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ABSTRACT

Digital ecosystems such as app ecosystems are viewed as digital counterparts of biological ecosystems. As in
biological ecosystems, the attributes of the members, such as diversity, play an important role in digital ecosystem
functioning and reliability. In an app ecosystem, only a few apps are successful and the vast majority of apps do not
succeed by any measure. This implies that most of the apps in an app ecosystem can be considered redundant. In this
paper, I argue that we should value app redundancy and consider it to be a critical feature of an app ecosystem for the
system to function reliably over a long period of time.
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INTRODUCTION

A biological ecosystem is defined as a community of living organisms (biotic factors) considered together with its
environment (abiotic factors) functioning as a system through complex interactions [15, 23, 76, 86]. A biotic factor is
any living organism in a food chain of autotrophs and heterotrophs. They are producers, consumers and decomposers,
which cannot be separated from abiotic factors [61, 76]. Abiotic factors are non-living components of a biotic
component's environment, such as temperature, light, moisture, air currents, etc.

The nature of the biotic factors, such as the species, functional groups, and biodiversity, plays an important role in
ecosystem functioning [73], where biodiversity or biological diversity refers to the levels of variability of the biotic
factors, including diversity within species, between species, and of ecosystems [8]. The notion of functional groups
refers to grouping species by ecological equivalency such as roles and behavior [69] and trophic levels [30]. Within the
context of ecosystem functioning, functional groups can be defined as collections of species that share a common set of
biological properties and behavior. Biodiversity of a functional group can be measured by species diversity that is made
up of two components: species richness and species evenness. Species richness is the number of different species,
whereas species evenness measures the abundance of a specific species [34, 81, 83].

A digital ecosystem is viewed as a digital counterpart of a biological ecosystem [10, 24]. It has been argued that the
studies of biological ecosystem functions and functioning provide useful yet powerful guidelines and terms for
understanding digital ecosystems [36, 54, 55, 64, 70]. A digital ecosystem is defined as an open, socio-technical system
that resembles a biological ecosystem, which exhibits such characteristics as robustness, scalability, and self-
organization that can be found in a biological ecosystem [44, 79]. A digital ecosystem can also be defined for different
domains [14]. One of the important domain-specific digital ecosystems is mobile ecosystem where a large and complex
network of members (actors or players)—from, to name a few, infrastructure providers, device manufacturers,
platform providers, app developers, apps, app stores, payment gateway service providers to consumers—interact with
each other, directly and indirectly, to provide a broad collection of ecosystem products and services to end-users [6].
Like in a biological ecosystem [45], the members in a mobile ecosystem can also functionally be grouped based on
their attributes. Each functional group is, therefore, made up of functionally equivalent or similar members where the
term members correspond to species in ecology. Although defining the precise boundaries of an ecosystem is
impossible [36], we can even think of smaller ecosystems within a mobile ecosystem. Among them is the app
ecosystem in which several key functional groups of a mobile ecosystem, such as platform providers, app developers,
app stores, apps, and end-users, interact with each other [3, 5, 7, 65]. Practically, the entire collection of apps for a
mobile platform can be considered a functional group of the mobile app ecosystem, although the apps can further be
classified into smaller categories or functional groups (e.g., [52]). The more the number of apps a mobile platform has,
therefore, the higher the app diversity the mobile app ecosystem exhibits, just as the biodiversity in a biological
ecosystem does. If the number of apps increases, the app diversity also increases. But what are the implications of
higher app diversity for the mobile app ecosystem functioning?
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With over 1 million apps for the Android platform alone [43], it is obvious that app developers and stores need to
expend more effort to stand out from the crowd. Although the number of downloads from the app stores topped 102
billion as of 2013 and is expected to reach 268 billion by 2017 [46], many apps are tried a few times and then
discarded. Indeed, almost 22% of apps downloaded are uninstalled after just one time use [77]. This implies that a lot
of apps that even enjoy higher number of downloads simply experience a higher churn rate without generating any
substantial financial and other meaningful results. Even though there are still many successful app developers who
made fortunes off the explosion in mobile apps, the success rate is almost infinitesimal [27]. Majority of the
independent developers have failed and ended up realizing that coding skills backed by a good idea do not guarantee
any meaningful success in the competitive market. With millions of apps already on the app stores, and tens of
thousands more launched every month, many developers and startups are finding that their success is far from reality
[25,71].

