that market-based

entry of firms in the standard is inefficient.

Standards enable firms to cooperate in the development of their products and to save on R&D

costs that in high-tech industries are one of the largest drivers of overall cost.3 Doing so presents

the firms involved with the opportunity of large gains if redundancies can be avoided and make

investment attractive even if they benefit direct competitors.4 Every standard addresses a technical

problem that can be better solved if firms join their R&D investments instead of each firm developing

their products separately. Doing so avoids duplication of R&D, enables spillover effects, and allows

them to share existing human capital.

Regulators also appreciate the large benefits to R&D caused by joint research. Both the US and

the EU framework treats agreements on standardization and joint research more leniently than other

agreements between competitors. In the EU, research agreements are typically allowed under Article

101 (3) TFEU or even excluded from the application of Article 101, albeit with some restrictions.5

Our research question is thus to understand why firms are interested in investing in standards,

despite positive benefits to their direct competitors. We show that the collective gain from improving

the overall quality of the technology is a major determinant of this behavior.

First, pooling R&D avoids redundant research, which has benefits for the individual firms but

also society at large. By developing solutions to common problems, firms need not perform the

same costly research themselves and can collectively provide higher quality for a lower cost. Second,

using standardized solutions to technical and technological problems allows firms to make use of

economies of scale. Finally, standard technologies also profit the firms involved directly by enabling

them to compete more effectively against alternative products outside of the standard. However,

firms profit collectively and might find it difficult to appropriate the benefits of their shared research.

Thus, standards share aspects with public good games in that firms benefit collectively but are at the

same time have strong incentives to free-ride on their competitors’ innovation.

In this paper, we focus on a market where firms cannot solve this free-riding problem using

contracts or mechanism design and focus on firms’ individual incentives.

3 Qualcomm invests multiple billions per year in R&D (Brooks, 2013) and other technology firms spend similar amounts.
4 This benefits can lead firms to directly invest in the quality of a competitor if they expect knowledge spillovers or other

benefits to be sufficiently large. Microsoft, for example, is one of the largest contributors to the Linux Foundation both in
code and financially. (https://techcrunch.com/2016/11/16/microsoft-joins-the-linux-foundation/, accessed 07/02/2020)

5 see https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:335:0036:0042:EN:PDF, accessed 07/02/2020.
Similarly, research joint ventures are typically seen to be compatible with the Sherman act.

https://techcrunch.com/2016/11/16/microsoft-joins-the-linux-foundation/
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:335:0036:0042:EN:PDF
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Historically, one important aspect was that the standardization was driving by one (or a few)

champions.6 For example, IBM implemented its own IBM PC architecture but enabled other firms to

contribute to and make use of it.7 While this push by IBM was initially a top-down approach, the

PC standard continued to evolve and now covers 77% percent of the worldwide desktop computer

market.8 Another example can be found in the smartphone market. Nearly all smartphones are built

on a largely identical architecture, which enables firms to spend less time on compatibility issues

and employ economies of scale in the manufacturing of the components.

Standards can also bring more general risks9 and benefits10 to society. However, we abstract from

the potential risks benefits caused by the existence of the standard and focus on firms’ incentives to

contribute to the standard.

In this paper, we focus specifically on the incentives of firms to contribute technology to a given

standard. We develop a model where firms competing in the product market can cooperate in further

developing their joint technology. Investing in joint technology is costly and partially benefits their

competitors within the standards, but improves the individual firms and the standards ability to

compete with the firms outside of the standard.

First, we find that the relationship between firms’ investment in the standard and the quality

of the alternative product outside of the standard has an inverted-U shape. If the outside option

features a high quality relative to the standard firms find it difficult to appropriate the benefit of

an increase in their quality. For a low relative quality of the outside option, firms in the standard

predominantly compete with each other and any investment in the standard benefits their direct

competitors. Consequently, firms invest in their firm-specific quality and not in the quality of the

standard. For an intermediate range of the quality of the outside option, firms invest heavily in

the standard as both effects are present. Competition between the firms within the standard is

sufficiently low while competition with the market outside of the standard is sufficiently high. Thus,

investment in the standard is maximized.
6 See Katz et al. (1985) for a wider discussion of this.
7 “IBM published a technical reference of the system’s circuit designs and software source codes. Because this

was public - and because most of the components were well known within the industry, it made it much easier
for other companies to develop software and build peripherals.” (https://forwardthinking.pcmag.com/pc-hardware/
286065-why-the-ibm-pc-had-an-open-architecture, accessed 07/02/2020)

8 See https://gs.statcounter.com/os-market-share/desktop/worldwide, accessed 07/02/2020. Note that OSX is only com-
patible with the Apple architecture. Linux and Windows are compatible (as emulated version) for either architecture, but
the number of customers using them on the Apple architecture for everyday usage tends to be slim. For a discussion of
incentives to invest in open source technology see Lerner and Tirole (2005)

9 Two often voiced dangers of standards are the risk of collusion among the firms setting the standard (Shapiro, 2001), the
risk of patent-ambush (hold-up) (Farrell et al., 2007), and the problem of standard-essential patents (Lerner et al., 2007;
Lerner and Tirole, 2015).

10 For example by lowering the transaction costs involved with licensing products (Shapiro, 2000).

https://forwardthinking.pcmag.com/pc-hardware/286065-why-the-ibm-pc-had-an-open-architecture
https://forwardthinking.pcmag.com/pc-hardware/286065-why-the-ibm-pc-had-an-open-architecture
https://gs.statcounter.com/os-market-share/desktop/worldwide


3.1 introduction 50

As a direct consequence of this, the quality of the products derived from the standard has an

inverted-U shape reaction to the quality of other competing products and the number of firms

involved in the standard. Thus, firms collective R&D is maximized for intermediate ranges of outside

competition.11

Second, we find that the market-based entry of firms in the standard is inefficient. For a high

degree of competition from outside the standard, an insufficient number of firms enter the market

while for a low degree of competition an excessive number of firms enter. Surprisingly, a change in

the entry cost can move the market from excessive to insufficient entry.12

The rationale behind these results is that entry by firms leads to more efficient R&D if they

share their investments in the standard. The entry of an additional firm means that more firms

can contribute to the standard which by itself leads to a higher quality. However, as more firms

join the standard, firms find it harder to appropriate the benefits of investing in the standard as

their investments benefit a larger number of competitors and firms lower their investments. The net

impact on the quality of the standard can be positive or negative.

For a high degree of competition from outside the standard, the beneficial effect of firm entry

dominates. Entry raises the quality of the standard, which firms cannot completely appropriate

from the customers. Thus, society benefits of firm entry exceed firms’ incentives to do so and an

insufficient number of firms enter.

For a low degree of outside competition, the discouraging effect of firm entry dominates. Entry

lowers firms’ incentives to invest in the standard and lowers the quality of their products. Thus,

customers are harmed by firm entry leading to excessive entry.

This effect interacts with the number of firms in the standard. The beneficial effect of entry

declines with the number of firms already in the standard. Consequently, we observe insufficient

entry for high entry costs and thus a low number of firms or excessive entry for low entry costs and

thus a high number of firms.

11 The same is not necessarily true for their efforts. Standard investment avoids duplication, thus if firms substitute their
firm-specific investment with investment in the standard they can offer higher quality at a lower cost.

12 This results extends the finding of Mankiw and Whinston (1986) that the gap between optimal entry and market entry
is driven by imperfect competition and the business stealing effect. We extend this by a spillover effect as firms fail to
consider the effect that entry has on the aggregate level of spillovers produced within the standard.



3.2 literature 51

3.2 literature

This paper contributes to the literature on innovation, research joint ventures, and standard develop-

ment by explicitly focusing on the incentives of firms to invest in incremental improvements of the

standard after the standard has been set. We specifically study the firm’s choice between investing

in the quality of its own product or the quality of the standard. Investment in the latter produces

spillover effects on the firms’ competitors and thus acts as a public good. In contrast to the previous

literature, we focus specifically on this public good aspect of the incremental improvement of a set

standard. Based on this we find novel results regarding the effect of the level of product market

competition firms face from outside the standard on their incentives to invest in the standard and on

the welfare-maximizing number of firms in the standard relative to free entry.

Our results contribute to the literature on the incentives to invest in R&D and to participate

in standards. As the literature has previously emphasized, firms’ incentives to invest in R&D are

driven by the positive effect of being able to share spillovers and thus improve their products and the

negative effect of those spillovers also profiting their competitors (Bloom et al., 2013). Consequently,

the negative effect of spillovers combined with the danger of free-riding can discourage firms from

forming collaborations even if doing so would benefit them (Goyal and Moraga-Gonzalez, 2001;

Goyal and Joshi, 2003). These theoretical effects have been backed by empirical findings on the effect

of spillovers on standardization and investments. Collaboration can be beneficial to firms if spillover

effects are high and the level of competition is low (Branstetter and Sakakibara, 2002; Cassiman and

Veugelers, 2002). Furthermore, it has been shown that additional firms joining a consortium, i.e. a

group of firms collaborating in R&D, has a positive effect on the investments of its members (Baron

et al., 2014).

The literature has addressed this trade-off by studying the incentives of firms to coordinate their

R&D efforts and what effect this has for society. Cooperation among competitors can benefit society

if spillovers are high (d’Aspremont and Jacquemin, 1988) and can mitigate the free-riding problem

associated with R&D (Spence, 1984). Furthermore, as cooperation benefits the firms collectively

interventions such as subsidies improve welfare by little (Leahy and Neary, 1997). However, for the

benefits to arise firms must coordinate their contributions but not their production (Kamien et al.,

1992).

We contribute to this literature by studying firms’ incentives to independently invest in R&D if

the investment can take the form of firm-specific and standard-specific quality improvements where

only the latter produces spillovers. By doing so we emphasize the public-good aspect of contributions
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to a standard. Based on this we study how the level of product market competition firms in the

standard face from outside the standard impacts their investment choices.

The economic literature has shown a wide range of possible parameters of competition. Concern-

ing innovation, firm entry and product substitutability have both been the workhorse measures of

competition (e.g. Vives, 2008). In this paper, we consider a previously set standard with a fixed level

of product market substitutability. Instead, we vary the level of product market competition firms in

the standard face from outside the standard as a measure of the toughness of the market.13

Finally, cooperation among competitors has been addressed in two more important strands of

the literature discussing aspects that we abstract from. For tractability, we do not consider firms’

ability to appropriate the benefits of their R&D by licensing their technology to competitors (Katz

and Shapiro, 1985, 1986) and the strategic choice of firms to set the degree of compatibility between

their products (Katz et al., 1985). Furthermore, we abstract from the many challenges associated

with the set-up of a standard and assume that the firms have found a way to overcome them.14

Instead we focus directly on an existing standard and study firms’ incentives to invest in incremental

improvements.

3.3 model

First, Section 3.3.1 describes the model of market competition that is used to derive the main results

in Section 3.4. Following this, Section 3.3.2 introduces a specific functional form of this model: the

Logistic Demand Model, which we use in Section 3.4.2 to study firms’ investments choices and how

they relate to welfare. This paper focuses on the impact that the value of any competing technology

relative to the standard has on firms’ investment. To study this we introduce outside competition as

parameter µ.

3.3.1 General Demand Model

We consider a market that consists of n ≥ 2 firms, jointly described as the set N = {1, 2, . . . , n} all of

which are part of the same standard. The firms sell products on a downstream market featuring an

13 Competition from outside the standard is not a competition measure in the sense of Boone (2008) as it does not increase
the relative profit difference between firms within the standard.

14 Lerner and Tirole (2004) discusses the incentives of firms to join a patent pool using a theoretical model. Layne-Farrar and
Lerner (2011); Gallini (2014) analyzes firms’ incentives to participate in standards empirically.
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infinite number of customers with heterogeneous preferences and unit-mass.15 Additionally, firms

also conduct research and development (R&D) to improve the quality of the products. Investment

is costly and can take two forms. Investment in firm-specific quality (vi) raises exclusively the quality

of the investing firm’s product. Investment in standard-specific quality (si) benefits all firms in the

standard including the investing firm. Both types of investments are beneficial to a firm. However,

investment in firm-specific quality is more profitable as a firm can appropriate all the benefit, while

investment in the standard has spillover effects on the other firms in the standard and thus has a

higher collective benefit.

Firms in the standard sell partial substitutes and thus compete with each other. The quality of

firm i’s product is determined by its investment in firm-specific quality (vi) and by the combined

investment of all firms in standard-specific quality. The quality of the standard (S) is given as the

sum of all investments in the standard such that S = ∑i∈N si. Combining both gives the quality of

firm i’s product as:

ui = vi + S = vi + ∑
j∈N

sj (3.1)

The costs of investment are independent of the quantity produced and only depend on investment

in standard-specific quality (si) and in firm-specific quality (vi). Specifically, we assume a simple,

quadratic, symmetric, and independent specification:

Ci(si, vi) =
s2

i + v2
i

2
(3.2)

Costs are increasing and convex in each type of investment. Discovering potential quality improve-

ments is costly, but some ideas are easier to implement than others. Once the cheap ideas have been

implemented the remaining ideas are more costly. We abstract from any dependence of the two

types of investment to simplify the analysis. Both types of investments are linked through their effect

on firms’ demand thus we rule out other sources of dependence.

Firm i’s profit is given by:

πi(·) = piqi(u, p|µ)− Ci(si, vi) (3.3)

To simplify notation, we use bold variables to represent the vectors of the firm’s individual variables.16

Furthermore, for readability, we suppress the parameters of functions if there is no risk of confusion.

As such qi may denote the demand function or the demand value. The parameter µ gives the value
15 We require a smooth demand function and strategically unsophisticated buyers. Assuming an infinite number of customers

guarantees this and keeps the general model consistent with the logistic demand model.
16 For example, u = [u1, u2, . . . , un].
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of the alternative to the standard and changes the demand function for the firms within the standard.

The set N refers to the firms in the standard while µ captures all aspects external to the standard

including outside competitors in the same market or any other substitutes (including not purchasing).

We discuss µ in detail later in this section.

The net-profit per customer is given by pi. In the main part of the paper, for ease of exposition, we

consider prices to be fixed for all firms such that pi = 1. Consequently, we suppress the dependence

of demand on prices and write qi(u|µ). Appendix 3.B.1 presents a model with price-setting and

numerical results that show that allowing for price-setting leads to similar results. Most importantly,

the core result of the paper remains in the model with endogenous price-setting. For an exogenous

price, the level of the prices (pi) does not change the model qualitatively. Thus, we set prices to 1.17

For tractability, we restrict the timing to a single-period market with simultaneous choices.

All firms decide on their investment in firm-specific quality vi, and standard-specific quality si

simultaneously.

Assumption 3.1: Demand satisfies the following assumptions:

(i) Demand for firm i is increasing in the quality of firm i, decreasing in the quality of its competitors j 6= i,

and increasing in a shift of the quality of all firms:

∂qi

∂ui
> 0,

∂qi

∂uj
< 0, ∑

j∈N

∂qi

∂uj
> 0

(ii) Demand is symmetric such that exchanging the quality of two firms exchanges the demand for their

products.

(iii) Demand satisfies the following technical assumptions:

∂2qi

∂u2
i
< 1, ∑

k∈N

∂2qi

∂ui∂uk
> 0, ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk
<

1
n

∑
k∈N

∂2qi

∂ui∂uk
+ n ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk
< 1

(
∂2qi

∂u2
i
− 1
)(

∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk
− 1

)
>

(
∑

k∈N

∂2qi

∂ui∂uk

)2

In Assumption 3.1, item (i) defines the basic characteristics of any sensible demand system. The

requirement ∑j∈N
∂qi
∂uj

> 0 is important as otherwise investing in the standard is never profitable.

17 The price chosen (pi = 1) is the smallest price firms can charge in the extended model. A higher price increases both
investments by the same amount while leaving their relative profitability unchanged.
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Item (ii) is introduced for simplicity. Item (iii) is introduced to guarantee a profit function that is

concave in the firm’s investment. It is not necessary that demand is concave in the quality of the

firms. In fact, the model introduced in the following section features a demand function that is

convex in the quality of firms. Instead, we do require that the second derivative does not exceed 1.

Furthermore, ∑j∈N ∑k∈N
∂2qi

∂uj∂uk
< 1

n guarantees that if all firms raise their investment in the standard

the incentive of all firms to raise it further is smaller. The second part of the assumption is technical

and guarantees that profits are concave with-respect to both investments.

Assumption 3.2: For a given vector of firms’ quality (u) an increase in µ impacts demand such that:

∂qi

∂µ
< 0,

∂2qi

∂ui∂µ
< 0,

∂2qi

∂uj∂µ
> 0 (3.4)

Furthermore, an increase of µ and all ui by the same amount leaves demand unchanged:

qi(u|µ) = qi(u + ε · ⊇ | µ + ε), (3.5)

⊇ ≡ [1, 1, . . . , 1]

Parameter µ is the main variable of interest and gives the value of the outside product as

compared with the standard. Given that the system is invariant to changes in ui and µ by the same

amount, µ only gives the relative quality of the outside option as compared with the standard.18

Assumption 3.2 defines the demand system with respect to µ. First, a high value of µ implies

that the quality of the technology competing with the standard is high and that the quality of the

standard is low. Consequently, demand for any standard product on the margin is declining in µ as it

becomes relatively unattractive. Importantly, demand is declining in µ for all firms in the standard.19

Second, for a higher µ, infra-marginally, the remaining customers have a stronger preference for

one of the products. Thus, a higher µ implies that the quality of the products in the standard is less

important for attracting customers from within the standard and relaxes intra-standard competition.

This causes the customers of firm i to react less to changes in the quality of firm i and less to changes

in the quality of firm j (recall that ∂qi
∂uj

< 0).

The justification for this assumption is that an increase of µ does not attract arbitrary customers

from the standard but instead attracts the customers who are the least satisfied with their choices

within the standard. In contrast, customers, who have a strong preference for a specific product in

18 A higher µ could be due to a higher quality of the outside option, a lower quality of the standard at zero investment, or
both. This makes it impossible to compare the welfare of consumers across different µ specifications.

19 Consequently, we abstract from the possibility of some products in the standard being ‘closer’ to the outside option.
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the standard remain in the standard. This causes the customers in the standard to be less sensitive to

quality as they have stronger product-specific preferences.20

Finally, to determine the response of firms’ investments to changes in µ we need to link the quality

of the outside option to the equilibrium quality of the standard. Thus, we assume that the level of

u and the level of µ impact the demand in the same but opposite way such that an increase in the

quality of the outside option and an increase in the quality of all firms’ products in the standard by

the same amount leaves demand unchanged. Demand as a function of u and µ is level independent.

3.3.2 Logistic Demand System

Using an abstract demand function allows us to sign the effect the quality of the competing products

µ has on firm i’s investment in the standard (si). To analyze firms’ profits and total welfare we

require a specific functional form of the demand system that is nested within the General Demand

Model outlined in 3.3.1. For this, we rely on the Logistic Demand Model of Multinomial Choice

(McFadden, 1973).

Assumption 3.3: Demand follows the logistic demand model such that firm i’s demand qi is given as:

qi(u|µ) =
exp(ui)

∑j∈N exp(uj) + exp(µ)
, (3.6)

where ui = vi + S = vi + ∑
i∈N

si

The Logistic Demand Function is a special case of the demand function satisfying Assumptions

3.1 and 3.2 which is shown in Appendix 3.A.3. All other assumptions from the General Demand

Model are directly applicable to the Logistic Demand Model.

As above, the parameter µ ∈ R gives the quality of the outside product competing with the

firms in the standard. In the logistic demand model, it can be directly interpreted as the utility

customers derived from the outside option relative to the standard. For µ→ −∞, the outside option

is unattractive to customers, thus they only consider the firms in the standard as valid options

and firms exclusively compete with firms in the same standard. It is important to stress that even

for a complete standard that covers all substitutes in a market segment without any competing

products µ would not reach −∞. The parameter µ also contains customers reservation utility of not

20 If the idiosyncratic preferences of customers for the specific products are not perfectly correlated with each other or the
outside option this assumption is satisfied. This is the case in the logistic demand model.



3.3 model 57

purchasing any product.21 For µ→ +∞, the outside option is very attractive to consumers. In this

case, consumers do not purchase from any of the firms in the standard.

We consider the logistic demand model as it is a specific model to illustrate the mechanisms at

work here. It is a simple model that satisfies the criteria laid out in Section 3.3.1. Furthermore, it has

a well defined micro-foundation with a simple utility structure and expression for consumer surplus.

Thus, we can derive welfare and profits and study how they are impacted by the market parameters.

