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a b s t r a c t
Based on concepts of population dynamics and organizational ecology, the study analyzes the
evolutionary and competitive dynamics of the highly concentrated desktop/laptop operating
systems market and draws conclusions on the impact of open source software on market
competition. Market evolution is estimated and forecasted by applying the Lotka–Volterra
model, which describes the competitive interaction of species for a common supply. Genetic
algorithms are also deployed for the estimation of the model's parameters.
Findings suggest that Linux can survive competition, even in a highly concentrated market,
while Mac OSX is mostly benefited by the existence of Linux. As one step further, the study
performs a sensitivity analysis of the possible effects on market structure induced by a rise in
Linux adoption and identifies the conditions under which market structure can dramatically
change, even to a competitive one. Results can provide valuable inputs for managerial
decisions and strategic planning to the players of software markets.
© 2012 Elsevier Inc. All rights reserved.

1. Introduction
Market structure and the degree of competition had long attracted the interest of researchers [1], as they play an important
role in studying market power, business behavior and the performance of market players. In the case of software industry most
market sectors are characterized by a tendency to high concentration. This is mainly due to the fact that software has some special
attributes that create conditions favorable to a monopolistic behavior [2]. Network and lock-in effects on both demand and supply
sides, together with the high switching costs, create favorable conditions for a potential monopolist. Firms may compete for
prices, quality, innovation; they may even compete for the monopoly.
The emergence of Open Source Software (OSS) during the last decade, has been claimed to be able to offset this problem by
changing the rules of competition in the market [3]. The innovative development model of OSS enabled the reduction of the high
fixed development costs of proprietary software. As a result, many firms were able to overcome the high entry barriers and
appear in the field of market competition, by adopting new or adapting their old business models towards OSS [4]. These new OSS
business models have managed to gain substantial market shares from the established incumbents, indicating that OSS can be the
solution for the software's tendency for monopolistic markets.
A very popular business model adopted by software firms is the creation of proprietary software, which has been derived by
incorporating large or important parts of OSS code. Firms that adopt this strategy also maintain or support OSS communities that
produce open source software, offered for free. This is the case for instance of IBM's WebSphere which has used the Apache web
server as a key infrastructure component [5], MySQL with a dual licensing strategy, Apple's Mac OSX operating system and many
others. The derived proprietary software can be placed in a third software category; the other two categories being the
proprietary and open source software. For the purposes of this study this software category is defined as ‘partly OSS.’
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As a result, the study of the evolution of the market structure, due to the existence of OSS, is considered of great interest
for both research and practice. Although a number of studies have tried to model competition in software markets due to OSS
(e.g. [6–14], etc.), most of them are mainly qualitative, based on theoretical models, which are not able to estimate actual
evolution of the market structure. Moreover, they consider duopolistic markets with two kinds of software: OSS and proprietary.
None of them examines the interactive competitive effects among the three kinds of software OSS, proprietary and partly OSS.
Motivated by this gap in the literature, the purpose of the present work is to study the evolution of the market structure and
concentration, as formulated due to the existence of OSS. The study considers a highly concentrated market, the desktop (DT) and
laptop (LP) operating systems sector, in order to provide some insights of the potential of OSS even in the case of high market
concentration. Using historical data, this paper aims to study the competition in the market and answer the following research
questions:
How is the DT and LP operating systems market shaped? Is there an equilibrium? Will Linux survive competition at the
equilibrium? Does the market concentration change? Are there any conditions under which market structure can dramatically
change?
Based on concepts of population dynamics and organizational ecology, the study analyzes the evolutionary and competitive
dynamics of the three leading players of the market, namely the OSS Linux, the partly-OSS Mac OSX and the proprietary Windows
operating systems. Market evolution is estimated and forecasted by applying the Lotka–Volterra competition (LVC) model, which
describes the competitive interaction of species for a common supply [15,16]. As one step further, the study performs a sensitivity
analysis of the possible effects on market behavior, induced by a rise in Linux adoption. Such a rise could be attributed to an
organizational change of policy towards Linux adoption, as for instance in the public sector, following a governmental initiative. In
this case, the Lotka–Volterra model is reformed to accommodate different adoption levels of the Linux operating system. Results
demonstrate the effects of such policy on market concentration, according to different levels of Linux adoption. Findings also
reveal useful implications for practice, in terms of the role of OSS and its derivative partly-OSS products in markets with high
concentration.
The main outcomes, which also define the importance of contribution of the proposed methodology, are the estimation of the
modeled system dynamics, the provision of forecasts regarding market equilibrium and the estimation of the “churn effect,”
which reflects the level of users' switching among the operating systems. The model also provides information on the survival or
extinction of each species, due to the competition effects and the market structure at the equilibrium.
Although a number of alternative modeling approaches for market evolution taking into account competitive effects in the
diffusion process exist in literature, probably the most characteristic based on the Bass diffusion model [17–24], they are not able
to model competition explicitly. Thus, they cannot be used for equilibrium analysis and estimation of the churn effect. Moreover,
the Lotka–Volterra approach can also reveal interactions, or unexpected market behaviors, such as mutualism, that may guide
strategic planning. Therefore, they have been widely applied in a number of studies regarding competition in the Information and
Communication Technologies (ICT) sector and other technology markets [25–31]. Yet, the method has never been previously
applied in the operating systems market considering a three species competition. Also, among the innovative elements of the
methodology, is the deployment of genetic algorithms (GA) for the estimation of the LVC model's parameters. Genetic
algorithms [32,33] are adaptive heuristic search algorithms, designed to simulate processes in natural systems necessary for
evolution. They are increasingly used as a novel method for parameter estimation, because of their efficiency to produce better
results, as compared to the often used classical methods of nonlinear least squares (NLS), maximum likelihood estimation (MLE),
etc. [34].
The rest of the paper is structured as follows: Section 2 gives an overview of the operating systems market. Section 3 provides
the necessary theoretical background of population dynamics and ecological modeling, as well as the mathematical equations
that describe these concepts. Based on these theoretical concepts, the methodology developed for the case of the operating
systems market is presented. The empirical analysis and results are illustrated in Section 4. Section 5 explores the effects on
market structure induced by migration from Windows to Linux at an organizational level, while Section 6 discusses the
managerial implications of the study. Conclusions together with directions for future research are provided in Section 7.

2. The operating systems market
Operating system (OS) is a vital component of a computer system, therefore its existence can be traced back to the 50's,
with the appearance of the first computers. For a long time, OS was offered bundled with the computer, free of charge and with
source code open. In the 1970's, however, software unbundling together with firms’ policy to keep the source code hidden has
created new market prospects for firms to make profits out of software. Operating systems competition started mainly for
servers running on mainframes and supercomputers. With the introduction of the personal computers (PC) and more powerful
workstations in the early 1980s, the OS market was widened to non-technical users that could have a PC even at home. Toward
the end of the 1980s, simple PC-based client–server systems also came into existence. This has, in turn, induced greater
competition among software firms for OS shares. Windows, proved to be a market winner when version 3.0 was released in
May 1990. Windows was often criticized as lack-luster; however, since it was light-weight and compatible with existing
MS-DOS applications, it became a success overtaking IBM's OS/2. Microsoft and Novell were dominating the PC desktop and
server markets respectively, until Microsoft introduced the Windows server OS in 1993, which rapidly superseded Novell's
Netware [35].
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However, in March 1994, Linux version 1.0 was released, initiating the open source software era and changing the scene in the
software market. During the next two or three years Linux gathered momentum. Hundreds of volunteer programmers worked on
improving the system and a minor industry of Linux distributors emerged. Linux carried all the advantages of open source
software, which made it popular among software industry players. Among the most commonly cited advantages for OSS and
Linux are:
• Open source products typically not only have lower license costs, but also dramatically reduced hardware costs [36], as well as
development and maintenance costs [37]. For large organizations this can be translated into savings of tens of millions of
dollars.
• A huge community of users test OSS across a range of platforms before it is certified for production. Bugs are found and fixed
quickly. Rapid iteration and extensive public review has helped OSS to acquire technical strengths such as reliability, flexibility
and scalability [38,39].
• The community of developers also provide with greater innovative capability, offering new products, better or faster than
competitors [40].
• Source code availability leads to higher quality, because it enables customizations and provides more choice and control [41,42].
As OSS is out in the open, it is typically more secure and suffers fewer vulnerability attacks than proprietary software. When a
problem is uncovered, it is addressed quickly. This, in turn, raises system's security [43,44].

