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ABSTRACT Since the release of the first mobile devices, the usability of on-board applications has been the
concern not only of software vendors but hardware manufacturers as well. The academia community later
willingly joined the discussion on usability in terms of theory and empirical measurement, having experience
and knowledge in desktop settings. At first sight, such a background should guarantee a solid foundation
to conduct research on software usability in a new setting. However, a preliminary study on the subject
matter revealed methodological disorder in contemporary literature. As a matter of fact, a need emerged to
review existing usability definitions, attributes and measures to recognize all associated aspects. In order
to fill this void, we conducted a systematic literature review on usability studies indexed by the Scopus
database and devoted to mobile applications. The input volume covers 790 documents from 2001 to 2018.
The data analysis shows that the ISO 9241-11 usability definition has been adopted in an unchanged form
and popularized as the standard by the HCI community. Secondly, in total, 75 attributes were identified and
analysed. The most frequent are efficiency (70%), satisfaction (66%) and effectiveness (58%), which directly
originate from the above definition. Subsequently, the less frequent are learnability (45%), memorability
(23%), cognitive load (19%) and errors (17%). The last two concern simplicity (13%) and ease of use (9%).
Thirdly, in the evaluation of usability, controlled observation and surveys are two major research methods
applied, while eye-tracking, thinking aloud and interview are hardly used and serve as complementary to
collect additional data. Moreover, usability evaluations are often confused with user experience dimensions,
covering not only application quality characteristics, but also user beliefs, emotions and preferences. All these
results indicate the need for further research on the usability of mobile applications, aiming to establish a
consensus in the theory and practice among all interested parties.

INDEX TERMS Mobile applications, usability, attributes, measures, usability evaluation methods, system-
atic literature review.

I. INTRODUCTION
Amobile application is defined as “‘a software application
developed specifically for use on small, wireless computing
devices, such as smartphones and tablets, rather than desk-
top or laptop computers” [1]. A recent Statista report shows
that in 2017 smartphones had a share of 77% of the global
mobile device market [2], and more than 32% of the global
population used a smartphone [3].

Although technological progress has been made regard-
ing mobile devices equipped with computing power, leading
to a shift from desktop computers, many limitations and
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challenges still remain [4]. From the many identified, usabil-
ity has been the main concern, since the users of an
application, and their judgment, ultimately decide on its
success or failure [5]-[7]. Since the inception of the first
smartphones, the subject of mobile application usability has
gained attention both in academia communities and in the
software vendors industry. While researchers are focused
on formulating theories [8], modelling frameworks [9], and
constructing methods and techniques [10], [11] for new set-
tings, manufacturers simply desire to deliver high quality
products [12].

Despite the abundance of research devoted to studies of
mobile application usability on the one hand, and design
patterns, prototyping tools and software frameworks on the
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other, the term tends to be vague and loose, weakening the
ability to capture its real facets and impeding the construc-
tion of measures. As a consequence, such methodological
disorder violates the core assumptions and principles laying
beneath the foundations of the usability notion. Therefore,
considering the need for the emergence of a usability def-
inition, its attributes and measures, along with evaluation
methods, valid for mobile applications, in this paper we made
an attempt to find reliable answers by conducting a systematic
literature review. We expect that the obtained results can be
used not only by researchers to perform further studies in this
area, but also for practitioners engaged in mobile application
development and quality-in-use evaluation to better under-
stand the characteristics and measures of the notion.

The main contributions of this study include: (i) an
evidence-based discussion of the usability definition, its
attributes and measures, (if) and an up-to-date map of the state
of the art in usability evaluation methods (UEMs), adopted
for and adapted to mobile applications, covering publications
from 2001 to 2018.

The rest of the paper unfolds as follows. Section 2 provides
the background on the subject addressed, and related work.
Section 3 describes the research methodology. The definition
and execution of the literature review are respectively pre-
sented in Sections 4 and 5. Section 6 provides an analysis
of the extracted data, while the results are further discussed
in Section 7, along with the future research directions. The
conclusions are raised in Section 8.

Il. BACKGROUND

Most people tend to use products that are easy to understand,
work as expected, and eventually deliver value. In the context
of the software engineering, system usability plays the crucial
role in shaping perceived quality in use by its users [13], [14].

Usability is the study of the intersection of between sys-
tems and users, tasks and expectations in the context of
use. Since many software products have been determined to
be insufficient to meet user needs, several comprehensive
studies have been conducted so far under the term usability,
which move towards a better understanding and relevant
measurement, aiming to cover all valid phenomena in one
framework or model [15]-[17].

The results of the study, introduced by Weichbroth
[18], show that over time the definition of usability has
evolved. In 1991 the Organization for Standardization (ISO),
in response to the emergence of the need of the software
community to standardize some facets of software products,
publicized the 9126 standard, which defines usability as “‘a
set of attributes of software which bear on the effort needed
for use, and on an individual assessment of such use, by a
stated or implied set of users” [19].

Then, in 1998, ISO refashioned the usability definition in
the ISO 9241-11 norm, which actually states that usability
is “the extent to which a product can be used by specified
users to achieve specified goals with effectiveness, efficiency
and satisfaction in a specified context of use” [20], [21].
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While some argue that it is the most recognizable defini-
tion [18], others maintain that *‘a generally accepted usability
definition still does not exist, as its complex nature is hard to
describe in one definition™ [22], [23].

