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Abstract—With their increase, smartphones have become more
integral components of our lives but due to their mobile nature
it is not possible to develop a mobile application the same way
another software system would be built. In order to always
provide the full service, a mobile application needs to be able
to detect and deal with changes of context it may be presented
with. A suitable method to achieve this goal is self-adaptation.
However, as of today it is difficult to have a clear view of existing
research on self-adaptation in the context of mobile applications.

In this paper, we apply the systematic literature review
methodology on selected peer-reviewed papers focusing on self-
adaptability in the context of mobile applications. Out of 607
potentially relevant studies, we select 44 primary studies via
carefully-defined exclusion and inclusion criteria. We use known
modelling dimensions for self-adaptive software systems as our
classification framework, which we apply to all selected primary
studies. From the synthesized data we obtained, we produce an
overview of the state of the art. The results of this study give
a solid foundation to plan for future research and practice on
engineering self-adaptive mobile applications.

I. INTRODUCTION

Since the announcement of the iPhone in 2007 and the
sale of Android based smartphones, the number of mobile
applications has been increasing and so is the number of
mobile users [20], [39].

With their increase, smartphones have become more integral
components of our lives but do to their mobile nature it is not
possible to develop a mobile application the same way another
software system would be built. In order to always provide the
full service, a mobile application needs to be able to detect
and deal with changes of context it may be presented with. A
suitable method to achieve this goal is self-adaptation [36].

While there is a lot of work that has been done in the field
of self-adaptation [47], to the best of our knowledge there
is no published literature review that explores self-adaptation
in the specific context of mobile applications. Within this
context we can identify several questions related to the most
common goals that the self-adaptive systems are aiming to
achieve, what kind of changes can trigger adaptation processes,
how is it achieved in current published work and what would
be the outcomes and effects of the adaptation to the mobile
application. Unveiling the above mentioned aspects will give a
better understanding of the current landscape of self-adaptation
for mobile applications.

In this study we aim to fill the knowledge gap present with
self-adaptive systems in the context of mobile applications.

To do so, we apply the systematic literature review method-
ology [17] and target peer-reviewed papers focusing on self-
adaptability in the context of mobile applications. Out of 607
potentially relevant studies, we select 44 primary studies via
carefully-defined selection criteria. We then utilize and cus-
tomize known modelling dimensions for self-adaptive software
systems [2] and use them as our classification framework,
which we apply to all selected primary studies.

Obtained results reveal that the most common sources of
change are hardware (which includes the battery of the device)
and the internet connectivity. Most analyzed approaches per-
form the self-adaptation in an autonomous manner and adapta-
tion happens within the application itself, with sometimes the
use of the backend (e.g., cloud offloading systems). Further-
more, in all primary studies adaptation is event triggered and
performed in a best-effort manner, without a strict guarantee
on the duration of the self-adaptation process. Most of the
approaches are not specific to any application domain, with a
lack of case study evaluation.

The main contributions of this study are:

« an up-to-date systematic review of the literature on self-

adaptation in the context of mobile applications;

o a customized classification framework for understanding,
classifying, and comparing approaches for self-adaptation
in the context of mobile apps;

e a discussion of the main implications of this study, the
application domains covered by the literature so far, and
future research challenges;

o areplication package including the research protocol, raw
data, and analysis scripts for independent replication and
verification of this study.

The target audience of this paper includes: researchers
working in the field of self-adaptation and want to have better
insight of the literature when specifically dealing with mobile
applications, researchers and mobile application developers
looking to implement self-adaptation in their system but do
not have prior experience in the field and need a guide to
understand what has been done so far.

The rest of the paper is organized as follows. In Section II
we give background information on self-adaptation in mobile
applications. Section III explains the study design, whereas its
results are reported in Section IV. In section V we provide
a discussion of the emerging results, followed by section VI
in which we present threats to validity. Section VII presents
related work and lastly we close the paper in section VIII.



II. SELF-ADAPTATION IN MOBILE APPLICATIONS

Figure 1 shows an overview of a mobile-enabled system.
We use the entities shown in the figure to settle with the
terminology used throughout the paper. Mobile apps consist
of binary executable files that are downloaded directly into
the user’s device and stored locally [25]. Mobile apps are
developed directly atop the services provided by their un-
derlying mobile platform [26]. Platform services are exposed
via a dedicated Application Programming Interface (API) and
provide functionalities related to communication and mes-
saging, graphics, location, security, etc. [9]. Moreover, the
platform API abstracts and provides access to the hardware
components of the device such as its proximity sensor, GPS,
accelerometer, battery, networking devices, and so on. Apps
can also communicate with other apps installed on the de-
vice via a dedicated event-based communication system (e.g.,
Android intents and broadcast receivers'). Smart objects such
as fitness trackers, smart headphones, external sensors, and
smartwatches can be connected to the mobile device either
via short-range communication protocols (e.g., bluetooth) or
by passing through the Internet.
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Fig. 1: Overview of a mobile-enabled system

The vast majority of mobile apps send and receive data
to their remote backends in order to persist data across
usage sessions, share data across apps instances, etc. The
communication between the app and its backend is usually
performed in a RESTful fashion via the HTTP protocol
[1], [22]. Similarly, apps can also communicate with 3rd-
party services, for example for authentication via Facebook,
accessing the mapping services of Google Maps, sharing data
to social networks. Mobile apps are distributed via dedicated
app stores, such as the Google Play Store for Android apps
and the Apple app store for iOS apps. App stores are managed
by platform vendors like Google and Apple [9].