2.1. Freedom from vendor lock-in
Organizations frequently adopt OSS so as to become less dependent on their software vendors [41,45]. An organization
locked-in to its current vendor depends on that vendor for its products and services and switching to another vendor would entail
a significant cost. Also, users of proprietary software must rely on the original vendor for changes to the software and they are
reluctant to make complementary investments in anticipation of a future hold-up. The latter may occur in the case that a future
relationship with the software vendor is not feasible, or involves high uncertainty (e.g. about the type of modifications that will be
necessary). As a result, proprietary software causes underinvestment in complementary products due to the fear of hold-up,
especially if the user expects to need highly customized modifications. OSS can be considered an extension of the open systems
movement, which mainly aims to ensure interoperability among systems and reduce vendor lock-in.
Due to these reasons, Linux has quickly grabbed large market shares from Windows and Unix in the organizational setting,
especially in the markets of servers and embedded systems where there is greater demand for customized versions of software.
For instance, most hosting companies like Google, Amazon and E-bay prefer to grow Linux server farms to host their services. In
addition, the Netcraft's Secure Servers Survey reported that Linux has achieved a market share equal to Windows in Secure
Servers, leaving Unix lagging behind [46]. According to IDC, migration from Unix servers is most probable to lead to Linux than to
Windows [47]. Finally in the embedded systems sector, Linux has met wide acceptance [48,49]. Recently, Android, which is a
Linux based OS, has become the new emerging trend in the mobile and tablets market [50].
However, the picture in the market of DT/LP is totally different. This sector mainly addresses to non-technical users, who have
no need for customizing their OS but only perform simple tasks. Linux, on the other hand, had initially focused on technical
characteristics and robustness, neglecting end-user requirements like documentation, ease of installation and friendly interface.
The latter, together with the fact that most DT/LPs came with a pre-installed Windows OS, deterred non-technical users from
switching to an unknown OS like Linux. During the last years, Linux distributions have entered a new phase of maturity, featuring
more mature management tools, integrated virtualization, a larger application portfolio and better interoperability. However, the
“Year of Desktop Linux”, which is so much expected by the Linux’ advocates, has not arrived. Recently, the accelerating market for
cloud computing, the new trend in industry of a more centralized approach to desktop delivery via various virtualization and/or
cloud computing options (such as virtualized desktop on a thin client) and the economic downturn, has brought back the
question of desktop strategy, creating new hopes for Linux on the desktop [51,52].
The Windows OS is proprietary software, established in the market for almost two decades, enjoying the benefits of lock-in effects.
Among its other characteristics, it keeps the leading place by offering its customers regular -but not often- versions. Windows has
been frequently questioned of its quality (e.g. [53–55] in terms of reliability, [44] security, etc.), while the Vista release didn't meet the
expected success. However, most of its customers are reluctant to bare the switching costs of adopting an alternative OS. Windows
shares reach about the 90% of the total market [56–58], creating a highly concentrated market.
Windows shares are followed by the Apple Mac OSX operating system. Mac OSX is a partly OSS [59], with its kernel based on
the open source Darwin OS. Darwin was built upon open source BSD Unix and was released under the Apple Public Source
License (APSL), which is an Open Source Initiative (OSI) approved license. Mac OSX was released in 2001 and based its kernel
and other important parts on Darwin. Because of the BSD license, Apple was able to re-license everything in Mac OSX kernel
with its own terms. Apple says it uses FreeBSD as a reference operating system. Their approach was to keep the source code of
the kernel open and achieve good relationship with the OSS community. For example, Apple has hired key developers,
including Jordan Hubbard, who is one of the FreeBSD founders and was for a long time a core member of the development
group [60]. At the moment, the user interface and many other system tools related to OSX technology are proprietary and they
are licensed in a way similar to Microsoft Windows. However, Apple has provided access to the system for many GNU/Linux
open source programmers, making its modifications publicly available for the community, even if there is no such license

S. Lakka et al. / Technological Forecasting & Social Change 80 (2013) 88–105

91

requirement. The operating system has gained popularity during the last years and managed to leave Linux behind in total DT/
LP market shares, eating away at the edges of Windows estates [56–58].
3. Theoretical and methodological overview
Population dynamics can be described as the study of marginal and long-term changes in the numbers and characteristics of
individuals, in one or several populations, combined with the biological and environmental processes that influence those
changes [16]. Population modeling is the application of appropriate mathematical models for studying these changes in
populations, as a consequence of interactions of organisms with the physical environment and with individuals, of either their
own or different species (intraspecies and interspecies competition, respectively).
The definition for species competition can be summarized to the following: “Competition occurs when two or more individuals
or species experience depressed fitness (reduced growth rates or saturation levels) attributable to their mutual presence in an area”
[16,61]. Thus, if two or more species are present in a closed environment each of them will impinge on the available sources
supply for the others. In effect, they will cause a reduction to the growth rates and saturation populations of each other. Modis
[62], described the possible types of interaction among the species which are illustrated in Table 1.
Under specific conditions, in a closed established oligopolistic or competitive market each participant's shares are reduced,
due to the coexistence and interaction with the other market players. The assumption holds true, provided that the principle of
rationality also holds, i.e. market players seek to maximize their market shares and profit. In these cases, the most appropriate
interaction type to describe the dynamics of the market is “Competition”. Competition is expected to be the most appropriate type
of interaction to describe the operating systems market analyzed in this work, since OSs are competing for the existing and
potential users and each of their market share is reduced due to the existing of the others.
The LVC model, apart from its efficiency and accuracy of estimations, has a number of advantages, which make it superior than
most of the known alternative modeling approaches. Probably the most characteristic alternative approach is the Bass diffusion
model and its modifications, which include the competitive effects of the market over the diffusion process [17–24]. However, the
Bass formulations cannot provide equilibrium analysis and switching levels among users. The LVC model, though quite simple,
can nevertheless fully describe well- known economic principles, such as competitive effects and the law of increasing returns. It
can also account for both the group effects and the individual behaviors emphasized by previous diffusion theories, by modeling
both the internal and external effects on populations of different species. Finally, the Lotka–Volterra approach can also reveal
interactions, or unexpected market behaviors, such as mutualism [62] that may guide strategic planning.
Several researchers have used the Lotka- Volterra equations to model competing technologies. Bhargava [63] has treated them
as a technological substitution model, illustrating the variation in substitution curve shape as a function of the model parameters
and indicating that in certain cases the model reverts to logistic substitution. Other works examined the equations in detail,
focusing especially on the physical meaning of the model parameters and showing that many types of behavior (such as linear,
exponential, logistic and Gompertz) can be expressed by Lotka-Volterra equations with different limiting model parameter values
[64].
The methodology developed in the present work is built upon the same assumptions that describe the behavior of competing
species, which are represented by the market shares percentages of each OS. Market shares reflect the level of concentration in a
given market, constituting an accurate indicator for estimating the degree of competition, since they can be considered as the
observed outcome of the underlying, usually non-cooperative game of the participating players. They also reflect the results of
managerial and strategic decisions, such as advertising, pricing policy and quality of services. Species compete for a common
source, which is reflected by the OS market potential. In this way, interspecies as well as intraspecies competition can be modeled,
in order to estimate the market's equilibria, i.e. the possible outcomes in the market's structure.
3.1. Model description
The most common approach to capture the reduction of the growth rate of each species, as a result of the interaction with the
others, is to incorporate suitable parameters into the formulations of the models that describe population growth. This is achieved
by the well-known “Lotka–Volterra” model, based on the work of Alfred J. Lotka and Vito Volterra. Analytical description together
with informative examples regarding interaction and competition between two species can be widely found in literature, such as
in [15,16,65,66].

Table 1
Types of interaction among species.
Type

Interaction

“Prey–Predator”
“Competition”
“Mutualism”, or “Symbiosis”
“Commenalism”
“Amenalism”
“Neutralism”

One of the species serves as direct food to the other.
Both species suffer from each other's existence.
Each population's growth rate is enhanced due to co-existence of the species.
Occurs in a parasitic type of relationship in which one benefits from the existence of the other, who remains unaffected
One suffers from the existence of the other, who remains unaffected
There is no interaction among the species
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According to the model, the dynamics of a system comprising of m competing species can be represented by the following
system of first-order nonlinear differential equations:
0
1
m
X
dNi
¼ Ni @ai −
aij Nj A; i ¼ 1; 2; ::; m
dt
j¼1

ð1Þ

In (1) dNi/dt describe the rate of change for each species, i. The coefficients ai provide a measure analogous to the carrying capacity
of the species, which is related to the saturation value of Ni. When i =j, the coefficients aij are the parameters of the niche capacity and
reflect the coupling strength of interaction with the same species. When i ≠j, the coefficients aij are called competition rates and
measure the coupling strength of interaction of species i with species j. Each competition rate provides important insight for the
interpretation of the “churn effect”, that is the loss of the market shares of one operating system due to the competition it faces from
another, expressed by the movement of users among them. The churn effect expresses the effects which each member of one species
exerts on the carrying capacity of the second species. The higher the coefficient αij is compared to coefficient αji, the faster that the
species j squeezes species i out of the shared niche. When aij > aii, then species i faces strong competition from species j. When aij b aii,
competition is low and the species can evolve following their own dynamics and not being interfered by any other rival [30].
The study of the churn effect itself is of particular interest for high technology markets, as it is related with the products’ diffusion
rates and the probability of opting for a certain technology. Other approaches to churn prediction is to model individual customers’
likelihood of churn by using a predictive model, such as Markov chains and discrete choice models. A Markov chain is a probabilistic
technique used to represent correlations between successive observations of a random variable [67], while a discrete choice model
specifies the probability of an individual to choose a certain alternative, expressed as a function of observed attributes of the
individual and of the alternatives available to him, and these attributes are supposed to be causal variables affecting the choice [68].
The dynamics of the operating systems market can be described by the system of Eq. (1), where Ni, i = 1,..,3, refer to the market
shares percentages of each software product, Linux, Mac and Windows, respectively. The aij (i ≠ j) parameters capture the
influential interaction among the users of the different software categories (proprietary, OSS, partly OSS). More particularly, the
model for this study, as derived from (1) is described by the following system of equations:
dN1
¼ N1 ða1 −a11 N1 −a12 N 2 −a13 N3 Þ ¼ F ðN1 ; N2 ; N3 Þ
dt
dN 2
¼ N2 ða2 −a21 N1 −a22 N2 −a23 N 3 Þ ¼ GðN1 ; N2 ; N3 Þ
dt
dN3
¼ N3 ða3 −a31 N 1 −a32 N2 −a33 N3 Þ ¼ H ðN1 ; N2 ; N 3 Þ
dt

