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ABSTRACT: There are two puzzles in the software competition literature: will both
proprietary and open source software survive and how do producers of proprietary
software differentiate themselves from open source competition. [ address both puzzles by
analyzing competition between a firm producing proprietary software and a community
producing open source software. If the firm faces no competition, then the software caters
to less technologically savvy individuals. When facing competition, the open source
software caters to the most technologically savvy individuals, leading the firm to target
even less savvy individuals than it would when acting as a monopolist in order to
differentiate its software from the open source option. The open source movement, then,
may not be an unalloyed success as the growth in open source can be tied to deterioration
in the proprietary software. Given that both types of software survive by catering to
different segments of the market, an important avenue for research will be to analyze the
stability of the underlying segments and the corresponding welfare implications.
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Introduction

The software industry is typically characterized by two distinct development
methodologies: proprietary software (PS) and open source software (0SS).! By its nature,
0SS is “free" in that the source code (human readable code) is made publicly available at
no cost, so any individual can conceivably download the source code, compile it into binary
code (machine readable code), and run it on her computer. To the contrary, the only
component made available by the PS developer is the binary code. In this paper, I address
a fundamental question concerning competition: which development methodology will
survive in the long run?

Popular media suggests that OSS is the future [40,44]. [ argue that which
development methodology represents the future is irrelevant. The developers of PS and
the developers of OSS need not compete over the same market. There are, of course,
overlaps between the target markets; however, the underlying nature of the 0SS
development process leads to self-selection, where the PS developer differentiates its
product to focus on the market not targeted by the OSS. Therefore one should expect both
development methodologies to survive in the long run, so long as the underlying markets
the two methodologies target continue to exist.

Consider the market for scientific typesetting software, specifically two products:
the proprietary Scientific Word (SW) and the open source GNU Emacs (Emacs). SW is a
“what you see is what you get (WYSIWYG)” editor, akin to Microsoft Word, while Emacs is a

“what you see is what you mean (WYSIWYM)” editor, which more closely resembles

1 More recently, a third methodology - mixed source - has been identified as a hybrid between open source
and proprietary (closed source). See [11] for details.



computer programming to document typesetting. SW is designed for those who routinely
typeset documents heavy in mathematical notation and collaborate with others who do the
same, such as LaTeX users. Emacs is fully capable of replicating every feature of SW, but
can also be used in other applications, including computer programming and editing
system files. Furthermore, Emacs is known for its immense customizability and steep
learning curve.

Thus two more appropriate questions to ask are (i) who does each type of developer
target, and (ii) are there externalities to competition between the two processes? In this
paper, I address the first question. There is a large literature involving network effects and
positive externalities in open R&D (R&D without, or with minimal intellectual property
restrictions) addressing the second question, including work directly on software
competition, such as [37], [17,18], [48], [29], [13], [33], and [4]. For a review of the theory
of network industries, see [49] and [50]. A review of the empirical literature is provided by
[5].

Before researchers began analyzing OSS, many of the features of software
competition were captured by the standard models of quality competition and durable
goods markets [8,9,51,52]. Once OSS came into fruition, researchers began developing new
models of competition. Two primary classes of models emerged from this research
program. The first class analyzes externalities and spillover effects and the second class
determines long-run shares and survival. The second class has received considerably less
attention than the first. See [28] for a review of these avenues of research in 0SS. A brief

survey of the economics of OSS is provided by [22].



[36] and [12] develop general results related to long run market shares in industries
with network effects and show there exist conditions under which multiple firms survive.,
[7], [10], [45], [48], [26], [13], [15], and [33] were among the first to analyze the long-run
market shares in the software industry when there is competition between PS and OSS.
Each paper arrives at a similar conclusion: it depends on either initial conditions or
exogenous parameters. That is, there are scenarios in which 0SS overtakes the market,
those in which PS is the lone survivor, and those with coexistence.

[48] models software usability when there is competition between PS, OSS, and a
commercial OSS developer, where consumers vary according to their preference for
usability, but have an identical inherent value of the software, regardless of the developer.
The PS (0OSS) is assumed to be the most (least) usable software. Only the commercial 0SS
developer is strategic in its usability decision, and must locate somewhere in between the
PS and the OSS. The author finds that, if network effects are weak, then the commercial
0SS developer has the incentive to make its software less usable than the PS. If network
effects are strong, then the commercial OSS developer develops software as usable as the
PS, which drives the PS developer out of the market. However, this equilibrium emerges
due to two factors: the consumers value all software identically, and the usability of the PS
is exogenously set to the minimal value. If these assumptions are dropped, and both the PS
and commercial OSS producers each endogenously select their usability, then multiple
equilibria emerge and the conclusions no longer apply.

[26] provide an elegant analysis of competition between OSS and PS, focusing on
vertical quality and pricing decisions of the PS developer. The authors find that quality is

inversely related to competition from OSS; that is, the presence of OSS decreases the



quality of PS, regardless of the initial quality of the OSS. The effect is intensified as the
quality of OSS is increased. On the other hand, when facing competition from other PS
developers, quality can go in any direction depending on how closely substitutable the
programs are. Consumers are assumed similar in their valuations of quality. That is, an
increase in quality necessarily leads to an increase in demand. It is reasonable to consider
quality to have a horizontal component to it, where different consumers have different
needs to be satisfied, and quality is determined by how well those needs are met. Under a
horizontal valuation such as the one described above, the same comparative statics can
break down. For instance, an increase in the quality of OSS can in fact lead to an increase in
the quality of PS, depending on the distribution of consumers.

In this paper, I treat the degree of product differentiation as a strategic choice and
analyze consumer choice through this endogenous process, developing a model in which
there is a single firm developing PS and a potential consumer base. The firm sequentially
chooses how sophisticated the software should be via an investment in technology, and
then sets the price in order to maximize profits. Competition arises through the
development of 0SS, which is developed by a subset of the potential consumer base. The
community producing the OSS chooses the level of sophistication of the OSS through a
similar investment in technology at the same time as the firm. Rather than maximizing
profits, the community seeks to cooperatively find an efficient level of sophistication of the
0SS.2 Each individual has a preferred level of technological sophistication. Individuals

then choose which option to purchase and face two costs: the price of the software (which

2 Equivalently, a sequential non-cooperative bargaining process in which individuals seek to maximize their
own utility generates an equivalent outcome if the individuals are sufficiently forward looking.



is zero for the 0SS) and a learning cost, which is determined by the consumers' preferred
level of technology and the actual employed level of technology.

Competition is modeled as a mixed duopoly, though this model differs from the
standard mixed duopoly.3 Typically, mixed duopolies are modeled with a private, profit-
maximizing firm competing with a government-owned entity, concerned with maximizing
social welfare. More recently, researchers have developed models of partial-privatization,
where a fraction of the firm is owned by individual shareholders concerned with
maximizing profits while the remaining shares are held by a welfare-maximizing
government [3,34]. In this paper, the OSS developers are interesting in maximizing their
own welfare. It is similar to a model of privatization except that there are distinct
asymmetries between the objective functions of the OSS developers and the firm.