Self-adaptation can happen in any part of a mobile-based
system (e.g., in the app itself, in the backend, in a smart
object) and can be applied to different levels of the technology
stack of computing systems (e.g.,, at the hardware level, at the
platform level, in the business logic of the app). In the context

Thttps://developer.android.com/guide/components/broadcasts

of this study, a self-adaptive system is defined as a system
that can autonomously handle changes and uncertainties in
its environment, the system itself and its goals [41]. A self-
adaptive system is internally composed of two parts: one has
the responsibility of performing the business capabilities of
the system (i.e., the operations for which the system is built),
whereas the second part interacts with the first one and is
responsible for the adaptation process [41]. As an example of
a self-adaptive mobile application we take the one described by
Moghaddam et al. [28]. The work describes a framework built
to enhance energy efficiency in mobile apps. The framework
was built with the MAPE model functionalities and consists
of a scheduler that is in charge of allocating resources in real-
time. In this particular implementation case the authors focus
on the network scheduling strategies.

III. STUDY DESIGN

In this section we present the design of this study. We firstly
present the research questions (Section III-A) and then we
explain our search and selection process in Section III-B. We
report on the data extraction process and the framework used
to classify the information extracted from our primary studies
in Section III-C. Lastly, we explain how we synthesized the
main findings from the extracted data in Section III-D.

The replication package is publicly available to researchers
interested in replicating and independently verifying the study
[13]. The replication package includes the raw data of the
search and selection phases of the study, the raw data extracted
from each primary study, and the full list of all primary studies.

A. Goal and Research Questions

Below we show the formalization of the goal of this study
according to the Goal-Question-Metric approach [4].

Purpose Identify, classify, and evaluate

Issue the characteristics

Object of existing approaches for self-adaptation in mobile
apps

Viewpoint from the researcher’s and practitioner’s point of
view.

By building on the modeling dimensions for self-adaptive
software systems proposed by Andersson et al. [2], we can
elicit the following research questions targeted by our study.
RQ1 What are the goals of self-adaptation in the context of
mobile apps?
Answering this question we aim to identify the character-
istics of the goals that self-adaptation should achieve in
the context of mobile apps. As an example, the the self-
adaptation mechanism proposed in the primary study by
Moghaddam et al. [28] has the main goal of reducing the
energy consumption of the application in order to prolong
the smartphone’s battery life.

RQ2 What are the changes triggering the self-adaptation in
the context of mobile apps?
By answering this question we want to gain insight
on the characteristics of the changes triggering self-
adaptation in mobile apps. For example, referring back



to the previously mentioned study by Moghaddam et al.,
one of the possible sources of a change is the event in
which a new application requests to transfer data since
it requires adaptation on resource scheduling within the
whole mobile device.

RQ3 What are the mechanisms used for self-adaptation in
the context of mobile apps?
Answering this question will allow us to better understand
the characteristics of the mechanisms for self-adaptation
within the context of mobile applications. For example,
in the case of Moghaddam et al., the mechanism for
adaptation is structural since adaptation involves the
reconfiguration of the overall architecture of the whole
system.

RQ4 What are the effects of self-adaptation in the context of
mobile apps?
By answering this question we will gain better under-
standing of what are the effects of self-adaptation upon
mobile-enabled systems. In this context, a dimension for
judging the effect of self-adaptation is by understanding
its criticality, i.e., the impact that the self-adaptation
process would have on the mobile application in case said
adaptation fails. For example, returning to the primary
study by Moghaddam et al. the criticality of the self-
adaptation process is harmless since the mobile app is
able to function even if the adaptation fails (the only
downfall would be the continuation of the current use
of energy, instead of reducing it).

The research questions shape the whole study, with a special
influence on (i) search and selection of primary studies, (ii)
data extraction, and (iii) data synthesis.

B. Search and Selection

As shown in Figure 2, the search and selection process of
this study has been designed as a multi-stage process, so to
have full control over the studies being considered during the
various stages.
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Fig. 2: The search and selection process of this study

Initial search. In this stage we perform an automated search
on Google Scholar, which at the time of writing is one of
the largest and most complete databases and indexing systems
for scientific literature. We use such a data source for the
following main reasons: (i) it provides the highest number of
potentially relevant studies compared to other four relevant
libraries (Scopus, ACM Digital Library, IEEE Explore, and
Web of Science), (ii) as reported in [44], the adoption of this

indexer has proved to be a sound choice to identify the initial
set of literature studies for the snowballing process, (iii) the
query results can be automatically extracted from the indexer.
The query we use to perform the initial search is provided in
Listing 1

(adaptive OR "self—adaptation" OR "self—adaptive")

AND (android OR ios OR mobile)
AND (apps OR applications OR application))