This means that, in the context of financial success or by any measure, all apps are not created equal. At one end of the
continuum some apps are determinants, or the drivers, of a functional group (e.g., a specific category of apps such as
games) of the app ecosystem of which they form a part. At the other end are those that are the passengers. Yanking the
former may bring up agitation and clamor among the consumers in the app ecosystem [26, 60], or the ecosystem can be
flooded with cloned apps [66], but loss of the passengers might have little impact on the app ecosystem. Apparently,
some of the passengers might have used to be the drivers (e.g., [49]) or some of them might have been underdogs at the
outset. In much the same vein, a few of the passengers could someday become the drivers for any reason such as
changes in the app ecosystem's environment or by recalibration. Whatever lurks behind the passengers' misfortunes or
whether they ever see the silver lining on the clouds, it appears that the passengers are superfluous for the app
ecosystem. The question then arises, "Are the passengers or underperforming apps really redundant in its literal sense
on the functioning and reliability of the app ecosystem?"

In this paper, I present a way of examining the relationship between app diversity and app ecosystem functioning and
reliability. Higher app diversity, as in biological ecosystems [58, 84], results in higher app redundancy because all apps
are not created equal in terms of financial or other aspects of success [27]. Therefore, assessing the relationship
between app diversity and app ecosystem functioning and doing the same thing between app redundancy and app
ecosystem functioning are two sides of the same coin. The proposed assessment method is based on the concepts from
reliability engineering, where reliability refers to the ability of a system or component to perform its required functions
under given conditions for a specified period of time [38, 89]. The next two sections discuss ecosystem functions,
ecosystem functioning, and functional groups in an ecosystem from both perspectives of natural and business
ecosystems. The section following them illustrates local diminution of ecosystem members, ecosystem complexity, as
well as ecosystem failure from a reliability engineering perspective. The remaining sections presents app redundancy
and app ecosystem reliability, and the value of app redundancy.

ECOSYSTEM FUNCTIONS

One of the interests in ecological studies has been around the term function as in the function of biodiversity, the
analysis of ecosystem functioning, the idea of functional redundancy of species, and functional groups of species (e.g.,
[9, 45]). The word function can be interpreted in four different perspectives. First, it refers to what happens between
organisms in an ecosystem (e.g., a wolf eats a rabbit or nutrients in dead organic matter are decomposed and then
reused by plants). That is, the term function is used to describe certain processes, interactions, or relationships among
species [39]. If applied to an app ecosystem, the term function would mean the relationships among functional groups
and their members. For example, platform providers make various APIs available to developers; they use the APIs to
create apps and make them available on an app store; users download apps from the app store; some apps are more
popular than others, and so on. The second definition of the word function is related to the role of an organism or a
functional group (a group of species that share a common set of attributes) in making the whole ecosystem sustainable
or functioning [39]. In the context of app ecosystem, this would be about the contributions each member or a functional
group makes to the app ecosystem so that it can maintain a certain state or trajectory supported by the processes
described before. For example, the platform architectures and control structures together determine the platform's
evolutionary trajectory, which leads to platform differentiation, different app development process, and unique user
experiences [22, 79].

The third perspective for the term function is related to the ecosystem members' multiplicity of roles. For example, a
tree is not only an organism assimilating nutrients via photosynthesis, but also it is a primary producer within the
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ecosystem. This notion of function is useful in classifying members of an app ecosystem into functional groups, based
on their roles or survival strategies in the system [87]. For example, consumer app developers can leverage their
experiences and name recognition gained through the presence in the consumer-oriented app markets to become
successful enterprise app developers [4]. Some users are also developers, too, as another example. Finally, the word
function is viewed as a particular service of an ecosystem for humans because it produces various goods, such as
oxygen, game, and forest products, for human well-being and consumption [51].