The other usability definition can be found in ISO/IEC
25010 [24], which replaced the ISO/IEC 9126 standard from
2001 [25], and specifies usability as the “degree to which a
product or system can be used by specified users to achieve
specified goals with effectiveness, efficiency and satisfaction
in a specified context of use”. Here, it is worth noting that
these two latest paraphrased definitions, however differently
particularized, still share exactly the same three virtues which
affect the user’s ability to achieve specified goals.

Since the inception of the first official usability definition,
one might argue that a great plethora of usability attributes
have been taken into consideration regarding the ability to
use particular software products, ranging from monolithic
systems to lightweight web pages. Having said that, based
on the literature search and analysis, in view of usability
attributes that contribute to the quality in use of the desktop
software, the latest study [18] shows that the most frequent
are efficiency, satisfaction, learnability and effectiveness. The
least frequent are understandability and operability, memora-
bility, errors, attractiveness and accessibility.

To collect all necessary data in order to improve the quality
of particular software facets, a variety of usability evalua-
tion methods (UEMs) have been developed and empirically
tested. One of the most recognized UEMs concern the family
of user testing methods [26]—-[28], in particular think-aloud
protocol [29]-[31], question-asking protocol [32]-[34], per-
formance measurement [35]-[37], log analysis [38]-[40], eye
tracking [41]-[43], and remote testing [44]-[46]. Secondly,
inspection methods, intended to be used by experts [47],
refers to heuristic evaluation [48]-[50], cognitive walk-
through [51]-[53], perspective-based inspection [54]-[56],
and guideline reviews [57]-[59]. Thirdly, inquiry methods,
designed to gathering subjective data from users, utilize both
quantitative (questionnaires [60]-[62]) and qualitative (inter-
views [63]-[65] and focus groups [66]-[68]) techniques.
Furthermore, some authors also distinguish analytical mod-
elling methods such as cognitive task analysis [69]-[71], task
environment analysis [72]-[74] and GOMS analysis (Goals,
Operators, Methods and Selection rules) [75]-[77].

Regarding the context of this study, Zhang and Adipat
(2005) propose a generic framework for conducting usability
tests for mobile applications through discussing existing
methodologies and usability attributes [78]. As challenges,
they point to the unique features of mobile devices and
wireless networks which influence the usability of mobile
applications, including mobile context, multimodality, con-
nectivity, small screen size, different display resolutions,
limited processing capability and power, and restrictive data
entry methods. In the case of research methodologies for
usability testing, they point to controlled laboratory experi-
ments and field studies. While former limitations are igno-
rance of the mobile context and the preservation of reliable
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network conditions and other environmental factors, then
later, the lack of sufficient control over participants in a study,
and dealing with issues such as the selection of environmen-
tal conditions, evaluation performance, data collection and
condition control. They also identify nine generic usability
attributes: learnability (ease of use), efficiency, memorability,
errors, user satisfaction, effectiveness, simplicity, compre-
hensibility (readability) and learning performance.

Hussain and Kutar (2009) introduce a hierarchical GQM
(Goal Question Metric) model to evaluate mobile usabil-
ity [79]. On the top level, they place three quality characteris-
tics: effectiveness, efficiency and satisfaction. On the middle
level, six guidelines are conceptualized: simplicity, accuracy,
time taken, features, safety and attractiveness. Eventually,
on the bottom, there is a mapping between questions and
metrics, which enables the collection of quantitative data in
order to evaluate usability.

Kronbauer et al. (2012) propose a hybrid model for the
evaluation of smartphone application usability [80]. In this
study, the hybrid approach blends two methods for data
capture, namely, Logging and ESM (Experience Sampling
Method). The first one is based on data collection related to
user interaction with an application. Using sensors available
in smartphones for contextual data collection, such as lumi-
nosity intensity and the device’s position, allows the perfor-
mance of statistical analysis regarding usability. The second
one is based on the collection of users’ feelings towards a
specific product through questions. These two methods are
respectively used to measure efficiency, effectiveness and
satisfaction.

Harrison et al. (2013) developed the PACMAD (People
At the Centre of Mobile Application Development) usability
model, which identifies three major dimensions affecting the
overall usability of a mobile application: the user, the task
and the context of use [81]. However, the last one plays a
crucial role, as an application may be used in multiple and
very different contexts (e.g. environment, physical location,
user’s state or activity performed). The model encompasses
seven attributes, which together reflect the usability of an
application: effectiveness, efficiency, satisfaction, learnabil-
ity, memorability, errors and cognitive load. In some studies
the model has been adopted to set up testing and evaluation
frameworks [82], [83]. The novelty of the model concerns
cognitive load as a new usability attribute. The authors claim
that it can be observed that users of mobile applications
often perform additional tasks, such as walking, while using
the mobile device. For this reason, these additional tasks
impact the user’s performance, arguing by example of a
walking user who in the same time is texting a message
which reduces walking speed as s/he is concentrating on
typing (sending) the message. More recently, cognitive load
has been acknowledged [84], or disregarded [85], as one of
the usability notions.

Actual usability, located in the frames of the quality-in-use
model by Lew and Olsina (2013), comprises effectiveness,
efficiency, learnability in use, and communicability [86].