Listing 1: Search string used for the automatic search

In order to cover as much potentially relevant studies as
possible, we kept our search string as generic as possible and
considered exclusively the object of our research. Indeed, the
search string can be divided into three main components, one
for each line of the listing, where the first component captures
self-adaptive systems, the second captures the mobile nature
of the targeted approaches, and the third one is about apps and
applications. The search string has been tested by executing
pilot searches on Google Scholar. In order to keep the results
of this initial search as focused as possible, the query has
been applied to the title of the targeted studies. The considered
timeframe ranges from 20072 and ends at the time in which
the query has been executed (i.e., November 2018).
Application of selection criteria. In this stage we consider
all the 607 studies resulting from the initial search and filtered
them according to a set of well-defined inclusion and exclusion
criteria. In this stage it is crucial to select studies objectively
and in a cost-effective manner, so we apply the adaptive
reading technique [34], as the full-text reading of clearly
excluded studies is not necessary. In the following we report
the inclusion and exclusion criteria of this study.

Inclusion criteria:
1) The study focuses on self-adaptability, as defined in [2].
2) The study focusses on mobile applications, as defined in
Section II.
Exclusion criteria:
1) Secondary or tertiary studies (e.g., systematic literature
reviews, surveys, etc.).
2) Studies in the form of editorials, tutorial, poster papers,
because they do not provide enough information.
3) Studies that have not been published in English language.
4) Duplicate papers or extensions of already included pa-
pers.
5) Studies that have not been peer reviewed.
6) Papers that are not available, as we cannot inspect them.
Each paper is included as primary study if it satisfies all
inclusion criteria, and it is discarded if it meets any exclusion
criterion. The definition of the above mentioned criteria has
been incrementally refined and tested by two researchers by
considering a set of pilot studies. It is important to note that
we excluded secondary studies because of the first exclusion
criterion, but we discuss them in our related work section (see
Section VII).

2The first announcement about the existence of mobile apps as defined in
Section II has been done in the well-known keynote where Steve jobs firstly
launched the iPhone in 2007 [3].



Attribute | Possible values | Definition
Goals - goals are objectives the system under consideration should achieve
functional suitability (FUN), performance efficiency (PERF),
Qualfty Sgg}f li;fb(léléycg’ngﬁil’lﬁ;gﬁ:gy(l\(/}ﬁ)l\&il;tgg;)él{if%gbwr)’ The system/software quality the goal is aiming to achieve
requirement energy (EN), any or all of the possibilities (?)
Evolution static (S), dynamic (D) Whether the goals can change within the lifetime of the system
Flexibility rigid (R), constrained (C), unconstrained (D) Whether the goals are flexible in the way they are expressed
Duration temporary (T), persistent (P) Validity of a goal thoroughout the system lifetime
Multiplicity single (S), multiple (M) How many goals are there?
Change - Change is the cause of the adaptation
APP, 3rd party app (3A), mobile platform (PLAT),
hardware (HW), smart objects (SMARTO), end user (USER), .
Source backend (BACK). 3rd paty services (3S). developer (DEV), Where is the source of the change?
app store (STORE), platform vendor (VENDOR), INTERNET
Frequency rare (R), frequent (F) How often a particular change occurs?
Anticipation foreseen (FN), foreseeable (FE), unforeseen (UN) Whether the change can be predicted
Mechanisms - what is the reaction of the system towards change
T rametric (P), structural (S) whether adaptation is related to the parameters of
ype parametric (¥), structura The system components or to the structure of the system
Autonomy autonomous (AU), human assisted (H) What is the degree of the outside intervention during adaptation
o . . whether the adaptation is done by a single
Organization centralized (C), decentralized (D) Component or dli)stributed among}s/t sevefal components
APP, 3rd party app (3A), mobile platform (PLAT),
hardware (HW), smart objects (SMARTO), end user (USER), . . . .
Scope backend (BACK), 3rd pa rJty services (3S), developer (DEV), Where in the system is the adaptation localized
app store (STORE), platform vendor (VENDOR), INTERNET
Duration short (S), medium (M), long (L) How long the adaptation lasts
Timeliness best effort (B), guaranteed (G) Whether the time period for performing self-adaptation
can be guaranteed
Triggering event-triggered (E), time-trigger (T) X?:é?;iéh\i/iiga;fz&s: :)rrlgag‘:ir:n:dsallgttatlon s
Effects - What is the impact of adaptation upon the system
Criticality harmless (H), mission-critical (M), safety-critical (S) Impact upon the system in case the self-adaptation fails
Predictability non-deterministic (N), deterministic (D) Whether the consequences of the adaptation can be predictable
Overhead insignificant (I), reasonable (R), failure (F) The impact of system adaptation upon the quality of services
of the system
Resilience resilient (R), semi-resilient (S), vulnerable (V) The persi§tence of service delivery that can justifiably be trusted,
when facing changes

TABLE I: Classification framework utilized for the data extraction

Exclusion during data extraction. When going through each
primary study in detail for extracting information, we agreed
that 6 analysed studies were semantically out of the scope of
this research and we excluded them, leading to a set of 36
potentially relevant studies.