Ecosystem Functioning and Functional Groups

Although natural and business ecosystems share some key characteristics, including competition, cooperation,
exploitation, and evolution [35, 70] beyond robustness, scalability, and self-organization, there are also some
differences between natural and business ecosystems. [54, 55] suggest that members in the business ecosystem engage
themselves in more conscious decision-making by understanding the variables and calculating alternatives, that is,
business ecosystem members are intelligent agents capable of planning and organizing for growth, not just for survival
[35]. In any case, focusing on the whole ecosystem relates to questions such as how ecosystem is maintained and
functioning and which roles particular species or biodiversity in a biological ecosystem (for an app ecosystem,
particular apps or app diversity) play for this functioning, or if there are species (or apps for an app ecosystem) which
may be considered redundant [39]. Rather than considering the questions at the individual species level, however, many
studies in ecology and conservation have been done at the level of functional groups of species (e.g., [85]).

For clarification, I define, based on the commonalities of the previous conceptualizations, a functional group, within the
context of app ecosystem functioning, as a group of members that shares common socio-technical characteristics.
However, a natural ecosystem can also be modelled by trophic components, such as producers, consumers,
decomposers, and others, instead of functional groups [12]. These components are linked by the ecosystem life cycle
phases. [32] identified six different phases or flows that link these components: acquisition of energy, mineralization,
decomposition, immobilization, death, and assimilation. The six phases in the natural ecosystem life cycle corresponds,
albeit loosely, to the phases of the industry life cycle [67] and its variants (e.g., [48]). Although both natural and
business ecosystems have much more complex structures than the ones simplified by their functional groups and linked
components, this basic understanding provides the basis for assessing redundancy and functioning in natural and
business ecosystems, particularly in app ecosystem.

Local Diminution, Ecosystem Complexity, and Ecosystem Failure

Within a natural ecosystem, each species has a finite probability of a local diminution (or even extinction in some
extreme cases), where local indicates a population of a specific species. Different species appear to have different
probabilities of a local diminution (e.g., [2, 53, 63]). A local diminution can be caused by many different factors in a
natural ecosystem, including unstable relationships with predators, extreme environmental conditions such as a drought
or fire, population size, and lost habitat [33, 63]. In a similar fashion, each member of a functional group in a digital
ecosystem has a finite probability of failure. For example, each app in a certain category of apps (i.e., a functional
group) in an app ecosystem has a finite probability of failure by any measure. Different apps, depending on various
factors, are likely to have different probabilities of failure. We can think of many contributing factors that can affect the
probability of failure (or success), such as a level of marketing, idea uniqueness, word-of-mouth, performance,
functionality, usability, ease of use, level of challenge, user engagement and acceptance, fun, intriguing, being
informative, target audience, price, in-app purchase, expandability, network externality, and so on [20, 40, 65, 71].
Hence, it can be said that failure of an app within a functional group of an app ecosystem is a stochastic process, not a
deterministic process, because no one knows if an app is a failure until it actually fails.

Ecosystem Complexity

In the complex systems theory, the term complexity is defined as an entity with many dimensions in which multiple
components interact with each other in various ways [88]. Just as the complexity of a natural ecosystem can be defined
in terms of multiple dimensions [11], the complexity of a business ecosystem can be viewed in many different
perspectives. For example, [6] identified convergence and its consequences (e.g., elevated competition) as key factors
that have increased the level of complexity of the network of members or actors in the mobile ecosystem. For the
purpose of this paper, I define the app ecosystem complexity as having two aspects: the number of apps of all
categories and the number of apps in each category for a mobile platform. The rationale behind the twofold definition
is that the categorization of apps is arbitrary. Regardless of definition, some app categories are made up of more apps
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than other categories are. For example, as of June 2014, almost 20% of the apps (i.e., more than 200,000 apps) on the
Apple's App Store belong to the "games" category [18, 74]. To restate the previous argument, the more complex an
ecosystem is (i.e., as the number of the apps either in total or within a category increases, and hence as the level of
redundancy goes up), the more the ecosystem becomes reliable (i.e., the probability for an ecosystem to provide a
consistent level of performance increases).