[ find that, when there is competition between a firm developing PS and a
community developing OSS, the firm will cater the software towards individuals with lower
technological ability, a phenomenon I call catering to ignorance. Furthermore, this unique
equilibrium emerges endogenously. This notion is not new. [32] reference a quote from an
0SS developer, who states:

[[]n every release cycle Microsoft always listens to its most ignorant customers. This

is the key to dumbing down each release cycle of software for further assaulting the

non personal-computing population. Linux and OS/2 developers, on the other hand,
tend to listen to their smartest customers... The good that Microsoft does in
bringing computers to non-users is outdone by the curse that they bring on

experienced users [39].

3 See [23] and citations therein for a survey of the early models of mixed oligopoly.



[32] illustrate the importance of the argument made in the above quote to license selection.
To my knowledge, however, this is the first paper to provide an analytical microeconomic
foundation leading to this endogenous differentiation under consumer heterogeneity. [27]
alludes to this idea in a brief extension by considering an environment with modular
(piecewise) development, where as the number of modules grows, the probability of 0SS
developing all modules converges to zero while the probability converges to a positive
value for the PS.

The OSS applies downward pressure, i.e., the firm's choice of software sophistication
decreases relative to a monopolist. In reference to the above quote, it can be said that
Microsoft listens to its least technological savvy consumer base because Linux developers
listen to the most technologically savvy individuals, namely themselves.

The endogenous equilibrium emerges from either one of two possible mechanisms:
heterogeneous costs of technology and the intrinsic motivations of 0SS contributors. Much
of the work on software competition has ignored the fact that technology is not easy to use,
or equivalently, it is costly (an exception being [16]). Therefore the real price of using
software consists of two components, the purchase price and a learning cost. The learning
cost is not the same for all individuals. Some individuals are more technologically savvy
and are able to learn to use technology at a lower cost, in terms of time and effort. Thus
any two individuals purchasing the same software likely face different prices (in real
terms), which even compels a monopolist PS developer to choose a degree of technology
below the median ability of the consumer population.

Even without heterogeneous learning costs, this same pattern can emerge. The

intrinsic motivations of contributors to OSS tends to bias the chosen technology level of the



software above the median, which limits the market available to the firm, since it needs to
compete with a zero-price competitor to capture high-skill individuals. In response, the
firm best responds by targeting the group most ignored by the 0SS, the technologically

ignorant individuals.

The Open Source Software Paradigm

This section is divided into two parts. The first defines OSS while the second expounds

upon the process of its development.

Open Source Software: Definition and Background

The Open Source Initiative (OSI), a non-profit 501(c)3, was founded in 1998 to formalize
the open source definition (OSD). OSI is the community-recognized body for reviewing and
approving licenses as conforming to OSD.* Those licenses furthest from the standard
copyright licenses are typically referred to as copyleft. Among the most copyleft license is
the GNU General Purpose License (GPL) and among the most copyright, but still considered
conforming to the OSD is the Berkeley Software Distribution 2-Clause (BSD) [41,42].

The implication is simple: free software is not equivalent to OSS. As a consumer,
there is still a cost of consuming OSS. In its entirety, the source code principle in the OSD
states:

The program must include source code, and must allow distribution in source code

as well as compiled form. Where some form of a product is not distributed with

source code, there must be a well-publicized means of obtaining the source code for

4 http://opensource.org/about, accessed January 27, 2015.



no more than a reasonable reproduction cost preferably, downloading via the
Internet without charge. The source code must be the preferred form in which a
programmer would modify the program. Deliberately obfuscated source code is not
allowed. Intermediate forms such as the output of a preprocessor or translator are
not allowed [43].
At a minimum, the source code must be made available; however, computers cannot
directly read source code. It must be compiled into binary, which computers are then able
to interpret. This fact implies that, even in instances where the source code is made freely
available, the software is not free in the economic sense. It is costly in terms of time and
knowledge. The same holds true in PS, where users must invest time and energy in
learning to use the software. To capture this feature, I treat all software as costly, where
the cost is characterized by the sophistication of the software’s technology. The cost of
learning to use the software depends on how technologically skilled the user is and how
technologically sophisticated the software is. For the purposes of this paper, I assume that
consumers are able to freely obtain pre-compiled binaries of OSS. Thus individuals face
both a price and learning cost when purchasing the PS and only a learning cost when using
the OSS. The environment can easily be extended to one in which consumers must expend
extra effort to compile the source code; however, this would only make the product
differentiation more extreme, as the PS becomes more valuable to the marginal consumer,

relative to the OSS.

Open Source Software: Development

This section's focus is on the primary characteristics relevant to this paper, namely who

contributes, how development decisions are made, and why individuals contribute [1,2,6].



In general, there are three kinds of contributors: institutional contributors,
individuals representing institutions, and hobbyists. Institutional contributors can further
be subdivided into two types: professional OSS entities and commercial supporters. Note
that these types need not be mutually exclusive. For example, Red Hat Inc. provides 0SS
and, for a fee, related services to enterprises. In this respect, it is acting as a professional
OSS entity. However, Red Hat also sponsors the Fedora Project, where it is acting as a
commercial supporter.> While Fedora is primarily a community-driven endeavor, Red Hat
has veto power over all Fedora development decisions.

Institutional contributors typically support large-scale OSS projects. A notable
example is Mozilla’s OSS (such as Thunderbird and Firefox). The Mozilla Suite is made up
of all types of contributors. There are three subsidiaries to consider: the Mozilla
community, the Mozilla Corporation, and the Mozilla Foundation. The Mozilla community
consists of over 10,000 contributors. The Mozilla Corporation is a taxable entity that
serves its non-profit, public parent (the Mozilla Foundation). Its leadership, known as the
“Steering Committee" is responsible for guiding the direction of the projects. In short, the
Mozilla Corporation works to fund the Mozilla Foundation, which guides the direction of
the projects developed by the Mozilla community.

The preceding two examples illustrate the underlying nature of how development
decisions are made. Typically collaboration occurs online through email lists and message
boards through hosting servers, such as Github or Sourceforge. The project's leadership
facilitates communication back and forth between various contributors and establishes a

plan of action is established according to the input of contributors. Rather than explicitly

5 The Fedora Project coordinates the development of Fedora, a Linux-based operating system.
6 https://www.mozilla.org/en-US/contribute/, accessed January 28, 2015.
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modeling this bargaining process, | employ the results of the median voter theorem, as
preferences are assumed to be single peaked.