Snowballing. To reduce potential bias introduced with the use
of our selected search string we also carry out a snowballing
process[12]. The main goal of this stage is to enlarge the set of
potentially relevant studies by considering each study selected
in the previous stages, and focusing on those papers either
citing and cited by it. More technically, we perform a closed
recursive backward and forward snowballing activity [45]. In
both backward and forward snowballing the initial screening of
additional studies is based on their title only, whereas the final
decision about their inclusion into the set of primary studies is
based on their full text and on the selection criteria discussed
above. Duplicates have been removed at each iteration of the
snowballing activity.

Exclusion during 2nd data extraction. In this phase we
extract data from the 12 additional papers resulting from the
snowballing activity and agree that 6 of them are semantically
out of the scope of this research and we exclude them.

This final check leads to the final set of 42 primary studies,
which are then analyzed in details for answering our research
questions.

C. Data Extraction

In this section we present how we perform the data ex-
traction on the selected primary studies. The main goal of
this phase is to collect data from each primary study, so to be
able to suitably compare them in the subsequent data synthesis
phase. The data extraction phase is executed collaboratively by
two of the authors of this study. In order to have a rigorous
data extraction process and to ease the management of the
extracted data, a well-structured classification framework has
been designed upfront.

As anticipated, we build our classification framework on
the modeling dimensions for self-adaptive software systems
presented by Andersson ef al. [2]. In order to better fit the
framework to the characteristics of mobile applications, we
customize the modeling dimensions for self-adaptive systems
presented in [2]. The customization of the classification frame-
work has been performed as follows: (i) firstly we selected a
subset of 10 pilot studies from the 42 primary studies, (ii) then
two researchers independently extracted the data from the 10



pilot studies by using the original version of the self-adaptation
modeling dimensions proposed in [2], (iii) the two researchers
then discussed the results of the data extraction, with a
special focus on too generic/abstract attributes, those attributes
which did not fully fit with the characteristics of the primary
studies, attributes whose values were redundant, (iv) based on
the discussion, the self-adaptive modeling dimensions have
been customized into the final version of the classification
framework, and lastly (iv) the final version of the classification
framework has been applied to all 42 primary studies.

The customized classification framework is presented in
Table I. Specifically, as part of the Goals dimension, we add
an attribute called quality requirement so to keep track of the
system/software quality requirement that self-adaptation aims
to achieve [14] (e.g., security, usability, functional suitability,
etc.). Here we are not considering how the (potentially mul-
tiple) goals of self-adaptation are related to each other, i.e.,
the dependency attribute, as this attribute resulted to be too
fine grained for the objective of our study. For the Changes
dimension, we extend the attribute source so to directly map
it to the main elements of mobile-enabled systems as they are
depicted in Figure 1. Also, we are not considering the attribute
type, which originally was distinguishing between functional
or non-functional changes, since we notice that in our primary
studies it was strictly contained by the quality requirement
attribute. For the Mechanisms dimension, the only change we
made is related to the extension of the attribute scope, which
we are also mapping to the main elements of Figure 1. Lastly,
we reuse the Effects dimension just as defined in the original
framework presented by Andersson et al.

D. Data Synthesis

The data synthesis activity involves collating and summariz-
ing the data extracted from the primary studies [17] with the
main goal of understanding, analyzing, and classifying current
research on self-adaptation in the context of mobile appli-
cations. Specifically, we performed a combination of content
analysis (for categorizing and coding the studies under broad
thematic categories) and narrative synthesis (for explaining in
details and interpreting the findings coming from the content
analysis). This phase is performed by all of the authors of this
study.

IV. RESULTS

In this section we report the results in the context of all the
research questions of our study. On a technical note, some of
the plots (e.g., subfigure 3a) contain the ‘?” bin. The meaning
of the symbol is that the examined primary studies in that
bin are configurable by developers/users so to fit a variable
number of the bins of that category, hence we have classified
it as a separate category.

A. Goals of Self-Adaptation (RQ1)

Figure 3 shows the distributions of the goals characteristics
across the primary studies. As shown in Figure 3a, the most
common quality attributes are performance efficiency and
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Fig. 3: Characteristics of the goals of self-adaptation

energy. This is an expected result since both performance
and energy are fundamental aspects of the user experience in
mobile applications, potentially impacting the app user ratings
and reviews which, unless properly addressed, can negatively
contribute to the app’s success [33], [15]. Furthermore, it is
interesting to note that self-adaptation for either compatibility
or security is never mentioned in our primary studies, thus
unveiling two potentially fruitful research gaps to be filled by
researchers in the future.

For what concerns evolution (see Figure 3b), we observe
that the vast majority of primary studies presents a system
with statically-defined goals, whereas only 3 primary studies
present an approach in which goals can evolve during the
execution of the system. For example, in MAsCOT [32]
developers can configure at any time the self-adaptation objec-
tives and trade-offs (e.g., acceptable latency vs available CPU
power) via an XML-based dynamic decision network, which
is then used at run-time by the system for deciding whether
computation should be executed on the mobile device or in
the cloud.

The flexibility dimension is quite fragmented (see Figure
3c), where we can see that primary studies are pretty evenly
distributed among rigid, constrained, and unconstrained goals,
with a slight tendency towards unconstrained goals.