VOLUME 8, 2020

They also emphasize the difference between the context of
mobile applications and traditional, desktop or web applica-
tions. The context does not only concern hardware limitations
(e.g. size of the screen), but also other factors, such as: user
activity, day/time of day, location, user profile, device and
network performance.

Obviously, there are many more usability models, indi-
vidually applicable to particular domains, such as mobile
banking [87], or healthcare [88]; however, they were excluded
from the discussion due to their specific attributes, classified
as superior with respect to the others.

Ill. RESEARCH METHODOLOGY

A systematic literature review (SLR) in its nature differs from
traditional narrative reviews by adopting a replicable, scien-
tific and transparent process methodology. By design, it aims
to reduce cognitive bias by providing an audit trail of the
associated assumptions and procedures, reviewers decisions
and conclusions on the one hand, and by identifying and
documenting key scientific contributions to a field or question
on the other.

In order to provide a body of knowledge on the usability
of mobile applications, we performed a systematic literature
review by adopting and adapting the approach provided by
Kitchenham and Charters [89], [90], since a large majority of
the reported SLRs in software engineering has been carried
out in respect to their guidelines [91].

According to the research design employed, this study
consists of three steps, performed in a fixed sequence. Inter-
dependency is revealed in the one-way output/input relations.

Step 1 in the research methodology involves defining the
research questions and the review protocol, which encom-
passes the data source and search strategy, the inclusion and
exclusion criteria and the definition of the search string. The
outcome of this step is described in Section 4. Step 2 in the
research methodology involves executing the search string
carried out on the database engine. Next, the obtained results
are extracted and further processed. The outcome of this step
is given in Section 5. Step 3 in the research methodology
involves reviewing, analysing and reporting each data record,
in order to consequently find and document answers for a
defined set of the research questions. The outcome of this step
is described in Section 6.

IV. SYSTEMATIC LITERATURE REVIEW DEFINITION
A. RESEARCH QUESTIONS DEFINITION
Investigating the gap in usability between desktop and mobile
settings, the following three questions arose:

RQI1. How has usability for mobile applications been
defined?

RQ2. What are the usability attributes for mobile applica-
tions?

RQ3. How have usability attributes for mobile applications
been defined, and which measures and evaluation methods
have been used?
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TABLE 1. The general search query criteria.

Criterium Search string

Article title, Abstract, Keywords | TITLE-ABS-KEY

Keywords usability AND “mobile application”
Year EXCLUDE (PUBYEAR, 2019 )

TABLE 2. The inclusion criteria (LIMIT-TO) to the subject area (SUBJAREA).

Subject Area Search string
Computer science | “comp”
Engineering “engi”
Mathematics “math"

Social Sciences “soci"
Decision Sciences | “deci”

These three interrogative statements provide the overall
framework for conducting this study, by giving direction and
setting up boundaries.

B. DATA SOURCE AND SEARCH STRATEGY

In line with the research methodology, step 1 involves
a systematic search of the scientific literature on the
topic of mobile application usability. Performed on Scopus,
the largest abstract and citation database of peer-reviewed
literature, counting over 71 million records [92], the search
strategy aims at identifying indexed publications. A key issue
when formulating a search strategy is to define the period of
time to set up time boundaries. Being in our interest to obtain
reliable and concise answers to the questions, we determined
the closing date in December 2018.

C. SEARCH QUERY DEFINITION

The search query was defined by the presence of “‘usability”
and the string “mobile application™ in titles, abstracts and
keywords. These unique and specific terms, joined together
in that order and in the extent of such meta-data, embody the
authors’ common declaration of their research objectives and
the adopted context of their performed studies. The summary,
in terms of the search query construct, is given in Table 1.

D. INCLUSION AND EXCLUSION CRITERIA

In accordance with our research objective and questions,
the first applied inclusion criterion relates to the subject
area, which alternatively includes: computer science, engi-
neering, mathematics, social sciences, or decision sciences.
Table 2 presents the summary of the search query construct
in this scope.

In this study, usability is considered in the context of
software, which is a concern of computer science and is also
closely associated with the other abovementioned disciplines.
In this line of thinking, we exclude irrelevant subject areas
(e.g. Medicine, Health Professions, Chemistry and others).
Table 3 depicts the summary of the search query construct in
this scope.

The second inclusion (exclusion) criterion was the docu-
ment type which alternatively encompasses: conference pro-
ceedings, journal articles or book chapters. On the other
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TABLE 3. The exclusion criteria (EXCLUDE) to the subject area
(SUBJAREA).

Subject Area Search string
Medicine “medi”
Health “heal”
Chemical Engineering “ceng”
Environmental Science “envi”
Physics and Astronomy “phys”
Materials Science “mate”
Biochemistry et al. “bioc”
Energy “ener”
Psychology “psyc”
Arts and Humanities “arts”
Earth and Planetary Sciences “eart”
Nursing “nurs”
Chemistry “chem”
Neuroscience “neur”
Economics et al. “econ”
Agricultural and Biological Sciences | “agri”
Immunology and Microbiology “immu”
Pharmacology et al. “phar”

TABLE 4. The inclusion criteria (LIMIT-TO) for the document
type (DOCTYPE).

Document type Search string
Conference Paper | “cp”
Article “ar”
Chapter “ch”

TABLE 5. The inclusion (LIMIT-TO) and exclusion (EXCLUDE) criteria for
the language.