[31] identify several theoretical reasons why individuals may contribute to 0SS
projects without remuneration. The reasons can be classified into two categories:
immediate rewards and delayed benefits. Immediate rewards include productivity gains,
enjoyment from working on the project, and peer recognition, while delayed rewards
include various signaling effects and future employment opportunities. These effects are
expounded upon in various works, such as [32], [30], [35], [6], [21], [47], and [20]. Based
on a survey conducted by [24], some programmers claimed that signaling was a motivating
factor in their decision to contribute. According to [25], individuals expend more effort
signaling when performance is more visible to the firms, performance has a greater impact,
and performance is highly informative about skill. [38] develop an evolutionary model
explaining voluntary contributions to OSS. To capture these features, I model the benefit of
contributing to OSS as increasing in the technological sophistication of both the

programmer and the software

The Model

There is a single firm developing PS utilizing technology level t € [0,1] and charging price
p = 0. The firm is not alone in the market. It faces competition from OSS, which utilizes
technology level T € [0,1] and is sold at a price of zero. I refer to an arbitrary investment
by {. The firm does not face a development cost; however, the developers of 0SS do face

one, to be specified shortly. This assumption on the cost function of the firm is fairly
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innocuous, and I will show that the results are qualitatively unchanged for both a cost
function increasing in t and a U-shaped cost function.

There is a continuum of consumers normalized to unit mass. Each consumer is
identified by her technological prowess x € [0,1]. Technological prowess distributed

amongst the consumers according to the distribution G (-) with associated log-concave pdf

g(). Individuals with x < G1 G) are said to be technologically ignorant, while individuals

with values x > G2 G) are considered to be technologically elite. Every consumer faces

unit demand for software with single-peaked valuation V = v(x, {), and chooses either the
PS, the OSS, or an outside option normalized to zero value. V is twice differentiable in each
argument, symmetric in { and x, strictly concave in x and {, and obtains a maximum at
v(x,x) =V at anyx. Each individual has an ideal technology level suited for her own
technological prowess, and obtains equal loss when the software's location varies from this
value, regardless of the side of x that ¢ falls on.” The symmetry assumption does not imply
that utility itself is symmetric. In fact, utility is asymmetric due to the increasing learning
cost, to be described.

Consumers also face a cost of learning to use the software, which depends on their
own technological prowess x, and the level of technology employed by their chosen
software {, as illustrated in [16]. Define this cost as #(x,{), which is assumed twice
differentiable in each argument, decreasing and weakly convex in x and both increasing

and strictly convexin {. Atx =1,#(1,{) =0forall{andat{ =0, #(x,0) = 0 for all x.

7 Symmetry allows a wide variety of functions, such as the power loss function v(x,{) = V — 8(x — ()¢,
0<6<V,a=2kVkeN.
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Figure 1. Approximately Here

That is, the most technologically elite individual can learn even the most sophisticated
software at no cost, while any individual can learn to use the least sophisticated software at
no cost. Figure 1 graphically illustrates this relationship: panel (a) with respect to the
technological investment and panel (b) with respect to individual prowess. Any individual
can use any level of software at a cost. For any given level {, the cost of learning to use the
software is decreasing inx. Thus a technologically elite individual can learn to use a
technologically advanced software at a lower cost than a technologically ignorant
individual, and can also learn to use a low technology software at a lower cost than a
technologically ignorant individual.

0SS is developed by a subset of the individuals in the economy. Contributors
receive two types of benefits: a benefit from using the software V = v(x, 7), and a benefit
from contributing. Define the contribution payoff as b(x, t), which is assumed to be twice
differentiable in each argument, nondecreasing and weakly concave in x and increasing

and weakly concave in t. The cost of contributing is defined by the function K (x, ), where
%K(x, T) < O,%K(x, 7) > 0, and %K(x, 7) > 0. While variables such as time/effort do
not enter the cost/benefit function, under the rational choice framework employed in this
paper, any individual with ability x contributing to software T would choose an identical
effort level, as the value which equates marginal benefit and marginal cost would be
identical. Thus the model can be seen as isomorphic to one in which time effort is explicitly

modeled, with the output/notation suppressed. Furthermore, [ assume that

b(1,7) > K(1,1),VT. (1)
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This condition guarantees that a nonzero measure of individuals are willing to contribute
to develop the OSS.
Utility is assumed quasilinear, which implies that the utility function of an individual

x can be written as

v(x,t) —€(x,t) —p if consuming PS

v(x,t) + b(x,7) — €(x,t) — K(x,t) if consuming PS & producing 0SS
u(x,t,7,p) ={v(x,1) + b(x,7) — £(x,7) — K(x,7) if consuming & producing 0SS (2)

v(x,t) — £(x,7) if only consuming 0SS

0 otherwise

It also follows that u(x, t, T, p) is strictly concave and single peaked in x.

Outline of the Game

Interactions occur over the course of three stages. In the first stage, the firm and 0SS
contributors simultaneously and independently selectt and 7, respectively. The firm's
objective is to maximize profits and the OSS developers' objective is to maximize the total
utility of contributors. In the second stage, the firm chooses price p(t) given the technology
investment and the OSS price is fixed at zero. In the third stage, individuals make their
purchase/usage decision. Since information is complete, I will be looking for a subgame-

perfect Nash equilibrium.

Equilibrium Analysis

The equilibrium analysis consists of two parts. I first analyze a monopolist firm developing
PS, choosing both location and price, to establish a benchmark to characterize the
preferred firm location. [ then add an OSS and compare the firm's decision under each

scenario.
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Throughout the analysis, I will be using three terms: the lower neighborhood about
x, defined as N;y (x) ! !'y!'0 < x —y <!}, the upper neighborhood about $x$, defined as
NS(x)= {t!t1 It 11 1l and the neighborhood about!, defined as!, (!)! ! F(x)!

N!+(X).

Monopoly Benchmark with only Proprietary Software
Consider the third stage of the game. For a given equilibrium price and location
(p(t™)!t' ), consumers will purchase the PS if
Lt ) =1 (@™)! ¢¢,1™) 1 Q! (3)

Taking (3) into account, the firm chooses the price!. The following lemma characterizes
the demand function faced by the firm.
Lemma 1 For any given technology investment t™, the support of the demand function of the
firm, is a non-degenerate convex subset of 1! ,! ].

Lemma 1 implies that there are at most two critical individuals.® Order these
individuals by their technological prowess x and define the lower-critical individual by

x(!,!™) and the upper-critical individual by (! ,¢t' ). The demand function takes the form

IR
NUIEDY f Fomt (4)
Lot
where! <! (p!t' )<T( 11" )1 1. The firm can either target the entire market, an

interior subset [!_(! M )], or a subset including the boundary; either [! oo )]

or [T )N ], with L (1Y) TandT(1! )1 1,

8 When interior, these individuals are indifferent between purchasing the PS and choosing the outside option.
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The next step in describing the demand function is to define properties of x(! ,¢' )

andT(!!!" ). Lemma 2 does this and provides a relevant implication for the demand
function.
Lemma 2!!—(5’#)! 0 and 24220 1 If1 1 11 )1 1, then at least one of the

inequalities must hold strictly, which implies that!"(fi) P

Together, lemmas 1 and 2 show that demand is downward sloping. Furthermore, there is a
region in which the demand is inelastic and a region in which demand is elastic. In the
second stage, the firm's objective is to choose the price that maximizes profits, for every
possible technology investment !.
Proposition 1 In equilibrium, the pair (! (' )!!' ) must satisfy ! (p(!* ))! ! !, where
L(1 (")) is the demand elasticity at price! (' )!
This is the standard profit maximizing result. A firm with zero marginal cost of production
sets the price such that demand elasticity equals unity.®

Peeling the game tree back to the first stage, the firm optimally selects! ! !,
understanding that it will then choose price ! (I' ). That is, price is treated as a function of
location. This is in contrast to [48], where the location!' is assumed to equal zero non-
strategically.