If we examine the duration attribute in Figure 3d, we



observe that most of the primary studies support goals with
a persistent validity, as opposed to only 5 studies supporting
temporary goals. The approach presented in [8] is an example
of study dealing with temporary goals; the purpose of the
approach is to allow developers to develop mobile applications
in a declarative manner; then it will be the responsibility of
the system to adapt the application to the device on which
it is deployed. Since the adaptation goal is limited to the
deployment phase, we can consider it as temporary.

Lastly, if we focus on goals multiplicity, in figure 3e we
can observe that the majority of primary studies have multiple
goals. This result has to do with most systems employing
self-adaptation not only to optimize the system in terms of
a single dimension (e.g., to reduce battery consumption), but
they focus on the trade-off among different dimensions and
types of resources, such as Internet connectivity, CPU usage,
user experience, etc.

B. Changes Triggering Self-Adaptation (RQ2)

In Figure 4a we can notice that the most common source
of changes is the hardware of the device, with close second
being Internet connectivity. This result can be due to the vary
nature of mobile applications being deployed on smartphones;
as such, a common concern for developers is to optimize
the utilization of the hardware the application is installed on
and to provide the best service at all times (e.g., to do not
consume too much battery at runtime or to react to sensors
faults). Furthermore, we can explain the fact that Internet is
the second most common source of changes in the primary
studies because of a significant number of studies dealing
with cloud offloading. In those cases, the system decides to
offload computation to the cloud depending on the available
bandwidth (among other parameters) and adapts its behaviour
accordingly. As a last remark on this attribute, we can observe
that none of the primary studies consider as a source of change
the following entities of mobile-enabled systems: third-party
services, developers, app store, and platform vendor. Among
them, it comes as a surprise that no primary study considers
third-party services as a source of changes. Indeed, it is
quite common that third-party services change their provided
APIs (e.g., Facebook changing the signature of its GraphAPI?
endpoint for sharing a link) and it may be interesting to
investigate on how self-adaptation techniques can help in
automatically keeping the calling apps as reliable as possible,
despite those (potentially unforeseen) changes.

The second examined attribute is frequency, where we
observe that the most common type of changes are frequent
(see Figure 4a). This result was expected, especially after
having observed that the two most common sources of changes
are hardware and Internet availability and that by their own
nature their status can drastically change in a matter of
nanoseconds.

For what concerns the anticipation of changes, as shown
in Figure 4c, changes are mostly foreseen, followed by fewer

3https://developers.facebook.com/docs/graph-api
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Fig. 4: Characteristics of the changes triggering the self-
adaptation process

occurrences of approaches supporting foreseeable changes. It
is important to note that in self-adaptive systems foreseen
changes are known at design time and considered as expected
to occur during the normal operation of the system [19]; ex-
amples of foreseeable changes we encountered in the primary
studies include: a drop of available bandwidth [10], the user
reaching its home address [27], the mobile device getting in
proximity of a smart object [7], the user starting to drive
a car [38]. Differently, changes are foreseeable when they
are not known at design time, but they can be resolved at
runtime and there is a plan for managing them during the
execution of the system [19]. Examples of foreseeable changes
include: the backend of the app has a failure [5], the GPS
sensors of the mobile device produces incorrect data [8], etc.
Finally, it is interesting to note that no primary study considers
unforeseen changes, i.e., drastic changes that have been not
planned for and that are unknown until their first occurrence
[19]. Unforeseen changes are extremely challenging to be
managed due to their intrinsic level of uncertainty, both at
design time and runtime. We speculate that investigating on
how to incorporate them into self-adaptive mobile-enabled
systems will be a scientifically challenging research area of
the future.

C. RQ3 — Mechanisms for Self-Adaptation (RQ3)

The type of self-adaptation supported in more than half
of the primary studies is structural (see Figure 5a), i.e., the
adaptation involves structural changes in software architec-
ture of the system [2]. This result can be explained by the
high number of primary studies focussing on communica-
tion middleware, generic frameworks and meta-approaches
which allow the self-adaptation process to reconfigure the
architecture of the system at run-time and are, therefore,
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structural in nature. In 13 primary studies the self-adaptation is
parametric, i.e., the adaptation process involves only the policy
files and configuration of specific components of the system,
without changing its overall organization [2]. Examples of
primary studies supporting structural self-adaptation include
approaches for autonomously adapting the bitrate of the video
streaming to the app [29], approaches for sending personalized
notifications to the user which automatically adapt to his/her
stress levels [21], etc.

For what concerns autonomy, we can observe that nearly
all approaches are autonomous (see Figure 5b). This result is
most likely influenced by the definition of self-adaptation that
we have used throughout this study, in which the system has
to be able to self-adapt and therefore can only have minimal
human assistance in the process. Nonetheless, we have found
3 primary studies presenting human assisted approaches. For

example, the approach presented in [37] aims at improving
the user experience of the app with the use of an adaptive
user interface. This approach is human aided because it needs
the user to participate in a brief test in order to determine
where the elements of the user interface should be positioned
and their dimensions in the graphical layout of the app. This is
obviously in contrast with a fully automated system that would
monitor user actions in background and adapt accordingly,
without requiring the initial test performed explicitly by the
user.