Language Search string

English LIMIT-TO (LANGUAGE, “English”)
Portuguese | EXCLUDE (LANGUAGE, “Portuguese”)
French EXCLUDE (LANGUAGE, “French”)

hand, we did not take into account conference reviews and
other reviews, which present non-scientific contributions.
Table 4 outlines the summary of the search query in this
scope.

Not all scientists regard conference proceedings as a reli-
able and valuable source of knowledge. However, from our
point of view, our judgement was not solely based on the
document type, but on scrupulous reading and conscientious
content analysis.

The third inclusion (exclusion) criterion was the lan-
guage, exclusively limited to English. Therefore, two other
(Portuguese and French) were excluded. Table 5 depicts the
summary of the search query construct in this regard.

English has become the modern lingua franca in the mod-
ern world. The major international standardization bodies
publish norms and standards in English, and communication
channels between experts and communities follow the same
rule as well.

V. SEARCH EXECUTION

A. SEARCH AND SELECTION

In the first run, the search query (Table 1) produced
1,615 document results. To this volume, the inclusion
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FIGURE 1. The distribution of the number of publications per year.

and exclusion criteria were applied, defined respectively
in Tables 2-5. The search strings, given in all these tables,
were eventually combined by the relevant Boolean operators.
The final search query construct, which entirely fulfils all the
requirements, is given below.

TITLE-ABS-KEY (usability AND ‘“mobile applica-
tion”) AND (LIMIT-TO (SUBJAREA, ‘“comp”) OR
LIMIT-TO (SUBJAREA, “engi”) OR LIMIT-TO (SUB-
JAREA, “math”) OR LIMIT-TO (SUBJAREA, “soci”’) OR
LIMIT-TO (SUBJAREA, “deci”) OR EXCLUDE (SUB-
JAREA, “medi”’) OR EXCLUDE (SUBJAREA, “heal””) OR
EXCLUDE (SUBJAREA, ‘“ceng””) OR EXCLUDE (SUB-
JAREA, “envi”’) OR EXCLUDE (SUBJAREA, “phys’’) OR
EXCLUDE (SUBJAREA, “mate”) OR EXCLUDE (SUB-
JAREA, “bioc”) OR EXCLUDE (SUBJAREA, ‘ener”
OR EXCLUDE (SUBJAREA, ‘“psyc”’) OR EXCLUDE
(SUBJAREA, “arts”) OR EXCLUDE (SUBJAREA, “‘eart’’)
OR EXCLUDE (SUBJAREA, “nurs”) OR EXCLUDE
(SUBJAREA, ‘“chem”) OR EXCLUDE (SUBJAREA,
“neur”’) OR EXCLUDE (SUBJAREA, ‘econ”) OR
EXCLUDE (SUBJAREA, “agri’) OR EXCLUDE (SUB-
JAREA, “immu”’) OR EXCLUDE (SUBJAREA, “phar”))
AND (LIMIT-TO (DOCTYPE, “cp”’) OR LIMIT-TO (DOC-
TYPE, “ar”) OR LIMIT-TO (DOCTYPE, ‘“ch”)) AND
(EXCLUDE (PUBYEAR, 2019)) AND (LIMIT-TO (LAN-
GUAGE, “English”)) AND (EXCLUDE (LANGUAGE,
“Portuguese”’) OR EXCLUDE (LANGUAGE, “French’))

The results summary was checked in order to verify
whether all the criteria were successfully applied. In total,
the final search query eventually produced 887 documents,
published between 2001 and 2018. The details of the volume
data are as follows, while the numbers in brackets indicate the
total number of publications: (a) published in English (887),
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(b) the subject area is from: computer science (803), deci-
sion sciences (40), engineering (198), mathematics (197)
and social sciences (103), and (c) the document type is:
conference proceedings (666), journal articles (196) or book
chapters (25). The peak year is 2017 (140), followed by
the years 2015 (110), 2018 (104) and 2016 (101), with an
average of 74 documents published annually between 2008-
2018 (Figure 1).

The distribution of the number of publications increases in
linear. However, in 2018 a fall was observed in comparison to
the previous year, but still above the year 2016. The majority
of documents were published by Springer in Lecture Notes
in Computer Science, including sub-series Lecture Notes
in Artificial Intelligence and Lecture Notes in Bioinformat-
ics (148), while the largest contributor among journals is
the Journal of Telecommunication, Electronic and Computer
Engineering (12). The top three countries, the USA (136),
Germany (81) and Malaysia (66), accounted for over 31% of
the countries the authors were affiliated to.

B. DATA EXTRACTION
Having imported the reference data (authors, document
title, year, and digital object identifier) to an external
spreadsheet, we systematically searched for each record
in full-text databases hosted by particular publishers and
indicated as the source of the document. From the list
of 887 records, in total 790 (89%) documents were fully
available, while using a HAN system licensed account.
To extract the data, three independent reviewing procedures
were prepared and executed, respectively for each research
question.

In the first run, each available document was screened
with the aim to identify and recognize a usability definition
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TABLE 6. The list of adopted usability definitions for mobile settings.

Source Definition

ISO 9241-11 the extent to which a product can be used by specified users to achieve specified goals
with effectiveness, efficiency and satisfaction in a specified context of use [21].

ISO 25010 degree to which a product or system can be used by specified users to achieve specified
goals with effectiveness, efficiency and satisfaction in a specified context of use [24].