Proposition 2 The equilibrium technological investment is interior and satisfies! (1' ),

EEGELD!
‘ N

where! (' ) is the elasticity of technology, defined by " W !

% If there was a positive marginal cost of production, then proposition 1 would require ! (p(! : )) 1 asis
standard.
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The choice of ! ™ affects demand through two channels: a demand (direct) effect through
I' and a strategic (indirect) effect throughp(!' ). Given the sequential nature of the
problem, the firm need only consider the demand effect since the price will self adjust in
the second stage. Thus the objective of the firm collapses to choosing the t' , which
conditional on p(!' ) maximizes the firm's market share.

The intuition that!' is interior is straightforward. Suppose that the firm chooses
location!' ! ! and price!!!!. At this location and price, the individual with the highest
valuation (and thus willingness to pay) is the one located at! =!. Now consider the upper
neighborhood about! ! !. These individuals must also have a strictly positive valuation.
It follows that the monopolist could increase the technology level to!' ! ! ! | for some
small, positive! and increase the size of its market while still charging a price of! (1!,
thereby increasing profits since x(! (1)) LA ()) and T (HI) T TA()HM) for
small enough ! .10 A similar argument holdsat!' ! ! and!!!!.

It immediately follows that the individuals located at! ! ! and! ! ! should never
obtain positive surplus. If the individual atx ! ! obtains a positive surplus at technology
level !, then it must be that! ! ! has positive surplusat! ! ! for small enough!. Thus, not
onlyare! ! ! and!! ! ruled out, but also all values of ! arbitrarily close to zero and one.

Furthermore, since ! (!) is log-concave, there is higher mass placed at values of ! near the

median than the extremes.!? Thus! '’ (—) L L@@ HnmIr (e ()1 )] must be true. By

continuing the analysis, the following result emerges.

10 This line of reasoning assumes that the market share is currently a strict subset of !! ! I. A similar
argument can be made when the firm's market share covers the entire consumer base.

11 The exception is the uniform distribution, which satisfies log-concavity and places equal mass across all !
in the support.
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Figure 2. Approximately Here

Proposition 3 In equilibrium,!' ! "' (:—)

Compared to the typical Hotelling model, a bias is introduced through the learning cost,
which pushes!' to the left of the median, towards technological ignorance. Therefore the
OSS developer quoted by [32] was correct in saying that the firm “targets” the
technologically ignorant consumers.

Thus the subgame-perfect equilibrium outcome can be characterized as follows.
The firm chooses location!' ! "' (:—) and price! (!' ) such that! (!' )and!' satisfies

the conditions in propositions 1 and 2. All consumers! ! [L(! (1" )1 ym( (! Hn' )]
purchase the PS. The remaining individuals choose the outside option. Figure 2 provides a

unidimensional illustration of the equilibrium.

Mixed Duopoly

The analysis again proceeds through a standard application of backward induction. Taking
equilibrium locations t'!!' and price ! (!'!!') as given, there are six possible
combinations: an individual can choose to purchase the PS, with or without contributing to
the 0SS, use the OSS without contributing, both contribute to and use the 0SS, only
contribute to the 0SS and use the outside option, or just choose the outside option.

In equilibrium, an individual with technological prowess! prefers to purchase the
PS if

v p@dnt)r rauty g g, ey, (5)

which, as in the monopolist case, is linear in price. Note that b(x!t%)and! (!!!4) are not

included. This omission is because the contribution decision is made in a previous stage,
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and therefore both the benefit and cost are sunk. Consider the critical individuals,
characterized by technological prowesses ! (p(1* 11! I 1) 1 Land T (1 )ntntyl
I'. Lemmas 1 and 2 apply in this case as well, so! (p(** I'"),¢t' ' Yand T (1* 1)1t
have the same properties as in the monopoly case.

Given these critical consumers, the demand function for the firm, given equilibrium

technology levels t' and!',is

Tntn!)

NCRIARE-DN! f F(!)dx! (6)

rpted)
The associated profit function is! (1 !1* 114) 1 I" (p!I' 11')1 Profits are zero when either
price is zero or demand is zero, so order for the firm to obtain positive profits, it must be
thatp(!' ') ! Land! (0 (1" 11P)1I4P) 1 1, That is, the firm is profitable only when it
charges a positive price and it faces positive demand. The following proposition begins to
characterize the conditions under which this statement is true.
Proposition 4 In any equilibrium where! (' 11" ) | 1, the firm faces positive demand only if
th1 o1t
In other words, product differentiation endogenously arises through competition. Suppose
a rational consumer is given a choice between two identical options, where one is offered
at a positive price, while the other is offered at zero price. The consumer always chooses

the zero price option. The firm could sett' ! !

and! ! ! in an effort to split the market
with the OSS developers, but it always has a more profitable option via product
differentiation.

Proposition 4 shows that all consumers who do not choose the outside option

choose the OSS when there is no product differentiation, so the firm has the incentive to
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distinguish its PS from the OSS. The next logical question is when there is product
differentiation, how is the market segmented? [ proceed by jointly analyzing the two

subgames induced by the technology choices of the firm and the 0SS developers, t4 ! !

and!®¢! 7.

First suppose that!' ! !'. It is obvious thatT(p!!*,!')! !' since any individual
in the neighborhood of! =!' consumes open 0SS. Now suppose that!' ! !'. In this
case, x(! 11" 11')1 7' since the individuals located in the neighborhood of ! =14

consumes the OSS. The following proposition characterizes the price under either of the
two cases.
Proposition 5 The equilibrium price! (t',!") must satisfy ! (! @ nt )) I 11 for all feasible
rant,
Proposition 5 is analogous to proposition 1.
The final two stages of the game can be summarized as follows:
(i) In stage 3, all consumers in the interval [x(p(!*,! )" T (¢ 11H)1d14)]

purchase the PS. If !' ! 7', then every individual located on the interval
10! (p(t' 1'%, t%,t4)) chooses the outside option and every individual located on
the interval (x(p(t%,t%),t%114)11! chooses the 0SS. If!' >1' then every
individual located on the interval !! 1! (1 (1" 11*)IT' 17)1 chooses the 0SS and every

individual located on the interval (T(! (¢',!' )!I!* 11' )11 chooses the outside option.