Ecosystem Failure

In reliability engineering theory, failure is defined as the probability that a system or a machine will not perform or
underperform its intended function during a specified period of time under a given set of conditions [38]. In other
words, failure denotes a state where a system is not successful to meet the demand for its services or products (See
Figure 1).

-
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o

— .

Probability of failure or Value

Probability of unsatisfactory
performance

Figure 1. The probability of failure or unsatisfactory performance is shown as an area
where demand exceeds capacity.

If there is a car, for example, at each demand for a service (i.e., transportation) the car may provide the service (i.e.,
success) or it may not (i.e., failure) depending on the status of the, among others, engine. As implied before, reliability
is a probability of a system not to be failed. Reliability of a car, therefore, is the probability that the car will meet the
demand during a specified period of time under a given set of conditions. Demand for services or products is often
continuous, which means repeated demands over small units of time A¢ [31]. For example, a car may need to serve a
series of demands (e.g., commute, shopping, dining out, giving a ride to someone, etc.). That is, let p be the probability
of failure upon demand and 7 be the probability of success, or / - p, then reliability after n demands (R,) is

R,=1",
and reliability after time ¢, which is the sum of z units of A¢, or ¢t = n4t, is
R(t) = e,

where 1 = p/At and At is a small increment of time [42]. Therefore, reliability of a system that is in continuous service
or operation without repair declines as time elapses.

Even without citing Winston Churchill, success is not final and failure is seldom total. For example, failure of a car
does not mean that all parts of the car have failed but that the car as a whole effectively failed because it no longer
provides the intended or expected service demanded of it. From an ecosystem (either a natural or a business ecosystem
and its subsystems such as an app ecosystem) perspective, an ecosystem fails when it stops providing the services or
products demanded of it. As with cars, the ecosystem in general does not have to fall down, although an ecosystem,
particularly a business ecosystem, could collapse [1] or become part of a bigger ecosystem [50]. For example, if a
mobile platform moves away from a desirable state as a thriving platform toward an undesirable state as a declined
platform, the mobile ecosystem experiences a local diminution. It is still a functioning ecosystem though, but it has
failed in the sense that it no longer develops markets as it might have used to and hence manifests unsatisfactory
performance [17].
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Complexity and System Failure

A system is a set of interacting or interdependent components forming an integrated whole [75]. As it gets complex, the
number of components and their interdependency increases [82]. If each component in a system has a finite and
independent probability of failure, and all components are mutually dependent upon each other for the functioning of a
system, then the more complex a system (i.e., the more components it has) the more it will be prone to fail or the less
reliable it will be. Mathematically, this is equivalent to

RT: H{‘il Rla

where Ry is the reliability of the system during a specified period of time , R; is the reliability of the i/ component, M is
the number of components. If the reliability of each component of a system is 1, then the reliability of the system as a
whole is 1 so that the R7 falls between 0 and 1, inclusive.

This formula indicates that the reliability of a system decreases as the number of its components and their mutual
interdependency increases. The same is true for an ecosystem, whether it is a natural one or not. The more functional
groups or the number of apps required for an ecosystem to meet the demand for services or products at particular
levels, the less reliable it becomes [57]. In other words, for an app ecosystem to become functioning and reliable at a
desired level, it requires more apps. As the number of apps grows, the number of functional groups would also grow.
We see this phenomenon in mobile ecosystems. Android and iOS mobile ecosystems thrive, while Windows Phone and
other mobile ecosystems suffer from the dearth of the number of apps available and the number of mobile devices in
consumers' hands [17, 80].