ð2Þ

The derived system is assumed to be closed, in the sense that only these interacting species exist for the period under
consideration. Additionally, there are no migration effects and all other external factors that may affect the dynamics of the
system are assumed constant for the considered period of time. The influential behavior of other external factors is not explicitly
studied, since the main target of the work is to suggest an alternative methodology for describing the generic behavior of the
software market and model its balance when all competitors are present.
3.2. Equilibrium analysis and solution of the system
The equilibrium state among the m competing species occurs when none of the population levels is changing or, equivalently,
when all equations of system (1) are equal to zero. In the case of the three competing operating systems, the system (2) is
considered. Its solution provides with 2 m = 2 3 critical, or equilibrium points. However, not all of the solutions correspond to stable
critical points. The latter can be identified by performing an eigenvalue analysis.
The analysis is performed by substituting the calculated values of the critical points into (2) and study the behavior of the
corresponding system in the neighborhood of each solution. Thus the feasibility of linearization of the system in the neighborhood of
the corresponding solution is explored for each critical point. If the participating functions are twice differentiable (which is the case
of the present model), the system is almost linear in the neighborhood of a critical point and can be therefore approximated by a
corresponding linear system. In the case of three competitors such an approximation can be achieved by considering the following
transformation:
U ¼ N1 −N01

V ¼ N2 −N 02

ð3Þ

W ¼ N3 −N03

where (N10, N20, N30) is a critical point. Then, the linear system that approximates the nonlinear system of Eq. (2) near the critical
point is derived by the Jacobian matrix of the partial derivatives:


0
1
F N1 N01 ; N02 ; N03
U
B


∂@ A B
0
0
0
¼ B GN1 N1 ; N 2 ; N3
V
@
∂t W


HN1 N01 ; N02 ; N03
0



F N2 N01 ; N 02 ; N03


0
0
0
GN2 N1 ; N2 ; N 3


H N2 N01 ; N02 ; N03


1
0 1
F N3 N01 ; N02 ; N 03

C U
0
0
0 C@
GN3 N1 ; N2 ; N3 C V A

A W
H N3 N 01 ; N02 ; N03

ð4Þ
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where
F Ni ¼

∂F
∂G
∂H
; GNi ¼
; H Ni ¼
; i ¼ 1; …; 3
∂Ni
∂Ni
∂Ni

ð5Þ

The general solution for Eq. (4) is given by Eq. (6):
0
1
0
1
0
1
1
U
ξ11
ξ12
ξ13
λ
t
λ
t
1
2
@ V A ¼ c1 @ ξ Ae þ c2 @ ξ Ae þ c3 @ ξ Aeλ3 t
12
22
23
W
ξ13
ξ23
ξ33
0

ð6Þ

where ci are arbitrary constants and λi, ξij are the eigenvalues and eigenvectors of the Jacobian. An equilibrium point can be stable,
only if the real parts of all of the eigenvalues are negative [66]. The stability of a critical point can also be graphically illustrated
with the aid of a phase portrait, a plot of the tangent vectors of the trajectories of the system's solutions, evaluated at a large
number of points. In general, a critical point is considered unstable if the trajectories of solutions depart from the critical point as
the time variable, t, increases, while it can be considered stable otherwise.
The final solution of Eq. (2) is derived by Eq. (6) after reversing the transformation of Eq. (3), for the stable critical point, if it
exists. That is:
1 0 1 0 01
N1
N1
U
C
@ N2 A ¼ @ V A þ B
@ N02 A
0
W
N3
N
0

ð7Þ

3

3.3. Methodological procedure
The methodology used in this paper is developed in four discrete steps, which are presented in the following paragraphs. The
first step is the construction of the model used to evaluate the competition in the DT/LP OS market, according to the system of
equations described by Eq. (1). The model was defined in Eq. (2).
As a second step, the model's parameters are estimated. The study of the parameters' values provides with important
information regarding the process dynamics, intraspecies and interspecies competition. They reveal the dynamics of each
competitor that influences the equilibrium of the market. The parameters are estimated with the employment of genetic
algorithms. The concepts and methodology of the genetic algorithms approach are described in more detail in Subsection 3.4.
As described in 3.2, the estimated parameters allow for the calculation of the critical points. However, an unstable critical point
cannot be considered valid to reflect the market equilibrium. Therefore and as a third step, the stability of the critical points is
tested by performing an eigenvalue analysis. Finally, if a stable critical point exists, it is used for the calculation of the solution of
the system Eq. (2), as given by Eq. (7). The solution enables the estimation and forecasting of the demand functions of the three
competing technologies, as well as the market equilibrium.
3.4. Parameter estimation — genetic algorithms
Estimation of the model's parameters is necessary in order to reproduce the so far observed process and consequently
estimate and forecast market behavior. This is known as the “training” of the model and it is based on the available historical data.
Estimation of parameters can be achieved by utilizing managerial judgments, regarding the evolution of market and competition.
However, this approach could include bias, since it may reflect personal or group opinions, based on corresponding knowledge,
experience and perception. Alternative approaches for parameter estimation include the use of analytical methods, such as least
squares, or heuristic methods, such as genetic algorithms. GAs are adaptive heuristic search algorithms based on the mechanisms
of natural systems and natural genetics. They were initially introduced by Holland [32,33] and they are designed in a way
appropriate to simulate processes in natural systems necessary for evolution. They derive by the principles first laid down by
Charles Darwin, regarding the survival of the fittest and they represent an intelligent exploitation of a random search within a
defined search space in order to solve a problem.
The key points to the process are reproduction, crossover and mutation and they are all performed according to given
probabilities, in a way similar to what happens in the real world. Reproduction involves copying (reproducing) solution vectors,
crossover involves swapping partial solution vectors and mutation is the process of randomly changing a cell in the string of the
solution vector preventing the possibility of the algorithm being trapped. The process continues until it reaches the optimal
solution of the fitness function, which is used to evaluate individuals. On the contrary to the estimation of the parameters based
on managerial judgments, genetic algorithms can provide accurate estimates once a minimum number of data points become
available.
The most commonly used alternative methods for the estimation of model parameters are Ordinary Least Squares (OLS),
Non-linear Least Squares (NLS) and Maximum Likelihood Estimation (MLE). However, all of these techniques suffer from
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inefficiencies, such as multicollinearity, which in turn may lead to bias [69]. Theoretical arguments regarding the ability of the GAs
to efficiently produce better parameter estimates are additionally provided in [34]. The arguments were based on evaluation of
GAs performance against alternative estimating methods. The evaluation was based on a number of statistical measures, such as
Mean Squared Error (MSE) and Mean Absolute Percentage Error (MAPE).
In general, genetic algorithms are capable of producing accurate estimates, especially in the cases that there are more than six
parameters, or when there are not many data points available and the solution space becomes very rough. GAs have been used to
estimate diffusion of high technology products and they constitute a rapidly growing area of artificial intelligence [70]. In the
context of describing market dynamics, GAs were used to develop bargaining agents able to react to different market situations,
evolve their best-response strategies accordingly for different market situations [71] and simulate agent behaviors in virtual
negotiation environments [72]. In addition, they have been applied over a wide range of optimization problems, such as solving
the flexible assembly line balancing problem [73], choosing the right set of plans for queries which minimizes the total execution
time [74], or solving constrained optimization problems [75].
The general steps of a genetic algorithm are:
i.
ii.
iii.
iv.

Define the fitness function for the particular optimization problem.
Set crossover and mutation probabilities.
Randomly generate an initial population, N(0)
Generate the next generation population, N(t + 1), by probabilistically select individuals from N(t) to produce offsprings
via genetic operators of crossover and mutation.
v. Compute the fitness for each individual in the current population N(t). Offsprings with values closer to the fitness function
are more probable to contribute with one or more offsprings to the next generation. Discard Offsprings that diverge from
the fitness function.
vi. Repeat Steps 4 and 5 until either a prefixed number of generations is created, or after some predefined time has elapsed.