(ii)  Instage 2, the firm sets the price p(!' !! ¢) according to proposition 5.12

12 Define [ON) ! (!N ]! !, ie., noindividual consumes the associated software.
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Focusing on the first stage, the firm and the 0SS developers simultaneously choose t', ¢ to
maximize their respective objective functions. At the extensive margin, a consumer x will
contribute to the OSS if

b(x,7%) = K(x,t%) (7)
Let £(7%) represent the value of x such that (7) holds with equality. Every individual
x > X(t%) will contribute to the 0SS. The remaining individuals do not.

The development of OSS is a cooperative social process, so the collaboration that
leads to the choice of location for the OSS can thus be described by a social choice function.
Define! (t) = {x!x ! x!t!'}as the set of all individuals who contribute to the 0SS. The
social choice function! :1X(!) =!Il I prescribes a location!' based on the individuals
I'1 X!l Areasonable strategy proof social choice function is the smallest median peak.

While the imposition of this social choice function may seem ad-hoc, [14] show that
in a non-cooperative bargaining problem, the set of proposals that can be passed in any
pure strategy subgame-perfect equilibrium collapses to the ideal point of the median
individual, conditional on a sufficiently low discount rate. The social choice function can be
interpreted as either the level of sophistication that maximizes total contributor welfare, or
equivalently as the outcome of an unmodeled, game theoretic bargaining process in which
each individual seeks to maximize her own utility. In either case, the OSS developers'

choice ! ¢ satisfies the following two equations:

!(!!)!:—!(r(!!))!:— (8)

L T rahnh, (9)
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Figure 3. Approximately Here
Equation (8) pins down the conditional median, conditional on the indifferent individual
r'(z') and equation (9) pins down the indifferent individual. It remains to be shown that
such a value I'(!" ) exists.
Lemma 3 For every !, there exists a value "' such that b(©"(1)!1) ! 1 (F()I).
The benefit of contributing is increasing in! while the cost of contributing is decreasing in

I'. Figure 3 illustrates the indifference point.

|
Note that!' ! I''! (T) since the conditional median cannot be lower than the

|
unconditional median given the cost of contributing! !! !!!. Choosing!' ! !"" ('—) is what

[ call catering to elites, where the OSS is designed specifically with the technologically elite
individuals in mind. Also the OSS developers’ optimal choice is independent of the firm's
choice !' . That s, no consideration is given to any individual who is not a participant in the
development process, implying that the firm's problem can be reduced to maximizing
profits, conditional on !, which simplifies the analysis since expectations do not need to be
taken over the distribution of the conditional median. As in the monopolist case, the firm's

equilibrium location choice must satisfy

meetnhututy

if interior.
The important question is where does the firm locate, relative to the OSS? It turns

out that it is always more profitable for the firm to locate to the left of the OSS. That s,
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Figure 4. Approximately Here
"1 1" I call this relationship catering to ignorance, where the firm targets the
technologically ignorant individuals while the OSS is designed for the technologically elite.

Proposition 6 In equilibrium, the firm locates to the left of the 0SS developers: ¢ |

e (p) <

| |
Since!' ! 1" (I—), the market share of the firm at any given price is at most - if the firm

locates at a point such that!' ! !'. By moving just slightly to the left of 7', the firm weakly
increases its market share without changing its price. In summary, given that the 0SS
caters to the elite, the firm is strictly better off catering to ignorance.

The next step is to examine how ! and!' relate.
Proposition 7 The equilibrium technological sophistication of the PS in the mixed duopoly is
weakly lower than the location of the PS in the monopoly.
Demand for the PS is constrained from the right under the presence of OSS. Therefore,
either one of two events must be true if the PS under the duopoly is located to the right of
the PS under the monopoly. The monopolist firm would always have the incentive to
replicate the duopoly outcome if the duopoly firm is doing better, or vice versa. The
catering to ignorance result is thus twofold. First, the PS is developed with the
technologically ignorant individuals in mind while the 0SS is developed with the
technologically elite individuals in mind. Second, the presence of OSS actually pushes the
PS further toward the most technologically ignorant individuals. Figure 4 provides a

unidimensional representation of the subgame-perfect equilibrium.
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The easiest market to notice this location choice is in the market for computer
operating systems. Consider Mac OS X. At its current stage, OS X is relatively easy to learn,
use, and maintain. Compare this (proprietary) option to an open source operating system,
such as Arch Linux. Installing OS X is as simple as pushing an install button. To install Arch
Linux, first the user must download and verify the install medium, then change the boot
order so that the install medium (typically a USB drive or CD) is read before the hard disk
drive or solid-state drive. Once the medium is opened, there is no graphical user interface
(GUI); all commands are entered in an Unix-like environment. Even when the install is
finished, the user must manually install a GUL. The difficulty of use for a technologically
ignorant user does not end with the installation. System maintenance and upgrades must
also be conducted manually in an Unix-like text environment. If the user is not careful,
upgrading can damage the system when certain incompatible packages are combined and
dependencies are broken.

Lastly, I analyze how changes in I'(! ¢) impact the firm's choice ! .

Proposition 8! is weakly increasing in! ¢. The inequality is strict if'' <!' and'!¢ > 0.

Proposition 8 is an implication of the firm's desire to profit as if it were a monopolist. If the
OSS locates itself towards more sophisticated individuals, then those individuals to the left
of the lower neighborhood about! ! !' are more willing to purchase the PS, allowing the
duopolist firm to capture a market that more closely resembles its monopolist counterpart.
This result is in contrast to [26], who find an inverse relationship between the quality
(location) of PS and OSS, as opposed to the positive relationship this paper finds. The

difference can be attributed to how heterogeneity is modeled. [26] assume purely vertical
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differentiation, while I allow for both horizontal and vertical differentiation through! and
£.

Consider the evolution of Microsoft Word over time, namely with typesetting
mathematical equations. Prior to Word 2013, the Equation Editor was required to add
mathematical equations to documents. As open source LaTeX options have become easier
to use, Microsoft has responded by including a built in equation menu, where equations can

be added with the push of a button.

Analytical Example

To better illustrate the results, consider the following example. Suppose that

G~Uun!

ragmyr e g

2(x,0) = (1 —x)¢%
For expositional convenience, [ will suppress the monopoly and duopoly equilibrium
superscripts m and d when there is no confusion.