ISO 9126-1 the capability of the software product to be understood, learned, used and attractive to
the user, when used under specified conditions [25].

IEEE the ease with which a user can learn to operate, prepare inputs for, and interpret outputs

Glossary of a system or component [94].

Nielsen ease of use and correctness of a system for a specific class of users carrying out particular
tasks in a precise environment [95].

Bevan the extent to which a user can easily interact with a product, and it measures how easy to

operate, learn and (even) memorize such products are [96].

TABLE 7. The shares of adopted usability definitions for mobile settings.

Definition Share References

1SO 9241-11 58 (88%) [971, [98], [99], [100], [101], [102], [103], [104], [105], [106], [107], [108], [109], [110],
[111], [112], [113], [114], [115], [116], [117], [118], [119], [88], [120], [121], [122], [123],
[124], [125], [126], [127], [128], [129], [130], [131], [132], [133], [134], [135], [136], [137],
[138], [139], [140], [141], [142], [143], [144], [145], [146], [147], [148], [149], [150], [151],
[152], [153].

ISO 25010 3 (4,5%) [154], [155], [156].

ISO 9126-1 2 (3%) [157], [158].

IEEE Glossary 1(1,5%) [159].

Nielsen 1(1,5%) [160].

Bevan 1(1,5%) [161].

referenced by the author(s). The document was classified as
relevant if: (a) usability, as a term, was explicitly defined
and (b) correctly referenced. If the authors provided more
than one definition and did not indicate a particular one as
valid, then the first one given was assumed to be adopted.
Eventually, 66 (8%) documents were classified as relevant as
the input for analysis, with the aim of formulating an answer
to the first research question.

In the second run, each document was screened again to
determine the overall quality and its relevance. A document
was classified as relevant if: (a) the subject of the research
was addressed to the usability of mobile applications, and
(b) was not biased by a context of the research, such as:
(i) application type or (ii) user-specific properties, such as:
age, occupation, sex or (iif) system-specific support features,
like visually impaired or disability. The review of the list
produced 53 (7%) documents as relevant as the input for
analysis with the aim of formulating an answer to the second
research question.

In the third run, the above list was reviewed and examined
again with the aim of extracting attribute definitions, mea-
sures and UEMs. The document was classified as relevant
if: (a) usability attributes being the subject of the study were
explicitly defined, whereas a measure was valid if it captures
the quantitative data which accurately describes one partic-
ular usability attribute. Ultimately, 39 (5%) documents were
classified as relevant as the input for analysis with the aim of
formulating an answer to the third research question.

VI. DATA ANALYSIS
This section addresses the analysis of the data extracted

from the studies in accordance with the three defined

55568

research questions. We used a qualitative content anal-
ysis, which focuses on the characteristics of language
as a communication channel, with attention to the spe-
cific subjects, narrowed and directed by particular research
questions.

RQ1. How has usability for mobile applications been
defined?

To this day, none of the authors have introduced any
formal definition of usability associated with an appli-
cation (system) running on a mobile device. There-
fore, all identified and recognized definitions have been
adopted from the existing general norms, standards and
definitions.

The great majority of authors (88%) have defined usability
solely in terms of the ISO 9241-11 norm, while others have
also made reference to ISO 25010 (4,5%) and ISO 9126 (3%)
norms, as well as to the IEEE Glossary (1,5%), the Nielsen
(1,5%) and Bevan (1,5%) definitions. Table 6 includes the
full text of these six definitions, whereas Table 7 depicts
findings of the shares of adopted usability definitions for
mobile settings.

RQ2. What are the usability attributes for mobile appli-
cations?

In total, 75 usability attributes were identified and anal-
ysed. Among them, the most frequent are efficiency (70%),
satisfaction (66%) and effectiveness (58%). Less frequent
are learnability (45%), memorability (23%), cognitive load
(19%) and errors (17%). The last two concern simplic-
ity (13%) and ease of use (9%). The remaining attributes
occurred four times or less. Table 8 outlines the details in
this regard (the attributes which occurred only once are not
included).
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TABLE 8. The list of adopted usability attributes for mobile settings.

Attribute Share References

efficiency 37 (70%) [97], [154], [102], [104], [162], [105], [163], [120], [164], [84], [165], [166],
[99], [115], [167], [168], [116], [169], [82], [88], [155], [170], [124], [157],
[129], [171], [83], [172], [173], [86], [174], [175], [176], [177], [178], [78],
[153].

satisfaction 35 (66%) [97], [104],[179], [162], [105], [163], [120], [164], [84], [165], [166], [180],
[115],[168], [116], [169], [126], [118], [82], [88], [155], [181], [124], [129],
[171], [182], [83], [172], [173], [174], [175], [183], [177], [178], [78].

effectiveness 31 (58%) [97], [154], [104], [162], [163], [120], [164], [84], [165], [99], [115], [167],
[168], [116], [169], [126], [82], [88], [170], [124], [157], [129], [171], [83],
[172],[173], [86], [174], [175], [177], [78].

learnability 24 (45%) [179], [184], [103], [162], [105], [84], [166], [180], [115], [168], [185], [169],
[126], [82], [88], [155], [156], [129], [171], [83], [86], [175], [178], [78].

memorability 12 (23%) [105], [84], [186], [166], [168], [169], [82], [88], [155], [171], [83], [78].