It also offers a natural interpretation of µ.22

Appendix 3.B.2 extends the results to a linear demand function. Finally, Appendix 3.B.3 discusses

a demand system built on the Hotelling model of competition (Hotelling, 1929). By showing that

substantially different demand set-ups lead to qualitatively similar results we illustrate that the

results presented here are not exclusive to the logistic demand specification used but emerge from

a fundamental underlying interaction of competition, outside pressure, and firms’ investments in

common technology.

The logistic demand model is micro-founded on a consumer choice model where consumers

derive a base utility from product i that is given as the quality (ui) defined in Equation (3.1).

Additional to this base utility, each customer (j) derives an idiosyncratic random utility (ξi,j) associated

with each product which is drawn independently from a Gumbel distribution23. The utility of the

outside option is given as µ. Consumer j compares the individual utility (ui + ξi,j) of all products

and purchase the one that gives the highest utility. Summing up their choices overall consumers

gives the demand specification in Equation 3.6.

Finally, to study the effect of the number of firms on welfare we introduce a fixed cost of joining

the standard (F ∈ R+) at the end of Section 3.4. We consider a simple entry model where firms

enter as long as the equilibrium-profits after entry weakly exceed F.24 Furthermore, we assume that

entry does not impact the quality of the outside option µ. Thus, entry occurs either from outside the

market or from the competitive fringe inside the market such that µ remains unchanged. In both

cases the profits outside of the standard are assumed to be 0.25

21 Thus µ→ −∞ implies a demand model where every customer purchases exactly one product from a firm in the standard,
disregarding any outside option. Demand is then a zero-sum game between the firms in the standard such that each
customer attracted comes from one of the firms in the standard.

22 From a technical point, demand is naturally bound between (0, 1), is continuously differentiable in the firms’ choice
variables, and firms’ reaction to other firms’ behavior is proportional to their market shares such that a firm reacts stronger
to a change in the behavior of a big firm as opposed to a small firm, and numerical solution stable and easy to compute.
Furthermore, the logistic demand model is widely used in empirical and theoretical research.

23 Generalized Extreme Value distribution Type-I
24 While firms strategic entry choices in a standard can be interesting by itself, it is not the focus of this paper.
25 Relaxing the assumption of independence of µ and the number of firms requires us to explicitly model the outside option

which we specifically want to avoid.
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3.4 analysis

In this section, we study the impact that competition from outside the standard (µ) has on the firms

within the standard and their investment in firm-specific and standard-specific quality. First, we

derive how firms change their investment choices (vi, si) in response to changes in the quality of

the outside option for the general demand system given in Section 3.3.1. Doing so allows us to

characterize when investment in the standard is increasing or decreasing with respect to µ.

Following the general model, we repeat the exercise for the specific logistic demand system

outlined in Section 3.3.2. Finally, we discuss the impact that the number of firms (n) and the quality

of the outside option (µ) have on firms’ profits and welfare. Initially, we ignore the fixed costs of

joining the standard and study the equilibrium after entry for a given number of firms. Sections 3.4.3

and 3.4.4 study the impact of the fixed costs on the endogenous entry of firms and how firms’ entry

decision relates to its impact on welfare.

3.4.1 General Demand specification

Combining the profits of firm i from Equation (3.3) with the cost function specified in Equation (3.2)

gives:

πi(v, s|µ) = qi(u(v, s)|µ)−
s2

i + v2
i

2
(3.7)

Based on this, we derive the Nash-Equilibrium in investments as:

Proposition 3.1: Under Assumptions 3.1 and 3.2, there exists a Nash Equilibrium such that firm i invests

s∗i > 0 in standard-specific quality and v∗i > 0 in firm-specific quality that are individually profit maximizing

and implicitly defined as:

v∗i =
∂qi

∂ui

s∗i = ∑
j∈N

∂qi

∂uj

Proof: see Appendix 3.A.1.

The proof of Proposition 3.1 is straight forward. The first-order conditions directly give the

best-response functions and existence immediately follows from the profit function being concave

(Assumption 3.1). A fixed-point of the best-response function is established based on si, vi being

limited to a compact and convex set.
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By Assumption 3.1, ∑j∈N
∂qi
∂uj

> 0, thus an increase in firm i’s investment in the standard (si)

increases its demand (qi). From firm i’s perspective both types of investment have the benefit of

increasing its quality (ui) and thus raising demand for its products (qi). However, investment in the

standard has the drawback of also raising firm i’s competitors’ quality (uj) which in turn lowers firm

i’s demand (qi):

s∗i =
∂qi

∂ui
+ ∑

j∈N\{i}

∂qi

∂uj
= v∗i + ∑

j∈N\{i}

∂qi

∂uj︸︷︷︸
<0

An increase in the quality of the outside option (µ) impacts firms’ investments directly by changing

how demand responds to the firm’s quality. The change in firms’ investments also has a secondary

effect on the equilibrium investments which depends on how the changes to investments caused due

to the change in µ impact firms’ qualities (u). Assumption 3.2 defines how a change in µ directly

impacts the incentives of the firm. For ease of exposition we focus on the symmetric equilibrium.

However, for readability we continue to use a sub-index i for firm i’s variables.26 From this we derive

the following proposition:

Proposition 3.2: For Assumptions 3.1 and 3.2 the reaction of the equilibrium investments (v∗i , s∗i ) of firm i

to a change in µ is given by:

dv∗i
dµ

= −
(

∑
k∈N

∂2qi

∂ui∂uk

)(
1− ∑

k∈N

∂2qi

∂ui∂uk
− n ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk

)−1

ds∗i
dµ

= −
(

∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk

)(
1− ∑

k∈N

∂2qi

∂ui∂uk
− n ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk

)−1

du∗i
dµ

=
dv∗i
dµ

+ n
ds∗i
dµ

,

where du∗i
dµ < 1 and dv∗i

dµ < 0.

Proof: see Appendix 3.A.2.

Starting with the optimal investment levels given in Proposition 3.1 and taking the total derivative

with respect to µ yields the given expressions for dv∗i
dµ , ds∗i

dµ . The reaction of v∗i and s∗i is given as a

system which links dv∗i to dv∗i and ds∗i . By Assumption 3.1, ∑
k∈N

∂2qi
∂ui∂uk

+ n ∑
j∈N

∑
k∈N

∂2qi
∂uj∂uk

< 1.

First, consider the change to the quality of the products in the standard
(

du∗i
dµ

)
, we see that du∗i

dµ < 1

such that the relative quality of u∗i − µ declines in µ. Firms do not overreact to a change in µ.

26 Given the abstract nature of the profit function, the existence of an asymmetric equilibrium cannot be ruled out. However,
studying the symmetric equilibrium improves the exposition of the mechanism at work.
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Second, consider the effect the quality of the outside option (µ) has on firms’ investments in

firm-specific quality ( dv∗i
dµ ). By Assumption 3.2, a higher quality of the outside option (µ) implies

that firms’ quality is less important in attracting customers and firms provide lower equilibrium

investments in firm-specific quality. This is the direct effect of µ relaxing intra-standard competition.

Third, consider the effect the quality of the outside option (µ) has on firms’ investments in

standard-specific quality ( ds∗i
dµ ). Similarly to its effect on v, a higher quality of the outside option (µ)

means that firms’ quality is less important in attracting customers. However, a higher µ also implies

that firms compete less with the other firms in the standard and more with the outside option. The

first effect causes firms to invest less in the standard. The second effect causes firms to invest more

in the standard. Thus, the net impact of a higher µ on s∗i can be positive or negative.

The reaction of investment in the standard depends on the relative importance of ∂2qi
∂ui∂µ < 0

and ∂2qi
∂uj∂µ > 0 (by Assumption 3.2) and can thus be positive or negative. If the effect of a higher µ

is primarily to lower the importance of firms’ own quality in attracting new customers such that
∂2qi

∂ui∂µ � 0 firms provide lower investments in the standard if the quality of the outside option is

higher. If the effect of a higher µ is primarily to lower the importance of the quality of other firms in

the standard in attracting new customers such that ∂2qi
∂uj∂µ � 0 firms provide higher investments in

the standard if the quality of the outside option is higher.

By Assumption 3.2, an increase in the quality of the outside option µ makes investing in the

standard more attractive relative to investing in the firm-specific quality. Firms are discouraged

from investing in the standard as this also benefits their direct competitors. However, a higher

level of competition from the outside (a higher µ) diminishes the effect this has on firms’ incentives.

If ds∗i
dµ , dv∗i

dµ < 0 the primary effect of a higher µ making investments less attractive dominates and

firms invest less in the standard. If ds∗i
dµ > 0 and dv∗i

dµ < 0 the secondary effect of a higher µ relaxing

competition between firms in the standard dominates. Thus, for a higher µ firms invest more in the

standard.

It is not straight-forward to see which of the two cases may occur when. As we see it depends

on the sign of ∑
j∈N

∑
k∈N

∂2qi
∂uj∂uk

. Which captures how a change in µ impacts firms’ incentives to invest

in the standard. It includes the direct benefit of improving ones own quality

(
∑

j∈N

∂2qi
∂ui∂uj

)
and the

benefit that is lost due to competitors profiting from the investment ( ∑
j∈N\{i}

∑
k∈N

∂2qi
∂uj∂uk

). Assumptions

3.1 and 3.2 describe the demand system locally and are not sufficient to pin down the areas where

one effect dominates. We continue to give an illustration of the effects that cause one of the aspects to

dominate. In the following section, we discuss one such case as part of the Logistic Demand model.
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As an example, consider a market consisting of two types of customers. General customers are

indifferent between all products in the standard, while specialized customers have a strong preference

for one of the products in the standard. Furthermore, consider two cases. First, imagine that the

general customers have a lower preference for the standard itself and are thus most readily attracted

to the outside option. If the quality of the outside option is higher fewer general customers consider

the products in the standard. The remaining specialized customers have a higher firm-specific

preference. Thus, firms’ investments are less relevant to attracting customers from their competitors

in the standard and investing in the standard makes the quality of the competitors less important in

determining the firms’ market share. This encourages firms to invest in the standard to attract more

customers. In this case we have − ∑
j∈N

∑
k∈N

∂2qi
∂uj∂uk

> 0.

Second, imagine that the general customers have a higher preference for the standard itself and

thus specialized customers are most readily attracted to the outside option. If the quality of the

outside option is higher fewer specialized customers consider the products in the standard. The

remaining general customers have a lower firm-specific preference. Thus, firms’ investments are

more relevant in attracting customers from their competitors in the standard. This discourages firms

to invest in the standard to attract more customers. In this case we have − ∑
j∈N

∑
k∈N

∂2qi
∂uj∂uk

< 0.

3.4.2 Logistic Demand System

We now analyze the Logistic Demand Model as defined in Section 3.3.2 which is a special case of the

General Demand Model analyzed in the previous section. The only addition is a specific demand

function as given in Assumption 3.3. The profit function is given as:

πi =
exp(S + vi)

∑j∈N exp(S + vj) + exp(µ)
−

s2
i + v2

i
2

(3.8)

As in the general model, investment is split between investment in firm-specific quality vi and

investment in standard-specific quality si with S = ∑
j∈N

sj. The costs of investments remain unchanged

as s2
i +v2

i
2 . From the profit function we derive firms’ equilibrium investments, described in Proposition

3.3:
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Proposition 3.3: There exists a symmetric Nash Equilibrium such that each firm i ∈ N in the standard

invests si = s∗ in standard-specific quality and vi = v∗ in firm-specific quality. The quality of firm i’s product

is given as ui = u∗. The variables (v∗, s∗, u∗) are implicitly defined as:

v∗ =
exp(µ− u∗) + (n− 1)

(n + exp(µ− u∗))2

s∗ =
exp(µ− u∗)

(n + exp(µ− u∗))2

u∗ =
(n + 1) exp(µ− u∗) + (n− 1)

(n + exp(µ− u∗))2

Proof: see Appendix 3.A.4.

Taking the derivative of the profit function with respect to v and s immediately gives the result.

Existence follows from the profit function being concave in (v, s) and investments being from a

compact and convex set.

Intuitively, investment is driven by the number of customers that can be gained by the firm. In the

logistic demand model, the number of customers a firm can gain from a competitor is proportional

to the product of their market shares and given by qiqj. An increase in v allows the firm to gain

customers from all other firms including the outside option. The potential gains from the outside

option are given by q∗µ = exp(µ−u∗)
n+exp(µ−u∗) . The potential gains form the other firms in the standard are

given by (n− 1)q∗j = n−1
exp(µ−u∗) . Both effects are weighted by the size of the individual firm with is

proportional to q∗i = 1
n+exp(µ−u∗) .27 The incentives to invest in the standard are the same but lacking

the term (n− 1)q∗j = n−1
exp(µ−u∗) as firm cannot use investment in the standard to gain customers from

the other firms.

Proposition 3.4: In the logistic demand model, an increase in the quality of the outside option (µ) raises

the equilibrium quality of the products in the standard (u∗) if µ < µ̂(n) and lowers the quality if µ > µ̂(n).

The threshold µ̂(n) is defined as:

µ̂(n) = log
(

n2 − n + 2
n + 1

)
+

(n + 1)2

4(n2 + 1)

The threshold µ̂(n) is increasing in n and approaches log (n) + 1
4 for a large number of firms (n� 0).

Proof: see Appendix 3.A.5.

The proposition can be derived from the equilibrium efforts by taking total derivatives. As

discussed above, the incentives to invest depend on the number of customers a firm is able to gain

by doing so. In the logistic demand system firm i has an easier time to attract additional customers
27 We keep the distinction between q∗i and q∗j for readability. Per assumption, q∗i = q∗j .
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from firm j. If both are of a high quality relative to the rest of the market. An increase in µ implies

that the quality of all firms in the standard decreases relative to µ. Thus, firms find it less profitable

to attract new customers from the other firms but more attractive from the outside option.28

For investment in firm-specific quality the the overall reduction dominates over the benefit of

finding it easier to attract from the outside option. Thus firm-specific quality declines. Instead, the

incentives to invest in the standard are declining in the relative quality of firm i but increasing in

the relative quality of the outside option. For a small value of µ the second effect dominates and

incentives to invest in the standard are increasing. For µ < µ̂ the increase in s dominates over the

decrease in v such that the quality of the firms’ products increases in µ. As µ increases further the

beneficial effect it has on the incentives to invest in the standard diminish. For µ = µ̂ the increase in

s exactly balances the reduction in v. Finally, for µ > µ̂ the net effect is a decline in the quality of the

standard as the minor increase to investment in the standard cannot compensate the reduction in v.

Next, we study the relationship between the threshold µ̂(n) that determines for which level of

µ investment in the standard is decreasing or increasing in µ and n. The derivative of µ̂(n) with

respect to n is given by:
∂µ̂

∂n
=

2n− 1
n2 − n + 2

− 1
n + 1

− n2 − 1
2(n2 + 1)2

For all n ≥ 2 this expression is positive.29 The threshold µ̂ is define by the trade-off between an

increase in µ discouraging investment in general and reducing the proportion of investment in the

standard s being lost to customers. For a higher number of firms the second aspect becomes a larger

problem. Thus, as n decreases the second effect becomes more important and an increase in µ leads

to an increase in equilibrium quality for a wider range.

The next proposition characterizes the effect of firm entry on investment in the standard.

Proposition 3.5: For each n there exists a threshold ñ(µ) such that for n < ñ(µ) quality is increasing in

the number of firms and decreasing for n > ñ(µ).

Furthermore, individual demand (q∗) decreases in n, demand for the standard (nq∗)increases in n, and

investment in firm-specific quality (v∗) and investment in the standard (s∗) decrease in n.

Proof: see Appendix 3.A.6.

For the effect of demand the intuition is clear. It requires that the firms in the standard do not

over-compensate for the increase in the number of firms by either lowering their investments such

that nq is declining or by raising their investments such that q is increasing. Given the convex costs,

28 The incentives to invest in firm-specific quality can be written as qi(1− qi). The incentives to invest in the standard can be
written as qiqµ, where qµ is the demand for the outside option.

29 Expanding the expression yields: 2(n2+2n−3)(n2+1)2−(n2−1)
2(n2−n+2)(n+1)(n2+1)2 . For n ≥ 2 we have that n2 + 2n− 3 > 0 and that n2 − n + 2 > 0.

Thus the expression is positive.
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the response to the firms is always muted. The decline in investment then follows from firm reaction

to the change in the market shares. The threshold ñ can be found by solving for when the equilibrium

quality is maximized at ñ. The value of ñµ is increasing in µ such that a higher µ leads to equilibrium

quality to increase for even a larger number of firms. In the following section we discuss µ̃(n) which

is the inverse function of ñ(µ) as the expression is easier to conceptional. However, even µ̃(n) is

too complicated to be directly interpreted and is thus given in the appendix.30 The threshold in the

two-firm market is given by µ̃(2) h 1.654 such that for a value of µ below this quality is declining in

the number of firms.

The intuition is similar to the equilibrium reaction to changes in µ. Consider a fixed quality of

the outside option µ > µ̃(2). For a small number of firms in the standard, each firm covers a large

proportion of the standard. Thus, investing in standard-specific quality benefits the firm to a large

extent. If the number of firms in the standard is higher investing is still beneficial to each firm and

investments in the standard are not much smaller. Instead, the additional firm leads to an increase in

total standard investments as now more firms invest in the standard. Thus, quality goes up. For a

large number of firms, firms only obtain a small share from the standard which lowers their incentive

to invest in the standard. If the number of firms in the standard is higher this leads to even smaller

investments. Consequently, investments are much smaller.

A higher quality of the outside option (higher µ) increases the threshold between quality increas-

ing in the number of firms in the standard and quality decreasing. If the outside option is more

attractive and thus the standard less attractive a higher number of firms in the standard does not

lead to a substantial decrease in the incentives of the firms to invest in the standard. It does, however,

provide an additional firm contributing to the standard. Thus, quality increases. If the number of

firms is sufficiently large the standard investment is sufficiently high that its able to compete well

with the outside option. Then an additional firm undermines the incentives and leads to fewer

investments in the standard.

For the case of a high level of outside competition µ = 3 the quality is increasing in n for small

values of n. For a high µ firms have a low market share. An additional firm takes little market

share from inside the standard. Thus the market shares of the firms are not lowered much. Thus,

investments in firm-specific quality do not change much. Instead, the additional firm contributes

its investment in the standard raising the quality. For a high number of firms (a large n) this effect

becomes small, thus quality is declining in the number of firms for large n even for a high degree of

competition from outside the standard. The cutoff can be numerically determined as µ̃ ' 1.654.

30 The value of µ̃(n) is given as the logarithm of the root of a third-order polynomial and its coefficients vary with n.
Consequently, we rely on the numerical representation in the main text.
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Figure 3.2 combines Propositions 3.4 and 3.5. It shows the two threshold values defined. For a

quality of the outside option (µ) below (above) µ̂ the equilibrium quality of firms in the standard is

increasing (decreasing) in µ. If n firms are active in the market then the quality of the standard is is

increasing in the number of firms if µ < µ̃(n) and increasing in n if µ > µ̃(n).

We see three regions for (µ, n). Consider a market where a standard lacks substantial outside

competition (small µ) and is driven by a large number of firms (large n). Then a higher number of

firms in the standard (increase in n) leads to a lower equilibrium quality of firms in the standard

while a higher quality of the outside option (increase in µ) leads to a higher quality. A higher quality

of the outside option raises the incentives of the firms in the standard to work together and leads to

a higher quality of the standard. A higher number of firms leads to more intra-standard competition

and leads to lower incentives to invest in the standard such that the combined investment is lower.

The second case involves a standard that faces harsh competition from outside the standard

(high µ) and is developed by only a few firms (small n). A higher µ or a lower n leads to a lower

equilibrium quality of the standard. The intuition is the exact inverse of before. Firms in the standard

struggle to compete against the outside. If the quality of the outside option is even higher it makes it

even more difficult for firms to profit from their investments. Instead, a higher number of firms n

implies a more productive standard as it benefits more firms. Thus, a higher number of firms yields

a higher combined investment in the standard.

Finally, consider a standard that faces an intermediate degree of competition from outside

(intermediate µ) and is driven by a low number of firms (low n). In this case, a higher quality of the

outside option or a larger number of firms in the standard leads to a smaller equilibrium quality of

the firms in the standard. An intermediate quality of the outside option is not high enough such that

the inclusion of additional firms is beneficial to the standard. Furthermore, a higher µ discourages

the few firms and thus causes them to lower their equilibrium efforts.

We also see that there is no range where an increase in n and an increase in µ both lead to

higher equilibrium quality. If an increase in µ leads to a higher quality it implies that intra-standard

competition is limiting firms’ incentives to invest in the standard. If more firms join the standard

intra-standard competition increases further and thus lowers the quality of firms’ products.