Singularity versus Redundancy

In a natural ecosystem, species are phyletically singular (i.e., a species takes an evolutionary change in a single line of
descent without branching just like versioning of an app in an app ecosystem). Species, however, are rarely singular
from an ecosystem's point of view (again, whether the ecosystem is a natural one or not). For example, in a natural
ecosystem all photoautotrophs (i.e., all organisms that make nutrients by photosynthesis) remove carbon from the air,
and all decomposers (i.e., organisms that break down dead or decaying organisms) get energy and nutrients from dead
organic matter [45]. The same is true for business ecosystems. Their members compete, cooperate, and are inspired by
each other to survive and to make themselves better in terms of functionality, performance, attractiveness, acceptance,
etc. [67]. Species (members for a business ecosystem) vary in their levels of contributions to ecosystem processes. For
example, a successful mobile platform may inspire more than others in the whole mobile ecosystem but contributes less
to net mobile ecosystem advance than other mobile platforms if its, say, openness is limited (e.g., Android vs. iOS
platforms).

Like the variation in species richness [41], the variation in member richness within a mobile ecosystem or, in a narrow
sense, in an app ecosystem can lead to variation in both the number of functional groups (e.g., games category) and the
number of either driver or passenger members within and among functional groups [18, 74]. This suggests that the
apparent redundancy of members is due to the fact that most changes in member composition are likely to involve
members within functional groups rather than changes in the number of functional groups. App ecosystem functioning
is likely to show significant changes in response to variation in member composition when such changes involve the
addition of functional groups. For example, we have recently witnessed the mushrooming of health-, fitness- and
wearable-related apps and APIs [19, 21]. It can, therefore, be argued that an app ecosystem is likely to show significant
reaction to variation in member composition when members with functional groups are dominated by a few members
with new and/or innovative ideas (that is, at the burgeoning stage of a functional group). Thus, an ecosystem
redundancy can formally be defined as

C{(PMy) = C(PM;— 1) + £ = C(PM;— 2) + £ = ..C(1) + £,

where C; is the total contribution by any measure to the app ecosystem functioning by the j™ functional group over a
certain period of time ¢ as a function of PM;, the number of passenger members in the j™ functional group, and & is an
error term resulted from the stochastic deviation from the mean app ecosystem function expected at that member
richness. Upon holding the formula true, then the passenger members within the functional group are redundant. That
is, C; is independent of PM;. Consequently, the app ecosystem flows and hence its functioning will be affected by the
member richness within a functional group, as well as the number of functional groups that are added as potent new
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apps arrive (For an app ecosystem the potential number of functional groups or categories appears limitless). A reason
for this could be found from the monopolistically competitive app markets [13, 68], as well as compensatory abilities of
members within functional groups.

In a natural ecosystem, species redundancy is a result of the compensatory abilities of the species within functional
groups [72]. Local diminution of species within functional groups is often followed by compensatory advance of
others, which effectively leads to a replacement of the contributions of diminished species to overall functional group
functioning. The same holds true for the members of a business ecosystem [57, 62]. For example, not all the 200,000
game apps are successful; most of them just sit on app stores [18] [74]. Such compensatory redundancy is called
parallel redundancy in engineering [42]. Parallel redundancy increases the reliability of an ecosystem, while singularity
decreases the reliability.

APP REDUNDANCY AND APP ECOSYSTEM RELIABILITY

To formally describe the role of apps (members) in app ecosystem functioning, assume that the i app within the ;”
functional group has a finite probability of local diminution p;, and the probability of the app being successful (or of
being possible to provide contribution to app ecosystem functioning) over a period of time is equal to (1-p;). Following
the inference for the reliability of a system formulated by [42], the P; over a certain increment in time £ is

Py(t) = €™,

where A = p;; /At and Py is the probability that the i" app in the j” functional group becomes successful after 7. The
locally diminished can become successful by calibration efforts such as improving the performance of them. If the
probability of successful calibration of the i app in the /" functional group equals ;> then the probability of
unsuccessful calibration is (1-g;), and following the derivation for reliability as above

Si)=1-¢",

where Sj; is the probability that the i" app in the j functional group successfully recalibrates itself after t, and v = qi
/At. As an app ecosystem to which the app belongs becomes more unsuitable or incompetent, v — 0.