If the firm holds a monopoly, then in the third stage, consumer x will purchase the
PS if
10 (=)=t (0 =x)210

Since G is uniform,! (p!'t) ! T(p!!)! x(p!'!. Solving the above inequality for x yields the

associated demand function

|
"t {!,i—(!!! 2+ J4—4p! 4t2+4t3+t4)}

g fos (o - T Tt
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which is clearly weakly decreasing in price as required. The first line represents T (! !!) and
the second line represents ! (! !).
Fixing! ! !" and using standard optimization techniques, it is straightforward to

show that the equilibrium strategy is to choose p such that

DI EN(A L
! !
"y ——1 -l
INEEV/I
The median of ! !!!'is :—, so!' is strictly below the median as expected. The reason is the
learning cost!!!!!l. Suppose that!(!!!) =1, for all! and!. Then a consumer! will

purchase the PSif1! (x —!)' ! 0. Now suppose that the firm targets the entire consumer
base. This implies that both! ! (! ! 1)" 1 I'1 1 and!! !' —1 1 I  Therefore! =:—if
£(x,t).13

Now suppose that the firm faces competition from OSS. Each individual! chooses

the PS if
NG RGN NI (AR
For the lower-critical individual, attention can be restricted to ! — (1! 1)1 1!
(1 DY 1 1) while attention can be restricted to! ! (1! DY LI (0D )1
(v 1) (1 I for the upper-critical individual. Therefore the firm faces demand
LQr e nre ! )
o {!!!—(!!! thr Uz !!)} M g
NALIDY
pH LI T 1 e
H gt rr vl A
Fix! ! 1" and! ! !'. It follows that the firm sets

13 Verifying the other boundary conditions shows that profits are indeed maximized by targeting the entire
]
market with ! ! E
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To verify that the firm chooses! "1 14 consider the most strict case: 7' ! :— Since this is
the smallest possible value!' takes, if the firm chooses to position itself to the left of the

0SS, it will for all other values of 7' ! .l

When the firm locates to the left (right) of the OSS, it receives profits of

approximately 0.056 (0.0089). Thus the PS is developed with technology

D)

Thus far, the analytical example has illustrated the results from propositions 1-7. To

illustrate proposition 8, note that when t% < ! ¢,

Leh i) "o ! !
e T [E”]!

As the OSS increases its location, the PS follows suit, as stated in proposition 8.

Extensions

In this section, I consider three broad classes of extensions. The first relates to variations
in costs on both the consumer side and the firm side. The second relates to R&D spillovers
that occur through the development of OSS and network effects, which can be induced
through both installed base size and compatibility between OSS and PS. The third is a

market in which 0SS is the sole product.
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Cost Structures

The learning cost is not essential for the main results. To see this, suppose that!!x!!'! for
all!,!, so technology becomes purely horizontal. One of the benefits of contributing to 0SS
is participating in a project that attracts other high quality programmers. This fact has a
very important implication: the location of the OSS will still be above the median due to the
fact that contributing to the development of OSS is costly. Therefore the firm still has the
incentive to choose a technology level no larger than the median.

The analysis was conducted under assumptions that are least favorable to the
results. For example, the firm could choose any location at zero cost, which means it can
develop the most technologically advanced software at the same cost as the simplest
software. Including this cost would only serve to strengthen the above conclusions.
Suppose that the firm faces the strictly increasing and convex cost function c!!!, where
IF()! I'. No changes occur on the consumers’ side of the problem, nor does the firm's

pricing decision. The condition outlined in proposition 2 and its associated result becomes

I (p(!!!!!"!)”!”d)! Q).

Proposition 6 strengthens since moving slightly to the left of ! ' not only weakly increases

the firm's market share, but strictly decreases the firm's costs, leading to a strict increase in

profits. Now consider a! -shaped cost function c!t!, where G'" (:—) = I"#$%&c!!!. Since

o (:—), any value!' ! 1" —1 is strictly preferred to!' ! !' I | for small, positive
I'. The argument presented above still holds, as does proposition 6. By invoking the same

line of reasoning, the result holds for any ! -shaped cost function where!'" (:—) =
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result holds so long as !! ' (1)! is sufficiently small at all !. Otherwise, the cost of developing
easy to use (low technology) software is excessively costly to the point that it cannot be
profitable to do so, regardless of the demand.

Now consider the valuation ! ! 1. It may be the case that the sophistication of the
software has no impact on the valuation of the software, i.e., a program with technology
level ! gives each individual the same value!, for all!, or! (111) 1 1 (111) 1 T forall!!{
(! takes on the maximal value for all individuals), as in [48]. In this case, the results
become more extreme. The interpretation of ! !'! I!'l changes slightly, as now there is no
direct benefit from use. That is, the contributors have no “need” to be satisfied that is not
already satisfied by the PS. Thus the benefits of contributing consist solely of the joy of
programming and the delayed benefits (such as signaling).

The first implication of this is in the pricing and location decision of the firm. Since

every individual has the same value ! , heterogeneity arises solely in the learning cost. An

individual ! will purchase the PS over the 0SS if

rrramr g {r—ran
which implies that the firm has a dominant strategy in choosing!! !. Thus the
assumption that! ! ! from [48] is actually an endogenous result of a special case of this
model. Since! ! !, the learning cost for all individuals is zero. The firm then chooses price

to maximize profits, given the 0SS location choice !. Recall that the equilibrium choice of !
is independent of !. Therefore the optimal choice!' is unchanged. The firm chooses a

price! (1!1') 1 1 (1" 11" ) and its profits are strictly greater and the catering to ignorance
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result is more severe, with the firm producing to maximize the value of the most
technologically ignorant individual. As a result, the market is fully covered. The location of
the OSS remains unchanged while the firm locates closer to the most technologically
ignorant individual.

Recall that the OSS developers need not make pre-compiled binaries available.
Suppose that there are no binaries available, but the source code is available. It is then up
to the individual to download the source code, then compile and install it. This procedure
is both time- and knowledge-intensive. Those individuals who are technologically savvy

can easily accomplish this task, but those who are not face a higher barrier. Formally,

denote !!! I as the compilation/installation cost. It is assumed unchanging in !, but strictly
decreasingin!,with!(! ) ! !. Anindividual ! will then choose the PS over the 0SS if
Pyt rrrgmyr g gaiyrraimyr rayny (10)

Comparing condition (10) to condition (5), it is obvious that for any given price !, (10) is
easier to satisfy. Without changing its price, the firm captures every individual it had when
I()! !, plus the marginal individuals who, when!(! ) ! !, consumed the OSS but now
purchase the PS. Thus the firm is better off, or in other words, the firm strictly prefers a
more costly OSS. This not surprising since a higher cost diminishes the degree of
competition the firm faces from the OSS developers by shifting the critical consumer, who

is indifferent between choosing PS and 0SS, rightward.

Network Effects and R&D Spillovers

It is well known that in industries with network effects, under certain conditions, multiple
firms persist in the long run, especially when compatibility is involved [36]. [12] show that

when coupled with strategic pricing, compatibility can prevent one product from exhibiting
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market dominance. It is fairly common in the software world to see compatibility; for
example, there is compatibility between Microsoft Office, Google Docs, Apache OpenOffice,
and LibreOffice. Similarly, documents written in one of the many LaTeX typesetters are
compatible with proprietary editors, such as Scientific Workplace. Thus including Network
effects is unlikely to affect the main results. In [10], the demand side learning is related to
network externalities, and the authors show that these externalities can lead to only having
a single survivor in the long run; however, their model does not include heterogeneous
consumers. The remaining papers mentioned in the introduction that discuss network
effects do so under the context of firms supporting OSS initiatives. [13] show that the
impact of network externalities can lead the either the firm or OSS developers to support
network effects, but quality (product differentiation) is modeled as in [48], where the
location is treated as exogenous. Thus [13] are unable to illustrate the impact of network
externalities on location choice. However, they do show that in the presence of network
externalities, both PS and OSS coexist.