Based on these cases, we can derive the first policy implication. In general, for a standard that

faces high competition from outside (high µ) it is beneficial to invest in the standard if the level of

outside competition decreases and if more firms join the standard. Consequently, weak standards as

compared with their competing technology should be supported by shielding them from competition

and encouraging firms to join the standard. Instead, for a standard facing little outside competition
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(low µ), especially if the number of firms is large, we should aim at supporting competing technology

and should be worried about additional firms joining the standard which can undermine the quality

it provides.31

3.4.3 Profits

Using the logistic demand function allows us to discuss the effects of n and µ on firms’ profits.

Substituting the equilibrium investments from Proposition 3.3 in the profit function from Equation

(3.8) gives equilibrium profits as:

π∗ = q∗ − (v∗)2 + (s∗)2

2

Profits are strictly positive for all values of µ and n. Figure 3.3 illustrates equilibrium profits as a

declining function of µ and n. The left panel shows profits as a function of the quality of the outside

option (µ) for different numbers of firms. In all cases, profits are declining in the quality of the

outside option. Profits are falling faster for markets with a small number of firms as firms’ profits

are higher in general.

The right panel shows profits as a function of the number of firms (n) for different values of

quality of the outside option (µ). Profits are declining in n as more firms lead to a smaller market

share for each firm. The decline is higher for lower levels of µ. A lower level of µ implies smaller

31 While policies intervening in the setup of standards and research consortia are not common in EU and US industrial
policies Japan has historically intervened heavily in consortia ranging from subsidizing R&D expenditures to directly
affecting the set of firms joining the consortia. (Branstetter and Sakakibara, 2002)
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profits but also a lower reliance on investment in the standard. Thus, profits are falling faster in the

number of firms.

3.4.4 Welfare

Using the logistic demand function allows us to discuss the welfare effects of n and µ. However,

given the abstract outside option, it is impossible to compare welfare effects for different levels of µ.

Based on the logistic demand model, the utility of customer j purchasing i is given as ui + ξi,j. Thus,

consumer surplus is given as:32

U(u) = Ej

(
max
i∈N

(
ui + ξi,j

))
= log

(
∑

i∈N
exp(ui)

)

Based on this we derive total welfare (WT) as:

WT = log

(
exp(µ) + ∑

i∈N
exp(ui)

)
− ∑

i∈N

v2
i + s2

i
2

Which in case of symmetry simplifies to:

WT = log (exp(µ) + n exp(u))− n
v2 + s2

2

Welfare depends on three parts. First, consumer surplus is increasing in the quality of the product

of the standard such that a higher quality u profits customers. Second, consumer surplus increases

with the number of firms n as a higher number of firms benefit customers through variety. Finally,

firms’ investments in firm-specific and standard-specific quality is costly.33 The following corollary

gives the welfare-maximizing quality for both welfare specifications:

Proposition 3.6: The welfare-maximizing investments are given as:

ṽT =
1

n + exp(µ− ũT)

s̃T =
n

n + exp(µ− ũT)

ũT =
n2 + 1

n + exp(µ− ũT)

Furthermore, ũT > u∗ and s̃T > s∗

32 For a derivation of the consumer surplus see Hendel and Nevo (2006) who refer to it as ‘inclusion value’.
33 Welfare is also mechanically increasing in the outside option µ which has no natural interpretation as has been discussed

above
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Proof: see Appendix 3.A.7.

The solution can be found numerically as the fixed points to the function given in the corollary.

As we show in the appendix, the welfare-maximizing quality exceeds the competitive quality.

First, firms fail to consider the positive externalities of their investments in the standard on the

quality of the other firms in the standard. Thus, they invest insufficiently in the standard. This leads

to a too low quality and an inefficiently costly way of providing the quality. Furthermore, they fail to

consider the customers’ benefits and thus under-invest in general.34

The welfare-maximizing ratio between investments in the standard and investments in firm-

specific quality is given by s
v = n. From a social planners perspective investing in the standard

achieves the same things as investing the firm-specific quality of each firm. However, investing in

the standard is cheaper by a factor of n as an investment by one firm in the standard achieves the

same as investment in the quality of all firms. In the competitive equilibrium the ratio is given as
1−nq
1−n < 1. Thus, firms invest too much in firm-specific quality. From a firm’s perspective, investing in

the standard raises its own quality which increases demand for the firm’s product. However, some

of this increase is lost as the investment also raises competitors quality. Thus, firms shy away from

investment in the standard.

Consider the welfare-maximizing quality ũT and how it relates to the parameters n and µ. An

increase in the number of firms n causes welfare to increase in both cases. This reflects the increase

in variety that is beneficial to customers. Furthermore, the social planner adjusts its quality. As the

number of firms increases the costs of investing decline as the investments over the standard are

distributed among more firms. Thus investments in the standard increase.

3.4.5 Market Entry

In this section, we discuss the effect of market entry on profits and welfare. In the previous sections,

we ignored the effect that entry costs have on firms’ participation. Joining the standard is not free.

Firms have to pay an entry cost F > 0 to join the standard from the competitive fringe. Profits outside

of the standard are normalized to be 0.

Profits are declining in the number of firms in the standard. Let π∗(n|µ) be the equilibrium profits

firms make in a market with n firms and quality of the outside option of µ. Market entry occurs if

34 While this is partially due to the exogenous prices it is also the case in the extended model. If firms set prices competitively
they fail to extract all the surplus from customers and thus under-invest.
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Figure 3.4: Number of Firms with Entry Costs

firm profits exceed entry costs. Thus, under competition firms enter until π∗(n|µ) ≥ F > π∗(n+ 1|µ).

The welfare in the competitive market is given as:

WT(n|µ) = log (exp(µ) + n exp(u∗))− n
(v∗)2 + (s∗)2

2
− nF

Welfare is increasing in entry if WT(n + 1|µ)−WT(n|µ) > 0.

Figure 3.4 shows the number of firms for a given level of fixed costs under competitive firm entry

(solid line) and the number of firms that maximize welfare (dot-dashed line), for two different levels

of the quality of the outside option (µ, blue and orange). For low levels of competition from the

outside (µ = 0) competitive entry lead to too many firms being active in the market regardless of

the fixed costs. For a degree of outside competition µ < µ̃(n = 2) h 1.654 equilibrium quality is

monotonically decreasing in n (see Proposition 3.5). An additional firm entering the standard lowers

the incentives of firms to invest in the standard to such an extent that their quality declines despite

more firms contributing to the standard. This harms customers and increases the costs of providing

quality. Thus, competitive entry is harmful to welfare.
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For µ > µ̃(n = 2), competitive entry leads to too few firms for low entry costs and too many

firms for high entry costs. For a higher quality of the outside option (µ) equilibrium quality is

increasing in the number of firms for a low number of firms and decreasing for a large number of

firms. In Figure 3.2 we see that for µ = 2 quality is increasing in n until n = 3. Thus, for fewer than

4 firms, entry is welfare improving as it raises the quality. Above 4 entry decreases welfare. This is

the result of the two mechanisms discussed in Section 3.4.2. First, an increase in the number of firms

leads to more firms contributing to the standard which lowers the costs of providing a high-quality

standard and leads to higher quality. Second, an increase in the number of firms leads to firms being

discouraged to invest in the standard which lowers the quality of the standard. For a small number

of firms, the first effect dominates while for a large number of firms the second effect dominates.

3.5 discussion & conclusion

This paper investigated firms’ investments in a standard and how they are impacted by two market

characteristics, the degree of competition from outside the standard (outside competition) and the

number of firms inside the standard. We showed how outside competition has a hump-shaped

impact on firms’ incentives to invest in the standard and how a low degree of competition from

outside the market can lead to over-entry in the standard.

Regarding the first finding, for a low degree of outside competition, firms mainly compete with

their partners in the standard. Investing in the standard benefits all other firms in the standard

in addition to the investing firm. Thus, firms’ incentives to invest in the standard are low. For a

large degree of outside competition, firms mainly compete with the strong outside. This relaxes the

drawback of standard investment supporting the investing firm’s competitors. However, as outside

competition is too high firms first have to invest heavily to catch up, which discourages them from

doing so. In between, investments in the standard are maximized as firms have high incentives to

invest in their quality and compete only to a moderate extent with the other firms in the standard.

A similar pattern is found when studying the number of firms in the standard. A greater number

of firms involved in the standard is better able to bundle their R&D and provide a high-quality

product at low costs. However, a larger number of firms also lead to a larger part of the benefits

of investment going to the investing firm’s competitors. Thus, we also find a hump-shaped pattern

between the number of firms and the quality of the standard.
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Based on this analysis we study competitive market entry and how entry based on market profits

can lead to over- and under-entry in the market as compared with a second-best benchmark.

Firm entry raises the scope of cooperation between the firms as investments in the standard

benefits more firms and costs are split between more firms. However, it raises intra-standard

competition and thus lowers firms’ incentives to invest in the standard.

For a low degree of competition from outside the standard, firms compete with their partners in

the standard and do not require the standard to compete against the outside. Any entry of a firm

lowers the incentives of the firms further while not adding much to the quality of the standard. Thus,

the quality of the standard declines with entry and entry exceeds the socially optimal level.

For a low degree of competition from outside the standard, firms compete mainly with firms

outside of the standard and intra-standard competition is low. The entry of a firm lowers the

incentives of the firms only by a small amount while adding much to the quality of the standard.

Thus, the quality of the standard increasing with entry and entry falls short of the socially optimal

level. However, for a sufficiently large number of firms, the increase in intra-standard competition

becomes large enough so that we observe over-entry.

The policy implications are clear. If a standard consists of many firms who face little outside

competition regulators may want to impose additional barriers to entry as the entry of additional

firms in the standard undermines the incentives of firms to invest in a high-quality standard. For

example, regulators can treat joint research agreements more strictly and limit membership. In

general, regulators want to discourage entry if it leads to a decrease in the overall quality while they

want to encourage entry if it leads to an increase in quality.

In reality, it may prove difficult to predict ex-ante which of the two possibilities is the case in a

given market. One practical possibility to focus on the effect of outside competition instead and to

assume that entry is positive if an increase in the competition a standard faces from outside leads to

a substantial decrease in the quality of the products in the standard and negative if an increase in the

outside competition leads to a substantial increase of the quality. The effect of outside competition

on the incentives to invest can then be estimated using econometric techniques (e.g. by estimating

firms’ responses to the changes in the investments of firms outside the standard.). However, such a

procedure needs to be applied carefully. First, investment in the standard is the main driver behind

the quality and thus welfare but is not the only aspect. Second, we found an intermediate-range

where an increase in the number of firms and an increase in outside competition both lower quality.

It is important to stress that these results are not conclusive and further research is needed.

One avenue especially promising is to study which mechanisms implemented by standard-setting
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organizations are suitable to avoid the negative effect that entry has on firms’ incentives to invest in

the standard and avoid the inefficiency caused by this entry.

3.a proofs

3.a.1 Proposition 3.1

The proof for Proposition 3.1 consists of three steps. First, we calculate the first-oder conditions

for vi and si. Second, we calculate the Hessian of the profit function with respect to investment in

firm-specific and standard-specific quality and show that it is negative-definite. Finally, we show that

vi and si can be limited to a compact and convex space.

Proof. Based on firms i’s profit function the first-order conditions for vi and si are given as:

∂πi

∂vi
=

∂qi

∂vi
− vi

∂πi

∂si
=

∂qi

∂si
− si

By Assumption:

∂qi

∂vi
=

∂qi

∂ui
∂qi

∂si
= ∑

j∈N

∂qi

∂uj

Setting the first-order conditions equal to 0 and replacing the expressions yields:

si = ∑
j∈N

∂qi

∂uj

vi =
∂qi

∂ui
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Furthermore, the second derivatives are given as:

∂2qi

∂v2
i
=

∂2qi

∂u2
i

∂2qi

∂vi∂si
= ∑

j∈N

∂2qi

∂ui∂uj

∂2qi

∂s2
i
= ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk

Based on this, the Hessian of the profit function with respect to investment in firm-specific and

standard-specific quality is given as:

Hπi =

 ∂2πi
∂v2

i

∂2πi
∂vi∂si

· ∂2πi
∂s2

i

 =


∂2qi
∂u2

i
− 1 ∑

j∈N

∂2qi
∂ui∂uj

· ∑
j∈N

∑
k∈N

∂2qi
∂uj∂uk

− 1



For the Hessian to be negative-definite we require that all Eigenvalues are negative. First, the

diagonal elements need to be negatively:

∂2qi

∂u2
i
− 1 < 0

∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk
− 1 < 0

Second, the determinant of the Hessian needs to be positive:

|Hπi | =
(

∂2qi

∂u2
i
− 1
)(

∂2qi

∂s2
i
− 1
)
−
(

∂2qi

∂vi∂si

)2

> 0

All inequalities are satisfied by Assumption 3.1, thus the profit function is concave in vi and si and

the solution to the first-order condition gives a global optimum.

Lastly, note that v2
i + s2

i ≥ 1 guarantees a negative profit, while vi = si = 0 guarantees a non-

negative profits. Thus, we can limit the possible choice to vi, si ∈ [0, 2] which forms a convex and

compact set. Furthermore, for vi = 0 (si = 0) the derivative of the profit function with respect to vi

(si) is strictly positive. Consequently, there exists a fixed point of the best response function where all

firms make the profit-maximizing choice given the other firms’ choices.
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3.a.2 Proposition 3.2

For the proof for Proposition 3.2 we first calculate the total derivative with respect to µ and

rearranging terms using Assumptions 3.1 and 3.2. The proof assumes symmetry. However, we keep

subindices i, j, k to improve readability.

Proof. We start with the first-order conditions for firms’ investment and the expression for the

equilibrium quality.

v∗i =
∂qi

∂ui

s∗i = ∑
j∈N

∂qi

∂uj

u∗i = v∗i + ns∗i

Taking the total derivative with respect to µ on both sides yields:

dv∗i =
∂2qi

∂ui∂µ
dµ + ∑

j∈N

∂2qi

∂ui∂uj
dv∗j + ∑

j∈N

∂2qi

∂ui∂uj
∑

k∈N
ds∗k

ds∗i = ∑
j∈N

∂2qi

∂uj∂µ
dµ + ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk
dv∗k + ∑

j∈N
∑

k∈N

∂2qi

∂uj∂µ ∑
m∈N

ds∗m

The change to the equilibrium quality of firm i is given as du∗i = dv∗i + ∑j∈N ds∗j . Substituting this

expression yields:

dv∗i
dµ

=
∂2qi

∂u∗i ∂µ
+ ∑

j∈N

∂2qi

∂ui∂uj

du∗j
dµ

ds∗i
dµ

= ∑
j∈N

∂2qi

∂uj∂µ
+ ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk

du∗j
dµ

du∗i
dµ

=
dv∗i
dµ

+ ∑
j∈N

ds∗i
dµ

By Assumption 3.2:

∂2qi

∂ui∂µ
= − ∑

j∈N

∂2qi

∂ui∂uj

∂2qi

∂uj∂µ
= − ∑

k∈N

∂2qi

∂uj∂uk
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Substituting these expressions yields:

dv∗i
dµ

= − ∑
j∈N

∂2qi

∂ui∂uj
+ ∑

j∈N

∂2qi

∂ui∂uj

du∗j
dµ

ds∗i
dµ

= − ∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk
+ ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk

du∗j
dµ

Collecting terms yields:

dv∗i
dµ

= − ∑
j∈N

∂2qi

∂ui∂uj

(
1−

du∗j
dµ

)
ds∗i
dµ

= − ∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk

(
1−

du∗j
dµ

)

Based on this we can derive the change to u∗i :

du∗i
dµ

=
dv∗i
dµ

+ n
ds∗i
dµ(

1−
du∗i
dµ

)
= 1 + ∑

k∈N

∂2qi

∂ui∂uk

(
1−

du∗j
dµ

)
+ n ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk

(
1−

du∗j
dµ

)
(

1−
du∗i
dµ

)
=

1

1− ∑
k∈N

∂2qi
∂ui∂uk

− n ∑
j∈N

∑
k∈N

∂2qi
∂uj∂uk

By Assumption 3.1:

∑
k∈N

∂2qi

∂ui∂uk
> 0

∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk
<

1
n

∑
k∈N

∂2qi

∂ui∂uk
+ n ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk
< 1

Thus, the denominator is positive. An increase in µ leads to a decrease in µ− u. The intuition behind

this is the following. The value of ∑k∈N
∂2qi

∂ui∂uk
+ n ∑j∈N ∑k∈N

∂2qi
∂uj∂uk

describes how a change in the

quality of all firms affects firms incentives to invest in quality. If it exceeds 1 an increase of the
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investment in the standard by one firm causes all firms to raise their investment by an even higher

amount. Based on this we can sign the effect that an increase in µ has on firms investment.

dv
dµ

= −

>0︷ ︸︸ ︷(
∑

k∈N

∂2qi

∂ui∂uk

) >0︷ ︸︸ ︷(
1−

duj

dµ

)
< 0

ds
dµ

= −
(

∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk

)
︸ ︷︷ ︸

< 1
n

(
1−

duj

dµ

)
︸ ︷︷ ︸

>0

Firms equilibrium investment in firm-specific quality are decreasing in µ as dv
dµ < 0. In contrast,

firms’ investment in standard-specific quality can be increasing or decreasing in µ.

An increase in µ makes firm i’s quality less important in attracting customers. Thus, firm i

lowers its investment in firm-specific quality. It also has an incentive to lower its investment in the

standard for the same reason. However, investment in the standard is already suppressed as the

firm’s competitors gain from its investment. If ∑
j∈N

∑
k∈N

∂2qi
∂uj∂uk

> 0 the first effect dominates and firm i

lowers its investment in the standard. If ∑
j∈N

∑
k∈N

∂2qi
∂uj∂uk

< 0 then an increase in µ implies that the firm

considers the investment going to its competitors less and invests more in the standard.

We can solve the linear equation system by substituting du∗i
dµ =

dv∗i
dµ + n ds∗i

dµ :

dv∗i
dµ

= −
(

∑
k∈N

∂2qi

∂ui∂uk

)(
1−

dv∗i
dµ
− n

ds∗i
dµ

)
ds∗i
dµ

= −
(

∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk

)(
1−

dv∗i
dµ
− n

ds∗i
dµ

)

dv∗i
dµ

= −
(

∑
k∈N

∂2qi

∂ui∂uk

)(
1− ∑

k∈N

∂2qi

∂ui∂uk
− n ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk

)−1

ds∗i
dµ

= −
(

∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk

)(
1− ∑

k∈N

∂2qi

∂ui∂uk
− n ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk

)−1

3.a.3 Derivatives of the Logistic Demand Function

In this section we calculate the first and second derivative of the demand function with respect to the

firms’ choices for the logistic demand function and verify Assumptions 3.1 and 3.2. Let ui = S + vi
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be the base utility provided by product i, excluding any consumer specific preference. Trivially, ui

has a unit derivative with respect to all its parameters. Demand is given as:

qi =
exp(ui)

∑j∈N exp(uj) + exp(µ)

The derivatives of qi with respect to uj and µ are given as:

∂qi

∂uj
=


qi(1− qi) if i = j

− qiqj if i 6= j

∂2qi

∂uk∂uj
=


qi(1− qi)(1− 2qi) if i = j = k

−qiqk (1− 2qi) if i = j 6= k

2qiqjqk if i 6= j, k

For ease of notation let qµ = 1−∑i∈N qi ∈ (0, 1) be the demand for the outside option. We have that:

∂qi

∂ui
= qi(1− qi) > 0

∂qi

∂uj
= −qiqj < 0

∑
j∈N

∂qi

∂uj
= qi − qi ∑

i∈N
qj︸ ︷︷ ︸

<1

> 0

Consequently, Assumption 3.1(i) is satisfied. Demand is clearly symmetric such that exchanging

the quality of two firms exchanges the demand for their products. Thus, Assumption 3.1(ii) is also

satisfied.

∂2qi

∂u2
i
= qi(1− qi)(1− 2qi) < 1 for qi <

1
2

∑
k∈N

∂2qi

∂ui∂uk
= qi(1− 2qi)qµ > 0 for qi <

1
2
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We require that qi < 1/2. In the analysis we only consider symmetric equilibria with n ≥ 2 and a

finite µ. Thus, demand for firm i falls bellow 1
2 in equilibrium.