According to probability theory, if R;; is the probability for the i" app in the /” functional group to be successful by time
t, Rij(t) is equal to the probability that diminution, calibration, or both occur, that is, P{P U S}, or

Rijt) = Py(t) + Sy(1) — Py()Sy(1).

Figure 2 depicts this relationship for v > 0 and A > 0. As long as v > 0 over a long period of time, an app has a
probability of greater than 0 of being successful at a certain point in time, even if A is much less than 1 (i.e., A << 1).
Functioning of a functional group depends on the number of apps within the group. If each app can compensate for the
diminution of another by parallel redundancy, then the probability that a functional group will contribute to an app
ecosystem is

Fm=1-TI2,[1 - Rij(0)],

where M; is the total number of apps in the ™ functional group. The probability for an app ecosystem to be functioning
over time ¢ if it contains N functional groups is

G =T\, Fi(o).
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Probability

Figure 2. The probability for an app to become successful in an app ecosystem (R) as a function of
the probability of local diminution (D) and calibration (S) over time when v = 0.005 and A = 0.005.

It is apparent from the last three formulas that increasing app redundancy within app ecosystems increases the
reliability of complex app ecosystems. Figure 3 shows how the level of reliability increases as both the number of apps
and the number functional groups increase.
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Figure 3. The relationship between app ecosystem reliability G(t), the number of functional groups N, and the number
of apps per functional group M, when v =0.005 and A = 0.005. If v = 0, all curves approach zero asymptotically.

In other words, increasingly complex ecosystems (i.e., as the value N increases) are seemingly less reliable (i.e., an app
ecosystem appears to be less reliable when the number of apps and, consequently, the number of functional groups
starts picking up at the burgeoning stage of it), but increasing app redundancy (i.e., as M increases, that is, the number
of apps either in an ecosystem or in functional groups increases.) can compensate decrease in reliability. This implies
that an app ecosystem is likely to be functioning (i.e., providing services or products upon demand) over long period of
time as long as the number of apps increases, but they are not globally (i.e., across app ecosystems) declined or even
extinct and their recalibration is possible.

These models rely on the assumptions that constancy and independency of app diminution and calibration probabilities.
In an app ecosystem neither diminution nor calibration rates are constant (e.g., calibration may be an annual event
depending on the modification routines [59]) or independent (e.g., better calibration may rescue diminution of an app).
Relaxing these assumptions and developing corresponding models is a straightforward process for systems in which
probability for component failure is neither independent nor constant [42]. But even new models based on the relaxed
assumptions would not change qualitative conclusions from the models described above.

VALUE OF APP REDUNDANCY

Since the introduction of iPhone in 2007, the growth of smartphones and apps has been astonishing. According to [16],
there are about 160 million smartphone users in the United States. By the end of 2014, the number of mobile
subscriptions will reach 2.3 billion worldwide [37]. One of the main forces behind this phenomenal growth can be
attributed to the explosive growth in the number of apps. This means a tremendous success to certain app ecosystems
but does not necessary mean all the apps enjoy the same kind of success. With millions of apps already on the app
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stores, and tens of thousands more launched every month, many developers and startups are finding that their success is
far from reality. Most of the apps face local diminution, being forgotten, or extinction within their ecosystems [25]
[71]. Ecosystems, either a natural or a business, often contain many members per functional group. Local diminution of
members within functional groups is unavoidable and frequent, but it could be transient if they are sustainable over a
certain period of time via recalibration. In an app ecosystem, the possibility for passenger apps to be rescued and the
possibility for driver apps to keep their success over a long period of time are very important because declining app
diversity means loss of app redundancy in the app ecosystem. From the arguments presented in this paper, it appears
almost inevitable that app richness within functional groups provides redundancy in app ecosystem functioning, a
potentially important feature affecting app ecosystem reliability. In the absence of sudden, dramatic changes in the
mobile ecosystem environment [29, 78], it is possible that app ecosystems will continue to function for a long period of
time, but the reliability of their functioning will be dependent on the richness of their apps and the redundancy this
richness gives to app ecosystems.
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