R&D spillovers are very important in the context of competition between 0SS and
PS. These spillovers are often one-sided, moving from the OSS to the PS, and typically
depend on the license choice of the 0SS. [33] show that when there are large spillovers,
both PS and OSS coexist. Counterintuitively, large R&D spillovers occur when the open
source license is less open. The GNU GPL license is the most open, and requires that any
additions or changes to the source code must also carry the GNU GPL license. This implies
that a firm, if using OSS code that is protected by the GNU GPL license, would be required to
release their software under the same license, making the software open source. On the

other hand, if the OSS is developed under the BSD 2-clause license, then any changes need
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not be branded under the same license, so the firm can include open source code and the
resulting software can still be licensed as PS.

The effect of introducing R&D spillovers to this model is straightforward. Suppose
that the OSS is developed under the BSD 2-clause license, so the firm can appropriate any
spillovers. Furthermore, assume that the closer the firm locates to the OSS project, the
more valuable the spillovers are. The firm would then have the incentive to move its
software closer to the OSS, but this incentive is tempered by the demand effect. Moving too
close would lead the consumers of the PS to jump ship and choose either the outside option
or the OSS. In particular, those far to the left of the PS choose the outside option while

those to the right choose the OSS.

Open Source Monopoly and Oligopoly

Very little changes when OSS is the only option. The location decision of the OSS is
determined by the system

G :—!(r(!!))! .1

!(r(!!,!!))z! (e
which is independent of |. Therefore the OSS’s location is independent of competition from

PS. What changes is the resulting market share. Instead of the values derived under the

mixed duopoly, the critical consumers are defined by the solutions to the equation

NADINIADIN
when interior, or the associated boundary conditions when either! (! !1!)! 1 (111) 1 I or
Pty 1 (1,11 0. Contributors’ motivations include solving one's own needs,

intellectual curiosity, and the joy of programming. These intrinsic motivations support the
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notion that an individual’s decision on whether or not to contribute, and where the
individual's preferred location is, is independent of the PS’s location. Maximizing market
share/profits is a rarely cited reason and is typically reserved for commercial developers of
OSS.

Independence, as defined above, need not always be the case. In many instances,
contributions to and the direction of OSS are motivated (often financially) by for profit
entities. Take the Linux-based Fedora operating system. Red Hat Inc. has veto power over
all of Fedora's development decisions. While clearly not a monopoly, this example
illustrates the important points, which still hold under a monopoly. This idea can be
included directly into the associated framework by modeling Red Hat as an atomic agent in
the bargaining problem defined in analysis. While each individual developer has zero
bargaining power, Red Hat has enough bargaining power to influence the outcome. Since
releases of Red Hat Enterprise Linux are branches of the Fedora operating system, Red Hat
has a strong incentive to exert this influence. However, in OSS guided solely by community
interests, the development decisions remain independent of competition from PS.

On the other hand, introducing competition from other OSS will change the
locations. The community is divided and each project locates at the median point of its
developers' interests. This closely resembles the development of LaTeX typesetters. There
are many open source options, such as TexMaker, TexStudio, Emacs, each varying in its

capabilities and ease of use.

Discussion
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Product differentiation arises endogenously through competitive forces, where the
developers of the PS cater to the technologically ignorant consumers while the developers
of OSS cater to the technologically elite consumers. Catering to ignorance should not be
seen as a surprise. [t may be less expensive to develop simple software as opposed to more
complex software with many technical features (though it need not be). Furthermore,
there are more individuals who are technologically ignorant than technologically elite. In
the modeling setup, | assume an equal measure of technologically ignorant individuals and
technologically elite individuals. This assumption represents the strictest setting; if the
firm has the incentive to target the less sophisticated individuals, then that incentive only
increases as the measure of less sophisticated individuals increases.

The mere presence of OSS pushes the PS further away from the technologically elite
consumers, towards the technologically ignorant consumers. These results have significant
competitive and policy implications. For instance, if entry by an OSS competitor cannot be
blocked, a firm developing PS may have the incentive to “push” the OSS towards the most
elite individuals, e.g., through a steering committee as in the Mozilla example. Doing so
would allow the market to closely resemble the monopoly market.

[45] shows that governments around the world have been implementing policies in
support of 0SS, but claims that it is unclear whether this is efficiency improving. Efficiency
should be increased through the entry of OSS; however, it is unclear whether or not costly
government investment would be beneficial. Government investment could either help
solve the potential free-rider problem that exists when there is community-based
development, or it could crowd out investments made by firms to OSS entities, like those

discussed in [37] and [46]. [19] provide evidence indicating that the supply side of 0SS
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benefits from the enforcement of intellectual property rights, while some regulation has led
to an increase on the number of OSS developers.

Some OSS projects are developed because those technologically elite individuals felt
that the PS was designed not for them, but for the technologically ignorant consumers. In
response to the firm's behavior, OSS is developed for the elite. However, this development
further pushes the PS towards the technologically ignorant consumers. This process
becomes a self-propelling mechanism, where the firm's location decision induces
competition from OSS, which in turn induces the firm to reevaluate its location, which
induces more OSS competition, ad infinitum. The previous illustration is an extrapolation
of the static model as a dynamic process, where entry occurs over time and what follows is
a firm located neart! !, with OSS located at various intervals across the spectrum of
technological savviness. The degree to which the firm targets the most ignorant consumer
is increasing in how costly the OSS is, relative to the PS. If the consumer must compile the
software herself, then the cost of using the OSS increases. It is, as if, the OSS moves further
to the right. The firm is thus able to capture the critical individuals who would have used

the 0SS had they not faced this added cost.