∂2qi

∂uk∂uj
=


qi − 2q2

i − q2
i + 2q3

i if i = j = k

−qiqk + 2q2
i qk if i = j 6= k

2qiqjqk if i 6= j, k

The last part (qiqjqk) is seen in all expressions, while the middle part (qiqk) is shared by the first two

cases. Thus, we can rewrite the expression as:

∑
j∈N

∑
k∈N

∂2qi

∂uj∂uk
= qi − 2q2

i − ∑
k∈N

qiqk + ∑
k∈N

∑
j∈N

2qiqjqk

= qi − 2q2
i − qi(1− qµ) + 2qi(1− qµ)

2

= qi
(
qµ − 2qi − 2(1− qµ)

2) < 1

∑
k∈N

∂2qi

∂ui∂uk
+ n ∑

j∈N
∑

k∈N

∂2qi

∂uj∂uk
= qµqi(1− 2qi) + qµ(1− qµ)− 2qi

(
(1− qµ) + 2n(1− qµ)

2) < 1

As the positive terms satisfy qµqi(1− 2qi) + qµ(1− qµ) < 1 the assumption is satisfied too. The

remaining assumptions are not globally satisfied but they are in equilibrium.

3.a.4 Proposition 3.3

Taking the derivative of the profit function with respect to v and s give the first-order conditions of

v∗ =
∂qi

∂ui

s∗ = ∑
j∈N

∂qi

∂uj

Solving and substituting the expressions for the first derivative of the demand function yields:

v∗ = qi(1− qi)

s∗ = qi(1− ∑
j∈N

qj)
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Assuming symmetry then gives:

v∗ = q(1− q)

s∗ = q(1− nq)

If all firms choose the same v and s and thus have the same u and q they also have the same best

response. Section 3.A.3 verifies that the logistic demand model satisfies the requirements on the

general demand. Thus, the proof for concavity in Appendix 3.1 is directly applicable here.

3.a.5 Proposition 3.4

Proof. Consider the quality u∗:

u∗ =
(n + 1) exp(µ− u) + (n− 1)

(n + exp(µ− u))2

Taking derivative with respect to µ yields:

∂u∗

∂µ
=

(n + 1) exp(µ− u) (n + exp(µ− u))− 2(n + 1) exp(µ− u)2 − 2(n− 1) exp(µ− u)

(n + exp(µ− u))3

∂u∗

∂µ
=

exp(µ− u)
(
n2 + 2− n− (n + 1) exp(µ− u)

)
(n + exp(µ− u))3

Note that for n ≥ 2 n2 + 2− n > 0 and exp(µ− u) > 0. Thus, the first derivative is positive if:

exp(µ− u) <
n2 + 2− n

n + 1

We are interested in the cut-off µ̂ such that the derivative is 0 for µ̂. Setting the inequality equal to

zero and substituting it into the expression for the optimal utility yields:

u =
(n + 1) n2+2−n

n+1 + (n− 1)(
n + n2+2−n

n+1

)2

u =
(n + 1)2

4(n2 + 1)

Using this expression gives:

µ̂ = log
(

n2 + 2− n
n + 1

)
+

(n + 1)2

4(n2 + 1)
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For the derivatives, note that µ− u is increasing in µ. Thus we focus on the derivative of exp(µ− u)

instead.

exp(µ− u) =
n2 + 2− n

n + 1
∂

∂n
exp(µ− u) =

1
(n + 1)2

(
n2 + 2n− 3

)
> 0

3.a.6 Proposition 3.5

The proof consists of two parts, first we show that individual demand (q∗) decreases in n, demand

for the standard (nq∗) increases in n, and investment in firm-specific quality (v∗) and investment

in the standard (s∗) decrease in n. For the first part of the proof we calculate the initial effect of an

expansion of n.

Proof. First, consider the immediate effect of an increase in n if firms do not adjust their investment

choices. Demand declines as the new firm steals customers, but demand increases as the new firm

contributes to the standard. Equilibrium demand is given as q∗ = 1
n+exp(µ−u) . Thus, individual

demand increases if and only if n + exp(µ− u) decreases. Let u′ = u + s be the quality after the new

firm contributed its standard investment. For a change of n by 1 such that dn = 1 we have that:

n + 1 + exp(µ− u′)− n− exp(µ− u) = 1 + exp(µ− u∗ − s∗)− exp(µ− u∗)

Given the nature of the function we have to rely on a numerical result here. Evaluating this function

numerically shows that for 1 + exp(µ− u∗ − s∗)− exp(µ− u∗) > 0 and thus, q∗ is declining in n.35

As q∗ is decreasing in n so is v∗ = q∗(1− q∗).

Now consider demand for the standard (nq∗ = n
n+exp(µ−u∗) ). The direct effect of an increase in n is

an increase in the demand for the standard. Thus, the investment in the standard (s∗ = q∗(1− nq∗))

declines with n.

Thus, we have established that with respect to the initial response individual demand (q∗)

decreases in n, demand for the standard (nq∗) increases in n, and investment in firm-specific quality

(v∗) and investment in the standard (s∗) decrease in n. Based on this firms adjust their behavior in

35 For µ ∈ (−100, 100) and n ∈ (2, 1000).
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response to the impulse but the sign cannot change for this. The result is also backed by a numerical

simulation.

We can calculate the threshold µ̃(n) below which the quality is declining and above which the

quality is increasing in n using a numerical procedure. Doing so is technically simple and µ̃(n) can

be expressed as an algebraic formula. However, the expression is not helpful for our understanding.

Below we explain how to calculate the threshold µ̃(2).

Proof. First, we calculate the expression for the quality of the standard u∗(n, µ, u) for n = 2 and n = 3

and set them equal. This gives a third degree polynomial of exp(µ− u):

9x− x3 + x2 + 1 = 0

x ≡ exp(µ− u)

The positive root of the polynomial is given by:

x∗ =
1
3

(
1 +

28
3
√

55 + 3i
√

2103
+

3
√

55 + i
√

2103

)

Plugging it in the expression for u∗ then gives the threshold µ̃ as:

µ̃ = log(x∗) +
3x∗ + 1
(2 + x∗)2

This give the threshold value as µ̃ = 1.654. The same procedure can be applied to obtain a µ(n) such

that u∗(n, µ(n)) = u∗(n + 1, µ(n)):

(n + 1)x + (n− 1)

(n + x)2 =
(n + 2)x + (n)

(n + 1 + x)2

((n + 1)x + (n− 1))
(
(n + 1)2 + 2(n + 1)x + x2) = ((n + 2)x + n)

(
n2 + 2nx + x2)

(n + 1)3x + 2(n + 1)2x2 + (n + 1)x3 + (n− 1)(n + 1)2 + 2(n + 1)(n− 1)x + (n− 1)x2

= n2(n + 2)x + 2n(n + 2)x2 + (n + 2)x3 + n3 + 2n2x + nx2

(n2 − n− 1) + (n2 + 3n− 1)x + x2 − x3 = 0
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For x = 0 the polynomial is positive and for x → ∞ its negative. Thus it always has a positive root.

Furthermore, for n→ ∞:

lim
n→∞

(n2 − n− 1) + (n2 + 3n− 1)x + x2 = ∞

lim
n→∞

x3 = ∞

Thus, limn→+∞ x∗ = +∞. Furthermore, as u∗ is bound this implies that µ̃ → ∞.Now consider the

derivative with respect of the root x with respect to n:

dx
dn

= − (2n− 1) + (2n + 3)x
(n2 + 3n− 1) + 2x− 3x2

For all x > 0 the enumerator is positive and the denominator is negative. Thus dx
dn > 0 and the

threshold is increasing.

3.a.7 Propostion 3.6

We first, calculate the welfare maximizing investment choices. Following this we compare them to

the firms choices. Then we discuss uniqueness.

Proof. Total Welfare is given as:

WT = log(n exp(u) + exp(µ))− n
s2 + v2

2

Taking derivatives with respect of s and v yields:

∂WT

∂v
=

n exp(u)
n exp(u) + exp(µ)

− nv

∂WT

∂s
= n

n exp(u)
n exp(u) + exp(µ)

− ns

Expressing this in terms of ṽT(u), s̃T(u), ũT(u) gives the implicit solution:

ṽT =
1

n + exp(µ− ũT)

s̃T = nṽT

ũT =
n2 + 1

n + exp(µ− ũT)
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Consider the slightly rewritten quality in the competitive outcome:

u∗ =
(n2 + 1)(n + exp(µ− u)) + n exp(µ− u)− 1− n2(n + exp(µ− u))

(n + exp(µ− u))2

=
(n2 + 1)

n + exp(µ− u)
+

n exp(µ− u)− 1

(n + exp(µ− u))2 −
n2

n + exp(µ− u)

=
(n2 + 1)

n + exp(µ− u)
−n(n− 1 + q)q︸ ︷︷ ︸

<0

Consequently, the quality maximizing welfare standard exceeds the competitive quality. As the

ratio of investment in the standard and investment in firm-specific quality is higher for the welfare

maximizing case and the welfare maximizing quality exceed the profit maximizing quality, so must

the investment in the standard and we have that s̃T > v∗.

We are interested in comparing the welfare investments with the investments under competition.

For this there is an added complication that the fixed point ũT = n2+1
n+exp(µ−ũT)

can feature either 1

or 3 roots. We will quickly discuss this aspect. In the main text we implicitly focus on the welfare

maximizing root. In the following we show that the first-order condition yields either 1 or 3 extrema

one of which is a global maximum.

Using the expression for ũT allows us to write welfare as a function of u which gives the quality

using a cost-minimizing mixture of v and s:

WT = log(n exp(u) + exp(µ))− n
n2 + 1

u2

2

Taking the derivative with respect to u yields:

∂WT

∂u
=

1
1 + exp(µ− u− log(n))

− n
n2 + 1

u

∂2WT

∂u2 =
exp(µ− u− log(n))

(1 + exp(µ− u− log(n)))2 −
n

n2 + 1

Consider term exp(µ−u−log(n))
(1+exp(µ−u−log(n)))2 . It is bound ∈ (0, 1). We have:

WT(u = 0) = log(n + exp(µ)) > 0

∂WT

∂u
(u = 0) = 1 + exp(µ− log(n)) > 0
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Consequently, for u = 0 welfare is positive and increasing. For u→ ∞ we find that:

lim
u→∞

WT = n + u− n
n2 + 1

u2

2
< 0

lim
u→∞

∂WT

∂u
= 1− n

n2 + 1
u < 0

Thus, as u→ ∞ welfare is negative and decreasing. Given that welfare is a continues function the

first derivative with respect to u has an odd number of roots and at least one global maximum. In

fact, ũT = n2+1
n+exp(µ−ũT)

is a shifted logistic function and thus has either 1 or 3 fixed points.

A logistic function is defined as f (x) = L
1+exp(−x+x0)

. It has some interesting properties. Relevant

for our purposes is that it has an S-shape. It is strictly increasing. The parameter x0 defines the

midpoint such that for x < x0 it is convex and for x > x0 it is concave.

We can rewrite ũT = n+1/n
1+exp(µ−log(n)−ũT)

such that µ− log(n) gives the midpoint of the function.

Consequently if µ− log(n) < 0. The function starts as increasing and concave and remains concave

for all u. Consequently, there exists a unique fixed point. If instead µ− log(n) > 0 we find three

fixed points one local maximum features a u < µ − log(n), the other local maximum features

u > µ− log(n), one of which is a global maximum.
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3.b extensions

3.b.1 Endogenous Price Setting

In this section, we extend the Logistic Demand Model by allowing firms to endogenously set prices

which adds new mechanisms to the model while leaving the main mechanism behind the results of

the base model intact.

Let the marginal cost of production be γi = 0. Firm i sets its price pi ∈ R+ to maximize profits.

All firms decide on their prices p, investment in the standard s, and investment in firm-specific

quality v simultaneously. Prices lower the customers’ net-surplus such that they base their decision

of which product to purchase on ui − pi. As µ models the outside quality in a generalized way we

normalize µ to also contain prices (or other costs) associated with the outside option. As in the main

section, we focus on symmetric equilibria. Demand qi is then given as:

qi(p, u|µ) = exp (ui − pi)

∑k∈N exp (uk − pk) + exp (µ)

∂qi

∂uj
= − ∂qi

∂pj
=


qi(1− qi) if i = j

qiqj if i 6= j

The profit function is given as:

πi(p, u) = pi
exp (ui − pi)

∑j∈N exp (uj − pj) + exp (µ)
−

v2
i + s2

i
2

Taking derivatives with respect to pi yields:

∂π(p, u)
∂pi

= qi + pi
∂qi

∂pi

= qi + piqi(1− qi)
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Thus, profit maximizing prices and investments are given as:

p∗i =
1

(1− qi)

v∗i = piqi(1− qi)

s∗i = piqi(1− ∑
j∈N

qj)

Assuming symmetry yields:

p∗ =
1

(1− q)

v∗ = pq(1− q)

s∗ = pq(1− nq)

The optimal price is increasing in qi. A larger number of customers makes it more important to

generate a high profit from them but also makes lowering the price to attract additional customers

more costly. Both effects cause a firm with a greater number of customers to charge a higher price. A

higher price leads to higher incentives to invest in R&D while ceteris-paribus leaving the relative

profitability of both types of investments unchanged. Similarly, a higher investment and thus higher

quality lead to higher incentives for the firm to charge a high price. Prices act as a multiplier that

increases the link between high demand and high investment. Furthermore, the existence of prices

does not eliminate the relative distortion of investments. The ratio of investment in firm-specific

quality and investment in the standard is the same as in the base model such that vi
si
= 1−q

1−nq . While

the first-best ratio is given as vi
si
= 1

n . Firms over-invest in firm-specific quality relative to investments

in the standard in both cases.

Regarding the fundamental trade-off, firms still invest the most in a standard of an intermediate

quality relative to the outside option µ. Most importantly, the hump-shaped effect that the quality

of the outside option (µ) has on investment in the standard remains. Investment in the standard is

given by s∗ = q (1−nq)
(1−q) . As µ increases, q declines. Consider the derivative of q (1−nq)

(1−q) with respect to q:

∂s∗

∂q
=

1− nq + nq2

(1− q)2

For q = 0 this expression is positive, for q = 1
n the expression is negative. Thus, there is a sign-change

of the reaction of standard investment to changes in the quantity for an intermediate range of

demand. It is important to stress that we ignored the effect that µ has on v and p in this analysis.
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Figure 3.5: Critical µ̂(n) and µ̃(n)

However, a numerical analysis shows that this result does not change fundamentally. Figure 3.5 is

the equivalent of Figure 3.2 for the extended model. Again we see the same regions as before and

similarly shaped borders. Two differences are noticeable. First, the graph is shifted with respect to µ.

In the original model thresholds where given as µ̃(2) = 1.8 and µ̂(2) = 0.9. For a small number of

firms, the thresholds are smaller which is partially due to µ being shifted by the prices charged by

firms. Thus, all µ values are shifted by 1 towards the negative domain. Second, for small values of n

the difference between µ̃(n) and µ̂(n) is larger. The threshold µ̂(n) gives the cut-off above which

an increase in µ lowers the quality and below which an increase in µ raises quality. In the model

with prices and increase in µ causes firms to lower their prices which further discourages investment

Thus, the cut-off µ̂(n) is lower. The cut-off µ̃ is less affected by this. An increase in n leads to lower

prices which in turn lowers investment. However, while this effect is strongest for a small number of

firms prices are in general higher for these settings which compensates for it.

Now consider entry in the model with endogenous price.

Figure 3.6 is the equivalent of Figure 3.4. Given that firms react quantitatively different to the

degree of outside competition (µ) it shows the two example markets for two different values of µ.

We see a similar pattern as before. For a low level of µ (µ = −1) quality is decreasing in the number

of firms competitive entry leads to over-entry. For a higher level of µ (µ = 0.5) we observe over-entry

for low entry costs and under-entry for high entry costs.
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In conclusion, we see that the addition of prices leads to additional mechanisms but does not

fundamentally alter the mechanisms of interest in the original model.

3.b.2 Linear demand function

The second generalization is based on a linear demand model. In the main section of the paper, we

derived the core result for the logistic demand system. The result of the proposition hinges on the

sign of ∂2π
∂siµ

and how it changes as µ increases. As the outside option increases, this expression starts

positive and then turns negative, such that efforts are first increasing in µ and then decreasing. In

this section, we repeat this exercise for a linear demand system and show that a similar result can be

obtained.

Consider, firm i’s profits πi, its contribution to the standard si, and the value of the outside option

µ. Then the result of a hump-shared reaction of standard investment to µ can be derived from any

profit function that satisfies:

∂2πi

∂v2
i
≤ 0

∂2πi

∂si∂µ

∣∣∣∣
µ=0

> 0

∂3πi

∂si∂µ2 < 0
∂2πi

∂si∂µ

∣∣∣∣
µ=µ

< 0

The requirement ∂2πi
∂v2

i
≤ 0 guarantees concavity and ∂3πi

∂si∂µ2 < 0 guarantees a hump-shape. Finally,

we assume that the cross-derivative ∂2πi
∂si∂µ is positive for a small µ and negative for a large µ. The

parameter µ gives the maximal level of µ possible. A linear demand model requires a limit on µ to

avoid nonsensical results such as negative demand.

In reality, a change of µ need not lead directly to a hump-shape reaction of si. We would expect

that the direct value of investment in the standard tends to be increasing with the outside option.

However, if firm i lower its price pi in response to an increase in µ this could lead to a hump-shape

reaction of standard investment to changes in the outside option.
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To illustrate this, we develop a linear demand system that features n firms (jointly described as

N ) who simultaneously determine prices pi and standard investment vi. The profit function is given

as:

πi = piqi − s2
i /2 (3.B.1)

qi(p, s) = (a− γ0 pi + γ1 p + b1Sµ− b2µ) (3.B.2)

p−i ≡
1

n− 1 ∑
j∈N\i

pj

S ≡ ∑
j∈N

sj

This profit function incorporates all the relevant aspects required to replicate the results from the

main section. Demand is linear with an intercept of a > 0 and depends negatively on the firms prices

and positively on the competitors prices (via the average). Furthermore, we assume that γ0 > γ1 > 0

such that demand declines if all firms raise prices by the same amount.

The strength of the reaction of demand to µ is determined by the coefficients b1, b2 > 0. Demand

depends negatively (for b1S < b2
36) on µ such that an increase in the outside option lowers the

market share of the firms. Finally, investment in the standard raises demand, the strength of which

increases in µ. Investing in the standard cannot help firms to attract customers from their competitors

as this also raises their quality. Instead, it helps them to attract customers that would otherwise

purchase the outside option. Consequently, the higher µ the more attractive is the outside option

and the higher the benefit from investing in the standard.

The cross-derivative ∂3π
∂si∂µ2 = pib1 is strictly positive such that the profit function does not directly

yield a hump-shaped reaction. However, as we will see, firms adjust their price in response to

changes in µ such that the profit function after including the price choice leads to gives the core

results from the main section. First, we determine the optimal price:

∂πi

∂pi
= qi − piγ0 = 0

⇒ pi =
a + b1Sµ + γ1 p−i − b2µ

2γ0

2γ0 pi − γ1 p−i = a + b1Sµ− b2µ

36 We assume that the parameters are such that this is satisfied. We see that S is a quasi-concave function of µ. Thus, we

assume that for µ efforts are increasing in µ. Then we can determine a threshold for µ ≡ min
{

a
b2

, 2γ0−γ1
b2

1n

}
such that in

equilibrium this inequality is satisfied for all values of µ < µ.
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Assuming that the equilibrium is symmetric such that ∀i ∈ N : pi = p−i = p∗ gives:

p∗ =
a + b1Sµ− b2µ

2γ0 − γ1
(3.B.3)

Note that the optimal price is decreasing in µ as b1S < b2 and increasing in S. Substituting the

optimal price p∗ in the first-order condition for the optimal effort level gives:

∂πi

∂si
= pib1µ− si = 0

⇒ si = pib1µ = b1µ

(
a + b1Sµ− b2µ

2γ0 − γ1

)
(2γ0 − γ1)si − b2

1nsiµ = b1µ(a− b2µ)

Which yields the optimal effort level:

s∗i =
b1µ(a− b2µ)

2γ0 − γ1 − b2
1nµ

(3.B.4)

Based on this we can calculate the change to the equilibrium investment as:

ds∗i
dµ

=
b1(a− b2µ)

2γ0 − γ1 − b2
1nµ

+
b1µ(a− b2µ)(

2γ0 − γ1 − b2
1nµ

)2 b2
1n (3.B.5)

ds∗i
dµ


> 0 for µ = 0

< 0 for µ > a
b2

(3.B.6)

In this demand system, the effectiveness of S and thus si depends non-monotone on µ. Demand is

increasing in S as a higher quality leads to more consumers purchasing the product. However, this

effect depends positively on µ as S only helps a firm to compete with the outside of the market not

with its standard partners. Furthermore, an increase in µ lowers the firm’s market share and leads to

a lower price and in turn reduces the per-customer revenue. This lowers the incentives to invest in si.