The above algorithm is performed into the context of this study and for the system described by (2), with the following
characteristics 1:
Objective function: The objective (fitness) function was set as the minimization of the Mean Square Error (MSE), between
observed and estimated values for each competitor's market share:

MSE ¼

T 

1X
^ ðt Þ
Ni ðt Þ−N
i
T t¼1

ð8Þ

^ i ðt Þ are the observed and the estimated values for competitor i, respectively.
where Ni ðt Þ; N
Initial values of parameters: They were based on estimations of the rates of change of the market shares. Genetic algorithms
require a set of initial values for the parameter in order to start performing. These values can be obtained either arbitrarily or
by making some rational assumptions. In the present work, initial values are obtained following the assumption that each OS is
alone in the market, facing no competitive effects. This approach is best described by a diffusion process and a corresponding
aggregate diffusion model, such as the logistic, whose parameters can be estimated by NLS with a high level of accuracy. The
produced parameter estimates are given as input to the Lotka–Volterra model in order for the GAs to start performing. This
approach is also expected to lead to a faster convergence of the evolutionary algorithm, since the initial estimates would
probably fall into the appropriate range of values. However, it could also impose some level of biasness, since a
deterministically estimated set of initial values is used. In addition and for the same reason, the algorithm could be trapped to
a local optimum instead of the global one. To avoid this, the genetic algorithm was additionally executed with sets of randomly
generated initial values. Avoidance of trapping to a local optimum was also enhanced by creating a sufficiently large random
population and by choosing different values of mutation probabilities, in order to maintain genetic diversity from one
generation to the next and avoid local minima by preventing the population from becoming too similar to each other, thus
slowing or even stopping evolution.
Stopping condition: The algorithm is terminated when the reduction value of the objective function becomes less than 0.01% in
the last 10.000 iterations.
The population size was set to 500 individuals per generation, the crossover rate to 0.8 and the mutation rate to 0.01. The
operations of crossover and mutation are not performed for every reproduction but the probability of a string to be selected for
crossover is proportional to the string's fitness. Each operation is assigned a particular probability of occurrence or application.
The probability of mutation is always very low, since the primary function of a mutation operator is to remove the solution from a
local minimum. The probabilities are assigned based on the characteristics of the problem.
1
Evaluation of the methodology was based on the Palisade Evolver software, a plug-in for Microsoft Excel that implements Genetic Algorithms (http://www.
palisade.com).
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4. Empirical analysis and results
4.1. Description of the data
The data used for evaluation are the market shares, expressed in percentages. They were extracted from W3Schools' log-files
[57], over an eight year period and on a quarterly basis, spanning from 2003 to the second quarter of 2010. W3Schools is a website
for people with an interest for web technologies, containing tutorials and references related to web development subjects, such as
HTML, XML, CSS, and JavaScript. The site keeps monthly statistical information for web browsers and the corresponding operating
systems from its log-files. Although this is only a part of the actual data for operating systems market shares, the high activity of
the site [76] and the type of population visiting the site creates a credible statistical sample for the overall trends of the segment.
Data, however, were cross validated with other operating systems statistics, that are provided by:
(i) Market Share portal of Net Applications [56]. The data are collected from the browsers of site visitors to an exclusive
on-demand network of live stats customers. They are compiled from approximately 160 million visitors per month. The
information published is an aggregate of the data from this network of hosted website statistics.
(ii) Statcounter.com [58]. Stats are based on aggregate data collected by StatCounter on a sample exceeding 15 billion
pageviews per month collected from across the StatCounter network of more than 3 million websites.
All of the three data sources agreed that Microsoft Windows (all versions) is the dominant operating system with a market share
of about 90%, leaving Apple's Mac OSX and Linux lagging behind, with the Mac OSX being second. It should be noted that W3Schools
presented higher scores for Linux and lower for Windows with an inclination of about 4%. This can be justified by the fact that the
W3Schools is accessed by more skilled and technology aware users, who are more probable to use Linux. The reason for opting for
the W3Schools' statistics in this study was the availability of longer time interval datasets. This would, in turn, enable higher
efficiency of the calculations and model's results. The descriptive statistics of the W3Schools data are presented in Table 2.
4.2. The operating systems market dynamics
Firstly, the genetic algorithms were applied on the dataset, producing the 12 parameters of (2). The estimation results for each
operating system are illustrated in Fig. 1.
The accuracy of estimation is evaluated by the means of Mean Squared Error (MSE), Mean Absolute Percentage Error (MAPE) and
the coefficient of determination (R^2), presented in Table 3. It can be observed that the statistic results validate the GAs estimation.
Substitution of the estimated values to the system of Eq. (2) yields the system of Eq. (9) that describes the dynamics of the
examined operating systems:
dN 1
¼ N1 ð0:21−0:01N 1 −0:39N2 −0:2N3 Þ
dt
dN 2
¼ N2 ð4:95−1:06N 1 −6:7N 2 −5N3 Þ
dt
dN 3
¼ N3 ð3:14−5:28N 1 −3:26N2 −3:09N3 Þ
dt

ð9Þ

In Eq. (9) the estimated parameters provide useful insight on the type of interaction and the churn effect (as described in
Section 3.1) among the three operating systems. The negative signs of all of the aij parameters indicate that the type of interaction
that describes the operating systems market is competition. That was an expected result, since OSs are competing for the existing
and potential users and each OS's share is reduced due to the existence of the others.
Mac OSX exposes the highest intra competition growth rate (6.7) of all operating systems. It is also higher than the reduction
rates it faces as a result of the competition with the other two systems (1.06 for Linux and 5 for Windows). It can be deduced that,
Mac OSX is less affected by competition with the other two species and more affected by its own growth dynamics. This can be
explained by the fact that Mac OSX mainly runs on its own Apple Mac PC and laptops, creating its “own” market. It is very
Table 2
Descriptive statistics for the three OS.

Observations
Mean
StDev
Variance
Skewness
Kurtosis
Minimum
Median
Maximum

Linux

Mac OSX

Windows

30
0.035
0.006
0.00003
−0.26
0.1
0.022
0.035
0.048

30
0.04
0.015
0.00024
0.56
−0.55
0.018
0.038
0.07

30
0.92
0.02
0.00045
−0.27
−0.62
0.88
0.92
0.95
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Fig. 1. Estimation results for (a) Linux, (b) Mac OSX, and (c) Windows.

improbable that a user of a Mac PC would opt for another OS than Mac OSX. Thus, its growth is mainly affected by its own positive
or negative characteristics that would lead to adoption. As shown in Eq. (9), Mac OSX has the largest carrying capacity (4.95),
showing that it grows faster than any of its competitors and that it has great prospects for growth. One interesting result here is a
“hidden” mutualism of Mac OSX and Linux. Mac OSX is benefited by the existence of Linux, because Linux exerts low competition
pressures on Mac OSX (1.06) and high competition pressures on Windows (5.28), which is the main competitor for Mac OSX
(competition rate = 5).
Table 3
Statistical measures of parameter estimation results.
Observed vs estimated

Linux

Mac OSX

Windows

Average

R^2
MSE
MAPE

0.995
1.84E-07
0.011

0.997
7.59E-07
0.021

0.919
3.5E−04
0.005

0.970
1.20E-05
0.013
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Mac OSX is a partly OSS, that has gained approval by the open source community with its strategy to reveal large parts of the
code to the OSS developers. Thus, a user who prefers the OSS technology for advantages like security and stability, while on the
same time, is less technically skilled and feels more comfortable with a proprietary software, would opt for the Mac OSX rather
than Linux. The main competitor for Mac OSX is the incumbent Windows system, which had the first mover's advantage and its
users are more reluctant to change. As a result, the growth of Mac OSX is limited by the existence of Windows. Yet, although Mac
OSX is a late follower, it has achieved a considerable market share, leaving Linux behind. This justifies many firms’ strategies
towards new OSS business models.
Windows also exhibit growth with a carrying capacity of 3.14; yet it is much lower compared to Mac OSX. Non skilled users,
with functioning requirements limited to a document, spreadsheet, or e-mail, are reluctant to switch to another OS with different
interface. Despite the fact that it is the incumbent operating system, it faces an intense competition by both Linux and Mac OSX.
This can be deduced by the corresponding parameters values (5.28 with Linux and 3.26 with Mac OSX) and shows that Windows
is most vulnerable to competition pressures it faces by both OSs. In addition, Windows suffer a greater loss by Linux (5.28), while
Linux is negligibly threatened by Windows (0.2). This implies that Linux shares are raised due to Windows users that churn to
Linux, while Linux users are less probable to churn to Windows.
On the contrary, the low, but steady growth rate of Linux (0.21) is acquired by the Windows shares. This implies that a fraction
of Windows users who, for some reasons, are not satisfied by the Windows OS (e.g. the Vista distribution was a market failure) are
more probable to try Linux, rather than Mac OSX. For example, some users may follow a dual boot operating system with both
Linux and Windows, or even different Linux distributions through virtualization. They are mainly the kind of users who are
technology aware and seek for cost efficiency and performance, rather than a brand name.
Finally, Linux has a low carrying capacity (0.21) and its diffusion is highly affected by the competition with the other two OSs.
Its growth rate is rather small and is not expected to experience higher growth rates, at least under the current market conditions.
It is threatened more by Mac (0.39) than by Windows (0.2). Thus, Linux users are more probable to churn to a ‘partly OSS’ Mac
solution, which offers both the quality characteristics of OSS and the friendlier interface that is usually expected by a proprietary
software. However, the churn effect is low, meaning a small but steady increase in Linux market shares.
Overall, following the interpretation of the estimated parameters it can be deduced that a firm like Apple, which based its
product on an open source software and still maintains an open source community, has many opportunities in the competition
race. Although a late follower, Apple has achieved to attract both Linux and Windows users and be established in the market,
leaving Linux behind.
4.3. Equilibrium analysis
In order to calculate the equilibrium state of the system of equations in (9), they are simultaneously set equal to zero, that
is:
F ðN1 ; N2 ; N3 Þ ¼ 0; GðN1 ; N2 ; N3 Þ ¼ 0;