The organization attribute is almost evenly split among our
primary studies (see Figure 5c). This implies that we have
nearly just as many primary studies where the adaptation is
centralized into a single component as systems where adap-
tation is distributed among several components. An example
of centralized self-adaptation is [40], where there is a single
software component which is in charge of adapting the user
interface of the app to the preferences, knowledge, and skills of
the user. An example of distributed self-adaptation is presented
in [10], where both the app and its backend are involved in
the code offloading process.

Considering our mobile-enabled system in Figure 1 and
examining the scope of self-adaptation, we notice that the vast
majority of the self-adaptation mechanisms are executed in the
application itself (see Figure 5d). Quite a few approaches also
have mechanisms executing in the back-end of the app, where
a significant part is due to the fact that the primary studies deal
with cloud offloading (such as the previously given example).
Furthermore, we have observed that some studies have self-
adaptation mechanisms executing in the hardware and the
platform of the mobile device. This result is a confirmation that
in a mobile-enabled system the intelligent entities are either
the app, its backend, or the software stack on which the app
is running on the client side.

Regarding the duration of the mechanism (see Figure 5e),
we notice that the vast majority of the mechanisms have a short
duration, followed by 6 approaches having a medium duration,
and only 2 approaches having a long duration. As an example
of a long duration mechanism, the authors of [11] monitor user
actions and apply a set of algorithms to perform self-adaptation
for adapting the items in the graphical menus of the app
according to the usage patterns exhibited by the user. In this
way, the app is enhanced with a transformable and movable
menu component with adaptable and adaptive features, which
improves the overall efficiency of the user when using the app.
Due to the fact that the app is constantly learning the usage
patterns of the user, the mechanism presented in [11] can be
considered as having a long adaptation duration.

As shown in Figure 5f, the timeliness attribute falls fully in
the best-effort bin (i.e., the time for executing the adaptation is
not guaranteed) and there are no primary studies proposing a
guaranteed time for the self-adaptation process. This result
is extremely interesting since in some application domains
(e.g., emergency-related, post-disaster apps) it may be a strict
requirement to know and respect upper bounds on the execu-
tion time of the self-adaptation process, thus guaranteeing the



timeliness associated with self-adaptation.

For what concerns self-adaptation triggering (see figure
5g), all the primary studies are based on event triggered
mechanisms. This result is quite expected, given that mobile
apps are mostly front-end software reacting either to user- or
system-generated events.

D. RQ4 — Effects of Self-Adaptation (RQ4)

Starting with criticality (see Figure 6a), we observe that
the majority of primary studies describe a self-adaptation
process that has a harmless impact on the system in the
case such adaptation were to fail. Fourteen and seven studies
can have mission-critical and safety-critical consequences,
respectively. Furthermore, we can also observe that safety-
critical consequences are highly dependent on the domain in
which the approach is being applied. This is logical, as, for
example, a video-streaming adaptation process would most
likely not run the risk of hurting its users in case of a failed
adaptation.

In terms of predictability, the majority of the self-
adaptation approaches are deterministic (see Figure 6b), fol-
lowed by twelve approaches with non-deterministic effects.
This means that in the majority of the cases the users of self-
adaptive approaches know the possible states of the mobile
app (and of the overall system) after adaptation.

Examining the overhead attribute (see Figure 6c), we
observe a nearly even distribution among all possible val-
ues, ranging from insignificant, to reasonable, and finally
to system failure overhead. The relatively high number of
primary studies whose approaches may lead to system failures
is mainly due to the relatively high number of approaches
cloud offloading (or other network-related mechanisms), in
which the apps’ functionalities have to stop being provided
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whilst the work is being offloaded and in some cases until its
results have been obtained from the cloud.

Finally, under resilience there is a nearly even number
of resilient and semi-resilient approaches, with hardly any
being vulnerable (see Figure 6d). Resilience is defined as the
persistence of service delivery that can justifiably be trusted,
when facing changes [19]. As examples of approaches falling
under the vulnerable category, four cases of faults and failures
of context-aware adaptive applications are presented in [38].
One of those cases is related to an app supporting a so-called
“meeting profile”, which was autonomously applied whenever
the app infers that the user is in a meeting with a colleague
(based on the device’s calendar, the current time, and on
Bluetooth discovering another person in the room); however,
the approach was falling into an adaptation cycle between the
office and the meeting profiles since both of their conditions
were triggered whenever a meeting was held in the office,
leading to inconsistencies in the behaviour of the app.

V. DISCUSSION

In this section we present the research implications that
we derived from our results (Section V-A), followed by
an overview at the application domains we encountered in
our primary studies (Section V-B) and the main challenges
reported in the examined literature (Section V-C).

A. Research Implications

We conducted this systematic literature study to gain insight
on self-adaptation in the context of mobile apps. To analyse
our data we formulated four research questions (see section
II-A). Here we report on the main findings related to our
answers.

In our findings related to the goals of self-adaptation
(RQ1I) we observed that the vast majority of approaches have
persistent and static goals. This implies that the majority of
the identified self-adaptive approaches are relatively rigid in
their objectives, unveiling a certain research gap involving
approaches where goals can change at runtime depending on
the ever-evolving context in which mobile apps are used today.
Furthermore, the most frequently pursued goals are related to
technical quality properties of mobile-enabled systems, such
as performance and energy consumption. Interestingly, there
are few approaches targeting non-technical goals, such as
promoting user behavioural change and lifestyle improvement.
Researchers in the field can direct their future studies towards
filling this identified gap in the state of the art of self-
adaptive mobile-enabled systems. For developers working on
self-adaptive apps with static goals, the set of primary studies
could represent a valuable source of knowledge.