For small values of µ the direct incentive effect dominates while for high values of µ the price effect

dominates. Efforts then follow a hump-shape in µ such that they are increasing in µ for small levels

and decreasing in µ for high levels in µ. Figure 3.7 shows this result graphically. We see that for a

prices decline close to linear in the outside pressure. As µ increases demand declines, which makes it

easier for firms to charge a low price as the loss of lower prices is smaller for smaller market shares.

In contrast, the efforts invested in the standard are first increasing and then declining. Initially, prices

are high and the benefit of investing is low. As µ increases prices start falling while the benefit of
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Figure 3.7: Linear demand

investing increases. First, the increased benefit dominates but for high levels of µ investing becomes

unprofitable.

3.b.3 Hotelling

In this section, we discuss a different way to model a linear demand function. Here we derive a

model built on the Hotelling Model of competition (Hotelling, 1929). We will see that the results are

comparable to the Logistic Demand model despite the fact that we vary the competition between

firms instead of the outside option. The result derived here links competition and investment in a

standard.

Two firms compete for a unit mass of customer with a heterogeneous preference θ distributed

along a line ranging from 0 to 1 such that θ ∼ U(0, 1). The firms are assumed to be placed at 0 and 1

respectively. For simplicity, we denote them as N = {0, 1} themselves. The utility of a customer of

type θ purchasing 0 or 1 respectively is given by:

u0 = 1 + S + v0 − t(θ − 0)− p0

u1 = 1 + S + v1 − t(1− θ)− p1

uout = 0
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Consumers also have access to an outside option normalized to uout = 0. The terms tθ and t(1− θ)

are seen as (psychological) transportation costs. The higher t ∈ (0, ∞) the more difficult it is for

customers to chose a product that deviates from their most desired specification. In the extreme case

of t = 0 the Hotelling model degenerates to Bertrand competition and for t → ∞ it splits in two

monopoly. Thus, t is a measure how close of a substitute the products of the two firms are.

We limit the analysis to symmetric equilibria. In the logistic demand specification, homogeneous

parameters always lead to a symmetric equilibrium. The Hotelling model, in contrast, may feature a

continuum of equilibria that all lead to the same total demand but split into asymmetric parts.

Depending on t there are three cases to consider: For a large enough t the demand for firms

do not overlap for the optimal level of S. In this case, ∂qi
∂si

= 1
t = s∗. For very small levels of t, the

demand overlaps even if firms do not invest in the standard. Then the optimal level is s∗ = 0. In

between, the demand only overlaps once the firms’ investments exceed a specific amount that is

lower than 1
t . In this case, the firms invest just enough so that the indifferent customer is not only

indifferent between the two products, but also between buying and not purchasing. This gives

s∗ = t−2
4 . Based on these solutions we can calculate under which conditions which solution is the

results of the market outcome.

Setting the utilities of different choices equal yields the following cut-off values based on the

consumers’ preferences:

θx =
1
2
+

v0 − v1

2t
− p0 − p1

2t
(
u0 = u1

)
θ0 =

1 + S + v0 − p0

t
(
u0 = uout

)
θ1 = 1− 1 + S + v1 − p1

t
(
u1 = uout

)
From this we can immediately derive the demand as:

q0 = min
{

1 + S + v0 − p0

t
,

1
2
+

v0 − v1

2t
− p0 − p1

2t

}
q1 = min

{
1 + S + v1 − p1

t
,

1
2
+

v1 − v0

2t
− p1 − p0

2t

}

The derivatives of the demand function for firm 0 are given as:
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q0 + q1 < 1 q0 + q1 = 1

∂qi

∂pi
−1

t
− 1

2t
∂qi

∂si
+

1
t

0

∂qi

∂vi
+

1
t

+
1
2t

It is straightforward to obtain the optimal level of investment in s∗ as:

s∗ =


0 for t ∈ (0, 2]

t−2
4 for t ∈ (2, 1 +

√
5]

1
t for t ∈ (1 +

√
5, ∞)

Figure 3.8 shows the non-monotone relationship between the firm’s efforts s∗ and the degree of
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Figure 3.8: Hotelling

consumer heterogeneity t. For high levels of competition (t < 2) firms are not willing to invest in the

standard as they only compete with each other and have little to gain by investing. As t increases,

consumers’ heterogeneous tastes start to matter. Firms are then able to extract some monopoly rents

and start to invest in the standard to better appropriate those. However, once firms are seen as

substantially different from each other investments start to decline with the increase in heterogeneity

as the markets for the firms become too small to be profitably covered.



4 M E M B E R S H I P, G O V E R N A N C E , A N D LO B B Y I N G I N

S TA N DA R D -S E T T I N G O R G A N I Z AT I O N S

This chapter is based on the identically titled paper co-authored with Jens Prüfer and Maria

Larrain.

4.1 introduction

Standard-setting organizations (SSOs) are collectively self-governed industry associations. They are

formed by innovators and implementers to set and update technological standards. Such standards

enable industry participants to coordinate on a single technical solution. Thereby, they exploit

network effects, diffuse valuable information, and decrease transaction costs. These positive welfare

effects of compatibility and standardization are well documented.1 Moreover, due to the steady

growth of information and communication technologies over the last three decades and the high

importance of network effects in these industries, standardization has become especially valuable

as standards reduce uncertainty, facilitate interoperability, provide investment opportunities, and

lower the cost of innovating (Bresnahan and Greenstein, 1999). Crucially, the successful diffusion of

new technologies often depends on the emergence of a single standard and SSOs are mostly the only

organizational vehicle that can reach standardization (Gandal and Regibeau, 2014).

Being industry associations, membership in SSOs is usually open to all industry participants,

subject to paying a membership fee. The club character with collective self-governance, where

members vote which candidate technologies are included in a standard, avoids monopolization

and ensures wide acceptance of once-decided standards. The latter is important because patents

on elected technologies become standard-essential, which provides respective patent holders with

market power and, hence, high expected profits as standard-essential patents become de facto

monopolies.

However, self-governance has specific issues. SSO members may lobby for their technologies to

be included in the standard specification. This might result in standards which do not adopt/include

1 See Katz et al. (1985) for an early example. For an overview of the empirical literature estimating network effects, and the
positive welfare effects of standardization in industries characterized by network effects, see Gandal and Regibeau (2014).
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the best available technologies.2 The empirical evidence is mixed in this respect. Bekkers et al.

(2011) find that involvement in the standardization process is a stronger factor than the technical

merit of a patent in determining the likelihood that a firm declares a patent to be standard-essential.

Weiss and Sirbu (1990) find a bias towards technologies supported by large firms that provide high

contributions to an SSO, which offers indirect evidence that technological quality is not the main

factor in standard selection, despite its theoretical pretense. However, large firms could just be

more successful in producing the highest-quality technologies. For example, Rysman and Simcoe

(2008) empirically study four major SSOs and find that the patents selected by the standards have

significantly more citations than average patents before they were disclosed to the SSO. This suggests

that these SSOs are selecting technologies with a higher inherent value.

Gandal and Regibeau (2014) conclude from the divergent evidence: “SSOs are politico/economic

institutions where influence within the SSO might matter as much as technical merit when it comes

to having one’s patents included in the agreed-upon standard. A natural target for improving the

performance of SSOs are therefore the rules that determine how power within the SSO is divided.”

This quote explains the starting point of our paper. We aim at a better understanding of the

decision-making rules of standard-setting organizations and their influence on the standard selection

(SSO governance), which can have a profound impact on the abilities of innovators to coordinate in

developing new technologies and on the incentives to innovate (Chiao et al., 2007).

Moving from governance to membership, in most of the theoretical literature studying SSOs,3

there is an implicit assumption that the only motivation for innovator firms to join an SSO is to

promote their technology and hence, to receive corresponding licensing fees once their technology is

standard-essential. However, there can be other reasons. There is evidence that SSOs can also have

a direct effect on innovation if their meetings provide an environment that promotes knowledge

sharing, with positive dynamic effects of membership over investment (Gandal et al., 2004; Baron

et al., 2014). A fairly robust empirical result is that the disclosure of patents to SSOs is correlated

with firms’ valuations (Hussinger and Schwiebacher, 2013). Attending SSO meetings and actively

participating in SSOs, including authorship of technical contributions made to standards, have a

significant positive effect on firms’ revenues (Baron et al., 2014).

There are two alternative explanations for the latter result. The first one interprets a member

firm’s activism as lobbying: active firms promote their proprietary technologies to the detriment of

higher quality but less promoted rival technologies, which has a negative overall welfare effect. The

2 See Larrain and Prüfer (2015) for a general model of trade associations, where lobbying can have negative or positive
spillovers.

3 For example, Llanes and Poblete (2014).



4.1 introduction 98

second explanation is that firms benefit from knowledge spillovers from attending SSO meetings, which

facilitates future innovations and hence positively affects welfare in the long run. Baron et al. (2014)

find no evidence of the first effect but show that knowledge spillovers are an important reason for

firms to join an SSO.4

The different membership motivations of firms are reflected by patterns in the composition of

real-world SSOs. Gupta (2017) shows that the 3GPP SSO is characterized by a few major active players

and many smaller players that attend the meetings but only make very little direct contributions to

the standard.5 Blind and Thumm (2004), however, find that the higher the patent intensity of a firm,

the less likely it is to join an SSO. This is a puzzling result in light of the current theoretical literature.

In light of this evidence, we study the following questions: What are the incentives for innovators

and for implementers with heterogeneous R&D-profiles to participate in SSOs? Which members have

an incentive to invest effort in lobbying and to become active in the SSO’s committees? How do these

decisions affect the pricing of standard-essential patents (royalties), industry profits, and welfare?

How do the answers to these questions change depending on the relative power of implementers, as

compared to innovators, within the SSO?

We develop a game-theoretic model, where an SSO is formed endogenously by a subset of

upstream patent holders (innovators) and downstream firms (implementers). Innovators are endowed

with a patent of varying quality, while implementers differ in their strength in the downstream

market. Upstream firms benefit from SSO membership via two channels: (i) by being an SSO member,

a firm learns from other SSO members via knowledge spillovers; (ii) through active membership a

firm can have its technology included in the standard, which secures them a share in the royalty

profits. Downstream members benefit from the sale of standard-compliant products to consumers and

knowledge spillovers. After membership-decisions are made, each innovator among the members

can decide whether to become “active” (to invest effort in committees and lobbying) or to remain

passive. Being active is a prerequisite for getting one’s technology into the standard. Finally, we

assume that innovators with standard-essential patents (SEPs) form a patent pool, the manager of

4 Specifically, Baron et al. (2014) find that positive returns from investing in standard development are not restricted to firms
with standard-essential proprietary technologies or large knowledge assets. Instead, they find a large extent of involvement
in 3GPP standardization by firms who do not claim any standard-essential proprietary technology and no evidence for a
systematic bias in favor of either large patent holders or manufacturers of standard-compliant devices. Moreover, they find
that firms with little R&D investment benefit more from attending meetings in which firms that heavily invest in R&D also
participate.

5 Bloom et al. (2013) also support the spillovers hypothesis: “the productivity of a firm does not only depend upon its
R&D activities but also upon the contributions of other firms’ R&D transferred to the firm via involuntary spillovers.”
They argue that this complementarity of R&D activities is especially strong for standardized technologies because the
knowledge produced by one firm is more relevant to other firms participating in the same standard. In the same line,
Waguespack and Fleming (2009) show that especially small firms (startups) use participation in standard-setting as a
source of learning and gain from knowledge spillovers (in open standards). Gandal et al. (2004) and Tsukada and Nagaoka
(2010) show that firms use the knowledge acquired in standard meetings in their subsequent R&D activities.
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which sets the licensing fee for implementers who want to use the pool’s technologies to sell products

on the downstream market. Crucially, depending on the SSO’s governance rules, a specific share of

implementers have to agree that an upstream firm’s technology is included in the standard, which

prevents SEP-holders from fully exploiting their monopolistic market power.

The main result of the paper is that depending on the lobbying costs required of firms to have their

technology incorporated in the standard one of four possible equilibrium types can occur: (i) If the

costs of lobbying are very low, all firms join the SSO. (ii) If the costs of lobbying are at a medium level,

both small firms and large upstream firms—but not upstream firms with medium R&D stocks—join.

The intuition is that “large” upstream firms (innovators with very valuable innovations) join because

they aim for the profits from having their technology included in the standard. Small upstream firms,

which do not expect to get their technology into the standard, benefit from knowledge spillovers,

which boosts their expected profits in the future, making membership profitable in expectation. On

the other hand, medium-sized upstream firms, just like small firms, have a low chance of getting

their technology into the standard—but they can learn less from the large firms than the small firms.

Consequently, they are the first to abstain from SSO membership. (iii) For high costs of lobbying, only

very large upstream firms join as they can still profitably market their technology. Small upstream

firms stop participating as the benefits of learning from only a few remaining upstream firms is not

sufficient to compensate them for their own costs of participation. (iv) For prohibitive high costs of

lobbying, nobody joins.

Based on these results we find that the governance structure of the SSO is crucial for its outcomes.

As implementers get more bargaining power, royalty fees decline, which leads to an increase in

industry profits and expands the downstream market, thereby benefiting welfare. Upstream firms

lose but downstream firms win, and the net effect is positive. However, above certain thresholds of

implementers’ power, the incentives of innovators to contribute their technologies decline, which

lowers the standard’s quality and industry profits. Furthermore, we find that implementers who

obtain a large benefit from adopting the technology have an incentive to raise the participation of

low-strength implementers as this forces innovators to lower the royalty which the high-strength

implementers profit the most from. This implies that especially large implementers have an interest

in broad participation even if it harms innovation.

The remainder of the paper is organized as follows. Section 4.2 offers a literature review. In

Section 4.3, we describe the model, which we analyze in Section 4.4. Section 4.5 contains a discussion

and concluding remarks. Proofs are in Appendix 4.A.
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4.2 literature

We contribute to the results regarding standard participation by modeling firms’ participation in

standard-setting organizations (SSO). In our model, firms profit by obtaining royalty profits from

their technology and being able to implement the technology. However, firms also can passively

participate in the SSO and benefit from knowledge spillovers. As the literature has shown, both

aspects are important. By studying them together we find novel results on firms’ participation choice

and how commitments made to downstream firms can lead to positive or negative results.

The broad literature on Standard-Setting Organizations has pointed to a multitude of important

aspects for the performance and functioning of SSOs. One of the most crucial aspects of SSO

performance is participation. Only if the participation of industry partners is broad and includes

the firms with the best technology, there is any hope that the standard is as good as technically

(and economically) possible (Gandal and Regibeau, 2014). Especially important for this is that the

SSO solves the hold-up associated with the standard. One important aspect is to make sure that

implementers who have invested in the downstream capacity for standard-compliant products are

protected from excessively high royalty rates. For this, both IP owners and downstream implementers

must participate and SSO policies should be aimed at encouraging firms of both types to attend their

meetings and contribute (Layne-Farrar et al., 2014).

We directly address the aspects of membership and participation by modeling innovators and

implementers participation in an SSO by considering an SSO who’s by-laws place a requirement on

minimum participation by the implementers in the SSO. Doing so allows us to show how increased

membership of implementers can have benefits to society by lowering innovators’ ability to charge a

high royalty and negative effects by lowering innovators’ incentives to contribute their technology in

the standard.

One of the most important challenges SSOs face is how to prevent holdup, i.e., the possibility of

patent owners to use their technology’s increased importance to (ex-post) charge an excessive royalty

(Lemley and Shapiro, 2006). While holdup is considered an important challenge by authorities the

evidence on its prevalence in reality is mixed. Theoretically, Elhauge (2008) argues that royalty

rates are rather insufficient than excessive. Other papers have highlighted that the repeated and

continuous interaction of firms during the standard-setting process acts in reducing the risk of holdup

(Epstein et al., 2012; Brooks, 2013). Two empirical papers find now evidence for hold-up.(Gupta, 2013;
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Galetovic et al., 2015)6 Especially consensus building in the standard-setting process, active meeting

participation structure within the SSO meetings and the repeated interactions between stakeholders

in the standard-setting process seem to counteract the risk of hold-up.

We add to this literature by showing how statutory participation of downstream firms can

discipline innovators and limit their ability to charge high royalty rates, thus mitigating the threat of

holdup. Similar to the previous literature we find that implements participation mitigates the risk of

holdup.

A widely discussed alternative solutions to deal with the problems associated with SEP licenses

are FRAND commitment over disclosed patents (Fair, Reasonable, And Non-Discriminatory). However,

there is an intense debate over whether FRAND commitments can effectively prevent patent owners

from imposing excessive royalty over SEPs. Theoretical models assume that FRAND terms do not

constrain SEP owners at all. Instead, they propose that firms should commit to price caps ex-ante

(structured price commitments Lerner and Tirole, 2015), that firms should be allowed to form a

patent pool ex-ante before the standard is selected (Llanes and Poblete, 2014), or that SSOs should

establish an internal arbitration procedure to investigate the costs of alternative standards before

adopting one (Lemley, 2002) or to resolve intellectual property conflicts (Lemley and Shapiro, 2013).

These studies suggest that ex-ante licensing leads to more efficient outcomes. However, under certain

conditions, ex-ante licensing can be less efficient than ex-post licensing (Tarantino, 2015).7 More,

recently it has been shown that repeated interaction can help make FRAND rates binding such that

innovators refrain from charging unreasonable high royalty rates as they expect future interaction

within standard-setting (Larouche and Schuett, 2019; Llanes, 2019).

While FRAND commitments are often seen as vague or difficult to evaluate we contribute to the

discussion of them be given an example of a mechanism leading to a FRAND license. To attract

implementers innovators are limited in the royalty rate they can set. In this paper, we consider

minimal limit in the sense that innovators need to make sure that implementers make zero profits.

By doing so we draw attention to the benefit of ex-ante commitments aimed at tying innovators’

hands in the ex-post setting of the royalty rate.

6 Gupta (2013)refers to the case Microsoft vs. Motorola (Seattle, November 2011) where expert witnesses failed to provide
evidence for hold-up when prompted to do so by the Judge. Galetovic et al. (2015) find that industries relying on SEPs
exhibit the fastest quality-adjusted price decline in the U.S. economy.

7 When there is competition between standards, ex-ante licensing does not always lead to a more efficient outcome than
ex-post licensing (Llanes and Poblete, 2015).
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4.3 model

In this section, we define the model used. Section 4.3.1 describes the general setup of the upstream

market, Section 4.3.2 the timing of the market, Section 4.3.3 the downstream market in detail and

Section 4.3.4 discusses the key modeling choices made.

4.3.1 Model Description

We consider a market consisting of upstream firms (innovators, N = {1, . . . , n}) and downstream

firms (implementers,M = {1, . . . , m}). We discuss downstream firms’ role in detail in Section 4.3.3.

Each upstream firm i ∈ N is characterized by an exogenous, fixed, and observable R&D stock

Ri ∈ [0, R̄] that determines the potential quality of the firm’s only patented technology and thus its

marginal contribution to the quality of the standard. Upstream firms fall into three roles. Active

members join the SSO and contribute their patent to the standard, for which they obtain a share of

the royalty revenue, passive members join the standard and obtain knowledge spillovers based on

the active firms, and non-members do not join the SSO. Innovators’ profits are given by:

Πu(Ri, R̃) =


α
(

R̃−i − Ri
)
− ku +

Wu(pu,R̃)
ñ − ē active member

α
(

R̃−i − Ri
)
− ku passive member

0 non−member

(4.3.1)

In Equation (4.3.1), ku gives the costs of becoming a member, pu is the royalty rate charged for

licensing the technology, Wu(pu,R̃)
ñ gives the per-active innovator royalty revenue based on the standard

which we discuss in detail in Stage 3, and ē the costs of becoming active. The exogenous parameters

are α, ku, and ē.

Let Na = {k ∈ N |ek = ē} be the set of all innovators who exert the necessary lobbying efforts.