cognitive load 10 (19%) [184], [84], [115], [168], [185], [169], [82], [88], [83], [153].

errors 9 (17%) [105], [84], [166], [168], [169], [82], [171], [83], [78].

simplicity 7 (13%) [186], [168], [118], [88], [171], [175], [78].

ease of use 5 (9%) [154], [179], [155], [157], [178].

navigation 4 (8%) [103], [118], [155], [153].

operability 4 (8%) [162], [169], [156], [187].

usefulness 4 (8%) [179], [88], [157],[175].

attractiveness 3(6%) [162], [186], [169].

comprehensibility 3 (6%) [171], [175], [78].

aesthetics 3 (6%) [119], [156], [187].

accessibility 2 (4%) [156], [187].

accuracy 2 (4%) [186], [169].

adaptability 2 (4%) [184], [175].

consistency 2 (4%) [103], [185].

interaction 2 (4%) [118], [155].

learning performance 2 (4%) [171], [78].

training 2 (4%) [162], [188].

understandability 2 (4%) [162], [169].

user error protection 2 (4%) [156], [187].

RQ3. How have usability attributes for mobile appli-
cations been defined, and which measures and evaluation
methods have been used?

The foremost attribute, efficiency is the ability of a user
to complete a task with speed and accuracy. Efficiency is
measured in a number of ways, such as the duration spent
on each screen, the duration to complete a given task (a set of
tasks), and the user’s error rate. Two evaluation methods are
used: controlled observation and survey.

Satisfaction is a user’s perceived level of comfort and
pleasure, or a user’s perceived level of fulfilment of his
expectations and needs. Satisfaction is measured only by
using survey, with predefined statements with the Likert-scale
rating system, which is typically used to capture a user’s
intangible attitude towards an application.

Effectiveness is the ability of a user to complete a task in a
given context. It is measured by the number of successfully
completed tasks, the number of steps required to complete a
task, the number of double taps unrelated to the operation of
an application, and the number of times that a back button is
used by the mobile device (not the application).

Learnability is defined twofold. First-time learnability
refers to the degree of ease with which a user can inter-
act with a newly-encountered system without getting guid-
ance or referring to documentation. It is measured by the
number of attempts to solve a task, the number of assists
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during performing a task, and the number of errors performed
by a user. Learnability over time, on the contrary, is the
capacity of a user to achieve proficiency with an application.
Typically, a user’s performance during a series of tasks is
observed to measure how long it takes these participants
to reach a pre-specified level of proficiency. Similarly to
effectiveness, two evaluation methods are used: controlled
observation and survey.

Memorability is the degree of ease with which a user
can remember how to use an application effectively. It is
measured by asking users to perform a series of tasks after
having become proficient with the use of the application,
and afterwards asking them to perform similar tasks after a
period time of inactivity. To determine how memorable the
application was, a comparison is made between the two sets
of results. In this case, the eye-tracking technique is also used
as the method to collect gaze data which is further used to
evaluate usability.

Cognitive load refers to the amount of mental activity
imposed on a user’s working memory during application
usage. Cognitive load theory differentiates cognitive load into
three types: extraneous, intrinsic and germane. Firstly, extra-
neous cognitive load refers to instructional and presentation
schemas, caused by the mental activities and elements that
do not directly support application usage. Secondly, intrin-
sic cognitive load refers to the task complexity, caused by
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TABLE 9. The top most frequent usability attributes, their measures and associated usability evaluation methods (UEMs) for mobile settings.

Attribute Measures UEMs & References
efficiency — duration spent on each screen, controlled observation [102], [189], [105], [165], [168],
— duration to complete task, [116], [82], [177];
— user’s error rate, survey [162], [164], [84], [155], [178].
satisfaction — predefined statements with Likert-scale rating,  survey [189], [162], [105], [164], [84], [165], [180], [168],
[116], [118], [82], [88], [155], [174], [177], [178].
effectiveness — number of successfully completed tasks, controlled observation [189], [165], [168], [116], [82], [177];
— number of steps required to complete a task, survey [162], [164], [84].
— number of taps related to an app usage,
— number of taps unrelated to an app usage,
— number of times that a back button was used;
learnability first-time: controlled observation [105], [180], [168], [82], [155];
— number of attempts to solve a task, survey [162], [84], [155], [178].
— number of assists during performing a task,
— number of errors performed by a user;
over time:
—repeating similar pairs of tasks in each session,
— duration to reach a pre-specified proficiency,
memorability — effects of response time, controlled observation [105], [168], [82];

— duration of pauses,

— predefined statements with Likert-scale rating;

eye tracking [106],
survey [84], [186], [155].

cognitive load ~ — fixations, gaze points and heat maps,

— text summarization,

— predefined statements with Likert-scale rating;

controlled observation [168],
eye tracking [143],

thinking aloud [82],

survey [84].

errors —amount and type of errors occurred, controlled observation [105], [168], [116], [178];
— an application ability to recover from errors; survey [84].
simplicity — the number of menu levels, survey [186], [168], [118], [88];
— the number of performed gestures to reach a  controlled observation [168], [78];
destination object interview [175].
— the duration of searching a button to perform a
specific function,
— predefined statements with Likert-scale rating;
ease of use — predefined statements with Likert-scale rating,  survey [155], [178].

the number of elements in a task and the degree to which
these elements are related to each other. Thirdly, germane
cognitive load refers to the amount of mental effort used to
form schemas and actively integrate new information with
prior knowledge during application usage. In the practice of
cognitive load measurement, instruments such as a subjective
rating scale, a thinking aloud dual task protocol or eye track-
ing are in common use.