HðN1 ; N2 ; N 3 Þ ¼ 0

ð10Þ

The solution of (10) provides with 8 critical (equilibrium) points, as shown in Table 4. The seven of them lead to the extinction
of one, two or three operating systems; only the eighth one indicates the coexistence of all species.
However, not all of them are stable critical points. After dropping the non-valid triads of critical points (not belonging to the
positive octet) and in order to examine the stability of the rest of the points, an eigenvalue analysis is performed. The eigenvalues
and eigenvectors for each valid triad N10, N20, N30 of Table 4 is derived by calculating the corresponding Jacobian matrices of Eq. (4),
as described in Section 3.2. The analysis resulted in only one stable critical point, i.e. the eighth critical point of Table 4, which
indicates that none of the competing species becomes extinct at the equilibrium. The rest of them are unstable, since the
eigenvalues of the Jacobian matrices are of different sign and thus in the derived general solutions, one of the variables dominates
and causes the system to be unbounded and unstable [66].

Table 4
Critical points of the system.
Critical points

1
2
3
4
5
6
7
8

Linux

Mac OSX

Windows

N1

N2

N3

0
0
0
1.37
0
−0.03
1.60
0.07

0
0
0.74
0
−0.09
0
0.49
0.12

0
1.01
0
0
1.11
1.06
0
0.81
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Fig. 2. Phase portrait of dynamic system based on random initial market shares: all trajectories tend to the stable critical point.

The stability of system (9) at the specific critical point is also graphically illustrated by a phase diagram, as shown in Fig. 2,
based on different initial values for market shares. As observed, whatever the initial conditions are, all trajectories converge to the
estimated critical point, validating its stability.
The stable critical point provides information regarding market equilibrium among the three competing operating systems. At
the equilibrium, Windows will remain the leader in the market with an 81% market share; yet its shares are reduced, due to the
other two operating systems. Mac OSX is expected to reach a 12% market share and be established in the market with an

Fig. 3. Estimated (a) and forecasted (b) demand for Linux.
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important fraction of users. Linux has a low growth rate, yet it is not pushed out of the market. Despite the fact that competition is
hard for Linux, its market share increases reaching a 7% and co-exists with the two prevailing systems.
4.4. System solution and demand functions
By substituting the eigenvalues and eigenvectors of the Jacobian for the stable critical point (0.07, 0.12, 0.81) into Eq. (6), the
general solution of the system in Eq. (9) is derived and illustrated in Eq. (11).
0

1
0
1
0
1
0
1
U
0:006
−0:038
0:215
@ V A ¼ c1 @ 0:272 Ae−3:04t þ c1 @ −0:735 Ae−0:26t þ c1 @ 0:571 Ae−0:02t
W
0:962
0:677
−0:792

ð11Þ

In Eq. (11) c1, c2, c3 are arbitrary constants. However, since it is an initial value problem, substitution of the initial values (the
initially recorded market share values) into the general solution allows for their calculation. Thus, the final solution is given
by:
1
1 0
0
1
0
1
0:0002
U
0:0005
−0:041
@ V A ¼ @ −0:0099 Ae−3:04t þ @ 0:0087 Ae−0:26t þ @ −0:111 Ae−0:02t
−0:0351
W
−0:008
0:153
0

ð12Þ

The evolution of the market for each operating system, as reproduced by the above Eq. (12), is illustrated in the figures Figs. 3
to 5.
The statistical measures of accuracy, MSE, MAPE and R^2 of the observed versus the estimated values, for each operating
system are shown in Table 5.
The figures present the estimated demand functions, as well as their forecasts projected for a ten years period. In order to
depict the accuracy of forecasting, the observed values spanning from 2010 (Q3) until 2011 (Q4) were obtained from the

Fig. 4. Estimated (a) and forecasted (b) demand for Windows.
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Fig. 5. Estimated (a) and forecasted (b) demand for Mac OSX.

W3schools site. The observed versus the forecasted values are illustrated in Figs. 3–5. Moreover, the MAPE of the forecasted part is
illustrated in Table 5, verifying the forecasting efficiency of the model.
However, it should be noted that long time interval forecasts cannot be realistic in the rapidly evolving software market and is
beyond the scope of this work. The values beyond a five year forecast are added mainly to exhibit the future trends of the market,
rather than the actual values. Market conditions, such as new entrances, or government interventions may alter the demand
curves, as shown in Section 5.
Figs. 3–5 show that, although the demand for Windows is ultimately decreased due to the competition stressed by its
opponents, in the long run Windows will retain high market shares. Linux, on the other hand, achieves a small increase in its
shares, yet it will still co-exist with the two proprietary firms and will not be pushed out of the market. Finally, Mac OSX, although
a late follower, it exhibits observable growth and is expected to be established in the market, achieving to alter a monopolistic
market to an oligopolistic one.

5. Sensitivity analysis of Linux adoption
Public and private sector have a number of good reasons for Linux and OSS adoption, as already described in previous sections.
Despite the fact that Linux has matured to a point that even less technically advanced users could adopt it, the rise of desktop
Linux adoption has not dramatically changed during the last years. However, there are new conditions set in the market, which
have created new prospects for Linux adoption in organizations.

Table 5
Evaluation of the estimation.
Observed vs estimated

Linux

Mac OSX

Windows

Average

R^2
MSE
MAPE
Forecasting
MAPE

0.891
6.59E−06
0.064

0.852
2.6E−05
0.121

0.918
3.55E−05
0.005

0.88
2.27E−05
0.063

0.094

0.151

0.021

0.089
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Firstly, the new market trends for a more centralized approach to desktop delivery via various virtualization and/or cloud
computing options (such as virtualized desktop on a thin client) and the economic downturn has brought back the question of
desktop strategy in organizations' managers and decision makers [51,52]. This, together with the fact that a large number of
organizations have already installed Linux servers in their central systems, could yield a large increase in Linux adoption at the
organizational setting. If non-technical users become acquainted with Linux at work (private or public sector) they would also opt
for it at home.
Moreover, inspired by the OSS values, a number of other forms of open initiatives have been gaining momentum. Open source
systems extend even beyond software to include open access, open documents, open science, open government and more. In the
context of eGovernment (eGov) the notion of governmental openness has met wide acceptance among nations and became
closely related to one of its goals [77]. For instance, the US government has introduced the open government initiative declaration
[78] and in Europe the EU Ministerial Declaration [79] pays particular attention to the benefits resulting from the use of open
specifications, promoting the open source model in eGov projects. Both declarations, contain principles (like accessibility,
transparency and openness) and methodologies (like collaboration and sharing), that are obvious references to open source.
This trend by governments towards OSS has resulted to a number of actions and policies that promote OSS in the public sector
worldwide [80,81]. Motivations for such actions, apart from technological (quality) and economical (OSS is cost effective) [47]
could also be ideological, as OSS technologies transfer the ideas, believes and notions of freedom and openness, as for example in
the case of Venezuela [82]. Lewis [83] reported three hundred and sixty-four open source policy initiatives worldwide, many of
which are aiming at Linux adoption in the public sector.
Motivated by these trends in both the private and public sector, this section creates a model for a possible rise of Linux
adoption in expense of Windows and examines the outcomes and market structure at different adoption levels. Such a case would
be for instance, if governments decided to migrate to the desktop Linux, in different parts of the public sector, such us public
authorities, schools, universities, hospitals, etc.
More particularly, different levels of adoption, g, are assumed, in order to examine the consequences of such actions in the OS
market structure and competition. To achieve this, the model of Eq. (9) is redefined so that to capture the “churn-effect” of the
Windows potential that migrates to Linux. The model assumes that a fraction (percentage) of g Windows users that belong in
some organizations will migrate to the Linux system, thus adding potential to Linux users. In mathematical notation, the
interspecies competition rate indicating the number of Windows users that migrate to Linux, i.e. 5.28 N1, will be increased by a
number of gN1 users. As a result, the intraspecies coefficient, or growth rate of Linux users will be increased by the same number
of gN1 users. No further changes are assumed regarding the Mac OSX system. The new model is defined in (13).
dN 1
¼ N1 ð0:21−ð0:01−g ÞN1 −0:39N2 −0:2N3 Þ
dt
dN 2
¼ N2 ð4:95−1:06N 1 −6:7N 2 −5N3 Þ
dt
dN 3
¼ N3 ð3:14−ð5:28 þ g ÞN1 −3:26N2 −3:09N3 Þ
dt