We define two qualities of the standard:8

R̃ = ∑
k∈Na

Rk (4.3.2)

R̃−i = ∑
k∈Na\{i}

Rk

8 Equation (4.3.2) assumes that at least one firm joins the standard. If the set of active firms is empty the quality of the
standard is given as R̃ = 0.
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The quality of the standard (R̃) is given by the combined quality of all active innovators, which gives

the quality downstream firms can derive profits from. The marginal contribution of one patent to

the quality of the standard is independent of the other patents in the standard such that patents

are neither complements nor substitutes. The profits innovator i obtains from knowledge spillover

depends on R̃−i:

Πu
KS(Ri) = α max{R̃−i − Ri, 0}, (4.3.3)

where α ∈ R+ represents the strength of knowledge spillovers within the SSO and R̃−i is the

knowledge stock that firm i can derive spillovers from.9 As a firm cannot obtain spillovers from itself,

R̃−i is independent of firm i’s decision (not) to become an active member. Moreover, the potential for

spillovers is reduced by Ri such that a firm with an already high R&D stock can learn less than firms

with a smaller knowledge stock.

4.3.2 Timing

The game consists of three stages. First, firms decide on their membership in the SSO, second

innovators decide whether to contribute their technology to the standard or remain passive. Finally,

a patent pool is formed, the royalty rate is determined and implementers decide on licensing the

standard.

stage 1: membership innovators In the first stage, an SSO is formed and firms in N and

M decide whether to join or not. To join innovators have to pay a cost ku which is exogenous to the

model and may include a monetary membership fee that covers the operating costs of the SSO and

the opportunity cost for the time of employees attending SSO meetings.10.

As SSO members, innovators attend meetings and can learn from the knowledge of the active

innovators which we refer to as knowledge spillovers.11 However, only a subset of innovators actively

contributes to the standard. Innovators that join the SSO without contributing their technology are

called passive innovators and innovators that join the SSO and contribute their technology are called

active innovators.
9 Consequently, if firm i is an active innovator R̃−i = R̃− Ri and if its a passive innovator R̃−i = R̃
10 We assume the costs of joining as given and an economic loss. Specifically, we abstract from the possibility of the SSO to

set membership fees to achieve its (one of its) objectives.
11 These benefits can be based on learning about new technology, sharing opinions on market developments, or building

business networks and relationships with other firms.
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Membership for implementers is determined in Stage 3 after the standard has been set. However,

the by-laws of the SSO specify that membership of a proportion of λ ∈ [0, 1] of the implementers is

required for the standard to be implemented.

stage 2: standard formation In the second stage, upstream SSO members can choose to

become active or passive members of the standard. Both types of firms profit from the potential of

knowledge spillovers but only active members have their technology included in the standard and

gain royalty revenue in Stage 3. To become active, innovators need to exert an exogenously given

level of lobbying efforts ē. Lobbying is costly and unproductive by itself but necessary to allow voting

members to add the technology to the standard.12

stage 3: patent pooling, and license-fee setting In the third stage, the active innovators

bundle their patents into a patent pool of quality R̃ and delegate setting the royalty rate to its manager.

The manager of the patent pool makes a Take-It-Or-Leave-It offer on behalf of the active upstream

members to the downstream members and is bound by the governance parameter λ such that at least

a proportion of λ implements join the standard-setting organization and license the technology.13 If

the SSO fails to reach a participation of λ the standard collapses all firms receive negative profits

amounting to the investments taken in the past.14

The offer specifies a per-unit royalty fee of pu paid by the implementers to license the patent

pool. For a given royalty rate (pu) and quality of the standard (R̃) the implementers’ demand for the

technology in the standard pool is given by qu(pu, R̃) ≥ 0 and the total royalty revenue is given as

Wu(pu, R̃) = qu(pu, R̃)pu.15 Furthermore, the maximal royalty rate the pool can charge is limited by

convincing mλ downstream firms to join the SSO and adopt the standard which we discuss in detail

in Section 4.3.3.

12 Lobbying can take many forms: talking to other members to inform them about the great features of one’s technology,
coordinating to make technologies compatible with each other, bringing in technical proposals and other committee
work, etc. We only consider a binary modeling structure such that firms either exert efforts or not. More complicated
assumptions are possible but increase the complexity.

13 Thus, mλ implementers need to support the technology. The parameter λ is continuous. However, for readability, we will
not make explicit note of this. Thus, a ‘small change to λ’ implies a change of λ by 1

m such that mλ increases by 1.
14 This can be seen as the SSO having to start from scratch with discussing the standard within its organization, a long period

delay in implementation, or some other prohibitively high cost.
15 Implementers’ demand for technology refers to the usage intensity of the standard by downstream firms. While it could

be linked to the demand for the implementers’ products we abstract from the product market.
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Assumption 4.1: Downstream firms’ demand for the standard satisfies:

∂qu(pu, R̃)
∂pu

< 0,
∂2 (puqu(pu, R̃)

)
∂p2

u
< 0

∂qu(pu, R̃)
∂R̃

> 0

Assumption 4.1 gives the requirements on the usage of the standard. A higher quality of the

standard raises the benefits of downstream firms who then extend their usage intensity. Similarly, an

increase in the licensing fee makes usage of the standard less profitable and thus lowers the usage

of the technology. Furthermore, the total royalty revenue Wu(pu, R̃) = puqu(pu, R̃) is concave in the

royalty rate pu.

The manager of the patent pool sets the royalty rate to maximize total royalty revenue Wu.16

which is then equally split between all active innovators. However, to satisfy the requirement of the

SSO, the royalty it can charge is limited by the governance parameter λ such that the maximal royalty

the patent pool manager can charge is decreasing in λ for which we provide a micro-foundation in

Section 4.3.3.

Let ñ be the number of active innovators. After combining the royalty revenue with the knowledge

spillovers from Equation (4.3.3) the profits of innovator i with patent quality Ri are given by the

profit function in Equation (4.3.1). Finally, we make three assumptions for tractability:

Assumption 4.2: R&D stock (Ri) is distributed at regular intervals with a constant distance of ρ ∈ (0, R̄
n−1 ):

Ri = R̄− (i− 1)ρ

Assumption 4.3: Innovators make decisions in all stages in order of decreasing R&D stock Ri.

Assumption 4.4: A standard consisting only of the highest quality innovator (R̄) can generate a profit

exceeding the fixed costs of joining the standard and becoming active such that:

max
pu

Wu(pu, R̄) ≥ ku + ē,

Imposing a simple structure on the distribution of innovators’ R&D stock simplifies the analysis

and allows us to study the results of standardization, assuming a specific order of decision making

enables us to find a unique equilibrium and assuming that a single-firm standard is feasible

16 Once upstream firms have decided on whether they join the standard actively or passively, their incentives are perfectly
aligned. Thus, the identity of the manager making the Take-It-Or-Leave-It offer is irrelevant.
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guarantees an equilibrium for at least some values of governance λ. Finally, for tie-breaking

purposes, a firm indifferent between its choices prefers (active) participation in the standard.

4.3.3 Downstream Market

The core of our results are derived from innovators’ profit function, the fact that innovators’ profit-

maximizing royalty rate is excessive, and that λ limits the royalty rate. However, to specifically

model the participation of the implementers and micro-found the assumptions made in the previous

section we assume additional structure on the downstream market and implementers’ objective

function. Each downstream firm j ∈ M is characterized by an exogenous, fixed and observable level

of strength (market share) in the downstream market Sj ∈ [0, S̄].17 Downstream firms either adopt

the technology in which case they profit from its usage but have to pay a royalty fee to the active

innovators or abstain from the standard.

Similar to the upstream market, we make the simplifying assumption that strength Sj is distributed

at a regular interval with step-size σ such that Sj = S̄− (j− 1)σ with σ ∈ (0, S̄
m−1 ). Each implementer

decides independently if it joins the standard-setting organization and adopts the technology, or not.

We assume that one downstream firm adopting the technology has no externality on other firms

adopting it, that is and they cannot use a higher quality to gain market power (and thus increase Sj)

i.e., implementers are monopolists on separate markets.

The product market demand18 implementers face is simple: we assume that demand is fixed

and that prices charged to consumers are a linear function of the standard quality given in Equation

(4.3.2) such that for a fixed royalty fee the profits of downstream firms are linear in the quality of the

standard.19 Implementer j’s profit is:

Πd(Sj, R̃) =


Sj
(

R̃− pu
)
− kd member of SSO

0 outside option
(4.3.4)

Implementer j’s strength (Sj) measures its ability to market a standard of quality R̃ to its customers

such that the revenue derived from the standard is given by SjR̃. Secondly, the implementer pays a

royalty rate proportional to its strength which is given by Sj pu. Finally, implementation has a cost of

17 The strength Sj can also be capture additional aspects like the strength of the brand of implementer j or their ability to
incorporate the standard in their products.

18 Not to be confused with the demand for the standard technology.
19 Implementers have market power in the downstream market but, due to heterogeneous preferences of final consumers,

demand is downward sloping such that, for increasing quality R̃, both the implementers’ revenues and consumer surplus
are increasing.
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kd to be a member of the SSO which may include a monetary membership cost, an opportunity cost,

and the cost of implementation of the standard. We rule out knowledge spillovers for downstream

firms.20

Furthermore, we assume that implementers either become members of the SSO and license the

standard or do not become a member and not license the standard. Implementers have no incentive

to join the SSO without adopting the technology as they do not receive a direct benefit from being

part of the SSO (they cannot profit form knowledge spillovers). Furthermore, we assume that not

becoming a member of the SSO while licensing the technology is not feasible. We discuss this

assumption in Section 4.3.4.

Let S̃(pu, R̃) be the set of all implementers licensing the standard technology. Based on this, we

derive downstream demand for the standard (qu(pu, R̃)) as the combined strength of all implementers

in S̃ and downstream surplus (Wd(pu, R̃)) as their combined profits. Finally, let Wu = qu pu be the

combined royalty payments:

S̃(pu, R̃) ≡ {j | Sj(R̃− pu) ≥ kd}

qu(pu, R̃) = ∑
j∈S̃(pu,R̃)

Sj (4.3.5)

Wd(pu, R̃) = ∑
j∈S̃(pu,R̃)

(
Sj(R̃− pu)− kd

)
(4.3.6)

Wu(pu, R̃) = ∑
j∈S̃(pu,R̃)

Sj pu (4.3.7)

Note, that the demand system satisfies Assumption 4.1 which we verify as part of the proof for

Proposition 4.2. The value of Wd gives the downstream surplus, while the value of Wu gives the

amount of surplus that innovators are extracting using royalty payments. Consequently, Wd + Wu is

the surplus generated in the downstream market.

In Section 4.4, we solve the game for a unique Sub-game Perfect Nash Equilibrium in pure strategies.

First, however, we explain several modeling choices made above and discuss alternative setups and

robustness of the model.
20 Allowing for ‘small’ knowledge spillovers of downstream firms does not alter the results significantly. If knowledge

spillovers of downstream firms are large implementer join the standard for the spillovers not for the technology which
causes fundamental changes in the model.
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4.3.4 Model Discussion

r&d-distribution and common knowledge: The assumption of common knowledge of the

strength of firms simplifies the analysis and is plausible in the case of standard-setting. Firms in

high-tech sectors frequently interact with each other and thus can be expected to have an accurate

perception of other industry participants’ qualities, in practice. Assumption 4.2 simplifies the analysis

and guarantees the existence of a unique equilibrium, yet enables us to study different cases.

order of innovators’ choice: Assumption 4.3 rules out that low-quality firms become active

participants, guarantee themselves a share in the royalty profits, but suppress the potential for

high-quality firms to enter the standard. Such a behavior can be seen as similar to patent-trolling

where firms declare low-quality patents to receive a large share of royalty revenue. Avoiding such a

behavior can be seen as a core role of any SSO. At any point, the incentives to join are higher for a

high-quality innovator than for a low-quality innovator. Furthermore, replacing a low-quality firm

as an active member with a firm of higher-quality increases the profits of each member of the SSO

(upstream and downstream) except for the low-quality firm. Thus, the SSO has a high incentive to

implement policies to avoid this. Based on this we abstract away from it and assume it as a given

rule.

outside option: We assume that the outside option for both innovators and implementers is

fixed at 0. In reality, firms with higher-quality technology or higher strength in the downstream

market might have more valuable outside options. High-quality firms would find it more costly

to join the standard. Depending on the functional form of the outside option it could have many

different effects including high-quality innovators dropping out of the standard. This would require

a different design of the sharing rule of the standard to compensate firms adequately.

governance parameter λ : The SSO requires the participation of λ implementers in the body

of the SSO. Thus, λ gives the influence implementers have within the SSO and can be seen as a

mechanism to discipline the innovators in favor of implementers: as the SSO needs to obtain the

approval of more implementers, innovators are forced to charge a lower royalty fee. Alternatively, λ

can be seen as the minimal downstream market coverage required to make the standard economically

viable such that the underlying functionality can only be profitably marketed if a share λ of the

downstream firms are willing to implement it. However, this is isomorphic to a model where instead
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of a share of λ of firms a strength-weighted share of firms is required. Both can be mapped into a

monotone cut-off threshold of the strength of downstream implementers. Off-equilibrium a standard

fails if less than λ firms adopt it. However, as we consider perfect information and assume that

downstream firms are royalty fee-price takers, this does not impact the results of the model.21

downstream market: We assume that implementers benefit from a higher quality of the

standard: an additional innovator adding its technology to the standard increases the standard’s

total quality, which is appreciated by final consumers. Therefore, the quality of the standard directly

increases the revenue implementers can charge. An implementer using the standard raises its price

in line with higher quality but cannot gain additional consumers. Think, for instance, of a market

with a dominant firm and a competitive fringe, such that the dominant firm can charge the difference

in quality to the competitive fringe. However, extending the model to include a more elaborate

downstream market is technically straightforward. In this case, we would expect that profits are

not linearly increasing in the quality of the standard. However, this would require us to model the

strategic decisions of the downstream firms as the incentive of one downstream firm to adopt the

standard would depend on the other downstream firms’ choice in a potentially non-monotone way.

The results would be reminiscent of Katz and Shapiro (1986): innovators would have an additional

incentive to under-supply technology to downstream firms.

downstream membership: We assume that implementers cannot adopt the technology with-

out becoming members of the SSO. The underlying assumption is that we only consider large

implementers in set M who require a say in the organization to adopt the technology and not

interested in adopting technology without becoming a member of the SSO. If this were not the case,

innovators need to make sure that for a proportion of λ membership is beneficial, e.g., by offering

reduced royalty rates for SSO members and a higher royalty rate for SSO members. If implementers

were able to license the standard at the same royalty while not being part of the standard the

equilibrium would still see a proportion λ of them joining the SSO as otherwise the standard would

fail and they would gain zero profits. The same argument would also hold if innovators can charge a

differentiated royalty to members of the SSO. However, the effect of λ on firms behavior becomes

increasingly complicated. In this paper we are interested in how the membership of downstream

firms forces innovators to lower the royalty they set. For this, the simplest assumption is to consider

membership in the SSO necessary to implement the standard.

21 This approach is related to Llanes (2019) who studies how repeated interaction in the standard-setting process can make
FRAND agreements binding.
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royalty-rate structure: We model a royalty fee (pu) that is paid by downstream firms

proportional to their strength. The reason for this is that we consider the strength to reflect the

market share of the firms. Replacing the royalty fee by a fixed amount would not change the model

fundamentally. By contrast, allowing for a two-part tariff with a variable and a fixed part at the

same time would severely change the results: The result of the downstream market is driven by the

tension between the benefits of the standard that are increasing in strength and the costs which are

fixed. The royalty can be seen as increasing the fixed costs (in case of a fixed fee) or lowering the

variable revenue (for pu). Thus, both methods would lead to some firms implementing the standard

based on their strength.

structured price commitments: The value of λ that is given, shares similarities with struc-

tural price commitments. In the paper, we treat λ as exogenous to the model but it can be seen as

the SSO or innovators having committed to a certain number of implementers becoming part of the

standard which limits their ability to extract the benefit of their technology from the implementers

using an excessive royalty. As such it plays a function similar to a structured price commitment that

limits the maximal royalty a firm may charge (Llanes and Poblete, 2014). However, a commitment in

λ is more general and allows for (limited) adjustment based on the quality of the standard22 without

firms having to discuss prices with other innovators before the standard has been set, which might

help mitigate anti-trust concerns.

sharing rule: For the upstream firms, we consider an egalitarian sharing rule, where each firm

obtains an equal part of the royalty revenue generated by the patent pool. It is possible to include

sharing rules that are proportional to the knowledge stock of innovators. See Larrain and Prüfer

(2015) for a sharing-rule that allocates more income to stronger firms than to weaker ones. Note that

firms would still join the standard and would erode the incentives of other firms to do so. However,

while in our model a higher-quality innovator would increase the incentives of the lower-quality

firms to join, this would not necessarily follow in an extended model.23

22 Thus, a higher quality of the standard leads to a higher royalty. This adjustment is not perfect compared with a complete
contract but gives the standard some adjustment capacity.

23 In practice, different sharing rules are feasible. However, given the complexity of determining the incremental value of a
single patent, most patent pools prefer simple rules. According to Layne-Farrar and Lerner (2011) the three common forms
of sharing rules are royalty-free licensing, where royalty fees are 0; numeric proportional rules, where members receive a share
of the aggregate earnings based on the number of patents they contribute to the pool; and value-proportional rules, where
members with more valuable contributions receive a larger share of the earnings. A value proportional rule would keep
most of the results unchanged, with one notable exception. In this model, we find that an increase in the quality of an
active firm raises the incentives to join the standard. Under a value proportional rule, this would be partially mitigated by
potential entrants not being able to appropriate part of the profits. However, as Brooks (2013) points out, royalties are
typically bargained as a whole by the administrators of standard pools. Then simple rules are used to avoid transaction
costs, complicated bargaining and patent thickets.
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4.4 analysis

In this section, we solve the game specified in Section 4.3 by using backward induction. For this,

we only consider standards with at least one active innovator. Solving an equilibrium featuring

an empty standard is trivial: All innovators and implementers make 0 profits and stay out of the

standard. Sections 4.4.1, 4.4.2, and 4.4.3 solve the 3 stages of the game. Section 4.4.4 discusses the

effect of changes to the governance parameter (λ) on firms’ participation.

4.4.1 Stage 3: Patent pooling and license-fee setting

First, we solve Stage 3 using the downstream market from Section 4.3.3. Upstream firms have

made their decisions about whether to join the standard-setting organization (SSO) and whether to

become an active or passive member. Thus, the combined quality of the standard (R̃) is set. The

downstream firms receive a take-it-or-leave-it offer from the manager of the patent pool on behalf

of the active upstream firms. Implementers join the standard and implement it if doing so yields

them a non-negative profit. For the standard to be viable it needs to be supported by an exogenously

determined proportion λ of the implementers. Thus, we require that mλ implementers obtain a

non-negative profit.

Implementer j’s profit (Equation (4.3.4)) is determined by the fixed cost of membership (kd), is

increasing in its strength (Sj) and decreasing in the royalty rate (pu). Let Ŝ(λ) be the strength of the

pivotal downstream firm at the (1− λ) quantile of the firm distribution. If a firm of strength Ŝ(λ)

obtains zero profits from implementing the standard, all firms of a higher strength obtain a positive

profit, and all firms below a negative profit. Thus, the patent pool manager optimally sets a royalty

fee such that active inventors’ profits are maximized subject to Ŝ(λ) obtaining a non-negative profit,

which satisfies the requirement that a λ proportion of the implementers makes a non-negative profit.

We first calculate the profit-maximizing price if λ is not binding:

Lemma 4.1: Consider λ = 0 such that it is not binding. Let j◦ be the index of the lowest strength imple-

menter who licenses the technology. The profit-maximizing royalty for a given level of (R̃) is given as:

j◦(R̃) = arg max
j∈M

(
j
(

S̄− (j− 1)σ
2

)(
R̃− kd

S̄− (j− 1)σ

))
Ŝ◦(R̃) = S̄− (j◦(R̃)− 1)σ

p◦u(R̃) = R̃− kd

Ŝ◦(R̃)
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Furthermore, the profit maximizing royalty is increasing in R̃ and decreasing in kd. And the change to the

royalty revenue caused by lowering prices to attract one more customer is declining in the number of customers.

Proof: see Appendix 4.A.1.

In Lemma 4.1, j◦ denotes the index of the lowest strength implementer that is profitable to be

included in the standard (Ŝ◦). Furthermore, the lemma shows that the marginal profit of increasing

the number of implementers is decreasing in the number of implementers which is the discrete

equivalent of saying that the royalty revenue is concave in the number of implementers licensed to.24

As the standard becomes more valuable the profit-maximizing royalty increases and the number of

implementers licensed to increases. A higher-quality standard allows the standard pool to charge a

higher price which increases the incentives to license the standard to more implementers. In contrast,

a higher downstream implementers’ cost leads to a lower price and a lower number of implementers

being licensed too. As the costs of membership and implementation increase, the standard pool finds

it more profitable to focus on the high-quality implementers, raising the royalty and lowering the

total downstream costs. Now consider value of λ ≥ j◦(R̃)
m such that λ is binding:

Lemma 4.2: If λ is binding, the optimal licensing fee for a given level of (R̃, λ) is given as:

p∗u(R̃, λ) = R̃− kd

Ŝ(λ)
(4.4.1)

In equilibrium, all implementers in S̃(λ) = {j ∈ M : Sj ≥ Ŝ(λ)} adopt the technology and make non-

negative profits with the firm at Ŝ(λ) making zero profits. Furthermore, based on Equation (4.3.5) we find

that:

(i) Demand for the standard (q∗u(λ) = qu(p∗u, R̃)) is independent of R̃ and increasing in λ.