Errors refers to the amount and type of errors which occur
during task performance by a user. On the other hand, it is
the ability of an application to recover from occurred errors.
Both these definitions also respectively reflect the measures
of attribute.

Simplicity is the degree of being easy to under-
stand or being uncomplicated in form or design, described by
such characteristics as the number of menu levels, the number
of performed gestures to reach a destination object, and
the duration of searching a button to perform a specific
function. On the other hand, simplicity is the level of comfort
with which a user is able to complete a task, measured by
predefined statements with the Likert-scale rating.

Ease of use is the perceived level of the user’s effort related
to usage of the application. The survey instrument is used
to collect data from users on perceptions concerning their
experienced interaction with the application.

Table 9 presents a summary in which each attribute is
associated with the valid measures, along with the usability
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evaluation methods used to collect the necessary data to
improve particular software artefacts.

From the variety of available methods, the most frequent
is survey, based on the questionnaire instrument, which has
been used to collect data from a sample of the participants,
as a representation of the population of interest. Controlled
observation of the user while interacting with an application
is the second most frequent method applied to usability eval-
uation. The remaining three, namely eye-tracking, thinking
aloud and interview, are hardly used and serve as complemen-
tary to collect additional data. Table 10 presents the details
showing the number of occurrences of all identified UEMs
applied for particular attributes.

VII. DISCUSSION

Based on the obtained results, we argue that the ISO 9241-11
definition has been widely accepted in a non-changed form,
and since the inception of research on mobile application
usability, has been, de facto, popularized as the standard by
the HCI community. Having said that, it is worth noting that
other definitions are not contrary to each other. Moreover,
they have in common the software capability to interact with
a user, yet emphasize different aspects of his/her proficiency.
On the other hand, usability is always associated with the
product, except for the IEEE Glossary and Bevan definitions,
which focus first and foremost on the user.
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TABLE 10. The number of occurrences of usability evaluation methods (UEMs) applied to particular usability attributes.

Attribute Survey Controlled Eye Thinking Interview
observation tracking aloud
efficiency 5 8 0 0 0
satisfaction 15 0 0 0 0
effectiveness 3 6 0 0 0
learnability 4 5 0 0 0
memorability 3 3 1 1 0
cognitive load 1 1 1 1 0
errors 1 4 0 0 0
simplicity 4 2 0 0 1
ease of use 2 0 0 0 0
TABLE 11. The percentage of studies concerning usability attributes of mobile applications.
Attribute Coursaris (2007) Harrison (2013) This study (2020)
effectiveness 62% 51% 58%
efficiency 33% 55% 70%
satisfaction 20% 58% 66%
errors 0% 33% 17%
learnability 11% 21% 46%
cognitive load 0% 23% 19%
accessibility 7% 0% 4%
memorability 2% 2% 23%
operability 4% 0% 8%
flexibility 2% 0% 0%
acceptability 2% 0% 0%

The most frequent attributes originate from the usability
definition adapted to mobile applications. In such a case,
the main usability characteristics are device-agnostic. In other
words, efficiency, satisfaction and effectiveness are valid for
studying the usability of both desktop and mobile applica-
tions. In a similar manner, however with minor extensions,
the remaining attributes have been assimilated as well.

By design, cognitive load is related to the mental effort
required by the user to perform tasks using a mobile device.
While it is neither novel, nor high-ranking in usability
research, it has now gained a larger audience due to the
fact that a user’s attention is usually divided among other
simultaneously performed tasks.

If one breaks down usability into two parts, one gets two
nouns: “use’” and ““ability”’. According to this line of think-
ing, the ability to use an application, in particular, means
the ability to learn, memorize, navigate and operate. Besides
this, ease of use seems related to the sense of presence of
these abilities, facilitated by the errorless behaviour of the
application.

If one takes into account the research methods applied
to the problem of usability evaluation, the attributes of the
studied phenomena can be divided into two groups: quanti-
tative and qualitative. However, based on such criteria, every
attempt to formulate distinct groups will have its pros and
cons, because each attribute has been measured depending
on observation and survey. Nevertheless, the existing mea-
sures can be unambiguously classified if one still makes a
clear distinction between facts and opinions. In other words,
quantitative-oriented attributes have the advantage of being
clearly definable and objectively measurable, using measures
that are not influenced by the user’s personal judgement.
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On the other hand, one can point to user-oriented measures,
and on the contrary, to application-oriented measures. Last
but not least, it appears that existing measures intertwine
user and application performance in one integrated artefact.
It seems obvious that observational data are required to
discover an application’s bottlenecks and general areas for
improvement, thereby optimizing its operational capabilities
by reducing the time and effort involved in its usage.

To collect quantitative and qualitative data, questionnaires
and controlled observation, respectively, have been typically
applied, occasionally supported by eye-tracking, thinking
aloud and interview techniques (see Table 10). In order to
obtain numerical measures, a retrospective audio/video anal-
ysis is performed, while in some studies, third-party tools
were installed which log all user interaction with an applica-
tion with the date and time of the event, including the buttons
that they chose, the gestures that were made and the func-
tions that were recalled. After completing the task scenario,
a user was asked to rank their agreement (disagreement) with
predefined statements on a Likert scale or other rating scale.