In analyzing the changes that trigger self-adaptation (RQ2),
we observe that the majority of approaches adapt due to
changes within the hardware of the mobile device or its Inter-
net connectivity. This result unveils a very interesting research
gap related to potential self-adaptive approaches which can
adapt their behaviour or structural configuration to changes
occurring in third-party applications running on the mobile



device, in third-party services running in the cloud, or in
smart objects surrounding the user of the app. The above gap
points to a potential unexplored market: developers looking for
innovative self-adaptive apps could consider developing apps
that adapt due to their third-party services, e.g., to provide a
better user experience, as opposed to competing apps that use
these services without self-adaptation.

When discussing the adaptation mechanisms (RQ3), we
observe some interesting findings as well. Firstly, the majority
of approaches perform the adaptation in an autonomous man-
ner, and therefore do not need a human in the loop or any other
forms of human assistance to accomplish their adaptation.
Moreover, in most cases the adaptation is performed by the
application itself, with only sometimes requiring the help
of the backend (such as in the case of cloud offloading
applications). Secondly, all of the analysed adaptations are
event-triggered and perform in a best-effort manner; therefore
they do not have a guarantee on the duration of the self-
adaptation process. This can be justified by the overwhelming
short and medium duration of the adaptation processes we
have studied, which by their nature are nearly impossible
to guarantee in their timeliness. Nevertheless, an interesting
research direction is about self-adaptive approaches where
formal and rigorous reasoning plays a central role into making
self-adaptation feasible also for apps belonging to critical
domains (e.g., energy, defense, transportation). Some works
into this direction are starting to emerge in other fields, such
as for the Internet of Things [42], [31], but the application
of formal reasoning in the context of self-adaptive mobile
applications still seems to be an under-explored research area.

Lastly, we need to discuss the effects of the self-adaptation
process (answering RQ4). However, before doing so we must
note that the reported information on effects was challenging
to collect as it was rarely explicitly stated within the primary
studies and, most of the time, had to be deduced by the
description of the self-adaptation process and the analysed
software system. We advice researchers working on self-
adaptive software systems to pay special attention to the
effects dimension of self-adaptation, so to provide a clear
and complete overview of their proposed solutions. Having
disclosed this, we nonetheless have a few noticeable results
with the most prominent finding being that most of the anal-
ysed approaches had predictable consequences to their self-
adaptation approach. Furthermore, the majority of analysed
adaptation mechanisms had a harmless effect on the app in
case the adaptation failed. However, we also found cases in
which this effect was mission-critical or even safety-critical,
and have noticed that there seems to be a strong link between
a system being mission- or safety-critical and its application
domain. This seems reasonable as e.g., failed adaptation in the
health domain is more likely to be safety-critical as opposed
to a video streaming application, which poses no threat to
the safety of the user in case of failed adaptation. This
emerging link between domain and level of criticality, should
be considered carefully by any developer working on self-
adapting apps in mission/safety-critical domains.

B. Application Domains

When analyzing the primary studies we also traced the
application domains in which the self-adaptive mobile apps
have been applied. Of the cited application domains, health
is the most popular with 7 primary studies. Other application
domains in which self-adaptive mobile apps have been applied
include: tourism, e-learning, mapping, education, science, con-
ferencing, e-commerce, social networks, smart city, art, video
streaming, image manipulation, and emergency management.
Overall, such a high number of application domains hints
to the general applicability of self-adaptive mechanisms, pro-
vided that the context and specifics of the application domain
are taken into consideration (e.g., apps should respect the
intrinsic privacy-related concerns of domains like health and
e-learning).

On the other hand, 22 primary studies do not mention any
particular application domain. This indicates that a substantial
amount of research has focused on self-adaptation mechanisms
regardless of their application domain. This could be due to
such mechanisms being broad enough to be applied in general.
In the future, it might be interesting for researchers to investi-
gate if there exist categories of self-adaptation techniques that
are application-specific and others that are general-purpose.

C. Emerging Challenges

By extracting meaningful paragraphs from ‘future work” and
‘challenges’ sections of our primary studies and then analyzing
them, we have managed to find some common points of
interest both for researchers and practitioners. Specifically:

o 12 primary studies mention the need or to further improve
the implementation of their approach in order to reduce
bias or eliminate potentially wrongful assumptions and
of these studies 4 specifically mention only having im-
plemented a research prototype;

¢ 9 of our primary studies mention the need of performing
a more robust evaluation of their proposed approach;

o 4 primary studies mention the need to test their proposed
approach on case studies as it was only tried in simulation
or just theoretically;

« 3 primary studies mention the need for performing an in-
depth comparison between their approach and the ones
proposed by other researchers.