(ii) Total downstream profits (W∗d (R̃, λ) = q∗u(λ)(R̃− p∗u)− |S̃(λ)|kd) are increasing in λ.25

(iii) The total licensing revenue (W∗u (R̃, λ) = q∗u(λ)p∗u(R̃, λ)) is decreasing in λ.

(iv) Furthermore, if ∆(W∗u (R̃, λ) + W∗d (R̃, λ)) > 0 and for Sj > Ŝ(λ): ∆Πd(Sj, R̃) > 0.26

Proof: see Appendix 4.A.2.

Lemma 4.2 gives the license fee p∗u(R̃, λ) that maximizes the profits of active upstream firms

for a given standard quality (R̃) and a value of λ. Setting the profits for the pivotal implementer

equal to zero gives the optimal royalty. If λ is binding, lowering the royalty rate is not profitable

for the innovators while raising the royalty is not possible as then more than λ proportion of the

24 In other words, the royalty revenue as a function of the demand for the standard is hump-shaped. It may be increasing or
decreasing for all prices but becomes more decreasing for higher demand.

25 Where |S̃(λ)| denotes the cardinality of the set S̃(λ), i.e., the number of implementers who are implementing the technology.
26 Where ∆F(λ) ≡ F(λ + 1

m )− F(λ) denotes the change to F caused by an increase in λ by one step.
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implementers makes a loss. Furthermore, if the one of the mλ implementers rejects the offer the

standard would collapse yielding them 0 profits.

Based on this we calculate how outcomes depend on λ and R̃. First, demand for the standard is

independent of R̃ and increasing in λ. As λ is binding, the standard only serves as many downstream

firms as it needs thus only changes with λ. Second, Total downstream profits are increasing in λ. As

λ increases upstream firms are more limited in the price they can charge and thus, lower the price.

This benefits the downstream firms in the standard. Third, the total licensing revenue is decreasing

in λ. As λ is binding any lowering of the price lowers total royalty revenue. Finally, combined profits

from the downstream market (W∗u + W∗d ) are increasing in the λ. Innovators fail to extract all the

surplus generated on the downstream market.27 Instead they limit the supply of the technology

to maximize their profits. Raising λ by 1
m leads to one more downstream firm implementing the

technology which increases profits on the downstream market by p∗u = R̃Ŝ− kd > 0.

Per-definition the market outcomes for λ < j◦
m are identical to the unconstrained outcome. In

Lemma 4.1, the marginal licensor is given as Ŝ◦. Thus, a non-binding λ implies Ŝ(λ) < Ŝ◦ such

that the royalty is higher than for any binding λ. Furthermore for a given quality of the standard R̃

the profits of the innovators are higher and the profits of the implementers lower if the governance

parameter λ is not binding.

Lemma 4.3: For a given R̃ the change to total royalty profits caused by an increase in λ (∆W∗u (R̃, λ) ≡

W∗u (R̃, λ + 1
m )−W∗u (R̃, λ)) is decreasing in λ, such that:

∆W∗u (R̃, λ + 1
m )− ∆W∗u (R̃, λ) ≤ 0

Furthermore, for the highest quality standard possible such that R̃ = ∑i∈N Ri exists a λ◦ ∈ [0, 1] such that:

∆W∗u (∑i∈NRi, λ)


≤ 0 for λ ≥ λ◦

≥ 0 for λ < λ◦

Consequently, for any quality of the standard R̃ ≤ ∑i∈N Ri and any λ ≥ λ◦ royalty revenue is declining in λ

such that ∆W∗u (R̃, λ) ≤ 0.

Proof: see Appendix 4.A.3.

The first part of Lemma 4.3 is the discrete equivalent of W∗u (R̃, λ) being a concave function of λ

such that the higher λ the smaller the change to the royalty rate caused by increasing λ further.28 The
27 Similar to Katz and Shapiro (1986), innovators have an incentive to restrict the downstream supply of the technology to

improve their own profits as they cannot capture the increase in industry profits caused by an extension of the margin.
28 Which is equivalent to the corresponding statement in Lemma 4.1.
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intuition for this is that as λ increases the revenue derived from implementers using the technology

declines, while their number increases. If only a few implementers use the technology the second

effect dominates and revenue increases with λ. If many implementers use the technology the first

effect dominates and an increase in λ lowers the revenue.

The second part gives that for the highest quality standard a threshold λ◦ exists such that royalty

revenue is increasing in λ for λ < λ◦ and increasing for λ ≥ λ◦ such that for a standard containing

all innovators λ◦ maximizes profits. This follows immediately from the first part of the lemma. 29

By the same argument such a profit-maximizing λ exists for all values of R̃. As ∆W∗u (R̃, λ) is

increasing in R̃, this profit-maximizing λ is increasing in R̃ such that any standard of a lower quality

than the full standard has a lower profit-maximizing λ than λ◦. Thus, if λ ≥ λ◦ the commitment of

λ is binding for all standards.

The proof follows from the assumptions made concerning the downstream market. The value of

λ◦ gives the value of λ for which the innovators’ commitment is binding for all standards. If the

commitment is not binding for a λ the innovators charge the profit-maximizing price and do not

react to any changes in λ. From a policy point of view, such an equilibrium is not interesting. Thus

we assume λ ≥ λ◦.

As a final remark, note that as we will see an increase in λ may lead to a decrease in R̃. We have

established that a decrease in R̃ lowers the λ that is binding. Thus, an increase in λ that causes λ to

be binding also does so once we consider Stage 1 and Stage 2.

4.4.2 Stage 2: Standard Formation

In Stage 2, innovators who are part of the SSO decide on whether to remain a passive member and

only to obtain the benefits of spillover effects or whether to become active members and to gain,

additional to spillovers, a share of the patent pool’s royalty income.

Innovators have paid the membership fee and their individual choice to become active or stay

passive does not affect their own knowledge spillovers it can receive. Thus, firm i considers the

membership fee and the knowledge spillover as given. To become active firm i needs to exert

29 If ∆W∗u (∑i∈N Ri, 0) ≤ 0 (∆W∗u (∑i∈N Ri, 1) ≥ 0) the royalty revenue is decreasing (increasing) for all values of λ and λ◦ is
given by 0 (1), respectively.
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lobbying efforts ē. If it does, its technology is included in the standard and it gains a share of the

royalty income W∗u . Based on Equation (4.3.1), an innovator Ri becomes active if, and only if:

W∗u (R̃, λ)

ñ
≥ ē

As a firm becomes an active member, it increases the spillover effects for other firms but not itself.

It also leaves the downstream market share (q∗u) of the implementers unchanged. Thus, based on

Lemma 4.2, becoming active increases the royalty fee pu(·) and the number of firms that have to

share the royalty fee, ñ.

Proposition 4.1: Let Ra be the quality of the highest-quality firm that is not an active member of the stan-

dard. Then, in equilibrium Ra satisfies:

W∗u (R̃, λ)

ñ
≥ ē >

W∗u (R̃ + Ra, λ)

ñ + 1
,

where in Stage 2, all innovators with a patent quality strictly exceeding Ra exert efforts of ē and become active

members. All firms with quality lower or equal to Ra remain passive members of the standard.

Proof: see Appendix 4.A.4. The proposition follows directly from firms’ incentives to become

active members and Assumption 4.3.

Corollary 4.1: Let ñ be the equilibrium number of active upstream firms. If a change in the parameters

does not lead to a collapse of the standard it has the following impacts:

(i) ∂ñ
∂ē ≤ 0: An increase in the costs of becoming active (ē) lowers ñ.

(ii) ∂ñ
∂R̄ ≥ 0: An increase in the quality of all innovators (R̄) raises ñ.

(iii) ∂ñ
∂ρ ≤ 0: An increase in the spread ρ, while keeping R̄ constant, lowers ñ.

(iv) ∂ñ
∂λ ≤ 0: An increase in the governance parameter λ lowers ñ.

Proof: see Appendix 4.A.5.

Using a uniform spread of the innovators’ qualities allows us to describe the equilibrium in Stage

2 by the number of innovators active. For this, we start with expression Ra from Proposition 4.1 and

show how changes in the parameters impact firms’ incentives to become active. A change that lowers

the number of firms who are active can also lead to a collapse of the market in which case Ra = R̄

and ñ = 0.

The number of active firms in Stage 2 is decreasing in the level of efforts needed to be active (ē).

A higher lobbying requirement leads to fewer firms becoming active. An increase in the quality of
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all innovators leads to a higher number of innovators being active. As patent quality increases the

royalty for a given standard increases which attracts additional firms. Furthermore, additional firms

in the standard reduce the per-firm royalty less if they are of a higher quality. Both effects cause

active participation to increase. An increase in the spread of participation (ρ) lowers the number

of firms in the standard. Additional firms contribute less to the standard but lower the per-firm

royalty none-the-less. Thus, fewer firms join the standard. Finally, an increase in the governance

of the standard (λ) lowers the number of firms. Higher participation of downstream firms (higher

λ) implies a lower royalty and thus lower profits for innovators. Active participation declines in

response.

4.4.3 Stage 1: Membership

In Stage 1, innovators decide if they join the standard, or not. In case they do join, they benefit from

spillover effects. Additionally, they receive profits from royalty fees if they invest in lobbying and get

their technology included in the standard in Stage 2. Recall that R̃−i is the combined quality of all

active innovators, excluding innovator i. Based on Equation (4.3.1) an innovator of quality Ri joining

the standard obtains profits of:

Πu(Ri, R̃−i) = α
(

R̃−i − Ri
)
− ku + max

{
0,

W∗u (R̃−i + Ri, λ)

ñ
− ē
}

First, spillover effects are decreasing in Ri. A higher-quality firm benefits less from other members’

knowledge. This determines the first threshold value Rl such that, ceteris paribus, firms with a

quality of Ri ≤ Rl join the standard to obtain spillover effects. Second, for a given aggregate quality of

the standard, a firm’s individual royalty income is independent of its technological quality. However,

total royalty income is growing in R̃, which is decreasing if the marginal member’s Ri decreases.

Let Rh be the R&D-stock of the highest-quality firm that does not join the standard, such that all

innovators with quality Ri > Rh join.

Proposition 4.2: Innovators’ Membership

(i) The first-stage equilibrium is determined by the threshold values Rl and Rh, where Rl ≤ Rh. An innova-

tor of quality Ri acts as follows:

• For Ri ≤ Rl , i joins the SSO and becomes a passive member.

• For Rl < Ri ≤ Rh, i does not join the SSO.

• For Rh < Ri, i joins the SSO and becomes an active member.
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Figure 4.1: Profits of Innovators

(ii) The quality of the standard is given by R̃ = ∑
Ri≥Rh

Ri. The licensing fee is set as specified in Proposition

4.1 and downstream firms license the standard technology if doing so gives them a non-negative profit.

Proof: see Appendix 4.A.6.

Proposition 4.2 forms our central result as it determines the innovators’ SSO-membership and

lobbying decisions. However, it is framed independently of the membership cost ku. If ku is very

low such that Πu(Ra, R̃) > 0, all innovators with a patent quality join the standard as members and

all innovators with a patent quality between (Ra, R̄) become active members. There would be no

firms outside of the standard. Proposition 4.2 still applies with Rl = Rh = Ra. As the costs of ku

discourage passive and active membership, Figure 4.1 instead focuses on the effect of the lobbying

costs ē and shows innovators’ relative profits (net of costs) in equilibrium. The horizontal, black line

shows the outside option at a profit of 0 for all firms and the vertical, black lines show the cutoffs

between different roles of firms.

First, the blue, dashed line shows the profit of an active innovator of quality Ri if all firms of a

higher quality actively join the standard. It is upwards sloping as a higher number of firms implies a

lower average quality R̃
ñ of the standard and thus lower per firm royalty revenue.
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Second, the orange, dot-dashed line shows the profit of a passive innovator of quality Ri for the

equilibrium standard size R̃. It is decreasing as high-quality firms profit less from spillovers. For a

sufficiently high-quality firm, the spillovers are 0 which leads to the kink in the passive profits.30

A firm of quality Ri = Ra is indifferent between being an active and passive member and all

firms with a higher (lower) quality prefer being an active (passive) member. In Figure 4.1, panel (a)

the costs are sufficiently low such all firms with a quality above (below) Ra become active (passive)

members and now firms remain outside of the standard.

As innovators’ costs of becoming active increase, the active firms’ profits decline and fewer firms

become active members. This, in turn, lowers the profits of passive members and fewer firms chose

to do so. In the case of panel (b) the profits of a firm at Ri = Ra are now negative and the firms

between Rl and Rh remain outside of the standard.

Increasing the costs of the firms further leads to fewer active firm which causes the profits of the

passive firms in panel (c) to be negative, thus no firms become passive firms. Finally, in panel (d) the

costs of becoming an active innovator are so high that it is not profitable for any active firms to exists

which causes the spillover effects to vanish. In this case, all firms remain outside of the SSO.

4.4.4 Changes in Governance Structure

A central purpose of this paper is to analyze how different SSO-governance structures, that is,

a different allocation of power between implementers and innovators, affects the results of the

model. Therefore, we now study the impact of a change in the parameter λ on equilibrium decisions

and payoffs: combined profits of downstream and upstream firms, referred to as industry profits.31

According to Lemma 4.2, industry profits are increasing in λ for a given R̃. However, a higher λ

leads to fewer innovators becoming active (lower R̃) and thus involves a trade-off.

Parameter λ specifies the number of implementers that need to support the technology. To

attract more downstream firms, it is necessary to lower the royalty fee charged. The change in

royalty itself does not change the combined profits of upstream and downstream firms. However, it

impacts industry profits via two channels. First, it raises the demand for the standard (qu) as more

downstream firms are served, which increases industry profits (W∗u + W∗d ). Second, it lowers the

innovators’ profits, thus lowering their incentives to become active members and lowering the quality

of the standard (R̃). In the following discussion, we consider an increase from λ to λ′ ≡ λ + 1
m , where

30 By definition spillovers cannot be negative thus we observer a kink at −ku, which never impacts firms’ behavior.
31 We assume that all downstream firms have some market power and can extract some but not all value accruing through

the additional quality of the standard from their final consumers. Thus, industry profits are positively correlated with total
welfare.
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the change leads to one more downstream implementer being required. Let ∆ be the difference

operator that denotes a change in a variable and ′ the quantities after the increase in λ.

A sufficiently large increase in λ can cause the market to collapse such that the maximum royalty

rate the patent pool can charge cannot compensate innovators for the costs of their active membership.

In this case, no firm becomes a member of the SSO and all firms make zero profits. This collapse of

the market lowers the profits of all firms individually and collectively and decreases welfare. In the

following discussion, we assume that at least one active firm remains for the increased value of λ′.

industry profits We now consider the effect that an increase in λ by 1
m has on firm equilibrium

profits. Downstream firms’ profits (individually and collectively) are increasing in λ, such that:

∆Πd(Sj, R̃)


> 0 for Sj ≥ Ŝ(λ)

= 0 for Sj = Ŝ(λ + 1
m )

Passive innovators are unaffected by a change in λ, if the standard quality remains unchanged

(∆R̃ = 0), or harmed if it declines such that:

∆Πu(Ri, R̃)


= 0 if ∆R̃ = 0

< 0 if ∆R̃ < 0
for Ri ≤ Rl

Active innovators who exit the market are harmed:

∆Πu(Ri, R̃) < 0 for Rh ≤ Ri < R′h

Active innovators who remain in the market are either harmed or benefit individually, but are

harmed collectively.

∆Πu(Ri, R̃)


> 0 if α∆R̃ <

(
∆n
n −

∆W∗u
W∗u

) (
W∗u

n+∆n

)
< 0 else

for Ri ≥ R′h



4.4 analysis 120

Finally, let W(λ) be the industry profits for a given λ. There exists a λ̂ such that:

∆W(λ)


> 0 if ∆R̃ = 0

> 0 if λ > λ̂ and ∆R̃ < 0

< 0 if λ < λ̂ and ∆R̃ < 0

(4.4.2)

The derivation of these results is given in Appendix 4.A.7. In the following paragraphs we discuss

the intuition behind the results.

First, if the increase in the governance parameter (λ) does not affect the number of active

innovators, the quality of the standard (R̃), and thus the profits of passive innovators, remain

unchanged. However, a higher λ requires a higher market coverage in the downstream market which

reduces the royalty fee. This, in turn, increases the profits of each and all downstream firms. Firms

with a higher strength benefit most from this as royalties are paid based on strength. The change in

royalty fees comes at the cost of active innovators’ profits, who collectively lose by the same amount

as implementers gain. However, this effect leaves welfare unchanged. However, it also expands the

downstream market, which raises welfare.

Second, if an increase in λ does lead to a reduction in the number of active firms, in addition to

the positive impact of the downstream-market expansion, it causes a costly decline in the quality of

the standard affecting all involved firms. The profits of the remaining active firms may be higher or

lower than before, depending on the change to their number relative to the change in royalty caused

by the decline in quality. If the loss of one active firm leads to a large decline in the quality of the

standard, active firms are harmed. Otherwise, they benefit. However, in total, the profits of active

firms do decline in λ. The profits of the downstream firms decline as the quality of the standard and

thus the level of spillover effects decline.

Finally, downstream firms benefit individually and collectively from the increase in λ as long as

the standard remains viable. Innovators need to attract additional implementers to the standard and

thus need to compensate them for any decline in the quality of the standard. Interestingly, as the

per-strength net-benefit to the implementers (R̃− pu) is weakly increasing in λ, it is the high-strength

implementers who profit most from an expansion of other implementers’ participation even if doing

so leads to a lower quality standard in equilibrium. We summarize these results in the following

Corollary without formal proof.

Corollary 4.2 (Governance and Welfare): Consider an increase in λ.
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Figure 4.2: Profits of firms

(i) If the increase does not affect the number of active innovators, the net benefit to society is positive, where

downstream firms benefit and upstream firms lose out.

(ii) If the increase in λ decreases the number of active innovators, it harms passive innovators and may lead

to an increase or decrease in welfare. The net impact depends on the size of the standard and is more

likely to be positive for standards including many active firms.

Figure 4.2 shows this using a numerical example.32 For λ < 0.85, the profits of implementers are

increasing in λ. As the standard requires a larger degree of implementer participation innovators

need to compensate the implementers. Innovators’ profits are (weakly) decreasing in λ. Initially,

the increase in λ leaves their profits nearly unchanged but any further increase leads to a decline

in profits and one innovator exiting the standard. This pattern continues until the last increase to

λ = 0.85 causes the market to collapse. Upstream firms cannot obtain a sufficient profit and thus

exit. Innovators’ profits turn negative such that Assumption 4.4 is violated, and the market collapses.

Then all firms involved make zero profits as none can use the standard.33

32 The parameter values for the graph are kd = 0.64, ka = 4.33, ky = 0.7, α = 0.1, R = {0, 0.1, . . . , 0.9}, n = 10, S =
{0, 0.05, . . . , 0.95}, m = 20.

33 This pattern is repeated for other parameter values, satisfying the assumptions defined in Section 4.3.1. However, not all
regions necessarily exist there.
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4.5 discussion & conclusion

We started with some key empirical observations on SSOs, which could not be fully explained

by existing theoretical research. Most of the growing literature on standard-setting focuses on

pricing and market interactions. By contrast, we took an organizational perspective and studied the

membership decisions of both innovators and implementers in the context of knowledge spillovers

and endogenized innovators’ lobbying efforts, which are the necessary grease to get one’s technology

into a standard in this model (and in practice, as Gupta (2017) suggests). Next, we analyzed how

these results change if the distribution of power between upstream and downstream firms, that is,

SSO-governance, changes.