In comparison with the results obtained from studies with
similar objectives, conducted by Coursaris and Kim [93]
and Harrison ef al. [81], our findings are consistent in the
extent of the top three attributes, which concern efficiency,
satisfaction and effectiveness (see Table 11). An increased
interest in learnability and memorability can also be noticed,
while errors and cognitive load are less appreciated. While
simplicity and ease of use have not been indicated before,
and being complementary, are neither novel nor visionary.
The rest of the attributes seem to be extensions of existing
ones, however, unbigoted by usability, they correspond to
both explicit and implicit application properties. On the other
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hand, if one explores the user’s preferences instead of his/her
ability to use an application, the results refer more to the user
experience domain, yet less to usability.

A. LIMITATIONS

Although this study contributes to the field of human-
computer interaction, certain limitations exist within the
research design.

Firstly, one of the major limitations is that only one data
source was involved. However, the indexation process covers
varied sources of scientific content, ranging from conference
proceedings to journal articles, which are reviewed each year
to ensure quality standards are maintained.

Secondly, inclusion and exclusion criteria, as they permit
documents only published in English, may be a subject of
critique. In this manner, our intention was not to disregard
other foreign languages, but was determined by the global
status of the English language in modern science.

Thirdly, regarding the search query construct, including
only the terms “‘usability”” and “mobile applications” might
have excluded potentially relevant documents concerning
other related studies (i.e. user experience or design thinking)
from the scope of the search results, and later, from the anal-
ysis, though one should bear in mind that evidence is defined
as the “‘synthesis of the best quality scientific studies on a
specific topic (...)” [90]. Nevertheless, by design, the goal
of this study was to provide an evidence-based contribution
on the usability of mobile applications, thus this limitation
is simply the result of the application of SLR methodology
principals.

Ultimately, the applied reviewing procedures might be seen
as too strict or hard to follow. However, we assumed to iden-
tify only such attributes and measures which can be replicated
in any extent, and arbitrarily extended if necessary.

B. FUTURE RESEARCH

The obtained results uncover the trend in time of produc-
ing “new” attributes which unnecessarily contribute to the
usability of mobile applications. And yet, one might try to
assume that there are still some vulnerable properties laying
beneath their quality of use. Nevertheless, one of the issues
which unfolds definitely concerns how to consolidate the
existing attributes into one compact model which reflects all
identified and relevant usability facets.

Moreover, in addressing the topic of usability evaluation,
there is still little known about the simulation methods which
might admittedly replace both experts and users in application
evaluation in view of selecting its properties and behaviour.
On the one hand, software vendors will benefit by reducing
engaged time and effort, while on the other, the users will take
advantage of the better application in daily usage. Therefore,
a second suggestion is practical in nature, and relates to the
matter of developing a tool in which implemented methods to
automate and simulate the users’ interaction with the appli-
cation may reduce the participation of both experts and users.
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Currently, we are developing a usability inspection method
which aims to fully automate application testing due to
evaluating its compliance with efficiency and effectiveness
requirements and to detecting bugs and errors. The latest
application version enables usability engineers to perform
video analysis annotation, which aims at measuring the dura-
tion of actions on a time scale, embedded on a ribbon within
a visual diagram editor. Moreover, it also allows the tasks on
the layers to be graphically decomposed into smaller units
(subtasks). The first results are promising, showing that if
we isolate user activities from application responses, then
it allows us to analyse and evaluate both the user and the
application separately, which adequately produces a reliable
outcome for interface designers and developers.

VIIl. CONCLUSION

The results of the systematic literature review show that
the ISO 9241-11 definition has been adapted by the major-
ity as the baseline in the studies of mobile application
usability. In total, 75 attributes were distinguished in the
body of 790 documents, indexed by the Scopus database.
The most frequent are efficiency (70%), satisfaction (66%)
and effectiveness (58%), which originate from the above
definition. Afterwards, the less frequent are learnability
(45%), memorability (23%), cognitive load (19%) and
errors (17%). The last two concern simplicity (13%) and
easy of use (9%). The remaining attributes occurred four
times or less.

We observed that 91% of documents lack a usability defi-
nition. While not providing a formal and legitimate definition
even seems to be acceptable in some circumstances, measur-
ing and explaining the facets of the phenomena exclusively
on the grounds of common sense might be questionable.
As a matter of fact, over 90% of documents did not meet the
inclusion criteria for analysis, although some report valuable
results. On the other hand, a small number of the remaining
documents zealously ‘““produced’ new attributes with asso-
ciated “unique” measures, which usually concerned unob-
servable properties, measured by a set of explicit statements.
Many of these constructs lack theoretical foundations and
empirical evidence to expose their worthiness.

To complicate the matter even further, most of the intro-
duced attributes have focused on user beliefs, emotions, pref-
erences, perceptions, physical and psychological responses,
behaviours and accomplishments that occur before, during
and after application use, which concern, in particular or as
a whole, dimensions of user experience [21]. Such a com-
bination of objective and subjective assessments eventually
produces an outcome which refers to neither application
usability nor user experience. This reflects an ignorance to
methodological rigour, which negatively affects the validity
of the results.
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