ð13Þ

The methodological procedure described in Section 3 is also followed for the system in Eq. (13). The analysis is performed for
different values of g, which correspond to different levels of adoption and is measured in percentage rate. The stable equilibrium
points corresponding to each value of g are presented in Table 6. The equilibrium points illustrate how the market structure is
formed at the equilibrium state, for different levels of adoption promotion (g).
Table 6 also provides information about competition intensity, expressed in terms of the Herfindahl –Hirshman Index (HHI).
The HHI index is calculated at the equilibrium, for the different values of g. The trivial case where g = 0 corresponds to the absence
of an adoption policy, that is system (9). The diffusion function of each of the competing species has been calculated for each
promotion level, g, following the same methodology as in the previous sections. The demands are graphically illustrated in Fig. 6.
The estimated demand functions are projected to a five years period.
It can be deduced that the overall market competition rate is increasing analogously to the Linux adoption rate, g. At a 3% level
of promotion the market structure is turning to competitive, in contrast to the case of no promotion, which corresponds to a
rather oligopolistic market. Moreover, the time where market equilibrium is reached, is lessened proportionally to the adoption
rate g.
Table 6
Equilibrium points and market concentration for different levels of Linux promotion.
Values of portion g

Equilibrium points
(Linux, Mac, Windows)

HHI

0.00
0.01
0.03
0.05
0.07
0.08

(0.07,
(0.09,
(0.13,
(0.15,
(0.17,
(0.18,

0.67
0.56
0.44
0.39
0.37
0.36

0.12,
0.19,
0.28,
0.34,
0.39,
0.41,

0.81)
0.72)
0.59)
0.50)
0.43)
0.40)
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Fig. 6. Demand functions and equilibrium for different levels of Linux adoption at a five year forecast.

As expected, the market shares of Linux increase, while the shares of Windows decrease. In model (9) Linux had a very low
growth rate and market share, which could not allow for radical changes in its shares; yet, as g increases, Linux achieves a
considerable market share and manages to be established in the market of DT/LPs. The intriguing element, however, is the rise of
Mac OSX shares at a level capable of a direct threat against the incumbent Windows. At an 8% level of Linux adoption, Mac OSX
overtakes Windows.
This can be explained by the fact that in Eq. (13) Linux is growing at the expense of Windows, which is the main competitor of
Mac OSX. The competition rate between Mac OSX and Linux is very low (1.06), indicating that Linux cannot influence Mac OSX.
On the other hand, competition rate of Mac OSX with Windows is much stronger (competition rate 5). The fact that Linux
adoption decreases Windows shares forces Windows to exert less competition pressure on Mac OSX. This, in turn, results to an
increase in Mac OSX shares. The effect can be compared with the strategy of alliance between two smaller firms in order to
confront a monopolist [30]. Although there is no alliance between Mac OSX and Linux, the mutualism indicated in model (9) has a
stronger effect now, as Linux becomes stronger and Windows shares decrease.
As a result, the churn of Windows users can overturn market dynamics in favor of Mac OSX and turn the DT/LPs market to a
competitive one. The increase in the market competition would consequently enable more potential entrances in the market.

6. Managerial implications
Results of Sections 4 and 5 show that OSS can play an important role even in highly concentrated markets, like the DT/LP
market. Though Windows continues to dominate at the equilibrium, the market will become less concentrated due to
competition it faces with Linux and Mac OSX. It can be deduced that the role of OSS here is twofold. Firstly, Linux as an open
source software has exerted pressure on the Windows shares. Although “Linux desktop year” has not come, Linux is not pushed
out of the market. On the contrary, it is growing at a small pace, impinging Windows' shares. This is mainly due to the fact that
Linux has built a reputation for quality and security characteristics through years of testing and validation.
Secondly, Linux has created the conditions for new entrances, especially for those with an open source business model. That is
the case of the commercial, yet partly-OSS, Mac OSX. As it is deduced from the model (9) there is an indication of mutualism. Mac
OSX is less affected by the competition, enjoying the benefits of its open source nature. This nature makes Mac OSX favorable to
less skilled users who seek for both OSS quality characteristics and a commercial alternative. Though a late follower, it has
achieved to be established in the market, leaving Linux behind. As it was shown, Mac OSX has the largest growth prospects.
This justifies many firms’ strategies towards new OSS business models, setting OSS an important part of an IT strategy. Today, a
company is one that stands behind its software and offers a development roadmap, technical support from the developers and
other services. These companies deliver open source software with certified binaries, complete documentation and easy
installation software. This gives customers the best of both worlds, that is enterprise-grade software without the risk of platform
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lock-in. Successful examples for Linux distributions are RedHat (Fedora), Canonical (Ubuntu), the emerging Clement Lefebvre
with Linux Mint, etc.
Moreover, as the modified model (13) indicated, there are conditions under which the DT/LP market structure can
dramatically change and even become purely competitive. This could be enabled by a rise of Linux adoption at the expense of
Windows, in public and/or private organizations. As deduced by model (13), a strategy towards Linux adoption would lead to
more competitive structures.
Model (13) also shows that if Apple and Linux act cooperatively, Apple's shares would substantially increase. As Linux doesn't
grow on the expense of Mac OSX, an Apple's strategy towards Linux would directly benefit Apple. Thus, Linux could be promoted
directly by Apple itself. Apple's paradigm could be followed by other prospective entrants in the DT/LP market.
The consequences of the OSS impact in the OS market have been reflected in the new and rapidly evolving market sector,
which emerged due to the software requirements of devices like mobile phones and tablets. In this sector, Apple with iOS
dominates the market; however the market is not concentrated. iOS is derived from Mac OSX, with which it shares the open
source Darwin kernel. Consequently, iOS carries the success reputation of OSS and Mac OSX. In this case, Windows didn't have the
first mover's advantage, thus the partly-OSS, iOS, has been immediately widely accepted. On the contrary, Windows Phone and
Windows Mobile of the Windows Embedded Compact (CE) family products have been almost pushed out of the market with a
less of 0.5% market share each [56]. The new market entrance is now Google with Android, which is OSS licensed under the
Apache License and is widely based on the Linux kernel. Android has achieved a 19% [56] and is continuously increasing its shares.
Contrary to iOS, Android is purely OSS and thus enjoys a wider acceptance and support by the OSS community, with the purely
commercial OSs in the mobile/tablets market, having a share of less than 3%. It can be deduced that OSS entrances have been
substantially benefited in this new market.
7. Conclusion
The work presented in this paper proposed a methodology for the modeling of DT/LP operating systems market concentration
and competition intensity, due to the emergence of Open Source Software (OSS). The construction of the methodology was based
on concepts of population dynamics, ecological modeling and the Lotka–Volterra model. The model's parameters were estimated
by applying genetic algorithms, which are adaptive heuristic search algorithms based on the mechanisms of natural systems and
genetics. The main assumption of the methodology was to consider the three software products as interacting species competing
for a common source, the market itself, expressed in terms of market shares. The study of the constructed system's dynamics was
performed over the three most popular DT/LP operating systems, Linux, Mac OSX and Microsoft Windows.
The empirical analysis showed that, at the equilibrium, all operating systems will coexist, while the highly concentrated
market will have a tendency to become oligopolistic. Regarding the dynamics of the market, it was shown that Mac OSX has the
highest growth rate and is less affected by the competition with the other systems, while is more affected by its own growth
dynamics. An indirect mutualism effect, where the partly OSS Mac OSX is ultimately benefited by the existence of Linux, could
also be deduced.
Windows, on the other hand, experiences a decrease in its share, as it faces intense competitive pressures by both Linux and
Mac OSX, with Linux being its main opponent. Results show that Linux shares are raised, mainly due to Windows users that churn
to Linux, while Linux users are less probable to churn to Windows. However, the low growth rate of Linux is not expected to
increase substantially, at least under the current market conditions and Windows will retain its leading position.
The above results add to the issue of the impact of OSS on competition. Firstly, OSS has a direct impact by the emergence of quality
OSS such as Linux, which can offset the monopolistic behavior of the software market. Even in the highly concentrated DT/LP OS
market, Linux not only survives but also raises its shares. Secondly, OSS allows for the creation of new business models, like the partly
OSS that enable successful entrance in the market. The partly OSS Mac OSX paradigm shows that Mac OSX, though a late follower, has
successfully entered a highly concentrated market.
The consequences of the OSS impact in the OS market have been reflected in the new and rapidly evolving market sector,
which emerged due to the software requirements of devices like mobile phones and tablets. In this case, the descendant of Mac
OSX for mobiles and tablets iOS has become the dominating OS, while the corresponding Windows descendants, windows phone
and windows mobile, exhibit negligible shares. On the contrary, the new entrant, open source Google Android is rapidly evolving.
These outcomes justify many firm's strategies towards new OSS business models, setting OSS an expected part of an IT strategy.
Finally, the study performs a sensitivity analysis to test the possible effects on market structure, induced by migration from
Windows to Linux at an organizational level. Results demonstrate that there are conditions under which the DT/LP market
structure can dramatically change and even become purely competitive. Moreover, there is a clear indication of mutualism
between Linux and Mac OSX, where the rise of Linux adoption directly benefits Mac OSX. It can be deduced that if Apple and Linux
act cooperatively, Apple's shares would substantially increase. The effect can be compared with the strategic alliance between two
smaller firms in order to confront a monopolist [30]. Thus, Linux could be promoted directly by Apple itself. Apple's paradigm
could be followed by other prospective entrants in the DT/LP market.
Overall, the proposed methodology and results can provide valuable inputs for managerial decisions and strategic planning to
the players of software market. Although the model does not consider any random effects, which could be desirable for a more
real description, it is the most appropriate for the present case, where the main target is to point out that the main interest resides
in the competitive dynamics of the model. Furthermore, it is a good starting point to gain a better understanding of the OSS
competition dynamics. Future work directions include the development of suitable methodologies based on the other approaches
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of the Lotka–Volterra models, such as seasonality, stochastic extensions, or influential behavior of other external factors, in order
to comprehensively study the different aspects of the market, such as complementary and substitute software products.