The information we have extracted seems to be reinforcing
our previously given observation in subsection V-B. It would
seem as a significant number of primary studies are working
on a more theoretical level, therefore in a state of still needing
further improvement and testing on practical scenarios and
real-world applications. From this, we would therefore suggest
that future research effort should be devoted not only to the
improvement of the existing theoretical underpinnings of self-
adaptation for mobile apps, but also to its application in real-
world, realistic scenarios, at best by applying empirical case
studies in industrial settings [46].



VI. THREATS TO VALIDITY

The following reports on the potential threats to validity of
this study according to [46].
Internal Validity. We mitigated internal threats to validity
by using already established modelling dimensions [2] as our
classification framework. For the validity of the synthesis
of the collected data, we utilized well assessed descriptive
statistics in order to minimize potential threats.
External Validity. In our study the main external threat
to validity may come from our primary studies not being
representative of the whole research on self-adaptation in
the context of mobile applications. In order to mitigate such
risk, we employed a search strategy including of both au-
tomatic search as well as backward-forward snowballing of
the selected primary studies found with the automatic search.
Furthermore, we chose to consider only peer-reviewed papers
and excluded any work that could be defined as grey literature.
We do not foresee this criterion to have impacted our study as
the considered papers need to have undergone a rigorous peer-
review process, which is an established requirement for quality
publications. Lastly, we applied well defined inclusion and
exclusion criteria, which we have rigorously followed during
our manual selection phase.
Construct Validity. To be sure that the found primary studies
would be able to competently answer the chosen research
questions we manually carried out the selection process us-
ing the chosen inclusion and exclusion criteria, reported in
subsection III-B. Such results were then further expanded by
also conducting forward and backwards snowballing on those
same selected studies.
Conclusion Validity. In order to reduce potential bias our
classification framework is based on established modelling di-
mensions found in [2]. This way we can confidently guarantee
that the data extraction process was aligned with our chosen
research questions. Furthermore we reduced potential threats
to conclusion by following well-known systematic literature
review guidelines [16], [35], [46].

VII. RELATED WORK

Works related to ours are secondary studies on self-
adaptation.

Yang et al. [47] focused on requirements modeling and
analysis for self-adaptive systems. They carried out a sys-
tematic literature review of 101 primary studies, from which
they elicited 16 modelling methods and 10 requirement quality
attributes. They observed that some of the modeling methods
need further study, and most qualitative studies need better
evaluation.

Krupitzer et al. [18] survey the engineering approaches
found for self-adaptive systems. To this aim, they use a
taxonomy for self-adaptation extended with the “context per-
spective”, i.e., the ability of systems to adapt their context.
The survey identifies and classifies several approaches used to
build self-adaptive systems.

Macias-Escriva et al. [23] analyze self-adaptability from the
perspective of computer science and cybernetics, and examine

the approaches found in the literature, to gain an overview of
the state-of-the-art techniques used for self-adaptation. As one
of the main conclusions, they identify feedback control and
artificial intelligence as enabling fields to help further develop
self-adaptive systems.

Both Krupitzer et al. and Macias-Escriva et al. do not report
on the number of studies used in the data extraction for the
surveys.

Mahdavi-Hezavehi et al. [24] conducted a systematic lit-
erature review of 54 primary studies, with the goal of un-
derstanding ‘the state-of-the-art of architecture-based methods
for handling multiple quality attributes (QAs) in self-adaptive
systems’. They found that the most frequently addressed QAs
are performance and cost, and the most common domains are
robotics and web-based system.

Muccini et al. [30] focused on self-adaptation in the context
of cyber-physical systems, and analyzed 42 primary stud-
ies. As part of their main results the authors found MAPE
(Monitor-Analyze-Plan-Execute) as the most common mech-
anism used to perform adaptation in this context, and energy
as that the most common application domain.

Lastly, Weyns et al. [43] examine the claims that are
associated with self-adaptation. They analyzed 96 primary
studies identified from the SEAMS conference series between
2006 and 2011, and the papers published in 2008 in [6].
They observe that (i) the main focus is on architecture and
models, (ii) the most common application domain is service-
based systems, and (iii) at the time of publishing only a few
empirical studies were performed with no industrial evidence.

In spite of the relatively large number of secondary studies
on self-adaptation and self-adaptive systems, none explored
the state of the art of self-adaptation in the context of mobile
applications. Our study certainly fills this gap, which with the
increasing pervasiveness of mobile software in all application
domains is turning into a necessity.

VIII. CONCLUSIONS AND FUTURE WORK

This paper presents a systematic literature review on self-
adaptation in the context of mobile applications as defined
in section II. Starting from 607 possibly relevant studies,
we found 44 primary studies which we analyzed via the
presented classification framework, in order to answer our
chosen research questions. By answering these questions, we
give an in-depth look at the field of self-adaptation in the
mobile application context, and therefore provide valuable
information for researchers and developers who wish to work
in the future within this area.

As future work, we will perform a longitudinal analysis
across the various dimensions of our classification framework
as it would help discover more complex (and hidden) patterns
among the analyzed approaches. Furthermore, a more in-
depth analysis of the contents of the primary studies could
contribute in better understanding the current research gaps
about self-adaptation in the context of mobile applications.
Finally, we are actively working on an approach in which
dynamic clustering techniques will be used for automatically



personalizing an e-health mobile app so to better support users
in following medical advice.
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