Conclusion

There is still much work to be done in studying competition in the software industry. OSS is
not the same as free software. Many companies offer free OSS and sell complementary
services, such as customer and user guides. In some cases, such as the Red Hat Enterprise
Linux distribution, firms sell the actual software at a price. While any individual can obtain

any OSS for free (monetarily), there may be a significant opportunity cost in doing so,
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typically in terms of time and effort. Thus one could model OSS by considering a firm
practicing second-degree price discrimination, where consumers with a low opportunity
cost choose to download the source code and expend costly effort to convert it into usable
software, while those with a higher opportunity cost of time pay a premium to receive the
same OSS in a more readily usable condition. This price discrimination leaves the 0SS
developers with an interesting strategic decision. Is there an optimal “difficulty" the
developers should set that maximizes the developers’ profits, and how does this compare

to the level that maximizes total welfare?
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Appendix: Proofs
Lemma 1: Proof. To the contrary, suppose not. This implies that there exists three
individuals x ! ,M"#$!, with! ! 1, 1 1,1 I, 1 1 suchthat

Pty ety

vl )=ty

Pyt ragtyn
By the intermediate value theorem, there must exist some ! ! !l 11,1 such that
Pttt @ty 1t Similarly, there must be some ! ! !, 11, )!such that
P@U )Lt r@nt ) This implies that there exists some point! ! !l 111 such that
Lantyr,antyr tand!y, (™, (1t )1 Ita contradiction since ! (111)!
(11" )is strictly concave in!. Thus the support of the demand is a non-degenerate
convex subset of ! Il I 1I"#"$" %

Lemma 2: Proof. Recall that! (! ') =1 (! !11)! I is strictly concave and single peaked. Set
'l 1", For prices! and!!,! ! p!, the difference between! (!!!* )1 (111" )I | and
PPyt @t )1 s constant and equal to!f! L, At L L L)L r it for
a subset of individuals. Thus for a fixed !, it must be that the indifferent individual on each
side of ! must (weakly) move closerto! as! increases. !"#"$" %
%

Tini

Proposition 1: Proof. The objective function can be written as !"# | ! f!'(! 0 L) . The

first-order necessary condition is

[Z”!:!!;!!(!)!" L !(T(!!!!))M! !(!_(!!!!))Ml; |

The second-order sufficient condition is satisfied by the log-concavity assumption. By the
implicit function theorem,!'! !111. The first-order necessary condition can thus be
rewritten as
o
! o
SN— T T Y [P S — I
pre@ney s o rrr '
Note that! !! (!)!!'! must be positive in equilibrium for any chosen!. The result follows
directly. "#"$" %
%
Proposition 2: Proof. The objective function can be written as!"# ;! (D! (0 ()H!)!
Note that by the theorem of the maximum and concavity of the utility function,!!!! is
continuously differentiable about! ! ! if!* I (1U)IIft* 1 11111 thenI define
YRR
gt L@y
1y !
r@Hr e
Ill
1 1!#! [
The first-order necessary condition for an interior solution can be written as

oot nt)
4
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To rule out!™ ! 1, it must be that!!" ' Ilifor!!' 1 1, which cannot be true. To
see this, note that at!' ! !, 1 (1 (1)) ! ! since this product is most valuable to the
consumer located at! ! !. For a small enough! ! I, 1 (1 (1)I1)! I'. However, any
individual to the right of !' ! ! is strictly better off than when!' ! I, ThusT (! (!)!!)!
T @), which means!”p&! Iy AAOL ): LCOY) Y 1 An identical argument
holds for!' ! 1. 1"#"'$" %
%
Proposition 3: Proof.
Lemma 4 Suppose! (111) ! | forall 111 Then!' 1 1! ()
Proof. From Proposition 2,!' exists and is both unique and interior. Suppose!' !
Pt (:—) Then, by log concavity of ! !!!, there existsan! ! ! such that

raetHt raetHnt)

f NI f NOK

Leatont i Leetont)
The inequality is strict for all non-uniform log-concave distributions. Thus!' ! !*'' (:—)
cannot possibly be an equilibrium. A symmetric argument holds for!' ! 1" (:—)!by
replacing each ! ! with ! 1. I"#"$" %
%
To see this result, recall that!!! !l is strictly increasing and convex in!. Thus making an

arbitrarily small increase in! leads to an increase in the learning cost and this increase is
itself increasing in!. Therefore the reverse movement (a slight decrease in!) leads to a
decrease in costs, with that decrease decreasing in magnitude the larger the change.
However, the effect on value is symmetric. Take two individuals!, and!, and the median

technology level !, where!, ! ! I, thatsatisfies! (!, !!) ! !l 111 It follows for a small,
positive value! that! (!, !'!I 1)y ¢,y v v, 1ty rir 1 Thus a decrease in !
has a stronger demand effect than an increase in! by the same amount, ceteris paribus.
This implies the existence of a value!' ! !'! | such that, for the price! that satisfies
@)t @@ @t Therefore the equilibrium must be less
than the median. "#"$" %

%

Proposition 4: Proof. Recall that firm demand is positive only if

LY Tty ety ety r it

for a positive mass of individuals. At!' ! !' the above simplifiesto! p(!' ') ! !, which
is false for all individuals. !"#"$" %
%

Proposition 5: Proof. The proofis identical to that of Proposition 1, making the
appropriate substitution for demand. I"#"$" %

%
Lemma 3: Proof. By assumption, since ! (!!!)! 111111~ the most technologically
sophisticated individual is willing to contribute. Since!!!!l! is weakly concave in! and

I 11111 s strictly convex in!, there must be a positive mass of individuals with ! (! 1) !
I 11111, Thus there exists a value M such that! (F(H)!I) P T (PO I"#'$" %
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Proposition 6: Proof. Consider the most extreme case:!' ! "' (:—) If the firm locates at
mhro (:—), then the the firm's quantity demanded at! ! ! is strictly less than :—, while
the firm's quantity demanded at!!' ! !'' (:—) and! ! ! is strictly greater than :— Also,
note that utility is linear in price, which implies that the indifference condition is both
continuous and linear in price. Thus for any price!, there existsa!' ! "' (:—) such that
for any!! | 1! (:—) " (!_(! TR ))! ! [! I (r(! TETE ))] Therefore the firm strictly
prefers to locate to the left of the open source software. !"#'$" %

%

Proposition 7: Proof. Denote!' as the firm's profits under the monopoly and ! ' as the
firm's profits under the mixed duopoly. To the contrary, suppose that!' ! 1' 1 I,
Under the mixed duopoly, the firm obtains zero demand from consumers located in the
neighborhood about! ! !' and zero demand from all values of ! ! !'. If!' I I'' then
the firm in the mixed duopoly can replicate the monopolist and see a strict increase in
profits. Thus!' ! !' isnotan equilibrium when!' ! 1! Similarly,if!' ! !'  then the
monopolist can replicate the duopolist and thus !' ! !' is not an equilibrium.
Furthermore, it cannot be that!' ! !' and!' ! !'' since the monopolist could set
I' 1 1', and see a strict increase in profits since it faces no competition from an open
source option. I"#"$" %

%

Proposition 8: Proof. The result immediately follows from Proposition 7.

Figure 1. Illustration of the cost of learning:
(a) as a function of the technological sophistication!.
(b) as a function of the individual prowess ! .

"(x1) Hx.")

0! X;<Xp<x3<1

(a) (b)

Figure 2. Illustrating the subgame perfect equilibrium under the monopoly
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Figure 3. Location of the individual indifferent between contributing to the 0SS and
not contributing.
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Figure 4. Illustration of the subgame perfect equilibrium under a duopoly
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