References
[1] B. Curry, K.D. George, Industrial concentration — a survey, J. Ind. Econ. 31 (1983) 203–255.
[2] H.R. Varian, C. Shapiro, Information rules : a strategic guide to the network economy, Harvard Business School Press, Boston, Massachusetts, 1999.
[3] S. Lakka, D. Varoutas, D. Martakos, Impact of OSS on software markets — an evaluation, In: in: A. Poulymenakou, N. Pouloudi, K. Pramatari (Eds.), 4th
Mediteranean Conference on Information Systems Athens University of Economics & Business, Athens, 2009, pp. 588–599.
[4] S. Lakka, T. Stamati, C. Michalakelis, D. Martakos, The ontology of OSS Business Model: an exploratory study, International Journal of Open Source Software
and Processes 3 (2011) 39–59.
[5] P.G. Capek, S.P. Frank, S. Gerdt, D. Shields, A history of IBM's open-source involvement and strategy, IBM Syst. J. 44 (2005) 249–257.
[6] J. Bitzer, Commercial versus open source software: the role of product heterogeneity in competition, Econ. Syst. 28 (2004) 369–381.
[7] R. Casadesus-Masanell, P. Ghemawat, Dynamic mixed duopoly: a model motivated by Linux vs. Windows, Manag. Sci. 52 (2006) 1072–1084.
[8] N. Economides, E. Katsamakas, Two-sided competition of proprietary vs. open source technology platforms and the implications for the software industry,
In: Law and Economics, NYU, 2005.
[9] L. Lin, Impact of user skills and network effects on the competition between open source and proprietary software, Electron. Commer. Res. Appl. 7 (2008)
68–81.
[10] M. Mustonen, Copyleft — the economics of Linux and other Open Source software, Info. Econ. Pol. 15 (2003) 99–121.
[11] T. Kretchmer, Upgrading and niche usage of PC operating systems, Int. J. Ind. Organ. 22 (2004) 1155–1182.
[12] A. Gaudeul, Competition between Open Source and Proprietary Software: The LaTeX case study, In: EconWPA, Industrial Organization, 2004.
[13] A. Gaudeul, Consumer welfare and market structure in a model of competition between open source and proprietary software, Int. J. Open Source Softw.
Process. 1 (2009) 43–65.
[14] K.M. Schmidt, M. Schnitzer, Public subsidies for open source? Some economic policy issues of the software market, Harv. J. Law Technol. 16 (2003) 474–502.
[15] J.D. Murrey, Mathematical Biology, 3rd ed. Springer, New York, 2002.
[16] D. Neal, Introduction to Population Biology, Cambridge University Press, New York, 2004.
[17] F.M. Bass, A new product growth model for consumer durables, Manag. Sci. 15 (1969) 215–227.
[18] F.M. Bass, A. Krishnamoorthy, A. Prasad, S.P. Sethi, Advertising competition with market expansion for finite horizon firms, J. Ind. Manag. Optim. 1 (2005)
1–19.
[19] F.M. Bass, T.V. Krishnan, D.C. Jain, Why the bass model fits without decision variables, Mark. Sci. 13 (1994) 203–223.
[20] M. Givon, V. Mahajan, E. Muller, Software piracy: estimation of lost sales and the impact on software diffusion, J. Mark. 59 (1995) 29–37.
[21] M. Givon, V. Mahajan, E. Muller, Assessing the relationship between user-based market share and unit sales — based market share for pirated software
brands in competitive markets, Technol. Forecast. Soc. Chang. 55 (1997) 131–144.
[22] N. Kim, D.R. Chang, A.D. Shocker, Modeling intercategory and generational dynamics for a growing information technology industry, Manag. Sci. 46 (2000)
496–512.
[23] A.D. Shocker, B.l. Bayus, N.e.a. Kim, Product complements and substitutes in the real world: the relevance of “other products”, J. Mark. 68 (2004) 28–40.
[24] P. Parker, H. Gatignon, Specifying competitive effects in diffusion models: an empirical analysis, Int. J. Res. Mark. 11 (1994) 17–39.
[25] W. Dolfsma, L. Leydesdorff, Lock-in and break-out from technological trajectories: modeling and policy implications, Technol. Forecast. Soc. Chang. 76
(2009) 932–941.
[26] S.M. Maurer, B.A. Huberman, Competitive dynamics of web sites, J. Econ. Dyn. Control. 27 (2003) 2195–2206.
[27] S.-Y. Chiang, G.-G. Wong, Competitive diffusion of personal computer shipments in Taiwan, Technol. Forecast. Soc. Chang. 78 (2011) 526–535.
[28] C. Michalakelis, D. Varoutas, T. Sphicopoulos, Estimating market competition based on concepts of ecology modeling, IEEE Trans. Syst. Man Cybern. Part C
Appl. Rev. (2009), http://dx.doi.org/10.1109/TSMCC.2010.2053923.
[29] S.-J. Lee, D.-J. Lee, H.-S. Oh, Technological forecasting at the Korean stock market: a dynamic competition analysis using Lotka–Volterra model, Technol.
Forecast. Soc. Chang. 72 (2005) 1044–1057.
[30] L. López, M. Sanjuán, A.F., Defining strategies to win in the Internet market, Physica A: Stat. Mech. Appl. 301 (2001) 512–534.
[31] V.B. Kreng, H.T. Wang, The competition and equilibrium analysis of LCD TV and PDP TV, Technol. Forecast. Soc. Chang. 78 (2011) 448–457.
[32] D.E. Goldberg, Genetic algorithms in search, optimization, and machine learning, Addison-Wesley, Reading, Mass., 1989.
[33] J. Holland, Adaption in Natural and Artificial Systems, University of Michigan Press, Ann Arbor, Michigan, 1975.
[34] R. Venkatesan, T. Krishnan, V. Kumar, Evolutionary estimation of macro-level diffusion models using genetic algorithms: an alternative to nonlinear least
squares, Mark. Sci. 23 (2004) 451–464.
[35] M. Campbell-Kelly, D.D. Garcia-Swartz, Pragmatism Not Ideology: IBM's Love Affair with Open Source Software, SSRN eLibrary, 2008.
[36] J. West, J. Dedrick, Scope and timing of deployment: moderators of organisational adoption of the Linux server platform, IT Stand. Res. 4 (2) (2006) 1–23.
[37] P.J. Ågerfalk, B. Fitzgerald, Outsourcing to an unknown workforce: exploring opensourcing as a global sourcing strategy, MIS Q. 32 (2008) 385–409.
[38] L. Ge, L. Scott, M. VanderWiele, Putting Linux reliability to the test, In: DeveloperWorks, IBM, Software Group, 2003.
[39] E. Leibovitch, The business case for Linux, IEEE Softw. 16 (1999) 40–44.
[40] L. Dahlander, M.W. Wallin, A man on the inside: unlocking communities as complementary assets, Res. Policy 35 (2006) 1243–1259.
[41] L. Morgan, P. Finnegan, How perceptions of open source software influence adoption: an exploratory study, In: 15th European Conf. Information Systems
(ECIS 07), Univ. of St. Gallen, 2007, pp. 973–984.
[42] J. Feller, B. Fitzgerald, Understanding Open Source Software Development, Addison Wesley, Boston, MA, 2002.
[43] K. Ven, J. Verelst, The impact of ideology on the organizational adoption of open source software, J. Database Manage. 19 (2008) 58–72.
[44] E. Luening, Windows users pay for hacker insurance available at: http://news.com.com/2100-1001-258392.html?legacy=cne 2001 last accessed February
2011.
[45] M. Schwarz, Y. Takhteyev, Half a century of public software institutions: open source as a solution to hold-up problem, J. Public Econ. Theory 12 (2010)
609–639.
[46] Netcraft SSL Survey available at: http://news.netcraft.com/ssl-survey/ last accessed March 2011.
[47] A. Gillen, B. Waldman, Linux adoption in a global recession, In: IDC report, 2009.
[48] M. Gruber, J. Henkel, New ventures based on open innovation — an empirical analysis of start-up firms in embedded Linux, Int. J. Technol. Manag. 33 (2006)
356–372.
[49] Snapshot of the embedded Linux market available at: http://www.linuxfordevices.com/c/a/Linux-For-Devices-Articles/Snapshot-of-the-embedded-Linuxmarket-April-2007/ 2007 last accessed December 2011.
[50] Mobile/Tablet Operating System Market Share available at: http://marketshare.hitslink.com/mobile-market-share 2012 last accessed March 2012.
[51] A. Gillen, B. Waldman, Linux Adoption in a Global Recession, IDC report, In: IDC, 2009.
[52] D. Vile, M. Atherton, Linux on the desktop. Lessons from mainstream business adoption available at: http://www.freeformdynamics.com/fullarticle.asp?
aid=678&searchFor=Linux%20desktop 2009 last accessed January 2012.
[53] B.P. Miller, D. Koski, C.P. Lee, V. Maganty, R. Murthy, A. Natarajan, J. Steidl, Fuzz Revisited: A Re-examination of the Reliability of UNIX Utilities and Services,
in: Computer Sciences Technical Report, University of Wisconsin, Madison, 1995.