The model is designed to replicate the empirical observation that standard participation is driven

by active firms with high-quality technologies. However, membership also includes firms with

weak patents. The main lesson of the model is that innovators’ SSO-membership decisions can stem

from different motivations (Proposition 4.2). A subgroup of upstream innovators, just as assumed

in most of the literature, join to get their technologies included in the standard and to reap high

profits from having a de-facto monopoly on their component in the bundle of standard-essential

patents.34. However, some firms, especially if they are of a low-quality type, have little to gain from

having their patents included in the standard. Instead, they strive for the knowledge spillovers

from larger innovators, which can boost their own R&D activities and increase future profits. This

non-monotonicity in innovators’ R&D intensity regarding the incentives to join an SSO could explain

seemingly inconsistent findings in the empirical literature (Blind and Thumm (2004) vs. Gupta

(2017)).

Finally, the model suggests that downstream firms’ participation in a standard can be a powerful

commitment device for innovators to lower the royalty rate charged to a socially superior level

without having to jointly set prices or quality levels. Together all aspects explain why real-world

SSOs are so large and include very heterogeneous members, including those who have no chance to

get their technologies into the standard.

Turning back to governance, we showed that if an SSO requires a higher percentage of im-

plementers to agree to a specific technology to become standard-essential, this has a series of

consequences. In the short run, implementers benefit from lower licensing fees and society from

higher inclusion rates of implementers. However, this comes at the cost of reduced incentives for

34 Per Assumption this subgroup is limited to only firms of a high type. However, high-quality innovators have the highest
incentives to join and innovators have an incentive to set-up the standard in such a way that high-types are preferred in
the joining decision.
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innovators, which leads to lower-quality standards harming implementers, passive innovators, and

potentially society as a whole. Taking a dynamic perspective, if would-be innovators understand that,

for instance, because of network effects and complementarities among many component producers,

an SSO would be the efficient organizational vehicle to promote their technology in case of innovation

success, and if they expect the SSO to be governed largely by implementers, they may refrain

from investing into R&D in the first place. This implies both for the managers of SSOs writing

up their governance rules and for policymakers pondering about mandatory participation rates

of implementers, that high levels of decision-making power for implementers could have negative

effects for all involved groups and, hence, for total welfare.

Interestingly, in the model high-quality and low-quality innovators have conflicting incentives

with respect to the inclusion of downstream firms. For high-quality innovators, raising membership

beyond the profit-maximizing level leads to a decline in profits as it dilutes the royalty income

generated by the patent pool. However, this may be counteracted by the exit of active innovators who

find it non-profitable to add their technology to the standard as the royalty declines. Especially if the

market is saturated, this can be a profitable strategy. Thus, high-quality firms might see downstream

participation as a way to discourage low-quality innovators from joining the standard and might

even push for a high degree of downstream governance (λ). However, passive innovators aim for the

largest standard possible to obtain knowledge spillovers. Therefore, they have an incentive to restrict

downstream participation in the SSO.

Concerning the downstream market, we find that all implementers profit from a higher partic-

ipation rate. However, as innovators need to charge a lower royalty to attract new implementers,

the high-strength implementers profit the most from the inclusion of additional downstream firms.

Interestingly, this effect increases in the firms’ strength if the inclusion of downstream firms leads to

a decline in the standard’s quality.

These results have wide-reaching relevance. First, downstream participation is beneficial as it

limits the hold-up problem through upstream firms’ ability to restrict supply to maximize their

royalty revenue. This has to be weighed against the undermining of upstream investors’ participation

incentives. Finally, in both groups, large firms prefer to push for a broad inclusion of implementers.

Both the high-quality innovators and the high-strength implementers find it profitable to include

additional firms into the standard to obtain higher profits.

We find an inverted U-shape between the participation of implementers and industry profits. As

downstream participation becomes broader, industry profits first increase, as implementers join and

the market benefits from a wider coverage. However, the more implementers join the standard, the
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lower becomes the potential of innovators to charge a high royalty rate and hence, to make profits.

As participation increases, the second effect becomes relatively more important and dominates at

one point. Thus, for sufficiently large participation, industry profits are declining in downstream

participation (or downstream impact on SSO-governance).

Based on these results, we find that upstream firms may want to restrict the supply of their

technology to implementers. However, an increase in participation rates of downstream firms can

mitigate this at the costs of innovation. A more worrisome finding is that high-strength implementers

have a strong incentive to increase downstream participation, especially when doing so lowers

the quality of the standard. Thus, if participation is determined by key implementers, standards

might become too big and lead to lower innovation. Thus, it might be better for Standard Setting

organizations to pay attention to small implementers when determining to what extent implementers

should participate in the standard-setting process.

4.a proofs

4.a.1 Proof of Lemma 4.1

Proof. Without being limited by λ the patent pool manager sets the royalty rate to maximize total

royalty revenue for the given quality of the standard. The royalty for a given price is:

Wu(pu, R̃) = ∑
j∈S̃(pu,R̃)

Sj pu

As the downstream profit is decreasing in pu and increasing in the strength. We find that the patent

pool managers only considers prices that leave one downstream firm indifferent. Then the pivotal

downstream firm (Ŝ) and all downstream firms with a higher strength license the standard. Let ĵ be

index of the lowest strength implementer who licenses the technology then the royalty revenue is

given by:

pu = R̃− kd

Ŝ

Wu(pu, R̃) =
S̄ + Ŝ

2
ĵ
(

R̃− kd

Ŝ

)
= ĵ

(
S̄− ĵ− 1)σ

2

)(
R̃− kd

S̄− ( ĵ− 1)σ

)
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Thus, the profit maximizing price can be found as:

ĵ(R̃) = arg max
j∈M

(
j
(

S̄− (j− 1)σ
2

)(
R̃− kd

S̄− (j− 1)σ

))
p̂(R̃) = R̃− kd

S̄− ( ĵ(R̃)− 1)σ

= arg max
pu

Wu(pu, R̃)

Consider a change to the royalty ∆Wu(pu, R̃) such that the price declines and exactly one

additional implementer licenses the standard. This increases ĵ by one (one more implementer adopts

the standard) and decreases Ŝ by σ (the quality of the lowest strength implementer declines). Thus,

we find:

∆Wu(pu, R̃) =
S̄ + Ŝ− σ

2
( ĵ + 1)

(
R̃− kd

Ŝ− σ

)
− S̄ + Ŝ

2
ĵ
(

R̃− kd

Ŝ

)
= (Ŝ− σ)R̃− qu + Ŝ− σ

Ŝ− σ
kd +

qu

Ŝ
kd

= (Ŝ− σ)R̃− kd

(
1 + σ

qu

Ŝ(Ŝ− σ)

)

The first part ((Ŝ− σ)R̃ > 0) gives the additional profits as the technology can be marketed to more

implementers. It is declining in Ŝ. As more implementers join the benefit the marginal implementer

obtains from the technology decreases. For the second part, note that (Ŝ− σ > 0 otherwise the

strength of the next firm was negative. Consequential, the second part is negative.

Secondly, as the number of implementers that license the product increases so does qu (by Ŝ),

while Ŝ declines. Thus (1 + σ
qu

Ŝ(Ŝ−σ)
) Is increasing in the number of implementers. Consequently,

∆Wu(pu, R̃) is declining in the number of implementers or equivalently, the change to profits caused

by an increase in the royalty is declining as the royalty increases. This is the discrete equivalent of

saying that ∆Wu(pu, R̃) is a concave function of the royalty pu.

4.a.2 Proof of Lemma 4.2

Proof. Recall the royalty as defined in Lemma 4.2:

pu(R̃, λ) = R̃− kd

Ŝ(λ)

Πd(Sj, R̃) = Sj
(

R̃− pu
)
− kd
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Consequently the profits of the implementers are given as:

Πd(Sj, R̃) =
Sj − Ŝ(λ)

Ŝ(λ)
kd

Πd(Ŝ(λ), R̃) = 0

Thus, in equilibrium Πd(Sj, R̃) is positive for Sj > Ŝ(λ). Furthermore, as ∂Ŝ(λ)
∂λ < 0, we find that

∂
∂λ

Sj−Ŝ(λ)
Ŝ(λ)

≥ 0 with the inequality being strict for Sj > Ŝ. Consequently, implementers profit from

an increase in λ. Furthermore, consider a change to λ that exactly one additional implementer of

strength Ŝ(λ)′ adopts the technology. The change in industry profits caused by this is given as:

∆W(λ) = Ŝ(λ)′R̃− kd = Ŝ(λ)′pu(R̃, λ′)

For Ŝ(λ)′R̃ > kd the change ∆W(λ) is positive. If Ŝ(λ)′R̃ < kd the price is required to be negative as

the implementer of strength Ŝ(λ)′ cannot profitably market the technology. In this case the market

collapses such that the equilibrium quality of the standard is zero. Innovators set the royalty to

exactly extract all the surplus generated by the lowest strength implementer. Thus, if the royalty

remains positive increasing the number of implementers raises joint industry profits.

4.a.3 Proof of Lemma 4.3

Proof. The royalty rate is given as:

W∗u (R̃, λ) = q∗u(λ)R̃− q∗u(λ)
Ŝ(λ)

kd

Raising λ by 1
m leads to a change in W∗u such that:

∆W∗u (R̃, λ) ≡W∗u (R̃, λ + 1
m )−W∗u (R̃, λ) = Ŝ(λ)R̃−

q∗u(λ + 1
m )

Ŝ(λ + 1
m )

kd +
q∗u(λ)
Ŝ(λ)

kd

= Ŝ(λ)R̃− q∗u(λ) + Ŝ(λ)
Ŝ(λ)− σ

kd +
q∗u(λ)
Ŝ(λ)

kd

= Ŝ(λ)R̃− Ŝ(λ)2 + q∗uσ

Ŝ(λ)2 − Ŝ(λ)σ)
kd
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First, note that Ŝ(λ)R̃ is declining in λ. Second, Ŝ(λ)2+q∗uσ

Ŝ(λ)2−Ŝ(λ)σ)
> 1 with Ŝ(λ) decreasing by σ and q∗u

increasing by Ŝ(λ) > σ. Furthermore, as the expression a+(1+γ)x
a−x is increasing in x for γ > 1 so is,

Ŝ(λ)2+q∗uσ

Ŝ(λ)2−Ŝ(λ)σ)
kd is increasing in λ. Thus, ∆W∗u (R̃, λ) = W∗u (R̃, λ + 1

m )−W∗u (R̃, λ) is decreasing in λ.

The expression ∆W∗u (R̃, λ) is the equivalent of the first derivative and the fact that its decreasing

is equivalent to the second derivative being negative. While λ is discrete ∆W∗u (R̃, λ) being declining

is the equivalent of the profit function being concave in λ. Furthermore, for a given λ the derivative

W∗u (R̃, λ + 1
m ) −W∗u (R̃, λ) is increasing in R̃. Thus, as more firms join the standard, the profit-

maximizing price decreases.

The profit-maximizing λ can be found by maximizing W∗u (R̃, λ) which in turn gives the profit-

maximizing royalty rate pu. For each λ below the profit-maximizing one the outcome of the market

is identical to the outcome for the profit-maximizing λ.

4.a.4 Proof of Proposition 4.1

Proof. Lemma 4.2 gives the optimal licensing fee for each quality of the standard R̃:

p∗u(R̃, λ) = R̃− kd

Ŝ(λ)

Consider a standard of quality R̃ and let Ra be the quality of the highest quality innovator not part

of the standard. We compare the royalty revenue of Wu = puqu for a standard including firm Ra:

p∗u(R̃ + Ra, λ)qu(λ)

ñ + 1
≥ p∗u(R̃, λ)qu(λ)

ñ

⇔ ñp∗u(R̃ + Ra, λ) ≥ (ñ + 1)p∗u(R̃, λ)

⇔ ñ
(

R̃ + Ra −
kd

Ŝ(λ)

)
≥ (ñ + 1)

(
R̃− kd

Ŝ(λ)

)
⇔ R̃

ñ
− Ra ≤

kd

ñŜ(λ)

⇔ R̄− Ra

2
≤ kd

ñŜ(λ)

Thus, it is possible that the per-firm royalty revenue is increasing in the number of firms if the royalty

revenue is low and the quality of the additional firm is high. This can be the case if the downstream

firms’ participation is costly (high kd) such that the standard requires a minimum quality to be viable.

However, R̄−Ra
2 is increasing in Ra and kd

ñŜ(λ)
is declining in ñ. Thus, if the per-firm royalty rate is

declining with a firm of quality Ra joining it declines for each consequent firm becoming active.
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Figure 4.3: Royalty Revenue

If an additional innovator’s entry raises the per-firm royalty it is profitable for all firms and

the equilibrium Ra consequently always implies that per-firm royalty declines with the entry of an

additional firm.

4.a.5 Proof of Corollary 4.1

Proof. We start with the expression implicitly defining Ra:

W∗u (R̃, λ)

ñ
≥ ē >

W∗u (R̃ + Ra, λ)

ñ + 1
,

First, an increase in ē implies that a greater W∗u (R̃,λ)
ñ is required for the inequality to be satisfied,

thus fewer firms need to be part of the standard to raise the royalty per firm.

Second, an increase in R̄ raises the quality of all innovators which raises W∗u (R̃,λ)
ñ and W∗u (R̃+Ra,λ)

ñ+1 .

Consequently, a higher number of firms is required for the inequality to be fulfilled.

Third, an increase in ρ lowers W∗u (R̃,λ)
ñ as the quality of all but the best innovator’s quality declines

and lowers W∗u (R̃+Ra,λ)
ñ+1 , thus lowering ñ.

Finally, an increase in λ lowers W∗u (R̃,λ)
ñ and W∗u (R̃+Ra,λ)

ñ+1 thus lowering ñ.
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4.a.6 Proof of Proposition 4.2

The proof for this proposition follows directly from Lemma 4.2, Proposition 4.1, and Assumption

4.4. The results follow from the profit the innovator on the threshold between active and passive

innovators generates within the standard.

Proof. Lemma 4.2 gives the optimal licensing fee for each strength of the standard. Based on this

Proposition 4.1 gives the equilibrium in stage 2 where all firms behave optimally. Thus, we only need

to show that the thresholds Rl and Rh exist and that the behavior in stage 1 is optimal.

First, by Assumption 4.4 the highest quality innovator finds it profitable to join an empty standard

and we thus can rule out an equilibrium where R̃ = 0. Based on Proposition 4.1 there exists a cut-off

Ra such that firms with quality above Ra become active members conditional on them joining the

standard. We distinguish two cases:

Case 1: Πu(Ra, R̃) < 0. In this case, the firm at the cut-off makes a negative profit in the standard.

Thus we find that some firms in the intermediate range do not join the standard. Let R̃ be the

equilibrium quality of the standard. Then Rh is found by solving the following inequality:

α
(

R̃− Rh − ρ
)
+

W∗u (R̃, λ)

ñ

≥ ē + ku > α
(

R̃− Rh
)
+

W∗u (R̃ + Rh, λ)

ñ + 1

This expression gives that the lowest quality firm with a quality above Rh makes a positive profit,

while the innovator with quality Rh makes a loss. Thus, all firms with quality exceeding Rh join the

standard. Similiarly, we require that:

α
(

R̃− Rl + ρ
)
≥ ku > α

(
R̃− Rl

)
R̃ + ρ− ku

α
≥ Rl > R̃− ku

α

Then all firms below Rl and above Rh join the standard with the firms above Rh becoming active

members.

Case 2: Πu(Ra, R̃) > 0. In this case all firms become members of the standard, with the firms

above Ra being active members. In this case only one cut-off is reached. In this case we define

Rl = Rh = Ra to simplify notation.

It is possible that Rl < min
i∈N
{Ri}. In such a case firms do not find it profitable to become passive

members.
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4.a.7 Effect of λ on Industry Profits

Proof. Assume that R̃ > 0 such that at least one innovator remains active in the standard. Then the

profits of downstream firms are given as:

Πd(Sj, R̃) = Sj
(

R̃− pu
)
− kd

Πd(Ŝ(λ), R̃) = Sj
(

R̃− pu
)
− kd = 0

⇒ R̃− pu =
kd

Ŝ(λ)

An increase in λ requires the royalty to be lowered such that implementer Ŝ(λ + 1
m ) is making zero

profits. Consequently, for an implementers of strength Sj > Ŝ(λ + 1
m ) we find that:

∆Πd(Sj, R̃) =

(
Sj

kd

Ŝ(λ + 1
m )
− kd

)
−
(

Sj
kd

Ŝ(λ)
− kd

)

= kdSj

(
1

Ŝ(λ + 1
m )
− 1

Ŝ(λ)

)
> 0

Thus, the profits of downstream implementers are increasing in λ except for the new marginal firm

with strength Ŝ(λ + 1
m ), which makes zero profits. It is trivial to show that passive innovators are

harmed if ∆R̃ < 0 and are unaffected if ∆R̃ = 0. An active innovator who decides to stop being

active is also harmed as profits before the change where positive. Finally, for active innovator who

remain active we find that if ∆R̃ = 0 their profits decline. If ∆R̃ < 0 profits can be either increasing

or decreasing.

∆Πu(Ri, R̃) = α∆R̃︸︷︷︸
<0

+∆
(

Wu

n

)
for Ri ≥ R′h

∆Πu(Ri, R̃)


> 0 if α∆R̃ +

(
∆Wu
Wu
− ∆n

n

) (
Wu

n+∆n

)
> 0

< 0 else

For simplicity, assume α = 0, then the sign of the effect depends purely on the relative change to the

royalty revenue compared with the number of active firms
(

∆Wu
Wu
− ∆n

n

)
. Consider a upstream market

where the royalty revenue is nearly exhausted such that upstream firms make nearly zero profits. In

this case a small decrease in the profits changes total revenue only marginally, while forcing one firm

to exit. Thus profits increase. In contrast if the profits are sufficiently high such that the firms make

nearly kd + e profits, then a reduction lowers profits.
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Combined profits are given as:

Πu
active = α(n− 1)R̃ + Wu − (e + ku) n

∑ ∆Πu
active = α

(
(n− 1)∆R̃ + R̃∆n

)︸ ︷︷ ︸
<0

+∆ (Wu)︸ ︷︷ ︸
<0

− (e + ku)∆n︸ ︷︷ ︸
>0

Consider α = 0. Note that innovator Rh becoming in the standard cannot increase royalty revenue by

more than (e + ku). Otherwise the firm at Rh would enter the market and increase the joint royalty

rate by more than its own costs. Joint royalty revenue without it exceeded joint costs (Wu ≥ (e + ku)n)

otherwise all firms would make a loss. Thus, after firm enters, all firms, including Rh would still

obtain a profit. Note, that this is for the case of ∆ñ = 1, but the proof for ∆n > 1 uses the same

argument but for ∆n firms jointly. Consequently, the combined profits of active innovators are

decreasing for α = 0. For α > 0 the reaction of the profits is more negative combined profits of active

innovators are decreasing for any α.

Consequently, innovators as a whole are harmed by an increase in λ. However, the innovators

who remain active may be better off depending on the initial profits. Consider the change in profits

for an innovator who is active both before and after the change in λ. For simplicity consider the case

of α = 0. The innovator’s change in profits is then given as:

∆
(

Wu

n

)
=

Wu + ∆Wu

n− ∆n
− Wu

n
=

n∆Wu −Wu∆n
n(n + ∆n)

Thus, profits are increasing if:

n∆Wu −Wu∆n
n(n + ∆n)

< 0

⇔ ∆Wu

Wu
− ∆n

n
< 0

Profits of innovators are increasing if the change to the combined profits is small and the number of

firms is large. In this case, an increase in λ causes low-quality innovators to drop out of the active

segment which leaves royalties unchanged but lowers the number of firms that share the royalty.

Now we consider the combined profits of upstream and downstream firms. Holding R̃ constant,

we find that the change to industry profits is given as:

∆W(λ) = R̃∆qu − kd > 0
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This expression is positive if the royalty rate is positive. Thus industry profits are increasing if the

change in λ leaves the number of active innovators unchanged. Now consider a change that causes

at least one innovator to leave the active part of the standard such that ∆R̃ < 0. As established,

implementers’ combined downstream profits (W∗d ) are increasing in λ and innovators’ combined

profits (W∗u ) are decreasing in λ. Thus, the net effect on industry profits depends on the relative

strength of both effects. Industry profits are given by:

W∗d + W∗u = q∗u(λ)R̃− |S̃(λ)|kd︸ ︷︷ ︸
increasing

− ñ (ku + e)︸ ︷︷ ︸
decreasing

First, and increase in λ raises the total costs of the downstream market as the number of implementers

increases and lowers the costs on the upstream market as the number of innovators declines. Secondly,

it changes the value generated on the downstream market as more implementers license a worse

standard. The net effect can go in all directions. Additional to this the passive innovators are harmed

as their knowledge spillovers decline.

The marginal downstream firm’s strength decreases as λ increases. Consequently, the financial

benefit of market expansion declines.
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