S. Lakka et al. / Technological Forecasting & Social Change 80 (2013) 88–105

105

[54] S.J. Vaughan-Nichols, Can You Trust This Penguin? available at: Article no longer available from ZDNet site but archived at http://web.archive.org/web/
20010606035231/http://www.zdnet.com/sp/stories/issue/0,4537,2387282,00.htm 1999 last accessed February 2011.
[55] J.E. Forrester, B.P. Miller, An Empirical Study of the Robustness of Windows NT Applications Using Random Testing, In: 4th USENIX Windows Systems
Symposium, Seattle, 2000.
[56] Market Share Statistics available at: http://marketshare.hitslink.com/ last accessed February 2011.
[57] W3Schools_OS: OS Platform Statistics available at: http://www.w3schools.com/browsers/browsers_os.asp last accessed January 2011.
[58] StatsCounteravailable at: http://gs.statcounter.comlast accessed February 2011.
[59] J. West, How open is open enough? Melding proprietary and open source platform strategies, Res. Policy 32 (2003) 1259–1285.
[60] J. Hubbard, A Brief History of FreeBSD available at: http://docs.freebsd.org/doc/2.1.7-RELEASE/usr/share/doc/handbook/handbook3.html 2003 last accessed
March 2011.
[61] M. Begon, C. Townsend, J. Harper, From individuals to ecosystems, Blackwell Publishing, 2006.
[62] T. Modis, Technological forecasting at the stock market, Technol. Forecast. Soc. Chang. 62 (1999) 173–202.
[63] S.C. Bhargava, Generalized Lotka-Volterra equations and the mechanism of technological substitution, Technol. Forecast. Soc. Chang. 35 (1989) 319–326.
[64] A.L. Porter, A.T. Roper, T.W. Mason, F.A. Rossini, J. Banks, Forecasting and management of technology, Wiley, New York, 1991.
[65] M. Begon, C. Townsend, H.J., From individuals to ecosystems, Blackwell Publishing, 2006.
[66] W.E. Boyce, R.C. DiPrima, Elementary differential equations and boundary value problems, Wiley, Hoboken, NJ, 2005.
[67] A. Berchtold, Estimation in the mixture transition distribution model, J. Time Ser. Anal. 22 (2001) 379–397.
[68] S.R. Cosslett, Efficient estimation of discrete-choice models, In: in: C.F. Manski, D. McFadden (Eds.), Structural Analysis of Discrete Data with Economic
Applications, The MIT Press, Cambridge, MA, 1981.
[69] F.-K. Wang, K.-K. Chang, Modified diffusion model with multiple products using a hybrid GA approach, Expert Syst. Appl. 36 (2009) 12613–12620.
[70] R. Venkatesan, V. Kumar, A genetic algorithms approach to growth phase forecasting of wireless subscribers, Int. J. Forecast. 18 (2002) 625–646.
[71] K.M. Sim, B. An, Evolving Best-Response Strategies for Market-Driven Agents Using Aggregative Fitness GA, IEEE Trans. Syst. Man Cybern. Part C Appl. Rev. 39
(2009) 284–298.
[72] R. Krovi, A.C. Graesser, W.E. Pracht, Agent behaviors in virtual negotiation environments, IEEE Trans. Syst. Man Cybern. Part C 29 (1999) 15–25.
[73] Z.X. Guo, W.K. Wong, S.Y.S. Leung, J.T. Fan, S.F. Chan, A genetic-algorithm-based optimization model for solving the flexible assembly line balancing problem
with work sharing and workstation revisiting, IEEE Trans. Syst. Man Cybern. Part C 38 (2008) 218–228.
[74] M.A. Bayir, I.H. Toroslu, A. Cosar, Genetic algorithm for the multiple-query optimization problem, IEEE Trans. Syst. Man Cybern. Part C 37 (2007) 147–153.
[75] Y. Wang, Z.X. Cai, G.Q. Guo, Y.R. Zhou, Multiobjective optimization and hybrid evolutionary algorithm to solve constrained optimization problems, IEEE
Trans. Syst. Man Cybern. Part B 37 (2007) 560–575.
[76] W3Schools Statistics available at: http://www.w3schools.com/about/about_pagehits.asp last accessed January 2011.
[77] J.E. Relly, M. Sabharwal, Perceptions of transparency of government policymaking: A cross-national study, Gov. Inf. Q. 26 (2009) 148–157.
[78] P. McDermott, Building open government, Gov. Inf. Q. 27 (2010) 401–413.
[79] EU-Ministerial-Declaration, EU Ministerial Declaration on eGovernment, In: 5th Ministerial eGovernment Conference, Malmoe, Sweden, 2009.
[80] S. Comino, F.M. Manenti, Government Policies Supporting Open Source Software for the Mass Market, Rev. Ind. Organ. 26 (2005) 217–240.
[81] D. Zissis, D. Lekkas, Securing e-Government and e-Voting with an open cloud computing architecture, Gov. Inf. Q. 28 (2011) 239–251.
[82] E. Maldonado, The Process of Introducing FLOSS in the Public Administration: The Case of Venezuela, J. Assoc. Inf. Syst. 11 (2010) 756–783.
[83] J.A. Lewis, Government Open Source Policies available at: http://www.csis.org/media/csis/pubs/0807218_government_opensource_policies.pdf 2008 last
accessed January 2011.

Spyridoula Lakka holds a Degree in Mathematics from the University of Athens (Greece) and an M.Sc. degree in Computer Science from the University of
Liverpool (UK). She has a working experience in management position at the Managing Authority of the Greek Ministry of Education and a teaching experience in
Information Technology in secondary education and vocational training. She is currently a PhD candidate and is conducting research in the field of Management
of Information Systems with a focus on the managerial implications of Open Source Software (OSS). Topics of research interest include OSS business models,
factors affecting diffusion of OSS and impact of OSS on software market structures and competition.
Christos Michalakelis holds a Mathematics degree from the University of Athens, Greece, an M.Sc. degree in Software Engineering (The University of Liverpool,
UK). He also holds an M.Sc. degree in “Administration and Economics of Telecommunication Networks” and a PhD from the University of Athens (Department of
Informatics and Telecommunications), in the area of techno-economics and forecasting of new products growth in high technology markets. He has been working
for 7 years with the Greek Ministry of Education, as an IT manager. He specializes in demand estimation and forecasting of high technology products, market
competition, price modeling and the application of economic theories over the information and telecommunication technologies.
Dimitris Varoutas holds a Physics degree and M.Sc. and PhD diplomas in communications and technoeconomics from the University of Athens. He is an assistant
professor on telecommunications technoeconomics in the Department of Informatics and Telecommunications at the University of Athens. His research interests
span design of optical and wireless communications systems to technoeconomic evaluation of network architectures and services. He has published more than 40
publications in refereed journals and conferences in the area of telecommunications, optoelectronics and technoeconomics, including leading IEEE Journals and
conferences. He is a member of LEOS, Communications, Circuits and Systems, Education and Engineering Management Societies of IEEE and serves as reviewer in
several including IEEE journals and conferences.
Dracoulis Martakos is an Associate Professor at the Department of Informatics and Telecommunications at the National and Kapodistrian University of Athens.
He received his B.Sc. in Physics, M.Sc. in Electronics and Radio Communications and Ph.D. in Real-Time Computing from the same university. He is a consultant to
public and private organizations and a project leader in numerous national and international projects. He serves on the Board of the Hellenic Chapter of the
Association of Information Systems (AIS) and he is the author or co-author of more than 70 scientiﬁc publications and a number of technical reports and studies.

